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ABSTRACT 

 One of the hurdles to extending the life of metallic fast reactor fuel alloys is Fuel-Clad 

Chemical Interaction (FCCI), a phenomenon which occurs between fuel and cladding resulting 

in thinning of the cladding. The cause of FCCI is the reaction between cladding constituents (e.g. 

iron and nickel) and lanthanide fission products generated in the fuel (e.g. lanthanum and 

cerium). This interaction can produce localized melting of the cladding, reducing its thickness 

over the life of the fuel element. It has been suggested that FCCI can be hindered by doping the 

fuel with palladium, a candidate getter for lanthanide fission products. There is therefore interest 

in demonstrating the efficacy of this particular lanthanide getter for realistic fast reactor fuel 

analogues. 

 Work is presented based on the U-M (M=50Mo-43Ti-7Zr, wt. pct.) alloy system both 

with, and without, palladium additions. The research was conducted using depleted uranium 

alloys developed as metallurgical surrogates for real spent fuels. Burnup was simulated using 

cerium as a mock lanthanide fission product to assess the behavior of palladium with respect to 

fuel and cladding constituents. The behavior of palladium in terms of microstructural evolution 

was studied from both as-cast and annealed surrogate fuel specimens as well as diffusion couples 

between surrogate fuel alloys and type HT-9 stainless steel cladding. Results derived from 

characterization of these metallurgical surrogate experiments are presented and it is shown that 

palladium is a promising getter for lanthanide fission products in the given alloy system.   
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CHAPTER 1 

NUCLEAR ENERGY BACKGROUND 

Nuclear energy plays a significant role in the United States electrical grid. Approximately 

19 percent of the energy produced annually in the United States comes from commercial nuclear 

power [Hankey et al. 2016]. Although commercial power reactors have been designed, built, and 

operated since the 1950s, there is an ongoing effort to improve the performance, safety, and 

reliability of future reactor designs. One aspect of this nuclear reactor research has been the 

development of improved fuels for so-called “fast” reactors.  

This thesis was written in support of the ongoing engineering research and development 

efforts for fast flux reactor fuels. The aim of this thesis is to disseminate data and observations on 

the effectiveness of the use of palladium as a getter for lanthanide fission products generated in 

U-Mo-Ti-Zr (“U-M”) metallic fast reactor fuels. These data were collected from fuel alloy 

surrogates in the form of as-cast samples, annealed specimens, and diffusion couples. To foster a 

discussion of these data, this thesis also illustrates the fundamental concepts necessary to 

advance the field of nuclear fuel design, specifically with respect to the improvement of fuel 

performance and extension of fuel service life (i.e. fuel engineering and alloy design). 

The background literature and theoretical knowledge needed for the discussion of 

metallic fast reactor fuel alloys (within the scope of this thesis) are given in Chapters 1, 2, 3, 4, 

and 5 which cover nuclear energy, metal fuel research, alloy theory, metallurgical 

thermodynamics, and diffusion theory, respectively. The purpose of the introductory content 

found in Chapter 1 of this thesis is to place the aforementioned background information into 

context and provide a foundation for the rest of the thesis. The main goal of Chapter 1 is to 

introduce the nature of the interaction between the fuel, cladding, and coolant. Basic aspects of 
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the nuclear chemistry and metallurgy at work inside the reactor are also presented to facilitate a 

discussion of the aging of metallic fast reactor fuels. The first Section of Chapter 1 is an 

overview of the primary components of fast reactor fuel elements.  

 

1.1 Components of Commercial Nuclear Power Reactors 

 The first topic necessary for this thesis is the overall arrangement of components inside a 

nuclear reactor. The end product of a commercial nuclear reactor is electrical power generated by 

a steam turbine. The process by which the turbine generates electrical power is much the same as 

in any other type of commercial power plant and will not be discussed in this thesis. Therefore, 

the details of nuclear power relevant to this thesis are all concerned with the components inside 

the reactor core. Before delving into a discussion of these components, it is beneficial to consider 

the nuclear processes which occur in the fuel at the subatomic level. 

Inside the reactor core, the fuel undergoes a nuclear chain reaction in which neutrons 

induce atoms of uranium-235 (235U) to split apart. Although various other nuclear reactions occur 

inside the fuel, the fission of 235U is the primary concern for the present discussion. The fission 

reaction splits the 235U atom into two “fission product” atoms, releasing neutrons and 187 MeV 

of energy [DOE 1993]. Some of the fission energy is expressed as gamma and neutron radiation, 

but a significant amount of the total fission energy is carried by the fission products in the form 

of kinetic energy. These fission products possess a combined kinetic energy of approximately 

167 MeV [DOE 1993]. Thermal energy is released when these energetic fission products are 

decelerated by collisions with surround atoms in the fuel. For the most part, the fission products 

are unable to escape the fuel and therefore accumulate over time. The accumulation of these 

fission products necessarily alters the fuel composition over time. 
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It is worth noting that the fission products produced in the fuel are in fact unstable and 

therefore undergo a series of radioactive decay events referred to as a “decay series,” which will 

be discussed in Section 1.2. The radioactive decay of unstable fission products results in the 

delayed release of an additional 23 MeV of energy per 235U fission [DOE 1993]. More 

importantly for the topic of this thesis, the decay series results in further alterations to the fuel 

composition.  

The aforementioned accumulation of fission products (and their decay products) alters 

the composition, and therefore the performance characteristics, of the fuel over time. The 

implications of these two processes for the long-term performance of the fuel are discussed 

further in Section 1.2.  

Returning to the fission process, the neutrons produced by the fission reaction can cause 

other fissile atoms in the fuel to undergo fission, creating a nuclear chain reaction as illustrated in 

Figure 1.1. 

 

 
Figure 1.1: A diagram of the 235U nuclear chain reaction which illustrates the production of 

fission products and neutrons by the fission process [US DOE 2013]. 
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The sustainability of the fission chain reaction illustrated in Figure 1.1 is dependent upon 

the velocity, or energy, of the neutrons. The probability of a neutron with a given energy causing 

a 235U atom to fission is highest when it falls into specific energy ranges. This relationship 

between neutron energy and potential to initiate fission is quantified by a term called the “fission 

cross section.” The fission cross section (σf) is directly related to neutron energy, and will be 

discussed below. 

The interaction between a neutron and a given atom may result in one of several possible 

outcomes including scattering, fission, and capture. The degree to which each of these 

interactions occurs is quantified by a different “cross section,” for which the commonly used unit 

is the barn (b), equal to 10-24 cm2. An effort will be made in this thesis to differentiate between 

the use of the term “cross section” in reference to nuclear physics and the geometrical meaning 

of the term. It is important to reiterate that in the context of nuclear reactions, the term “cross 

section” refers to the effective target presented by a type of given atom nucleus (e.g. a 235U 

nucleus) interacting with a given particle (e.g. a neutron) and relates the probability of a specific 

interaction such as scattering, fission, or capture. 

As an example of the importance of the nuclear cross section, consider the case of the 

fission of 235U induced by “thermal” neutrons, i.e. neutrons with a kinetic energy of 

approximately 0.025 eV (the mode of the Maxwell-Boltzmann distribution at 290 K). The 

relevant nuclear cross section term for this scenario is called the “fission cross section,” (σf), and 

is approximately 531 b for thermal neutrons interacting with 235U [Lamarsh and Baratta 2001]. If 

the energy of the incident neutrons is only 0.01 eV, then the fission cross section for the 235U 

becomes approximately 1000 b. The fission cross section also changes if 235U is swapped with 

another uranium isotope. This fact is illustrated by considering the fission cross section of 233U 
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for 0.01 eV neutrons, which is 681 b. Thus the composition of the target and the energy of the 

incident neutrons both play important roles in the fission chain reaction occurring inside the fuel. 

Since the fission cross section is a function of both the neutron energy and the target 

nuclide, the fuel composition and reactor design are both important to the performance of the 

reactor. The reactor design influences the energy of the neutrons which in turn affects the 

likelihood of each interaction to result in fission. By selecting an appropriate reactor core 

geometry and considering the nuclear properties of the reactor core materials, a self-sustaining 

fission chain reaction can be maintained inside the reactor. For example, water is used inside 

many commercial nuclear reactor designs as a “moderator” to lower the energy of the neutrons 

produced by fission so that they are more likely to cause the fuel to undergo fission. Based on the 

cross section data presented in Figure 1.2, a moderator increases the fission cross section for 

235U, thereby increasing the rate of fission in the fuel.  

 The fission cross-section diagram in Figure 1.2 has three important features. In the region 

above about 2 keV, the fission cross section falls with increasing incident neutron energy. 

Similarly, the fission cross section rises as the neutron energy falls below 1 eV. Note that the 

fission cross section of 235U oscillates rapidly in the intermediate region between approximately 

1 eV and β keV. This feature is termed “resonance.” The resonance region of the fission cross-

section is due to the nature of the interaction between an incident neutron and a target nucleus. 

Only specific neutron energies are likely to result in the formation of an excited compound 

nucleus and slight changes in incident neutron energy result in extreme changes to the 

probability of fission.   
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Figure 1.2: The fission cross section of 235U as a function of the incident neutron energy. Below 

1eV, the cross section rises as the energy of the incident neutron falls [Cho 2017]. 

  

When the energy of the incident neutron is within specific ranges determined from the 

fission cross section diagram, an excited nucleus can form. When the excited nucleus seen in 

Figure 1.3 ultimately breaks apart, fission energy is released in the form of kinetic energy of the 

resulting neutrons and fission products. Recalling Figure 1.2, the fission cross section of 235U 

increases as the incident neutron energy falls below about 1 eV. Thus most commercial nuclear 

reactors use water as a moderator to slow the neutrons and promote fission of 235U in the fuel 

[Lamarsh and Baratta 2001].  
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Figure 1.3: Induced fission of 235U by a neutron, note that the neutron energy is sufficient to 

allow for the formation of a compound nucleus [Burns 2002]. 

 

 It should be noted that the fission cross-section diagram is not identical for all nuclides. 

For example, 235U readily undoes fission when irradiated with thermal neutrons, but 238U does 

not. In fact, 238U is considered fissionable, but not fissile because its fission cross section is too 

low to support a fission chain reaction with thermal neutrons. Interestingly, Figure 1.4 shows that 

the fission cross section of the fissionable isotope 238U increases as the incident neutron energy 

rises above about 1 MeV. Figure 1.4 indicates that neutrons possessing a kinetic energy around 1 

MeV (referred to as “fast” neutrons), are more likely to cause 238U to fission than lower energy 

“thermal” neutrons. ” Similarly, various transuranic elements which accumulate in the fuel can 

undergo fission if the incident neutron energy is high enough. These transuranic constituents are 

considered a problem due to their contribution to the radioactivity of the spent fuel.  
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Figure 1.4: The fission cross section of 238U as a function of incident neutron energy [Cho 2017]. 

   

 Returning to the topic of nuclear cross sections, recall that fission is not the only type of 

possible interaction between neutrons and atoms in the fuel. The fuel constituents can also 

capture neutrons released by the fission reaction, resulting in transmutation. This capture and 

transmutation processes lead to the transmutation and subsequent decay of fuel constituents, 

which in turn causes additional shifts in fuel composition over time. Like fission, the neutron 

capture process which causes transmutation is dependent upon neutron energy. The probability 

of a given capture reaction is given by a cross section term called the “capture” cross section. 

With its high neutron energy spectrum, a fast reactor is able to drive “conversion,” a process in 

which certain non-fissile nuclides are transformed into fissile nuclides by nuclear capture 

reactions [Lamarsh and Barratta 2001].  
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 Recall that a moderator (such as water) slows the neutrons produced by fission. However, 

the above discussion has shown that there are benefits to a high neutron energy spectrum. Thus, 

some reactor designs forego the use of a moderator. Such “fast reactors” can “burn” transuranic 

elements, thus reducing the radioactivity of the spent fuel during storage and processing. Thus 

fast reactor technology can reduce waste and extend the life of nuclear fuel. 

As mentioned earlier, the self-sustaining chain reaction shown in Figure 1.2 liberates 187 

MeV of energy with each fission event. The release of this energy heats the fuel and this thermal 

energy can be extracted from the fuel by a coolant. This coolant is the medium which permits the 

conversion of the thermal energy released in the fuel into electrical energy via a steam turbine. 

Depending on the properties of the chosen material, the coolant may also act as a moderator. For 

example, most commercial nuclear reactor designs use water as both a coolant and moderator. In 

the case of fast reactors, water can not be used as a coolant in the core due to the moderating 

effect. Thus, molten metals are used as coolant for fast reactor designs. Regardless of the 

material chosen, the coolant can react with the fuel and cause such as radioactive contamination. 

Also, the fuel requires structural support because spent fuel must be periodically removed from 

the reactor core. These issues are dealt with by enclosing the fuel in a metal tube to form a “fuel 

element.” This arrangement prevents direct contact between fuel and coolant as well as provides 

structural support to individual fuel pellets.  

A fuel element is illustrated in Figure 1.5, which shows that there is actually a small gap 

between the fuel and the cladding. This gap is the “sodium bond.” The purpose of the sodium 

bond is to provide a heat transfer medium between the fuel and the coolant. Sodium is used for 

this role based on its low cross section. Besides providing structural support for the fuel slug, the 
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cladding also inhibits both radioactive contamination of the coolant by acting as a barrier 

between fuel and coolant.  

   

 
Figure 1.5: Schematic showing the arrangement of fuel, sodium, and cladding in a sodium-

bonded fast reactor fuel element [Ogata 2011]. 

 

The interaction between the three main components inside the reactor core (fuel, 

cladding, and coolant) has an impact on the performance of the reactor as well as the lifetime of 

the fuel element. Each of these three main components is addressed individually in this Section, 

beginning with the fuel. 
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1.1.1 Nuclear Fuels 

While conventional nuclear fuels are ceramics such as UO2, there are benefits to using 

metal fuels instead. In fact, metal fuels were found to offer superior performance for the Integral 

Fast Reactor (IFR) concept in which plutonium fuel is bred from a fertile blanket of 238U 

[Hofman and Walters 1991]. One of the benefits of metal fuels simply has to do with the general 

physical properties of metals. Predictably, a metal fuel has a higher thermal conductivity than an 

oxide fuel. Higher thermal conductivity in the fuel provides safety benefits including the ability 

to automatically shut down the reactor without human intervention following a loss of coolant 

flow, as demonstrated by EBR-II [Cahalan et al. 1985, Marchaterre et al. 1986, Wade and Chang 

1988]. Metal fuels also derive benefit from the fact that they have a greater fissile fuel density 

than oxide fuels. Thus, metal fuels can achieve greater power output or fuel life on a mass basis 

simply because more fissile atoms exist per unit mass of fuel. The lack of oxygen atoms in metal 

fuels provides another advantage from a neutronics standpoint. Oxygen atoms have a greater 

ability to lower the energy of incident neutrons (i.e. moderate) than uranium atoms. Therefore, 

metal fuels have less of a moderating effect on the fission neutrons than oxide fuels [Lamarsh 

and Baratta 2001]. For a breeder reactor design, metal fuels also enable larger breeding ratios 

than oxide fuels [Lamarsh and Baratta 2001]. Finally, metal fuels permit the use of reprocessing 

technologies for spent fuel, such as electrorefining, which are not suited to ceramic fuels [Laidler 

et al. 1997, Hofman and Walters 1991]. 

Alloys designed to be metallic reactor fuels include a variety of non-fissile elements. 

Although these non-fissile elements may undergo neutron capture reactions (transmutation), they 

do not contribute strongly to the neutron economy inside the fuel. Some of these non-fissile 

elements are alloy additions which are added to the fuel alloy to improve its physical properties. 
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For example, efforts have been made to raise the melting point of metal fuels through alloying. 

Alloy additions have also been used to modify the chemical properties of the fuel, for example 

the chemical interaction between the fuel and the cladding. A review of publications on the use 

of alloy additions for metal fuel development is presented in Chapter 2 and the theory of alloying 

is presented in Chapter 3. 

The fact that the composition of the fuel actually changes over time due to the fission 

process itself complicates the fuel composition. As mentioned in the introduction, each fission 

event generates fission products. The relative prevalence of each of these fission products is 

represented in Figure 1.6.  

 

 
Figure 1.6: The fission product curves for thermal (0.025 eV) neutrons for 233U, 235U, and 239Pu 

[Wigeland et al. 2014]. 
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As can be seen in Figure 1.6, the fission product curve has two peaks. Broadly speaking, 

nuclides with atomic masses between 83 and 109 can be called the “light” fission products while 

nuclides with masses between 123 and 150 can be called the “heavy” fission products. 

Over time, the fuel composition shifts due to the accumulation of the light and heavy 

fission products shown in Figure 1.6. This effect is significant considering the fact that a 4 atom 

percent burnup correlates to an 8 atom percent addition of fission products to the fuel. The 

behavior of these fission products can alter fuel element behavior and performance during the 

life of the fuel. For example, heavy fission products (i.e. lanthanides) are observed to migrate to 

the exterior of metal fuels over the life of the fuel. This migration can enable chemical 

interaction between the fission products and the cladding. Therefore, there is interest in 

incorporating alloy additions in metal fuels which help manage the fission products, a concept 

which is explored in Chapter 2.  

 

1.1.2 Cladding 

The fuel is surrounded by a metal sheath called the cladding which satisfies two 

requirements. Firstly, the cladding provides structure for the fuel element and holds the fuel in a 

fixed geometry inside the core. Secondly, the cladding acts as a barrier between the fuel and 

coolant and prevents chemical interaction between the two materials. This second requirement is 

necessary to hinder corrosion of the fuel and radioactive contamination of the coolant. 

Alloys commonly used as fuel cladding include HT-9, D9, T91, and Type 316 stainless 

steel. Table 1.1 reports the composition limits for these commonly used steel cladding alloys. 

The important properties for cladding materials are sufficient creep strength and resistance to 

swelling [Laidler 1997, Tokiwai 1993]. The former requirement stems from the need for the 



14 

cladding to maintain its structural integrity at reactor temperature. The latter requirement 

addresses the radiation-induced swelling phenomenon experienced by the cladding. 

 

Table 1.1: Composition limits (in weight percent) for steels commonly used as cladding alloys 

for metallic fast reactor fuels [Orthey 2012, Klueh and Harries 2001]. 
Grade C Mn Cr Ni Mo Other 

T91 0.07-0.14 0.30-0.60 8.0-9.5 0.40 0.85-1.05 

Nb: 0.06-0.10 

Ti: 0.01 

Zr: 0.01 

V: 0.18-0.25 

D9 0.04 2.0 13.5 15.5 2.0 
Ti: 0.25  

Si: 0.75 

HT-9 0.20 0.60 11.95 0.60 1.0 V: 0.30 

800H 0.05-0.10 1.50 19.0-23.0 30.0-35.0 -- -- 

422 0.20-0.25 1.00 11.0-13.0 0.5-1.0 0.75-1.25 
W 0.75-1.25 

V: 0.15-0.3 

316 0.08 2.0 16.0-18.0 10.0-14.0 2.00-3.00 -- 

 

Aside from swelling resistance and mechanical properties, the choice of cladding is also 

dictated by the degree of chemical interaction between the prospective cladding and the fuel. As 

mentioned earlier, one of the primary objectives of the cladding is to prevent chemical 

interaction between the fuel and the coolant. However, the fuel can also interact with the 

cladding itself and this phenomenon is called Fuel-Clad Chemical Interaction (FCCI). The FCCI 

phenomenon alters the composition of the fuel and clad which can result in the formation of 

intermetallic compounds or eutectic structures. In addition to altering heat transport properties in 

the fuel rod, these intermetallic compounds and eutectic structures may affect the cladding. If the 

melting points of these products are low enough, wastage of the cladding can occur resulting in 

reduced cladding strength and raising the possibility of cladding failure.  The integrity of the 

cladding of a fuel element is a deciding factor in its fitness for service, thus any breach in the 

cladding necessitates replacement of the entire fuel element. 
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1.1.3 Coolant 

The coolant is responsible for extracting the heat generated by fission from the fuel so 

that it can be used to power the steam turbine. Due to the configuration of the fuel elements 

relative to the coolant, the choice of coolant determines the energy of the neutrons. Some 

coolants, such as water, act as moderators and promote a thermal neutron energy spectrum (recall 

that the term “thermal” refers to a neutron energy in the range of 0.025 eV). On the other hand, 

coolants such as molten sodium do not act as effective moderators and result in a neutron energy 

spectrum dominated by fast neutrons (recall that the term “fast” refers to the neutron energy 

range of 1 MeV).  

While modern nuclear reactors used for commercial power generation use water or 

graphite moderators to keep the neutron energy spectrum in the thermal range (0.025 eV), 

reactors have been designed and built which eschew these moderators and thus promote a fast 

neutron energy spectrum (average energy in the 1 MeV range). These so-called “fast reactors” 

use coolants such as liquid sodium which has little moderating effect on the neutrons [Lamarsh 

and Baratta 2001]. Liquid sodium can also be used as an interlayer called a “sodium bond” 

between the fuel exterior and the cladding interior to assist heat exchange between the fuel and 

the cladding. The fast reactor produces a broader elemental spectrum of fission products than a 

thermal reactor and requires careful selection of cladding alloys. 

 

1.2 Fuel Element Behavior and Aging 

Due to the ongoing nuclear reactions taking place inside the fuel element, it is 

unreasonable to expect the fuel composition to remain constant over the life of the fuel element. 

In fact, the changing composition of real fuels has been observed to have effects on the 
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characteristics, and ultimately the performance, of the fuel element. The purpose of this Section 

is to introduce the aging phenomena and provide some explanation for these effects. 

 

1.2.1 Fission Products 

Earlier in this Chapter, it was mentioned that when a uranium atom undergoes fission, it 

splits into fragments and releases neutrons. This reaction can be written in the form of Equation 

1.1 [US DOE 1993]. 

 + → + +      (1.1) 

As seen in earlier Sections, the masses of the fission fragments produced by fission are 

not fixed, but rather take on a range of masses. When the masses of the fission products are 

plotted as a function of their probability (determined from measurements of concentration in 

actual fuels) as in Figure 1.7, it can be seen that the masses of the A and B fragments exhibit a 

bimodal distribution. Recall that shape of the fission product curve was shown to be dependent 

upon the target nuclide in Figure 1.6. Figure 1.7 below shows that the energy of the incident 

neutron also has an impact on the shape of the fission product curve. As illustrated in Figure 1.7, 

the fission products produced in a fast flux nuclear reactor can be divided into two broad 

categoriesμ “light” products and “heavy” products. The impact of the neutron energy and target 

nuclide on the fission product curve is to be expected based on the earlier discussion of fission 

cross sections in relation to Figures 1.2 and 1.3. Note that Figure 1.7 is based on an incident 

neutron energy of 14 MeV. While 14 MeV is a higher energy than would be expected for 

neutrons in a fast reactor, the disparities between the 14 MeV and thermal curves are 

representative of the relative differences between the fission product mass distributions for the 

two energy regimes of interest (thermal and fast neutrons). 
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Figure 1.7: Fission product curve for 235U via thermal and 14 MeV neutrons illustrating the split 

of fission products between transition metals and lanthanides [US DOE 1993]. 

 

It is apparent that the accumulation of fission products alters the fuel composition over 

time. However, fission products are not necessarily stable nuclides. The stability of a given 

nuclide can be estimated using the “even-odd rule.” This rule predicts the likelihood of a given 

nuclide being stable based on the number of protons and neutrons within the nucleus. If a nuclide 

has an uneven number of neutrons and protons, then it is very unlikely that it will be stable.  

Nuclides with an even number of protons or neutrons are somewhat likely to be stable, 

but nuclides with an even number of both neutrons and protons are very likely to be stable 

[Lamarsh and Baratta 2001]. Table 1.2 categorizes 274 stable nuclides into four categories based 

on the criteria of the even-odd rule. 
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Table 1.2: Stable nuclides categorized by the odd-even criterion. The number of stable nuclides 

for each category illustrates the odd-even rule for stability [Holden 1958]. 

 Even 

Number of protons 

Odd 

Number of protons 

Even 

Number of neutrons 
165 49 

Odd 

Number of neutrons 
55 5 

 

Table 1.2 verifies that there is only one case (even number of both protons and neutrons) 

in which a nuclide can safely be assumed to be stable. Thus, many of the fission and 

transmutation products in the fuel will fall into one of the other three categories of the even-odd 

rule, for which stability is marginal at best. Those fission products and transmutation products 

which are unstable must eventually undergo radioactive decay. The rate at which radioactive 

decay occurs is communicated via the half-life, the length of time required for half of a given 

mass of radioactive material to decay. 

Figure 1.8 provides an illustration of the radioactive decay exhibited by 235U . Like other 

radioactive (unstable) nuclides, 235U undergoes a series of definite steps (nuclear 

transformations) in its transformation into a stable nuclide. This process is called the “decay 

series”. The exact decay process for any given atom may differ due to branches in the decay 

series, but the key point is that the decay series is a series of discrete steps, which occur 

spontaneously over time. Therefore, reactor fuels are not static materials. For a fissile fuel inside 

a nuclear reactor, each subsequent decay event in the relevant decay series further alters the 

overall composition of the fuel. Thus nuclear fuels are subjected to two sources of composition 

shift: fission and radioactive decay.   
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Figure 1.8: The decay series presents the steps in the radioactive decay of an unstable nuclide, 

235U in this case [Bonet 2013]. 

  

 It is possible to graphically represent the aforementioned decay series concept by plotting 

nuclides by atomic number and number of neutrons. Such a plot is shown in Figure 1.9. There is 

a narrow band of stability falling on a line which runs through the middle of the chart in Figure 
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1.9. Nuclides falling outside this band are unstable, as predicted by the odd-even rule, and will 

undergo one or more processes which alter the number of protons and/or neutrons in the nucleus. 

 
Figure 1.9: The Segré chart, which shows the narrow band of stability for isotopes near the 

center of the pattern. The inset illustration shows possible decay events [Sonzogni 2017]. 

 

Several of the decay processes for unstable nuclides are shown schematically in the inset 

in Figure 1.9. Based on the starting nuclide, some combination of the decay modes portrayed in 

the Figure 1.9 inset will produce a stable decay product. As a result of a series of these decay 

processes, unstable nuclides move down the Segré chart and eventually form stable nuclides. 

Since the fission process creates many different unstable isotopes as fission products, each of 

which undergoes radioactive decay in accordance with the Segré diagram, the fuel contains a 

range of elements at any given time. 
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The light fragment peak is located near 95 and the heavy fragment peak is located near 

138. Thus elements with masses in the ranges of 83-109 and 123-150 are the most likely to be 

produced as a result of the fission of uranium. Based on the curves presented in Figure 1.7, the 

most prevalent fission products are highlighted on the periodic table in Figure 1.10. 

 

 
Figure 1.10: A selection of the most prevalent fission products for 235U, based on Figure 1.7 

[Meija et al., Generalić 2017, US DOE 2013]. 

 

As can be seen in Figure 1.10, the most common fission products in uranium fuels come 

from the middle transition metals and the early part of the lanthanide series. Some of these 

fission products are in fact potentially useful alloy additions, and these elements will be explored 

in Chapter 2. The main point of the present discussion is that the elements highlighted in Figure 

1.10 are uranium fission products and that their accumulation in the fuel has implications for the 

lifetime of the fuel element.   
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1.2.2 Fuel-Cladding Mechanical Interaction 

The previous subsection noted that fission products begin to accumulate as the fuel ages, 

but compositional changes are not the only effects aging has on the fuel. With each fission event, 

the energetic fission fragments cause disruption of the atomic ordering inside the fuel. Thus 

lattice defects in the fuel also increase with age. Clearly, the crystal lattice of the fuel must 

expand to accommodate the addition of these defects and fission products. At the macroscopic 

level of the fuel element, this expansion is called “swelling.” At some point, swelling results in 

physical contact between the fuel and cladding. When contact occurs, further swelling creates 

stress in the cladding. Without implementing any mitigating design features, this “Fuel-Cladding 

Mechanical Interaction” (FCMI) leads to cladding rupture (i.e. fuel element failure). 

While fuel swelling can not be stopped indefinitely, its impacts can be lessened. For 

example, the symmetry of the host lattice affects swelling, so fuels can be alloyed to achieve a 

cubic phase in which the inherent symmetry of the lattice results in more favorable swelling 

characteristics. The methods used to address swelling are discussed in further detail in Chapter 2.  

 

1.2.3 Fuel-Cladding Chemical Interaction 

Inside a reactor, the fuel and cladding can chemically interact over the lifetime of the fuel 

element. This phenomenon is referred to as fuel-cladding chemical interaction (FCCI). The FCCI 

issue is a concern for fast reactors because the fuel elements operate at fairly high temperatures 

which promotes rapid interdiffusion. As the fission products diffuse to the fuel periphery, they 

can interact with the cladding. As an example, Figure 1.11 shows the phase diagram for the iron-

cerium system in which a eutectic reaction occurs. Here cerium is representative of the heavy 
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fission products generated in the fuel and iron represents the major constituent (i.e. solvent) of 

the steel cladding.  

 

 

Figure 1.11: The Ce-Fe phase diagram, which shows a eutectic reaction at approximately 16 at. 

pct. iron [Su 2006, Villars 2017]. 

 

Figure 1.11, shows that the iron-cerium system eutectic melts at only 592 °C, which 

limits the operating temperature of the fuel. This temperature could easily be exceeded during 

off-normal events, leading to the formation of liquid. Using the above example of iron and 

cerium, it can be said that the cladding thickness is degraded whenever the lanthanide fission 

products and cladding components form eutectics with sufficiently low melting points [Mariani 

et al. 2011, Keiser Jr. 2009]. Since this “wastage” phenomenon reduces the structural integrity of 

the cladding, steps must be taken to address this issue. Thus the accumulation, migration, and 



24 

interaction of the fission products with the cladding contribute to the limitations on the maximum 

“burnup” (i.e. the relative amount of fissile atoms in the fuel which have undergone fission, 

expressed in atomic percent) which can be attained with for a given fuel element.  

FCCI has been studied “in-pile” by sectioning and analyzing actual fuels from reactors 

such as the Experimental Breeder Reactor (EBR). The effects of FCCI have also been studied for 

specific fuel-cladding combinations using diffusion couples. The diffusion couple studies 

replicate the environment of the reactor via annealing at typical operating temperatures, but do 

not simulate the effect of the sodium bond and irradiation on FCCI. Conclusions obtained from 

both of these types of data are summarized in Chapter 2. 

 

1.3 The Metallurgy of Uranium 

 Since the topic of this thesis is metal fuels, in which uranium is the major constituent, the 

topic of uranium metallurgy deserves some discussion. The most relevant important aspects of 

uranium metallurgy will be in this Section. Studies of the metallurgy associated with uranium 

have been ongoing since the mid 1λγ0’s and the literature in the field is extensive, but this 

Section will focus on the topics of equilibrium phases and metastability in uranium alloys for the 

purposes of this thesis. 

 

1.3.1 Equilibrium Phases in Unalloyed Uranium   

 The melting point of unalloyed uranium is commonly given to be 1135 °C, but melting 

points reported in the literature vary, depending on the purity of the metal. Under common fuel 

processing and reactor operating pressures, uranium exhibits three solid equilibrium phases; the 

uranium allotropes are named alpha (α), beta ( ), and gamma ( ) [Massalski 1990].  
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 The gamma ( ) phase of uranium is the first solid phase formed upon moderate cooling 

from the molten state. As is the case for all actinide elements (as well as the lanthanides), this 

high temperature phase is Body-Centered Cubic (BCC). The gamma phase of uranium is 

typically stable down to 772 °C [Holden 1958]. Below 772 °C, uranium exhibits a tetragonal 

structure, called the “beta” phase ( ), which is illustrated in Figure 1.12.  

 

 

Figure 1.12: The structure of -U presented as three layers (“A”, “B”, and “C”) and a three-

dimensional isometric view [Lawson and Olsen 1988]. 

  

 The stacking order of the layers in Figure 1.12 is AB AC AB AC… [Holden 1958]. The 

lattice parameters of  uranium are a=10.52 and c=5.57. The  phase of uranium is thus related 

to the sigma phase in the iron-chromium system, from a structural viewpoint [Lawson and Olsen 
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1988, Dickins et al. 1951]. The space group of beta phase is known to be P42/mnm [Lawson and 

Olsen 1988]. 

 Below 663 °C, uranium transforms from the beta phase into the alpha phase. The alpha 

phase of uranium (α) is orthorhombic, having lattice parameters of a=2.852, b=5.865, and 

c=4.945 [A. Holden 1958]. An isometric view of the structure of alpha uranium is shown in 

Figure 1.13. 

 

 

Figure 1.13: An isometric view of the α-U structure [Holden 1958]. 

  

 The Pearson symbol of this structure is A20 [Cullity and Stock 2001]. It must be stressed 

that the irradiation behaviors of the aforementioned three allotropes of uranium are strikingly 

different. Specifically,  uranium undergoes little swelling relative to other uranium phases 

[Kittel et al. 1993]. 
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1.3.2 Metastability in Uranium Alloys 

 Numerous metastable phases have been identified in uranium alloys. For example, α’, α”, 

0 are all metastable phases reported for uranium [Lehman and Hills 1960]. The α’phase is 

orthorhombic and simply has different lattice parameters than the equilibrium alpha phase [Field 

2001]. The α” phase is a monoclinic phase based on an altered alpha phase uranium unit cell 

[Field 2001]. The 0 phase is tetragonal and is a distorted gamma phase unit cell with a P4/nmm 

space group [Field 2001]. 

