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Abstract 

The metalloid elements: antimony (Sb), tellurium (Te), and arsenic (As); along with the 

nonmetal element selenium (Se), are evaluated as fuel-based additives to mitigate the 

deleterious effects from chemical interactions that have been observed to occur at the fuel-

cladding interface of the U-Zr metallic fuel system; a phenomenon known as fuel-cladding 

chemical interaction (FCCI). Lanthanide fission products, neodymium (Nd), cerium (Ce), 

praseodymium (Pr), and lanthanum (La), have been found to exhibit a high rate of 

interdiffusion with the primary cladding constituents, iron (Fe), chromium (Cr), and nickel 

(Ni). The FCCI phenomenon has been found to adversely affect the performance of metallic 

fuels due to the formation of both brittle and low-melting intermetallic phases. The formation 

of such phases leads to a loss of cladding wall integrity and can eventually lead to cladding 

failure. Alloying fuels with additives that will bind with and form high temperature stable 

compounds with lanthanide fission products, effectively stabilizing them within the fuel 

structure, has the potential to mitigate the major effects of the FCCI phenomenon.  

This research focuses on the efficacy of Sb, Te, and As additives and their stabilizing effects 

on the lanthanide Nd and ameliorate its interaction with the cladding alloy HT9. To evaluate 

the additive interactions and additive-lanthanide interactions within the U-Zr fuel structure, 

both U-10Zr-X and U-10Zr-X-Nd (wt.%) alloys, where ‘X’ denotes the additive, are 

fabricated. It is observed that X-Nd compounds preferentially form at a 1:1 atomic ratio within 

the U-Zr system. The ability of the additives to bind with Nd and alleviate its participation in 

FCCI is evaluated through isothermal diffusion couple studies carried out between U-10Zr-X-

Nd alloys and the cladding alloy HT9 at temperatures up to 675°C. Although Fe is observed 

to diffuse to some degree into several of the additive-containing fuel alloys, Fe and Cr 

interaction with X-Nd phases was not observed. Further, atomistic models predicted both As 

and Se to be effective additives and further research on As found that within the U-Zr-As-Nd 

alloy the NdAs compound preferentially formed. Subsequent diffusion experiments between 

U-Zr-As-Nd against HT9 found the NdAs phase remains stable and no interaction with Fe or 

Cr was observed. 
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CHAPTER 1  

INTRODUCTION 

 

1.1 Research Motivation and Objectives 

Metallic fuels, such as the U-Zr and U-Pu-Zr fuel systems, are attractive for use in the 

advanced sodium-cooled fast reactor (SFR), a next-generation advanced reactor concept [1,2]. 

Research and development of the SFR systems over the past 55 years has led to a large 

knowledgebase on its safe operation. Furthermore, the extensive research already completed 

on the U-Zr and U-Pu-Zr fuel systems, has yielded a solid foundation of their irradiation 

behavior. Historically, after prolonged burnup within the reactor such fuel systems have been 

found to chemically interact with the inner surface of the cladding tubes used to contain the 

fuel, limiting their overall performance potential. This interaction phenomenon, known as fuel-

cladding chemical interaction (FCCI), has been found to be a complex, multi-component, 

multi-mechanism interaction between solid fission products, fuel components and cladding 

material constituents. In particular, lanthanide fission products, e.g. lanthanum (La), cerium 

(Ce), neodymium (Nd), praseodymium (Pr) and samarium (Sm), are of greatest concern due 

to their propensity to form low-melting, brittle intermetallic phases with cladding constituents. 

Further, lanthanide fission products are observed to migrate to the fuel-cladding interface 

making them readily available to interact with the cladding constituents. In-pile experiments, 

such as those conducted at the Experimental Breeder Reactor II (EBR-II), showed that beyond 

10 at.% burnup the onset of FCCI leads to deleterious effects, drastically affecting the 

performance of the fuel-cladding system and limiting its burnup potential within the reactor 

system [3–6]. Therefore, as new reactor concepts and more advanced versions of the SFR, are 

being contemplated, extending the burnup capabilities of the fuel is one way to increase the 

fuel economy. However, in order to increase the burnup of the metallic fuel systems, methods 

to mitigate and limit the effects of FCCI must be employed. Alloying fuels with additives that 

preferentially bind with lanthanides within the fuel meat is one method that has been proposed 

[7]. Both tellurium (Te) and antimony (Sb) have been proposed as potential additives to bind 

with lanthanide fission products within the fuel, but a focused study has not yet been 

undertaken. The goal of the proposed research is to evaluate the effectiveness of these additives 
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to bind with lanthanide elements and mitigate their interaction with cladding constituents. An 

additional goal of this research is to evaluate alternative elements, which may demonstrate a 

propensity to also bind with the lanthanides of interest. Specific research objectives covered in 

this dissertation are: 

 

1. Carry out isothermal diffusion couple experiments between lanthanide (Ln) 

elements of interest and iron (Fe) and the cladding alloy HT9. Such experiments 

will provide a baseline understanding of the interaction characteristics between 

lanthanides and the primary cladding constituents. 

