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Abstract 

The Fluoride Salt-Cooled High-Temperature Reactor (FHR) is a generation IV reactor 

concept which utilizes a molten-salt coolant and solid-uranium fuel pebbles composed of 

graphite and silicon carbide encapsulated tri-structural isotropic (TRISO) particles. Under 

irradiation, FLiBe (Li2BeF4) produces tritium at a rate several orders of magnitude greater than 

current light water reactors when normalized for energy and this tritium production must be 

mitigated and accounted for to allow for commercialization of the FHR. A critical research 

question regarding this reactor is will the graphite in the reactor core be sufficient to adequately 

mitigate tritium concentration and release to current LWR levels. Before a model was created, a 

literature review was conducted to gather information relevant to tritium in FHR conditions and 

tritium interactions with graphite. The literature review included an overview of graphite and its 

ability to retain tritium based on different crystallite properties of the bulk graphite. The 

literature review concluded that tritium will have a much higher affinity to the low energy trap 

sites in the graphite and that tritium retention in graphite has the highest correlation with 

crystallite edge surface area. The graphite in the FHR core (IG-110 and Matrix A3) were 

characterized to try to predict their tritium retention for use in a system model and to determine if 

graphite can serve as the ultimate sink for tritium in the FHR core. From the crystallite sizes of 

IG-110(27.19 and 21.22 nm) and matrix A3(34.97 and 26.84 nm), 3 mol/m3 was a reasonable 

concentration of trapsites in the graphite sample. Using the trap site density, a fuel element 

model was created and used to study tritium retention with varying diffusion coefficients and 

time. The model was non-dimensionialized to study many orders of magnitude in the diffusion 

coefficient because the literature values of tritium diffusivity in graphite varied by many orders 

of magnitude. This model concluded that a diffusion coefficient greater than 1 E-11 m2/s will 
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saturate the fuel pebble in 100-day cycles through the FHR core for steady state tritium 

production. A system model was then created for the purpose of scaling the model for a more 

accurate representation of the core. This model was too computationally expensive to model 

trapping effects along with convection in the FHR core. The modeling efforts resulted in a 

conclusion that at steady state conditions tritium can be effectively mitigated if the diffusion 

coefficient is greater than 10-12 m2/s and if the fuel pebbles are degassed of tritium every 100 

days.  
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1 Introduction 

Molten salt reactors (MSRs) offer many technical and safety advantages over traditional 

light water reactors (LWRs). These molten salt nuclear reactors are designed to operate at very 

high temperatures, which increase thermodynamic efficiencies of the system and provide a 

potential for using the heat produced for other commercial processes such as hydrogen 

production.  Because of the improved heat transfer characteristics of molten salts, passive safety 

systems can be easily designed in MSRs. A variation of the MSR design known as the Fluoride 

salt cooled High temperature Reactor (FHR) uses tristructural-isotropic (TRISO) fuel particles 

embedded in graphite spheres and 2LiF-BeF2 salt (FLiBe) as the primary coolant [1] [2]. The 

Mark 1 Pebble Bed FHR (PB FHR) designed at the University of California, Berkeley (UCB) 

uses TRISO fuel pebbles, allowing for online refueling which can increase the efficiency of the 

reactor. The production of tritium is a key design issue in the fluoride-salt-cooled high-

temperature reactor (FHR) because of the significant amounts of tritium produced in FHR’s 

relative to current reactors. Tritium is produced at a much higher rate in FHR’s because of the 

nature of the coolant and moderator used in this reactor. To mitigate the concerns and risks of 

tritium production, the prediction of tritium generation and tritium distribution throughout the 

core will be paramount in providing a safe reactor. The study reported in this thesis primarily 

uses COMSOL, a chemical engineering modeling tool, to build a fuel pebble model of tritium 

transport in graphite. This fuel pebble model which includes tritium trapping effects was then 

scaled up to the FHR core and used to run system simulations.  
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1.1 The Fluoride-Salt-Cooled High-Temperature Reactor 

The Mk1 PB-FHR incorporates concepts from other advanced nuclear reactor designs, 

including TRISO fuel particles from gas cooled reactors and molten fluoride salt coolants from 

molten salt reactors (MSR’s). The fluoride salt used in the FHR is a 2:1 mixture of lithium 

fluoride (LiF) and beryllium fluoride (BeF2), called FLiBe. It was first used in the molten salt 

reactor experiment (MSRE), an experimental reactor run successfully at Oak Ridge National 

Laboratory (ORNL) in the 1960s [2]. Unlike high-pressure water used as the coolant in light 

water reactor (LWR) systems, FLiBe’s high boiling point allows the system to operate at 

atmospheric pressure, making it inherently safer than current reactors. During normal operation, 

pumps propel FLiBe through the system. However, in the event of a pump failure, natural 

circulation of FLiBe in the FHR system can provide adequate decay heat removal from the core. 

This is known as a passive safety or “walk-away safe” feature; passive safety features are a 

requirement of Generation IV reactors. In addition to enhanced safety, FLiBe has excellent heat 

transfer properties, with a volumetric heat capacity greater than that of water. Also, because of its 

high boiling point, FLiBe runs through the FHR system at temperatures of 600-700 °C; greater 

temperatures allow for greater thermal efficiency [2]. However, FLiBe is not perfect. Its high 

freezing point make solidification during accident scenarios a primary concern. The toxicity of 

beryllium is a health concern for employees in the reactor facility. And, the isotopes in the salt 

lead to tritium production; this thesis focuses on the issue of tritium production and mitigation. 

While the MSRE used molten salt fuel as well as molten salt coolant, the FHR uses solid 

graphite fuel pebbles. Standard LWR fuel elements will fail under the high-temperature 

conditions of the FHR, but TRISO particles encased in graphite pebbles can be used up to 1600 

°C [1]. The TRISO particle designed for the FHR consists of a 19.9%-enriched UO0.5C1.5 kernel 
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encapsulated in layers of buffer carbon, silicon carbide, and pyrolytic carbon. These TRISO 

particles are embedded in an annular method in the graphite fuel pebbles. The fuel pebble 

composition is shown in further detail below in Figure 1-1.   

 

 

Figure 1-1 FHR fuel pebble composition. 

 

The failure of a fuel element is defined as the release of radioisotopes or fission products 

from the fuel element. The silicon carbide layer is the primary defense against fuel failure in 

TRISO particles and is enclosed by pyrolytic graphite.  

The interface of the coolant salt and the fuel elements lies only in the FHR core. The salt 

flows upward through a packed bed of graphite fuel pebbles and subsequently through pumps 

and coiled heat exchangers, which transfer heat to an air Brayton cycle with optional gas cofiring 

for power peaking during peak electricity demand; see Figure 1-2 below. This figure also shows 
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passive safety features such as Direct Reactor Auxiliary Cooling System loops (DRACS) and 

active safety features such as control rods.  

 

Figure 1-2 System diagram of Mk1 PB-FHR. [2] 

 

The FHR core consists of 688,000 total graphite pebbles, with 470,000 fuel pebbles which 

contain TRISO fuel particles; the remainder are graphite pebbles, which line the outer edges of 

the core and act as the neutron moderator and reflector. While these pebbles essentially act as a 

packed bed with respect to the flow of the salt, they do travel upward through the core region, 

cycling through the core 8 times in 1.4 years, at which point they are removed from circulation. 

Online refueling of nuclear reactors significantly increases the utilization of the fuel and reduces 

the cost of the fuel. With the FHR’s inherent and passive safety features, high thermal efficiency, 

and online refueling capabilities, the FHR is a safe, commercially-viable and innovative design. 
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1.2 Motivation 

While the FHR design has many safety and economic benefits, there are also concerns, 

which require resolution prior to the deployment and licensing of such a reactor. This thesis 

focuses on the issue of tritium production in the core and mitigating its release to the 

environment. Tritium is a radioactive isotope of hydrogen, with a half-life of 12.32 years. 

Tritium undergoes beta decay and the resulting particle has an average energy of 5.68 keV and 

an maximum energy of 18.6 keV. The beta particle from a tritium decay travels on average 0.41 

mm and at most 7.2 mm in air.  

Tritium is chemically identical to hydrogen. The greatest risks of human exposure to 

tritium arises from tritium replacing hydrogen in water molecules and being ingested. The 

ingestion of tritiated water puts the emitted beta particles in direct contact with human tissue. 

Tritiated water is distributed throughout the body as ubiquitously as is untritiated water and will 

undergo beta decay from within your body. Once in the body, collisions of beta particles with 

tissue can cause DNA damage, which can ultimately lead to cancer, genetic, developmental, and 

reproductive issues [5]. However, it is also excreted as water, giving it a biological half-life of 

only 10 days, far lower than the radiological half-life of 12.3 years. Even with the low biological 

half-life of tritiated water there is still a risk for potential harm, tritium release must be reduced 

to ensure the safety of the people in proximity of the FHR system.   

While tritium is a health risk, releases from current nuclear power plants account for less 

than 0.1% of the average human’s annual radiation dose [6]. However, the FHR produces more 

tritium per unit of electricity than other reactors as shown below in Table 1-1. The majority of 

current reactors do not have isotopes that produce tritium directly in the core from neutron 
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absorption but the FHR produces tritium from neutron interactions with lithium and beryllium 

isotopes present in the molten salt coolant FLiBe.  

Table 1-1 Tritium production rates for various nuclear reactor types[7].  

 Total Tritium 

Production Rates 

(Ci/GWt/d) 

BWR 12 

PWR 14 

GCR 18 

HTGR 19 

FBR 25 

HWR 1176 

FHR 2931 

Abbreviations: boiling water reactor (BWR), pressurized water reactor (PWR), high temperature 

gas reactor (HTGR), fast breeder reactor (FBR), heavy water reactor (HWR) 

 

Due to the design of the reactor, the tritium production rate in the FHR cannot be lowered 

to the level of the other reactor types. Instead tritium release from the system must be mitigated 

with tritium management systems. To ensure the FHR will be a viable reactor for commercial 

deployment in the United States, its tritium release rate must be the reduced to the levels of 

current LWR’s. Further research is required to ensure an accurate prediction of the production 

rate, tritium distribution in the FHR system and to design tritium management systems to prevent 

or limit the release rate to the environment.  
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Tritium is produced in the FHR core by the reactions shown in the Equations below. The 

graphite fuel pebbles will have lithium impurities present but the vast majority of tritium 

production will occur in the salt. The tritium produced in the fuel pebbles will be trapped inside of 

the fuel pebble.   
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The tritium generation rate depends on the neutron flux profile, reaction cross sections, 

and target isotope number densities. The core neutron flux distribution, neutron spectrum, 

thermal power, power density, and the initial lithium inventory in the salt will all affect the 

tritium production rate. The history of MSR design reports listed a variety of tritium production 

rates which have been normalized to reactor power, shown below in Table 1-2.  
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Table 1-2 Relevant parameters of MSR’s and tritium generation rates at beginning of life (BOL) 

and SS. 

Reactor Type MSBR

* [8,9] 

MSRE

*† 

[8,10] 

AHTR 

(annular) 

[11] 

FHR 

[12,13

] 

FHTR 

[13] 

Mk1 

FHR 

[2,7,14] 

Tritium 

Generation Rate 

(Ci/d) SS/BOL 

2420 54 500/5000 32.8 10.2 670, 

691/2390, 

658 

Thermal Power 

(MWt) 

2250 7.3 2400 900 100 236 

Normalized 

Tritium 

Generation 

Rate 

(Ci/GWt/d) 

SS/BOL 

1080 7400 208.3/ 

2083 

36.4 102 2840, 

2931/ 

10129, 

2970 

Core Power 

Density 

(MWt/m3) 

22.2 3.4 8.3 --- --- 22.7 

Salt Inventory 

(m3) Core/Total 

30.41/

48.7 

0.566 --- ---/15 0.456 11.67/ 

46.82 

Li-7 Enrichment 

(mol%) 

99.995 99.99 99.99 99.995 99.99 99.995 

Total Neutron 

Flux (n/cm2/s) 

2.6 

x1014 

1.5 

x1013 

--- --- 2.85 

x1014 

3.41 

x1014 

*Fluid-fuel reactors 

†Experimental data; includes tritium absorption rates 

--- Data not given 
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 There is a large disparity in the SS and BOL tritium generation values. Natural lithium is 

92.4 mol% Li-7 and 7.6 mol% Li-6. The rate of tritium production from Li-6 is more than four 

orders of magnitude greater than the rate from any other FLiBe constituent. Therefore, enriching 

the coolant salt to reduce the Li-6 concentration is required. Even after enriching FLiBe to 

99.995 mol% Li-7, Li-6 contributed greatly to the total tritium generation. At steady state (SS), 

the MSBR calculations predict that 50% of the tritium will be generated from Li-6 reactions, 

followed closely by 48% from Li-7 [8]. Calculations for the FHR go as high as 64.4% from Li-6 

at SS [14]. However, the consumption of Li-6 occurs at a rate over 104 times faster than its 

generation. As the reactants are consumed, the tritium generation rate falls to a SS rate more than 

3 times lower than the beginning-of-life (BOL) rate.  

Also of note is that both the MSBR and MSRE are fluid-fuel reactors, while the other 

reactors use solid-fuel. Furthermore, the MSRE data is experimental, while the other data are the 

results of calculations and simulations. Therefore, these MSRE values incorporate tritium 

absorption in graphite. Tritium release rates are lower than generation rates because of this 

absorption of tritium in the graphite. The Tritium Diffusion Evolution and Transport (TRIDENT) 

model [7] is also capable of incorporating absorption effects along with corrosion and tritium 

release. 

TRIDENT is based on the same reactor design as is this thesis: The Mk1 PB-FHR. The 

key parameters pertaining to the tritium generation are FLiBe volumes of 7.2 m3 in the core and 

46.82 m3 in the entire primary system, a FLiBe lithium enrichment of 99.995% Li-7 (0.005% Li-

6), and a thermal power of 236 MWth. Tritium production will be limited to the core, but tritium 

release to the environment will be dominated at the coiled air heat exchangers. TRIDENT results 

report a tritium generation rate of 10129 Ci/GWth/d at BOL and 2931 Ci/GWth/d at SS, which is 
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reached after 20 EFPY; see Figure 1-3 below. The change in generation rate from BOL to SS is 

attributed to the consumption of Li-6. At BOL, the fast Li-6 reaction rate dominates the tritium 

generation rate. As Li-6 is consumed, its rate of reaction decreases until the contributions from 

the generation of more Li-6 from the Be-9 reaction matches the consumption rate of Li-6. The 

vast quantities of Li-7 and Be-9 initially in FLiBe created a quasi-SS generation rate, because 

their rate of consumption is low enough that it does not affect their concentrations, and they can 

be treated as infinite sources. 

 

Figure 1-3. Tritium generation rate for Mk1 PB-FHR design as a function of operating time. 

 

When absorption is considered, TRIDENT calculates a net core tritium production rate SS 

value of 2640 Ci/EFPD after 70 days instead of 20 EFPY. When circulation of the pebble bed is 

accounted for, the tritium concentration gradient between the surface of the pebble and the bulk 

fluid is larger than the concentration gradient with non-circulating pebbles. Circulating the fuel 

pebbles allows for tritium removal of cycled pebbles and larger tritium absorption in fresh fuel 
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pebbles entering the core. At BOL, tritium diffusion into the graphite pebbles is miniscule so the 

BOL tritium generation rate is the same with or without adsorption.  

 

1.3 Goal 

The goal of this thesis is to perform a proof of concept for a trapping model at the fuel 

pebble and system scale for FHR’s. Ideally this model can be applied to any geometry with 

hydrogen graphite interactions through adjustments of graphite properties used in the study. The 

models proposed will utilize trapping equations introduced by Atsumi and Causey. [] The goals 

of this model are to predict expected behaviors of tritium in the FHR system such as loss of flow 

or loss of the graphite tritium sink. Tritium generation, trapping, convection and tritium isotope 

losses through the heat exchangers of the FHR will be taken into account in the system scale 

model. This model will be benchmarked at two scales; the fuel pebble scale and the core scale. 

The model will be benchmarked to existing codes and will eventually need to be experimentally 

validated.   

2 Literature Review of hydrogen graphite interactions 

2.1 Nuclear Grade Graphite 

Graphite is a carbon-based material formed by high temperature baking of a filler material 

and a resin or binder material. The majority of the graphite is filler, or the material that when baked 

forms highly oriented crystallites. The binder or resin that is used while producing graphite is the 

material that holds the filler particles together upon completion of baking. Graphite grains are on 

the scale of microns and comprised of; porosity on length scales of microns or nanometers 

depending on location of the porosity, crystallites on a length scale of tens of nanometers and resin 

or binder material. In a simplistic view graphite can be considered a crystallite. There are three 
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length scales that will be relevant to tritium transport in graphite structures; the unit cell will be 

less than 1 nm in all directions, graphite crystallites will be on the length scale of tens of 

nanometers, while grains will be on the order of tens of microns. In reality graphite is a 

heterogeneous compound of hexagonal carbon structures, voids or pores and hydrocarbons binding 

material together. A value used to determine the order of the graphite samples is the degree of 

graphitization, this value is determined by the interplanar spacing of the graphite layers in the bulk.  

Generally, the more “ordered” a graphite sample is, the higher the degree of graphitization is for 

the graphite. The degree of graphitization is 100% for layers of hexagonally bonded carbon atoms 

without any defects or trace elements in the structure, these layers of carbon atoms would be 

considered highly ordered. The degree of graphitization also depends on the raw materials used to 

produce the graphite along with the final heat treatment temperature applied to the sample. 