 Some of the metastable phases observed in uranium are believed to be the result of 

diffusionless phase transformations, analogous to the martensitic transformation in steel.  In fact, 

some uranium alloys such as U-7Nb exhibit the shape memory effect, which is well documented 

among alloys with a martensitic phase transformation [Vandermeer 1981, Jackson 1970]. 

 Although alpha phase is the equilibrium phase below 663 °C, alloy additions are known 

to act as phase stabilizers which hinder the formation of the orthorhombic phase. As shown in 

Table 1.3, alloy additions can permit the retention of the metastable body-centered cubic phase 

down to room temperature [Holden 1958].  

 

Table 1.3: Phase stabilization of the body-centered cubic phase in uranium afforded by various 

alloy additions [Howlett 1969, Tangri and Williams 1969, Anagnostidis et al. 1963, Takahashi et 

al. 1988, Kahana et al. 1997, Speer et al. 1988]. 

Alloy Addition Phase Stabilized 

Mo BCC 

Ti BCC 

Zr BCC 

Nb BCC 

 

 Stabilization of the gamma phase in uranium has been studied for various uranium alloy 

systems. Uranium alloys will be discussed further in Chapter 2, but for now it is sufficient to 
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conclude this Chapter with the statement that the body-centered cubic phase of uranium can be 

stabilized through alloying with one or more of the elements listed in Table 1.3. 
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CHAPTER 2 

REVIEW OF METALLIC FUEL DEVELOPMENT 

This Chapter is an overview of the relevant literature in the field of metallic reactor fuel 

research and development. The bulk of this literature review will focus on the research 

undertaken on metal fuels at the Experimental Breeder Reactor-II (EBR-II).  

One of the purposes of this review is to provide sufficient background information for the 

reader to appreciate the topic of metal fuels. The other main purpose of this Chapter is to justify 

the experimental work done in this thesis by identifying key points in the literature where there is 

need for expansion or refinement of the topic of fuel-cladding interaction. 

This Chapter begins with a description of research into fuel element aging in terms of 

interaction between fuel and cladding. The final section of Chapter 2 provides a summary of the 

alloy development work which has been undertaken to raise solidus temperatures and promote 

the metastable body-centered cubic phase in metal fuels. 

 

2.1 Assessment of Fuel-Cladding Interaction 

 The in-situ behavior of metal fuel alloys has been determined from both Post-Irradiation 

Examination (PIE) of real fuels and diffusion couple experiments. The topic of fuel-clad 

chemical interaction (FCCI) was briefly introduced in Section 1.2, in which the possible effects 

of FCCI such as cladding wastage were connected to fission product behavior. To recap the 

introduction to FCCI from Chapter 1, the wastage observed in fuel elements occurs due to the 

formation of low-melting products from fission products and cladding constituents in the 

interaction zone between fuel and cladding. The melting of these FCCI products degrades the 

integrity of the fuel element due to the loss of cladding thickness. FCCI can also form products 
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that do not melt, but nevertheless degrade the mechanical properties of the cladding. The FCCI 

phenomenon is important because the damage it causes affects fuel element life time predictions, 

safety thresholds for reactor operation, and performance modeling [Keiser Jr. 2011]. For these 

reasons, FCCI has been studied for various fuel-alloy combinations. A selection of these studies 

will be discussed in this Section.  

 The FCCI research efforts described in this Chapter have been separated into two 

categories; studies that examine FCCI from PIE of real fuel elements and studies which analyze 

diffusion couples to gain insight into FCCI for specific fuel-cladding pairs.  

  

2.1.1 Post-Irradiation Examination 

The aging of nuclear reactor fuel elements has often been investigated through the 

examination of specimens taken from real fuel elements. Studies of these “in-pile” materials 

have furthered the understanding of the behavior of a variety of fuel-cladding systems. This 

Section will provide an overview of this body of work, beginning with a summary of 

publications on the early history of metal fuels.  

In 1980, the Fast Flux Test Facility (FFTF) reached its full design power of 400 MWt 

[Baker et al. 1993]. Over the first twelve years of operation, over 1000 metal fuel pins (U-Pu-Zr 

and U-Zr fuel alloys) were irradiated at FFTF [Baker et al. 1993]. The two stated objectives for 

FFTF were to provide a modern irradiation capability for the testing of advanced materials and to 

bridge the gap between small test reactors and full-scale commercial power plants [Massalski et 

al. 1990]. The FFTF is noted for the following three accomplishments:  

1) Verification of the performance of “long” fuel pins using the Integral Fast Reactor 

(IFR) design.  
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2) Qualificaiton of the proposed HT-9 steel clad U-Zr driver fuel for burnup to 1.50 

MWd/kgM.  

3) Providing data for the Advanced Liquid Metal Reactor (ALMR). 

 

EBR-II was another early facility to yield data on the performance of metal fuels in fast 

reactors. Pahl published a report on experimental studies of U-xPu-10Zr (x=0, 3, 8, 19, 22, and 

26 at. pct.) fuels irradiated in EBR-II [Pahl et al. 1988]. After testing, radial zones were observed 

in the fuel with corresponding changes in uranium and zirconium content. However, fuels 

containing 8 percent (wt. pct.) or less plutonium did not show this type of restructuring [Pahl et 

al. 1988]. The restructuring observed in this study only resulted in minor consequences from the 

perspective of lowering solidus temperatures. For example, the composition of the U-19Pu-2Zr 

zone corresponds to a solidus temperature of 1032 °C, which is 94 °C below the solidus 

temperature of the bulk U-19Pu-10Zr fuel.  

In contrast, the FCCI effects observed from these tests were noted to be a meaningful 

limitation on fuel performance. The FCCI observed in the U-xPu-10Zr fuels took the form of 

diffusion of lanthanide fission products into the cladding and interdiffusion of cladding and fuel 

constituents. The lanthanides formed a layer at the inner wall of the cladding which had a 

lanthanide content of nearly 20 percent (wt. pct.). Of all the cladding constituents, iron and 

nickel were observed to migrate the most. On the other hand, chromium did not diffuse 

appreciably into the fuel. The uranium-iron eutectic reaction (715 °C) is above the fuel operating 

temperature, therefore, it was concluded that local fuel melting point was only a potential issue 

during off-normal events. Hardening and associated embrittlement of the cladding was also 

noted in this system [Pahl et al. 1988].    
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Keiser has reported fission product diffusion in several different fuel-cladding 

combinations based on PIE of EBR-II fuels. Keiser’s PIE work indicates that iron and nickel 

both diffuse into the fuel alloys [Keiser Jr. 2006]. While chromium forms an enriched zone at the 

fuel-cladding interface, it shows little migration into the fuel. Plutonium was observed to migrate 

into the cladding corresponding to the migration of nickel into the fuel. The lack of chromium 

migration supports the aforementioned PIE data reported by Pahl et al. mentioned earlier. A zone 

of zirconium enrichment appears at the exterior of the fuel and particles containing a variety of 

fission products including palladium are observed near the cladding [Keiser Jr. 2006]. Keiser 

points out that lanthanide fission products were found to migrate further than any other fuel 

constituent of fission product. A portion of the migration data for fission products are 

summarized in Table 2.1. 

 

Table 2.1: A selection of fuel element PIE data reported by Keiser [Keiser Jr. 2006]. 

Fuel 

(at%) 

Cladding Interface Temperature 

(°C) 

Burnup 

(at%) 

Fuel Components in Cladding 

U-16Pu-23Zr HT-9 540 9.7 Ce, Pr, Nd, Pu 

U-23Zr HT-9 660 10 Ce, Pr, Nd, La, Sm, Pd 

U-16Pu-23Zr D9 550 10 Ce, Pr Nd, La, Pu 

U-23Zr D9 650 9.3 Ce, Nd, La 

 

The migration summarized in Table 2.1 allows the fission products to interact with iron, 

nickel, and chromium in the cladding [Keiser Jr. 2006]. This lanthanide fission product migration 

is a commonly observed phenomenon in metal fuels. It is routinely reported that lanthanide 

fission products do not remain stagnant, but instead migrate to the fuel-cladding interface.  

An analysis of the performance of U-10Zr fuel clad with HT-9 stainless steel using PIE 

has been conducted by Pahl with similar results to those seen in the work summarized in Table 

2.1. The lanthanides generated in the U-10Zr fuel during irradiation were observed to migrate to 
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the cladding which resulting in some cladding failures [Pahl et al. 1993]. FCCI was found to be 

more significant in hotter regions of the cladding in this study.  

 Hofman assessed the performance of sodium bonded U-2.5Mo-1.9Ru-0.3Rh-0.2Pd-

0.1Zr-0.01Nb fuels with either Type 304L or 316 stainless steel claddings [Hofman 1980]. This 

work included the ruthenium, rhodium, palladium, zirconium, and niobium addition (called 

“fissium,” represented as “Fs”) in the fuel to represent the elements left over after 

pyrometallurgical reprocessing. Hofman remarked that a region of nickel depletion appeared in 

the Type 304L stainless steel cladding up to 20 percent of the cladding thickness [Hofman 1980]. 

Hofman concluded that Type 316 stainless steel was the superior cladding. This conclusion was 

based on the greater deformation observed in the fuel elements with Type 304L stainless steel 

cladding, rather than the aforementioned nickel depletion region [Hofman 1980]. The migration 

of nickel observed by Hofman’s study supports the aforementioned findings of Keiser. 

 Einziger reported results on EBR-II mark II fuel irradiated at temperatures up to 675 °C. 

Einziger reported the development of a FCCI interaction zone in these fuels. Although the 

thickness of this zone was significant, nearly 25 percent of the cladding thickness, no breaches 

were reported [Einziger 1979]. No cladding wastage was reported, but the cracking observed in 

the interaction zone could pose a problem at high burnup.  

 A study of mark-II EBR-II driver fuel showed that the interaction zone formed between 

uranium-fissium fuel and Type 304L stainless steel cladding was up to twenty percent of the 

cladding thickness [Hofman 1980]. At the maximum burnup tested, eight percent, this zone did 

not appear to have negative effects on the fuel element behavior [Hofman 1980]. The interaction 

zone was noticeably smaller for the comparable fuel elements with Type 316 stainless steel 

cladding. Hoffman was able to identify three distinct microstructural zones in uranium-
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zirconium-plutonium fuels irradiated at the EBR-II reactor [Hofman et al. 1990]. These zones 

were a consequence of redistribution of zirconium and uranium occurring early in the fuel life. 

As usual, lanthanide fission products migrated to the exterior of the fuel pin.  

 Kim et al. built compositional profiles across U-19Pu-10Zr (wt. pct.) fuel irradiated at the 

EBR-II reactor. [Kim et al. 2004] PIE of the fuel was conducted after it had reached 1.9 percent 

burnup. The inner and outer zones of the fuel were rich in zirconium, while the intermediate zone 

was depleted in zirconium. Interdiffusion coefficients were calculated from the composition data 

for each region, when possible [Kim et al. 2004]. 

 

2.1.2 Diffusion Couple Studies 

Samples from actual fuel elements provide valuable insight into fuel aging, but PIE of 

real fuel elements poses many challenges which can be avoided by studying non-irradiated mock 

fuels (i.e. non-functional fuel alloys based on depleted uranium) using diffusion couples. Since 

they contain negligible radioactive fission products relative to real fuels and need not contain 

fissile isotopes, mock fuels are less radioactive than their real counterparts and generally do not 

require access to a hot cell for handling. For this reason, diffusion couples between mock fuel 

alloys and cladding alloys can be produced and analyzed more quickly than real fuel alloys from 

irradiated fuel elements. The reduced time and equipment requirements mean that data from 

mock fuel diffusion couples can be collected with less expense than data from specimens from 

real fuel elements. Although fuel surrogate alloys can not take into account all the irradiation 

effects experienced by real fuels, the aforementioned benefits are significant enough to warrant 

the study of FCCI in many fuel-cladding systems using this laboratory (i.e. “out-of-pile”) 

approach.    
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An example of the diffusion couple approach is the study of a uranium-zirconium fuel 

alloy by Keiser and Dayananda [Keiser Jr. and Dayananda 1993]. In this study, diffusion couples 

were made between a uranium alloy with a 23 atomic percent zirconium content and selected 

alloys in the Fe-Ni-Cr system. These Fe-Ni-Cr alloys included Fe-Ni, Fe-Cr, and Ni-Cr binary 

alloys as well as a single ternary alloy. Pure iron and pure nickel were also studied. Due to the 

simplified nature of the systems being studied, it was possible to obtain several average effective 

interdiffusion coefficients for selected intermetallic phases. Based on this data, intrinsic diffusion 

coefficients for (U,Zr)Ni2 were obtained which indicated uphill diffusion of uranium and a 

nickel-uranium-zirconium effective penetration depth ratio of 3:2:1 [Keiser Jr. and Dayananda 

1993]. As for interdiffusion with iron, minimal interdiffusion was observed and the interdiffusion 

coefficients for uranium, iron, and chromium in the U(Fe,Cr)2 phase were shown to be 

comparable to each other [Keiser Jr. and Dayananda 1993].     

A description of the use of the diffusion couple approach to study interaction between the 

same U-23Zr fuel alloy and real claddings was given by Keiser and Dayananda [Keiser Jr. and 

Dayananda 1994]. In this later work, diffusion couples were made between the same U-23Zr fuel 

and cladding alloys. Unlike in the earlier study, real commercially available cladding alloys were 

used, namely Type 316 stainless steel, HT-9 stainless steel (ferritic-martensitic), and D9 steel. 

Using the same four-day, 700°C annealing procedure as for their prior work, Keiser and 

Dayananda showed that HT-9 stainless steel was the preferred cladding from the standpoint of 

minimizing chemical interaction [Keiser Jr. and Dayananda 1994]. Despite the added complexity 

of these real commercial alloys, Keiser and Dayananda noted similarities in the diffusion 

structures formed in this experiment to the simplified alloy systems used in their previous work 
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(U-23Zr fuel alloy coupled with unalloyed, binary, and ternary alloys) [Keiser Jr. and Dayananda 

1994].  

 

Table 2.2: Several fuel-cladding combinations studied using diffusion couples [Keiser Jr. 2006]. 

Fuel Alloy 

(at. pct.) 
Cladding Alloy Isothermal Anneal Parameters 

U-23Zr 316 96 hrs 700 °C 

U-23Zr HT-9 96 hrs,700 °C 

U-23Zr D9 96 hrs, 700 °C 

 

The diffusion couple approach with mock fuel alloys can test fuel-cladding alloy systems 

more quickly and with less expense than PIE of actual fuel elements, but it generally does not 

illuminate anything about the behavior of lanthanides in the fuel. Thus, this mock fuel approach 

has been expanded to allow for the study of lanthanide fission product behavior while avoiding 

some of the hurdles associated with PIE of real fuel elements. Diffusion couples can allow 

researchers to study lanthanide fission product migration for specific fuel-cladding combinations, 

provided that appropriate fuel alloy additions are selected. These “simulated” burned fuels can be 

designed to closely approximate the compositions of real burned fuels, thereby permitting 

researchers to glean information about the behavior of real fuel alloys. These simulated burned 

fuels contain alloy additions which stand in for the radioactive fission products which build up in 

a real fuel over its life time. Since the fission product additions are artificially added to simulated 

fuel alloys, there is no need to irradiate the alloys in a reactor. In the setting, FCCI is commonly 

studied for given fuel-cladding pairs through the use of diffusion couples between cladding 

alloys and simulated fuel alloys. 

Taking the aforementioned simulated fuel philosophy in mind, Keiser and Cole’s work 

took the diffusion couple approach a step further [Keiser Jr. and Cole 2005]. In one study, Keiser 

and Cole assessed the diffusion between more realistic simulated fuel alloys and actual cladding 
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materials [Keiser Jr. and Cole 2005]. Diffusion couples were made of U-17Pu-10Zr (“Alloy 1”) 

and U-17Pu-9Zr-2Nd-2.5Mo-2.5Ru (“Alloy β”) with alloy T122 (a ferritic stainless steel), alloy 

800H (a 30-35 wt. pct. nickel austenitic stainless steel), and oxide dispersion strengthened (ODS) 

steel [Keiser Jr. and Cole 2005]. The compositions of the two fuel alloys and anneal parameters 

for this study are listed in Table 2.3. 

 

Table 2.3: Fuel-cladding combinations studied using diffusion couples made from surrogate fuels 

and T122 [Keiser et al. 2006]. 

Fuel Alloy 

Name 

Fuel Alloy 

(at. pct.) 
Cladding Alloy 

Isothermal Anneal 

Parameters 

Alloy 1 U-17Pu-10Zr T122 96 hrs, 700 °C 

Alloy 2 U-17Pu-9Zr-2Nd-2.5Mo-2.5Ru T122 96 hrs, 700 °C 

 

Alloy 1 was selected as the fuel alloy of interest while Alloy 2 was created as a surrogate 

of the “burned” Alloy 1. As shown earlier in Figure 1.10, the fission process generates both light 

refractory products (highlighted in blue) and heavy lanthanide products (highlighted in red). 

Thus, it is clear that the purpose of neodymium in Alloy 2 is to represent the lanthanide fission 

products found in a real fuel. Alloy 2 also contains molybdenum and ruthenium which 

correspond to the “light” fission products in this surrogate fuel alloy. Through analyzing 

diffusion couples made with these alloys, it was possible to predict the interaction behavior of 

the actual U-17Pu-10Zr fuel alloy and the given cladding alloys in a real fuel element. Note that 

zirconium was observed to migrate towards the exterior surface of the fuel alloys in this study. 

 

2.2 Fuel Element Design 

As mentioned in Chapter 1, a commonly observed feature of metallic fast reactor fuels is 

swelling during irradiation. Swelling was a limiting factor in achieving high burnup in the first 

metal fuels for fast reactors, so it has long been recognized as an important factor in fuel 
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performance [Hofman 1980]. Swelling and other effects which begin to appear as the fuel ages, 

such as FCMI and FCCI, are directly affected by the fuel element design. Thus, the design of 

fuel elements plays an important role in the performance of the fuel. 

This Section will point to developments cited in the literature of fast reactor fuel element 

configuration. The focus of this description will be on techniques that address the fuel-cladding 

chemical and mechanical interactions. These methods primarily relate mitigating the effects of 

fuel swelling and lanthanide migration. 

  

2.2.1 Sodium Bonded Fuel 

 The simplest manner of dealing with fuel swelling is to accommodate the swelling 

through modification of the fuel element cross section and this change permitted an increase in 

burnup in early metal fuels [Hofman 1980]. This goal can be achieved by designing fuel 

elements with a gap between the fuel exterior and cladding interior. By increasing the space 

between the fuel and cladding, it is possible to provide room for fuel expansion, thereby 

forestalling physical contact between the fuel exterior and cladding interior. To promote the 

extraction of heat from the fuel, this gap is often filled with sodium. Fuel element designs which 

incorporate a sodium-filled gap are often referred to as “sodium bonded.”  

 The schematic given in Figure 2.1 presents an illustration of a sodium bonded fuel 

element and shows the gap between the fuel exterior and cladding interior. As indicated in Figure 

2.1, the gap is filled with molten metal which permits thermal transport from the fuel to the 

coolant outside the cladding. While sodium is commonly used to fill the gap between the fuel 

and cladding, some reactor designs use another molten metal. 
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Figure 2.1: Schematic of the sodium-bonded fuel element design. 

  

 Due to the structure of the sodium bonded fuel element, it is useful to define a parameter 

which defines the relative sizes of the fuel and gap. The “smeared density” reports the amount of 

the fuel element physical cross section (not to be confused with the nuclear cross section) which 

is made up of fuel. Smeared density, ρs, is expressed as: =      (2.1) 

where mf is the mass of real fuel in a unit length of fuel pin and mt is the mass of virgin fuel in a 

unit length of fuel pin with a diameter equal to the inside of the cladding [Hofman 1980]. 

Although the fission products have limited solubility in sodium, the sodium gap does not 

completely prevent chemical interaction between the fuel and cladding. It is not possible to 

completely prevent fuel- cladding contact regardless of the smeared density. The inevitability of 

eventual fuel-cladding contact in fuel elements with a sodium gap can only be ignored if a 

physical barrier of inert material separates the fuel and cladding. In fact such fuels have been 

studied and this topic will be discussed in the following subsection. 
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2.2.2 Mechanically Bonded Fuel 

Besides the sodium bonded fuel approach, another method for reducing the FCCI is the 

use of a barrier foil between the fuel and cladding. Fuel element designs incorporating these 

barrier foils are called “mechanically bonded.” In mechanically bonded fuels, a barrier foil 

makes direct physical contact between the fuel and cladding impossible. This barrier reduces 

FCCI if the foil is sufficiently inert with respect to the alloys on either side.  

Several studies have been conducted using diffusion couples to assess potential barrier 

foil materials [Huang et al. 2013, Ryu et al. 2009]. One study focused on couples of zirconium, 

niobium, titanium, molybdenum, tantalum, vanadium, and chromium against HT-9 stainless steel 

and T91 steel indicated that vanadium and chromium were the most promising diffusion barriers. 

This same study also observed interaction between the zirconium, niobium, and titanium 

specimens with the simulated uranium fuel [Ryu et al. 2009]. Several candidate barrier foils from 

these studies are presented in Table 2.4 as an example. 

 

Table 2.4: Compilation of selected data from research on foil barrier materials [Huang et al. 

2014, Ryu 2009]. 
Fuel System Cladding Foil Observations 

U-Mo Mo 105 slower interaction than without foil 

U-Mo Zr 103 slower interaction than without foil 

U-Mo Nb 106 slower interaction than without foil 

U-Zr-Ce Cr Minimal interaction 

U-Zr-Ce Ta Slight interaction 

U-Zr-Ce Ti Significant interaction 

U-Zr-Ce Mo Some interaction 

U-Zr-Ce Nb Significant interaction 

U-Zr-Ce V Minimal interaction 

U-Zr-Ce Zr Significant interaction 

 

 

The materials used as barrier foils are carefully selected such that there is minimal 

potential for chemical interaction with components of the fuel or cladding. Aside from providing 

insight into barrier foil candidate materials, the barrier foil experiments referenced above also 
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provide useful data on fuel-cladding compatibility with respect to specified elements. Table 2.4 

suggests that the choice of barrier foil material is dependent upon the type of fuel.  

With proper selection of inert barrier foil, the barrier fuel in a mechanically bonded fuel 

provides protection against FCCI. However, there are several caveats to this statement. Firstly, 

the protection afforded by the foil is dependent upon the intactness of the foil. Any gaps or 

cracks in the foil can lead to contact and interaction between fuel and cladding. Also, the process 

of wrapping the fuel pellets in foil adds to the cost of the fuel element. Finally, it is important to 

recognize that the barrier foil adds to the complexity of thermal and neutronic modeling efforts. 

In extreme cases, poor contact or changes in foil thickness may result in nonuniform heat flow 

out of the fuel and into the cladding and coolant.  

 

2.2.3 Fission Product Getters 

If lanthanide migration through the fuel to the fuel-cladding interface can be slowed, then 

the chemical interaction of said fission products with the cladding (i.e. FCCI) can be reduced. 

Recently, it has been suggested that it is possible to achieve this state using alloy additions such 

as palladium as “traps” for lanthanide fission products [Mariani 2010, Mariani et al. 2011]. By 

acting as a sort of getter for lanthanide fission products within the fuel, it has been suggested that 

such a palladium addition could hinder FCCI, permitting the attainment of higher burnup in 

future fast reactor fuels.  

The concept of using additions like palladium to mitigate lanthanide migration relies on 

the formation of lanthanide-palladium compounds within the fuel. It is theorized that the 

formation of these getter products will immobilize the lanthanides to some degree and thereby 

forestall some of the effects of FCCI. This approach is analogous to the methodology for 
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reducing sensitization in stabilized grades of stainless steel. For example, Type 321 stainless 

steel is an austenitic stainless steel with a titanium addition. The purpose of the titanium in Type 

321 stainless steel is to act as a getter for carbon [Krauss 1989]. Due to the titanium content of 

this steel, sufficient amounts of carbon are bound up as TiC to prevent the formation of massive 

quantities of chromium carbides. This gettering behavior protects localized chromium depletion 

and associated sensitization issues [Krauss 1989].  

With respect to the issue of getters for metal fast reactor fuels, some experiments have 

been reported in the literature. In particular, experiments with iron-lanthanide/palladium (“Fe-

LnPd) type diffusion couples have given credence for the use of palladium as an alloy addition to 

combat FCCI [Egeland et al. 2013a, Egeland et al. 2013b]. Egeland and coworkers annealed 

diffusion couples made between pure iron and various palladium-doped lanthanide ingots. The 

work by Egeland and coworkers showed that palladium is indeed effective in producing 

intermetallic compounds with cerium and other lanthanides, which limits their interactions with 

iron. This conclusion gives credence to the concept of using getters in real fast reactor fuels, 

particularly palladium.  

The aforementioned research should be extended because this work by Egeland et al. was 

meant to be a preliminary test of the effectiveness of palladium as a getter. Thus the interactions 

in a real fuel alloy, such as the U-xM system (M=50Mo-43Ti-7Zr, wt. pct.) studied at CSM, 

remain unexplored. In the real fuel, alloy additions necessary for improving thermophysical 

properties and stabilizing the uranium body-centered cubic phase may inhibit palladium from 

forming getter products with cerium. For example, palladium may preferentially interact with 

molybdenum instead of cerium (one of the intended target lanthanides). Also, it is unclear to 

what extent palladium and cerium are able to migrate in a real fuel to come close enough for 
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getter product formation to occur. This uncertainty is important because of the solute segregation 

effects described in Section 5.1 which will produce a no uniform distribution of getter in the fuel.  

 

2.2.4 Gamma Phase Stabilization 

The swelling that occurs in a fuel during irradiation is greatly affected by the crystal 

structure of the fuel. For example, the swelling of uranium is anisotropic in the α and  phases 

but it is isotropic in the  phase. In view of this fact, the body-centered cubic  phase fuel alloys 

are preferred over the anisotropic α and  phases from the standpoint of increased dimensional 

stability over time [Lehman and Hills 1960].  

Several metastable phases including the body-centered cubic  phase have been reported 

in uranium at temperatures far below 772 °C, the equilibrium →  transformation temperature of 

pure uranium [Lehman and Hills 1960]. Significant research effort has been devoted to the 

development of these metastable body-centered cubic phases because of the radiation swelling 

behavior mentioned above. Such research has focused on the following high temperature body-

centered cubic alloy additions: molybdenum, zirconium, titanium, and niobium [Lehman and 

Hills 1960]. The study of these alloy additions has produced fuel alloys featuring  phase 

metastability even at room temperature and retention of this metastability for sufficiently high 

fission rates [Kittel 1964, Bleiberg 1959, Krieger 1960].  

Finally, it is important to note that the body-centered cubic crystal structure is inherently 

isotropic in regard to thermal expansion. This attribute is another reason that the body-centered 

cubic phase is sought after in the design of fuel alloys. 
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2.3 Metallic Fuel Alloy Systems 

Considerable effort has been devoted to developing new metal fuels for fast reactors, 

taking the concepts explored in the previous Sections into account. A significant portion of the 

research in this area has focused on slowing the aging of metal fuels, specifically the 

minimization of fuel-cladding chemical interactions. Other work in this field has aimed to 

engineer fuels with a higher melting point for the sake of performance. The other major goal of 

metallic fuel alloy development has been to improve the stability of the isotropic  phase of the 

fuel at lower temperatures. This Section summarizes the binary phase equilibria of the following 

elemental solutes in uranium: plutonium, molybdenum, titanium, and zirconium. A brief 

discussion of the ternary molybdenum-titanium-zirconium system is presented at the conclusion 

of the Section. 

 

2.3.1 Uranium-Plutonium System 

The concept of the “fast flux reactor” was reviewed in Chapter 1 and plutonium was 

mentioned as an important solute in fuels for said reactors. During fuel reprocessing, plutonium 

and other transuranic actinides, are reincorporated into fresh fuel. These transuranic constituents 

can then be “burned” due to the favorable fission cross sections of these nuclides in the energy 

spectrum of a fast reactor [Lamarsh and Baratta 2001]. This ability reduces the length of time 

that spent fuel must be stored because the half-lives of nuclides in the waste are significantly 

lower for the fission products of these transuranic constituents [Hofman and Walters 1991].   

With the importance of plutonium to metallic fast reactor fuels fact in mind, it is prudent 

to reflect on the uranium-plutonium phase diagram. Looking at the plutonium-uranium phase 
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diagram in Figure 2.2, there is a stark difference in the melting points of uranium and plutonium 

(1135 °C and 640 °C, respectively). 

 

 
Figure 2.2: The Pu-U phase diagram shows that plutonium (solute) has limited solubility in 

uranium and reduces the melting point of uranium [Okamoto 1996, Villars 2017]. 

 

 As the plutonium-uranium phase diagram shows, the melting point uranium alloys drops 

as plutonium is added. However, localized melting should be expected for as-cast uranium-

plutonium alloys due to solute segregation during solidification (see Section 5.1). Thus an as-cast 

U-20Pu alloy will exhibit a melting point near the melting point of plutonium. The melting point 

depression caused by plutonium is an issue for reactor fuel applications because it limits the 

operating temperature of the fuel and may result in melting during off-normal events. Therefore, 

it is desirable to add. 
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 Returning to Figure 2.3, the solubility of plutonium in uranium is approximately 25 atom 

percent at 702 °C. At lower temperatures (or higher plutonium contents) the microstructure will 

contain U0.4Pu0.6 intermetallic compounds in a uranium matrix. As already mentioned, this 

system is particularly likely to produce alloys with significant microsegregation due to solute 

segregation during solidification, and so isolated plutonium phases are also likely to exist in the 

fuel. This microstructural heterogeneity will result in non-uniform thermal and neutronic 

properties across the fuel microstructure. The heterogeneity of these properties have negative 

impacts on fuel performance and modeling efforts.  

 

2.3.2 Uranium-Molybdenum System 

 The uranium-molybdenum alloy system has received considerable attention in the fuel 

research community for its potential as a low-enriched, monolithic fuel for research reactors. 

Molybdenum has also been studied as an alloy addition for metallic fast reactor fuels. The phase 

diagram for the uranium-molybdenum system is shown in Figure 2.3. This phase diagram shows 

that there is a eutectoid reaction in the uranium-molybdenum system at a composition of 

approximately ten weight percent molybdenum (25 at. pct.).  

Figure 2.3 shows that the solidus temperatures of alloys in the uranium-molybdenum 

system rise with increasing molybdenum content. Increasing the solidus temperature of the fuel 

alloy is desirable because it increases the tolerable operating temperature of the fuel. This feature 

of the uranium-molybdenum system is particularly important when plutonium is included in the 

fuel because, as discussed in the previous subsection, plutonium strongly lowers the melting 

point of uranium. 
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Figure 2.3: Uranium-molybdenum phase diagram showing an intermetallic compound and a 

eutectoid reaction [H. Okamoto 1990, P. Villars 2017]. 

   

A study of the microstructural evolution of U-10Mo (wt. pct.) alloys (the eutectoid 

composition) concluded that microsegregation of molybdenum occurs during solidification of the 

alloy and that localized inhomogeneity can be significantly reduced by annealing as-cast alloys 

for 2 or 4 hours at 1000 °C [Clarke et al. 2015]. 

 Aside from raising the solidus temperature, molybdenum alloy additions also allow for 

the stabilization of the body-centered cubic phase of uranium ( ). For reasons discussed in 

Section 2.2.4, it is desirable to stabilize this cubic phase in metal fuel alloys. Molybdenum has 

been shown to stabilize the metastable body-centered cubic phase, thus making it a noteworthy 
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alloy addition for metallic fuel alloys [Sinha et al. 2010, Howlett, 1969, Tangri and Williams 

1961].   

 

2.3.3 Uranium-Titanium System 

 Much like molybdenum, titanium can be added to uranium to increase its melting 

temperature. As can be seen in Figure 2.4, titanium alloy additions greatly raise the solidus 

temperature of uranium.  

 

 
Figure 2.4: The Ti-U phase diagram, illustrating the effect of titanium alloy additions to uranium 

fuel alloys [Murray 1990, Villars 2017]. 

 

Figure 2.4 indicates that a titanium content of 10 atom percent results in a melting point 

which is approximately 150 °C higher than that of unalloyed uranium. Therefore, titanium is a 
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useful alloy addition for increasing the solidus temperature of metal fast reactor fuel alloys both 

with and without the inclusion of plutonium. Additionally, a body-centered cubic phase region 

extends across the entire titanium-uranium phase diagram. Thus titanium is a -U stabilizer. 

Indeed, titanium has been shown to be a useful alloy addition for promoting the metastable body-

centered cubic -U phase in many published research papers [Park 2007, Eckelmeyer and Zanner 

1976, Landau et al. 1986, Kimmel et al. 1986, and Bauer et al. 1958].  

 

2.3.4 Uranium-Zirconium System  

It was shown in Section 2.3.1 that plutonium significantly affects the phase stability of 

uranium fuel alloys. In particular, adding plutonium to uranium lowers the melting point of the 

alloy (compared to unalloyed uranium). This effect is undesirable since the melting point of the 

fuel impacts its behavior during transient events. Also, the fuel melting point dictates the 

maximum operating temperature of the fuel since the fuel must remain solid during operation. 

 While the melting point of an alloy can be lowered by adding some constituents, it can 

also be raised by adding other constituents. Therefore, the effect of plutonium on the fuel melting 

point can be compensated for by adding other alloy additions, which tend to raise the solidus 

temperature of the fuel alloy.  