2. Fabricate additive-based fuel alloys, i.e. U-Zr-X (‘X’ denotes the additive), and 

evaluate the interactions of the additive within the fuel alloy. Then fabricate 

additive-lanthanide fuel alloys, i.e. U-Zr-X-Ln (‘Ln’ denotes the lanthanide), and 

evaluate the additive-lanthanide interactions within the fuel alloy. Characterize the 

phases that form in the fuel alloy due to both the additive and lanthanide additions.  

3. Carry out isothermal diffusion couple experiments between U-Zr-Ln and U-Zr-X-

Ln alloys and the cladding alloy HT9 to evaluate the effectiveness of the additive 

to bind with the lanthanides and mitigate its interaction with the cladding alloy 

HT9. 

4. Experimentally evaluate elements that are identified through first principle-based 

calculations to exhibit a high tendency to bind with lanthanide elements.  

 

1.1.1 Dissertation arrangement 

 In the organization of this dissertation, it was important to arrange chapters in a manner 

that would make the research more comprehensible. To that end, chapter 1 provides an 

introduction to metal fuels, their historical use within SFR systems, phenomenological effects 

they have encountered, and methods that have been proposed to counter such effects. Chapter 

2 directly evaluates the effectiveness of Sb as an additive for Nd experimentally and outside 

of the normal U-Zr fuel structure. This work aims to isolate the direct diffusion interactions of 

Nd metal and that of an Sb-Nd alloy against HT9, an important step before progressing onto 

more complex diffusion experiments which involve additional alloy constituents. In a way, the 

experiments carried out in chapter 2 can be viewed as a “separate effects” evaluation of the Sb 
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additive. Before progressing directly into the more complex fuel-based diffusion experiments, 

it was important to characterize additive and additive-lanthanide interactions once alloyed 

within the fuel matrix. Chapter 3 initially details the interaction of Te within the U-Zr matrix, 

i.e. U-Zr-Te alloy, simulating the condition of the alloy at the beginning of an irradiation cycle 

and before fission products form. This is then followed with detailing the interactions of Te 

and Nd within the U-Zr matrix, i.e. U-Zr-Te-Nd alloy, which simulates a fuel that has been 

irradiated and thus lanthanides have formed. Regarding the characterization of Sb within the 

U-Zr matrix, i.e. U-Zr-Sb alloy, this has been previously published by a separate research 

group and therefore was not carried out in depth in this research. However, the interaction of 

Sb and Nd within the U-Zr matrix is detailed within chapter 4, both in the as-cast and annealed 

conditions. Chapter 4 further evaluates the U-Zr-Te-Nd system in an annealed condition, 

complimenting the work described in chapter 3. Chapter 4 further details the more complex 

diffusion experiments of U-Zr alloys against HT9, which include U-Zr-Nd/HT9, U-Zr-Sb-

Nd/HT9 and U-Zr-Te-Nd/HT9. Chapter 5 deviates from Sb and Te as additives, but instead 

evaluates the alternative additive arsenic (As). Both As and Se were identified as alternative 

additives through computational-based research carried out by others within the research 

group. Initial experimental work carried out to aid in validating the computational work on 

both alternative additives can be found in Appendix B, which provides additional context on 

the progression to the work that is documented in chapter 5. Within chapter 5, the interaction 

of As and Nd is evaluated initially within the U-Zr system, i.e. U-Zr-As-Nd alloy, both in an 

as-cast and annealed condition. This is followed by detailing observations made of the initial 

diffusion experiments between a U-Zr-As-Nd alloy and HT9. Finally, chapter 6 provides a 

conclusions section for the entire dissertation along with a section discussing some of the 

limitations of this research as well as recommendations for follow-on research. 

 

1.2 Sodium-Cooled Fast Reactors 

An attractive Generation-IV reactor concept is the sodium-cooled fast reactor (SFR). 

Such a reactor relies on liquid sodium as the primary coolant and gains much of its advantages 

from the thermo-physical properties exhibited by sodium, such as its high thermal 

conductivity, vaporization point, boiling point and heat capacity, yielding a coolant with a high 

degree of thermal inertia. Another major advantage of the SFR concept is the long history of 
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practical research that has been conducted. Over the past 60 years major advancements in its 

functionality has already been completed [1]. The fast reactor concept in general is attractive 

for various reasons, in particular it can address concerns regarding the proliferation of 

plutonium through its use as a fuel, as well as the management of spent nuclear fuel. 