2.2 Physical Process Definitions 

In this section, material transport concepts and definitions necessary to understand and study 

hydrogen transport into graphite are reviewed. Generally, phenomena like diffusivity, solubility 

and permeability are defined in literature for the case of hydrogen transport in metals, very well 

studied problem due to hydrogen embrittlement of metal alloys; in the rest of the paragraph some 

of those concepts will be reviewed considering the differences introduced when considering 

graphite as transport and trapping media, to make the present review valuable for the FHR and 

MSRs community.   

2.2.1 Diffusivity 

Diffusivity is defined for metals as the process of atomic hydrogen moving through 

lattice driven by concentration/pressure difference [16]. The values of diffusivity D are 

commonly reported using an Arrhenius temperature dependence characterized by the parameters 
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D0 and ED, respectively a pre-exponential factor and activation energy, as reported in equation 2-

1:  

𝑫 = 𝑫𝟎 𝒆𝒙𝒑(−
𝑬𝑫
𝑹𝑻
)                                                     (2 − 5) 

In literature, different experimental methods and experimental conditions resulted in very 

scattered values for hydrogen isotopes diffusion coefficients in graphite, as can be seen in Figure 

2-1. Graphite presents a more complex structure than metals that makes the definition of diffusivity 

and experimental measure of the diffusion coefficient particularly challenging. In literature, 

diffusivity of hydrogen in graphite is defined as the intragranular diffusion of adsorbed hydrogen 

inside the graphite grains. 

 

 

Figure 2-1. Diffusivity of hydrogen in graphite from different studies [17] 
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Open porosity and trapping sites influence the collection of diffusion coefficients in 

graphite. Graphite has high internal porosity partially connected to the surface; this offers a 

preferential diffusion path for molecular hydrogen with very low activation energy, resulting in a 

much higher diffusion coefficient compared to the intragranular diffusion of hydrogen in graphite. 

Additionally, trapping sites present in graphite influence the apparent intragranular diffusion 

coefficient measured experimentally.  Experiments performed by Causey et al. reports how with 

low hydrogen isotopes concentrations the diffusion activation energy results equivalent to the 

trapping energy, while increasing the hydrogen concentrations, the activation energy for diffusion 

drops until the trapping sites are fully saturated and the true intragranular diffusivity activation 

energy is observed [17][18].    

2.2.2 Surface effects: Dissociation and recombination 

To diffuse in the graphite lattice, hydrogen isotopes needs to dissociate on the graphite 

surface and be absorbed in the graphite structure. The hydrogen dissociation phenomena over 

metal surfaces is widely studied [19], because it plays a major role into determining the effective 

permeability of a metal layer, and under certain conditions can be the rate determining step that 

controls hydrogen ions diffusion through the studied system. This is the case of oxides on the metal 

surfaces that have been proven to reduce the effective permeability of the metal by slowing down 

the kinetics of molecular hydrogen dissociation on the surface [20].  

Several fundamental and numerical studies on dissociation of hydrogen on graphene and 

other carbon structures are also available [21-23]. Also in the case of graphite, it is expected that 

specific surface conditions of the bulk material might affect the kinetic of the dissociation process. 

Also, dissociation of hydrogen on a graphite surface is enhanced by temperature and certain metal 
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catalysts. Disassociated hydrogen atoms can also recombine to form H2 in the graphite grains or 

in closed pores. 

2.2.3 Solubility and Permeability 

Solubility describes the equilibrium between the hydrogen gas molecule and the hydrogen 

atoms adsorbed in solution in graphite. The solubility is generally described through the expression  

𝐊 = 𝐊𝟎 𝐞𝐱𝐩(−
∆𝐇𝐬
𝐑𝐓
)                                                    (6 − 2) 

𝐾0 is a constant and ∆𝐻𝑠 the standard enthalpy of dissolution of hydrogen isotopes in 

graphite.  

Permeability is defined as the steady state diffusional transport of hydrogen isotopes through a 

material. Under most conditions permeability is defined as the product of diffusivity and solubility; 

physically it represents the constant between the fugacity of the gas and the diffusion driven flux 

of hydrogen into the material [24]: 

Φ = DK = DoKo exp[−(∆Hs + ED)/RT]                                   (2 − 7) 

J∞ =
DK

t
∗ f

1
2                                                          (2 − 8) 

Where 𝐽∞the steady state flux is over a plate of thickness t, D is diffusivity, K is solubility 

and Φ the permeability through the material. Experimentally, solubilities are usually calculated 

taking the ratio between measurements of permeability and diffusivity. 

2.2.4 Trapping  

Trapping is defined as the phenomenon of hydrogen isotopes bond to micro-structural 

features, including defects, or dangling bond, which correlate to the degree of graphitization. In 

the trapped state, the hydrogen enthalpy is further reduced respect to the adsorbed state, due to the 
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formation of the chemical bond. Generally, interaction mechanisms are grouped under two main 

categories, physisorption and chemisorption. Physisorption considers a weak Van der Waals 

interaction between hydrogen molecules and graphite lattice. The term chemisorption includes the 

possible chemical bonds between hydrogen and a carbon atom in the graphite; depending on the 

temperature of the studied system, chemisorbed and physisorbed atoms could be reversible 

(hydrogen in solution) or irreversible (hydrogen trapped). At high temperatures, physisorption 

interactions have relatively low energy respect to hydrogen to act as relevant trapping mechanisms 

and trapping is implicitly considered as a chemisorption phenomenon.  

2.2.5 Trapping and Effective Diffusivity  

Trapping sites may influence the effective diffusion coefficients; an interesting 

thermodynamic model is proposed by Oriani to consider the effect that trapping sites have on 

hydrogen diffusion coefficient in steels [25]. It considers the metal lattice to be consisting of two 

kind of sites: i) the majority of sites being low energy interaction sites, following the common 

solubility relation ii) a fraction of sites defined as trapping sites with a higher trapping energy.  

The classical Fick’s law is reported in equation 2-2 − 9, with 𝐷𝐿 being the diffusion 

coefficient of hydrogen in the graphite lattice and 𝑐𝐿 is the hydrogen concentration on lattice sites. 

However, what is commonly measured experimentally is the flux reported in equation2 − 10, 

where 𝑐𝐻 is the total hydrogen concentration, calculated as the sum of hydrogen in the lattice, 𝑐𝐿, 

and hydrogen bonded in trapping sites 𝑐𝑇. 

𝐽 = −𝐷𝐿
𝑑𝑐𝐿
𝑑𝑥
                                                         (2 − 9)  

𝐽 = −𝐷𝑒𝑓𝑓
𝑑𝑐𝐻
𝑑𝑥
                                                       (2 − 10) 
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Under the assumption of equilibrium between trapped and lattice hydrogen during the 

diffusion process, Oriani introduces the occupancies fractions of the lattice and trapping sites as 

respectively θL and θT; using those the activities can be defined as equation 2-7 and the 

equilibrium constant for the trapping/detrapping reaction can be expressed with equation 2-8, 

simplified considering  θL ≪ 1.  

𝑎𝑖 = 
θi

1 − θi
                                                              (2 − 11) 

𝐾 =
𝑎𝑇
aL
=

θT
1 − θT

∗
1

θL
                                                  (2 − 12) 

With the definition of 𝑁𝐿 and 𝑁𝑇, that represents the number of lattice sites and trapping 

sites, then volume concentrations of hydrogen can be expressed as 𝑐𝐿 = 𝑁𝐿𝜃𝐿 and 𝑐𝑇 = 𝑁𝑇𝜃𝑇. 

Then comparing equation 2 − 9 and equation 2 − 10 it is possible to solve to generate equation 9. 

Deff =
DL

1 + cT/cL(1 − θT)
                                            (2 − 13) 

Where 𝑐𝑇 and 𝑐𝐿 are the concentration of trapped and lattice hydrogen, DL is the lattice 

diffusivity and 𝜃𝑇 is the fraction of trapping sites filled with hydrogen isotopes. The model 

presented gives a mathematical representation on how when the trapping sites filled, the effective 

diffusivity to the lattice diffusion while with empty trapping sites the effective diffusivity is 

decreased.   

2.2.6 Isotope effect on physical processes 

Is commonly considered the diffusivity of hydrogen isotopes to be depended with the mass 

of the specific isotope through the relation [24]: 
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𝐷𝐻
𝐷𝐷
= √

𝑚𝐷
𝑚𝐻

2

                                                          (2 − 14) 

Where the subscripts H and D indicates, for example protium and deuterium and D and m are 

respectively the diffusivity and atomic mass of the isotopes. In metals the same relation is assumed 

to be valid for both permeability and diffusivity, so that the solubility becomes independent of the 

hydrogen isotope chosen.  

 

2.3 Graphite background 

Nuclear grade graphite is used as a moderator, reflector and fuel matrix in various nuclear 

reactors. Nuclear graphite manufacturing is an energy intensive procedure with many steps in 

place to increase the density of the bulk graphite and reduce the impurities in the graphite, 

specifically boron [38]. The requirements of producing high quality nuclear graphite include: 

low impurities, high density of the bulk, high irradiation stability, high thermal conductivity, 

high strength and high oxidation resistivity. Nuclear grade graphite must also have low costs, 

thermal expansion, and low anisotropy. The production of graphite starts with raw filler material, 

which is petroleum or pitch coke for IG-110 and natural and synthetic graphite flakes for matrix 

A3. This filler material is calcined at high temperatures (~1000 oC) and then crushed, grounded 

and blended. This fine powder is then mixed with binder, and vibration molded or cold 

isostatically pressed before being baked again. The bulk material is then impregnated with 

graphite flakes at the surfaces and baked again to increase the graphite density. The last step in 

graphite production is the very high temperature baking to induce graphitization [38] . This 

process can happen at temperatures reaching 2800 oC. Many factors in this manufacturing 
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process can affect microstructural characteristics and porosity values of the finished nuclear 

graphite.  

A general definition of porosity is the voids or empty spaces in a crystallite structure. 

There are empty spaces or voids of graphite in the crystallites, the grains and in the bulk at 

different length scales. Porosity is formed by imperfections in the manufacturing process of 

graphite and is the location of the majority of hydrogen trapsites or carbon bonds.  Porosity 

values for graphite are defined as a ratio of the bulk graphite density and the theoretical graphite 

density. There are two scales of porosity in manufactured graphite. Nanometer scaled porosity 

exists in the graphite crystallites and is present because of missing carbon atoms in the 

crystallites. Micron scale porosity is created by the manufacturing process specifically binding 

fine ground grains of graphite. This process can be improved but there will always be porosity on 

the nanometer scale and on the micron scale from manufacturing imperfections [38-39]. The 

porosity of graphite will affect the diffusion coefficient of hydrogen in the bulk, lower porosity 

corresponds to larger diffusion coefficients of hydrogen in the bulk of the graphite.  

Hydrogen uptake in graphite is only of interest in high temperature applications. Low 

temperature hydrogen uptake in graphite is not of significant value. At low temperatures 

hydrogen will enter the graphite through the open pores on the surface but diffusion into the bulk 

of the graphite will not occur in a reasonable time scale. At low temperatures the hydrogen 

uptake in graphite is highly dependent on the open porosity of the bulk graphite because the 

hydrogen uptake is limited by physical adsorption of hydrogen to the pore network of graphite. 

The pore connectivity, pore size, pore surface area and volume all play a major role in hydrogen 

uptake in graphite at low temperatures. High temperature hydrogen uptake into graphite is 

relevant to nuclear reactors and will be the focus of this literature review. Trapping is a 
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phenomenon that occurs in graphite at high temperatures and is dependent on trap site density of 

graphite. The lower activation energy trap sites are dangling bonds on the edges of graphite 

crystallites, while the high activation energy trap sites are located in between two graphite layers. 

Smaller graphite crystallites correspond to higher edge surface area of graphite crystallites which 

in turn increases the amount of dangling bonds. Having a bulk graphite with smaller crystallite 

sizes also means that there will be more porosity on the length scale of nanometers. Micron 

porosity is determined by the filler material size in the manufacturing process and can be reduced 

by reducing the grain size of the filler material.  

Graphite has potential to be a sink for tritium in advanced reactors because of the strong 

affinity that tritium has for carbon bonds. In high temperature applications trapping will play a 

role in reducing the amount of tritium in the system that can be leaked to the environment or the 

workers in the nuclear facility. Molecular tritium can diffuse quickly in the open porosity of the 

graphite. Atsumi proposed that molecular tritium can disassociate on the grain surfaces of 

graphite into atomic tritium. The atomic tritium will go through a series of trapping and 

detrapping events until the tritium atoms reach their final trapping location. The disassociated 

tritium atoms can recombine and form molecular tritium and diffuse to another grain surface. 

Tritium interactions with graphite will be investigated in further details in the next section of this 

literature review.  

2.4 Experimental Methodology  

The experimental study of hydrogen diffusion in carbon materials proceeded in two steps. 

The first step is hydrogen charging and the second step is hydrogen adsorption. The early study 

of this topic was for fusion reactor designs because most fusion reactor designs are working with 

deuterium-tritium as the working plasma with graphite as the candidate for reflector and 
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moderator.  In this section, the experimental methods used to study hydrogen in carbon materials 

is summarized and these experimental results are collected and reported.  

High purity nuclear grade graphite is one of the candidate materials for the first walls in 

fusion reactors due to its thermal and neutronic stabilities. Deuterium and tritium, as the fuel for 

fusion reactor, will interact with graphite materials and may cause a change in hydrogen isotope 

inventory as well as production of volatile hydrocarbon species. The fusion reactor community 

would prefer a graphite liner material that absorbs as little tritium or deuterium as possible, while 

for FHR tritium control tritium absorption in graphite is favored.  

2.4.1 Experimental Approaches  

 

Causey et al at Sandia National Laboratory performed an extensive series of research to 

study the behavior of materials to be used in fusion tokamak reactors in the period of 1975 to 

2002 [5].  One type of the material that have been studied is carbon materials which are 

candidate materials for wall liners for fusion reactors. Especially the behavior of carbon 

materials with hydrogen isotopes plasmas are experimentally discussed to predict the tritium 

inventory during operations by understanding the interaction mechanisms between hydrogen 

plasmas and carbon materials.  

Atsumi et al’s research, unlike other studies which researched implanted hydrogen 

plasmas/ions on graphite materials, focused on exposing graphite to hydrogen isotopes at 

elevated temperatures and studying the absorption and desorption behavior with the TDS 

method.  The variables studied in the experiment includes exposure temperature, exposure 

pressure, graphite types, and the effect of neutron irradiation. With the data obtained from TDS, 



 

22 

 

Atsumi gradually developed and proposed a model to describe hydrogen transport mechanisms 

in graphite.  

 

2.4.2 Introducing Hydrogen into the system  

 

The form of hydrogen isotopes is different for Fusion reactors with that for FHRs. In 

Fusion reactors, deuterium and tritium are fuel and exist in the form of plasmas, while in FHRs, 

tritium is produced in molten fluoride salt in the form of tritium ions from neutron irradiation 

with Li. Tritium species mainly diffuse in the form of TF and T2. Most experimental studies 

involving hydrogen isotopes and carbon materials use ion implantation (causey et. al), ion 

sputtering (causey et. al), and hydrogen gas exposure (Atsumi et. al) to introduce hydrogen 

species into the system. Neutron irradiation with fluoride salt (LiF+BeF2) could be another way 

to produce tritium, which is closer to FHR conditions. However, due to the challenge of in-core 

irradiation test and difficulty handling Be contained compounds, few studies have been 

performed with this method. 

Hydrogen ion bombardment of graphite components (mechanism 1) facing plasmas will 

create on the surface of the graphite a saturated hydrogen layer; the saturation of this layer is 

studied in detail in several papers, however this layer is not expected to have a relevant impact 

on the hydrogen isotopes inventory, due to its limited thickness, and can be easily removed from 

the graphite material. 

The co-deposited carbon hydrogen layer (mechanism 2) is generated by the carbon ions 

sputtered from graphite and deposited on a near surface; during deposition, the carbon can bond 
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with hydrogen to create molecules with high H/C ratio that retain high quantities of tritium; 

furthermore, those deposited layers can be covered by another layer of molecules, forming thick 

layers difficult to be removed. This phenomenon, also unique to fusion applications, can have a 

big impact on the total tritium inventory, since it is estimated that it could drive retention of 

kilograms of tritium in a reactor like ITER [6].  

2.4.3 Characterization Methods  

Causey et al. analyses tritium and deuterium solubilities and diffusion coefficients in the 

surface and in the bulk of silicon carbides and pyrolytic carbon.  The motivation for this work 

was to evaluate the potential of silicon carbide and pyrolytic carbon to be used as tritium barrier 

in nuclear reactors applications; diffusion and solubility behavior of tritium in those materials are 

in fact essential information to design blankets for fusion applications. 

The diffusion experiments are conducted exposing the sample to tritium generated from 

the Li6 enriched layer irradiated in a reactor environment. Following the exposure, thermal 

desorption experiments are performed flowing helium over the sample and analyzing the tritium 

content in the outgas with an ion chamber. From these measurements, through a mathematical 

diffusion model, the diffusion coefficient is obtained. Solubility experiments are conducted 

instead with deuterium: a sample is heated in a deuterium-argon atmosphere and the gas released 

from the subsequent thermal desorption is analyzed for deuterium with a mass spectrometer gas 

analyzer. 