Like molybdenum and titanium, zirconium has been explored as an alloy addition for the 

purpose of raising the melting points of uranium-based reactor fuel alloys [Walter et al. 1975]. 

This effect of zirconium on uranium can be seen in Figure 2.5, which shows that the melting 

point of uranium-zirconium alloys rises with increasing zirconium content.  
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Figure 2.5: The U-Zr phase diagram, which demonstrates the effect of zirconium on the melting 

point of metal fuels [Kurata et al. 1998, Villars 2017]. 

 

While zirconium fulfills a melting point elevation role similar to that of molybdenum and 

titanium, it is unique in its effect on FCCI. Zirconium has been singled out as a useful alloy 

addition for its ability to reduce the interaction between metal fuels and some cladding 

components, namely nickel and iron [Walter et al. 1975].  

The limited solubility of plutonium in uranium was discussed in Section 2.3.1 in terms of 

its negative effect on fuel properties. The Zirconium-plutonium phase diagram, shown in Figure 

2.6, indicates that there is extensive solubility between plutonium and zirconium. 
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Figure 2.6: The Pu-Zr phase diagram demonstrates the utility of Zr for stabilizing U-Pu alloys 

used as fast reactor fuels [Okamoto 1995, Villars 2017]. 

 

 The solubility between zirconium and plutonium makes zirconium a useful alloy addition 

for metallic fast reactor fuels in which plutonium will be bred throughout the life of the fuel.  

 

2.3.5 Uranium-Molybdenum-Titanium-Zirconium System 

 Given the reasoning laid forth in the preceding subsections, it is only natural that the 

combined effect of molybdenum, titanium, and zirconium alloy additions on uranium has 

received attention as an alloy addition to uranium. An isothermal phase diagram of the 

molybdenum-titanium-zirconium system is shown in Figure 2.7 from which it can be seen that 

there is an extensive body-centered phase cubic region. 



52 

 
Figure 2.7: Mo-Ti-Zr phase diagram at 600 °C. Compositions in the BCC region are promising 

as alloy additions to metal fuel alloys. [Prokoshkin and Zakharova 1967, Villars 2017]. 

 

 Studies of alloys in the quaternary uranium-molybdenum-titanium-zirconium system are 

intended to produce alloys with the advantages these all three alloying elements. The goal of 

such research has been to identify alloys which retain the metastable gamma phase at lower 

temperatures and remain solid at higher temperatures than conventional binary or ternary fuel 

alloys. The quantity of alloying elements is kept as low as possible to avoid lowering the fissile 

fuel density unnecessarily. 
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2.4  Binary Alloy Systems Relevant to Spent Fuels 

 Section 1.2 reviewed to topic of fission and introduced the concept of FCCI. While a full 

representation of a spent fuel using binary phase diagrams is not possible, it is useful to point out 

some of the key features of related binary systems. The following subsections explores three key 

systems: uranium-cerium, cerium-iron, and cerium-palladium. The information presented in the 

context of binary alloy systems are put to use in Chapter 7 to explain the features observed in the 

experimental data. 

 

2.4.1 Uranium-Cerium System 

As the solvent in real metal fuels alloys, various uranium-X binary systems (where X is a 

solute of interest relevant to real metallic fuel alloys) can prove useful for discussing the 

behavior of metal fuel alloys. While a number of different elemental solutes accumulate as 

fission products in a metallic fuel during burnup, the lanthanide fission products are the most 

important to FCCI (i.e. cladding wastage). Cerium in particular is a convenient solute to focus on 

due to its availability, price, and position relative to the peak of the fission product curve fro 

uranium (Figure 1.7). Furthermore, cerium is a metallurgical surrogate for plutonium and thus 

the behavior of cerium may provide an indication of the behavior of plutonium in the real fuel.  

Therefore, the uranium-cerium system can be used as an approximation of the lanthanide 

fission product behavior in metallic fuels. The lower end of the uranium-cerium phase diagram is 

of particular interest for the issue of spent fuel since cerium is a dilute solute in real fuel. The 

uranium-cerium phase diagram shown in Figure 2.8 is evidence that cerium is very insoluble in 

uranium. Even in -U, cerium shows less than 1 atom percent solubility.  
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Figure 2.8: The Ce-U phase diagram indicates that cerium is insoluble in uranium [Okamoto 

1990c, Villars 2017]. 

 

The limited solubility of cerium in uranium will result in the rejection of cerium from the 

solid state during solidification. The justification for this conclusion is provided in the discussion 

of solute segregation in Section 4.2.  

 

2.4.2 Cerium-Palladium System  

As introduced in Section 2.2.3, lanthanide fission product getters are a potential method 

for addressing the vulnerability of metal fuel alloys to FCCI. One candidate lanthanide getter 

addition is palladium, a platinum group metal. The relationship between palladium and 

lanthanide fission products is illustrated by the cerium-palladium phase diagram shown in Figure 
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2.9. Note that the phase diagram in Figure 2.9 is incomplete and the phase regions become 

discontinuous below about 50 atom percent palladium although two intermetallic compounds 

(Ce7Pd3 and Ce3Pd2) are shown in this region. 

 

 
Figure 2.9: The Ce-Pd phase diagram is incomplete, but provides insight into the behavior of 

palladium, a candidate lanthanide fission product getter. [Okamoto 1991, Villars 2017] 

 

For reasons which will be discussed in Section 5.6, the characteristics of the phase 

regions in the cerium-palladium phase diagram are important for the consideration of palladium 

as a getter in a real fast reactor fuel alloy. For now, notice that the CePd3 phase has the widest 

composition range and highest melting point of any known cerium-palladium intermetallic. 

These factors imply that the CePd3 intermetallic compound may be a particularly stable getter 

product compared to other phases presented in the binary cerium-palladium phase diagram (see 

Section 5.3). The premise for this suggestion is based only on the complete potion of the cerium-
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palladium phase diagram. Also, there is a deep eutectic reaction at approximately 84 atom 

percent palladium. 

The potential existence of unreported intermetallic compounds in the lower end of the 

cerium-palladium phase diagram is a possibility which may impact the performance of gettered 

fuel. The lanthanide fission product content will be lowest in the fresh fuel and the amount of 

unreacted getter (palladium) will be highest. Thus the unreported portion of the phase diagram is 

most important when considering the early life of the fuel.   

Near the end of the fuel life, the lanthanide fission product content of the fuel will reach a 

maximum. Depending on the initial getter content and maximum burnup of the fuel, the amount 

of cerium in the fuel may exceed that of the getter. At these extended lifetimes, the effects of the 

cerium-palladium eutectic near 84 atom percent palladium may become important. 

 

2.4.3 Cerium-Iron System 

The origin of the FCCI phenomenon can be studied in part from the features of the 

individual lanthanide-cladding constituent phase diagrams related to the fuel-clad system of 

interest. The lanthanide constituent varies according to the lanthanide of interest. For this thesis, 

cerium is considered as a mock lanthanide fission product to represent the behavior of all 

lanthanide fission products in the real fuel. Cladding (ferrous) constituents include iron, nickel, 

chromium, molybdenum, and manganese. For the purposes of this subsection, iron will be the 

focus of the discussion of FCCI because many real cladding alloys such as HT-9 are primarily 

composed of iron. The iron-cerium phase diagram shown in Figure 2.10 presents several 

interesting features relative to FCCI. Figure 2.9 shows that there is a deep eutectic at a 

composition of approximately 17 atom percent iron. 



57 

 

 
Figure 2.10: The Fe-Ce phase diagram, which shows a eutectic reaction at approximately 16 at. 

pct. iron [Su 2006, Villars 2017]. 

 

The eutectic reaction in the cerium-iron phase diagram results in a melting point of only 

592 °C. Since the operating temperature of a metallic fast reactor fuel is approximately 650 °C, 

FCCI can be expected between HT-9 cladding and metallic fast reactor fuels such as U-M 

(where M is a 50Mo-43Ti-7Zr weight percent alloy addition).  

 

2.4.4 Cerium-Nickel System  

Nickel is a comparatively minor component of some cladding alloys. For example, HT-9 

nominally only contains 0.6 weight percent nickel. However, nickel is present in greater amounts 
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in some other ferrous alloys commonly used as cladding for metal fast reactor fuels. The cerium-

nickel phase diagram in Figure 2.11 is important from the perspective of FCCI. 

 

 
Figure 2.11: The Ce-Ni phase diagram shows two deep eutectic reactions and several 

intermetallic compounds (Ce7Ni3 and CeNi) with low melting points (525 and 679 °C) [Xiong et 

al. 2007, Villars 2017]. 

 

The deep eutectic reactions at 21 and 38 atom percent (483 and 487 °C, respectively) 

indicate that nickel and cerium can interact to produce FCCI effects. Unlike the cerium-iron 

system, the cerium-nickel exhibits several low-melting intermetallic compounds at compositions 

of Ce7Ni3 and CeNi. The melting points of the Ce7Ni3 and CeNi intermetallic compounds (525 

and 679 °C, respectively) are near or below the operating temperature of the metallic fast reactor 

fuel and thus can result in localized melting and loss of cladding thickness. 
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It is also worth noting that the cerium-nickel alloy system is similar to the cerium-

palladium system due to the inherent similarities between nickel and palladium (both Ni and Pd 

are platinum-group metals and in the same series). Therefore, the complete phase diagram for 

cerium-nickel system can be used to infer general details about the missing portion of the 

cerium-palladium phase diagram. Caution must be exercised in correlating the features of the 

cerium-nickel phase diagram to the cerium-palladium diagram. For example, it can be stated 

with reasonable confidence that there is a eutectic reaction in the cerium-palladium system near 

20 atom percent nickel.  

Since the cerium-palladium system is crucial to the consideration of palladium as a 

lanthanide fission product getter (specifically considering cerium as representative of these 

products), it is worthwhile to explore the other cerium-lanthanide phase diagrams. 

 

2.4.5 Relationships Among Palladium-Rare-Earth Systems 

It was noted in subsection 2.4.2 that the cerium-palladium phase diagram is incomplete, 

with missing phase regions extending from 0 to approximately 50 at. pct. palladium. The concept 

of using related systems to infer the behavior of the cerium-palladium system in this incomplete 

region was introduced in subsection 2.4.4. Since the rare-earth elements are chemically similar to 

each other, it is reasonable to extend this concept to rare-earth-palladium (“RE-Pd”) systems. 

 To begin the exploration of RE-Pd systems, consider the neodymium-palladium system. 

The neodymium-palladium phase diagram in Figure 2.12 shows a deep eutectic at approximately 

17 atom percent neodymium. Based on this phase diagram, a similar reaction may occur in the 

cerium-palladium phase diagram. 
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Figure 2.12: The Nd-Pd phase diagram is similar to the Ce-Pd phase diagram and provides for 

estimation of the missing parts of the Ce-Pd phase diagram. [Okamoto 1992, Villars 2017] 

 

Note that there are several shared features between the complete neodymium-palladium 

and incomplete cerium-palladium phase diagrams. For example, both phase diagrams show an 

RPd3 intermetallic compound (where “R” denotes a rare earth element, in this case either cerium 

or neodymium). The NdPd3 and CePd3intermetallic compounds both have melting points, which 

are higher than any surrounding phases (1217 and 1437 °C, respectively). These two systems 

share a number of intermetallic compounds with common compositions including RPd, R3Pd4, 

and RPd5.  

In considering RE-Pd binary systems, it is interesting to look at the features of phase 

diagrams for systems where the rare earth constituent is a much higher atomic mass and number 

than cerium and neodymium. One such system, Pd-Tb, is shown in Figure 2.13. Note that the 
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palladium-terbium phase diagram shares some of the same features as the cerium-palladium and 

neodymium-palladium phase diagrams. Notably, the palladium-terbium system shows a 

Tb2.1Pd0.9 intermetallic phase. This phase is similar in composition to the analogous RPd3 

intermetallic compounds in similar binary systems. Also, there is a wide phase region near 75 

atom percent palladium which corresponds to other RPd3 intermetallic phase regions in the 

aforementioned RE-palladium systems. Finally, there is a eutectic reaction near 25 atom percent 

palladium in Figure 2.13. 

 
Figure 2.13: The Pd-Tb phase diagram, which shares common features with the incomplete 

palladium-cerium phase diagram [Okamoto 1994, Villars 2017]. 

 

Although not a lanthanide, yttrium is classified as a rare-earth element and shares similar 

chemical behavior to the elements in the lanthanum series. It is therefore sensible to compare the 

yttrium-palladium system shown in Figure 2.14 to the aforementioned lanthanide-palladium 
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systems. Figure 2.14 shows several of the common features noted for RE-Pd binary phase 

diagrams. The YPd3 phase region, eutectic reaction near 25 atom percent palladium, and 

Y2.1Pd0.9 phase are particularly noteworthy. 

 

 
Figure 2.14: The Pd-Y phase diagram. [Du et al. 2000, Villars 2017]. 

 

 The comparisons between the RE-Pd phase diagrams can be used to make a rough 

estimate of the missing region of the cerium-palladium phase diagram. In summary, there may be 

an unreported Ce3Pd intermetallic in the Ce-Pd system having a composition of 25 atom percent 

palladium. There is also likely a deep eutectic reaction near 20 atom percent palladium. This 

eutectic reaction results in a minimum melting point, which is hundreds of degrees lower than 

the melting point of pure cerium. The products of this hypothetical eutectic reaction would be 

cerium and Ce7Pd3 or the unknown Ce3Pd cerium-palladium intermetallic phase. 
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CHAPTER 3 

ALLOY THEORY OF METAL FUELS 

As evident from Chapter 2, there has been significant research focused on the 

development of fuel alloys with improved performance and safety characteristics. The design 

and fabrication of these metallic nuclear fuel alloys is guided by theoretical knowledge. More 

specifically; fuel design considers alloy behavior, metallurgical thermodynamics, and 

empirically derived relationships. Due to their importance in the research and development of 

metallic fuels, these topics (collectively referred to as “alloy theory”) will be the topic of the 

present Chapter. 

Beginning with the activity coefficient, this Chapter provides an outline of the pertinent 

theoretical knowledge and describes its relevance to the improvement of metal fuels. These alloy 

theory topics are applied in Chapters 8 and 9 when discussing the results of the thesis research.  

 

3.1 Activity and Activity Coefficient 

 The topic of metallurgical thermodynamics centers on several key quantities. One such 

quantity is the activity coefficient. This Section will define the activity coefficient and discuss 

how it relates to alloy theory. From this discussion, it will be shown that the activity coefficient 

( a) provides a description the behavior of alloy additions (solutes) in an alloy (solid solution). 

The activity coefficient will be described mathematically by relating it to the activity. 

 

3.1.1 Definition of Activity 

 Consider a hypothetical system consisting of two arbitrary constituents called “A” and 

“B.” Before mixing, there are bonds among A atoms and bonds among B atoms, but no bonds 
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between dissimilar atoms. After mixing, there will be bonds between A and B atoms. Thus when 

A and B are mixed, an energy change occurs in the system due to the breaking and formation of 

chemical bonds. At constant pressure, this energy change is represented by the Gibbs free 

energy. The Gibbs free energy change of component i (∆Gi) in an ideal solution upon mixing is 

expressed as: ∆ =      (3.1) 

where R is the ideal gas constant, T is the absolute temperature of the solution, and χi is the atom 

fraction of component i in the solution. However, Equation 3.1 only holds true for an ideal 

solution in which components have no tendency to preferentially associate with either same or 

dissimilar species. In a real solution, there will be a greater tendency for one type of bonding to 

occur over the other. For a non-ideal solution, a new factor must be introduced. This factor is 

called the “activity” of constituent i, ai,, which is given as: = �      (3.2) 

where i is the activity coefficient for component i, and Xi is the atom fraction of component i 

[Porter and Easterling 1992]. 

The chemical potential of constituent i, i, is the partial molar quantity of the Gibbs free 

energy with respect to composition (∂G/∂ni) and can be written as:  

  =  +      (3.3) 

where 0 is the chemical potential of constituent i at a reference (i.e. “standard”) state, R is the 

ideal gas constant, and T is the temperature.   

 The activity of a constituent in a solution indicates the direction and magnitude of the 

non-ideal solution’s departure from the behavior of an ideal solution. When the activity is greater 

than the atom fraction, the attraction between like components is greater than that to dissimilar 
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species. This behavior is a positive deviation from ideality. Conversely, when the activity is less 

than the atom fraction, dissimilar species in the solution will interact with each other more often 

than like components. The activity coefficient corrects the activity for the specific environment 

surrounding the solute in solution. 

 With the activity defined and described, the next subsection deals with the behavior of 

the activity coefficient for a constituent in a solution.  

   

3.1.2 Activity Coefficient Behavior 

 The activity quantity defined in the previous subsection is not independent of 

composition. The activity coefficient describes the influence of the neighboring atoms in the 

solution. However, the activity coefficient is only constant for Henrian solutions and thus ai is 

dependent upon composition and its behavior changes with composition as illustrated in Figure 

3.1.  

 
Figure 3.1: Illustration of the behavior of ai in a hypothetical, non-ideal solution. 
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 Figure 3.1 illustrates the nature of the behavior of the activity coefficient. Notice that 

three regions are defined in Figure 3.1. Solutions in the Henrian region obey Henry’s law, which 

states: � = � =       (3.4) 

Similarly, solutions in the Raoultian region obey Raoult’s law, which states: � = � =        (3.5) 

 The behavior of the activity coefficient in the intermediate (i.e. “concentrated solution”) 

region cannot be reliably predicted [Swalin 1962]. 

 The Henrian region can be said to extend to a solute concentration of up to about 8 atom 

percent. The Raoultian region can be said to extend from a solute concentration of  0 to about 90 

atom percent [Porter and Easterling 1992]. 

 Note that the activity coefficient can be used to infer the behavior of the solute and 

solvent in solution..An activity coefficient greater than unity indicates solvent-solute repulsion. 

Conversely, an activity coefficient less than unity indicated solute-solvent attraction.  

 Based on this discussion, the activity coefficient can be deemed a representation of the 

“neighborhood” experienced by the solute. In the hypothetical alloy of species “A” and “B,” the 

activity coefficient provides insight into whether A atoms preferentially associate with B atoms 

or other A atoms. 

 Two cases are of interest; solute-solvent repulsion and attraction. These two cases 

correspond to eutectoid and intermetallic formation, respectively. Both of these behaviors have 

consequences for the effect of the alloy addition on the alloy. The next objective of this Chapter 

is to attempt to predict this alloy behavior in terms of solubility. 
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3.2 Rules for Solubility 

 Returning to the hypothetical A-B system used earlier, there are three possible 

interactions between solute and solvent. The solute (B) may be soluble in the solvent (A) and 

form a solid solution. If the solute is not soluble in the solvent, then two different types of 

behavior are possible. This situation will result in either the formation of AxBy compounds or 

segregation of A and B into separate phases. These three different results (solid solution, eutectic 

reaction, and intermetallic compound production) have different effects on the thermal, chemical, 

and mechanical properties of the alloy. Thus the exploration of potential alloy additions for new 

alloys must take solubility into consideration. This conclusion holds true for the metallic reactor 

fuel alloys which are the subject of this thesis. 

 The importance of solubility to reactor fuels is readily apparent in the issues discussed in 

Chapter 2. In particular, recall that fission products accumulation in the fuel contributes to FCCI. 

For metallic fast reactor fuel alloy research, the host metal of interest is uranium. As described in 

Chapter 2, potential alloy additions include molybdenum, titanium, zirconium, and palladium. 

Some of these potential alloy additions have poor solubility in uranium, which limits their 

practicality in cases where a solid solution is desired. Tools for the rapid prediction of the 

behavior of potential alloy additions are therefore valuable in the development of metallic fuel 

alloys. 

This section will outline the key aspects of the theory of solubility. In particular, a brief 

history of the rules for predicting solubility will be introduced. This introduction to solubility 

rules will lead to a discussion of graphical tools for predicting solute solubility and alloy 

behavior in Section 3.3.  
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3.2.1 Hume-Rothery Rules 

 Hume-Rothery, a pioneer in the field of alloy theory in the 1λγ0’s, published results from 

a series of experiments which eventually led to the proposal of a set of rules for solubility. Since 

these relationships are attributed to Hume-Rothery, they are collectively referred to as the 

“Hume-Rothery rules” [Gschneidner 1980]. 

The first of the Hume-Rothery rules deals with the relationship between the ratio of 

solute to solvent sizes and solubility. This so-called “size factor” comes from the observation 

that the relative size of the solute atom compared to the solvent atom directly relates to the 

solubility of the solute. In considering the size factor, solutes are divided into two classes. 

Solutes with “extensive solubility” in the solvent are defined as those which for which more than 

five atomic percent solute enters solution. “Limited solubility” is defined as less than five atomic 

percent solute in solution. Hume-Rothery found that extensive solubility is limited to solute-

solvent pairs in which the difference between the atomic radii solvent and solute is less than 15 

atom percent. Based on empirical studies, Hume-Rothery suggested that this 15 percent value 

represented the lower limit on extensive solid solubility. Using this size factor approach, a 

difference greater than 15 percent suggests limited, but not zero, solubility. 

 Hume-Rothery also recognized that there exists a similar relationship between 

electronegativity and solubility [Hume-Rothery and Christian 1945]. This “electronegative 

valence effect” has two implications. Firstly, when the difference in electronegativity is small, 

the interaction between solute and solvent is weak. For such cases solubility is limited. However, 

compound formation becomes likely when the electronegativity is large. The second Hume-

Rothery rule concerns this “electronegative valence effect” and became more effective with the 
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advent of the Pauling electronegativity scale. The Pauling electronegativity scale uses the 

following equation to the calculate electronegativity of a given element: = . + + .      (3.6) 

where φ is the electronegativity in Pauling electronegativity scale units, v is the valence, and r is 

the single-bond covalent radius. The use of the Pauling electronegativity scale in conjunction 

with the aforementioned electronegative valence effect allow for solubility predictions based on 

known constants. 

The third Hume-Rothery rule concerns the difference between solute and solvent 

behavior for a given pair of elements. This rule states that, all that other things being equal, the 

chemical species with the lower valence is usually better able to dissolve the species of a higher 

valence [Hume-Rothery and Mabbott 1934]. Put another way, the lower valence component of a 

system is the superior solvent. However, it was later showed that this proposed “relative valency 

effect” only applied to 55 percent of the systems he studied and so this rule is no longer widely 

accepted [Gschneidner 1964].  

Finally, a fourth solubility rule concerning role of the crystal structure of the solute and 

solvent in determining solubility is also commonly included in the list of Hume-Rothery 

solubility rules. This fourth rule stipulates that the crystal structures of the solute and solvent 

must be similar for solubility to occur.  

The interrelationships among solute/solvent size, electronegativity, crystal structure and 

solubility as identified by the Hume-Rothery rules are not an isolated discovery. In fact, there 

exist a number of correlations between physical properties including thermal expansion 

coefficients, melting points, entropies of fusion, and Grüneisen constants [Gschneidner 1964]. 

Given these relationships, it is not surprising that other solubility rules have been made which are 
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similar to those rules set forth by Hume-Rothery. One such set of solubility rules are the 

“Miedema rules.” 

 

3.2.2 Miedema Rules 

 Andries Miedema created a method by which solubility can be predicted by comparing 

the electron concentration and work function of the solute to that of the solvent [A. Miedema et 

al. 1975]. This method is based on the following “Miedema rules” for solubility: 

1. If the difference in work function is greater than 0.48 times the difference in 

electron concentration, then the solute and solvent readily alloy. 

2. If the difference in work function is less than 0.48 times the difference in electron 

concentration, then the solute and solvent do not form a compound. 

3. Intermetallic compounds form when the enthalpy of mixing is negative. 

4. A eutectic may form when the enthalpy of mixing is positive. 

  

 The following equation was developed by Miedema et al. and is used to calculate the 

enthalpy of mixing for rules 3 and 4: 

∆ = − ∆ ∗ + ∆ −    (3.7) 

where P, Qo, and r are constants, e is the elementary charge of the electron, ∆φw
* is the difference 

in the work function, and ∆nws is the difference in electron concentration of the Wigner-Seitz cell 

[Miedema et al. 1975, Wigner and Seitz 1934]. Using the Miedema rules outlined above, it is 

possible to assess the solubility of solvent-solute pairs. Such predictive tools are the subject of 

the next Section. 
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3.3 Predicting Solubility 

 The solubility rules described in the prior Section can be used to create predictive tools 

for quickly judging solutes. These tools are the subject of this Section. One of the early methods 

for predicting solubility was developed by Darken and Gurry in the 1λ50’s [Gschneidner Jr., 

1980]. Modifications to this tool were proposed by Waber which added new functionality to the 

Darken and Gurry diagram [Waber et al. 1963]. This Section will conclude with an introduction 

to the Meidema-Chelikowski diagram which can be used with an overlay to permit further 

analysis of the behavior of the solute.   

 

3.3.1 Darken and Gurry Diagram 

Darken and Gurry quantified the Hume-Rothery electronegativity rule by establishing an 

upper limit on the electronegativity difference resulting in extensive solubility [Gschneidner Jr. 

1980]. This maximum difference was set as 0.5 electronegativity units on the Pauling scale. If 

the electronegativity difference for a given solvent-solute pair exceeds 0.5, then extensive 

solubility is not predicted by this model. Darken and Gurry’s upper bound on electronegativity 

difference was combined with the Hume-Rothery size factor to form the basis for a useful 

solubility prediction tool referred to as the “Darken and Gurry diagram.” 

 To construct this diagram, Darken and Gurry plotted the electronegativity (ordinate) as a 

function of the ionic radius (abscissa) for a variety of elements. An ellipse centered on the 

solvent, with width and height correlating to the limitations discussed above, delineates solutes 

with extensive predicted solubility. Solutes which fall within the ellipse are predicted to exhibit 

extensive solubility in the given solvent at the center of the ellipse. Conversely, solutes falling 

outside the ellipse are predicted to have limited solubility. The choice of solvent is based on the 
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position of the ellipse. The resulting Darken and Gurry diagram for uranium is shown in Figure 

3.2.  

 

Figure 3.2: The Darken and Gurry diagram for -U showing soluble solutes (within the ellipse). 

 

The Darken and Gurry diagram shown in Figure 3.2 can be used to predict the solubility 

of various solutes in uranium. When applied to metallic fuel research, the diagram in Figure 3.2 

provides a means for categorizing potential alloy additions as showing promise for limited or 

extensive solubility. Using the Darken and Gurry diagram, it is also possible to visually ascertain 

the solubility of fission products in uranium. These predictive capabilities make the Darken and 

Gurry diagram quite useful for considering both FCCI and the getter approach to dealing with 

this issue. 

 Using the Darken and Gurry diagram, the solubility of various fission products, cladding 

components, and potential fuel alloy additions in uranium can be summarized as in Table 3.1. 
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The data presented in Table 3.1 are based on an analysis of U-M fuel alloys performed at CSM 

by Van Blackwood [Blackwood 2014]. 

 

Table 3.1: Solubility of select solutes in gamma uranium based on Darken and Gurry diagram 

[Blackwood 2014]. 

Element 
Percent solubility in γ uranium 

(at. pct.) 

Zr 100 

Ti 100 

Mo 42 

Fe <1 

Cr 4 

Ni 2 

La <1 

Ce <1 

Nd <1 

 

As can be seen from Table 3.1, titanium and zirconium are predicted to have high 

solubility in uranium based on the Darken and Gurry diagram. This prediction applies to the 

gamma phase of uranium, which Chapter 2 revealed exists as a metastable phase below 772 °C. 

Although the Darken and Gurry diagram is a useful tool for predicting solubility, it is 

difficult to use for some solutes. For example, solutes lying on or near the ellipse boundary are 

difficult to categorize as having either limited or extensive solubility. The Darken and Gurry can 

be made more useful for such border solutes by refining the ellipses. One such refinement, 

named after J. T. Waber, provides a method for determining the position of the solute relative to 

the ellipse [Waber et al. 1963]. 

 

3.3.2 Waber Modifications 

 Using the aforementioned definitions for extensive and limited solubility (above or below 

five atom percent solute in solid solution, respectively), Waber and coworkers compared 

empirical data for 1455 binary systems to the predictions of the Darken and Gurry diagram 
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[Waber et al. 1963]. This analysis revealed that the Darken and Gurry diagram results in an 11.6 

percent improvement over the use of the size factor alone [Gschneidner Jr., 1980]. Furthermore, 

the accuracy of the Darken and Gurry diagram in predicting the solubility of various elements 

was ninety percent for limited solid solutions but only fifty percent for extensive solid solutions. 

To address the limitations of the Darken and Gurry diagram, Waber et al. proposed 

modifications which result in an improvement in the reliability of the method for solutes which 

lie at the edges of the ellipse [Gschneidner Jr., 1980]. To understand these modifications, it is 

helpful to reconsider the Darken and Gurry diagram. Recall from the prior subsection that the 

ellipse on the Darken and Gurry diagram represents the boundary between extensive and limited 

solubility. The most direct approach to integrating the first two Hume-Rothery solubility rules 

would be to draw a rectangular box on the plot of electronegativity as a function of atomic 

diameter instead of an ellipse. In keeping with the Hume-Rothery rules, such a box would have a 

width along the abscissa of fifteen percent of the solute atomic diameter and a height along the 

ordinate of 0.5 units. However, such a simplistic construction does not take into account the 

combined effect of these two rules and implicitly considers them to be mutually independent in 

regard to their impact on solubility. Therefore, the ellipse shape is used in the Darken and Gurry 

diagram to approximate the simultaneous interaction of the two parameters and their impact on 

solubility [Gschneidner Jr., 1980]. The use of an ellipse more accurately reflects real solubility 

behavior, but some difficulties arise in the construction of the ellipse, especially with respect to 

borderline solutes. 

 Waber’s solution to the above problems was twofold. First, Waber developed the 

“Darken-Gurry-Waber ratio” which is a mathematical construct used to determine whether or not 

a given solute lies inside or outside the ellipse on the Darken and Gurry diagram. When the ratio 
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is less than or greater than unity, the solute lies inside or outside of the ellipse. When the ratio is 

exactly unity, the solute lies on the ellipse line. 

 Waber’s second solution to the aforementioned issues was use of a second ellipse nested 

inside the original ellipse in the Darken and Gurry diagram [Gschneidner Jr., 1980]. Waber’s 

ellipse was identical in shape to the standard ellipse, but fifty percent smaller. Solutes which fall 

within the smaller ellipse are predicted to exhibit extensive solubility and elements outside the 

larger ellipse are predicted to exhibit limited solubility. Solutes which are outside the smaller 

ellipse but inside the larger ellipse are predicted to have intermediate solubility. 

 

3.3.3 Gschneidner Rules 

 Although Gschneidner did not find evidence supporting the third of the Hume-Rothery 

solubility rules (the “valence effect”), he did show that there is a correlation between the 

configuration of the valence electrons of the alloy components and the solubility of the solute. 

The analysis of electron configurations for solute-solvent combinations by Gschneidner led to 

the series of rules for the usage of the Darken and Gurry diagram. These rules are listed in Table 

3.2 below. As seen in Table 3.2, the Darken and Gurry diagram can only be used in an 

uninhibited manner when both the solute and solvent are d-shell elements. 

 

Table 3.2: Solubility of potential alloy additions based on Gschneidner rules [Gschneidner and 

Verkade 2004].  

 d-shell solute sp-shell solute 

d-shell solvent Darken and Gurry diagram is valid Limited solid solution 

sp-shell solvent 
Darken and Gurry valid for common 

metallic crystal structures 

Darken and Gurry diagram is valid 

if shared metallic crystal structure 
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 For systems in which the solute and solvent are not both d-shell elements, the conclusions 

drawn from the Darken and Gurry diagram are unreliable. However, there are other tools 

available for the prediction of solubility which can be used to boost confidence in results yielded 

by the Darken and Gurry diagram. These tools will be described in the following subsection 

which will show that it is possible to infer solubility and alloy behavior of various solutes in a 

given solvent. 

 

3.3.4 Miedema-Chelikowsky Diagram 

 At the end of Section 3.2.1 it was mentioned that the Hume-Rothery rules were not to 

only possible considerations for solubility and that various correlations exist between physical 

properties and solubility. In Section 3.2.1 an alternative set of solubility rules was described 

called the “Miedema rules.” Based on these rules, a graphical representation of solubility can be 

constructed as a supplement or alternative to the Darken and Gurry diagram. The result, the 

“Miedema” diagram, is a plot of the work function (φ) and electron concentration in the Wigner-

Seitz cell (nws) for solute elements in a specified solvent [Miedema et al. 1975].   

 In the “Miedema-Chelikowsky” diagram, an ellipse encompasses the solutes which are 

predicted to form substitutional solid solutions (solubility greater than five atomic percent) with 

the solvent. The Miedema-Chelikoski diagram for -U is shown in Figure 3.3. Note that the 

Miedema-Chelikowski diagram shown in Figure 3.3 offers different predictions from the Darken 

and Gurry diagram shown previously. For example, the former diagram predicts limited 

solubility for molybdenum in uranium while the latter predicts extensive solubility.  
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Figure 3.3: Miedema-Chelikowski diagram for selected elements in uranium [Blackwood 2014]. 

 

  The electron concentration term (Nws) merits further discussion because of its importance 

to the Miedema diagram. The discontinuity in the density of electrons at the boundary between 

dissimilar Wigner-Seitz cells is correlated to compressibility and molar volume. This relationship 

is written as: =       (3.6) 

where B is the bulk modulus (in units of 104 bar) and Vm is the molar volume of the pure metal. 