Furthermore, such a reactor system presents a viable path forward for addressing the long-term 

management of minor actinides and that of other long-lived fission products with its ability to 

fission or burn such constituents [8]. One potential fuel form proposed by the Technology 

Roadmap Update for Gen-IV Nuclear Energy Systems for the SFR concept is the metal-alloy 

class of fuels [1]. Metallic fuels offer some distinct advantages over ceramic fuels, such as ease 

of fabrication and reprocessing, high thermal conductivity, good compatibility with the sodium 

coolant, and an ability to contain high densities of fissile and fertile materials. Combined, these 

reactor characteristics lead to a decreased core size (i.e. a more compact core) [2,9,10]. 

However, the use of such metallic fuel systems has led to the discovery of irradiation-induced 

phenomenon such as fuel-cladding mechanical interaction (FCMI) and fuel-cladding chemical 

interaction (FCCI), which have limited such fuel systems from achieving high burnups. FCMI 

is a physical interaction experienced between the fuel and cladding, a result of fuel swelling. 

Initially, FCMI limited burnup to only a few at.% and with changes in the fuel pin design such 

issues were resolved. FCCI is now considered the primary limiting factor for metallic fuel 

systems and is the result of chemical interactions between fuel constituents and fission products 

with the cladding constituents. The FCCI phenomenon, at its core, is a complex, multi-

component diffusion problem but understanding such mechanisms as fission product transport 

within the fuel, the inter-diffusion between the fuel and cladding constituents and finally ways 

to mitigate such interactions will be key in overcoming it [5]. 

 

1.2.1 Metallic fuels for SFRs 

Over the development years of fast reactor technology, several alloy concepts have 

been evaluated and this discussion will be primarily based on such research conducted by the 

subsequent metallic fuel R&D program in the United States. The primary US reactor system 

where the majority of its fast reactor research took place was that of the Experimental Breeder 

Reactor II (EBR-II) a research-based, sodium-cooled fast reactor. EBR-II is located at, what is 

now, the Materials and Fuels Complex (MFC) of the Idaho National Laboratory (INL), a 
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facility where much of the research into SFR’s and metallic fuel systems has been carried out 

to date. Beyond just expanding the knowledge base on the operation of fast reactors and their 

respective fuels, research at the EBR-II facility included closing the fuel cycle, which led to 

the investigation of pyroprocessing and refining techniques to reprocess metallic fuels. For this 

reason, metallic fuels used and developed at EBR-II contained a certain percentage of metals 

that would be carried over through the melt-refining process. The first two driver fuel concepts 

for EBR-II, the Mk-I and Mk-II fuel concepts, were a metallic alloy of U-5 wt.% Fs (Fs stands 

for fissium, a mixture of 2.46% Mo, 1.96% Ru, 0.28% Rh, 0.19% Pd, 0.1% Zr, and 0.01% Nb, 

wt.%, which were carry-over, metal-based fission products) [9,10]. Through the development 

of metallic fuels, interactions between the fuel and cladding were observed and it was found 

alloying metallic uranium with zirconium aided in not only limiting the fuel-cladding 

interactions but also served to increase the solidus temperature of the fuel. Ultimately, this led 

to the development of the current metallic fuel form, U-10Zr wt.% (U-23Zr at.%). Table 1.1 

shows the progression and characteristics of the EBR-II driver fuel elements over its 

operational lifetime.  

 

1.3 Metallic Fuel Performance 

1.3.1 Irradiation of metal fuels 

Metal fuel, such as U-Zr and U-Pu-Zr, in their as-cast form exhibit a relative 

homogeneous distribution of their fuel constituents at their beginning-of-life (BOL) in the 

reactor. Very early during irradiation, however, the fuel constituents tend to segregate to form 

phase structures stable at temperatures attained within the respective radial regions of the fuel 

slug. Zirconium tends to be the primary constituent observed to migrate. Temperatures at the 

hot region (i.e. the fuel centerline) can lead to the formation of the ! phase, which is a high 

temperature, U-Zr solid solution phase. The formation of the ! phase, having high solubility 

of Zr, promotes its migration out of the middle band region towards the center region, where 

Zr concentrations have been documented to reach 33 wt.%. Temperatures at the cold region 

(i.e. the fuel periphery) tend to lead to the formation of a two phase, "U and #Zr2U, structure. 

The composition within this exterior region tends to match the nominal fuel composition (i.e. 