Atsumi’s research, unlike other studies which researched implanted hydrogen ions on 

graphite materials, focused on exposing graphite to hydrogen isotopes at elevated temperatures 

and studying the absorption and desorption behavior with the TDS method.  The variables 

studied in the experiment includes exposure temperature, exposure pressure, graphite types, and 
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the effect of neutron irradiation. With the data obtained from TDS, Atsumi gradually developed 

and proposed a model to describe hydrogen transport mechanisms in graphite. Two phenomenon 

involved in hydrogen diffusion in graphite are adsorption and desorption. Hydrogen absorption 

rates will depend on graphite microstructure (grain size, trapping density, and impurities), 

neutron irradiation, exposure pressure, and exposure temperature.  Atsumi studied a wide range 

of types of graphite which have different microstructures. These graphite materials studied were: 

IG-110U, IG-430U, ISO-880U, and CX-2002U from Toyo Tanso, ETP-10 from Ibiden, EK-98 

from Ringsdorf, AXF-5Q1 from POCO Graphite, ATJ from Union Carbide, and CL-5890PT 

from Le Carbone Lorraine. All graphite materials are isotropic except for CX-2002U, which is a 

Carbon Fibers Composite (CFC) material. The samples were degassed at 1773 K for one hour 

below the pressure of 10-3 Pa before exposure to hydrogen gas.  Then the samples were heated in 

the deuterium atmosphere under the desired temperature of 850 - 1050 oC in a closed constant 

volume system with a baratron capacitance manometer connected (390 H, MKS).  The lowest 

(detection) bulk hydrogen retention is 0.1 ppm and hydrogen retention and absorption rates were 

evaluated from the pressure decrease. High pressure exposure of hydrogen to graphite can lead to 

hydrocarbon formation, 40 kPa was the minimum pressure required for appreciable methane 

formation. In FHR systems and nuclear fission reactors this hydrogen partial pressure 

corresponds to a hydrogen concentration that is much greater than the expected hydrogen partial 

pressure. For TDS, the samples were prepared differently as: the samples were exposed to 

deuterium at a given temperature within 200-900C under a pressure of 5-95 kpa for 0.1 - 20hrs. 

Then they were quenched to room temperatures rapidly. TDS measurements of hydrogen were 

made at a constant heating rate of 10 C/min in vacuum below 10-5 pa. Step heating tests 
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(reaching a desired temperature within 1 min) at 300-900C were performed to determine the 

desorption mechanisms.  

2.4.4 Microstructure, temperature, and pressure effect 

 

Hydrogen interaction with graphite is highly dependent on the types of graphite and the 

operation condition (partial pressure and temperature).  The microstructure of the graphite is 

diverse due to different raw materials, manufacturing process. The microstructures that of 

interest are crystallite size, lattice parameter, and degree of graphitization, as shown in Figure 2-2.  

The effect of each microstructure on hydrogen diffusion in graphite will be discussed in this 

section. 2-2 also discusses irradiation and temperature effects on graphite microstructures. In the 

plot, “+” means positive effect and “- “means negative effect.  

 

 

 

Figure 2-2.Matrix for study of interaction between hydrogen and graphite 
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2.4.5 Microstructure 

 

The techniques can be used to study the microstructure of graphite materials are X-Ray 

Diffraction (XRD) for crystal structure, Secondary Electron Microscopy (SEM) for surface 

characterization, BET and Mercury Porosimetry for porosity and surface area characterization. 

Atsumi et al studied the effect of the microstructure on the amount of hydrogen that can be 

absorbed in graphite by characterizing the absorption and adsorption process for different types 

of graphite and the irradiation effect on microstructural change in graphite is also included in his 

research. The materials he studied were 8 carbon-based materials, in which one sample is CFC 

materials and the others are isotropic graphite. The microstructure property he characterized is 

his study is degree of graphitization, lattice parameter, crystallite size and the effect of irradiation 

(under different neutron fluence) on these parameters was also reported; see Figure 2-3 and Figure 

2-4.  
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Figure 2-3. Degree of Graphitization measured for graphite and CFC samples. 

 

 

Figure 2-4 . Relationship between hydrogen solubility, degree of graphitization and neutron 

irradiation for two types of graphite: CX-2002U and ISO-880U 

 

Figure 2-3 shows the summary of degree of graphitization for all types of carbon materials 

studied in Atsumi et al’s paper.  Figure 2-4 plotted the relationship between degree of 

graphitization and hydrogen solubility in graphite and the effect of neutron irradiation on degree 

of graphitization is also included in the plot.  Different types of graphite show diverse degree of 
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graphitization and the calculated degree of graphitization falls into the range of 50 % to 75 %, 

where CFC shows higher degree of graphitization compared to graphite materials. The degree of 

graphitization for IG-110U, which is ultra-purified nuclear grade graphite, is around 70% 

reported in Atsumi’s literature. To compare with this value, we calculated the degree of 

graphitization for IG-110 from XRD spectrum, which is the graphite stock provided by MIT and 

purchased from Toyo Tonso, and the value is 88%. The discrepancy between these two numbers 

can be from the precision of the XRD instrument where the calculation the d002 is based on, since 

the data is reported in 1990s.  

Due to consistency of taking the data for all types of graphite, the relationship between 

the degree of graphitization, hydrogen solubility is still useful. Figure 2-4 shows that highly 

graphitized graphite showed low hydrogen solubility. The degree of graphitization is dependent 

on the raw materials for manufacturing the graphite and the final heat treatment temperature. 

With more crystallized raw material (synthetized graphite) and high heat treatment temperature, 

the graphene sheet will be more ordered with less edge sites and less defects produced, while 

these sites and defects are the main trapping sites for hydrogen under high temperature.  
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Figure 2-5. Irradiation effect on lattice parameter and crystallite size for graphite materials  

 

Figure 2-6. Effect of lattice constant and crystallite size on hydrogen retention.  
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Lattice constant and size of crystallite are the other two parameters that characterize the 

micro-structure of graphite materials. 

 

Figure 2-5 shows the relationship between these two parameters and hydrogen retention. The 

observation is large lattice constant and small crystallite size lead to higher hydrogen absorption 
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in graphite.  The neutron irradiation effect on both parameters is shown in 

 

Figure 2-5 and Figure 2-6.  Neutron irradiation will decrease the crystallite size from both 

basal plane and perpendicular to basal plane.  The effect of neutron fluence on lattice parameter 

is more complicated, and will be investigated further.  

2.4.6 Temperature and pressure dependence  

Lower temperatures of hydrogen exposure to the graphite result in a higher saturation 

limit for the total hydrogen that can be absorbed in the sample. Lower temperatures for the 

loading phase result in extremely long times to reach saturation because of the significantly 

lower diffusion coefficients. Higher temperatures are used to initially load the sample with 

hydrogen because the time scale to saturation is on the order of hours. Hydrogen partial pressure 

plays a large role in the absorption kinetics in the graphite media. Hydrogen retention in the bulk 

of the graphite dominates for temperatures greater than 726.85 C and higher hydrogen partial 

pressures, for temperatures lower than 530 C the hydrogen will trap near the surface of the 

graphite. Hydrogen retention and solubility follows Sieverts law for hydrogen partial pressures 

below 10 kPa. Sieverts law states that the hydrogen retention is proportional to the square root of 
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the hydrogen partial pressure. Low hydrogen partial pressure will have a distinct effect on 

hydrogen transport in graphite. Increasing the absorption temperature will decrease the hydrogen 

retention limit, which is easy to understand that high temperature will increase the mobility of 

the hydrogen in graphite and will provide enough energy to break the C-H bond (hydrogen that is 

trapped by trapping sites in graphite).  Given longer exposure time, hydrogen will diffuse deeper 

into graphite, which results in higher total amount of hydrogen in bulk graphite.  The hydrogen 

solubility decreases with temperature because the hydrogen diffusion rate increases more 

compared with the trapping-detrapping rate. So under high temperature, hydrogen will diffuse 

out before it can reside at a carbon trapping sites and being trapped.   

  

2.4.7 Results and discussion 

TDS data for the various graphite samples studied has led to a plethora of information 

regarding hydrogen isotope interaction with graphite. These spectra are obtained by loading the 

graphite samples with hydrogen by keeping them in a high temperature and pressure hydrogen 

atmosphere for an extended period of time. The TDS spectra are collected in the desorption 

portion of the experiment where the temperature is ramped up at a constant rate and the rate of 

hydrogen isotope release as well as total amount of hydrogen released was measured and plotted. 

Hydrogen retention in the bulk of the graphite dominates for temperatures greater than 726.85 C 

and higher hydrogen partial pressures, for temperatures lower than 530 C the hydrogen will trap 

near the surface of the graphite.  

        Once the TDS spectra are collected, they are deconstructed to fit peaks to the data. 

Initially there were 4 peaks reported from the TDS spectra taken, but from a recent paper a fifth 
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peak in the TDS spectra was discovered and is shown below in Figure 2-7. The TDS spectra on 

the right has the 5th peak as mentioned above, while the TDS spectra on the left only has 4 peaks. 

 

 

 

 

Figure 2-7. TDS spectra for two graphite samples, the spectra on the left shows a graphite sample 

without peak 3, while the spectra on the right highlights the presence of a third peak. 

 

 TDS peak locations and shapes change greatly with absorption temperatures and 

pressures. The first peak corresponds to hydrogen isotopes in molecular form escaping from 

closed pores in the graphite sample or physisorption. The second peak corresponds to hydrogen 

isotopes in solid solution in the graphite, or hydrogen atoms that have disassociated and are not 

in molecular form, but have not bonded to a trap site. The third peak is relatively unknown in its 

meaning but occurs in graphite samples with smaller grain sizes. Only 9 out of the 29 graphite 

samples had this third peak in their TDS spectra, with all of these samples having small grain 
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sizes compared to the 20 samples which did not have this peak. It is hypothesized that this peak 

could be due to hydrogen trapping in the binder phase or trapped due to binder phase change.  

  The fourth and fifth peaks correspond to trap 2 and trap 1 sites respectively. The 

temperature location of peak 4 is highly dependent on grain size and crystallite surface area. 

Graphite samples with smaller grain sizes had lower peak 4 temperatures in the TDS spectra. 

Trap 2 sites are traps which can be found on dangling bonds on the carbon structure. This bond 

requires a lower activation energy compared to the trap 1 sites (3.48 eV for trap 2 to 6.93 eV for 

trap 1 sites). Trap 2 sites are the dominant trap sites in graphite in terms of abundance but are 

also less thermodynamically stable than trap 1 sites. Hydrogen molecules diffuse from the 

graphite sample surface through the open pores to the grain surface where the hydrogen molecule 

can then dissociate into two hydrogen atoms. The hydrogen atoms then diffuse in the grain, 

trapping and detrapping on trap 2 sites until it is finally trapped in a trap 2 site. If the hydrogen 

atom has enough energy the atom can then move to trap site 1 and become trapped. This 

hydrogen diffusion and trapping process is shown below in Figure 2-8.  
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Figure 2-8. Schematic summarizing Atsumi’s proposed hydrogen diffusion and trapping 

mechanisms in graphite. 

 

        Along with a hydrogen bonding to a carbon atom, other factors can affect the trapping 

and detrapping process in graphite. The presence of oxygen can occupy trap sites and further 

complicate the hydrogen transport mechanisms in graphite. The edge of the crystallite in graphite 

is the active region for the reactions to occur. The carbon oxygen bond has a higher binding 

energy than the carbon hydrogen bond. Once oxygen occupies a trap site, that trap site has 

essentially lost its potential to trap a hydrogen atom.  

Many different hydrocarbon compounds can be created on the graphite with hydrogen 

transport into the bulk. Low Pressures (< 10-3 Pa) and high temperatures (>830 C) have a 

negligible amount of molecular hydrogen and graphite reactions. Methane production is of 
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interest for high partial pressure for hydrogen (>100Pa) and high temperatures (T>1150 C). To 

avoid methane production the hydrogen partial pressure needs to remain below 40 kPa. Methane 

is the most abundant hydrocarbon produced, but there are many different hydrocarbons that are 

produced when introducing hydrogen to graphite which are shown below in Figure 2-9. 

 

Figure 2-9. Partial pressure of various hydrocarbons produced by hydrogen interaction with 

graphite at a total pressure of 100 Pa. 

 

Diffusivity of hydrogen through graphite is low even at high temperatures. The results 

from the TDS spectra showed that there would be less total hydrogen released from graphite 

samples with higher degrees of graphitization. There has been an attempt to relate hydrogen 

retention in graphite to microstructural characteristics of the graphite samples. Atsumi compared 

his hydrogen retention data to various graphite higher crystallite surface areas corresponds to 

more hydrogen retention while low crystallite surface area limits saturation of hydrogen in 

graphite. Microstructural characterization of each of the 29 graphite samples was done and 

various parameters such as BET surface area, crystallite surface area, degree of graphitization 
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and Raman spectra were reported. With the microstructural characteristics of the samples the 

total hydrogen retention was plotted as a function of those parameters and is shown below in 

Figure 2-10.  

 

Figure 2-10. Correlations between specific graphite characteristics and hydrogen retention. 

 

Of the graphite characteristics investigated, crystallite surface area has the best 

correlation to hydrogen retention. This led to correlating the total hydrogen retained for each 

peak to the crystallite surface area, and is shown below in Figure 2-11. The results of this 

correlation led to a hypothesis that trap 1 sites are close to the crystallite edges which are 

considered the locations of trap 2 sites. Trap 1 sites were initially thought to be deep in the 

crystallites, but with the correlation coefficient R being nearly identical for trap 1 (peak 5) and 2 

(peak 4) sites with respect to crystallite edge surface area, trap 1 sites could also be trapping near 

the surface of the crystallites.  From the spread of the retention limits for each graphite property, 
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graphite characterization can be a tool to determine a general idea of hydrogen retention but 

experimental validation will be required to know the hydrogen retention potential of a particular 

graphite form.  

 

Figure 2-11. Correlations between hydrogen released and crystallite edge surface area for each 

peak from TDS spectra. 

The effects of irradiation have also been studied with respect to hydrogen trapping in 

graphite. Irradiation induces damage to the original structure of the graphite samples and 

increases the amount of dangling bonds available as trap 2 sites and also the amount of vacancies 

that can act as trap 1 sites. Irradiation induce more disorder in the graphite structure, resulting in 

the degree of graphitization decreasing while the solubility of hydrogen in graphite increases. 

Irradiation increases both trap 1 and trap 2 concentrations and the trap 1 density drastically 

increases with irradiation. It was found that irradiation can increase the hydrogen retention in 

graphite by a factor of a 100. Trap 2 sites density increases at lower displacements per atom 

(dpa) and trap 1 site concentration increases with higher dpa. The diffusion coefficients for 
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transport through the crystallite is heavily affected by irradiation. [2] The true diffusion 

coefficient decreases initially with low dpa and then increases with a higher dpa. With irradiation 

the retention limit goes up while the diffusion coefficient decreases, this effect is dominated by 

displacement of carbon atoms in graphite due to neutron irradiation. Tritium has an affinity for 

dangling carbon bonds or sp3 valence state carbon atoms, with neutron irradiation the ratio of sp3 

carbon bonds to sp2 carbon bonds increases drastically. The net effect of irradiation is a higher 

saturation limit but a longer time to saturate the graphite with hydrogen.  

 

 

2.5 Modeling approaches 

Modeling tritium transport in graphite is a complex task because of all of the phenomena 

that occurs between tritium and the components of graphite. A variety of modeling approaches 

have been employed including: fitting data to Thermal Desorption Spectra (TDS), Monte Carlo 

techniques, molecular dynamics, diffusion only and diffusion along with trapping effects. 

Depending on the metric of interest, modeling tritium transport in graphite can be done at 

atomistic scale, a crystallite length scale (< 50 nm), grain length scale (microns), fuel element 

scale (cm), or core/system scale. The authors of this literature review investigated system level 

models for graphite moderated reactors and there was little to no modeling involving hydrogen 

interactions with graphite. These models incorporate corrosion effects of HF but do not model 

hydrogen uptake into graphite including trapping effects.  

The method of modelling trapping of tritium in graphite is different depending on the 

model used. Diffusion controlled models include the trapping effects into the partial differential 

equations by the means of trapping and detrapping coefficients while Monte Carlo or Molecular 
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Dynamics incorporate a series of trapping and detrapping attempts at a specific frequency for 

specific activation energies for the traps. [3] Each of these modelling approaches will have 

advantages and disadvantages, MonteCarlo/MD are more accurate than diffusion controlled 

processes but cannot be easily scaled up and are also very computationally expensive. [12] 

Diffusion-controlled models can be less accurate but are much less computationally expensive 

and can run simulations for longer time frames than MonteCarlo/MD allowing for studies across 

the lifetime of the fuel pebbles.  

Models of tritium transport in graphite have a variety of diffusion coefficients and 

activation energies, this makes modelling tritium transport in graphite and the quantification of 

uncertainty in the results a challenging task. This range of diffusion coefficients can be attributed 

to uncertainty in experimental data and variations in graphite Medias used in the studies. The 

experimentally obtained diffusion coefficients can have variations from the different length 

scales of interest which affects the definitions of activation energy for traps. The values reported 

for trapping activation energy is highly dependent on the modelling approach, for Monte Carlo 

models this activation energy is much lower than experimentally obtained activation energies 

from TDS spectra. The diffusion coefficient also varies on orders of magnitudes between 

different types of graphite and temperatures ranges of high temperature reactors.  