Miedema has created tables of the values of nws for solid solution metallic elements [Miedema et 

al. 1975]. 

Although both the Darken and Gurry diagram and the Miedema diagram can be utilized 

to predict solubility, the latter diagram can be used to gain additional insight into alloy behavior. 

 When enthalpy of mixing (∆Hmix) curves are overlaid on the Miedema diagram, the 
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propensity for the formation of intermetallic compounds or eutectoid structures can be inferred.  

Figure 3.4 shows the Miedema diagram for gamma uranium with overlaid ∆Hmix (enthalpy of 

mixing) curves. 

  

 
Figure 3.4: The Miedema diagram for select elements in  uranium with ΔHmix overlay. The 

ΔHmix curves are drawn at approximately ±4 kJ/mol [Blackwood 2014]. 
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Figure 3.4 can be used to predict the behavior of solutes in uranium (i.e. intermetallic or 

eutectic formation). The region within the red “X” shaped-outline created by the heat of mixing 

lines in Figure 3.4 indicates the region of highest solubility where ∆Hm is near zero. As can be 

seen in Figure 3.4, palladium is not expected to be highly soluble in uranium. This result is in 

agreement with the Darken and Gurry diagram. Furthermore, the diagram shown in Figure 3.4 

predicts that palladium forms an intermetallic compound with uranium, which could interfere 

with it acting as a lanthanide fission product getter in the manner described in Section 2.2.3. 
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CHAPTER 4 

METTALURGICAL THERMODYNAMICS AND KINETICS OF FUELS 

 This Chapter will discuss several aspects of metallurgical thermodynamics and kinetics 

relevant to this thesis project. The fundamentals discussed herein include the thermodynamic 

requirements for phase stability, the implications of the heat of mixing on alloy behavior, and 

fundamentals of the theory of nucleation and growth. These topics are particularly important for 

metallic fuel alloys due to the advantages of the metastable cubic -U phase as well as the 

negative effects which arise from cyclic phase transformation of the fuel.  

 The effectiveness of the getter approach to hindering FCCI is similarly reliant upon these 

thermodynamic considerations. The behavior of palladium (solute) in uranium (solvent) will 

affect its effectiveness as a lanthanide fission product getter. The first topic to be discussed in 

this Chapter is that of phase stability. 

 

4.1 Phase Stability 

 As discussed in Chapter 2, one approach to forestalling FCCI in metallic fuels is to add 

an alloy addition to the fuel which acts as a lanthanide getter. The effectiveness of the getter 

hinges upon its ability to form a stable product (i.e. an intermetallic compound) with the 

lanthanide fission product. Therefore, this solution to the problem of FCCI in metallic fuels is 

predicated upon phase stability. If a candidate getter product does not form a thermodynamically 

stable phase with the target lanthanide fission product, then its potential efficacy as a getter is 

poor. This Section will introduce the thermodynamic concept of free energy to provide a 

framework for considering the stability of getter products.  
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4.1.1 Free Energy 

 The thermodynamic quantity called the “Gibbs free energy” (∆G) is used to ascertain the 

stability of a given phase (under constant pressure). The general form for the free energy is given 

below in equation 4.1:  

 ∆ = ∆ − ∆      (4.1) 

where ∆H is the enthalpy of the transformation, T is the temperature of the system, and ∆S is the 

associated entropy change. Note that the sign of the free energy for a phase transformation 

indicates the thermodynamic favorability of the transformation. If ∆G is positive, then the 

transformation will not proceed. Conversely, if ∆G is negative then the transformation will 

proceed (assuming a negligible activation energy barrier).  

 Consider the solid state phase transformations of uranium discussed in Chapter 1. Recall 

that uranium undergoes solid state phase transformations at 772 °C and 663 °C. Thus ∆Gα→  and 

∆G →  are negative above these respective temperatures. Upon heating uranium to 663 °C, the  

-T∆S term in the equation for the Gibbs free energy decreases to the point that a rearrangement 

of the atoms into the tetragonal structure of the  phase is energetically favorable. The 

rearrangement of the crystal structure has a corresponding entropy change. The entropy change is 

expressed by the Boltzmann equation: ∆ =  �      (4.2) 

where kB is the Boltzmann constant and Ω is the number of possible arrangements or 

“microstates” for the system. 

 Free energy calculations can be performed for simple, well-defined systems with 

complete data sets. However, the calculation of free energies for complicated, ill-described 

systems like those approximating spent metallic reactor fuel alloys is exceedingly difficult. 
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Nevertheless, useful information can be gleaned by paring these systems down to study only two 

components. For work focused on engineering gettered fuel alloys, it can be helpful to focus on 

only the getter and the fission product. Clearly the limited scope of such study is no substitute for 

experimental work using real alloys and eventual irradiation experiments. 

 

4.1.2 Enthalpy  

As discussed in Section 4.1, phase transformation is favorable whenever the free energy 

change is less than zero. Since this thesis is focused on the nature of the products formed 

between the fuel and cladding, it is prudent to discuss the significance of the sign of the heat of 

mixing (∆Hmix). The sign of ∆Hmix is related to the bonding occurring in the system. Consider a 

hypothetical system composed of two constituents, “A” and “B.”  A negative heat of mixing 

indicates that dissimilar atoms to bond forming a product. To put this outcome another way, the 

bonding between A and B is more favorable than that among either A or B atoms. The product 

formed in this binary system is called an “intermetallic”. In some cases, the intermetallic formed 

in a given system is truly a compound, existing only in a narrow compositional range 

corresponding to the stoichiometry dictated as stable by thermodynamics.  

 In converse instance, the heat of mixing may be positive for the hypothetical A-B system. 

In this case, bonding between dissimilar atoms is not thermodynamically favorable. Thus 

bonding between A and B atoms is not favorable. Systems and conditions favoring a positive 

∆Hm leave microstructural evidence due to eutectic or eutectoid reactions. In these reactions, one 

phase transforms into two different phases.  

 To correlate the discussion of the heat of mixing to metal fuels, consider the uranium-

titanium phase diagram (Figure 2.4, subsection 2.3.3). This phase diagram shows that a uranium-
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titanium intermetallic compound forms at a composition of 66 percent uranium (at. pct.). The 

U2Ti phase is truly an intermetallic compound (“line compound”) because it exists in a narrow 

range stoichiometry. The U2Ti is indicative of a negative ∆Hmix (uranium and titanium atoms 

interact with each other more than like species).  

Similarly, the cerium-palladium phase diagram (Figure 2.9, subsection 2.4.2) exhibits a 

number of intermetallic compounds. Thus the heat of mixing for palladium and cerium is 

negative and getter product intermetallic compound can form in alloys containing cerium and 

palladium. Contrary to the uranium-titanium system, the cerium-palladium system exhibits a 

CePd3 phase which is an intermetallic compound with a with phase region in which the solute 

(Pd) content ranges from approximately 74.5 to 76.5 percent (at. pct.). Note that the melting 

point of an intermetallic compound is related to ∆Hmix. Thus, the relatively high melting point of 

the CePd3 intermetallic (1437 °C) suggests that it exhibits stronger bonds that its neighbors 

which melt at lower temperatures. These feature are likely to be important to the ability of the 

palladium gettered fuel alloy resist the effects of irradiation as discussed in Section 5.6.  

On the other hand, the cerium-iron phase diagram (Figure 2.8) features a deep eutectic 

reaction at approximately 16 percent iron (at. pct.). This eutectic reaction is a result of the 

tendency of cerium and palladium atoms to interact with their own species (i.e. positive ∆Hmix). 

 

4.2 Nucleation and Growth 

Although the rate of the phase transformation is outside the realm of thermodynamics, the 

kinetics of phase transformation deserves some discussion. This Section will provide a 

discussion of phase transformation in terms of nucleation and growth. 
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 The Johnson-Mehl approach to nucleation and growth treats nucleation and growth as 

continuous processes. The constant rates for nucleation and growth are expressed as I and G, 

respectively [Cahn 1970]. The Johnson-Mehl approach assumes that both nucleation and growth 

occur continuously throughout the system, and the expression for the fraction transformed, X, is 

written as:   = − exp − �
    (4.3) 

where I is a nucleation constant, G is a growth constant, and t is time. 

 The above equation yields a sigmoid curve when the volume fraction is plotted with time 

(logarithmic scale). Equation 4.3 can be greatly simplified through the use of a constant, K, 

which combines both the nucleation and growth rate functions using a simple time-dependence 

tn. This simplified theory (called the “Johnson-Mehl-Avrami” approach), is expressed 

mathematically as: = − exp −      (4.4) 

where n is a constant which varies with the combined nucleation and growth mechanism. The 

value of n can be determined through careful assessment of experimental data. This analytical 

approach can be applied to nuclear fuels through numerous well-designed transport experiments. 

The results can further characterize the mechanism of the gettering reaction between palladium 

and cerium and be used to describe microstructural evolution of the fuel. Some general 

relationships for n are given below for reference. Note that the determination of the value of 

exponential constants for gettered metallic fuel alloys is well beyond the scope of this thesis, but 

the values in Tables 4.1 and 4.2 illustrate their importance to nucleation and growth.  
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Table 4.1: Values of n for Johnson-Mehl-Avrami equation given polymorphic changes, 

discontinuous precipitation, eutectoid reactions, and interface controlled growth. [Cahn 1970] 

Condition n 

Increasing nucleation rate >4 

Constant nucleation rate 4 

Decreasing nucleation rate 3-4 

Zero nucleation rate (saturation of point sites) 3 

Grain edge nucleation after saturation 2 

Grain boundary nucleation after saturation 1 

 

Table 4.2: Values of n for Johnson-Mehl-Avrami equation given diffusion-controlled growth. 

[Cahn 1970] 

Condition n 

All shapes growing from small r, increasing 

nucleation rate 

>2 ½ 

All shapes growing from small r, constant 

nucleation rate 

2 ½ 

All shapes growing from small r, decreasing 

nucleation rate 

1 ½-2 

½ 

All shapes growing from small r, zero nucleation 

rate 

1 ½ 

Growth of particles of appreciable initial volume  1- 1 ½ 

Needles and plates of finite long dimensions small 

in comparison to separation  

1 

Thickening of long cylinders (needles)  1 

Thickening of very large platelets  ½ 

Precipitation on dislocations  ~½ 

 

 The application of nucleation and growth theory to calculate values of k and n for the 

problem of FCCI in metallic nuclear fuel alloys is beyond the scope of the present thesis project. 

Experiments on metallic fast reactor fuel surrogates can not be performed at high temperature to 

accelerate the process due to melting as predicted by the relevant binary phase diagrams. The 

low temperatures used for annealing these materials means that annealing times must be long. 

Furthermore, the phenomena described in Chapter 6 will make it treacherous to apply any 

experimentally obtained values for k or n from simulated nuclear fuels to real fuel alloys. 
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4.2.1 Solidification 

 Species can migrate freely in the liquid state, but diffusion in the solid state is far slower. 

Interactions between atoms are far stronger in the solid state than the liquid. As a result, the local 

composition of a solid can differ appreciably from that of the liquid. Thus the transformation 

from the molten state to the solid state is a unique case of phase transformation which deserves 

special coverage. Consider the hypothetical A-B phase diagram illustrated in Figure 4.1. 

 
Figure 4.1: A hypothetical binary system with a prominent eutectic reaction. 

  

 Figure 4.1 shows that the solubility between A and B is such that the liquid state is all 

one phase. However, there is limited solubility in the solid state, so solute atoms are rejected 

from the solid during solidification. This phenomenon, called “solute segregation,” can be 

quantified by the solute segregation coefficient, k, as follows:  = /      (4.5) 

where cS and cL are the compositions of the solid and liquid, respectively at the temperature of 

interest. Two classes of solute segregation can be defined. When k is greater than unity (k>1), the 

solute tends to be incorporated into the solid and the solute content of the nearby liquid is 
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depleted. When k is less than unity (k<1), the solute tends to be rejected from the solid and the 

solute content of the nearby liquid is enriched. [Flemings 1974]  

The accumulation of solute in the liquid near the solidification front (k<1) changes the 

melting point of the liquid. Increasing the solute content increases the melting point of the liquid. 

This phenomenon is called “constitutional undercooling.” Because of constitutional 

undercooling, any small perturbation of the solid-liquid interface intrudes into liquid possessing 

a higher local melting point. Consequentially, the solidification occurring at the perturbation 

experiences a higher degree of undercooling and therefore faster growth. This phenomenon is 

responsible for the formation of branching, tree-like solidification features called dendrites. 

Dendrites are possible for pure systems, but are particularly likely to form when an alloy 

solidifies due to the constitutional undercooling effect. 

 Solute segregation carries important consequences for alloy solidification and thus the 

behavior of gettered metal fuels. For simple binary systems, the value of k can be determined 

from the phase diagram, but the situation is much more complicated for multicomponent systems 

with more than two constituents. Therefore, the behavior of palladium is difficult to predict and 

experimental data from one fuel alloy system can not be freely applied to different fuel alloys. 

If palladium is rejected from solution during solidification, then palladium will be locally 

concentrated. As solidification reaches its conclusion, the dendrites impinge upon each other and 

the region between them becomes increasingly enriched. In this case, the getter palladium will be 

non-uniformly distributed across the fuel. Local enrichment of palladium (getter) content will 

necessitate that the getter and/or lanthanide fission product migrate to interact with each other.  
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CHAPTER 5 

DIFFUSION IN METALLIC FUEL ALLOYS 

In Chapter 4, several concepts of diffusion theory related to metallic fuel alloys are 

presented. As described in Chapter 2, lanthanide fission products have been observed to migrate 

to the fuel exterior where they can interact with the cladding and cause cladding wastage. This 

wastage is one aspect of the FCCI, a phenomenon which is necessarily dependent upon diffusion. 

It is clear that FCCI will be affected by the rate at which the lanthanide fission products are able 

to migrate to the cladding. Any limitation of this diffusion process has the potential to slow the 

progression of FCCI and thereby forestall some of the negative effects of aging in the fuel 

element. Since diffusion plays such an important role in the FCCI phenomenon which is the 

topic of this thesis, it must be understood. 

Chapter 5 begins with a description of the fundamental mathematical basis of diffusion; 

Fick’s first law and introduces the concept of the diffusion coefficient and correlated walk.  

 

5.1 Fick’s Diffusion Law 

The mathematical theory of diffusion is largely based on the work of Adolf Fick [A. Fick 

1855]. Fick’s work led to “Fick’s Law,” an expression which models the migration of 

components due to concentration gradients (experimentally measurable features). Fick’s first law 

represents steady state diffusion (i.e. flux, J) as: = −      (5.1) 

where dC/dx is the concentration gradient. Fick’s second law states that the divergence of the 

flux gives the following equation for the accumulation of a species. 

  = − � =      (5.2) 
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A more fundamental derivation of Fick’s law begins with the following definition of 

atomic flux (J): =       (5.3) 

where c is the concentration of the species (i.e. the number of atoms per unit volume) and v is the 

velocity of the migrating species (i.e. the average velocity of a migrating atom) [Shewmon 

1989]. Note that the units for c and v are atoms per unit volume and length per unit time, 

respectively. Thus the product of c and v has the appropriate units for flux (particles per unit area 

and time).  

 Since the velocity term in Equation 5.3 is the product of mobility and driving force, 

Equation 5.3 is easily rewritten as: = −       (5.4) 

where J is the flux of matter, M is the mobility of the species, and F is the driving force for 

diffusion in the system. 

 The driving force F arises from the gradient of a potential (e.g. the electrical potential or 

chemical potential) in the system. For a system subject only to chemical potential gradients, the 

flux equation for a specific species, i, is written as: = − �      (5.5) 

where d i/dx is the chemical potential gradient for species i across the system. As described in 

Chapter 4, the chemical potential is dependent upon the activity. Thus the flux equation may be 

rearranged and rewritten as: = − �      (5.6) 

where kB is the Boltzmann coefficient and T is the temperature. Since activity is the product of 

concentration, ci, and the activity coefficient, i, the flux equation is written as: 
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= − [ � + � ]    (5.7) 

Regarding the mobility term in Equation 5.7, the Einstein-Nernst relationship links the mobility 

from the chemical potential approach to the diffusion coefficient of Fick’s law as follows: =       (5.8) 

where Di is the diffusion coefficient of species i, an empirically derived parameter describing 

diffusion in the system. Therefore, Equation 5.7 can be simplified and the mobility term M can 

be replaced using the Einstein Nernst relation to yield the following expression: = − −     (5.9) 

 When the system is ideal ( =1) or Henrian ( = constant), the second term in Equation 5.9 

can be neglected because the activity coefficient is independent of composition for an ideal 

solution. Thus the flux equation simplifies to Equation 5.1. The simplification of Equation 5.8 to 

Equation 5.9 is appropriate for sufficiently dilute systems, but issues can arise when the system 

becomes sufficiently concentrated such that the activity coefficient is no longer fixed. This 

mathematical expression has difficulty describing the diffusion occurring in fast flux metal fuels 

and also requires knowledge of the activity coefficient of the solute species in the fuel as a 

function of composition.  

 While Fick’s law as presented in Equation 5.1 is useful on its own, it does not consider 

the interaction amongst multiple composition gradients in a multicomponent system. One tool 

for evaluating such complex, multicomponent diffusion is made available through Onsager’s 

formulation of Fick’s lawμ ̃ = − ∑ ̃ � ��−=       (5.10)  
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where  ̃is the interdiffusion flux, ̃  are the interdiffusion coefficients, and ∂Ci/∂x is the 

concentration gradient across the system [Onsager 1945]. Unlike Equation 5.1, Equation 5.10 

accounts for the interplay between different components in a system by adding together multiple 

flux terms, each due to a different gradient and diffusion coefficient. The interaction between the 

components in multicomponent systems further complicates the mathematical expressions for 

diffusion because while a single component system can be modeled by Equation 5.8 using only 

one diffusion coefficient, (N-1)2 diffusion coefficients are needed to fully describe the diffusion 

in a system made of N components [Guy and Smith 1962]. The form of these coefficients is ̃  where i and j are the axes of the coordinate system and α and β are the components in the 

system. Since the diffusion coefficients in Equations 5.1 and 5.10 have different assumptions on 

the complexity of the system, they cannot be directly compared. The different forms of diffusion 

coefficients will be compared to each other in the following subsection. 

 

5.1.1 Diffusion Coefficients 

 Diffusion coefficients come in several different forms, each with unique applicability. 

The form of the diffusion coefficient depends on the type of system in which the diffusion takes 

place and the component of interest. A diffusion coefficient for a component in a pure system is 

called a “self diffusion coefficient.” Self diffusion coefficients are commonly determined 

experimentally using the radioactive tracer technique. The tracer used in this method is a 

radioactive isotope of the component of interest which exhibits nearly identical diffusion 

behavior compared to the component of interest but whose concentration can be easily inferred 

using radiation measurements across the system. The diffusion coefficient calculated from these 

experiments is called the “tracer” diffusion coefficient. 
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 If a diffusion coefficient describes the migration of only one component in a system, then 

the diffusion coefficient is said to be an “intrinsic” diffusion coefficient [J. Manning 1968]. If a 

diffusion coefficient represents interaction between elements in a multicomponent system, it is 

called an “interdiffusion” coefficient [Manning 1968]. 

 The diffusion coefficient is dependent upon temperature, T, and the relationship between 

the two quantities is expressed by the following equation: 

= −��
      (5.11) 

where Do the is an empirically determined pre-exponential term and HD is the activation energy 

for the diffusion process [Shewmon 1989]. The terms Do and HD in Equation 5.11 are obtained 

by plotting ln(D) as a function of 1/T where T is the temperature in Kelvin. Such an Arrhenius 

plot gives –Q/R as the slope and the intercept at 1/T=0 provides ln(Do). Equation 5.11 may 

alternatively be written as: 

 = − � +�
     (5.12) 

where Hf and Hm are the energies associated with creating a vacancy and moving a solute atom to 

the vacancy from its initial position, respectively [Shewmon 1989]. These energies can be 

determined experimentally using the method pioneered by Simmons and Balluffi. The Simmons 

and Balluffi method for the determination of the vacancy formation energy, Hf and the diffusion 

coefficient gives the sum of Hf and Hm. [Simmons and Balluffi 1960]  

 The data for this method are obtained from two sources. X-ray diffraction (XRD) 

provides the lattice expansion (microscopic) data and dilatometry provides the bulk length 

change (macroscopic) data [Simmons and Balluffi 1960]. This technique is based on the two 

contributors to length change. The lattice expansion can be measured at the atomic level using x-

ray diffraction. The remainder of the length change, attributed to the creation of lattice vacancies, 
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is not measured directly, but can be inferred based upon the measured lattice expansion and bulk 

sample elongation. The expression for the number of vacancies for a cubic metal is expressed as: 

∆ = ∆ − ∆
     (5.13) 

where L is the length as measured by dilatometer and a is the lattice parameter as measured by 

XRD [Shewmon 1989]. Graphically, the ∆L/L and ∆a/a are the slopes of the two lines on a plot 

of length and lattice parameter change as a function of temperature. 

 Since the solvent is the predominant species in a system, it comes as no surprise that the 

solvent dominates the formation of vacancies. Because it occupies a small fraction of the total 

lattice sites in the system, the solute plays a comparatively minor role in the vacancy formation 

process. Clearly there is an exception for systems in which the proportion of solute to solvent is 

large enough that the resulting solution exists in the concentrated regime as opposed to the 

Henrian or Raoultian regimes. However, the solute can still play an important role in the 

diffusion of vacancies if a preferential association exists between the vacancies and solute atoms 

(i.e. solute atoms jump into vacancies more often than competing solvent atoms). For such a 

situation, the migration of the vacancies is subject to correlation effects. That is, the migration of 

vacancies in such a system deviates from the completely random migration which is otherwise 

assumed. The concept of correlated effects will be discussed further in the following subsection. 

 

5.1.2 Correlation Effects 

As mentioned in the earlier subsection, it is not always appropriate to treat diffusion as a random 

walk process. When successive jumps are related and preferential associations among alloy 

components exists, the diffusion is described as “correlated walk” and so-called “correlation 
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effects” are said to be at work. Correlation effects can be expressed mathematically with the 

correlation factor, f, as shown in Equation 5.14: = ×     (5.14) 

where Dactual is the diffusion of a real atom (for example, as measured by tracer diffusion), f is 

the correlation factor (ranging from zero to unity), and Drandom is the diffusion coefficient 

pertaining to perfect random walk (i.e. noncorrelated) diffusion [J. Manning 1968]. 

 The migration of constituents in reactor fuels is influenced by these correlation effects 

due to the range of sizes and chemical properties of the constituents involved. 

  

5.2 Boltzmann-Matano Technique 

Fick’s second law, which was derived in an earlier section, is not an ordinary differential 

equation (ODE). This fact is important because solutions to an ODE can be readily found. 

Fortunately, it is possible to reduce the number of variables to turn a differential function into an 

ODE using a transformation. The transformation used to turn Fick’s second law into an ODE is 

called the “Boltzmann transformation.” The Boltzmann transformation begins with the definition 

of the parameter “ ” as follows: = √       (5.15) 

where x is distance and t is time. Derivatives of  with respect to x and t are taken so that Fick’s 

second law can be rewritten: 

− = √ [̃ √ ]    (5.16) 

Thus the Boltzmann transformation converts Fick’s second law into an ODE which is 

much easier to work than its original form. When the Equation 5.16 is integrated on both sides 
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with respect to  and rearranged, the following equation is obtained for the interdiffusion 

coefficient, ̃: ̃ = − ∫      (5.17) 

Equation 5.17 represents the Boltzmann solution of Fick’s second law and allows one to 

calculate the diffusion coefficient for a species ̃ using a given concentration profile [Boltzmann 

1894]. 

 

5.2.1 Matano Plane 

Although the Boltzmann transformation of Fick’s second law yields an ODE, the 

coordinate system must be established by defining a zero point for the x axis, xm. This zero point 

is referred to as the “Matano plane” or “Matano interface” and its location is determined 

graphically by locating the position at which the two areas under the curve on either side of the 

zero point are equal as shown in Figure 4.1.  

 

 
Figure 5.1: The Matano plan for a hypothetical concentration profile. 
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At the point xm in Figure 5.1, the areas under the composition profile on either side of the 

interface are the same and thus there is zero net flux [Matano 1933]. 

It should be noted the addition of a change in volume on mixing introduces a new 

problem in that the location of the Matano plane becomes dependent upon the component plotted 

in the composition profile. This effect is discussed by Ziebold and Ogilvie [Ziebold and Ogilvie 

1967], but will be ignored in this thesis. 

 

5.3  Diffusion Mechanisms 

 Atomic diffusion in condensed matter may occur via a number of possible mechanisms. 

While various diffusion mechanisms including ring, crowdion, interstitialcy, and pair 

interchange have been proposed to explain the migration of atoms in metals, the list has been 

paired down significantly. Today, it is commonly accepted that diffusion in solids occurs by two 

main mechanisms; vacancy and interstitial [Shewmon 1989, Manning 1968]. This refinement is 

largely due to calculations by Huntington and Seitz on the energy required for each mechanism 

as well as a landmark experiment by Smigelskas and Kirkendell on zinc diffusion in alpha brass 

[Huntington 1942, Smigelkas and Kirkendall 1947]. 

 

5.3.1 Kirkendall Effect 

 The vacancy method of diffusion involves the jump of a solute into a vacancy. The 

probability of migration is therefore related to the equilibrium vacancy concentration which is 

dependent upon the absolute temperature of the system and the energy required to form a 

vacancy. The number of vacancies in a metal (nv) is written in terms of the vacancy formation 

energy Hf as follows: 
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= −�
     (5.18) 

where no is a pre-exponential constant, Hf is the vacancy formation energy, R is the ideal gas 

constant, and T is the absolute temperature of the metal.  

The ring, crowdion, interstitialcy, and pair interchange diffusion mechanisms all share a 

common trait; they predict equal diffusion rates for each species in the system. Thus according to 

these mechanisms, the interface between two dissimilar metals will remain stationary during 

annealing because any migration of species “A” in one direction is balanced by an equal 

migration of species “B” in the opposite direction. However, if inert markers are present between 

two dissimilar metals during annealing, they will appear to migrate over time. Such interface 

migration is only possible if the species diffuse at different rates.  

Such an experiment was conducted using two brass specimens of different compositions 

and an inert marker wire. After annealing, the apparent interface had moved away from the 

markers (representing the original interface). This migration was driven by the compositional 

differences between the alloys (resulting in a chemical potential gradient). On one side of the 

markers, the metal had swelled due to the preferential migration of copper atoms. On the 

opposite side of the markers, voids were found, indivating the migration of vacancies I the 

opposite direction. This experiment provided proof of the vacancy mechanism of diffusion, 

leading to its adoption over the competing mechnisms (i.e. ring, crowdion, interstitialcy, and pair 

interchange mechanisms).  

This phenomenon is called the “Kirkendall effect” and was reported by A. Smigelkas and 

E. Kirkendall for brass alloys [Smigelkas and Kirkendall 1947]. The Kirkendall effect can only 

be explained by the vacancy diffusion mechanism because only this mechanism alloys for 

unequal diffusion rates. 
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The apparent movement of an interface can be used to determine the relationship between 

the intrinsic diffusion coefficients in a binary solid solution. The movement of the interface is 

described mathematically by two equations named after L.S. Darken. These two equations use 

the rate of marker plane movement to calculate the intrinsic diffusion coefficient for each 

constituent in a binary system given a known concentration gradient. The first of Darken’s 

equations for a hypothetical A-B system is written as: = − + ��      (5.19) 

where v is the “velocity” of the marker plane, DA and DB are the diffusion coefficient for the two 

components, ∂NA/∂x is the measured concentration gradient of constituent A [Warburton and 

Turnbull 1975]. The of the two Darken equations is:  

 ̃ = +      (5.20) 

where NA and NB are the atomic fractions of each component [L. Darken 1948]. 

 Each jump of a species into a vacancy has a probability which directly relates to the 

concentration of vacancies in the system. Recall that expression for the equilibrium vacancy 

concentration was given by Equation 5.18.  

 

5.3.2 Inverse Kirkendall Effect 

The cause of the Kirkendall effect was identified in the prior subsection as the difference 

between the jump frequencies various constituents into vacancies. These different jump 

frequencies give rise to differences in the migration of each constituent and the accumulation of 

vacancies on one side of an interface. In more complicated systems, the apparent velocity of the 

interface can be nearly zero. This unique diffusion phenomenon is called the “inverse Kirkendell 

effect.” The inverse Kirkendell effect is a result of complex, interrelated migration relationships 
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between all the constituents, including vacancies. Essentially, the migration of one constituent 

creates a vacancy flux in the opposite direction. Since each constituent has a different jump 

frequency, some solutes may compete more effectively for these migrating vacancies than other 

constituents. In some cases, the vacancy flux will drive the flux of another constituent in the 

opposite direction, retarding the net migration and resulting in the inverse Kirkendall effect.  

Due to the relative migration of vacancies and each constituent, the inverse Kirkendall 

effect delays the onset of porosity and swelling experienced by fuel element materials upon 

irradiation. For example, the inverse Kirkendell effect has been reported to occur between 

austenitic stainless steels during service in a nuclear reactor. Figure 5.2 shows that the swelling 

of austenitic stainless steels decreases as the nickel content increases [Parshin 1996]. As seen in 

Figure 5.2, swelling decreases as the nickel content increases from 18 to 40 weight percent.  

 

 
Figure 5.2: The irradiation induced swelling observed for steels of various nickel contents, an 

example of the inverse Kirkendell effect. [Parshin 1996] 
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The cause of the above phenomenon is the inverse Kirkendell effect. Opposite gradients 

in the nickel and chromium concentration cause competition between nickel and chromium for 

vacancies. This completion stalls the flux of vacancies and thus the formation of voids at 

heterogeneous nucleation sites, thereby stalling swelling. [Parshin 1996] 

The inverse Kirkendell effect has significance to the topic of fast flux reactor fuel 

elements because of its effect on the heterogeneous nucleation and growth of the voids on 

precipitates and grain boundaries. 

The topic of irradiation effects deserves further consideration, which will be provided in 

Section 5.6 in the form of a brief discussion of the effects of irradiation on alloy behavior. 

 

5.3.3 Interstitial Diffusion 

For sufficiently small impurities, diffusion can occur by the interstitial mechanism; a 

series of jumps into interstitial sites between atoms in the host lattice. Since interstitials in the 

atomic lattice of the solvent are sites inherent to the structure, the number of interstitial sites is 

independent of temperature. Therefore, the solute atoms diffusing in an alloy always have 

multiple nearby sites to jump into and there is no requirement for a new site to be formed as in 

the case of vacancy diffusion. This situation is reflected by the equation for the diffusion 

coefficient in which there is no formation energy and the exponential is dependent only upon the 

mobility of the solute: 

= − �
     (5.21) 

On the other hand, if the diffusing impurity atom is too large to fit in the interstitial sites, 

then it diffuses via the vacancy diffusion mechanism. Vacancy diffusion involves a series of 
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jumps into vacant sites which form in the host lattice, therefore the diffusion coefficient for 

solutes which migrate via this mechanism includes both the migration and formation energies in 

the exponential. However, there is not a sharp distinction between a solute atom that is small 

enough to diffuse interstitially and one that is too large to do so. 

 Although a diffusing atom must be sufficiently small to physically fit into the interstices 

in the host lattice, there is not an absolute upper limit on solute size for interstitial diffusion. 

Even if the solute atom is larger than the interstitial holes in the host lattice, interstitial diffusion 

is still possible. For example, carbon migrates via interstitial diffusion in ferrite even though the 

carbon atom (1.54 Å) is larger than the interstitial hole it occupies (0.04 Å . The so-called 

“Hägg’s rule” is often used to provide an estimate for the propensity for a given impurity to 

utilize interstitial diffusion in a host lattice using the “Hägg ratio” (RH) given in the following 

equation: 

� =      (5.22) 

Equation 5.22 is used in conjunction with an empirical rule derived by Hägg. The rule states that 

when the ratio of the diameter of the solute atom to the diameter of the solvent atom (Hägg ratio) 

is less than or equal to 0.59, interstitial diffusion can occur. [Warburton and Turnbull 1975] 

When a given solute/solvent pair does not have a Hägg ratio below 0.59, interstitial is not 

expected to occur [Hägg 1929, Hägg 1930 a, Hägg 1930 b.]. However, Hägg’s rule does not 

mean that interstitial diffusion is impossible if the Hägg ratio is greater than 0.59, it merely states 

that is unlikely. 

 There are in fact many cases in which the diffusion of a solute in a system with a 

solute/solvent size ratio larger than 0.59 is much more rapid than expected for a solute limited to 

the vacancy mechanism. For example, in the lead/gold system gold diffuses much more rapidly 
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through lead than would be expected given the prediction of Hägg’s rule. In fact, the rate of 

diffusion in gold in lead has been shown to be five orders of magnitude faster than self diffusion 

in lead. Such systems showing anomalous solute diffusivities two to three orders of magnitude 

higher than the self diffusion of the solvent are said to exhibit “fast diffusion.” [Warburton and 

Turnbull 1975]. Many systems exhibiting fast diffusion are collected in a paper by Weins 

[Weins. 1980].  