U-10Zr wt.%). Because of Zr migration, the middle band region has been documented to 

exhibit a Zr concentration down to 4 wt.%, which in turn leads to a high U concentration that 
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deviates from that of the nominal fuel composition. It should be noted that the Zr concentration 

within this middle band region is observed to fluctuate and be dependent on the temperature 

and thus phase attained at the center region of the fuel. In the case of the U-Pu-Zr fuel system, 

the uranium and zirconium segregates in a similar manner where plutonium tends to exhibit 

little to no migration. Due to the presence of Pu, alternative phases, such as the U-Pu $ phase, 

may also form. Ultimately, the phase structures within a U-Pu-Zr fuel slug becomes dependent 

on the total Pu concentration within the alloy [9,11]. Figure 1.1 shows an optical micrograph 

of a cross-section of a U-Pu-Zr fuel pin, as well as an overlay of the elemental concentration 

of the fuel elements moving from the fuel centerline to the fuel periphery. 

 

Table 1.1. Select design parameters (nominal) of EBR-II metal driver fuel elements [10]. 

Campaign 
Mk-
I/-IA 

Mk-II/-IIC/-
IICS 

Mk-III/-
IIIA Mk-IV Mk-V/-VAa 

Fuel alloy (wt.%) U-5Fs U-5Fs & U-10Zr U-10Zr U-10Zr U-10Pu-10Zr 
235U enrichment (%) 52 67-78 66.9 69.6 Variable 

Slug diameter (mm) 3.66 3.30 4.39 4.27 4.27-4.39 

Fuel smear density (%) 85 75 75 75 75 

Burn up limit (at.%) 2.6 8.9 10 N/A TBD 

Plenum/fuel vol. ratio 0.18 0.68-1.01 1.45 1.45 1.45 

Plenum gas Inert Inert Inert Inert Argon 

Cladding material 304L 304L & 316 
CW 316 & 
CW D9 

HT9 
HT9 & CW 
316 

a Conversion to the Mark-V/-VA fuel types was not started before EBR-II was terminally shutdown in 1994 

 

Through irradiation, metal fuels have been observed to exhibit unique characteristics 

in comparison with ceramic-based fuel. Metallic fuels tend to hold more fission gas atoms and 

thus exhibit a higher rate of gas swelling in the early stages of irradiation. In turn, metal fuel 

tends to show a higher rate of creep leading to an expansion of the fuel slug and upon making 

contact with the cladding, experiences compressive stresses. Further, metal fuel tends to exhibit 

fission product generation and subsequent transport to and agglomeration at the fuel peripheral 

[9]. Early development of metal fuel concepts found that their initial expansion was a major 

limiting factor. Such fuel designs were only able to reliably achieve 1–2 at.% burnup before 

the potential for failure would rise. It was found that these failures were the result of stresses 
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that would occur from the mechanical interaction of the fuel and cladding, i.e. FCMI, and such 

interactions were directly related to the expansion of the fuel and fission gas generation. With 

continued fuel expansion, the stresses on the internal cladding surface would increase and the 

probability of cladding breach would rise [5]. 

 

Figure 1.1. Optical micrograph of U-Pu-Zr fuel pin after 1.9 at.% burnup [12]. 
 

Continued development to achieve greater burnups in metal fuels led to a decrease of 

the fuel smear density and an increase in the plenum-to-fuel volume ratio, i.e. the gas plenum 

size was increased, to accommodate the greater generation of fission gases. Further, to 

maintain thermal contact and to facilitate the dissipation of heat generation, sodium is used to 

bond the fuel slug to the inner cladding wall. Figure 1.2 shows a general schematic of a typical 

fuel element used in EBR-II. It was determined by decreasing the smear density down to ~75%, 

the fuel-cladding gap would allow the fuel to adequately expand to a point where the porosity 

within the fuel would become interconnected and thus allow fission gas to be released to the 

gas plenum. Although contact between the fuel and cladding still occurred, the mechanical 

force was greatly reduced and thus limiting the effects of FCMI. As summarized in Table 1.1, 

such design evolutions were made in the EBR-II fuel structure, progressing from the Mk-I to 

the Mk-II series and the burnup capabilities were indeed increased between the two fuel 

designs. By overcoming the phenomenon of FCMI and with longer fuel burnups (~8 at.% 

burnup for Mk-II fuel) being attainable, a new problem became evident; chemical interactions 

at the fuel-cladding interface, i.e. FCCI. Such chemical interactions are a phenomenon where 

fuel constituents and fission products, that have migrated to the fuel-cladding interface, 

chemically interact with the cladding constituents. Such interactions were not previously 
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experienced in the Mk-I fuel because burnup was limited to 1–2 at.% due to FCMI and 

irradiation time was not sufficient for the effects of FCCI to fully manifest. FCCI only becomes 

a factor at higher burnups. 

 

Figure 1.2. A schematic showing the general construction of an EBR-II fuel element. 
 