Modelling tritium transport in graphite systems has a different approach depending on the 

length scales of interest. When transport is considered at the grain or crystallite level, the most 

accurate and widely used models are Monte Carlo simulations and Molecular Dynamics. 

Multiscale models were created to attempt to scale tritium transport from unit cells to crystallites 

to the grains all the way to a bulk level model. Molecular Dynamics (MD) was done on a 

graphite unit cell, and small crystallites. A schematic of the length scales and modelling 
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approaches used by Warrier is shown below in Figure 2-12.  Since Monte Carlo and MD models 

require a significant amount of computational power, crystallites used in these studies may be 

smaller than most graphite crystallite sizes that have been obtained through X-ray diffraction. 

This model fed into a kinetic Monte Carlo model for diffusion processes for transport within and 

amongst neighboring grains. The model created by Warrier included trapping and detrapping for 

grains and in the micron range and was then scaled up to the centimeter range. This model also 

included the effects of irradiation on the trap site density for tritium in carbon structures. [11][12] 

 

Figure 2-12. Schematic illustrating the different length scales modeled with MD and Monte 

Carlo. This figure also shows the construction of the graphite structure being modelled. [11][12] 

 

The creation of the graphite sample for analysis also varies from model to model. In these 

MonteCarlo/MD models there can be graphite parameters that are specified, such as density and 

average bulk pore size or spacing between grains. Randomly oriented crystallites were stacked 

into a random shape which was designated as the grain. The crystallites have a porosity 
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associated within themselves, and the space between the grains was a preset quantity which is 

known as the bulk porosity. There is an assumption of isotropic 3-D diffusion in this coupled 

Monte Carlo/MD model. Another assumption made in this model is that crystallite diffusion 

times were taken as negligible. The diffusion of hydrogen through a damaged crystallite was also 

neglected along with, sp3 hybridization, bonds at the crystallite/microvoid interface, and reentry 

of hydrogen into crystallites. When there is irradiation damage in carbon, atoms are scattered out 

of their crystal structure and create more trap sites in the range of the incident ions or neutral 

particles. In this model, once a particle was trapped it could form an H-C and diffuse as 

hydrogen in its atomic form or detrap. Dissolved hydrogen can either: trap, diffuse along 

crystallites, recombine to form H2 and diffuse as H2. The time steps and diffusion coefficients 

were calculated numerically based on trapping and detrapping parameters. This model 

investigated a couple of different temperature regimes, and found that below 900 K there was 

little to no movement of tritium and that tritium stayed near the surface of graphite. One 

thousand particles were initialized and their location at the end of one million steps is shown 

below in Figure 2-13. From This modelling approach, surface diffusion was determined to be the 

rate limiting process with surface area being a major factor in tritium transport. Closed pores 

reduced accessibility of internal surfaces to tritium. High temperatures are required for 

significant diffusion into closed pores or pure graphite crystals. Closed porosity can prevent 

diffusion along internal surfaces deep into the bulk which prevents H-C formation and reduces 

tritium retention. The results of this modelling effort, are contradictory to the hypothesized 

transport that will occur for hydrogen in a graphite media. This model reports that a majority of 

the hydrogen particles in the graphite will be intercalated in trap 1 sites, with much less hydrogen 

in trap 2 sites or on the void-grain interface. This result is the opposite of the results from TDS 
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spectra, where trap 2 sites dominate the amount of hydrogen desorbed with respect to trap 1 

sites.[11][12]  

 

Figure 2-13. This figure summarizes the results of the MD/Monte Carlo model as a function of 

temperature. For low temperatures, The results remained constant, with a majority of the 

hydrogen atoms being trapped on the grains, and with some hydrogen being in the pores of the 

graphite structure.  

 

The other main type of modeling is a diffusion controlled process which would include 

the effects of trapping and detrapping of tritium. These models are especially useful for long 

term tritium retention and for length scales that would be unreasonable to use Monte Carlo/MD 

to model. Diffusion models use partial differential equations to model the movement of tritium 

atoms through the bulk of the graphite and account for trapping effect by implementing a 
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trapping and detrapping coefficient. The proposed partial differential equations from Atsumi to 

describe these phenomena are shown below in Figure 2-14. [3] 

 

Figure 2-14. Proposed partial differential equations for hydrogen transport in a diffusion 

controlled model with sigmas being trapping and detrapping coefficients. N is the free hydrogen, 

N_t is the trapped hydrogen, and C is the trap site concentration.  

Atsumi did the experimental work with thermal desorption spectra (TDS), with the data 

from the quadrupole mass spectrometer a diffusion coefficient was calculated for the spectra of 

graphite samples studied. These diffusion coefficients are shown below in Figure 2-15 and vary 

by orders of magnitude for the different types of graphite. [3] From a modelling perspective, 

implementing a correct diffusion coefficient can be quite difficult if the specific graphite being 

modeled has not been tested experimentally and given a diffusion coefficient. A diffusion 

controlled model will be more useful to core level and system level tritium management 

verification. Further modelling efforts are required to accurately represent the transport of tritium 

through a graphite media.  
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Figure 2-15. Diffusion coefficients calculated from the experimental work done by Atsumi. 

 

2.6 FHR applications  

The purpose of this literature review was to gain a better understanding of tritium and 

graphite interactions, especially for FHR conditions. The FHR operates at much lower 

temperatures than deuterium-tritium fusion reactors. These lower temperatures of FHR’s are 

outside of the experimental data temperature ranges especially for the fusion reactor 

experiments. Lower temperatures and low tritium partial pressure in the FHR core result in 

negligible hydrocarbon formation in the graphite media.  Along with lower operating 

temperatures there is also a much lower concentration of tritium in FHR’s than in fusion reactors 

which have been studied more intensively. The goals of both reactor systems are similar, fusion 

reactors aim to keep as much tritium in the plasma as possible, while FHR’s would like to keep 
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as much tritium in the graphite fuel pebbles a possible. The difference in operating conditions 

between the two reactor types will affect tritium transport and tritium interactions with graphite.  

FHR’s produce tritium in the salt through transmutation of lithium and beryllium isotopes. 

The FHR system is also concerned with the corrosion of structural materials from TF formation. 

The redox potential of the salt will determine the ratio of TF to T2. The current modelling efforts 

focus on T2 interactions with graphite because this is the gaseous form of tritium that can exit the 

reactor system through the heat exchangers and Sievert’s law can be implemented to predict 

hydrogen retention in graphite. From the production rates of tritium in the FHR, in the lifetime of 

the fuel elements there will not be a high enough partial pressure of tritium to product any 

hydrocarbons in the graphite. This partial pressure of tritium will remain low enough to follow 

Sieverts law for the entirety of the fuel pebble lifetime. The FHR will also operate at low 

temperatures so the higher energy trapsites (trap 1 sites) will be less likely to contain tritium than 

the lower activation energy trapsites (trap 2 sites). Irradiation increases the hydrogen retention in 

graphite by several orders of magnitude by creating additional trapsites due to irradiation 

damage. Irradiation increases the retention potential of the graphite but also reduces the diffusion 

coefficient greatly, so while irradiated graphite can retain more hydrogen, it will take longer to 

reach saturation of hydrogen in irradiated graphite. Understanding the FHR system with respect 

to tritium and graphite interactions will be necessary for accurate system level models and to 

maintain control of the tritium inventory in the salt loop.  

Current modelling efforts have started at the fuel element scale and have scaled up to tritium 

modelling of the FHR core. Simplifications on the complicated transport process were necessary 

to obtain results relevant to the FHR time scale. The current pebble model implements only one 

trapping site and the trapping equations proposed by Atsumi. The high activation energy trapsites 
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have effectively been neglected in this model. The low activation energy trapsites are 80% of all 

of the trapsites in the graphite media. The lower temperatures of the FHR and low frequency of 

high energy trapping sites relative to low energy trapping sites, led to neglecting high energy 

trapsites in the FHR system. The transport of TF in the salt and graphite has been neglected in 

this modelling effort to focus on the chemical form of tritium (T2) that will need to be regulated 

in the FHR. Another simplification proposed by Atsumi that can be implemented in our 

modeling effort is a disassociation rate of molecular hydrogen that is much greater than the rate 

of trapping in the graphite grain. This modelling effort has also simplified the transport process 

of tritium in graphite by neglecting recombination of tritium atoms into molecular tritium in the 

graphite.  

3 Experimental work with graphite characterization 

3.1 Introduction and background information 

Nuclear grade graphite is used as a neutron moderator and structural component for high 

temperature nuclear reactors.  IG110 and Matrix A3 are the two grades of graphite used in 

Fluoride-salt cooled high-temperature reactors (FHR) and high temperature gas-cooled reactors. 

The MK-1 PB-FHR utilizes A3 matrix graphite as the low density graphite for fuel pebble 

manufacturing, while IG-110 will be used as the structural components and reflector pebbles in 

the FHR core. It is important to characterize these two graphite types because of the potential uses 

in high temperature reactors and possible inhomogeneity’s in the reactor core from varying 

graphite types. Much more characterization data is available for IG-110 in terms of irradiation 

performance, tritium uptake, and graphite microstructure, mechanical and thermos-physical 

properties. Comparing the two different graphite types utilized in an FHR at the microscopic and 

bulk material properties are relevant to tritium transport and have been done across a variety of 
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studies at the University of Wisconsin-Madison. A summary of various characteristic length scales 

for crystallites, pores and lattice parameters is included below in Figure 3-1.  

 

Figure 3-1. Approximate sizes of various graphite components illustrating the range of relevant 

length scales. 

3.2 Experimental Techniques  

The experimental work on graphite characterization focused on identifying differences in 

the porosity and microstructure of the IG-110 and matrix A3 graphite. Since graphite is a 

heterogeneous compound of carbon planes and binder or resin materials to hold the graphite 

together, characterizing porosity and crystallite properties is required to gain a better understanding 

of tritium behavior in various graphite types. Previous hydrogen isotope research has investigated 

many different kinds of graphite including IG-110 but not matrix A3, without performing 

hydrogen graphite experiments; it is of value to know the matrix A3 microstructure to predict 

hydrogen trapping and transport in this particular graphite type. The table shown below 

summarizes which techniques were used to characterize graphite and what results can be obtained 

from each technique.  
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Table 3-1. Characterization techniques implemented and parameters acquired from each 

technique. 

Characterization Technique Parameter of Interest 

 Crystallite size 

X-Ray Diffraction (XRD) Lattice parameters 

 Degree of graphitization 

Raman Crystallite size 

BET Specific surface area 

 Average Pore Size 

Mercury Porosimetry Pore size distribution 

SEM High-magnification  images  

Optical imaging Bulk graphite images 

X-ray Computed Tomography (microCT) 3-D image of graphite 

Density measurement kit Open and closed porosity 

Gas Pyncometer Density 

Polarized light spectroscopy Crystallite orientation 

 

3.3 Sample preparation 

 There are many different techniques for graphite characterization; different applications of 

graphite have guided the direction of the characterization done for previous projects. For a 

complete study of graphite properties, many characterization techniques were implemented for a 

thorough comparison of IG-110 and matrix A3. Sample preparation varies depending on the 

characterization technique being implemented and is required for all of the characterization 

techniques. Graphite produces many flakes of carbon when cut or machined, these flakes can 

intercalate into the porosity of the graphite on the cut or machined surface. Every sample has been 

cleaned using an ultrasonic deionized water bath; this procedure removes the graphite flakes 

trapped in the pores of the graphite samples. Polishing is also frequently required for imaging the 
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graphite samples, determining porosity and crystallite properties of the graphite. Samples requiring 

polishing are mounted in an epoxy resin and polished from low to high grit sandpaper with 

ultrasonic cleaning in between changing polishing grits. The polishing procedure starts with 400 

grit sandpaper and progressively increases the sandpaper grit until the samples are polished to 1200 

grit. Figure 3-2 below shows the difference in SEM imaging for graphite samples; cut with the low 

speed saw, cleaned with ultrasonic deionized water and polished graphite surfaces. The graphite 

samples will produce a significant amount of flakes when machined so ultrasonic cleaning the 

samples between polishing steps is required. The amount of graphite flakes produced can be seen 

in the water solution surrounding the graphite and is shown below in Figure 3-3. 
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Figure 3-2. Machine cut graphite (top left), graphite cleaned with ultrasonic deionized water (top 

right), and polished graphite (bottom). 

 

 

 

 

 

Figure 3-3. A3 graphite before ultrasonic cleaning (top left), A3 graphite after cleaning (top 

right). IG-110 before cleaning (bottom left), after cleaning (bottom right) 
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3.4 Graphite imaging 

Graphite imaging was performed with SEM and optical microscopes. Comparing images 

of graphite assist in understanding crystallite properties and the porosity of the graphite samples. 

It is difficult to determine different phases of filler and binder material in the graphite samples, 

but it is still of interest to see the macroscopic details of graphite from optical imaging and 

nanoscale features of graphite from SEM imaging.  

3.5 Graphite crystallite properties 

Nuclear graphite is a high purity polygranular system, with a high degree of 

graphitization. High purity and a high degree of graphitization or level of order in the graphite is 

required for its user in nuclear reactors. IG-110 is fine-grained nuclear graphite used as the 

moderator and reflector pebble material in the FHR system, while matrix A3 graphite will be 

used to produce the fuel pebbles. While the microstructure and composition of IG110 have been 

investigated by several researchers, the properties of matrix A3 graphite are rather unexplored 

[14]. The raw materials, manufacturing process and heat treatment temperature are different; 

therefore, the microstructural properties of this grade are anticipated to be different from IG110 

and other grades of nuclear graphite. High purity nuclear grade graphite is used as the moderator 

and reflector material in the FHR core design. Several favorable properties of graphite such as; 

low atomic mass, high scattering cross section and negligible neutron absorption cross section, 

make graphite a suitable moderator for nuclear applications, specifically for high temperature 

applications [7][12]. The microstructural characteristics and its variation under long term 

irradiation, is important to characterize for the safe operation of nuclear reactors, as the 

microstructural variations seem to affect the associated processes through the surface to the bulk 

of moderator. The experimental work performed at the University of Wisconsin Madison have 
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been primarily focused on characterizing the microstructure of the graphite. I would like to 

acknowledge the work done by Ruchi Gakhar and Huali Wu with regards to graphite 

characterization. Without their help, the analysis of the XRD and Raman spectra along with 

many of the graphite characterization techniques would not be possible.  

3.5.1 Microstructure Characterization  

The two grades of graphite investigated in this study are nuclear graphite IG 110 and matrix 

A3, which are composites of natural graphite, synthetic graphite and resin particles. The synthesis 

technique of both grades of graphite include, crushing and mixing of the components in a ratio and 

heating them up to a carbonization temperature around 800 oC. The mixture is then extruded, 

molded or iso-statically pressed before annealing or the final heat treatment at high temperatures 

(around 2000 °C). The degree of graphitization of thus synthesized graphite is known to be 

correlated directly with the annealing temperature.  However, other studies suggest that degree of 

graphitization does not rely solely on the annealing temperature, but factors such as carbon 

precursor, chemical nature of polymers used and fusion during the carbonization stage, affect the 

degree of graphitization to large extent [40]. The degree of graphitization can be described as a 

measure of the interplanar spacing of graphite. Smaller values of interplanar spacing in graphite 

corresponds to a more ordered graphite sample. Both nuclear and matrix graphite have some 

impurities (ash, metal or gas), which affect the degree of graphitization. Two types of nuclear 

graphite grades, IG-110 and matrix A3 were considered for the present study. IG110 graphite batch 

was provided by David Carpenter from MIT and the material was originally procured from Toyo 

Tonso Co. Japan [41]. IG-110 is manufactured from mixture of petroleum coke and tar pitch 

binder, following by the cold isostatic pressing to reach the near-isotropic or isotropic materials. 

Graphitization typically occurs at temperatures ~2100 ºC[42]. The stepwise synthesis process 
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included the carbonized at 850 °C at a rate of 1°C/min in flowing helium. After 1 hour hold, the 

graphite was treated to high temperatures ~2100 °C under vacuum, at a rate of 20 °C/min, followed 

by 1 h hold.  The matrix precursor powder for compact lot A3-H08 was a jet milled blend of 64 

wt%  natural graphite (Asbury 3482), 16 wt% synthetic graphite (Graftech GTI-D), and 20 wt% 

high purity novolac resin (Hexion D_SD-1708 with 7.5% hexamethylenetetramine added). The 

blend was then pressed into a compact cylinder using a compact die.  The compacted cylinders 

were carbonized by heating to 950°C at a rate of 1°C/min in flowing helium, followed by a 1 hour 

hold[43]. It is important to note that matrix graphite has not been fully graphitized by heating to 

annealing temperatures, but has only been carbonized at a much lower temperature. The 

implications of lower heat treatment temperatures for matrix A3 will be reported later in this 

chapter. The various raw material and manufacturing characteristics of the two grades of graphite 

under this study are summarized in Table 3-2 below.  

Table 3-2. Characteristics of the grades of graphite investigated in this study 

Item Matrix A3 IG-110 

Raw Material  Natural Graphite-64 wt%, 

Synthetic Graphite-16 wt%, 

Highpurity novolac resin-20wt% 

 Petroleum Coke/Coal tar Pitch 

Manufacturer ORNL Toyo Tanso Co. Japan 

Formation  Promess Press @ 1mm/s Cold Isostatic Pressing 

Heat Treatment 

Temperature  

Carbonization at 850oC under 600 

psi 

~2100°C 

Grain Size - 20µm 
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Figure 3-4. Degree of graphitization as a function of final heat treatment temperature.  