 Interestingly, the diffusion of gold in uranium has been studied by Rothman. The data 

from this research indicated that the activation energy and pre-exponential constant (D0) for gold 

diffusing in gamma uranium are similar to those for self diffusion of gamma uranium [Rothman 

1960]. Compared to results reported by Adda and co-workers, the diffusion of gold in gamma 

uranium was typified by a value of D0 which was two orders of magnitude lower than any of the 

impurities in gamma uranium as studied by the authors mentioned earlier [Rothman 1961, Adda 

et al. 1960, Mosse, et al. 1960]. 

 An important difference between interstitial and vacancy diffusion is the difference in 

rate. Diffusion occurring by interstitial diffusion is typically more rapid than that occurring by 

vacancy diffusion. The explanation for this phenomenon relies upon two factors. The first factor 

is the relationship between impurity size and mass. A smaller impurity atom will have a lower 

mass and hence vibrate at a higher frequency than a larger impurity atom. Secondly, interstices 

are always present inside the host lattice and thus impurities that migrate through interstitial 

diffusion always have nearby positions to jump into. Atoms that are limited to vacancy diffusion 

can only jump when there is a vacancy at a nearby lattice site.     
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5.3.4 Comparison of Vacancy to Interstitial Diffusion 

Interstitial diffusion has been observed to occur much faster than vacancy diffusion for a 

variety of systems and this difference in rate can be explained by two factors. Firstly, atoms that 

migrate via vacancy diffusion are much smaller relative to the host lattice atoms than atoms that 

migrate via vacancies. Atoms that migrate via interstitial diffusion are necessarily smaller than 

the host lattice atoms, but atoms that migrate by jumping between vacancies are approximately 

the same size as the host lattice atoms. This relationship is understandable due to the inherent 

geometry of crystal lattices which ensures that interstitial holes are smaller than the lattice atoms.  

 The second factor in explaining why interstitial diffusion is more rapid than vacancy 

diffusion is the difference between the prevalence of interstitial sites and vacancies. Using 

Equation 18, a 1 cm3 sample of a typical FCC metal (e.g. copper), contains 8.5 x 1022 atoms and 

5.3 x 1019 vacancies at 1086°C and has 8.5 x 1022 interstitial holes. Thus solute atoms diffusing 

by the vacancy mechanism must wait for an adjacent vacancy before they can move. However, a 

solute that migrates interstitially always has multiple adjacent sites available for it to move into. 

 

5.4  Diffusion in Fuel Elements 

 Within metal fuels, fission products are observed to migrate to the periphery of the fuel 

where they can interact with the cladding. There is also potential for some of the cladding 

elements to diffuse into the fuel. This section will explore the current theory on the diffusion 

occurring within the fuel element, beginning with a discussion of the theory of interstitial 

diffusion. 
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5.4.1 Possible Mechanisms 

 In light of the comparison between substitutional (vacancy) and interstitial diffusion in 

subsection 5.3.3, it is useful to consider the differences in the diffusion behavior of various 

solutes in uranium. The diffusion of several solutes in uranium has been observed to be faster 

than expected. In fact, some of these elements diffuse at rates typical of interstitial, rather than 

substitutional, solutes. As can be seen in Figure 5.3, the diffusion coefficient for iron in uranium 

is approximately two orders of magnitude larger than the self diffusion coefficient of uranium. 

 

 
Figure 5.3: Diffusion coefficients for solutes in uranium as a function of temperature [Warburton 

and Turnbull 1975]. 
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 Peterson notes that H for uranium is approximately 40 percent smaller than predicted by 

the melting point rule H≈32Tm (Tm is melting point in Kelvin) [Peterson 1969]. To account for 

fast diffusion in uranium, it has been suggested that interstitial mechanism is at work. Ordinarily, 

interstitial diffusion requires that the diffusing species (solute) be at least as small as the 

interstitial voids in the crystal lattice of the host atoms (solvent). The differences between the 

sizes of uranium atoms and solutes (in particular the early transition elements) also warrant a 

discussion of the possibility of interstitial diffusion in metal fuel alloys.  

 The BCC structure (uranium) is shown in Figure 5.4.  Figure 5.4 shows that the BCC 

structure has two types of interstitial voids. Note that BCC is not a close-packed structure. 

Therefore, the tetrahedral holes in gamma uranium are asymmetric. In fact, these voids are not 

even local maxima and therefore it can be argued that they do not meet the technical definition of 

a void. 

   

 
Figure 5.4: Illustration of the octahedral (left) and tetrahedral voids (right) in the BCC crystal 

structure [Haasen 1996]. 

 

 Using the geometry of the BCC structure, it is possible to determine the relative sizes of 

the holes in the BCC lattice. Knowing the diameter of the host lattice atoms (r), for a given 
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metal, it is possible to calculate the size of octahedral voids (ri) in the BCC lattice as [Hume-

Rothery and Raynor 1954, Azaroff 1984]: = √ − = . .     (5.23) 

  However, the distance from the center of the octahedral hole to any of the neighboring 

atoms is 0.633r, so it must be concluded that he octahedral hole is asymmetric. The symmetric 

voids in the BCC lattice are the tetrahedral voids shown in Figure 5.4. 

 Similarly, it can be shown that the diameter of the tetrahedral holes in the BCC lattice are 

calculated as [Hume-Rothery and Raynor 1954, Azaroff 1984]: = = .      (5.24) 

 For comparison, the octahedral holes in the FCC lattice are 0.41r. Thus despite its more 

open nature, the BCC lattice has smaller voids than the FCC structure. Using the above 

equations, the interstitial holes in BCC uranium are approximately 47 pm in diameter but iron is 

approximately 248 pm in diameter. Therefore, in spite of the unusually rapid diffusion of iron, 

the migration of iron atoms as interstitial solutes in uranium does not seem likely at first glance.  

 However, it is necessary to note that the mere fact that a given solute is larger than a 

given interstitial hole does not preclude the formation of an interstitial solution. For example, a 

carbon atom (154 pm) is smaller than an iron atom (248 pm), but still significantly larger than 

the interstitial hole size in ferrite (BCC iron, interstitial hole size of 38.5 pm). However, carbon 

migrates via the interstitial mechanism despite the size discrepancy between carbon atoms and 

interstitial holes in ferrite. Therefore, it is clear that there is no absolute size limitation on 

interstitial solutes and a solute atom can enter interstitial holes that are smaller than its own 

diameter. The migration of solutes via a strained interstitial mechanism is thus not precluded by 

the calculations performed above.  
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 In light of examples like carbon in iron, a new criterion is needed for predicting solute 

behavior. Rather than restricting the possibility of interstitial diffusion to atoms that are smaller 

than an absolute size (the host lattice interstitial hole size), a more effective approach is to define 

an approximate size range above which it becomes increasingly unlikely for a given solute to 

occupy interstitial sites in a given solvent. One such approach is commonly referred to as 

“Hägg’s rule” which states that a solute is unlikely to occupy interstitial sites when the ratio of 

the solute (impurity atom) diameter to the host lattice (solvent atom) diameter is greater than 

0.59. 

 Despite the fact that Hägg’s rule predicts that the solute-solvent pairs in Table 5.1 

preclude interstitial migration, some of the elements listed in Table 5.1 show abnormally fast 

diffusion which is suggestive of interstitial diffusion. Hägg’s rule indicates that these pairs are 

unlikely create interstitial solutions, but the speed of the diffusion in these systems is much faster 

than would be expected for substitutional diffusion. 

 

Table 5.1: Atomic diameters of select fission products. Note that uranium is approximately 

305pm [Cullity and Stock 2001]. 

Element Atomic Diameter (pm) Hägg Ratio 

Yttrium 355 1.16 

Rubidium 494 1.62 

Zirconium 313 1.02 

Molybdenum 273 0.89 

Palladium 275 0.90 

Silver 289 0.95 

Lanthanum 374 1.23 

Cerium 365 1.20 

Neodymium 363 1.19 

Samarium 359 1.18 

 

 It is important to note that Hägg’s rule is applied to systems in which the solute forms a 

complete interstitial solution (i.e. the solute only occupies interstitial sites). Thus Hägg’s rule is 
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of limited utility in considering fast diffusion if the solutes in these systems take both interstitial 

positions and vacancies.  

 

5.5 Irradiation Effects 

 It is important to note that while non fissile fuel alloy surrogates can be cast and annealed 

in the laboratory, these experiments do not perfectly replicate the behavior of the real fuel. The 

most glaring difference between simulated fuel research and studies of real fuels is the absence 

of irradiation effects in the simulated fuel work. The most obvious effect of irradiation on a 

nuclear fuel alloy is fission. The fission process was introduced in Chapter 1 where it was shown 

that fission generates products which accumulate in the matrix of the fuel and contribute to 

FCCI. As described in Chapter 1, irradiation also causes transmutation of fuel constituents which 

further alters its composition. 

 The fission and transmutation phenomena have additional effects which are best 

considered at the atomic scale. This Chapter will discuss these small-scale influences, and their 

macroscopic effects, beginning with the effect of irradiation on the vacancy concentration of a 

metal.  

 

5.5.1 Vacancy Concentration 

 As stated Section 5.2, vacancies are responsible for the migration in a substitutional alloy. 

Fortunately, it is possible to calculate the concentration of vacancies in a metal. The equilibrium 

concentration of vacancies in a metal is calculated from Equation 5.18 which indicates that the 

concentration is dependent only upon temperature and the characteristics of the metal (density 

and vacancy formation energy).  
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 However, nuclear fuels are subjected to neutron radiation and fission which. Equation 6.1 

does not account for either of these effects. During irradiation, the energy released by fission 

dissipates throughout the atomic lattice and creates defects. Since irradiation results in the 

accumulation of excess point defects (vacancies) in the fuel, the concentration of vacancies in a 

nuclear fuel will be above the equilibrium value predicted by Equation 5.22. Due to the 

importance of vacancies to the vacancy diffusion mechanism at work in substitutional solid 

solutions, the phenomenon of non-equilibrium vacancy concentrations in irradiated materials 

influences the rate at which constituents in the fuel can migrate. 

 In the case of substitutional alloys, diffusion necessitates the presence of vacancies 

adjacent to the diffusing species. It is logical that the likelihood of migration rises with the 

concentration of vacancies in a system, because the probability of a vacancy existing near any 

given atom increases with vacancy concentration. [Was 2007] This phenomenon is called 

Radiation-Enhanced Diffusion (RED) will have implications for the comparison of the results of 

this thesis and the behavior of real palladium-doped metallic fast reactor fuels.    

 

5.5.2 Effect of Irradiation on Solubility 

 Radiation, for example a fast neutron spectrum, interacts with a material at the atomic 

scale. The energy is initially passed to a so-called “primary knock-on atom” (PKA) [Was 2007]. 

The energetic PKA sheds energy by passing it on to other atoms in the lattice. This action results 

in a damage cascade consisting point defects. The vacancies created by the damage cascade will 

migrate, resulting in a corresponding migration of species in the opposite direction [Was 2007]. 

This process is called Radiation Induced Segregation (RIS). 
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  In light of the RIS phenomenon, any products formed between a getter and lanthanide 

fission products in the fuel could be disrupted by irradiation. The segregation of lanthanide 

fission products and palladium could result in the dissolution of lanthanide-palladium getter 

products is the compositional shifts are sufficient in magnitude. Such an outcome would lessen 

the protection afforded by palladium. 

 In summary, the ideal getter should produce intermetallic products exhibiting broad 

composition ranges. These intermetallic getter products will be more tolerant of RIS effects. 

Binary phase diagrams can therefore be used to assess potential getters by comparing the relative 

width of different intermetallic phase regions. 
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CHAPTER 6 

THESIS SCOPE AND OBJECTIVES 

 Now that the necessary background information and fundamental theories for the 

engineering of metallic fuels have been given, the purpose and objectives of this thesis can be 

stated. The intention of this Chapter is to clearly define the scope and objectives of the thesis 

project such that a series of thesis questions can be formulated. The answers to these thesis 

questions will advance the understanding of palladium-doped metallic fuel alloys from the 

perspective of metallurgical engineering.  

The questions posed in this Chapter were answered by means of the experimental 

matrices presented in Section 6.4. For more information on the methods and tools implemented 

to study the specimens listed in these experimental matrices, refer to Chapter 7. The results 

presented in Chapter 8 stem directly from the aforementioned experimental matrices. The degree 

to which the objectives and questions posed by the present Chapter were met and answered will 

be assessed in Chapter 9. 

 

6.1 Thesis Project Scope 

Clearly, the field of metallic fuel research is too wide to be covered in a single document. 

Similarly, it is not possible for a single thesis project to fill all of the gaps in the metallic fuel 

research. It is therefore necessary to limit the scope of this project to a single topic which can be 

evaluated in a reasonable time period using the available resources.  

With the above points in mind, the present Section will give precise statements of the 

scope of this topic by defining the project focus area, primary objectives, and key questions to be 
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addressed by this thesis project. The experiments detailed in later Sections will use these 

statements as a guide.  

 

6.1.1 Focus Area 

Beginning in Chapters 1 and 2, the subject of this thesis was centered on metallic fast 

reactor fuel alloys. Of particular interest to the ongoing work at CSM is the U-Mo-Ti-Zr system, 

also called “U-M.” This system and its associated binary alloy systems were introduced from the 

standpoint of findings reported in the literature in Chapter 2. The U-M alloy system has been 

studied at CSM for INL over the past several years. Recall that the concept of adding palladium 

to a fuel alloy as a lanthanide fission product getter was discussed in Chapter 2. Although 

palladium has shown promise in diffusion couple experiments with pure iron, the behavior of 

palladium in a more realistic fuel alloy has not been reported in the literature [Egeland 2013]. 

The scope of this thesis project is therefore the behavior of U-M (M=50Mo-43Ti-7Zr wt. pct.) 

metallic fast reactor fuels, but more specifically, U-M fuels doped with palladium as a getter for 

lanthanide fission products. 

The U-M system was developed by Idaho National Laboratory as part of an effort to 

improve the properties of metallic fuels for fast flux reactors. Since U-M and related alloy 

systems have been the subject previous research at CSM, the scope of this thesis is a natural 

extension of past fuel studies at CSM [Blackwood 2014, Jones 2014].  The new and important 

aspect of this particular thesis project is the addition of palladium to the U-M alloy as a getter for 

lanthanide fission products. As discussed in Chapter 2, the lanthanide getter concept is a 

relatively new approach to combating FCCI and consequentially, there is ample opportunity for 
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advancement of the knowledge of the behavior of palladium as a lanthanide fission product 

getter for specific fuel alloy systems.  

The analysis of the palladium-doped U-M alloy system in this thesis project was guided 

by a set of objectives aimed at making a useful contribution to the understanding of both the 

lanthanide getter concept and the effects of palladium on U-M fuels. 

 

6.1.2 Thesis Objectives  

As stated in the previous Section, the purpose of this thesis project is to explore the effect 

of palladium on FCCI in U-M type fuels. More specifically, the FCCI occurring between U-M 

metallic fuel alloys and type HT-9 stainless steel cladding is of interest. The objective of this 

project was therefore to judge the ability of palladium to act as a getter for lanthanide fission 

products in real U-M fuel alloys clad with type HT-9 stainless steel. This objective necessitated a 

study of the interactions between palladium and all of the constituents originating from both the 

U-M fuel and HT-9 stainless steel cladding. To meet this objective, it was determined that 

metallic fast reactor fuel surrogates would be designed and fabricated. These surrogate fuel 

alloys were primarily composed of depleted uranium, “M” alloy additions (Mo, Ti, and Zr), and 

palladium (candidate lanthanide getter). Additionally, cerium was included in the fuel alloy 

surrogates as a mock lanthanide fission product. Further details of these fuel alloy surrogates are 

presented in Section 6.4, Chapter 7, and the Appendices.  

Recall that the objective given above was based on the interest in evaluating the efficacy 

of palladium as a getter for lanthanide fission products and the need to better understand the 

relationship between this candidate getter and the fuel/cladding constituents. This objective led 

to the formulation of a series of relevant questions which this thesis project aimed to answer. 



114 

6.1.3 Key Questions 

During the design of this thesis project, the outcomes and objectives given in Section 

6.1.2 were advanced in the form of a series of questions. Foremost among these questions was 

the nature of the interaction between palladium and cerium in U-M type fuel alloys. Possible 

interactions included the formation of U-Pd or U-M intermetallic compounds, thus hindering the 

ability of palladium to interact with lanthanides (the intended target of the getter addition). As 

described in Chapter 2, cerium and palladium have limited solubility in uranium. Therefore, the 

effects of solute segregation on the simulated fuel alloy were another unknown factor in the 

behavior of palladium-doped U-M fuel alloys. It was uncertain to what degree lanthanides and 

palladium would be isolated in the inhomogeneous simulated fuel alloys, and how this 

partitioning might lower the effectiveness of palladium as a lanthanide getter. Another key 

question was whether or not a lanthanide-palladium getter product would be stable over the life 

of the fuel. Note that the as-cast fuel is not in the equilibrium state and any lanthanide-palladium 

getter products formed during solidification might be metastable. However, the operating 

temperature of a metallic fast reactor fuel is in the range of 600 to 700 °C, providing sufficient 

energy for the fuel to approach equilibrium. Thus throughout its operation, the fuel is subjected 

to a long anneal during which unstable lanthanide-palladium getter products could dissolve. 

Equally important, interdiffusion between fuel and cladding make additional constituents (e.g. Ni 

and Fe) available for interaction with the lanthanide-palladium getter product. In summary, the 

palladium is subjected to significant competition from fuel and cladding constituents for 

lanthanide fission products. 

Based on a review meeting with the thesis committee, the above concerns and questions 

were condensed into a set of four thesis questions. These questions were focused on evaluating 
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palladium as a lanthanide getter in U-M fuels from an engineering perspective. Said questions 

are listed in the following list: 

1. How does palladium affect the microstructure of spent U-M fuels? 

2. How do constituents from HT-9 stainless steel cladding and U-M fuel (particularly 

lanthanides) interact with palladium? 

3. What relationships exist between the getter product and the fuel microstructure and 

how does the microstructural evolution of the fuel proceed over time? 

4. What is the minimum level of palladium required to provide protection against 

FCCI? 

 

The design of the experiments intended to answer the questions above is the topic of the 

next Section. 

 

6.2  Experimental Design  

 The specific characteristics of interest for this project were as-cast fuel microstructure 

and microstructural evolution (at temperature and over fuel life). In particular, it was desired to 

generate an understanding of these characteristics relative to lanthanide-palladium getter 

products in the U-M fuel clad with HT-9 stainless steel. The evaluation of these characteristics 

for the experimental fuel alloy surrogates was intended to answer the thesis questions listed in 

the previous Section.  

The purpose of Section 6.2 is to introduce the fuel surrogates and experiments which 

were identified as necessary for answering the questions listed in subsection 6.1.3. This 

information will be summarized in the form of experimental matrices which catalogue the 
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compositions and parameters selected for this thesis work. The details of the experimental 

approach (i.e. techniques and methods) is the subject of Chapter 7. 

 

6.2.1  Experiment Matrices 

Table 6.1 shows the compositions of the fuel surrogates created at CSM in support of this 

thesis project. Note that the alloys in Table 6.1 can be divided into two categories; those doped 

with palladium and those without palladium. It must also be mentioned that the alloy 

compositions in Table 6.1 are given in terms of both atom and weight percent. The atom percent 

convention is necessary for thermodynamic consideration and relation to burnup while the 

weight percent convention is necessary for practical alloying. For more discussion of the 

relationship of weight percent and atom percent conventions to reactor fuel design, please refer 

to Appendix A. 

  

Table 6.1: Compositions of fast reactor fuel surrogate alloys cast at CSM. Each Series is color 

coded to indicate that the individual alloys were made concurrently and with similar 

compositions. 
Series Alloy Name Alloy Formula (wt. pct.) Alloy Formula (at. pct.) 

1 

1-Ce-1M  U-0.5Mo-0.4Ti-0.1Zr-4.3Ce  U-1.2Mo-2Ti-0.2Zr-6.9Ce 

1-Ce U-5Mo-4.3Ti-0.7Zr-4.3Ce U-9.6Mo-16.6Ti-1.4Zr-5.7Ce 

1-PdCe U-5Mo-4.3Ti-0.7Zr-3.9Pd-4.3Ce U-9.3Mo-16Ti-1.4Zr-6.5Pd-5.5Ce 

2 
2-Ce U-5Mo-4.3Ti-0.7Zr-4.3Ce U-9.6Mo-16.6Ti-1.4Zr-5.7Ce 

2-PdCe  U-5Mo-4.3Ti-0.7Zr-3.9Pd-4.4Ce  U-9.3Mo-16Ti-1.4Zr-6.5Pd-5.5Ce  

3 
3-Ce U-9Mo-4.3Ti-0.7Zr-5.3Ce U-16.5Mo-15.8Ti-1.4Zr-6.7Ce 

3-PdCe U-8.3Mo-4.1Ti-0.7Zr-3.9Pd-5.1Ce U-14.9Mo-15.9Ti-1.3Zr-6.3Pd-6.3Ce 

4 
4-1Pd3Ce U-8.5Mo-4.3Ti-0.7Zr-1.3Pd-5.2Ce U-15.6Mo-15.5Ti-1.3Zr-2.2Pd-6.5Ce 

4-3Pd1Ce U-7.7Mo-3.8Ti-0.6Zr-10.8Pd-4.7Ce U-13.2Mo-13.2Ti-1.1Zr-16.7Pd-5.6Ce 

 

The methods used for making the alloys in Table 6.1 are related in Chapter 7 and the 

alloying calculation method is described in great detail in Appendix B. Note that the ni-train, a 

device which protects the alloys from excessive nitrogen contamination during fabrication, was 

not operational at the time that the “Series 1” alloys were cast. The importance of the ni-train is 
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discussed in Chapter 7. Example calculations for a U-10M type metal fast reactor fuel surrogates 

are presented in Appendix C.  

 Referring to Table 6.1, alloys 1-Ce-1M, 1-Ce, 2-Ce, 3-Ce, and 5-Ce are simulated metal 

fuel alloys meant to represent a U-10M type fuel alloy irradiated to 10 percent burnup (at. pct.). 

These alloys were designed to be a control group which formed a basis against which gettered 

alloys could be compared. Alloys 1-PdCe, 2-PdCe, 3-PdCe, 4-1Pd3Ce, and 4-3Pd1Ce from 

Table 6.1 are simulated metal fuel alloys meant to represent spent palladium-doped U-10M type 

fuel alloys irradiated to 10 percent burnup. These gettered fuel surrogate alloys were compared 

to the aforementioned non-gettered alloys.  

One purpose of the as-cast alloys in Table 6.1 was to help answer the first question posed 

in Section 6.1.3. The as-cast alloys were compared to each other to assess the behavior of 

palladium relative to other fuel surrogate constituents and correlate this behavior to the impact of 

palladium on FCCI in a real fuel. The alloys in Series 4 were created to answer the question of 

what the minimum level of palladium getter is to provide protection against FCCI. Series 4 

alloys also provide insight into the evolution of the fuel over time because the ratios of getter 

(Pd) mock lanthanide fission product (Ce) for the two alloys differ (i.e. Pd:Ce=1:3 or 3:1). This 

difference in getter to fission product occurs in real fuels and is an important aspect of the 

behavior of gettered fuel alloys.  

Aside from the purposes mentioned above, the as-cast surrogate fuel alloys also provided 

feedstock for subsequent experiments. These experiments were meant to answer the remaining 

questions listed in Section 6.1.3. For example, the question regarding fuel microstructural 

evolution at operating temperature. Part of this question revolved around whether the palladium-

cerium getter product is stable over time or whether the product is metastable and decomposes 
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over time at the operating temperature of the fuel. These questions were answered in part by 

analyzing annealed specimens of the fuel surrogates. The compositions and anneal parameters of 

these annealed specimens are listed in Table 6.2.  

 

Table 6.2: Anneal parameters for annealed simulated fuel alloy specimens. 

Series Specimen Name 
Alloy Composition 

(at. pct.) 

Duration 

(hr) 

Temperature 

(°C) 

3 
a3-Ce-108 U-9Mo-4.3Ti-0.7Zr-5.3Ce 108 650 

a3-PdCe-108 U-8.3Mo-4.1Ti-0.7Zr-3.9Pd-5.1Ce 108 650 

4 

a4-1Pd3Ce-108 U-8.52Mo-4.26Ti-0.69Zr-1.33Pd-5.23Ce 108 650 

a4-3Pd1Ce-108 U-7.70Mo-3.84Ti-0.63Zr-10.78Pd-4.73Ce 108 650 

a41Pd3Ce-204 U-8.52Mo-4.26Ti-0.69Zr-1.33Pd-5.23Ce 204 650 

a4-3Pd1Ce-204 U-7.70Mo-3.84Ti-0.63Zr-10.78Pd-4.73Ce 204 650 

 

Specimens from the as-cast metallic fast reactor fuel surrogates were also incorporated 

into diffusion couples. The methods used to create these couples are outlined in Chapter 7. The 

diffusion couples made for this thesis project were meant to address the thesis question regarding 

competition between cladding constituents and palladium for lanthanide fission products (i.e. 

cerium) posed in Section 6.1.3. This question focused on whether palladium is able to effectively 

compete for lanthanide fission products (represented by cerium) in the real fuel. 

Note that the vacancy mechanism discussed in Chapter 5 indicates that interdiffusion 

exhibits an exponential dependence upon temperature. Thus, the Series 3 diffusion couples were 

annealed much longer than the Series 1 or 2 couples to accelerate the interaction between 

cladding and reactor fuel surrogate alloys.  

The compositions and anneal parameters for the surrogate fuel diffusion couple 

experiments are given in Table 7.3. 
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Table 6.3: Compositions and anneal parameters of diffusion couples between cladding alloys and 

fuel surrogates. Each Series is color coded for greater clarity. 

Series Name 
Simulated Fuel Composition 

(wt. pct.) 

Cladding 

Alloy 

Temperature 

(°C) 

Duration 

(hr) 

1 

Ce-M1-HT9 U-0.5Mo-0.4Ti-0.1Zr-4.3Ce HT-9 900 72 

Ce-HT9 U-5Mo-4.3Ti-0.7Zr-4.3Ce HT-9 900 72 

CePd-HT9 U-5Mo-4.3Ti-0.7Zr-3.9Pd-4.3Ce HT-9 900 72 

2 

2-Ce-HT9-1 U-5Mo-4.3Ti-0.7Zr-4.3Ce HT-9 900 72 

2-PdCe-HT9-1 U-5Mo-4.3Ti-0.7Zr-3.9Pd-4.3Ce HT-9 900 72 

2-Ce-HT9-2 U-5Mo-4.3Ti-0.7Zr-4.3Ce HT-9 900 100 

2-PdCe-HT9-2 U-5Mo-4.3Ti-0.7Zr-3.9Pd-4.3Ce HT-9 900 100 

3 

3-Ce-HT9-1 U-9Mo-4.3Ti-0.7Zr-5.3Ce HT-9 650 108 

3-Ce-HT9-2 U-9Mo-4.3Ti-0.7Zr-5.3Ce HT-9 650 204 

3-Ce-422 U-9Mo-4.3Ti-0.7Zr-5.3Ce 422 650 204 

3-PdCe-HT9-1 U-8.3Mo-4.1Ti-0.7Zr-3.9Pd-5.1Ce HT-9 650 108 

3-PdCe-HT9-2 U-8.3Mo-4.1Ti-0.7Zr-3.9Pd-5.1Ce HT-9 650 204 

3-PdCe-422 U-8.3Mo-4.1Ti-0.7Zr-3.9Pd-5.1Ce 422 650 204 

4 

4-1Pd3Ce-HT9-1 U-8.5Mo-4.3Ti-0.7Zr-1.3Pd-5.2Ce HT-9 650 120 

4-3Pd1Ce-HT9-1 U-7.7Mo-3.8Ti-0.6Zr-10.8Pd-4.7Ce HT-9 650 120 

4-1Pd3Ce-HT9-2 U-8.5Mo-4.3Ti-0.7Zr-1.3Pd-5.2Ce HT-9 650 240 

4-3Pd1Ce-HT9-2 U-7.7Mo-3.8Ti-0.6Zr-10.8Pd-4.7Ce HT-9 650 240 

 

The methods and procedures set forth to create the experimental specimens itemized in 

the previous three tables are the subject of Chapter 7. 
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CHAPTER 7 

EXPERIMENTAL APPROACH 

 The purpose of this Chapter is to describe the procedure established for the experiments 

conducted during the course of this thesis project. The intent of this description is to document 

the fabrication and annealing procedures for the simulated fuel alloys and diffusion couples 

listed in Chapter 6. Furthermore, this Chapter is meant to facilitate future research efforts related 

to the design of palladium-doped fast fuel alloys and study of associated FCCI issues using fuel 

surrogates. Chapter 7 also provides supporting information for the data discussed in Chapter 8. 

The methods detailed in this Chapter were designed in consideration of the objectives and scope 

written in Chapter 6 while taking applicable experimental limitations (e.g. reasonable anneal 

duration and attainable glovebox atmosphere purity) into account. 

 

7.1 Alloy Fabrication 

 During the course of this research project, many uranium alloys were prepared at the 

Colorado School of Mines (CSM) as metallurgical surrogates for metallic fast reactor fuel alloys 

(see Table 6.1). Due to the reactive nature of the reagents used in this work (particularly uranium 

and cerium), the procedure which was followed to produce these simulated metal fuel alloys 

deserves examination. This Section will walk through the steps followed in preparing these 

metallic fast reactor fuel surrogates and is meant to provide the reader with a complete picture of 

the alloy casting process. 
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7.1.1 Reagent Preparation 

 All reagent preparation steps were conducted with stainless steel tweezers and nitrile 

gloves to avoid contamination issues arising from contact with bare skin. The surrogate alloys 

made during this thesis project were prepared using bar stock, powder, and foil reagents. The foil 

reagents (Mo and Ti) were sectioned with scissors while the bar stock reagent (depleted uranium) 

was sectioned using a computer controlled saw with a diamond blade (see subsection 7.1.3). 

Alloy additions of powder reagents (Mo, Ti, Zr, Pd, and Ce) were prepared by scooping said 

reagents onto clean polystyrene weighing boats. Regardless of form, all reagents were measured 

into specific quantities corresponding to the final alloy compositions listed in Table 6.1 of the 

previous Chapter. The reagent masses were measured using an Acculab LA-110 scale with an 

accuracy of ±0.0001 g. 

To finish the reagent preparation process, reagent quantities corresponding to the 

compositions in Table 6.1 were put into the configuration shown in Figure 7.1.  

 

 
Figure 7.1: Prepared foil reagent packets containing powder reagent alloy additions. This packet 

minimizes the loss of reagent powders during initial melting of the alloy button. 
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The foil regents were formed into packets to contain the powder reagents and protect 

against the losses during arc-melting.The reagents used as alloy additions in this thesis (i.e. Mo, 

Ti, Zr, Ce, and Pd) were obtained from Sigma-Aldrich®. However, the uranium reagent was 

obtained from Idaho National Laboratory. While the alloy addition reagents used in this thesis 

(Mo, Ti, Zr, Pd, and Ce) are typical of those offered from a variety of commercial vendors, 

uranium is not as widespread and the nature of uranium processing and refinement is not simple. 

In fact, the difficulty of producing and obtaining high purity uranium caused significant errors in 

the early estimates of its melting point. Due to these uranium purity issues, the melting point of 

uranium was widely believed to be 1850 °C or higher at one time. By 1950, high purity uranium 

sources became more available and the melting point was revised to approximately 1130 °C 

[Holden 1958]. The reason for mentioning this historical information is to point out that 

contamination plays an important role in this thesis project. For this reason, the methods taken at 

CSM to limit contamination of simulated fuel alloys deserve further discussion. Before moving 

on to discussing these processing methods, consider the primary contaminants of concern from 

the standpoint of uranium. 

 Due to its particularly reactive nature, uranium must be protected from the atmosphere 

during processing operations. Nitrogen and oxygen are of special concern due to their abundance 

in ambient atmosphere. These impurities have effects on the microstructure of simulated fuel 

alloys. Most notably, zirconium has been observed to concentrate at the surface of uranium 

alloys when in the presence of nitrogen. Furthermore, nitrogen and oxygen can be expected to 

interfere with the interdiffusion which occurs in diffusion couples. This interference would be a 

result of the formation of a nitride or oxide “barrier layer” at the interface of the cladding and 

fuel surrogate alloy. 
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With the above points on reagent preparation and contamination sources in mind, the 

methods used to process the uranium bar stock and alloy addition reagents into surrogate alloys 

will be discussed in the following subsections. 

 

7.1.2 Casting Equipment and Procedure 

As described in the previous subsection, most of the reagents used to make metallic fast 

reactor fuel surrogates are sensitive to oxygen, nitrogen, and moisture. The reactivity of the 

reagents to these contaminants is particularly a concern during melting (casting) and processing 

(annealing). Thus, the metallic fast reactor fuel surrogate alloys made at CSM during this thesis 

project were cast inside of the inert atmosphere glovebox shown in Figure 7.2.  

 

 
Figure 7.2: Side view of the actinide alloy casting and processing glovebox at CSM. The 

glovebox prevents the spread of radioactive material and thwarts alloy contamination. 
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 The actinide casting and processing glovebox is filled with industrial grade argon 

purchased from General Air in Denver, Colorado. The actinide casting glovebox contains all of 

the equipment needed for the casting and annealing of experimental fuel surrogate alloy 

specimens. The Brown and Root Vickers actinide casting glovebox is shown from another angle 

in Figure 7.3. 