As previously mentioned during the first 1–2 at. % burnup of the fuel, fission gas 

formation and subsequent fuel swelling leads the fuel slug to make intimate contact with the 

internal surface of the cladding at numerous locations within the fuel pin. It is at these contact 

points where brittle and low-melting phases can form. Such chemical interactions at the fuel-

cladding interface are problematic because these regions can promote the inter-diffusion of 

primary cladding constituents into the fuel, and fuel constituents and fission products into the 

cladding, which in turn leads to a breakdown of the cladding integrity. Analysis of reactor-

irradiated fuels has indicated FCCI tends to be most severe at locations correlating to higher 

inner cladding temperatures. For EBR-II fuel this condition was typically observed towards 

the top of the fuel slug [13]. Figure 1.3 shows a region of high FCCI that formed between U-

10 wt.% Zr fuel and the ferritic/martensitic cladding alloy HT9, irradiated to an average peak 

burnup of 12.4 at.%. In particular the interaction between Fe and Ce is evident by their co-

location in the elemental maps shown is parts (b) and (f). 

The loss of primary alloying elements, the growth of interaction zones and the physical 

thinning of the cladding is commonly referred to as cladding wastage, i.e. regions of the 

cladding that do not contribute to the overall cladding strength. The continued increase of 

cladding wastage further decreases the cladding integrity until breach of the cladding wall 

occurs. Figure 1.4 shows regions of high FCCI of irradiated metallic fuels with different 

claddings. FCCI observed between U-Pu-Zr fuel and D9 cladding (Figure 1.4 (a)) shows the 

depletion of nickel from the inner cladding region. Conversely, decaburization has been 

observed to occur between U-Pu-Zr fuel and the ferritic/martensitic cladding alloy HT9. In 

both instances, such depletion leads to the formation of a soft ferrite phase in the inner region 

of the cladding and in turn contributes to cladding wastage [5,9,12,13]. It should be noted that 

the level of ferrite formation in HT9 is lower than that in D9 [6]. Additionally, Figure 1.4 (b) 
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shows an area exhibiting a high degree of FCCI between the binary fuel alloy U-Zr and HT9 

and in this instance the interaction depth was measured to be ~150 µm [13]. 

 

Figure 1.3. Scanning electron microscopy (SEM) analysis of U-Zr fuel with HT9 cladding. (a) Shows 
a backscatter electron (BSE) micrograph of a region of high FCCI and parts (b)–(f) contain energy 
dispersive X-ray spectroscopy (EDS) elemental maps of Fe, Cr, U, Zr and Ce, respectively, of the 
region indicated in (a) [11]. 
 

Analysis of regions of high FCCI between metallic fuel alloys and claddings indicate 

the primary problematic fission products that appear to both agglomerate at the fuel-cladding 

interface and more readily participate in the inter-diffusion process are those of the lanthanide 

series of elements. An analysis by Mariani et al. [7] of a U-10 wt.% Zr fuel pin irradiated in 

EBR-II up to ~ 8 at.% burnup showed the presence of neodymium (Nd), cerium (Ce), 

lanthanum (La), and praseodymium (Pr) as fission products making up the majority of the 

lanthanide elements present in irradiated fuel having concentrations of 0.90%, 0.53%, 0.27% 

and 0.26% wt.% (1.17%, 0.71%, 0.37% and 0.35% at.%), respectively. Furthermore, 

region is also largely spherical which also reflects the properties of
the cubic g phase of the high temperature solid solution (U, Zr). This
behavior follows the historically observed microstructure [15].

Beyond Region A, the Zr content is depressed. In the areas where
the sample is completely planar the Z contrast in Region B is
brighter/lighter than in Region A or Region C. In Fig. 1 Region B has
suffered some enhanced degradation due to oxidation. The loss of
Zr to Region A makes the remaining high U content region more
susceptible to oxidation. Approximately 5 years have passed be-
tween the original sample preparation and optical microscopy and
the current SEM exam. This allowed for some significant oxidation
to occur in spite of the low O2 conditions of the storage inside the
HFEF hot-cell. This oxidation is commonly observed in sample of
metallic fuel that are stored for an extended period of time.
Aggressive regrinding of the sample was undesirable in order to
preserve the features of the FCCI layers that were observed in the
original optical microscopy. The inability to fully remove the
oxidation in Region B leads to the darker contrast seen in Fig. 1 in
portions of Region B.

Region C between the cladding and Region B appears to have an
overall U-Zr composition as evaluated by EDS near 10% Zr similar to
the as-fabricated fuel. It operated in the alpha phase temperature
regime of the U-Zr binary alloy (below 617 !C) [9]. It is more
apparent at higher magnifications, but there is also evidence of
phase separation between U and Zr in this fuel zone. This is

expected in the alpha regimewhere there is little solubility for Zr in
the U and delta phase (UZr2) forms.