 

3.5.2 X-ray diffraction (XRD)  

X-ray diffraction (XRD) is one of the most useful techniques to implement to determine 

important crystallite characteristics of the graphite samples in this study. XRD relies on detecting 

scattering of X-rays and using Bragg’s law to determine interplanar spacing for crystalline 

structures which is shown below. From using the Bragg’s equation; see figure 3-5, we can relate 

the miller indices and the Bragg peaks by the angle of inflection of the X-rays. From XRD we can 

find: lattice parameters, phase identity, crystalline, and crystal structure. Diffraction pattern 

analysis software has peak fitting functions to match XRD patterns with known metals and alloys. 
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Graphite types are not distinguished from each other in this software and therefore require manual 

analysis to determine crystalline properties.  

 

Figure 3-5. Bragg’s law schematic 

 XRD patterns of three mutually orthogonal faces of cubic samples were collected using a 

Bruker D8 Discover X-ray Diffractometer. The X-ray source in this instrument was Cu radiation 

(Kα = 0.15418 nm) operated at 50 kV and 1000µA. It is important to note that there are two Kα 

wavelengths, Kα1 and Kα2, and the contribution to the XRD spectra from Kα2 must be removed 

for accurate analysis. The three orthogonal faces were examined to determine if there was any 

directional preference of the graphene layers in the two graphite samples by comparing the FWHM 

of the most dominant peak in graphite for all 3 surfaces. The instrument was calibrated with 

Corundum (Al2O3) as standard material prior to measurements. This standard material was chosen 

because it has a XRD peak around the same angle that the d002 peak is in graphite and because the 

standard will have a very sharp peak which can be used to determine how much of the d002 peak 

broadening is from the sample itself versus from the instrument. For the estimation of anisotropy, 
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XRD patterns were collected from three orthogonal directions of each graphite cube. A collimator 

of 0.5 mm was used to record the scans in the 2theta range of 20o to 80o with an increment of 10o 

per step. The scan time was 60 seconds with a total of seven analysis steps. The data was analyzed 

using Diffrac.Eva software. The XRD spectra for the graphite samples are shown below with the 

Kα2 contributions already removed from the raw data.  

X-ray diffractions patterns of 3 orthogonal IG-110 faces.
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Figure 3-6. X-ray diffractions patterns of 3 orthogonal IG-110 faces. 
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Figure 3-7. X-ray diffractions patterns of 3 orthogonal matrix A3 faces. 
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Figure 3-8. Overlay of single A3 and IG-110 XRD spectra. 

The XRD spectra of the two types of graphite are similar in that they all have the same 

number of peaks and general location of those peaks. Another study of interest was to obtain XRD 

spectra for the raw material used in producing matrix A3 graphite. The XRD spectra for natural 

and synthetic graphite are shown below in figure 3-9. It is observed that while natural and synthetic 

peaks match nicely, natural graphite seems to have a few extra peaks as well. These signals may 

arise from the possibility of natural graphite containing substances other than graphite. As it has 

been found previously that the starting raw materials affect the behavior the graphite so this study 

was necessary to determine if one of the raw materials for matrix graphite can affect the bulk 

properties more than the other. 
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Figure 3-9. XRD spectra for natural and synthetic graphite powders. 

3.5.3 XRD spectrum analysis 

 XRD provides a lot of information on the crystalline structure of graphite such as: 

interplanar spacing, isotropy of bulk, crystallite sizes and lattice parameters. One of the most 

important values for bulk graphite is the interplanar spacing along the basal plane d002. This peak 

may have errors in the XRD spectra because of contributions from the d004 peak along the basal 

plane. To account for this contribution, a plot of nλ/2Sinθ versus [(Cos2θ/Sinθ) + (Cos2θ/θ)]/2 is 

applied to more accurately determine the value of d002. This plot only includes the two points 

from d002 (n=1) and d004 (n=2) and extrapolates to the x-axis intercept to determine a more 

accurate value of the d002 spacing. The lattice constant, c, is taken to be double the value of d002. 

The determination of the d002 spacing is shown below in figure 3-10 for both matrix A3 graphite 

and IG-110.  
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Figure 3-10. Plots of d vs. [cos2θ/ sinθ + cos2θ/θ]/2 for (00l) lines of Matrix A3 and IG-110 

yielding accurate d002 spacing at x = 0 

 The interplanar spacing of graphite can be used to determine the degree of graphitization, 

which is a general indication of the order of the graphene layers in the bulk. High degrees of 

graphitization are required for graphite samples which are created using a hydrocarbon binder or 

petroleum coke (IG-110) because sufficiently high temperatures are required to order the carbon 

atoms in the raw materials to create highly ordered nuclear graphite. The degree of graphitization 

(�̅�) was calculated using the following equation [39]: 

�̅� =  
0.3440 − 𝑑(002)

0.3440 − 0.3354
                                                  (3 − 1) 

 

           The equation above has been derived from an ideal graphite sample, where d002 = c/2 = 

3.354 Å for fully graphitized carbon (with �̅� = 1) and d002 = 3.44 Å for non-graphitized carbon (�̅� 
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= 0). The lattice parameter c here was obtained by referring to the Japanese procedure for 

measurements of the lattice parameters and the crystallites sizes of carbon materials using X-ray 

diffraction [47]. Substituting the d002 value obtained for Matrix A3 and IG110 graphite in the 

equation results in the degree of graphitization of 91.86% and 82.56%, respectively. For IG-110 

graphite, graphitization values of 88.02 % and 84.77 % have been reported earlier by Zheng et al. 

[39] and Chi et al. [48], respectively. The differences in the degree of graphitization for the same 

graphite can potentiall be attributed to differences in handling the graphite or from instrument 

errors. The difference in estimated graphitization in such case might be attributed to the non-

uniform or random distribution of crystallographic defects throughout the graphite sample.  

 The other crystallite properties such as; crystallite size, lattice parameters and anisotropy 

were also calculated and compared for both graphite samples from the XRD spectra. Graphite has 

a hexagonal crystalline structure so the lattice parameters were estimated using equation below 

[39]. Using this equation with a calculated value of c, dhkl, and known hkl values the lattice 

parameter a can be determined.  

1

𝑑ℎ𝑘𝑙
2 =

4

3
(
ℎ2 + ℎ𝑘 + 𝑘2

𝑎2
) + 

𝑙2

𝑐2
                                               (3 − 2) 

The calculation of the lattice parameter a cannot be done with the most prominent peak in 

the XRD spectra of graphite (002) and must be done with miller indices other than the 00l peaks. 

The lattice parameter becomes more accurate with higher hkl values, therefore d112 was used in 

this calculation. The lattice parameters a and c that have been calculated from the XRD spectra of 

these graphite samples match the literature values for graphite [39].  

The calculation of the crystallite sizes of graphite, Lc and L⊥, requires a correction for 

directional preference in the crystallites and instrumental broadening of the peaks. This can be 
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accomplished by equation shown below, where β is the corrected full width at half-maximum 

(FWHM) of the d002 peak. B is the bacon anisotropy factor which is calculated using equation.  

the measured FWHM of the d002 peak while b is the FWHM of the standard material 

(Corundum) at nearly the same 2θ as the d002 peak in graphite.  

β2 = B2 – b2                                                               (3-3) 

𝐵 = (
𝐼𝑚𝑖𝑛

𝐼𝑚𝑎𝑥
)
−(0.406±0.006)

                                                  (3-4) 

 The anisotropy of graphite was estimated by the Bacon Anisotropy Parameter defined as, 

where I is the intensity of the (002) reflection. This factor requires a comparison of the maximum 

and minimum intensity of the 002 peak on three orthogonal faces of a graphite sample [39]. All of 

these calculations are required to obtain an accurate FWHM of the 002 peak to determine Lc and 

L⊥ for IG-110 and matrix A3 graphite. The Scherrer equations are used to obtain Lc and L⊥ and 

are shown below. These values correspond to the apparent crystallite size parallel and 

perpendicular to the basal plane (c-direction) with λ as the wavelength of radiation used (0.1541 

nm for CuKα1). This equation uses the prominent 002 peak for calculation of  Lc, while the 101 or 

112 peaks are used to calculate  L⊥. The 101 or 112 peaks are used in the Scherrer equations 

because these peaks are perpendicular to the 002 reflection.  

𝐿𝑐 = 
0.91𝜆

𝛽𝐶𝑜𝑠𝜃
                                                        (3 − 5)  

 𝐿⊥ = 
1.84𝜆

𝛽𝐶𝑜𝑠𝜃
                                                         (3 − 6) 
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The crystallite lengths of IG-110 and matrix A3 graphite are summarized below in table 3-

3 for convenience. An interesting result from this study was that the degree of graphitization was 

higher for matrix A3 graphite than for IG-110 even though our A3 samples were only carbonized 

and the IG-110 samples were annealed.  

 

Table 3-3. Microstructural parameters of Matrix A3 and IG110 graphite 

Graphite d(002) 

Crystallite 

Size 

Lattice 

Parameters Graphitization 

Bacon 

Anisotropy 

Parameter 

  (nm) 

Lc 

(nm) 

L 

(nm) a (nm) c (nm) g (%)  
Matrix 

A3 0.3364 34.97 26.84 0.2465 0.6728 88.61 

1.8867 

±0.0219 

IG-110 0.3373 27.19 21.22 0.2463 0.6746 78.14 

1.17126 

±0.0042 

 

3.5.4 Raman Spectroscopy 

Raman spectroscopy provides valuable information about graphite regarding the chemical 

form of the carbon atoms on the surface of the samples. Raman spectroscopy is based on nuclear 

vibrations of atoms from excitation induced from a laser (532 nm wavelength). The instrument 

will record the back scattered light from the laser and produce plots based on the Raman shifts. 

Most of the back scattering will be near the frequency of the laser because of Raleigh and elastic 

scattering. Based on the Raman shifts recorded, information on the valence state of the carbon 

atoms on the surface of the graphite can be deduced. The Raman shifts in graphite will be 1350 

cm-1 for the D band and 1582 cm-1 for the G band. The D band corresponds to the defect band or 

sp3 bonds, while the G band corresponds to the graphite band or sp2 bonds. There is also a presence 



 

65 

 

of a D’ and G’ peak which correspond to overtones of the D and G peaks. With the D and G Raman 

shift intensities we can calculate the in plane crystalline size of IG-110 and matrix A3 graphite.  

Raman Spectra were recorded using a Thermo Scientific DXR Raman microscope operated 

with a 532 nm laser. The sample was analyzed through a 50 μm confocal pinhole at optical 

magnification of 10x. Higher magnifications are not reasonably possible because of the surface 

roughness of the graphite samples. A total of 200 scans were recorded with 0.5 seconds per 

exposure. The spectra were peak-fitted using PeakFit v4 software to obtain more information from 

the Raman spectra. Multiple peaks were fitted in the range from 1000 to 3000 cm−1 using Voigt 

functions. Voigt functions were considered for analysis, similar to their previous application for 

Raman analysis of carbonaceous materials [44] [45]. The Raman spectra of both IG-110 and matrix 

A3 graphite were recorded for 5 arbitrary points recording the intensity, FWHM and area for each 

peak. This data was averaged to obtain more consistent values in the intensities for the D and G 

peaks. The crystallite size, La was estimated using the following relationship that holds valid for 

the visible wavelength range. 

 𝐿𝑎(𝑛𝑚) = (2.4 𝑥 10
−10)𝜆𝑙𝑎𝑠𝑒𝑟

4 (
𝐼𝐷

𝐼𝐺
)−1                                        (3-7) 

 

The Raman spectra of the both grades of graphite, excited with a 532 nm laser, showed 

three intense sharp bands around 1350, 1580, and 2700 cm-1, that correspond to the D, G, and 

Gbands, respectively. The shoulder of the G band appears around 1616 cm-1, and corresponds to 

the D peak. Peak fitting and analysis is required to determine the intensity of the D’ peak. The 

Raman point spectra for A3 and IG-110 are shown below in figures 3-11 and 3-12. The averaged 

data for the Raman spectra are reported in table 3-4.  
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Figure 3-11 Raman Spectra of Matrix A3 sample 

 

Figure 3-12. Raman Spectra of IG110 graphite 

 

Table 3-4. Normalized Raman data for Matrix A3 and IG110 Graphite 

Graphite Point 
FWHM 

ID/IG La 
D G D' G' 
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A3 

Point 1 53.365 23.985 28.505 82.030 0.356 54.017 

Point 2 49.751 20.313 33.096 77.772 0.210 91.626 

Point 3 50.683 31.642 25.397 78.625 0.349 55.149 

Point 4 50.960 25.992 21.394 78.998 0.132 145.412 

Point 5 49.373 23.284 25.672 80.059 0.343 56.040 

Mean 50.827 25.043 26.813 79.497 0.278 80.449 

IG-110 

Point 1 40.717 20.693 54.996 67.874 0.410 46.973 

Point 2 44.421 22.952 21.210 70.742 0.397 48.445 

Point 3 40.511 21.779 30.195 68.547 0.252 76.348 

Point 4 45.102 20.406 82.616 79.036 0.204 94.356 

Point 5 42.334 21.779 55.481 69.585 0.379 50.790 

Mean 42.617 21.522 48.899 71.157 0.328 63.382 

  

3.5.5 Crystallite characterization Analysis and Discussion 

The basal plane of an ideal, defect-free graphite contains two sharp Raman bands: the G 

band and the second-order G band. An ideal graphite sample will have a minimal or nonexistent 

D peak.  In the presence of defects, another band becomes Raman active at 1350 cm-1, which is 

termed the D band after defect. The mean characteristic coherence length La varies inversely with 

the ratio R = ID/IG, a relation introduced by Tuinstra and Koenig [57]. The equation was further 

modified by Knight and White by taking the laser wavelength (λL - 514.5 nm) into account [58]. 

Since the empirical formula provided by Knight and White was valid only for the 514.5 nm laser 

line [35][59], a general expression for estimation of the La from the integrated intensity ratio (ID/IG) 

applicable for any laser line in the visible range [35]. This relationship was introduced in the 

previous section and is displayed again below.  

𝐿𝑎(𝑛𝑚) = (2.4 𝑥 10
−10)𝜆𝑙𝑎𝑠𝑒𝑟

4 (
𝐼𝐷

𝐼𝐺
)−1                                (3-7) 
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The relationship between La or the ‘mean characteristic coherence length’ and crystallite 

sizes calculated from XRD for carbonaceous materials continue to be debated [36] [51]. Some 

studies claim that the La determined from Raman analysis is an in-plane coherence length 

characteristic of a finite crystal size, and is not equivalent to mean crystallite sizes determined from 

XRD [60] [61]. In the present study, the crystallite size (La) for an excitation wavelength of 532 

nm was calculated using the empirical relation shown in equation. The values obtained for five 

arbitrary points and their average are listed in table. The average value of La for Matrix A3 graphite 

is higher than IG110, which correlates well with the XRD results where crystallite sizes (Lc and 

L⊥) were observed to be higher for Matrix A3 compared to IG110. Another important factor for 

comparison is the ID/IG ratio of two kinds of graphite. The lower ID/IG ratio of Matrix A3 alludes 

to the fact that the Matrix A3 is more graphitized with less defect sites. The degree of graphitization 

from the XRD spectra is also higher for matrix A3 graphite than the degree of graphitization for 

IG-110. The Bacon anisotropy factor for matrix A3 is lower than for IG-110. This result verifies 

that matrix A3 graphite is more oriented (less disordered) than IG-110.  

Generally, for disordered carbons, La was always reported to increase with heat treatment 

temperature [62]–[66]. Hence the D band intensity should decrease with increasing final heat 

treatment temperature. If this general relationship is to hold, there must be an explanation as to 

why IG-110 is less graphitized than A3 graphite even though IG-110 has undergone a higher final 

heat treatment temperature. Work on HOPG, and more recently on single-crystal natural graphite 

has shown a 5x increase in the D band intensity when Raman spectra are measured on the edge of 

the crystal compared to Raman spectra obtained from the basal plane surface. [51] [41-45]. Taking 

these recent observations into consideration, the explanation for the higher D band intensity in 

spectra acquired from IG-110 is due to the higher density of edge planes encountered in the Raman 
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analyses. An increase in the D band intensity due to a greater density of edge planes would in turn, 

lead to a lower La as shown by our data. Various factors were considered for two kinds of graphite 

used in advanced nuclear reactor design, to evaluate and compare the microstructural properties. 

The crystallite size of Matrix A3 was observed to be higher for Matrix A3 graphite from both XRD 

and Raman analysis, although the actual values were not comparable. Based on XRD results, 

Matrix A3 is more graphitized with a higher Bacon anisotropy factor, therefore we consider that 

higher Raman broadening for Matrix A3 might be due to the defects or heterogeneity in the sample. 

Additional characterization techniques are required to characterize the structure of these two 

grades of graphite in more detail. 