 

 
Figure 7.3: Front view of the actinide alloy casting and processing glovebox at CSM. A furnace 

and arc-melting apparatus are located on the left and right sides, respectively. 

 

All materials moving into and out of the actinide alloy casting glovebox were passed 

through an antechamber attached to the glovebox to limit the admission of contaminants into the 

glovebox. The antechamber, shown in Figure 7.4, is a stainless steel chamber with an outer door 

(circled) and an inner door (not visible from exterior). During ingress and egress of materials to 

and from the glovebox interior, the antechamber circled in Figure 7.4 is evacuated to less than 30 

mTorr and then refilled with glovebox gas. The inner or outer doors are then briefly opened to 

move material in or out of the glovebox, respectively.  
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Figure 7.4: Antechamber side of the actinide alloy casting and processing glovebox at CSM. The 

antechamber (circled in red dashes) allows materials to flow into and out of the glovebox while 

minimizing the ingress of oxygen, water, and nitrogen. 

 

The pressure of the argon atmosphere inside the actinide alloy casting glovebox was 

maintained between approximately 250 and 275 Pa to limit infiltration of oxygen, nitrogen, and 

water vapor. Automated valves add make-up gas (industrial grade argon) to the glovebox or vent 

gas (via a Leybold “Trivac” vacuum pump) from the glovebox as needed to keep the pressure 

within the set range. These valves are controlled by the Vacuum Atmospheres MO-40-β “dri-

train” unit shown in Figure 7.5. In addition to controlling the vacuum and make-up gas valves, 

the dri-train acts as a purifier for the glovebox atmosphere. The dri-train shown in Figure 7.5 

utilizes a 13X zeolyte molecular sieve and a copper reagent (an oxygen scavenger analogous to 

“Riddox” by Dow Chemical) to absorb water and oxygen from the glovebox atmosphere. As the 

glovebox atmosphere is continuously circulated through the dri-train, these impurities are 

stripped from the argon. Over time, the water and oxygen absorbing media inside the dri-train 

cells become saturated and must be regenerated periodically by heating them to at least 210°C 
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and under the flow of a regeneration gas (10 percent hydrogen, balance argon). After cooling 

down under vacuum, the media is fully regenerated.  

  

 
Figure 7.5: Vacuum Atmospheres MO-40-2 dri-train used for removing water and oxygen from 

the glovebox atmosphere. 

 

Like oxygen, nitrogen is a potential contaminant in the atmosphere of the actinide casting 

glovebox. Nitrogen can be readily taken up by many alloys including steels via a process called 

“plasma nitriding” [George Krauss 1994]. The phenomenon of nitrogen uptake is also possible 

for the actinide alloys cast during this thesis work. Therefore, nitrogen must be continuously 

removed from the glovebox atmosphere to prevent nitrides from forming during actinide casting 

operations. This task is accomplished by a “ni-train,” which removes nitrogen from the dri-train 

outlet gas stream. Once an inert atmosphere was established in the glovebox, low contaminant 

levels (oxygen, nitrogen, and water) were maintained using the dri-train in series with the 

Vacuum Atmospheres NI-β0 “ni-train” unit shown in Figure 7.6. Together, the dri-train and ni-

train remove water/oxygen and nitrogen, respectively.  
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Figure 7.6: Vacuum Atmospheres NI-20 ni-train used for removing nitrogen from the actinide 

alloy casting and processing glovebox atmosphere at CSM. 

 

 The ni-train shown in Figure 7.6 uses a titanium sponge charge inside a central reactor 

held at 930 °C. The titanium in the ni-train reactor reacts with nitrogen in the incoming gas 

stream to form titanium nitride. The outlet of the ni-train is cooled before being introduced back 

into the glovebox. The dri-train and ni-train units described above work in concert to provide a 

large, protective-atmosphere glovebox space for preparing, casting, and annealing surrogate fuel 

alloys.   

The casting equipment inside the actinide alloy casting glovebox at CSM consists of a 

modified WeldTec® model WT-27AW gas tungsten arc welding (GTAW) torch in an inert 

atmosphere glovebox. This “arc-melter” setup is shown in Figure 7.7.  
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Figure 7.7: The GTAW torch and copper button mold used to make simulated fuel alloy buttons 

at CSM. The torch uses a DC voltage to create an arc between a tungsten electrode and the 

regents in the mold. 

  

 The GTAW torch shown in Figure 7.7 is powered by a Miller® Dynasty 300 power 

supply. All actinide alloy casting is performed using the preset “TIG HF” impulse mode with the 

current set at 200 A (direct current). Only tungsten TIG electrodes were used, as opposed to 

thoriated or ceriated electrodes.  

Note that some oxygen infiltration occurs due to permeation through glovebox plumbing 

joints and various elastomers in the glovebox seals and gloves. Furthermore, off-gassing of 

polymers in the glovebox and accumulation of impurities from make-up gas (industrial grade 

argon) adds to the impurity content in the glovebox. Due to these sources as well as the finite 

O2/H2O capacity and removal efficiency of the dri-train, the glovebox reaches a steady-state 

oxygen content. For this reason, the glovebox has an inherent minimum oxygen content. On 

average, the oxygen content of the actinide casting glovebox typically drifts between 9 and 25 



129 

ppm over the course of an average month. To limit the formation of oxides, surrogate fuel alloys 

are only cast when the oxygen content inside the glovebox was below 20 ppm, as measured by a 

Southland Sensing OMD-501D oxygen sensor.  

 An arc-melter setup was used to melt the reagents together as shown in Figure 7.8. As 

mentioned earlier, the arc-melter (a modified GTA torch attached to a Miller TIG welding power 

supply), was controlled with a variable switch mounted outside of the glovebox. Melting was 

conducted in stages, each lasting no more than sixty seconds to avoid mold damage. The 

resulting alloy button in the mold was flipped and remelted ten times to promote homogenization 

of the ingot. Final casting of the finished alloy buttons into pins was accomplished using molds 

like the one shown in Figure 7.8. 

 

 
Figure 7.8: Copper chill molds used for casting simulated fuel alloy pins at CSM. 

 

 As seen in Figure 7.8, each chill mold consists of two halves. Alignment of the two 

halves is achieved by the two steel pins on one of the halves which index into corresponding 

holes in the second mold half. The final arc-melted alloy button is placed into the top of the mold 
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as shown in the left side of Figure 7.9. The arc-melter was then used to melt the alloy button and 

cast the alloy into the mold, resulting in the alloy pin shown in the right side of Figure 7.9. 

 

 
Figure 7.9: U-10M-4.3Ce simulated fuel alloy before (left) and after final casting (right). 

  

7.1.3 Alloy Sectioning 

 After casting, the fuel surrogate alloy pins cast at CSM are sectioned with a diamond 

blade using a MTI Corporation Model EQ-SYJ-200 automatic section saw.  All sectioning of 

fuel surrogate alloys is performed under the flow of a water-based solution. This solution is 

composed of distilled water and “Lubecool 150,” a proprietary corrosion inhibitor. The solution 

acts as both lubricant and coolant, reducing microstructural damage to the specimens during 

sectioning. The fluid flow also addresses the pyrophoric hazards associated with cutting uranium 

alloys, which are pyrophoric. The cutting/lubricant fluid prevents the ignition of any finely 

divided uranium alloy powders generated by the saw. The MTI saw shown in Figure 7.10 is 

computer controlled and rotates a diamond-impregnated blade at a rate of 60 to 200 rpm. 
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Figure 7.10: The interior of the MTI computer-controlled saw used to section uranium bar stock 

as well as surrogate fuel alloys and experimental specimens. 

  

 After sectioning, actinide alloy samples are rinsed with distilled water and ethanol to 

remove coolant residue and quickly dried. 

 

7.2 Diffusion Couple Assembly 

 Compatibility between the simulated fuel alloys and cladding was assessed using 

diffusion couples. In this Section, the assembly of the polished simulated fuel alloys and 

cladding alloys to make diffusion couples will be described.  

 

7.2.1 Polishing 

 Diffusion couple experiments require close contact between the alloys. Imperfections in 

the alloy surfaces lead to non-uniform contact between the alloys. To achieve good contact 

between the alloy specimens, the contact surfaces of the two specimens (fuel surrogate and 
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cladding alloy) were polished. Polishing the contact surfaces not only provides a smooth, even 

surface, it also removes any surface oxide and contamination present from the sectioning 

process.  

 Before polishing, surrogate alloy specimens were ground using silicon carbide sandpaper 

from LECO Corporation. Grinding steps were conducted using 60 through 1200 grit sandpaper. 

Water was applied to the sandpaper at regular intervals to flush away residue and provide a 

lubricating/cooling effect. Rough polishing was performed using 6 µm polycrystalline diamond 

suspension on LECO “Brown Technotron” polishing cloth. Final polishing was achieved using  

1 µm polycrystalline diamond suspension on LECO “Lecloth” polishing cloth.  

Fuel surrogate alloy specimens were rinsed with water between each grinding and 

polishing step to avoid scratches. However, the morphology and reactivity of certain 

microstructural features in the fuel surrogates (round cerium pores which etch under water and 

collect grit) caused unavoidable scratching. Also, due to the issue of contamination of equipment 

with radioactive materials, the metallographic procedures discussed above were performed 

completely by hand in the actinide alloy laboratory (as opposed to the physical metallurgy 

laboratory) in Hill Hall at CSM. 

 

7.2.2 Diffusion Couple Jig 

 It is imperative that both alloy specimens of a diffusion couple remain in contact with 

each other for the duration of the isothermal anneal. For this reason, the diffusion couples are 

held together during annealing by the jig shown in Figure 7.11. The completed jig, machined 

from KovarTM by CB Tools for CSM, is shown in Figure 7.12. 
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Figure 7.11: Drawing of the Kovar diffusion couple jig body designed by INL. 

 

 
Figure 7.12: A completed Kovar jig (INL design) for surrogate fuel-cladding diffusion couple 

experiments at CSM. 

  

 The jig shown in Figure 7.12 provides a clamping force on the diffusion couple which 

keeps the alloy samples in contact during annealing. However, care must be taken regarding the 

choice of material for the diffusion couple jig because thermal expansion during the isothermal 
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anneal will reduce its effectiveness in holding the sample faces against each other. To avoid this 

problem, the diffusion couple jigs were made of Kovar, a material that undergoes limited thermal 

expansion. Kovar, a ferrous alloy with nickel and cobalt additions, has a low linear thermal 

expansion coefficient (approximately 5 ppm/°C) which allows the jig to continue holding the 

faces of the alloy specimens together despite increases in temperature. To prevent seizing, the 

threads of the jig screws are lightly coated with Dow Corning “P-37 Molykote®” anti-seize 

paste, a molybdenum sulfide lubricant which is stable at high temperature. Care was taken to 

avoid contact between the anti-seize paste and the experimental specimen. 

 When loaded into the furnace for an isothermal anneal, diffusion couple alloy specimens 

in these Kovar jigs expand, but the jigs themselves undergo relatively little thermal expansion. 

Therefore, the use of a Kovar jig creates a constricting effect which forces the two alloy pieces 

together and ensures close contact during the isothermal anneal. 

 

7.2.3 Inert Markers 

 In light of the discussion of the Kirkendell effect in Chapter 5, the initial and final 

position of the diffusion couple interface differs. This apparent movement of the interface is best 

observed through the use of a marker. The inert marker marks a reference plane which is fixed. 

Thus the markers can be used to measure the relative movement of the diffusion couple interface.    

 For the early diffusion couples made in this study, 1 m alumina particles were used as 

markers. These particles could not be observed in the annealed specimens after sectioning and so 

this approach was not used for later couples. However, the surfaces of unprotected uranium 

alloys oxidize rapidly. If this oxide layer is sufficiently thin, it will break apart during annealing 

and leave a series of inert uranium oxide particles along the original interface. Thus the oxides 
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formed at the surface of the simulated fuel alloy could be used in place of artificially added 

particles or wire as interface markers. 

 

7.3 Isothermal Annealing 

As mentioned in Chapter 6, specimens of the simulated fuel alloys were annealed to 

study the microstructural evolution of the fuel alloy, especially the getter product. Annealing was 

also used to assess the stability of the getter product and search for signs of decomposition of the 

palladium-cerium getter product due to interaction with fuel/cladding constituents at operating 

temperature. The annealing procedure followed in this thesis project is described in this Section. 

 

7.3.1  Annealing Procedure 

All annealing was conducted using a Deltec model DT-31-FLM-8 front-loading muffle 

furnace. The furnace is housed inside the actinide casting and processing glovebox which was 

seen in Figure 7.2. All annealing was therefore conducted under an inert argon atmosphere such 

that the formation of oxides and nitrides on surrogate fuel alloy specimens was minimized. All 

specimens produced during this thesis project were held in place by the Kovar jig fixtures 

described in the previous Section. The specimens were passed into the glovebox through the 

antechamber shown in Figure 7.4 to avoid admitting atmospheric contaminants. The furnace is 

controlled by a Yokogawa model UP550 program controller which regulates the voltage applied 

to the furnace elements to maintain the thermal profile set by the user program. The temperature 

of the furnace interior is monitored by two type B thermocouples housed in alumina sheaths. The 

furnace itself is shown in Figure 7.13.   
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Figure 7.13: The Deltec DT-31-FLM-8 front loading muffle furnace inside the actinide alloy 

casting and processing glovebox at CSM. 

 

 One issue posed by the muffle furnace design is that specimens inside the furnace are 

subjected to temperature fluctuations. This issue is exacerbated when the furnace is opened to 

load or remove specimens. The “recovery time” (time required for the furnace to return to the set 

temperature after a disruption such as opening the door to insert a specimen) is affected by many 

parameters including the duration of the operation, initial heating element temperature, initial 

average furnace wall temperature, specimen thermal properties, specimen mass, and ambient 

atmospheric conditions. For this thesis work (small specimens, complex loading operation, 

variable glovebox conditions), such temperature fluctuations would be unpredictable and would 

result in discrepancies in the thermal histories of different specimens. The magnitude of these 

discrepancies is not known, but it was determined that steps were needed to address this source 

of error. The methodology for dealing with the thermal fluctuations of the furnace are discussed 

in the following subsection. 
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7.3.2 Furnace Insert 

As mentioned in the previous subsection, the degree to which the temperature of the 

furnace deviates from the setpoint of the user-defined program is sensitive to the mass of the 

specimen. Essentially, the greater the mass inside the furnace, the smoother the temperature 

profile. This point is important because the masses of the specimens produced for this thesis 

were small (on the order of 20 g per alloy pin) relative to the volume of the furnace interior 

(approximately 5.6 L).  

Therefore, a method was introduced to bolster the mass inside the furnace, thereby 

reducing the inherent temperature fluctuations commonly experienced by muffle furnaces (and 

especially the effects of opening the furnace door). A steel box, illustrated in Figure 7.14, was 

designed at CSM to provide additional thermal mass in the furnace. 

 

 
Figure 7.14: Drawings of the steel furnace insert designed at CSM. 
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All annealing for this thesis work was conducted inside the steel insert shown in Figure 

7.14 which acts as a kind of ballast after an appropriate soak at temperature. 

 

 
Figure 7.15: Steel furnace insert with front door removed to expose the diffusion couple jigs 

inside. The 1.3 cm thick walls improve thermal stability during annealing. 

   

 The steel furnace insert shown in Figure 7.15 played an important role in annealing 

simulated fuel alloy specimens and diffusion couples. As mentioned earlier, a Yokogawa UP550 

program controller cycles the voltage applied to the silicon carbide furnace heating elements to 

match the temperature setpoint of the anneal program. Clearly, the temperature of the specimens 

inside the furnace oscillates as the heater element output varies. Thus the cycling of the furnace 

heating elements could result in unacceptable temperature excursions during the anneal. To 

address the issue, the steel furnace box was introduced as a means to smooth out these thermal 

oscillations by providing a “thermal mass.” This thermal mass absorbs and releases thermal 
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energy as the output of the heating elements changes throughout the duration of the isothermal 

anneal. 

 A secondary benefit of the furnace box is the ability to accommodate more diffusion 

couple assemblies simultaneously. Each shelf of the furnace box was able to accommodate five 

diffusion couples. The ability to accommodate more diffusion couples in the furnace helped 

avoid the inherent problems posed by splitting experiments into separate furnace runs. 

Specimens could also be spread out among multiple shelves to enable more efficient ingress and 

egress of specimens during annealing. 

 

7.4  Specimen Analysis 

 The data collection process was focused on the determination of elemental compositions 

of various phases in the microstructure of the specimens. Electron microscopy was used to 

analyze the simulated fuel alloy specimens and generate composition maps and profiles. Aspects 

of electron microscopy relevant to the thesis work are presented in the following subsections. 

 

7.4.1  Scanning Electron Microscopy 

 Diffusion couple and surrogate fuel alloy microstructures were studied using the FEI 

Quanta 600i Environmental Scanning Electron Microscope shown in Figure 7.16. Most of the 

scanning electron microscope (SEM) micrographs taken with this equipment were collected 

using a dedicated backscatter electron detector, but some images were collected using the 

Everhart-Thornley detector (secondary electron detector). All electron micrographs were 

collected in high vacuum mode at a working distance of approximately 10 mm with an 

accelerating voltage of 20 kV and a spot size of 5 to 6.  
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Figure 7.16: FEI Quanta 600i SEM used to study surrogate fuel alloys at CSM. 

 

Surrogate fuel specimens were prepared for electron microscopy using the saw described 

in Section 7.1.3. Samples of alloys and diffusion couples were then mounted using Buehler 

EpoThin® two-part epoxy for metallographic preparation. Next, these mounted metallographic 

specimens were ground using silicon carbide sandpaper and polished using diamond suspension 

on cotton polishing cloths. Final polishing was conducted using 1 µm diamond suspension. 

Conductive carbon tape was applied to polished metallographic specimens used to prevent 

specimen charging. The surrogate alloys are electrically conductive, but the surrounding epoxy 

mounting material is an electrical insulator and does not allow for the charge induced by the 

incident electron beam to dissipate.  

 Images collected using secondary electrons provide information about the surface, but 

very little compositional information. The Everhart-Thornley detector is used to generate images 

from backscatter electrons, which are strongly influenced by the atomic number of the specimen. 
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Backscatter images were particularly useful for this project due to the large contrast between the 

constituents of the fuel surrogates. The cause of this contrast difference is the fact that 

backscatter electron energies are dependent upon the electron density of the specimen (target) 

which is in turn correlated to the atomic number of each constituent in the sample. Increasing 

differences in atomic number results in increasing contrast in image produced by the backscatter 

detector.   

 

7.4.2 Energy Dispersive X-ray Spectroscopy 

The composition of phases in the specimens was quantified using Energy Dispersive X-

ray Spectroscopy (EDS). Very briefly, EDS uses an incident electron beam to locally excite the 

electrons of atoms in the specimen. A detector is used to produce a signal from these 

characteristic X-rays and the software represents this signal as an x-ray spectrum (counts plotted 

against frequency). The peaks in the EDS spectrum can be identified to provide elemental 

identification of the constituents in the sample. Variations in spectrum shape can be used to 

generate a quantitative analysis of the composition of the sample. Effective use of EDS for 

accurate quantitative analysis is generally reliant on the use of known calibration standards for 

the system of interest.  

 There are two issues which must be discussed regarding the use of the EDS technique for 

this project. These issues are limited spatial resolution and quantitative analysis accuracy. 

 Since the EDS technique utilizes an electron beam to generate a signal from the sample, 

there are several factors which limit. The size of the electron beam is set by the user by adjusting 

the “spot size” of the electron beam. Decreasing the spot size will improve spatial resolution, but 

necessarily decreases the signal. Thus the selection of spot size is a balance between improved 
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resolution and limiting noise. Also, the interaction between the electron beam (probe) and the 

sample results takes the form of an activation volume rather than an area or single point. The X-

rays (signal) emanate from this volume, placing some limitation on the spatial resolution of EDS. 

 Also, aside from the limitations, the no calibrated standards are available for the system 

being studied in the current research project. Therefore, the quantitative EDS data produced must 

be considered to be approximate values which should be compared to results from future efforts 

using other analysis techniques.  
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CHAPTER 8 

RESULTS AND DISCUSSION 

 A selection of the data collected during the course of this research project will be 

presented in this Chapter. The data reported in this Chapter were obtained from SEM and EDS 

measurements of selected specimens. The experimental results presented in this Chapter are 

divided into Sections based on the alloy system (“Series”) with separate subsections for each 

type of sample studied. Each alloy “Series” consists of two or more similar alloys fabricated 

concurrently for purposes of direct comparison. The compositions of these alloys are presented 

again in Table 8.1. 

 

Table 8.1: Compositions of simulated fuel alloys cast at CSM. Each Series is color coded to 

indicate that the individual alloys were made concurrently and with similar compositions. 
Series Alloy Name Alloy Formula (wt. pct.) Alloy Formula (at. pct.) 

1 

1-Ce-1M  U-0.5Mo-0.4Ti-0.1Zr-4.3Ce  U-1.2Mo-2Ti-0.2Zr-6.9Ce 

1-Ce U-5Mo-4.3Ti-0.7Zr-4.3Ce U-9.6Mo-16.6Ti-1.4Zr-5.7Ce 

1-PdCe U-5Mo-4.3Ti-0.7Zr-3.9Pd-4.3Ce U-9.3Mo-16Ti-1.4Zr-6.5Pd-5.5Ce 

2 
2-Ce U-5Mo-4.3Ti-0.7Zr-4.3Ce U-9.6Mo-16.6Ti-1.4Zr-5.7Ce 

2-PdCe  U-5Mo-4.3Ti-0.7Zr-3.9Pd-4.4Ce  U-9.3Mo-16Ti-1.4Zr-6.5Pd-5.5Ce  

3 
3-Ce U-9Mo-4.3Ti-0.7Zr-5.3Ce U-16.5Mo-15.8Ti-1.4Zr-6.7Ce 

3-PdCe U-8.3Mo-4.1Ti-0.7Zr-3.9Pd-5.1Ce U-14.9Mo-15.9Ti-1.3Zr-6.3Pd-6.3Ce 

4 
4-1Pd3Ce U-8.5Mo-4.3Ti-0.7Zr-1.3Pd-5.2Ce U-15.6Mo-15.5Ti-1.3Zr-2.2Pd-6.5Ce 

4-3Pd1Ce U-7.7Mo-3.8Ti-0.6Zr-10.8Pd-4.7Ce U-13.2Mo-13.2Ti-1.1Zr-16.7Pd-5.6Ce 

 

 Each alloy listed in Table 8.1 has been assigned a name to facilitate discussion of the 

results. Note that the ni-train described in Chapter 7 was operating during the casting of all alloys 

in Table 8.1 except those in Series 1. Most of the simulated fuel alloys in Table 8.1 were based 

on the U-10M (wt. pct.) base alloy (M =50Mo-43Ti-7Zr, wt. pct.). The one exception, “1-Ce-

1M” from Series 1, was based on the U-1M (wt. pct.) alloy. Further discussion of the simulated 

alloy design process is provided in Appendices A, B, and C.  
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 Specimens from several of the alloys listed in Table 8.2 were annealed to study the 

microstructural evolution of the simulated fuel alloys. These specimens were annealed at 

temperatures comparable to the operating temperature of a metallic fast reactor real fuel  

(650 °C). The names, compositions, and annealing parameters of these annealed specimens are 

listed in Table 8.2. 

 

Table 8.2: Anneal parameters for annealed simulated fuel alloy specimens. 

Series Specimen Name 
Alloy Composition 

(at. pct.) 

Duration 

(hr) 

Temperature 

(°C) 

3 
a3-Ce-108 U-9Mo-4.3Ti-0.7Zr-5.3Ce 108 650 

a3-PdCe-108 U-8.3Mo-4.1Ti-0.7Zr-3.9Pd-5.1Ce 108 650 

4 

a4-1Pd3Ce-108 U-8.52Mo-4.26Ti-0.69Zr-1.33Pd-5.23Ce 108 650 

a4-3Pd1Ce-108 U-7.70Mo-3.84Ti-0.63Zr-10.78Pd-4.73Ce 108 650 

a4-1Pd3Ce-204 U-8.52Mo-4.26Ti-0.69Zr-1.33Pd-5.23Ce 204 650 

a4-3Pd1Ce-204 U-7.70Mo-3.84Ti-0.63Zr-10.78Pd-4.73Ce 204 650 

 

 After annealing, each specimen listed in Table 8.2 was sectioned, mounted in epoxy, and 

polished to produce metallographic specimens for study with SEM and EDS. Results from these 

studies will be presented in each proceeding subsection, as appropriate. 

  As-cast specimens from the fuel surrogates presented in Table 8.1 were also used to 

produce diffusion couples for the assessment of fuel-clad chemical interaction (FCCI). The 

compositions and anneal parameters of these diffusion couples are again presented in Table 8.3 

for easy reference. As shown in Table 8.3, the diffusion couples made from Series 1 and 2 alloys 

were annealed at 900 °C while those made from Series 3 and 4 alloys were annealed at 650 °C. 

The Series 3 and 4 diffusion couples were annealed at lower temperature to avoid the localized 

melting observed after annealing Series 1 and 2 diffusion couples annealed at 900 °C.  

 The aim of the diffusion couples in Table 8.3 was to compare the FCCI behavior of the 

gettered fuel alloys (with palladium) to the unprotected fuel alloys (without palladium). The 

couples made from the Series 4 alloys were also intended to provide insight into the effect of 
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excess palladium or cerium (changes in palladium doping level). Series 4 couples also enabled 

forecasts of the behavior of the real fuel after high burnup. 

  

Table 8.3: Compositions and anneal parameters and compositions of diffusion couples between 

cladding alloys and fast reactor fuel surrogates. Each “Series” is color coded for greater clarity. 

Series Name 
Simulated Fuel Composition 

(wt. pct.) 

Cladding 

Alloy 

Temperature 

(°C) 

Duration 

(hr) 

1 

Ce-M1-HT9 U-0.5Mo-0.4Ti-0.1Zr-4.3Ce HT-9 900 72 

Ce-HT9 U-5Mo-4.3Ti-0.7Zr-4.3Ce HT-9 900 72 

CePd-HT9 U-5Mo-4.3Ti-0.7Zr-3.9Pd-4.3Ce HT-9 900 72 

2 

2-Ce-HT9-1 U-5Mo-4.3Ti-0.7Zr-4.3Ce HT-9 900 72 

2-PdCe-HT9-1 U-5Mo-4.3Ti-0.7Zr-3.9Pd-4.3Ce HT-9 900 72 

2-Ce-HT9-2 U-5Mo-4.3Ti-0.7Zr-4.3Ce HT-9 900 100 

2-PdCe-HT9-2 U-5Mo-4.3Ti-0.7Zr-3.9Pd-4.3Ce HT-9 900 100 

3 

3-Ce-HT9-1 U-9Mo-4.3Ti-0.7Zr-5.3Ce HT-9 650 108 

3-Ce-HT9-2 U-9Mo-4.3Ti-0.7Zr-5.3Ce HT-9 650 204 

3-Ce-422 U-9Mo-4.3Ti-0.7Zr-5.3Ce 422 650 204 

3-PdCe-HT9-1 U-8.3Mo-4.1Ti-0.7Zr-3.9Pd-5.1Ce HT-9 650 108 

3-PdCe-HT9-2 U-8.3Mo-4.1Ti-0.7Zr-3.9Pd-5.1Ce HT-9 650 204 

3-PdCe-422 U-8.3Mo-4.1Ti-0.7Zr-3.9Pd-5.1Ce 422 650 204 

4 4-1Pd3Ce-HT9-1 U-8.5Mo-4.3Ti-0.7Zr-1.3Pd-5.2Ce HT-9 650 120 

 4-3Pd1Ce-HT9-1 U-7.7Mo-3.8Ti-0.6Zr-10.8Pd-4.7Ce HT-9 650 120 

4-1Pd3Ce-HT9-2 U-8.5Mo-4.3Ti-0.7Zr-1.3Pd-5.2Ce HT-9 650 240 

4-3Pd1Ce-HT9-2 U-7.7Mo-3.8Ti-0.6Zr-10.8Pd-4.7Ce HT-9 650 240 

 

 Each Section of this Chapter includes a discussion of the data for a specific set of 

specimens, but conclusions drawn from this discussion will be reserved for Chapter 9. The first 

alloys to be discussed in the present Chapter are the Series 1 simulated fuel alloys. 

 

8.1 Series 1 Simulated Fuel Alloys 

 This Section describes the results obtained from specimens of the first set of surrogate 

fuel alloys to be cast for this project, referred to as “Series 1” in Table 8.1. Two initial U-10M 

alloys were cast in this series; one alloy contains palladium (“1-PdCe”) and the other does not 

contain palladium (“1-Ce”). Both U-10M alloys in Series 1 were intended to represent a U-10M 

(wt. pct.) fuel after approximately ten percent burnup (at. pct.). For information regarding the 



146 

calculation process, refer to Appendices B and C. The objective of alloys 1-PdCe and 1-Ce was 

to facilitate a study of the interaction between palladium and the other constituents of the 

simulated fuel alloy, particularly cerium. The effect of palladium on potential fuel-clad chemical 

interaction was also studied using diffusion couples between the Series 1 alloys and steel 

cladding alloys (HT-9 and Type 422 stainless steel).  

 Recall from Chapter 7 that the ni-train was not operating when the Series 1 surrogate fuel 

alloys were cast. Therefore, the actinide casting glovebox must have contained appreciable levels 

of nitrogen and molten simulated fuel alloys had the opportunity to react with nitrogen during 

casting. For this reason, the effect of nitrogen contamination on the Series 1 alloys must be 

considered.  

Since the effect of nitrogen would be most pronounced at the exterior surfaces of the 

specimens, nitrogen could have formed a thin layer of nitrides on the surface of the as-cast Series 

1 surrogate fuel alloys. Note that the surfaces of the freshly cast alloys often exhibited a golden 

tint, but this appearance could also be attributed to oxygen contamination.  

 The most important potential issue from this nitrogen contamination is the potential for 

nitrogen to inactivate the palladium getter in the alloy due to formation of palladium nitrides. 

However, uranium and cerium would also be expected to take up nitrogen from the glovebox 

atmosphere, forming uranium and cerium nitrides, respectively.  

 Aside from depletion of the getter, nitrogen contamination could also have resulted in 

altered FCCI behavior due to the formation of a nitride film at the simulated fuel-cladding 

interface during annealing. In sufficient quantities, these nitrides would hinder interdiffusion 

between the simulated fuel and cladding.  
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 These nitrogen contamination issues are unavoidable due to the steady state nitrogen and 

oxygen content of the actinide casting glovebox, but they were magnified for the Series 1 alloys 

because the ni-train was not online. It should be recognized that the impact of nitrogen 

contamination would not be limited to the surface of the surrogate fuel alloy button. The stirring 

motion induced by the arc should continuously bring unreacted molten metal in contact with the 

glovebox atmosphere.  

 The anticipated effects of nitrogen contamination are similar to those expected from 

oxygen contamination of the glovebox atmosphere, namely, reduced migration in diffusion 

couples and effective reduction in the palladium to cerium ratio (Pd:Ce, at. pct.). Despite these 

concerns, it is worthwhile to consider the data obtained from diffusion couples made of the 

Series 1 alloys. 

 

8.1.1 Series 1 Diffusion Couples 

 The propensity of the Series 1 simulated fuel alloys to interact with cladding was studied 

by assembling specimens of the surrogate alloys with Type HT-9 and 422 stainless steel cladding 

alloys in a Kovar jig as described in Chapter 7. 

 The parameters for the Series 1 diffusion couples are listed in Table 8.3. Note that the 

Series 1 couples were all annealed at the same temperature (900 °C) for the same duration (72 

hr). Although 900 °C is far above the temperature at which this fuel would operate in actual use 

(~600 °C), 900 °C was chosen as the anneal temperature for the Series 1 diffusion couples in an 

attempt to accelerate interdiffusion. Figure 8.1 shows a typical SEM backscatter micrograph 

taken of the 1-Ce-1M-HT9 diffusion couple. 
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Figure 8.1: SEM backscatter image of the fuel side of the apparent interface taken from the 1-Ce-

1M-HT9 diffusion couple. The dark gray on the right edge of the Figure is unreacted cladding. 

  

 Note that the surrogate fuel region seen in Figure 8.1 is composed of two phases; a white 

phase (uranium-rich) and a gray phase (iron rich). The white phase is absent within the region of 

the fuel surrogate immediately adjacent to the interface. Thus, there is an interfacial boundary 

layer which formed between the cladding and surrogate fuel. The apparent interface of the 1-Ce-

1M-HT9 couple is shown at higher magnification in Figure 8.2. 
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Figure 8.2: SEM backscatter micrograph of the 1-Ce-1M-HT9 diffusion couple. The image is 

centered at the apparent interface between simulated fuel (left) and cladding (right). 

 

 The iron-uranium-chromium interface product seen in Figure 8.2 is approximately 16 

atom percent uranium, 9 atom percent chromium, and 73 atom percent iron according to EDS 

sport scan data. One of the interesting features observed in Figure 8.2 is the collection of white 

spots on the cladding side of the couple (right side of the Figure). EDS spot scans revealed that 

these bright white spots are predominately composed of uranium. These spots may therefore be 

uranium oxide or nitride particles leftover from the original interface. The furthest extent of these 

particles into the cladding side of the couple should therefore mark the location of the original 

diffusion couple interface.  
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Another interesting feature of Figure 8.2 is the 5 m wide boundary at the apparent 

interface between the simulated fuel and cladding.  