At the fuel cladding interface there are several distinct layers of
FCCI. Each of these layers will be discussed in detail. In Fig. 1, it is
worth noting the asymmetry of the FCCI. There is significant
(>125 mm) cladding ‘wastage’ in the region of the pin shown in the
upper right corner of Fig. 1, while there is no evidence of FCCI in the
region of the cross section shown in the lower left corner of Fig. 1.
The interaction zone is referred to as ‘wastage’ because the inter-
action layer is very brittle and often cracked, providing no strength
to that layer of the cladding.

3.2. Central region (region A)

Higher magnification images of the central region are shown in
Fig. 3. The typical microstructure of the region can be seen in Fig. 3
(a) and (b). Large area EDS scans of this region indicate that U-Zr
mixture is between 70 and 65 wt % U and 30 to 35 wt% Zr. This
region is above the g phase transition temperature during irradia-
tion, but after cooling the U and Zr have segregated into aU and
dUZr2 as predicted by the phase diagram. These two phases are
shown stacked together throughout Fig. 3 as awhite phase (aU) and
a medium grey phase (UZr2.).

In addition to the overall U-Zr mixture, there are several pre-
cipitates present.

Fig. 7. EDS mapping of a radial sector of fuel with FCCI (a) BSE image of the mapped region, relative intensity of different x-ray peaks measured by EDS for (b) Fe Ka1, (c) Cr Ka1, (d) U
Ma1, (e) Zr Ka1, (f) Ce La1.

J.M. Harp et al. / Journal of Nuclear Materials 494 (2017) 227e239 231
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lanthanide elements in general tend to make up nearly 45% of the fission product yield in 

metallic fuels of fast reactors [14].  

 

Figure 1.4. Regions of high FCCI form between metallic fuels and cladding alloys after irradiation. (a) 
Interactions between the fuel U-19Pu-10Zr (wt.%) and the austenitic cladding alloy D9 [15]. (b) 
Interactions between the fuel U-10Zr (wt.%) and the ferritic/martensitic cladding alloy HT9 [13]. 
 

1.3.2 Lanthanide migration 

It is apparent that lanthanide elements play a major role in the FCCI phenomenon of 

metallic fuels and it is important to understand the method to which such elements transport to 

the fuel-cladding interface. Lanthanide elements tend to be immiscible in the U-Zr and U-Pu-

Zr matrices and thus are more readily available to transport to the fuel periphery. The formation 

of such a lanthanide-rich layer at the fuel-cladding interface is indicated in Figure 1.5.  

 

Figure 1.5. Agglomeration of a lanthanide-rich fission product layer at the fuel-cladding interface [15]. 
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Such transport appears to be strongly tied to temperature gradients present between the 

fuel centerline and fuel periphery a diffusion process known as thermophoresis or the Soret 

effect [5,6,15,16]. Recent research in this area has shown that the transport mechanisms of the 

lanthanides tends to be liquid-like. When the fuel undergoes swelling in the first few at.% 

burnup due to porosity formation, liquefied sodium becomes displaced and backfills into the 

interconnected network of pores (sodium is present within the fuel pin as depicted in Figure 

1.2). Further, cesium, which forms as a fission product, is also believed to liquefy and 

concentrate within pores of the fuel. It is through these interconnected cesium-filled and 

sodium-filled pores lanthanide elements are believed to diffuse as solutes to the fuel periphery 

[16]. Molecular dynamic models have been used to determine the diffusivity of the primary 

lanthanide elements, i.e. Ce, Nd and Pr, in liquid sodium. The results showed the diffusion 

coefficients of the lanthanides in liquid sodium were estimated to be in the order of 10-5 cm2/s, 

which correlates with liquid-like transport mechanisms [16]. Table 1.2 shows the tabulated 

diffusivities of the lanthanide elements of interest in liquid sodium at various temperatures. It 

is largely believed that such elements readily dissolve into liquid sodium/cesium. Experimental 

results indicated the solubility of Ce, Pr and Nd in liquid sodium varied from 2×10-5 to 5×10-5 

at.% between 450 to 550°C. Further, results showed the solubility limit is reached within 

~30min, suggesting lanthanide transport in such liquid systems is not limited by their 

dissolution but rather on their diffusion once in solution [16]. The previous discussion is a 

common proposed mechanism for lanthanide transport, and although lanthanide transport is 

occurring on timescales beyond that of solid-state diffusion, the exact mechanisms for their 

transport to the fuel periphery is not yet fully known. 

 

Table 1.2. Lanthanide element diffusivity in liquid sodium metallic system at various temperatures [17]. 