3.6 Graphite porosity comparison 

 All commercially manufactured graphite will have defects and imperfections in the 

manufacturing process which will result in a graphite that is less dense than the theoretical 

density of graphite (2.26 g/cm3). The difference in densities for the finished graphite product and 

theoretical graphite is due to time and cost effectiveness of the manufacturing process of 

graphite. The difference in density is cause by the presence of pores in the graphite. Porosity in 

graphite is generally referred to as open porosity for pores that are on the surface of the graphite 

or have an open path to the surface, while closed pores are pores in the bulk and have no direct 

path to an open pore or to the surface of the graphite. Characterizing the porosity of graphite is a 

difficult task which will require many different characterization techniques which have been 

stated earlier in this section (table). The parameters of interest for graphite porosity 

characterization are; open and closed porosity volume fractions, pore sizes and pore size 

distribution.  



 

70 

 

3.6.1 Brunauer–Emmett–Teller (BET) 

BET gas adsorption is an experimental technique that is used to explain adsorption of gas 

molecules on a solid surface. This technique can determine the specific surface area of graphite 

samples in m2/g. BET gas adsorption is a multilayer adsorption of gas molecules onto the surface 

of graphite and requires the gas being used to be inert with the sample. Matrix A3 and IG-110 

graphite samples were sent to ORNL for the determination of pore size and pore size distribution 

by the BET (Brunauer–Emmett–Teller) method. The pore size distributions calculated from the 

adsorption curves from ORNL are shown below in figure 3-13.  

 

Figure 3-13. Pore size distribution obtained from BET on samples sent to ORNL. 

3.6.2 Mercury Porosimetry 

 Mercury Porosimetry is a destructive characterization technique that can determine the 

pore size distribution of a sample. This technique uses mercury, with a known surface tension, 

and by increasing the pressure of the mercury around a sample the pore sizes can be calculated. 

By measuring the change in volume of mercury compared to the change in pressure the pore size 

of the sample can be determined. High pressures are required to drive the mercury into the 

nanopores of the graphite structure. The pore size distribution calculated by this experimental 

technique are shown below in figure 3-14 for matrix A3 graphite and figure 3-15 for IG-110. 
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From the MP results, IG-110 has more nanopores than matrix A3 graphite while also having a 

larger average pore size than A3.  

 

Figure 3-14. Pore size distribution of matrix A3 graphite 

 

Figure 3-15. Pore size distribution of IG-110.  
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3.6.3 Immersion experiment 

 This experimental technique was used to determine the porosity of IG-110 and matrix A3 

graphite. The experiment submerges a graphite sample of known volume in water and measures 

the change in mass of the graphite as water displaces the gas in the pores of the graphite. The 

equations used for this experiment are shown below. This method requires weeks for the water to 

displace the gas inside of the pores in the samples and for the scale to equilibrate.  

𝑃𝑡𝑜𝑡𝑎𝑙 = 1 −
𝜌𝑎𝑖𝑟

𝜌𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙
                                                    (3-8) 

𝑃𝑐𝑙𝑜𝑠𝑒𝑑 = 1 −
𝜌𝑖𝑚𝑚𝑒𝑟𝑠𝑒𝑑

𝜌𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙
                                                    (3-9) 

𝑃𝑜𝑝𝑒𝑛 = 𝑃𝑡𝑜𝑡𝑎𝑙 − 𝑃𝑐𝑙𝑜𝑠𝑒𝑑                                                (3-10) 

 

3.6.4 Porosity characterization analysis 

 Porosity characterization for graphite is much more difficult than characterizing the 

crystalline structure of graphite. There have been many characterization techniques that have been 

implemented to determine pore sizes and porosity values. No single method is perfect for 

characterizing the porosity of graphite, each method has its flaws and limitations. X-ray computed 

tomography (CT) was also done on IG-110 and matrix A3 graphite. This characterization 

technique has potential to show a 3-D image of the graphite sample and the porosity that is in the 

sample. The analysis done on IG-110 and matrix A3 graphite was done with a machine that has a 

resolution of 22 microns, so any pores smaller than 22 microns will not be seen in the computer 

generated image. A higher resolution instrument would be of great value to understanding the pore 

networks of nuclear grade graphite. The reported porosity values for CT scans are total porosity 
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values because separating open and closed porosity is a difficult task. The total porosity value 

reported by CT scans does not include pores smaller than 22 microns, which is a non-negligible 

portion of the porosity in graphite. CT scans and optical image analysis are not reliable sources for 

porosity values because there is a human error induced when determining the threshold value for 

a pixel to be considered a pore. Mercury Porosimetry is able to report a pore size distribution but 

the assumptions that are made when calculating the pore size distribution are not accurate for 

graphite samples. Mercury Porosimetry assumes that each pore is a perfect cylinder, which is not 

true for graphite, and it also fails to report pore sizes for any closed pores. The error induced from 

this approximation is not straightforward to calculate because pore shapes are not symmetrical and 

pore depths are not constant. The immersion experiment provides the porosity values of graphite 

accurately but does not have the capabilities to determine pore sizes or pore size distributions. The 

results from these characterization efforts have been summarized below in table 3-5.  

Table 3-5. Porous characteristics of matrix A3 and IG-110 graphite. 

Graphite Average Pore Size 
Surface 

Area 

Open 

Porosity 

Closed 

porosity 

Total Porosity 

  MP[nm] BET[nm] BET[m2/g] Immersion 

[%] 

Immersion 

[%] 

Immersion 

[%] 

CT[%] 

Matrix A3 810 1.88 2.714 12.087± 0.030 25.721± 

0.023 

37.809±0.014 17 

     IG-110 2728 1.42 1.181 2.742±0.025 19.870±0.019 22.611±0.013 8 

 

4 Tritium Modelling 

Generation IV nuclear reactors are expected to offer more safety features than current nuclear 

reactors along with passive safety features implemented into the reactor design. The FHR utilizes 

a eutectic blend of LiF-BeF2 (Flibe) as a molten salt coolant. Flibe is excellent for heat removal 
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from the core while also offering low neutron absorption cross sections, which is essential for 

reactor operation. This molten salt coolant offers many enhanced safety features such as high 

thermal inertia and high boiling temperatures but is prone to producing tritium primarily from 

neutron absorption in Lithium-6. Tritium (T1/2 = 12.32 years) is the only unstable hydrogen 

isotope. Tritium isotopes can replace hydrogen isotopes in water which can increase the dose an 

individual acquires they consume Tritiated water. If the FHR is to be implemented into the 

current reactor fleet, the tritium release from the reactor system must be quantified and 

controllable. The higher tritium production rate at the beginning of life (10129 Ci/GWt/d) is 

from lithium-6 initially in the salt. At steady state all of the lithium-6 has been consumed tritium 

is still produced from lithium-7 and beryllium-9 but at a much lower rate (2931 Ci/GWt/d). 

Many tritium mitigation techniques are being researched for the FHR, this particular study will 

focus on tritium mitigation through the graphite fuel pebbles. The modelling efforts have started 

at the fuel pebble scale and have progressed to a core model of tritium transport and absorption 

in the FHR.  

4.1 Pebble model 

4.1.1 Pebble model diffusion only 

The fuel pebble model has been created using COMSOL Multiphysics. Initially a diffusion 

only study was performed onto the fuel pebble with a variation in the diffusion coefficients used. 

This diffusion only study for an FHR fuel pebble implemented a constant surface concentration 

of atomic hydrogen on the surface of the pebble with variations in the diffusion coefficient for 

the graphite. The literature review conducted shows a wide range of diffusion coefficients for 

different graphite’s varying from 1E-9 to 1E-19 m2/s. The COMSOL module transport of diluted 

species was used with a surface concentration co of 1 mol/m3 and a diffusion coefficient D of 
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2.5E-12 m2/s. The geometry used in this study was a spherical fuel pebble with a radius of 1.5 

cm. The tritium concentration profile through the center of the 3cm diameter pebble is shown 

below in figure 4-1. Over the lifetime of the pebble (1.4 years or 512 days) the concentration 

reaches steady state for these initial conditions and constants chosen. This study did not include 

recirculation of the fuel pebbles but rather focused on determining the differences in tritium 

profiles in the fuel pebble given a range of diffusion coefficients that have been reported in the 

literature.  

 

Figure 4-1. Tritium concentration over time in the pebble. (co=1, D=2.5E-12) 

 

The diffusion only model was also studied for a variety of diffusion coefficients. The 

range of diffusion coefficients studied for the constant surface concentration diffusion only study 
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was from 1E-14 to 2E-12 m2/s. This purpose of this study was to show the differences in 

hydrogen profiles depending on the diffusion coefficient of the graphite being modelled. The 

literature has not investigated matrix A3 graphite for its diffusion coefficient with respect to 

hydrogen isotopes so a range of diffusion coefficients must be studied to capture the potential 

diffusivity of hydrogen into A3 graphite. The tritium profiles for a diffusion only model of the 

fuel pebbles is shown below in figure 4-2.  

  

Figure 4-2. Tritium concentration profile in FHR fuel pebble with a fixed surface concentration 

of 1 mol/m3 and a 2 order of magnitude sweep of the diffusion coefficient. 

 

The tritium concentration profiles in the fuel pebble were numerically integrated to 

determine the total tritium in the pebble as a function of time.  The total tritium that has diffused 

into the fuel pebble is given by equation 4-1 and the numerical integration formula is shown 

below in equation 4-2.  
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𝑇𝑟𝑖𝑡𝑖𝑢𝑚 𝐴𝑏𝑠𝑜𝑟𝑏𝑒𝑑 [𝑚𝑜𝑙] = 4𝜋 ∫ 𝐶_𝑇(𝑟)𝑟2𝑑𝑟 
.015

0
    (4-1) 

𝑇𝑟𝑖𝑡𝑖𝑢𝑚 𝐴𝑏𝑠𝑜𝑟𝑏𝑒𝑑 [𝑚𝑜𝑙] = 4𝜋∑ 𝐶_𝑇(𝑛)𝑛2𝑁
𝑛=1  

(𝑛−1)+(𝑛+1) 

2
                      (4-2) 

  

A diffusion coefficient of 2.5 E-12 m2/s in this model leads to saturation of the fuel 

pebble by its end of lifetime (1.4 years). Using the diffusion coefficient that results in saturation 

was chosen to see the time evolution of the tritium profile with a predictable result at the end of 

life. The tritium absorbed per pebble [mol] is plotted for each day for the lifetime of a fuel 

pebble along with the saturation point in figure 4-3 below. The saturation point corresponds to a 

concentration of 1 mol/m3 throughout the fuel pebble. The diffusion only model did what was 

expected and reached saturation for a diffusion coefficient of 2.5E-12 m2/s after 1.4 years or 512 

days. 
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Figure 4-3. Total tritium absorbed in fuel pebble [moles] vs. time [days] with saturation point 

shown in orange. 

The total tritium in the graphite in this diffusion only model on a per pebble basis is enough 

to remove all of the tritium produced by the FHR in steady state conditions. If each pebble in the 

FHR removes 1.4E-5 moles of tritium from the salt, the tritium release through the heat 

exchangers of the FHR can effectively be neglected. This value was determined by taking the 

total amount of tritium that will be produced in the 512 day life of the fuel pebble and splitting it 

equally between the total 668,000 graphite pebbles in the FHR core. This diffusion only model 

does not portray an accurate representation of tritium in the FHR system, another effect that must 

be included in some form or another is the trapping of tritium in the graphite media.  

4.1.2 Pebble model with trapping effects 

The following equations were proposed to model tritium transport in graphite structures with 

the inclusion of trapping effects. These equations have been modified to be applicable with the 

spherical del operator by changing the coordinate system. Only equation 1 implements the use of 

a del operator, this equation has r2 terms for each of the terms of the partial differential equation. 

The initial conditions and boundary conditions for the equations are also shown below. In this 

system of equations A is free atomic hydrogen in the pebble, B is trapped hydrogen and C is the 

trapsite concentration. G is the trapping coefficient while b is the detrapping coefficient. This 

model does not have a dependence on porosity for the diffusion coefficient. From the literature 

review conducted, the diffusion coefficient of molecular hydrogen in graphite will be much 

larger in an open pore than intragranular diffusion. This model attempts to lump the effects of 

open porosity into the diffusion coefficient. Essentially, the more porous the graphite pebble is 

the larger the diffusion coefficient will be compared to a lower porosity graphite pebble. This 
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model also assumes that molecular hydrogen disassociation is much faster than atomic hydrogen 

diffusion into the fuel pebble. To save computation time, disassociation was neglected and 

assumed to be nearly instantaneous on the surface of the graphite. 

 

𝑟2
𝑑𝐴

𝑑𝑡
= 𝐷 

𝑑

𝑑𝑟
(𝑟2  

𝑑𝐴

𝑑𝑟
) − 𝑔 𝐴 𝐻3 𝑟2 + 𝑏 𝐵 𝑟2                                      (4-3) 

𝑑𝐵

𝑑𝑡
= 𝑔 𝐴 𝐶 − 𝑏 𝐵                                                       (4-4) 

𝑑𝐻3

𝑑𝑡
= −𝑔 𝐴 𝐶 + 𝑏 𝐵                                                     (4-5) 

𝑑𝐴

𝑑𝑥
|𝑥=0  = 0  , A (r,t=0) = 0  , B (r,t=0) = 0                                     (4-6) 

                              C (r,t=0) = Co                                                                  (4-7) 

A(t=0)|x=R = Ao                                                                (4-8) 

 

 These equations were initially run in COMSOL with constants for the independent 

variables D, g and b. Several tritium profiles in the fuel pebble over the course of the pebble 

lifetime are shown below in figure 4-4. This figure shows the case for when detrapping (b) is set 

to 0, the trap site concentration is constant throughout the pebble, and the surface boundary 

condition specifies that the concentration of free atomic hydrogen is 1 mol/m3. The particular 

case shown below in figure 4-4 is diffusion limited with respect to tritium transport because the 

free hydrogen is immediately trapped and the change between trapsite concentration and trapped 

hydrogen concentration is essentially instantaneous. In this case of constants chosen diffusion of 

hydrogen into the fuel pebble is the rate limiting step in hydrogen absorption into the pebble. The 

results would be vastly different based on the selection of the diffusion coefficient, detrapping 

constant and trapping constant.  The value of the diffusion coefficient essentially determines the 

timescale to saturation.    
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Figure 4-4. Tritium concentration in the pebble initially (left), midway through the pebble life 

(center), and near the end of the pebble lifetime (right) for no detrapping and a diffusion 

coefficient of 1E-12  

4.1.3 Non-dimensional pebble model  

The differences between a case with lower diffusion coefficients or with significantly 

more detrapping than trapping indicates that tritium absorption has a large dependence on the 

trap, detrap and diffusion coefficients. With the limited literature data on trapping and detrapping 

coefficients for graphite with respect to hydrogen or tritium trapping, further investigation of the 

effects of these variables with respect to tritium trapping needed to be conducted.   

The system of equations shown in in the previous section, needed to be simplified to 

research the effects of D, g and b on relative saturation of the fuel pebble. The hydrogen trapping 

equations were then set to be non-dimensionialized by normalizing each variable to a constant 

with the same units. Each variable was replaced with a non-dimensional form of the original 

variable and is summarized below in table 4-1. The hydrogen concentrations were normalized to 

the initial trapsite concentration which was held at a constant value of 3 mol/m3 which 
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corresponds to a saturation point of 140 atomic ppm of hydrogen in graphite (ρgraphite=1.8 g/cm3). 

The spatial dimension r was normalized by the radius of the pebble (Rpebble=0.015 m).  

 

Table 4-1. Non-dimensional variables list and definitions 

Original variable Definition of original variable Non-dimensional variable 

A Free atomic hydrogen species concentration 
𝐴∗ =

𝐴

𝐶𝑜
 

B Trapped hydrogen species concentration 
𝐵∗ =

𝐵

𝐶𝑜
 

C Trapsite concentration 
𝐶∗ =

𝐶

𝐶𝑜
 

r Radial coordinate 𝑟∗ =
𝑟

𝑅
  

g Trapping constant 𝑔∗ = 𝑡𝑟 ∗ 𝑔 ∗ 𝐶𝑜 

b Detrapping constant 𝑏∗ = 𝑡𝑟 ∗ 𝑏 

D Diffusion coefficient 
𝐷∗ =

𝐷 ∗ 𝑡_𝑟

𝑅2
 

t Time 𝑡∗ = 𝑡𝑟 ∗ 𝑡 
Co Initial trapsite concentration 

𝐶𝑜
∗ =

𝐶𝑜
𝐶𝑜
= 1 

(A)|x=R= A0 Surface concentration of free hydrogen 
𝐴|𝑥=𝑅 =

𝐴𝑜
𝐶𝑜

 

 

 The non-dimensional variables were substituted into the original tritium transport 

equations and simplified. The result of substituting and simplifying the original set of equations 

and boundary conditions is the non-dimensional equations and boundary conditions that are 

shown below. Using these non-dimensional equations allows for a more involved study of the 

original system of equations and the results of these non-dimensional equations can be converted 

back to dimensional variables with physical meaning by using table 4-1. These equations also 
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allow for much faster computation times and the ability to do a parameter sweep for the diffusion 

coefficient and the trap/detrap constants.  