 The microstructure of the 1-Ce-1M-HT9 diffusion couple shown in the preceding figures 

can be compared to that of the 1-Ce-HT9 diffusion couple as presented in Figure 8.3. The 

microstructure of the surrogate fuel in Figure 8.3 consists of a uranium-rich white phase and a 

uranium poor gray phase adorned with black, polygonal particles. The black particles were found 

to contain mostly titanium and molybdenum. 

 

  
Figure 8.3: SEM backscatter micrograph of the 1-Ce-HT9 diffusion couple. Due to the high 

atomic number of uranium relative to iron, there is excessive contrast between the simulated fuel 

(left) and cladding (right) sides of the couple. The original interface position is marked by the 

yellow dashed line. 
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As in the 1-Ce-1M-HT9 diffusion couple, the white phase in the fuel side of the 1-Ce-

HT9 diffusion couple becomes scarce near the apparent interface. Interestingly, the black, 

polygonal particles in the fuel side of couple 1-Ce-HT9 were not observed in the 1-Ce-1M-HT9 

couple. This difference is likely due to the greater “M” content of the fuel surrogate in the latter 

couple. Figure 8.4 shows a backscatter SEM micrograph of the interfacial interaction layer in 

couple 1-Ce-HT9 at high magnification. Note that the boundary between cladding (right) and 

surrogate fuel alloy (left) is highly irregular in thickness and is decorated with thin plates which 

jut into the cladding. EDS measurements of the interface layer in Figure 8.4 showed high 

quantities of iron and chromium with some uranium.  

 

 
Figure 8.4: SEM backscatter image taken from the 1-Ce-HT9 diffusion couple. 
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Comparing Figure 8.4 to 8.2, the interface layer in the 1-Ce-HT9 couple appears to be 

thinner than that observed in the 1-Ce-1M-HT9 couple. Also, there is only a very small layer 

next to the interface layer in the fuel side of couple 1-Ce-HT9, whereas there was a 10-20 µm 

wide layer in the 1-Ce-1M-HT9 couple.  

The sole difference between the two diffusion couples in Figures 8.2 and 8.4 was that the 

surrogate fuel alloy in the 1-Ce-1M-HT9 couple was based on the U-1M (wt. pct.) fuel alloy 

while the 1-Ce-HT9 couple was based on the U-10M (wt. pct.) fuel alloy. As expected, the 

microstructure of the latter couple appears less homogenous due to the higher alloy addition 

content of the simulated fuel alloy. Note that neither of the surrogate fuel alloys used in these 

two diffusion couples contained palladium. 

Now consider the morphology of diffusion couples incorporating palladium-doped fuel 

surrogate and HT-9. Figure 8.5 shows the apparent interface of the 1-CePd-HT9 diffusion couple 

after annealing. This diffusion couple contains both palladium (getter product) and cerium (mock 

lanthanide fission product). As seen in Figure 8.5, the apparent interface between the fuel (left) 

and cladding (right) is irregular and undulating. Near the apparent interface, the gray phase 

dominates while the uranium rich white phase becomes more prevalent near the center of the fuel 

(left edge of Figure 8.5). This microstructure is similar to that observed in the prior two couples. 

The dark gray phase in the fuel side of the couple was found to contain more iron and cerium 

than the lighter phase which, contained mostly uranium. 
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Figure 8.5: SEM backscatter image taken from the 1-CePd-HT9 diffusion couple. The image is 

centered on the apparent interface between the fuel (left) and cladding (right) sides.  

 

 The apparent interface and the faint bright spots in the cladding side of this diffusion 

couple can be seen more clearly in Figure 8.6. Platelet like features can be seen extending into 

the cladding side in Figure 8.6 and these features are similar to those observed in the 1-Ce-HT9 

couple. The irregularity of this iron-chromium-uranium phase at the interface suggests the 

preferential growth of a product along a specific direction. The dark gray phase along the 

apparent interface was found to contain an abundance of zirconium based on EDS data. The 

approximate composition of this layer was 47 atom percent zirconium, 33 atom percent uranium, 

and 12 atom percent iron according to EDS data. 
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Figure 8.6: SEM backscatter image of couple 1-PdCe-HT9 showing the fuel (left) and cladding 

(right) sides of the couple. 

 

 The unexpected lack of palladium particles in diffusion couple 1-PdCe-HT9 was initially 

attributed to the possibility of nitrogen contamination. However, Section 8.2 will show that the 

Series 2 specimens (specimens cast and annealed under protection from the ni-train) were 

similarly without cerium or palladium particles.  

 

8.2 Series 2 Simulated Fuel Alloys 

 The Series 2 simulated fuel alloys were designed to have the same compositions as the 

Series 1 fuel alloys. However, the ni-train was brought online before the casting and annealing of 
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these specimens, thus addressing the effects of nitrogen contamination. However, some residual 

nitrogen contamination is to be expected for these alloys and diffusion couples due to the steady 

state nitrogen content of the glovebox (see subsection 7.1.2).  

 Therefore, the Series 2 simulated fuels and diffusion couples experienced less exposure 

to nitrogen than those from Series 1, but the effects of nitrogen (and oxygen) contamination on 

these specimens can not be completely ignored for the Series 2 alloys and diffusion couples. The 

discussion of the Series 2 alloys will begin with the as-cast alloys.  

 

8.2.1 As-Cast Series 2 Alloys 

As-cast specimens of the Series 2 alloys were sectioned, mounted in epoxy, and polished 

to produce metallographic specimens according to the methodology set forth in Chapter 7. The 

SEM shown in Figure 7.16 was used to study the microstructure of the as-cast Series 2 alloy.  

Due to the large difference in the atomic numbers of the constituents, backscatter images 

provide a high degree of contrast and allow for visualization of segregation of various 

constituents in the surrogate fuel alloys. Uranium-rich areas of the surrogate fuel alloy appear the 

brightest, while titanium-rich regions appear darker.  

Figure 8.7 shows a backscatter image collected from the as-cast surrogate fuel alloy 

without getter (“β-Ce). Figure 8.7 shows that the as-cast simulated fuel alloy is not 

homogeneous. The inhomogeneity of the as-cast alloy not simply a result of the as-cast state of 

the specimens. This result is assured by the high quantity and limited solubility of the additions 

in these simulated alloys.  
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Figure 8.7: SEM backscatter micrograph showing the morphology of the as-cast 2-Ce metallic 

fast reactor fuel surrogate. 

  

The microstructure of the simulated fuel alloy could be refined though optimization of 

casting parameters (e.g. mold temperature), but such efforts were beyond the scope of the current 

work. Furthermore, homogenization of the as-cast alloy could be achieved through annealing, 

but the as-cast state is said to be representative of a real metal fuel and is of greater interest for 

fuel research efforts. As will be shown in the following subsection, the microstructure is not 

homogeneous even after annealing the fuel alloy (in diffusion couples) at 900 °C for 100 hours.  
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8.2.2 Series 2 Diffusion Couples 

 The apparent interface of diffusion couple 2-Ce-HT9-1 can be seen in Figure 8.8 as an 

example of the microstructure of the Series 2 diffusion couples without palladium. The region 

immediately adjacent to the apparent interface was primarily made of the uranium-lean gray 

phase which was seen in earlier 1-Ce-HT9 couples.  

 

 
Figure 8.8: SEM backscatter micrograph of couple 2-Ce-HT9-1 showing the fuel (left) and 

cladding (right) sides of the couple.  

  

 The dendritic region circled in Figure 8.8 can be seen in greater detail in Figure 8.9. Note 

that the apparent interface in Figure 8.8 is bowed out towards the cladding (right) side of the 

couple. Initially this bowing was assumed to be the result of non-uniform stresses produced by 

Dendritic legion 

(localized melting) 

Fuel Cladding 
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constrained thermal expansion in the Kovar jig. Such stresses occur any time the constrained 

diffusion couple attempts to change length during insertion into or retrieval from the furnace. 

However, substantial regions of the fuel side of the couple contain large, well-defined dendrites. 

 

 
Figure 8.9: SEM backscatter image of the fuel side of couple 2-Ce-HT9-1 showing large, well-

formed dendrites. 

 

 The size of the region exhibiting the dendritic microstructure shown in Figure 8.9 

indicates that localized melting occurred in the fuel side of the diffusion couple during annealing. 

Based on this observation, it appears that nonuniform melting was partially responsible for the 

bowing of the apparent interface seen in Figure 8.8. Figure 8.10 shows the fuel side of diffusion 

couple 2-Ce-HT9-2. 
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Figure 8.10: SEM backscatter image of the fuel side of couple 2-Ce-HT9-2. 

 

From Figure 8.10, it appears that the grey uranium-lean phase is dominant near the 

couple interface. This result is similar to that observed in the Series 1 couples, although there is 

not an interfacial layer at the interface itself.  

For comparison, the apparent interface of couple 2-PdCe-HT9-2 can be seen in Figure 

8.11. Figure 8.11 shows the familiar white dots in the cladding side of the couple which seem to 

be immobile uranium oxide or nitride particles. Unfortunately, the presence of nitrogen and 

oxygen can not be reliably assessed by EDS due to the low atomic numbers of these elements. 

 

Interface 
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Figure 8.11: SEM backscatter image of the apparent interface of couple 2-Ce-HT9-2. 

 

Despite the limits of EDS measurements, it is possible to come to a conclusion 

concerning the particles in Figure 8.11 by comparing them to those seen in the Series 1 couples. 

Note that the white particles in the cladding side of Figures 8.2 and 8.11 seem to be equally 

numerous and approximately the same size. If these particles were uranium nitrides, then they 

should have been more numerous and possibly larger in Figure 8.2 since this diffusion couple 

was annealed in an atmosphere containing more nitrogen than the comparable couple shown in 

Figure 8.11. The fact that the particles are of similar size and abundance is evidence that they are 

more likely uranium oxide particles than nitride particles. 

Fuel Cladding 

Original   Interface 
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Also of interest are the platelet features jutting off of the interface in Figure 8.11. These 

features are comparable to those observed in the Series 1 couples. However, there does not 

appear to be an interface layer immediately between the fuel alloy and cladding sides of the 

couple as was observed for couples 1-Ce-1M-HT9 and 1-Ce-HT9. Said interface layer was also 

absent from the 1-CePd-HT9 couple and this similarity may be attributed to the presence of 

palladium in both specimens. 

 

8.3 Series 3 Simulated Fuel Alloys 

 The alloys in Series 3 were all designed using a reworked procedure for formulating the 

alloy additions for the fuel alloy surrogate. This reworked procedure more accurately reflects the 

impact of burnup on the composition of a real fuel. Briefly, fission was assumed to generate a 

both a light and heavy fission product rather than only a heavy fission product. Molybdenum was 

chosen as the mock light fission product for the Series 3 alloys. For more discussion of the alloy 

design concept, refer to Appendices A, B, and C. 

 The discussion of the results from the Series 3 alloys begins with a description of the as-

cast microstructure of the Series 3 metallic fast reactor fuel surrogates. 

 

8.3.1 As-Cast Series 3 Alloys 

 The most striking feature of the 3-Ce alloy is the black, circular cerium particles seen 

throughout the microstructure. A particularly large example of these cerium particles is shown in 

Figure 8.12, a micrograph of the as-cast 3-Ce surrogate metallic fast reactor fuel alloy cast at 

CSM. 
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Figure 8.12: SEM backscatter micrograph of as-cast simulated fuel alloy 3-Ce showing a large 

cerium particle circled in red dashed line. 

 

 The compositions of cerium particles were studied via EDS measurements which 

revealed them to be approximately 95 percent cerium (at. pct.). Note that the cerium particles in 

Figure 8.12 are spherical (circular in the two-dimensional micrograph), rather than faceted. This 

morphology seems to be a result of solute segregation of cerium during solidification of uranium. 

 The cerium-uranium phase diagram, Miedema diagram, and Darken and Gurry diagram 

all predict that cerium will not be soluble in uranium and will segregate to interdendritic regions. 

The melting point of cerium (795 °C) is far below that of uranium (1135 °C), so these pockets of 

cerium would remain liquid long after the uranium alloy (U-M) matrix had solidified. The 

surface tension of the liquid cerium would result in the observed morphology and the melting 
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point of cerium is sufficiently low to ensure that these cerium-rich regions would be the last 

remaining regions to solidify, hence their spherical shape. 

 The microstructure of the palladium-doped fuel alloy surrogate, 3-PdCe, is similar to that 

of the alloy 3-Ce. Figure 8.13 shows a typical region near the center of the as-cast 3-PdCe alloy 

pin containing many cerium-palladium particles. 

 

 
Figure 8.13: SEM backscatter micrograph of as-cast surrogate fuel alloy 3-PdCe. Palladium-

cerium particles are circled in red dashed lines. 

  

 The circled palladium-cerium particles seen in Figure 8.13 are similar in morphology to 

the cerium particles observed in alloy 3-Ce. This similarity is again attributed to the behavior of 

cerium during solidification. However, EDS data show that the circular particles in Figure 8.13 
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contain significant amounts of palladium. As seen in Figure 8.14, the palladium-cerium particles 

in the as-cast 3-PdCe alloy are not homogeneous and the palladium content of each phase differs 

substantially. 

 

 
Figure 8.14: SEM backscatter image of a palladium-cerium particle in the as-cast 3-PdCe 

simulated fuel alloy. 

  

 The backscatter image in Figure 8.14 suggests that at least two phases coexist in the 

palladium-cerium particles in this alloy. EDS scans across these palladium-cerium particles 

suggested the presence of two separate intermetallic phases. The results of the spot scans labeled 

in Figure 8.14 are shown in Table 8.4. 
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Table 8.4: EDS spot scan results (at. pct.) for the locations shown in Figure 8.14.  

Spot Zr Mo Pd U Ti Ce 

1 0 0 43.9 0 0 56.1 

2 0 0 47.7 0 0 52.3 

3 0 0 31.1 0 0 67.2 

4 0 0 28.6 0 0 71.4 

5 0.1 12.6 2 72.4 12.1 0.8 

6 0.6 5.5 2.8 61.8 12.2 1.5 

7 0 0 46.4 0 0 53.6 

8 2.03 6.7 1.1 10.4 78.6 1.2 

 

 The data from the EDS spot scans in Table 8.4 support the notion that the getter product 

particle in Figure 8.14 is composed of at least two phases. There is a Ce7Pd3 intermetallic 

compound with a composition of 30 atom percent palladium on the cerium- palladium phase 

diagram and so one of the phases in Figure 8.14 seems to be Ce7Pd3. 

 Regarding the phase measured as 46 atom percent palladium, note that the Ce3Pd2 

intermetallic compound has a composition of 40 atom percent and the CePd intermetallic 

compound has a palladium content of 50 atom percent. Thus it seems that the particle shown in 

Figure 8.14 also contains the CePd and/or Ce3Pd2 intermetallic compounds. Due to the spatial 

and quantitative resolution limitations mentioned in Chapter 7, it is not possible to narrow down 

this phase to either intermetallic compound.  

 

8.3.2 Annealed Series 3 Alloys 

 As-cast specimens from the Series 3 simulated fuel alloys were annealed to gain insight 

into the microstructural evolution of these simulated fuels at operating temperature. In particular, 

it was of interest to assess the stability of the cerium-palladium getter product at reactor 

operating temperature. The microstructure of the annealed specimen of alloy 3-Ce (a surrogate of 
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the unprotected U-M fuel alloy with no palladium) can be seen in Figure 8.15, which shows a 

large cerium particle near a smaller cerium particle. 

 

 
Figure 8.15: SEM backscatter image of as-cast simulated fuel alloy 3-Ce. 

  

 The black, circular features which dominate the microstructure of the 3-Ce surrogate fuel 

alloy are cerium (99.96 at. pct.) according to EDS measurements. The edges of many of the 

cerium particles are ragged, but all cerium particles are spherical in shape. In comparison, Figure 

8.16 shows the microstructure of a3-PdCe-108, an annealed specimen of gettered fuel alloy 

surrogate. 

 

Cerium 
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Figure 8.16: SEM backscatter image of annealed 3-PdCe simulated fuel alloy. Several cerium-

palladium getter product particles are indicated. The uppermost edge of the figure is black due to 

the nonconductive epoxy which surrounds the exterior of the specimen. 

 

 EDS analysis of the getter product particles in the annealed surrogate fuel specimen 

showed them to be made mostly of palladium and cerium (55 at. pct. Pd and 45 at. pct. Ce). This 

composition is close to that of the Ce3Pd4 intermetallic compound. The palladium-cerium 

product formed in the palladium-doped fuel alloy surrogate (a3-PdCe-108) can be seen at higher 

magnification in Figure 8.17. The dark layer seen near the right edge of Figure 8.17 was initially 

thought to be a sign of nitrogen contamination. Enrichment of zirconium in this region would 

suggest extensive nitrogen contamination of the glovebox during annealing or casting. 
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Figure 8.17: SEM backscatter image of the edge of specimen a3-PdCe-108, an annealed 

specimen of alloy 3-PdCe. 

 

 The EDS data for the exterior of the annealed 3-PdCe alloy can be seen in Figure 8.18. 

The EDS data were taken in the form of a line scan across the surrogate exterior in an effort to 

characterize the composition of the apparent interaction layer. Specifically, EDS line scans were 

conducted to assess any shift in zirconium which might indicate the formation of a zirconium-

nitride layer at the exterior of the annealed specimen. From Figure 8.18 it can be stated that only 

the titanium and molybdenum concentrations differ appreciable across this boundary layer. Since 

zirconium (a strong nitride former) does not appear to be concentrated at the edge of the 

specimen, it appears unlikely that an appreciable quantity of zirconium-nitride formed in this 
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specimen. Therefore, the ni-train seems to have successfully limited the amount of nitrogen in 

the glovebox atmosphere.  

 

 
Figure 8.18: SEM backscatter image and EDS line scan overlay of the edge of specimen  

a3-PdCe-108. 

 

 The cause of the dark band at the edge of the specimen in Figure 8.17 may be due to the 

reaction of the simulated fuel with traces of oxygen (and to a lesser extent, nitrogen) in the 

glovebox atmosphere. These trace gases are unavoidable (see Section 8.1) and seem not to have 

penetrated more than β00 m into the fuel surrogate during annealing. Alternatively, it is 

possible that this dark layer represents the nucleation and growth of a new product in the fuel 
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surrogate. As-cast specimens from alloys 3-Ce and 3-PdCe were used to produce diffusion 

couples for assessment of interaction between the simulated fuels and actual cladding alloy. 

 

8.3.3 Series 3 Diffusion Couples 

 Six diffusion couples were made between the Series 3 fuel surrogates and cladding 

alloys. Types 422 and HT-9 stainless steel were used as cladding alloy in these diffusion couples. 

An SEM backscatter micrograph of couple “γ-Ce-HT9-1” is presented in Figure 8.1λ. The black, 

circular features indicated in Figure 8.19 are nearly pure cerium (81-94 at. pct. Ce). These 

cerium particles contain 2-3 atom percent each of iron, nickel, and chromium. 

 
Figure 8.19: SEM backscatter image of the apparent interface of couple 3-Ce-HT9-1. The 

cladding side of the couple is along the left edge of the image. 

Cerium 
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 For comparison, the microstructure of the 3-PdCe-HT9-1 diffusion couple can be seen in 

Figure 8.20. The dark gray band in of the simulated fuel near the right edge in Figure 8.20 runs 

parallel to the interface of the 3-PdCe-HT9-1 diffusion couple. This interface is bounded on the 

left side by a white band. The composition of uranium was not observed to change appreciably 

across this region. Most importantly, a number of circular (spherical in three dimensions) 

particles can be seen in the fuel side of couple 3-PdCe-HT9-1. These particles all contain cerium 

and palladium with traces (less than 2 at. pct.) of cladding constituents such as iron and 

chromium. 

 
Figure 8.20: SEM backscatter image of the fuel side of diffusion couple 3-PdCe-HT9-1. 
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8.4 Series 4 Surrogate Fuel Alloys 

 The alloys in Series 4 were designed to have a relative surplus of either palladium or 

cerium. The alloy 4-1Pd3Ce possessed 25 percent palladium relative to cerium (at. pct.) while 

alloy 4-3Pd1Ce possessed 75 percent palladium relative to cerium (at. pct.). These ratios of 

palladium to cerium were chosen for two reasons. Firstly, the differing ratios permitted a 

comparison between differing levels of palladium (lanthanide getter) relative to cerium (mock 

lanthanide fission product). The 4-1Pd3Ce alloy represented an alloy in which the ratio of 

palladium to cerium was one to three while the 4-3Pd1Ce alloy has a palladium to cerium ratio 

of three to one. The second reason for altering the palladium to cerium ratio was to allow the 

results to be related to fuel behavior over time. After sufficient burnup, the ratio of palladium 

(getter) to lanthanide fission product in the fuel will decrease due to the ongoing accumulation of 

lanthanide fission product. Thus the 4-3-1Ce and 4-1Pd-3Ce simulated fuels represent relatively 

fresh fuel and fuel after higher burnup, respectively. Note that the greater abundance of cerium 

also provides some indication of the behavior of plutonium, since cerium is a surrogate for 

plutonium. The discussion of the Series 4 simulated fuel alloys begins with a description of the 

as-cast specimens. 

 

8.4.1 As-Cast Series 4 Alloys 

 Chapter 7 explained that the ratio of cerium to palladium was altered in the Series 4 

alloys to assess changes in the behavior of the palladium getter as the real fuel ages. The as-cast 

surrogate fuel alloys 4-1Pd3Ce and 4-3Pd3Ce represent gettered U-M fuels at two different 

points in the fuel lifetime. In the real fuel, the quantity of lanthanide fission product will increase 

while the quantity of unreacted palladium will decrease due to the formation of getter product 
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intermetallic compounds. The as-cast microstructure of the 4-1Pd3Ce alloy can be seen in Figure 

8.21 below. Note the abundance of cerium-palladium getter product particles throughout the 

microstructure. All of the getter product particles in alloy 4-1Pd3Ce are circular and appear to be 

composed of multiple phases.  

 

 
Figure 8.21: SEM backscatter micrograph of as-cast 4-1Pd3Ce simulated fuel alloy. Red arrows 

point to examples of palladium-cerium getter product. 

  

 A palladium-cerium particle can be seen in greater detail in Figure 8.22. The white 

inclusions in the getter product particles were found to be mostly uranium with some of the “M” 

alloy addition constituents (Mo, Ti, and Zr). 
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Figure 8.22: SEM micrographs of as-cast 4-1Pd3Ce simulated fuel alloy with Everhart-Thornley 

(left) and dedicated backscatter electron (right) detectors. 

 

 Note the alternating bands of light and dark phase in alloy 4-1Pd3Ce, creating a lath 

structure reminiscent of that formed by a eutectic reaction. The apparent eutectic regions are 

surrounded by an apparent proeutectic Ce7Pd3 intermetallic phase. The separate phases in the 

getter product particle can be seen more clearly in Figure 8.23 which also shows the locations of 

EDS spot scans. These EDS data showed that the white particle near the center of Figure 8.23 is 

mostly uranium with traces of molybdenum and titanium (U-10Mo-20Ti at. pct.). Thus, the 

white, 15 m wide particle near the center of Figure 8.23 is a U-M precipitate. This precipitate 

would have formed during cooling of the as-cast surrogate. During cooling, uranium and “M” 

constituents (molybdenum, titanium, and zirconium) fall out of solution from the surrounding 

cerium-palladium phase. The resulting particles are found in many of the cerium-palladium 

getter product particles and seem to be similar in size (constant nucleation and growth rates) and 

shape. 
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Figure 8.23: SEM backscatter micrograph of alloy 4-1Pd3Ce showing the internal structure of 

one of the palladium-cerium particles. EDS spot scan locations are marked.  

 

The EDS spot scan data for the locations marked in Figure 8.23 are shown in Table 8.5. 

 

Table 8.5: EDS spot scan results (at. pct.) for the locations indicated in Figure 8.23. 

Spot Zr Mo Pd U Ti Ce 

1 0.3 0.0 2.2 0.0 0.0 97.5 

2 0.2 0.0 6.1 0.0 0.0 93.7 

3 0.0 0.0 27.0 0.0 0.0 73.0 

4 1.0 0.0 22.5 0.3 1.4 74.8 

5 0.0 0.0 43.2 0.0 0.0 63.3 

6 0.0 0.0 24.8 0.0 0.0 75.2 

7 0.0 0.0 21.5 0.0 0.0 78.5 

8 0.0 0.0 39.4 0.0 0.0 60.6 

9 0.0 0.0 20.7 0.0 0.0 79.2 
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 The measured compositions of the palladium-cerium particles correspond to the Ce7Pd3 

intermetallic compound. The compositions of the individual laths in the eutectic structure couple 

could not be resolved, but the overall composition was 19 atom percent palladium. 

 Palladium-cerium particles were also observed in the as-cast 4-3Pd1Ce simulated fuel 

alloy. The microstructure of this alloy is shown in Figure 8.24. 

 

 
Figure 8.24: EDS backscatter micrograph of the as-cast 4-3Pd1Ce alloy. A host of palladium-

cerium getter product particles can be seen and several examples are indicated. 

 

 The EDS data obtained from the getter product particles in the 4-3Pd1Ce alloy indicated 

that the composition is approximately 54 atom percent palladium. This composition correlates to 

the Ce3Pd4 intermetallic compound. 
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 Contact between particles is rare and one example found in the as-cast 4-3Pd-1Ce alloy is 

shown in Figure 8.25. 

 

 
Figure 8.25: SEM backscatter image of two conjoined cerium particles in alloy 4-3Pd1Ce. 

 

 The conjoined palladium-cerium particles in Figure 8.25 show a black, titanium-rich 

layer at the interface between them. This finding is similar to the observed titanium particles 

decorating the exteriors of palladium-cerium particles in prior alloys. The titanium phase seems 

to nucleate at the interface between the cerium-palladium getter product and the bulk fuel alloy 

(heterogeneous nucleation). 
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8.4.2 Annealed Series 4 Alloys 

 The as-cast Series 4 alloys were annealed to yield information about the microstructural 

evolution of these alloys at 650 °C. The microstructure of the a4-3Pd1Ce specimen can be 

observed in Figure 8.26. 

 

 
Figure 8.26: Backscatter SEM micrograph showing palladium-cerium particles observed in a4-

3Pd1Ce, an annealed surrogate fuel alloy. 

 

 The 4-3Pd1Ce-1 specimen shown in Figure 8.26 contains numerous gray, circular getter 

product particles. The average composition of the getter product particles was 56 atom percent 

palladium and 44 atom percent cerium (neglecting 5-8 atom percent uranium). These results 

indicate that these particles are likely comprised of the Ce3Pd4 intermetallic compound. 
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 Two types of getter product particle were observed in the annealed specimen of alloy 

3Pd1Ce-108. One type of getter product appears to be made mostly of a single phase. Such a 

particle in annealed specimen a4-1Pd3Ce-108 is shown in Figure 8.27. Note that the edges of the 

palladium-cerium particle in Figure 8.27 are ragged and uneven compared to the a4-3Pd1Ce-108 

annealed specimen. 

 

 
Figure 8.27: SEM backscatter micrograph of specimen a4-1Pd3Ce-108. A fuel alloy surrogate 

annealed for 108 hours at 650 °C.  

 

 EDS analysis indicated that the getter product particle seen in Figure 8.27 is 

approximately 44 atom percent palladium. This composition is between the Ce3Pd2 and CePd 

intermetallic compounds on the palladium-cerium phase diagram. The large, black area in the 
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upper right quadrant of the particle shown in Figure 8.27 rich in cerium. It is unclear whether this 

region contains a cerium-rich getter product phase or unreacted cerium. 

 The second type of getter product observed in a4-1Pd3Ce-108 is has a structure made of 

alternating laths which is indicative of a eutectic reaction. One such particle is shown in Figure 

8.28 below. 

 

 
Figure 8.28: SEM backscatter image of a palladium-cerium particle inside the a4-1Pd3Ce-108 

annealed alloy specimen.  

 

 Note that the eutectic palladium-cerium particles have internal structure resembling that 

seen in the as-cast 4-1Pd3Ce simulated fuel alloy, but much coarser. EDS data for the eutectic 

getter product returned an average composition of 18 atom percent palladium and 82 atom 
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percent cerium. Subsequent EDS measurements at higher magnification suggested that the 

eutectic is made of alternating bands of intermetallics (17 at. pct. palladium with 77 at. pct. 

cerium and 23 at. pct. palladium with 83 at. pct. cerium), but the accuracy of this quantitative 

data is limited. Nevertheless, these results are in line with those produced for the eutectic 

observed in the as-cast alloy and support the notion that a eutectic reaction lies in the palladium-

cerium system near 20 atom percent palladium. A hypothetical Ce3Pd intermetallic compound 

may explain the measured composition of the circled phase in Figure 8.28. 

 

 
Figure 8.29: SEM backscatter image of a palladium-cerium particle inside the a4-1Pd3Ce-108 

annealed alloy specimen. 

 

The EDS data for the spot scans marked in Figure 8.29 are provided in Table 8.6. 
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Table 8.6: EDS spot scan results (at. pct.) for the locations indicated in Figure 8.29. 

Spot Zr Mo Pd U Ti Ce 

1 0.6 0.0 0.0 0.0 0.0 99.4 

2 1.4 0.2 19.5 0.1 0.2 78.7 

3 0.2 0.0 24.2 0.0 0.0 75.7 

4 0.0 0.0 24.0 0.0 0.0 76.0 

 

Based on the data presented in Table 8.6, getter product shown in Figure 8.29 is 

composed of a cerium rich phase imbedded in a Ce3Pd matrix. This cerium rich phase (spots 1 

and 2) is either an unreported cerium-rich cerium-palladium intermetallic compound such as 

Ce4Pd or perhaps unreacted cerium. 
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CHAPTER 9 

CONCLUSIONS 

 The conclusions of the thesis project are presented in this Chapter. These conclusions are 

based on the data and observations reported in Chapter 8. The questions posed at the start of this 

research project (presented in Chapter 6) will be answered in Chapter 9 using conclusions drawn 

from these data. These answers are intended to advance the understanding of palladium as a 

lanthanide fission product getter in U-M type fast reactor fuels from the perspective of 

metallurgical engineering. This Chapter ends with suggestions for future work. 

 

9.1 Effect of Palladium on U-M Fuel Microstructure 

 As mentioned in Section 8.1, the Series 1 alloys likely contained more nitrogen than any 

of the other alloys. Therefore, the present discussion will focus on the simulated fuel alloys cast 

as part of Series 2, 3, and 4. There were substantial differences between the microstructures of 

these three set s of alloys. 

As shown in Chapter 8, cerium-rich particles are distributed throughout the 

microstructure of the as-cast 3-Ce alloy. These cerium particles were not observed in the 2-Ce 

alloy and it seems likely that this difference is due to the dissimilar molybdenum contents. The 

2-Ce alloy contains 9.6 percent molybdenum (at. pct.) while the 3-Ce alloy contains 16.5 percent 

molybdenum (at. pct.). Recall from Chapter 2 that molybdenum stabilizes the body-centered 

cubic -U phase. Although cerium is not soluble in the -U phase, it may have minimal solubility 

(~1 at. pct.) in α-U based on the Darken and Gurry diagram. Therefore, it is possible that enough 

cerium goes into solution into α-U to prevent the formation of large particles in the 2-Ce alloy. 

Meanwhile, cerium may be so insoluble in -U that it forms the large cerium particles observed 
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in the 3-Ce alloy. This logic can be applied to similar observations in the palladium-doped 

alloys.  

In the palladium-free alloys of Series 3, cerium forms large, spherical particles in the 

surrogate fuel matrix. The edges of these cerium particles tend to be rough, especially in 

annealed specimens. These ragged edges may be a result of interactions between molten cerium 

and newly solidified uranium which prevents the formation of a coherent interface between the 

two phases. 

When doped with palladium, the cerium and palladium in the surrogate fuel alloys form 

getter product particles consisting of intermetallic compounds. The range of sizes of the 

palladium-cerium getter product particles seems to rule out simultaneous nucleation and growth. 

All particles containing cerium also contain palladium and many of said particles are composed 

of multiple phases. For example, many of the palladium-cerium particles in the 3PdCe alloy are 

made up of the Ce7Pd3 and CePd or Ce3Pd2 intermetallic compounds.  

The phases present in the getter product in the Series 4 alloys appear to vary depending 

on the overall palladium content of the fuel alloy. In the palladium rich alloy (“4-γPd1Ce”), the 

Ce3Pd4 intermetallic compound forms. As-cast specimens contain large cerium-rich plates, but 

these plates shrink after annealing. At lower levels of palladium (i.e. “4-1PdγCe”), the Ce3Pd2 

intermetallic compound forms after annealing. An apparent eutectic reaction occurs at 

approximately 18 atom percent palladium, resulting in some getter products having cerium-rich 

and palladium-rich laths. The proeutectic phase observed is either the known Ce7Pd3 or 

hypothetical Ce3Pd intermetallic compound, depending on processing conditions (as-cast or 

annealed).  
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9.2 Interaction between Constituents in Palladium-Gettered U-M Fuels  

One of the key questions listed in Chapter 6 pertained to the interactions between 

constituents from the cladding (e.g. iron, nickel, and chromium) and the fuel alloy (particularly 

lanthanides) with the palladium getter. The crux of this question was whether palladium is able 

to complete with these constituents for lanthanide fission products in the real fuel.  