System Temperature [K] Diffusivity (×10-5) [cm2/s] 

Ce in Na 523 1.04±0.07 

 723 1.97±0.14 

 1000 5.34±0.13 

Pr in Na 723 4.53±0.29 

 923 6.01±0.34 

Nd in Na 723 4.00±0.27 

 923 4.63±0.28 
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1.4 FCCI in Metallic Fuels  

The early stages of fuel development included performing isothermal diffusion studies 

between fuel alloys and potential cladding alloys. It was found that the 300 series of austenitic 

stainless steels showed limited chemical interactions with the U-Fs fuels. However, austenitic 

alloys would eventually be replaced by the ferritic/martensitic class of alloys due to their 

improved swelling characteristics [18]. In transitioning to the U-10Zr fuel system, the addition 

of zirconium yielded a marked improvement in the chemical interactions between the fuel and 

cladding. With the addition of zirconium, the development of a Zr-rich layer, or Zr-rind, at the 

fuel periphery was observed. It was found that the Zr-rind provides an inherent barrier which 

limits the inter-diffusion of fuel and cladding constituents. As a result, FCCI is typically 

observed to be most severe only at locations where there is a breakdown of this barrier [5,6]. 

Continued advancement of metallic fuels lies primarily in overcoming the FCCI phenomenon 

as it is a major factor preventing metallic fuels from consistently achieving higher burnups [4]. 

The interaction zones between the fuel and cladding alloys have been observed to be 

quite extensive and complex. As previously noted, FCCI appears to be primarily based on 

multi-component diffusion and the active mechanisms that appear to take place are numerous. 

Although migration of the lanthanides to the fuel-cladding interface is believed to follow a 

liquid-like transport mechanism, the FCCI phenomenon, under normal operating conditions, 

is considered to be based on solid-state diffusion mechanisms [5]. An in-depth historical 

account of FCCI experimentations and investigation is provided by Keiser [19], where 

Matthews et al. [4] provides an in-depth discussion on the FCCI phenomenon, breaking it 

down into its unique parts. The following section is a summary of FCCI while providing details 

on the role fission products, fuel components and cladding constituents play in the overall 

phenomenon. 

 

1.4.1 Role of fission products in FCCI 

The transport of lanthanides to the fuel-cladding interface leads to a build-up of 

lanthanides, as shown in Figure 1.5, which readily promotes lanthanide interactions with the 

cladding. In general, the presence of lanthanides in the fuel has been found to enhance 

interactions between the fuel and cladding. Detailed analysis was conducted using electron 

probe microanalysis (EPMA) on a FCCI region between U-10Zr (wt.%) and HT9 cladding that 
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was irradiated in EBR-II. The results of the analysis are shown in Figure 1.6. This analysis 

shows the presence of Nd, Ce, La, Pr and Sm in the cladding. Of the fission products formed, 

Nd and Ce tend to diffuse the farthest into the cladding.  

 

Figure 1.6. Radial composition profiles by EPMA where (a) shows elemental compositions of fission 
product elements and (b) shows elemental compositions of cladding elements [6]. 
 

Some of the primary concerns associated with FCCI are the intermetallic phases that 

form within the cladding. Such intermetallic compounds can be brittle and can contribute to a 

weakened cladding. On the cladding side of the interaction zone the formation of (Fe,Cr)17Ln2 

and (Fe,Cr)3Ln have been observed, where Ln denotes lanthanide elements in general 

[6,11,15,20]. Additionally, the intermetallic compounds that form can have relatively low-

melting points with the primary cladding constituents (e.g. Fe, Ni, and Cr). For example, such 

binary compounds as Fe-Nd, Fe-Pr and Ni-Ce exhibit eutectic melting temperatures of 682ºC, 

667ºC and 477 ºC, respectively. If formed, such compounds could be problematic. Although 

some experiments have indicated peak inner cladding temperatures up to 648ºC [13], typical 

operating conditions should not lead to liquid phase formations, with the exception being the 

Ni-Ce binary compound. However, temperatures could evolve through off-normal or transient 

conditions that could induce liquid phases. Such liquefaction reactions can, in turn, exacerbate 

cladding wastage issues at the fuel-cladding interface and again lead to quick cladding failure. 

Further, the formation of such low-melting phases may likely be why greater interaction is 

observed when lanthanides are present. This is because as the operational temperatures 

approach the eutectic temperature of these phases, the diffusivity of the components is 

increased leading to greater interaction [4].  
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Overall, lanthanides interact with the different cladding materials in different ways and 

their level of interaction is dependent on the alloying constituents of the cladding alloy. For 

example, lanthanides were observed to more readily diffuse through the grain boundaries of 

the cladding alloy HT9, which has not been observed in other cladding alloys [5,11]. SEM 

analysis was performed on a high-temperature section of an irradiated U-10Zr (wt.%) fuel with 

HT9 cladding, revealing the complexity of the interactions that occur at the fuel-cladding 

interface. Evaluation at the cladding resolved what appeared to be preferential lanthanide 

attack of the cladding grain boundaries (Figure 1.7) which could indicate a weaker layer in the 

cladding than originally believed [11]. This preferential grain boundary attack by lanthanides 

of HT9 claddings is not fully understood but demonstrates the variability of lanthanide 

interactions within the fuel-cladding system. 