 

𝑟∗2  
𝑑𝐴∗

𝑑𝑡∗
= [𝐷∗]

𝑑

 𝑑𝑟
(
𝑟∗
2

𝑅2
𝑑𝐴∗

𝑑𝑟
) − [𝑔∗] 𝐴∗ 𝐶∗ 𝑟∗2 + [𝑏∗]𝐵∗ 𝑟∗2                              (4-9) 

𝑑𝐵∗

𝑑𝑡∗
= [𝑔∗] 𝐴∗ 𝐶∗ − [𝑏∗] 𝐵∗                                                    (4-10) 

𝑑𝐶∗

𝑑𝑡∗
= −[𝑔∗] 𝐴∗ 𝐶∗ + [𝑏∗] 𝐵∗                                                  (4-11) 

 

 

𝑑𝐴

𝑑𝑥
|𝑥=0 = 0  ,  A*(r,t=0) = 0  ,   B*(r,t=0) = 0                                    (4-12) 

C*(r ,t=0) = 1                                                                   (4-13) 

A*(t=0)|x=R = 1/3                                                                 (4-14) 

 

 

The model being implemented for tritium transport needed to be adjusted to allow for non-

dimensional equations. Understanding the meaning of each of these non-dimensional variables 

was needed to implement these equations into COMSOL and to get results that could be 

interpreted. The model was setup in 1-D with the spherical Del operator. The spatial domain of 

this initial study is from the center of the fuel pebble (x=0) to the surface of pebble (x=1) and 

from non-dimensional time step t* = 0 to t* = 2. Non-dimensional equations provide a way to run 

many calculations of many different parameters quickly, which can be used to optimize the 

system of equations. In the model regarding tritium transport in graphite, D* was set to a fixed 

value of 1. Once the D* value was fixed, there was a parametric study done for g* and b* from 

values of 0 to 1000. COMSOL runs the set of non-dimensional equations for every combination 
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of D*, g*, and b*and integrates the pebble profile of equation B* to determine the total relative 

trapped tritium in the pebble or explicitly stated below in equation. 

 

𝑂𝑣𝑒𝑟𝑎𝑙𝑙 𝑆𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛 =  
3

𝐶𝑜 
∗ ∫ 𝐵∗(𝑟) 𝑟2𝑑𝑟

1

0
                                     (4-15) 

 

By transforming the original equations into the non-dimensional equations, there can be a 

study done for a large number of degrees of freedom. Setting D* to 1, means that t* will vary for 

the actual diffusion coefficient D.   To obtain data for the lifetime of the fuel pebble in the FHR, 

there must be many different time steps taken to allow for a range of diffusion coefficients that 

can be implemented. Using a MATLAB script to sort the data for each of these cases, the total 

relative trapped tritium in the pebble was plotted as a function of g* and b* for a fixed D* of 1 

and non-dimensional time step of 2. This data is shown below in figure 4-5 and fits well with the 

expected results of these trapping equations. When trapping effects are taken into account there 

should be the most tritium trapped when b*=0 and when sufficient time steps have been taken. 

These time steps were taken to represent a diffusion coefficient of 1E-13, 1E-12 and 1E-11 m2/s 

at non-dimensional time steps of .02, .2 and 2. Each of the contour plots shown below in figure 

4-5 represents the end of life profile in FHR systems (1.4 years) of hydrogen saturation for each 

diffusion coefficient discussed earlier. These contour plots show results that are intuitive in the 

hydrogen trapping problem. Higher trapping coefficients correspond to faster overall saturation 

of the trapsites, while higher detrapping coefficients lead to little to no trapping especially if the 

detrapping coefficient (b*) is greater than the trapping coefficient (g*).  
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Figure 4-5. Grid of Overall hydrogen saturation in graphite pebble as a function of non-

dimensional trapping coefficient g* and non-dimensional detrapping coefficient b* with D*=1. 

End of life (1.4 years) results for diffusion coefficients: D=1E-13 (top left), D=1E-12 (top right), 

D=1E-11 (bottom). 
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These diffusion coefficients were chosen for this study because these diffusion coefficients 

are near literature values of diffusion coefficients of hydrogen in graphite. A setback in these 

calculations is the large variation in literature values of the diffusion coefficient of hydrogen 

isotopes in graphite along with a lack of diffusion coefficient data on tritium. Most studies on 

diffusion of hydrogen isotopes through graphite focus on H2 or D2. The saturation values of 

hydrogen isotopes in graphite also varies from graphite to graphite. The results of the initial non-

dimensional equation study also suggest that after sufficient non-dimensional time steps the 

relative saturation values separate along lines of constant g* to b* ratios or slopes. This trend is 

encouraging for the issue of tritium transport in graphite since there is not adequate literature on 

the values of trapping and detrapping coefficients besides the assumption that the detrapping 

coefficient can be neglected or set to 0. The second non-dimensional study that was performed 

fixed all of the same values from before, while adding many more non-dimensional time steps 

(t*=0 to 20) and adjusting the ratio of b*/g* from 0 to 100 instead of adjusting both b* and g*. 

An advantage of varying the ratio of b* and g* is the ability to reduce the degree of freedom and 

introduce the time steps taken as a variable on the plot. Since tritium has an affinity for graphite, 

a reasonable assumption is that the ratio of b*/g* for all graphite’s should be less than 1 or that 

the trapping effects in the graphite will be larger than the detrapping effects. The second non-

dimensional study done produced a contour plot of relative tritium saturation in the pebbles as a 

function of non-dimensional time vs the ratio of trapping to detrapping effects (b*/g* with b* and 

g* being the non-dimensional detrapping and non-dimensional trapping coefficients). The 

expected b*/g* value should be below 1. There was also a line added for the relative saturation 

that corresponds to the total tritium produced in the FHR, these results are shown below in figure 

4-6 assuming steady state tritium production in the FHR.  
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Figure 4-6. Grid of Overall hydrogen saturation in graphite pebble as a function of non-

dimensional time vs. b*/g* with the total tritium production in FHR referenced.  

  

The results of the second non-dimensional study suggest that there needs to be a larger g* 

than b* to saturate the graphite pebbles with tritium within a reasonable timeframe relative to the 

FHR. This model was produced assuming SS tritium generation in the FHR core instead of 

beginning of life tritium generation. The FHR system circulates graphite pebbles through the 

core, then degasses the trapped tritium out of the pebbles before recirculating the pebbles in the 

core. The graphite fuel pebbles will spend around 100 days at a time in the core and make about 

5 cycles through the core before the fuel pebble reaches its end of life. To illustrate the overall 
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saturation of tritium in a fuel pebble after a single pass through the FHR core there were 

additional lines drawn onto figure 4-6. These lines correspond to overall saturation of tritium in 

graphite after 100 days in the FHR core for diffusion coefficients from 1E-10 to 1E-12 m2/s. The 

region that the FHR must operate in to mitigate the tritium produced in the salt is the top left 

portion of figure 4-6. The y axis of figure 4-6 corresponds to no detrapping, while the x axis 

corresponds to the beginning of the study. This plot has been truncated to exclude b*/g* values 

greater than 1. The trapping coefficient is expected to be greater than the detrapping coefficient, 

so b*/g* must be less than 1 unless detrapping is expected to dominate trapping. To mitigate the 

tritium produced in the FHR at steady state over the fuel pebble lifetime, there must be a 

detrapping to trapping constant ratio (b*/g*) of .8 or less while also having a diffusion 

coefficient larger than 1E-12 m2/s. If there was a diffusion coefficient of hydrogen in graphite of 

1E-11 m2/s or larger, tritium can be removed from the system much faster than it is produced at 

steady state. Beginning of life tritium production would correspond to an overall saturation of 1 

when there is no recirculation and degassing of tritium from the fuel pebbles. This overall 

saturation point can be reached with a high diffusion coefficient and a detrapping term which is 

nearly 0. Including the effects of recirculation of fuel pebbles and degassing tritium would 

reduce the amount of relative saturation required by a factor of 5. For example, if a relative 

saturation of 1 is required to balance the rate of tritium production at BOL, then 0.2 relative 

saturation is required per pebble per cycle in the core. This study was useful for determining if 

the model was intuitive to the transport phenomena that has been described in the literature 

review. This study has focused on matching the rate of tritium trapping in graphite with the rate 

of tritium production in the salt. This model has not addressed tritium production and inventory 
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in the salt, these phenomena will need to be addressed to obtain an accurate understanding of 

tritium transport in the FHR system.  

4.2 Core model of tritium transport in FHR’s 

Tritium transport in FHR’s is a complex problem which needs to be modelled with more 

realistic conditions than the conditions set forth in the pebble model. The pebble model of tritium 

transport can be a first step towards an auxiliary sweep of relevant parameters, but eventually 

tritium inventory in the salt, tritium production in the salt, and mass convection of tritium from 

the salt into the pebbles will need to be accounted for. There will not be a fixed surface 

concentration of hydrogen on the graphite, a more realistic boundary condition would be a flux 

boundary condition dependent on the tritium concentration in the salt and on the surface of the 

pebbles. Another set of equations, shown below, have been introduced to model the salt tritium 

inventory and tritium concentration trapped in the fuel pebbles.  

                                                          (4-16) 

                                    (4-17) 

                                           (4-18) 

λ =
𝑘𝑔𝑟𝑎𝑝ℎ𝑖𝑡𝑒

𝑘𝑠𝑎𝑙𝑡
                                                      (4-19) 

 The first equation is a mass balance of tritium in the core, including generation in the salt, 

flux from the salt into the graphite pebbles, and tritium entering and exiting the core. This 

equation has been set to 0 to approximate the core tritium inventory in steady state between 

generation, flux, inlet and outlet tritium concentrations. This model is primarily trying to keep 

dCT,out

dt
= 0 = qT

′′′ −
Agr

Vs
qT
′′ +

Ṽs

Vs
[CT,out − CT,in]  

qT
′′ = hmass[CT,out − CT,surf,salt]  

 CT,surf,salt = λCT,surf,g 
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track of tritium in the salt, tritium that is entering the graphite, and monitor the flux of tritium 

entering the pebbles. From the literature review conducted there have been henry’s constants for 

both tritium in FLiBe and tritium in graphite. These constants are used to relate the amount of 

tritium on the surface of the graphite pebbles to the amount of tritium in the salt. This model 

aims to couple the flux of tritium into the graphite with the time dependent tritium concentration 

in the salt and the time dependent tritium profile in the graphite pebbles. The variables included 

in this model are shown below in table.  

Table 4-2. Variables used in core model of tritium transport. 

Variable Definition [Units] 

CT,in Tritium in salt entering system [mol/m3] 

CT,out Tritium in salt exiting system [mol/m3] 

qT
’’’ Tritium production rate (BOL) [mol/m3/s] 

qT
’’ Tritium flux from salt to graphite [mol/m2/s] 

Agr Surface area of fuel pebbles [m2] 

Vs Volume of salt in the core [m3] 

Ṽs Volumetric flow rate of salt [m3/s] 

CT,surf,salt Tritium at the salt-graphite interface for salt [mol/m3] 

CT,surf,gr Tritium at the salt-graphite interface on graphite  [mol/m3] 

hmass mass transfer coefficient at salt-graphite interface [m/s] 

kgr Henry’s coefficient of tritium in graphite [mol/√Pa] 

ksalt Henry’s coefficient of tritium in salt [mol/m3/Pa] 

ρg Density of graphite [kg/m3] 

 

 The variables highlighted in the table above, CT,out, qT
’’, CT,surf,gr, are coupled in this 

system model. These three variables are also calculated for each time step, while the rest of the 
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variables are taken to be constants. A schematic depicting the core model tritium transport 

phenomena is shown below in figure 4-7.  

 

Figure 4-7. Tritium transport in core schematic depicting; tritium production, flux, entrance and 

exit of core. 

This model has made some simplifications to reduce computing time. One simplification 

made is spatial symmetry of pebbles in the core and that each pebble in the core has an identical 

tritium concentration profile. This is not realistic because tritium generation is driven by neutron 

flux and spectra, so tritium production will not be homogeneous in the core. This model does not 

take into consideration removal and degassing of fuel pebbles which will be necessary for a more 



 

91 

 

accurate study of the FHR system. This model also requires a great deal of computational power, 

so more simplifications will need to be made to obtain results on the timeframe of the pebble 

lifetime.  

4.2.1 Diffusion only Core model  

This model was run for a time period of one day, with no trapping effects and a diffusion 

coefficient of 1E-11 m2/s. The initial concentration of tritium in the salt was set to be the 

minimum concentration required for mass convection of tritium from the salt into the graphite 

pebbles. The graphite pebbles are also subject to the same initial conditions that were set in the 

previous models; spherical symmetry in the pebble, no hydrogen in the pebble at the beginning 

of life. This model also has no fixed surface concentration of hydrogen on the graphite pebbles 

but instead a flux boundary condition that is determined by the tritium concentration in the salt 

and on the surface of the pebble. The tritium on the surface of the graphite pebble as a function 

of time and the tritium profile in the pebbles are shown below in figure 4-8. The concentration of 

tritium in the salt and the flux of tritium into the graphite pebbles is also shown below in figure 

4-9.  
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Figure 4-8. Tritium concentration on the surface of the graphite pebbles as a function of time 

(left), tritium concentration profile in the pebbles as a function of time. (right). 

  

Figure 4-9. Tritium concentration in the salt as a function of time (left) and flux of tritium from 

salt into graphite as a function of time (right). 

 The concentration of tritium on the surface of the pebble of the graphite follows what was 

expected from the pebble model, the initial concentration of tritium was 0 throughout the pebble 

including the surface of the pebble. The surface concentration of tritium on the graphite pebbles 

increased quickly and by the end of the day the rate of increase of the surface concentration of 

tritium on the pebble was drastically slowed down. The tritium profile in the pebbles also 

followed what had happened in previous pebble models and was slowly entering into the bulk of 

the pebble.  This model did not have the surface concentration fixed, but the surface 

concentration was expected to increase from 0 to some value and then that concentration was 

starting to diffuse into the bulk of the graphite pebble. It is not apparent if this model is going to 

continue to diffuse hydrogen into the bulk of the graphite until there is an equilibrium reached 

because the time frame of these results were only spanning one day. The concentration of tritium 

in the salt was decreasing with time, which is expected if the surface concentration of the 
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graphite pebble is increasing with time. The tritium concentration in the salt is decreasing with 

time and appears to be reaching a steady state value, but a longer study will be required to 

determine if this is correct. The flux of tritium into the graphite pebbles as a function of time had 

the same shape as the tritium concentration in the salt which confirms that the flux boundary 

condition that is applied is actually calculating the flux at each time step.  

 The diffusion only system model was implemented as a step towards including trapping 

by confirming that the boundary conditions were behaving as expected and that all of the 

dependent variables do not have any singularities. This study was also to make sure that no 

concentration values became negative and to see if there would be a significant difference 

between a system model and the pebble model in terms of hydrogen diffusion profiles. Another 

study that was performed for the system model with diffusion only was to set the volumetric 

flow rate to zero. The tritium concentration in the pebbles, and concentration in the salt are 

shown below in figure 4-10 for a case where there is a loss of flow in the reactor core.  

 

Figure 4-10. Tritium concentration in the salt as a function of time (left), tritium concentration 

profile in the pebbles as a function of time (right). 
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The loss of flow simulation was run for a day and without any salt flow there is a large 

accumulation of tritium in the salt in the core. The concentration in the salt as a function of time 

is increasing along with the tritium concentration in the pebble. The tritium concentration on the 

surface of the pebble is much higher in this study compared to the typical FHR operating 

conditions which is expected because there is much more tritium in the salt when the salt flow in 

the core is stalled. An interesting result from this simulation was that the flux remained constant 

from the salt into the graphite in the no flow scenario.  

4.2.2 Core model with trapping effects 

This modelling effort aimed to incorporate the trapping equations introduced in the fuel 

pebble model into the diffusion only system model. Due to the long computation times with this 

tightly coupled model and instabilities in the transport equations, the trapping model was not 

able to produce reasonable results with respect to tritium trapping in the graphitic components of 

the FHR core. This model was simplified to have homogeneous tritium absorption across all of 

the graphite fuel pebbles, and that the tritium in the FHR core was well mixed. The tritium 

production rate in the salt for this model was a 0-D equation, a more accurate representation of 

tritium production would have incorporated the spatial neutron flux, neutron spectra, metallic salt 

concentrations (Li-6, Be-9, Li-7) and individual tracking of the graphite pebbles. This is an 

unreasonable amount of detail to include in Modelling tritium transport in the FHR core due to 

the additional computational costs that will be associated with these calculations. The 

complexities involved with coupling the surface concentration of tritium on the graphite, tritium 

in the salt and flux introduced the Gibb’s phenomena. Gibb’s phenomenon is defined as the 

peculiar manner in which Fourier series of a piecewise continuously differentiable periodic 

function behaves at a jump discontinuity. Gibb’s phenomena are when solutions of non-linear 
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matrix calculations are nonsensical values, such as negative concentration or in this model’s 

case, the trapped tritium concentration being greater than the defined trapsite concentration. The 

Gibb’s phenomena is due to the non-linear partial differential equations that are being solved for 

in this model which also include source terms for trapping and detrapping in the graphite media. 

Trapping and detrapping are inherently defined as jump discontinuities because the trapping rate 

is much greater than the rate of diffusion in this model.  An example of this phenomena is shown 

below in figures 4-11 and 4-12, it can be seen that the trapped tritium concentration becomes 

negative, and the trapsite concentration exceeds the predetermined value.  

 

Figure 4-11. Trapsite profile, depicting Gibbs phenomena by the trapsite concentration 

exceeding the preset value set for the graphite. 
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Figure 4-12. Trapped tritium profile depicting Gibb’s phenomena from the negative trapped 

tritium concentration. 