In all of the fuel alloy surrogates cast at CSM, cerium interacts only with palladium, 

forming cerium-palladium getter product particles. No other cerium intermetallic compounds 

(e.g. CeU, CeMo, CeTi, and CeZr) were identified in any of the specimens. Similarly, palladium 

interacts only with cerium and no other palladium intermetallic compounds (e.g. PdU, PdMo, 

PdTi, and PdZr) were identified in any of the specimens. 

In diffusion couples, traces of iron and nickel are found in the getter products in the fuel 

surrogate, but these low amounts of cladding consituents do not seem to have any impact on 

stability of the intermetallic getter products. The getter product particles remain intact during 

annealing (i.e. cerium and iron do not form a rind around with getter product) and do not 

dissolve to form secondary cerium-iron or cerium-nickel phases. 

These findings from fuel surrogates support the conclusion that palladium is an effective 

getter for lanthanide fission products generated in the real palladium-doped U-M fast reactor 

fuel. 

  

9.3  Microstructural Evolution of Palladium-Gettered U-M Fuel Alloys 

 The changes occurring in the palladium-doped fuel surrogates during annealing were of 

interest given the relatively high operating temperature of the fuel. Essentially, the real fuel is 
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subjected to a long isothermal anneal during its life and so the as-cast fuel (non-equilibrium) may 

not represent the behavior of the real fuel in operation.  

Getter product particle sizes in the surrogate fuel alloys were not observed to change 

appreciably after annealing, indicating that the palladium-cerium getter products are not merely 

metastable. 

The Series 4 alloys suggest that the getter product formed early in the life of the fuel is 

primarily the Ce3Pd4 intermetallic compound. Possible plates of unreacted cerium or a cerium-

rich phase were found in as-cast 4-3Pd1Ce alloys. These plates may be evidence that the getter 

product formation reaction was not complete. As expected, these cerium-rich phase regions 

shrank after annealing, suggesting that the kinetics of the palladium-cerium interaction are 

insufficient for the alloy to reach equilibrium over the timescale provided by casting. In view of 

the effects of irradiation, the reaction between cerium and palladium should be accelerated in the 

real fuel compared to the fuel surrogates. 

The Series 4 alloys also suggest that palladium may become less effective later in life as 

the cerium content exceeds the available (unreacted) palladium in the fuel. Although palladium-

cerium getter product was also formed in the 4-1Pd3Ce alloys, many particles showed a eutectic 

structure. This eutectic is composed of alternating laths of cerium-rich and palladium-rich 

phases. The cerium rich phase is likely lower than 17 atom percent palladium, and may be 

considered as cerium with trace palladium present only as a solute. As such, the palladium-doped 

U-M fuel may become less protected at extended lifetimes as the cerium to palladium ratio falls 

below three to one. Regardless, the key objective of adding palladium to the fuel is to reduce 

FCCI, not to stop it altogether. Therefore, this behavior may be acceptable given that palladium 
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appears to provide protection throughout the early life of the fuel. Alternatively, this point can be 

addressed by simply increasing the initial palladium content of the fuel.  

   

9.4  Relationship between Palladium Quantity and Getter Effectiveness 

Recall that the final question listed in Chapter 7 wasμ “what is the minimum level of 

palladium needed to protect against FCCI?” The Series 4 surrogate alloys were designed in part 

to answer this question by establishing a lower bound on the minimum amount of palladium 

getter required to provide protection against FCCI. 

The effectiveness of a lanthanide fission product getter is clearly related to the getter 

content of the fuel. Generally, the effectiveness will improve as the getter content rises. This 

effect is simply a result of the greater rate of getter/fission product interaction because a 

lanthanide fission product has a greater chance to interact with palladium if the fuel contains 

more getter.   

However, from a neutronic standpoint it is desirable to minimize the amount of non-

fissile constituents in the fuel. It follows that the amounts of alloy additions (i.e. Mo, Ti, and Zr), 

including any getter addition (i.e. Pd), should be kept as low as possible without jeopardizing the 

effects of said additions. These two competing ambitions (lowering non-fissile alloy content and 

maximizing getter content) must be addressed through a compromise wherein the amount of 

lanthanide fission product getter is sufficient to interact with palladium but low enough to avoid 

degrading the fuel performance. Among other goals (see Section 9.3), the Series 4 alloys were 

made in an attempt to establish a bound on the necessary getter (palladium) content relative to 

cerium. 
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It was initially assumed that a one-to-one ratio of getter to fission product was sufficient 

to provide protection against FCCI. This assumption was used as a basis for alloy calculations, 

with recognition given to the fact that differences should exist between the stability of different 

palladium-cerium intermetallic compounds. For example, the palladium-cerium phase diagram 

shows that the CePd5 has a higher melting point than any other palladium-cerium intermetallic 

compound except CePd3 (indicative of stability relative to the formation of products with 

cladding constituents). Furthermore, the CePd3 phase region of the palladium-cerium phase 

diagram is wider than any of the other palladium-cerium phases which are all true intermetallic 

(“line”) compounds with fixed stoichiometries (indicative of possible resistance to irradiation). 

However, it was recognized that the one-to-one cerium to palladium ratio might not be ideal and 

so the two Series 4 alloys possessed cerium to palladium ratios of 1:3 and 3:1 (Ce:Pd, in at. pct.).  

As described in Chapter 8, the surrogate fuel alloy with more palladium relative to 

cerium (“4-γPd1Ce”) exhibited mostly single phase palladium-cerium particles made of Ce3Pd4. 

However, the surrogate fuel with less palladium relative to cerium showed many getter product 

particles with eutectic structures.  

One of the products of the apparent eutectic reaction was either an unreported 

intermetallic compound or nearly pure cerium (with a small amount of palladium in solution). 

The latter case would provide an opportunity for cladding constituents to interact with the cerium 

(FCCI). Therefore, it seems that the ratio of cerium to palladium should be kept above three-to-

one.  
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9.5 Summary of Conclusions 

 This Section provides the overall conclusions which can be produced from this thesis 

work. The applicability of these conclusions to actual fast reactor fuel alloys will be discussed. 

For a consideration of the differences between the studied surrogate fuel alloys and real fuels, 

consult Section 9.6. 

Palladium additions cause the cerium particles normally formed in palladium-free 

surrogate fuel alloys to become palladium-cerium intermetallic compounds. The composition of 

the intermetallic getter product is sensitive to the palladium content of the alloy as well as 

thermal history of the alloy. 

 Palladium seems to provide protection against the interaction of cerium with cladding 

constituents. Cladding constituents were found as trace constituents in getter product particles, 

but getter products did not dissolve. At the highest levels of doping (3:1 ratio of palladium to 

cerium, at. pct.) palladium and cerium formed well-defined intermetallic particles which 

appeared to be primarily Ce3Pd4. The interaction region observed in Series 3 diffusion couples 

(see Figure 8.20) did not show clear gradients in any of the cladding or fuel constituents. The 

white band appears to be associated with the nucleation of a phase (without overall change in 

composition) while the grey region would correspond to growth of sai phase. More work would 

be needed to better define the migration of this interaction layer and possibly derive a Johnson-

Mehl-Avrami constant (n) for this system. Since this constant does not directly relate to the 

understanding of the thermodynamic stability of the palladium-cerium getter product, such work 

was beyond the scope of the present thesis.  

 Palladium was shown to act as a getter for cerium even at palladium to cerium ratios as 

low as 1:3 (at. pct.). When the alloy contains an abundance of cerium relative to palladium, 
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Ce7Pd3 intermetallic products are formed and a eutectic reaction occurs with an average 

composition of approximately 18 atom percent palladium. This result suggests that the 

palladium-doped U-M fuel alloy will continue to benefit from palladium even near the end of its 

lifetime when a significant quantity of the palladium has been reacted with cerium. The eutectic 

reaction which seems to occur at around 18 atom percent palladium may result in the formation 

of a cerium product (with minimal palladium) which may eventually interact with fast diffusing 

cladding constituents. The purpose of palladium as a lanthanide fission product is to reduce or 

delay (but not stop) FCCI. Another interesting feature observed in the cerium rich palladium 

doped fuel surrogates was a possible PdCe3 intermetallic compound. These features have been 

added to the established cerium-palladium phase diagram in Figure 9.1. 

 

 
Figure 9.1: A modified version of the cerium-palladium phase diagram. The red lines are 

hypothetical phase boundaries drawn based on experimental findings of this thesis. 
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 The red lines in Figure 9.1 are particularly important to the design of efficient gettered 

fuels in which the palladium content is minimized without sacrificing protection against FCCI. 

The completion of the cerium-palladium phase diagram is beyond the scope of this project and 

will require future work, but the diagram in Figure 9.1 can be used in the meantime. This 

hypothetical phase diagram provides a means for visualizing the behavior of cerium-rich 

palladium doped metallic fast reactor fuels, with the understanding that the fine features of the 

diagram are subject to refinement. For example, the exact shapes of liquidus lines as well as the 

positions of the eutectic composition and intermetallic compound are not exact.  

 

9.6 Caveats to Thesis Conclusions 

 The surrogate fuel alloys made during this thesis project are not, nor were they ever 

intended to be, perfect metallurgical surrogates for real spent fuels. As with all metallurgical 

surrogates, these surrogate fuel alloys were used to study a material while avoiding the burdens 

of said material. In this case, the metallic fast reactor fuel surrogate alloys made during this 

thesis project were intended to provide an indication of the performance of the real palladium-

doped U-M fuels while avoiding the costs and issues associated with irradiation of the real fuel. 

Nevertheless, the differences between these fuel surrogates and their real counterparts are worth 

considering. 

 Firstly, the solute segregation effects resulting from solidification of surrogate fuel alloys 

must be considered. In particular, the solute segregation experienced by cerium in the U-M type 

surrogate fuel alloys studied for this thesis project is not representative of lanthanide fission 

products in real fuel. Essentially, mock lanthanide fission product (cerium) is added to surrogate 



192 

fuel alloys made during this project whereas real lanthanide fission products are grown in situ as 

in a real fuel. As described in Chapter 4, the solidification process results in the segregation of 

solutes according to the solute segregation (partition) coefficient. Since the segregation 

coefficient of cerium in uranium is less than one, cerium should become concentrated in 

interdendritic regions. Indeed, cerium in the surrogate fuel alloys cast at CSM was found to 

concentrate in isolated regions. Thus it should be more difficult for palladium (getter) to interact 

with cerium in the surrogate fuels (heterogeneous distribution of cerium) than in real fuel alloys 

(homogeneous creation of cerium). In both cases the lanthanide fission product and getter must 

migrate to grain boundaries or other heterogeneous nucleation sites for the getter product to 

form. However, cerium and palladium only need to migrate a short distance in fuel alloys 

because the cerium is uniformly created in the fuel. Note that this difference is only valid for 

fresh, unburned fuel. In reprocessed fuels, a quantity of lanthanide fission products are carried 

through pyroprocessing. These lanthanides will then be subjected to solidification effects during 

casting of reprocessed fuel, just as in the surrogate fuel alloys studied in this project. So the 

surrogate fuels described in this thesis would be more similar to the reprocessed fuel than the real 

fresh fuel.  

 Secondly, as discussed in Chapter 5, irradiation has a bearing on the behavior of real fuel. 

Specimens in this thesis project were not irradiated, and so the behavior of the surrogate fuel 

alloys is not necessarily the same as that of the real fuel. Migration in the real fuel should be 

faster than in the surrogate fuel alloys due to the vacancy effects and  described in Chapter 5. 

Since the kinetics of cladding and fuel constituents should be nearly equally affected, the impact 

of irradiation on the kinetics of getter product formation (i.e. competition for lanthanides) should 

not reduce the effectiveness of palladium as a getter. However, intermetallic compounds in the 
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simulated fuel alloy may become unstable in the reactor due to the effect of irradiation on 

compound stability. This effect should be particularly notable for the narrow “line” compounds 

in which a small shift in composition will cause the getter product to dissolve. Conversely, getter 

product intermetallic compounds such as CePd3, which exhibit a wider phase field in the 

palladium-cerium phase diagram, are likely to exhibit greater stability under irradiation. This 

thesis has only considered nonirradiated specimens, and so the conclusion that palladium is an 

effective lanthanide fission product getter is based on the assumption that irradiation will not 

result in the dissolution of these getter products.  

Another factor worth discussing is the efficacy of palladium as a getter for lanthanides 

besides cerium. Since the conclusions of this thesis are derived from surrogate fuel alloys 

containing only cerium as mock fission product, further work would be needed to confirm that 

other lanthanide fission products share this behavior with the palladium getter. 

Finally, the behavior the plutonium is expected to be similar to that of cerium. Thus, it is 

possible that plutonium may deplete palladium in the real fuel due to the formation of plutonium-

palladium intermetallic products similar to the cerium-palladium products seen in the surrogate 

fuel alloys studied in this thesis. 

  

9.7 Suggestions for Future Work 

 Although the findings reported in this thesis have added to the understanding of the 

behavior of palladium as a getter for cerium in the U-M alloy system, there are several related 

areas in which the present thesis work could be expanded by future research efforts. 

 To better study the impact of irradiation on getter product stability, U-M-Pd alloy 

specimens should be irradiated. Such research would further improve the understanding of 
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palladium as a getter for lanthanide fission products. If the palladium-cerium intermetallic 

compounds observed during the present thesis work are not stable in the fuel under irradiation, 

then alternative getter additions may need to be considered to achieve sufficient getter product 

stability. For example, INL has identified platinum as a possible candidate lanthanide fission 

product getter. Platinum is a particularly attractive option considering the broadness of the CePt2 

phase region in the binary phase diagram shown in Figure 9.2. 

 

 

Figure 9.2: Binary phase diagram for the Ce-Pt system. Note the broad phase field of the CePt2 

intermetallic compound [Okamoto 1990]. 

 

 As can be seen in Figure 9.2, the CePt2 phase region is much wider than the CePd3 

region. Thus the CePt2 intermetallic compound can be expected to be more stable under 

irradiation than the analogous CePd3 intermetallic compound in the palladium-doped fuel. 
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 Regarding the palladium-cerium system, it has been noted that the phase diagram is 

incomplete. While a systematic completion of the unreported section of the palladium-cerium 

phase diagram was beyond the scope of the present thesis, such work would further the 

understanding of the behavior of palladium as a lanthanide fission product getter in real fuels. Of 

particular interest, the preliminary data obtained from the 4-1Pd-3Ce alloys suggest that there is 

a eutectic reaction near 18 atom percent palladium as well as an intermetallic compound with a 

composition of approximately 22 atom percent palladium. The accuracy of these results places 

some uncertainty on the exact compositions of the phases observed in the annealed surrogate fuel 

alloys, but the data still suggest an important eutectic reaction in this region of the cerium-

palladium phase diagram and a nearby proeutectic phase (possible Ce3Pd intermetallic 

compound). Again, the width of this intermetallic compound phase region and exact composition 

the eutectic reaction are currently uncertain, but a rough outline has been provided in Figure 9.1.  

 Also, cerium was the sole mock fission product for this thesis research. While other 

lanthanides should show similar behavior compared to cerium, slight differences in behavior are 

expected. Therefore, the behavior of other lanthanide fission products should be studied by 

casting surrogate alloys containing additional lanthanides as mock fission products. The simplest 

example would be a U-M-Pd-Mm alloy, where Mm is “mischmetal,” a commonly produced 

alloy of lanthanide elements. More advanced exploration of lanthanide behavior could be 

achieved through U-M-Pd-Ln alloys where “Ln” is a customized lanthanide addition composed 

of lanthanum, cerium, neodymium, and other lanthanide elements. These expanded palladium-

doped fuel surrogate alloy studies could provide insight into the behavior of other lanthanide 

fission products and reveal any issues arising from the competition between multiple fission 

products for the getter.  
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APPENDIX A 

PROCEDURE FOR DESIGNING SIMULATED FUEL ALLOYS 

 The purpose of Appendix A is to outline the procedure used to design surrogates for 

metallic fast reactor fuel alloys at CSM. These surrogate alloys are intended for laboratory scale 

experiments which provide insight into the behavior of real irradiated fuels. Before delving into 

the surrogate alloy design procedure, it is necessary to say a few words about how compositional 

information is conveyed for alloys in general.  

 

A.1 Alloy Composition 

 Alloy compositions are typically expressed in the following format in which the 

components are separated by a dash “−” (not to be confused with a minus sign “-”): 

Alloy n: − −  

where A, B, and C are in this case arbitrary elements while b and c are the percentages of 

constituents B and C, respectively. Note that b and c may be given in either weight percent or 

atom percent. The above format will be referred to as the alloy “formula” for a given alloy. Note 

that the amount of constituent A, “a,” is not given explicitly in the alloy formula. Instead, the 

percentage of A in the alloy is implicit, being simply the remaining balance necessary to result in 

a total composition of 100 percent. Thus the implicit content of the leading constituent in any 

arbitrary alloy formula (a) is calculated using the following equation: 

=  − ∑      (A.1) 

where Xi is the content of the ith alloy constituent of the alloy (i.e. the atom percent of each alloy 

constituent).  
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 With the above formal definition for general alloy compositions and rules for their 

representation, consider the following two alloys (at. pct.): 

Alloy 1: − −  

Alloy 2: − −  

 Alloy 1 obviously contains less of constituent B than Alloy 2, but it has more of 

constituent C than Alloy 2. However, Alloy 1 also has a greater amount of constituent A than 

Alloy 2. This fact is not immediately apparent from inspection of the above formulas of Alloy 1 

and Alloy 2 due to the convention of not explicitly listing the percentage of the leading alloy 

component (i.e. the solvent) in the alloy formula. 

 Now let us consider what happens if a new constituent, D, is added to Alloy 2. The 

formula of this new alloy could be written as: 

Alloy 3*: − − −  

where the B and C contents of Alloy 2 have been directly transcribed into the formula for Alloy 

3*. Using Equation A.1, the implicit A content of Alloy 3* (60 at. pct.) is actually lower than that 

of Alloy 2 (70 at. pct.). Meanwhile, the B and C content of Alloy 3* is the same as Alloy 2. 

Table A.1 shows the content of each constituent for Alloys 2 and 3* using a 100 atom basis (100 

atom sample of each alloy). 

 

Table A.1: Atoms of each constituent present in 100 atom samples of Alloy 2 and Alloy 3. 

Species Atoms in Alloy 2 Atoms in Alloy 3 

A 70 60 

B 20 20 

C 10 10 

D 0 10 

Total: 100 100 
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 Viewing Table A.1 it is immediately obvious that Alloys 2 and 3* have identical B and C 

contents, but more careful analysis of the relative contents reveals an important discrepancy. 

Compared to Alloy 2, Alloy 3 has a shift in the relative ratios of B and C to A (B:A and C:A). 

This shift to lower B:A and C:A ratios has an effect on the alloy because, even neglecting the 

presence of constituent D, the leading alloy constituent (A) “sees” a different neighborhood in 

Alloy 3* than in Alloy 2. Specifically, each atom of constituent A in Alloy 3* sees relatively 

more B and C atoms than do atoms of A in Alloy 2. Put another way, A atoms in Alloy 2 are 

shared among more B and C atoms than in Alloy 3*. Therefore, whatever the influence of B and 

C may be on A, it is generally stronger for Alloy 3* than for Alloy 2.  

 Depending on the actions/interactions of the alloy additions in a given system, it may be 

desirable to preserve the relative amounts of each alloy addition (solute) to the leading 

constituent (solvent). The aim of this approach is to mitigate the shifts caused by adding the new 

alloy constituent, and their corresponding effects on the physical properties and phase 

transformation behavior of the alloy system. To accomplish this task, the formula for Alloy 3* 

must be written differently by taking the principle of conservation of matter (atoms) into 

account. Listing the leading constituent content explicitly and forcing it to retain its original 

value, the formula for Alloy 3* could be rewritten as: 

Alloy 3**: − − −  

 Note that the sum of the alloy contents in the above alloy formula (a+b+c+d = 

70+20+10+10=110) is in excess of the standard 100 percent. For this reason, the above alloy 

formula will be called an “improper composition,” analogous to the term “improper fraction” in 

mathematics. To be written in the standard form in which the content of the leading constituent 
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(a) is implicit and the original alloy ratios are preserved, the improper composition must be 

converted as follows: 

= ��∑ �� ×     (A.2) 

 Equation A.2 simply states that the new contents must be calculated using a new basis. 

Considering the addition of 10 atoms of D to Alloy 2, the original alloy will be considered as a 

100 atom sample of Alloy 2. Using this 100 atom basis, it is shown that the addition of 10 atoms 

of D to a 100 atom sample of Alloy 2 brings the new total for the system to 110. Thus the basis 

for Alloy 3 changes to 110 as shown in Table A.2. 

 

Table A.2: Atoms of each constituent for 100 atom samples of Alloy 2 and Alloy 3. 

Species Atoms in Alloy 2 Atoms in Alloy 3 

A 70 70 

B 20 20 

C 10 10 

D 0 10 

Total: 100 110 

 

The formula for Alloy 3 is thus written in accordance with Equation A.2 as follows (rounding to 

the nearest percent): 

Alloy 3: − − −  

The implicit A content of Alloy 3 is 64 percent, which is less than the 70 percent given for Alloy 

2, but the ratios of B to A and C to A are the same for both alloys (2:7 and 1:7, respectively). 

 With this introduction to general alloy compositions in mind, consider how this approach 

to alloy design relates to the engineering of metallic fuels for nuclear fast reactors. 
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A.2 Final Fuel Alloy Composition Prediction 

 Comparing dissimilar nuclear fuel alloys to each other is not as simple as the hypothetical 

examples given in the prior section. In real nuclear fuel alloys, the fission process consumes the 

leading alloy constituent (uranium) and adds fission products (La, Ce, Nd, etc.) to the alloy. To 

deal with the consumption of uranium, it is necessary to define the amount of atoms which have 

undergone fission. In nuclear fuels, this information is conveyed by the term “burnup,” expressed 

in units of atom percent. To reiterate the definition from the main text of this thesis, burnup 

describes the fraction of the total fissile atoms in the fuel which have undergone fission (atoms 

fissioned divided by total fissile atoms) and is written as: 

= � � � ×      (A.3) 

A complication comes about when dealing with the aforementioned effect of fission on 

composition. To illustrate this complication, consider the following hypothetical fuel alloy: 

Alloy 4: −  

where all compositions are in atom percent.  

 If Alloy 4 is burned to 10 percent burnup, then a quantity of fission products appear in the 

fuel. Call these fission products X and Y, where X is the heavier fission product (e.g. Ce) and Y is 

the lighter fission product (e.g. Nb). Furthermore, define x and y as the corresponding contents of 

X and Y in the fuel (atom percent) after 10 percent burnup is achieved, such that the alloy 

evolution is as follows: 

− → − − − .     
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where z is the molybdenum content of the fuel after burnup. For 10 percent burnup, one out of 

every ten uranium atoms has undergone fission, producing one heavy and one light fission 

product per fission.  

 Using 100 atoms of Alloy 4 as a basis (total number of atoms in the system), the initial 

fuel composition may be represented as in Table A.3: 

 

Table A.3: Starting composition of Alloy 4. 

Species Number of Atoms 

U 80 

Mo 20 

 

 Note that if 10 percent of the uranium atoms have undergone fission upon reaching 10 

percent burnup, then 8 atoms of each fission product are produced, but the fission does not 

reduce number of molybdenum atoms in the fuel because molybdenum is assumed to be non-

fissionable and immune to any transmutation.  

 Although convenient, it is incorrect to write the final composition of Alloy 4 after 10 

percent burnup as: 

Alloy 4, after 10 percent burnup (incorrect form): − − −  

 At first appearance, the above formula for Alloy 4 after 10 percent burnup appears 

correct. However, this formula breaks down when one considers the implicit composition of the 

irradiated alloy with respect to uranium. The above formula gives the implied uranium content as 

64 percent. However, 72 uranium atoms should actually remain in the fuel (80 multiplied by 0.9) 

after 10 percent burnup is attained, using a 100 atom basis for Alloy 4.  

  Thus the above formula underestimates the uranium content of the final fuel. 

Simultaneously, the formula above overestimates the molybdenum content of the final fuel. 
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While the numerical value for the molybdenum composition has not changed between the given 

formula for fresh Alloy 4 and the incorrect formula for irradiated Alloy 4 listed above, the actual 

molybdenum content relative to uranium has shifted from 0.25 (20 divided by 80) to 0.31 (20 

divided by 64).  This considerable shift in the relative amounts of molybdenum and uranium 

demonstrated above is due to two factors. Firstly, there was a loss of uranium due to fission, but 

there was no corresponding loss of molybdenum because it was assumed to be perfectly non-

fissionable. Secondly, the fact that fission products X and Y were generated in the fuel demands 

that the overall abundances of the other alloy constituents adjust to lower values to compensate 

(the sum of the compositions in the final alloy formula equal 100 percent). Writing the irradiated 

fuel composition as U-20M-8X-8Y pushes this change entirely onto uranium when it should 

actually be shared equally among all the alloy constituents.  

 Finally, the above formula for the burned Alloy 4 fuel overestimates the relative amounts 

of fission product in the final fuel for the same reason that it overestimates the molybdenum 

content.  

 In light of these observations, it is clear that the compositions from the formula for the 

original fuel (Alloy 4) can not be transferred directly into the formula for fuel after 10 percent 

burnup. Instead, they must be modified to fully account for the effects of fission on the fuel. A 

108 atom basis is needed for the final fuel after burnup (increased by 8 percent from the initial 

100 atom basis due to net gain attributed to fission products). Therefore, the final fuel 

composition for Alloy 4 after 10 percent burnup should be written as: 

Alloy 4 after 10 percent burnup (corrected form): − . − . − .  

 At first, the corrected formula above seems to indicate that some molybdenum has been 

lost relative to Alloy 4. However, the following Table shows that this perception is false: 
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Table A.4: Comparison between Alloy 4 in the fresh versus burned state (10 percent burnup). 

Species Atoms in fresh fuel (Alloy 4) Atoms in irradiated fuel after 10 

percent burnup 

U 80 72 

Mo 20 20 

X 0 8 

Y 0 8 

Total 100 108 

 

 Table A.4 shows that no molybdenum atoms were actually lost after 10 percent burnup, 

and only uranium was consumed. Therefore, it is actually the overall abundance of molybdenum 

in the fuel that has changed and this outcome is due to the aforementioned addition of fission 

products X and Y as well as the loss of uranium.  

 Now, consider a new fuel, “Alloy 5,” doped with palladium as a lanthanide fission 

product getter. If the getter acts via the formation of a simple Pd-X compound, then the alloy 

should contain equal amounts of getter and fission product X after the target burnup is attained. 

 It would be convenient, but incorrect, to simply translate the content of X from the 

corrected alloy formula for the burned fuel Alloy 4 into the below formula for Alloy 5: 

Alloy 5 (incorrect form): − − .  

 As seen in the earlier discussion of fuel, it is not proper to add a new constituent to an 

alloy without adjusting the others to compensate. Thus it is not correct to simply insert 7.4 atom 

percent palladium to the original formula for Alloy 4 to come up with the composition for Alloy 

5. As in the previous example, the sum of the compositions is 100 due to the implicit value of the 

uranium composition, but the uranium content is forced to make up for the changes to the alloy 

(addition of Pd) entirely on its own. This approach therefore results in improper changes to the 

ratio of molybdenum to uranium in the fresh fuel (from 0.25 for Alloy 4 to 0.31 for this incorrect 

version of Alloy 5). Furthermore, the amounts of palladium (getter) and lanthanide fission 
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product (X) will differ at 10 percent burnup. To see this situation, consider what happens when 

the above form of Alloy 5 undergoes 10 percent burnup to become: 

Alloy 5 after 10 percent burnup (incorrect form): − . − . − . − .  

 The above formula indicates that the U-20Mo-7.4Pd alloy results in a slight excess of 

palladium relative to fission product X in the fuel after burnup. The magnitude of this surplus 

may become more substantial for different alloy systems.  

 To correctly design Alloy 5, the palladium content must be calculated iteratively by 

solving a system of equations based on the conservation of alloy addition atoms (specifically, 

those which are which are neither fissile nor otherwise involved in the fission reaction) and the 

desired ratio of getter to fission product (assumed here to be 1:1). The result is the alloy formula 

given below: 

Alloy 5 (corrected form): − . − .  

After 10 percent burnup, Alloy 5 will become: 

Alloy 5 after 10 percent burnup: − . − . − . − .  

 As seen above, the amount of palladium is now exactly equal to the amount of lanthanide 

fission product X in the alloy. 

 

A.3 Units for Composition 

 Naturally, the units of burnup (atom percent) lend themselves to the manipulation of alloy 

compositions in atom percent so that the issues arising from differing atomic masses and their 

effects on dealing with weight percent can be avoided.  
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 However, it is cumbersome for the alloy producer to make an alloy dealing with 

compositions specified in atom percent. In fact, it is impossible to produce alloys using atom 

percent alone in the real world. Since it is not possible to count out a reagent atom-by-atom as an 

alloy addition, atom percent compositions are useful for alloy design, but not alloy production.  

 Alloy compositions must therefore be given in weight percent so that reagents can be 

measured out by using a scale rather than the impossible task of measuring said reagents out by 

counting individual atoms. Thus it is necessary to be able to convert the desired fuel composition 

between atom percentages and weight percentages. This conversion is achieved by a two step 

process beginning with the calculation of the following quantity: � , = ∑ Χi,at × AWi     (A.4) 

where Χi is the i content of the alloy in atom percent and AWi is the atomic mass of constituent i. 

The above quantity is then inserted into the following Equation (A.5) to derive individual alloy 

contents in weight percent: � , = Χi,at×AWi� ,�       (A.5) 

 Although simple, Equations A.4 and A.5, are critical to the design and creation of nuclear 

fuel alloys and their surrogates. 
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APPENDIX B 

PROCEDURE FOR CALCULATING ALLOY ADDITIONS FOR FUEL SURROGATES 

 In making the surrogate alloys studied in this thesis, it was necessary to prepare reagents 

in precise quantities corresponding to the desired alloy compositions. To meet this need, it was 

crucial that foil, bar, and powder reagents be sectioned or otherwise measured into specific 

quantities. This requirement meant that the form of the reagents used in the experiments had 

effects on the alloying procedure, because of differences in the relative ease with which each 

reagent could be precisely divided, i.e. it is easier precise to measure out 10.0 g of reagent if it is 

a powder than if it is a foil.  

 The molybdenum and titanium reagents used in this thesis were available in both powder 

and foil forms. The palladium and zirconium were available only in powder form. The cerium 

used as a mock fission product addition was available as chips, which limited the ability to 

divide the cerium into precise quantities. However, the depleted uranium used in this thesis was 

only available in the form of bar stock. Just as the other reagents had to be cut or scooped to 

obtain measured quantities for alloy fabrication, the uranium bar stock had to be sectioned into 

useful portions for alloying. These uranium portions were made by cutting the bar stock into 

uniform segments weighing approximately 20 g each.  

 However, there was a limit on the ability to precisely section the bar into segments. It is 

theoretically a trivial matter to perfectly section such bar stock into pieces of specific mass, given 

the known values for the density of uranium and the diameter of the bar stock, as follows: = �  
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where x is the distance of the cutting location from the end of the bar stock, m is the desired mass 

of the final uranium segment, ρ is the theoretical density of unalloyed uranium, and θ is the 

diameter of the uranium bar stock. 

 However, in practice various factors affect the precision and accuracy of the sectioning 

process. Firstly, a diamond blade was used to section the bar stock (see Chapter 7), but the width 

of the kerf could not be accounted for with sufficient accuracy to allow for the production of 

segments with specified mass. Secondly, the distance of the blade from the end of the bar stock 

could not be measured and set with enough accuracy to produce sections of specified mass. 

Finally, the quantity of material lost during cleaning and pickling of the uranium bar stock could 

not be reliably predicted. As a result of these factors, it was not possible to section with precision 

below about ±5 g. This precision was not sufficient for producing quality metallic fast reactor 

fuel alloy surrogates because it would result in alloys too rich or too lean in uranium. 

 To address the above limitation, the mass of uranium in the alloy was held constant and 

the other additions were adjusted accordingly. The required masses of the remaining reagents 

(Mo, Ti, Zr, Pd, and/or Ce) are calculated from the procedure outlined below. 

 First, a set of equations were generated using the following equation: = �∑ �      (B.1) 

where Xi is the content of constituent i in the alloy (wt. pct.), mi is the mass of constituent i in the 

alloy (in grams), and the quantity ∑mi equals the total mass of the alloy. The above equation can 

be rearranged and rewritten as: 

= �� [∑ �− �]− ��      (B.2) 
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 For an alloy of the form U-XMoMo-XTiTi-XZrZr-XCeCe-XPdPd, the above equation 

dictates that the system of equations is: 

= + + + + �−  

= + + + + �−  

= + + + + �−  

= + + + + �−  

� = � + + + +− �  

 It is possible to solve the above system of five equations to yield the required reagent 

mass of each constituent to make the alloy, given the starting reagent mass of the leading 

constituent, uranium. 
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APPENDIX C 

EXAMPLE CALCULATION OF ALLOY ADDITIONS FOR SURROGATE FUEL ALLOY 4-

3PD1CE 

 This Appendix shows the calculations performed to create the 4-3Pd1Ce simulated fuel 

alloy. These calculations provide an example of the methodology followed in the creation of 

surrogate fuel alloys for this thesis project. All calculations were performed using MathCAD, a 

computer program which performs the required calculations in a streamlined, easy to read 

format. 
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