 Gibb’s phenomena can be corrected for if the Jacobian is solved for to satisfy 

various basis sets such as Fourier sine or cosine functions or periodic functions. Implementation 

of adjusting the jacobian for every timestep is extremely difficult and will increase the already 

lengthy computation time required to study the FHR core for a single steady state full power day. 

Gibb’s phenomena can also be corrected for if each time step was allowed enough time for the 

Fourier series to converge, but implementing this condition can affect the trapped tritium profile 

in the pebbles and increase the computation time by orders of magnitude. There must be a 

reduction in computation time required to study trapping effects at the FHR system scale, 

especially if trapping and more accurate tritium production and distribution is to be taken into 

account. This model is also operating with spherical symmetry in the pebbles and a 0-D equation 

for the tritium concentration in the salt, tracking individual pebbles and heterogeneous 
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distributions of tritium in the core will greatly increase the computational costs associated with 

this model.  

5 Conclusions 

This research project aimed to understand the phenomena occurring between hydrogen 

isotopes and graphite for FHR operating conditions (600-700oC and low hydrogen partial 

pressures). A literature review was conducted to better comprehend the various experimental and 

modeling techniques previously implemented for hydrogen graphite systems. This literature 

review also investigated which simplifications that could be made regarding tritium transport in 

graphite. The literature review resulted in proposed transport mechanisms hypothesized by 

previous experimentalists (Atsumi, Causey) being implemented into the modelling efforts such 

as trapping and detrapping. These trapping mechanisms were observed for various graphite types 

and hydrogen retention was attempted to be correlated to various graphite characteristics such as 

crystallite edge surface area or interplanar spacing of the graphite bulk. Crystallite edge surface 

area had the highest R2 value when compared to hydrogen retention in the graphite samples, this 

result along with data from TDS experiments led Atsumi to hypothesize that there are two trap 

sites that hydrogen isotopes can chemisorb to in graphite, the most abundant trapsite was present 

on the edges of crystallites (low energy trap site), while the other trapsite is considered an 

interstitial (high energy trap site). Atsumi also hypothesized that the rate of disassociation of 

molecular hydrogen on graphite grains was much greater than the rate of rate of hydrogen 

diffusion into the bulk and rate of hydrogen being chemisorbed on trapsites.  

Graphite characterization was done to obtain a better understanding of matrix A3 graphite, 

which has not been studied as extensively as other nuclear grade graphite. A comparison 

between IG-110 and matrix A3 graphite was valuable to attempt to predict hydrogen solubility’s 
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in each graphite based on microstructural characterization and porosity values. Graphite 

characterization also provided valuable insight to the composition of the graphite structures and 

how the graphite manufacturing process affects characteristics of interest such as porosity. The 

combination of the literature review conducted and graphite characterization projects aided in 

better understanding the phenomena occurring between hydrogen and graphite, along with 

assumptions that can be made to simplify modelling efforts.  

The models used initially started with a diffusion only fuel pebble study for the course of the 

FHR lifetime. With a fixed surface concentration of hydrogen and the COMSOL built in 

transport of diluted species, it was determined that diffusion coefficients typical of hydrogen in 

nuclear graphite are large enough for fuel pebble saturation over the course of fuel cycle in the 

FHR. This model was then altered to include trapping effects. Molecular hydrogen disassociation 

was assumed to be much faster than trapping or diffusion in graphite so disassociation was 

effectively neglected in this model. Once trapping effects were considered, hydrogen retention in 

graphite had a much higher dependence on the diffusion coefficient than for the diffusion only 

model. The transport equations used in this model were non-dimensionalized, and studied for a 

variety of diffusion, trapping and detrapping coefficients. It was observed that with pebble 

cycling and degassing, a diffusion coefficient of 1 E-11 m2/s was required to trap all of the 

tritium produced in the FHR core at steady state. The next step in the modeling project was to 

implement a coupled system scale study of the FHR core, with diffusion only at first before 

including trapping effects. The system scale model was much more computationally expensive 

than the pebble models, so the studies performed were only for one full power day at steady 

state. The diffusion only study would not converge when trapping effects were included, and the 

presence of the Gibb’s phenomena occurred when trapping and detrapping sources were included 
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in the transport equations.  These models or trapping equations will need to be simplified to 

achieve a study that can run for the lifetime of a pebble in the core without the presence of 

Gibb’s phenomena. Implementation of more realistic conditions such as; heterogeneous tritium 

production rates, heterogeneous tritium concentrations in the salt and graphite pebbles, 

speciation of tritium ions in the salt and individual pebble tracking will be required for a more 

thorough study of the FHR core.  

   

 

 

 

 

 

 

 

 

 

 

 

 



 

100 

 

 

References 

[1] High Temperature Gas Cooled Reactor Fuels and Materials, Vienna, 2010. 

doi:IAEA-  TECDOC-1645. 

[2] C. Andreades, A.T. Cisneros, J.K. Choi, A.Y.K. Chong, M. Fratoni, S. Hong, L.R. Huddar, 

K.D. Huff, D.L. Krumwiede, M.R. Laufer, M. Munk, R.O. Scarlat, N. Sweibaum, E. Greenspan, 

P.F. Peterson, Technical Description of the “Mark 1” Pebble-Bed Fluoride-Salt-Cooled High-

Temperature Reactor (PB-FHR) Power Plant, 2014. 

[3] J. Purcell, C. Sheu, Nuclear Data Sheets 130 1, (2015). 

[4] M. Berger, J. Coursey, M. Zucker, J. Chang, ESTAR: Stopping Power and Range Tables for 

Electrons, (2005). 

[5] T. Straume, A. Carsten, Tritium Radiobiology and Relative Biological Effectiveness, Health 

Phys. 65 (1993) 657–672. 

[6] Backgrounder on Tritium, Radiation Protection Limits, and Drinking Water Standards, 2016. 

[7] J.D. Stempien, Tritium Transport, Corrosion, and Fuel Performance Modeling in the Fluoride 

Salt-Cooled High-Temperature Reactor (FHR), Massachusetts Institute of Technology, 2015. 

[8] R.B. Briggs, Tritium in molten-salt reactors, React. Technol. 14 (1972) 335–352. 

[9] R.C. Robertson, Conceptual Design Study of a Single-Fluid Molten-Salt Breeder Reactor, 

Oak Ridge, TN, 1971. 

[10] R.C. Robertson, MSRE Design and Operations Report Part I: Description of Reactor 

Design, Oak Ridge, TN, 1965. doi:10.1088/1751-8113/44/8/085201. 

[11] D.T. Ingersoll, C.W. Forsberg, L.J. Ott, Status of Preconceptual Design of the Advanced 

High-Temperature Reactor (AHTR), Oak Ridge, TN, 2004. 

[12] M. Atlas, N. Brickner, W. Chen, D. Tsai, Tritium Management Approach for FHRs Using 

Supercritical Steam, Open-Air Brayton, and Closed Gas Brayton Power Cycles, 2012. 

[13] J.N. Rodriguez, Tritium Production Analysis and Management Strategies for a 92 Fluoride-

salt-cooled High-temperature Test Reactor (FHTR), Massachusetts Institute of Technology, 

2013. 

[14] A.T. Cisneros, Pebble Bed Reactors Design Optimization Methods and their Application to 

the Pebble Bed Fluoride Salt Cooled High Temperature Reactor (PB-FHR), University of 

California, Berkeley, 2013. 

[15] R.O. Scarlat, Design of Complex Systems to Achieve Passive Safety: Natural Circulation 

Cooling of Liquid Salt Pebble Bed Reactors, University of California-Berkeley, 2012. 

[16] R. A. Causey, R. A. Karnesky, and C. San Marchi, Compr. Nucl. Mater., 4, 511–549 (2012). 

[17] R. A. Causey, J. Nucl. Mater., 164, 151–161 (1989). 

[18] R. A. Causey, T. S. Elleman, and K. Verghese, Carbon N. Y., 17, 323–328 (1979). 

[19] J. Harris, Langmiur, 2528–2533 (1991). 

[20] W. A. Swansiger and R. Bastasz, J. Nucl. Mater., 85–86, 335–339 (1979). 

[21] L. Hornekær, 156104, 1–4 (2006). 

[22] J. Petucci, C. Leblond, M. Karimi, and G. Vidali, J. Chem. Phys., 139 (2013). 

[23] A. Allouche and P. S. Krstic, Carbon N. Y., 50, 510–517 (2012). 

[24] C. S. Marchi, B. P. Somerday, and S. L. Robinson, Int. J. Hydrogen Energy, 32, 100–116 

(2007). 

[25] R. A. Oriani, Acta Metall., 18, 147–157 (1970). 



 

101 

 

[26] W. Moller, ‘Hydrogen trapping and transport in carbon’, J. Nucl. Mater., vol. 162–164, 

pp. 138–150, (1989). 

[27] H. Atsumi and K. Tauchi, ‘Hydrogen absorption and transport in graphite materials’, J. 

Alloys Compd., vol. 356–357, pp. 705–709, (2003). 

[28] H. Atsumi, ‘Hydrogen retention in graphite and carbon materials under a fusion reactor 

environment’, vol. 316, pp. 543–547, (2003). 

[29] R. A. Causey, ‘The interaction of tritium with graphite and its impact on tokamak 

operations’, J. Nucl. Mater., vol. 164, pp. 151–161, (1989). 

[30] H. Atsumi, ‘Hydrogen bulk retention in graphite and kinetics of diffusion’, J. Nucl. Mater., 

vol. 307–311, no. 2 SUPPL., pp. 1466–1470, (2002). 

[31] L. E. McNeese, ‘Molten-Salt Reactor Program Semiannual Progress Report for Period 

Ending August 31, 1974’, (1975). 

[32] C. Karthik, J. Kane, et al., ‘Microstructural characterization of next generation nuclear 

graphites’, Microsc. Microanal., vol. 18, no. 2, pp. 272–278, (2012). 

[33] L. L. Snead, T. D. Burchell, et al., ‘Swelling of nuclear graphite and high quality carbon 

fiber composite under very high irradiation temperature’, J. Nucl. Mater., vol. 381, no. 1–2, pp. 

55–61, (2008). 

[34] S. Ishiyama, T. Oku, et al., ‘Effect of Oxidation on Crack Extension Rate of Fine-Grained 

Isotropic Graphite’, J Atom Energ Soc Jpn, vol. 28, no. 10, pp. 966–971, (1986). 

[35] L. G. Caņado, K. Takai, et al., ‘General equation for the determination of the crystallite size 

la of nanographite by Raman spectroscopy’, Appl. Phys. Lett., vol. 88, no. 16, pp. 1998–2001, 

(2006). 

[36] P. Delhaes, M. Couzi, et al., ‘A comparison between Raman spectroscopy and surface 

characterizations of multiwall carbon nanotubes’, Carbon N. Y., vol. 44, no. 14, pp. 3005–3013, 

(2006). 

[37] T. R. Allen, K. Sridharan, et al., ‘Materials challenges for Generation IV nuclear energy 

systems’, Nucl. Technol., vol. 162, no. 3, pp. 342–357, (2008). 

[38] S.-P. Jing, C. Zhang, et al., ‘3D microstructures of nuclear graphite: IG-110, NBG-18 and 

NG-CT-10’, Nucl. Sci. Tech., vol. 27, no. 3, p. 66, (2016). 

[39] G. Zheng, P. Xu, et al., ‘Characterization of structural defects in nuclear graphite IG-110 

and NBG-18’, J. Nucl. Mater., vol. 446, no. 1–3, pp. 193–199, (2014). 

[40] J. J. Kipling and P. V Shooter, ‘Factors Evidence From Affecting of Carbon : Microscopy 

the Graphitization’, vol. 4, (1966). 

[41] Http://www.toyotanso.co.jp/Products/Special_graphite/manufacturing-process_en.html, ‘No 

Title’. . 

[42] W. Windes, T. Burchell, et al., ‘Graphite Technology Development Plan’, (2007). 

[43] J. D. Hunn and M. P. Trammell, ‘Data Compilation for AGC-2 Matrix-only Compact Lot 

A3-H08’, (2010). 

[44] G. A. Zickler, B. Smarsly, et al., ‘A reconsideration of the relationship between the 

crystallite size La of carbons determined by X-ray diffraction and Raman spectroscopy’, Carbon 

N. Y., vol. 44, no. 15, pp. 3239–3246, (2006). 

[45] S. Yamauchi and Y. Kurimoto, ‘Raman spectroscopic study on pyrolyzed wood and bark of 

Japanese cedar: Temperature dependence of Raman parameters’, J. Wood Sci., vol. 49, no. 3, pp. 

235–240, (2003). 

[46] D. J. Kim, H. Jang, et al., ‘X-Ray Diffraction Measurements of Ion-Irradiated Graphite’, pp. 

1–2. 



 

102 

 

[47] N. Iwashita, C. R. Park, et al., ‘Specification for a standard procedure of X-ray diffraction 

measurements on carbon materials’, Carbon N. Y., vol. 42, no. 4, pp. 701–714, (2004). 

[48] S. H. Chi and G. C. Kim, ‘Comparison of the oxidation rate and degree of graphitization of 

selected IG and NBG nuclear graphite grades’, J. Nucl. Mater., vol. 381, no. 1–2, pp. 9–14, 

(2008). 

[49] L. M. Malard, M. A. Pimenta, et al., ‘Raman spectroscopy in graphene’, Phys. Rep., vol. 

473, no. 5–6, pp. 51–87, (2009). 

[50] L. G. Cançado, K. Takai, et al., ‘Measuring the degree of stacking order in graphite by 

Raman spectroscopy’, Carbon N. Y., vol. 46, no. 2, pp. 272–275, (2008). 

[51] H. Badenhorst, ‘Microstructure of natural graphite flakes revealed by oxidation: Limitations 

of XRD and Raman techniques for crystallinity estimates’, Carbon N. Y., vol. 66, pp. 674–690, 

(2014). 

[52] A. C. Ferrari, J. C. Meyer, et al., ‘Raman spectrum of graphene and graphene layers’, Phys. 

Rev. Lett., vol. 97, no. 18, pp. 1–4, (2006). 

[53] M. A. Pimenta, G. Dresselhaus, et al., ‘Studying disorder in graphite-based systems by 

Raman spectroscopy’, Phys. Chem. Chem. Phys., vol. 9, no. 11, pp. 1276–1291, (2007). 

[54] K. Nakamizo, M. ; Tamai, ‘IR study of the carbonization of aromatic hydrocarbons in KBr 

disks’, Carbon N. Y., vol. 22, no. 2, pp. 193–197, (1984). 

[55] K. Nakamura, M. Fujitsuka, et al., ‘Disorder-induced line broadening in first-order Raman 

scattering from graphite’, Phys. Rev. B, vol. 41, no. 17, pp. 12260–12263, (1990). 

[56] A. C. Ferrari and D. M. Basko, ‘Raman spectroscopy as a versatile tool for studying the 

properties of graphene’, Nat Nanotechnol, vol. 8, no. 4, pp. 235–246, (2013). 

[57] F. Tuinstra and J. L. Koenig, ‘Characterization of Graphite Fiber Surfaces with Raman 

Spectroscopy’, J. Compos. Mater., vol. 4, pp. 492–499, (1970). 

[58] D. S. Knight and W. B. White, ‘Characterization of diamond films by Raman spectroscopy’, 

J. Mater. Res., vol. 4, no. 2, pp. 385–393, (1989). 

[59] T. P. Mernagh, R. P. Cooney, et al., ‘Raman spectra of Graphon carbon black’, Carbon N. 

Y., vol. 22, no. 1, pp. 39–42, (1984). 

[60] A. Cuesta, P. Dhamelincourt, et al., ‘Raman microprobe studies on carbon materials’, 

Carbon N. Y., vol. 32, no. 8, pp. 1523–1532, (1994). 

[61] A. Cuesta, P. Dhamelincourt, et al., ‘Comparative performance of X-ray diffraction and 

Raman microprobe techniques for the study of carbon materials’, J. Mater. Chem., vol. 8, pp. 

2875–2879, (1998). 

[62] A. Mabuchi, K. Tokumitsu, et al., ‘Charge‐discharge characteristics of the mesocarbon 

miocrobeads heat‐treated at different temperatures’, J. Electrochem. Soc., vol. 142, no. 4, pp. 

1041–1046, (1995). 

[63] S. P. Jones, C. C. Fain, et al., ‘Structural development in mesophase pitch based carbon 

fibers produced from naphthalene’, Carbon N. Y., vol. 35, no. 10, pp. 1533–1543, (1997). 

[64] C. A. Johnson, J. W. Patrick, et al., ‘Characterization of coal chars by Raman spectroscopy, 

X-ray diffraction and reflectance measurements’, Fuel, vol. 65, no. 9, pp. 1284–1290, (1986). 

[65] T. Gruber, T. W. Zerda, et al., ‘Raman studies of heat-treated carbon blacks’, Carbon N. Y., 

vol. 32, no. 7, pp. 1377–1382, (1994). 

[66] O. Paris, C. Zollfrank, et al., ‘Decomposition and carbonisation of wood biopolymers—a 

microstructural study of softwood pyrolysis’, Carbon N. Y., vol. 43, no. 1, pp. 53–66, (2005). 

[67] A. K. Kercher and D. C. Nagle, ‘Microstructural evolution during charcoal carbonization by 

X-ray diffraction analysis’, Carbon N. Y., vol. 41, no. 1, pp. 15–27, (2003). 



 

103 

 

  

  

 

 

 

 

 