 

Figure 1.7. FCCI layers observed at the fuel-cladding interface of irradiated U-10Zr (wt.%) fuel with 
HT9 cladding. Grain boundary (i.e. GB) attack by lanthanides (i.e. Ln) is shown in section B within the 
cladding [11]. 
 

1.4.2 Role of fuel constituents in FCCI 

 Contrary to the level of interaction observed by lanthanides, fuel components e.g. U, 

Zr and Pu, tend to only interact with the cladding within a short distance of the fuel-cladding 

interface. In particular both U and Pu have been found to primarily interact with Fe to form, 

UFe2 and U6Fe, or PuFe2 and Pu6Fe phases, respectively [6]. Further, for U-Pu containing fuels 
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(U,Pu)Fe2 and (U,Pu)6Fe are likely to form within the interaction region [21]. The UFe2 phase 

is typically found to form on the cladding side of the fuel-cladding interface, where the U6Fe 

phase forms on the fuel-side of the UFe2 phase. In more simplistic diffusion couple 

experiments between U and Fe, the U6Fe phase was found to form faster and thicker than the 

UFe2 phase, where growth of the latter phase was restricted by the growth of the former [22]. 

In comparing the depth of penetration of the primary fuel components, Pu tends to penetrate 

the furthest into the cladding compared to U [15]. Of primary concern from U,Pu-Fe interaction 

is the potential for eutectic reactions, where the binary systems U-Fe and Pu-Fe, experience 

such reactions at 725ºC and 410ºC, respectively. The binary phase diagrams of the U-Fe and 

Pu-Fe systems are shown in Figure 1.8. The U-Fe eutectic temperature is above that of normal 

reactor temperatures, whereas the Pu-Fe eutectic temperature is problematic as it is well below 

normal operating temperatures. Although a discreet Pu6Fe phase is not expected to form, given 

Pu is typically alloyed into U-Pu-Zr fuels, localized liquefaction has been observed in diffusion 

couple experiments on the fuel side of the diffusion interface when the Pu concentration in the 

(U,Pu)6Fe phase reaches its solubility limit, believed to be ~16 at.% [21,23]. 

 
(a) 

 
(b) 

Figure 1.8. (a) U-Fe binary phase diagram [24] and (b) Pu-Fe binary phase diagram [25]. 
 

To evaluate the susceptibility of fuels to FCCI under off-normal reactor conditions 

Ogata et al. [26] performed a series of diffusion couple experiments between U-Zr alloys and 

elemental Fe to evaluate the growth of their interaction layer at 730ºC (1003K), which is just 

above the U-Fe eutectic temperature. To simulate steady-state fuel-cladding interaction at 

normal reactor temperatures, they first exposed several diffusion couples to long-term 

annealing at 650ºC (923K) and then exposed them to short term annealing at the elevated 



 16 

temperature of 730ºC (1003K). Not surprisingly, they found evidence of liquefaction occurring 

at regions where the U6Fe phase formed after annealing at the higher temperature. However, 

the diffusion couples that experienced initial annealing at lower temperatures experienced 

smaller reaction layers overall compared to those directly exposed to the higher annealing 

temperatures. It was believed at the lower temperatures the UFe2 is more favored to form 

compared to the U6Fe phase. Then at the higher annealing temperatures the U6Fe phase 

preferentially forms over the UFe2 phase, as discussed previously. It is believed the initial 

formation of the UFe2 phase actually limits the formation of the U6Fe phase at the higher 

temperatures, i.e. the phase that undergoes eutectic liquefaction, and thus limits the overall 

amount of interaction between the diffusing elements. 

 Regarding the role of Zr in the fuel, its alloying with U was found to improve the 

interactions between the fuel and cladding materials. This was attributed to a Zr-rich layer, i.e. 

Zr-rind, that formed at the fuel periphery, which appeared to inhibit major interactions from 

occurring between the fuel and cladding constituents. There are a few conjectures on the 

processes that drive the formation of the Zr-rind at the fuel surface. It was initially speculated 

that the Zr-rind formation was the result of the injection casting process used to fabricate fuel 

pins for EBR-II, where a ZrO2 powder was placed within the mold to facilitate the fuels 

removal from the mold [4]. However, fuels fabricated using alternative processes without the 

ZrO2 powder, e.g. arc-melting, still exhibited the formation of a Zr-rind. Therefore, the 

formation of the Zr-rind appears to not be dependent on the fabrication process. It is now 

largely accepted that the presence of the Zr-rind is the result of interstitial impurities, such as 

oxygen, nitrogen and carbon, which stabilize its formation. Amongst these, nitrogen is believed 

to be the primary impurity that leads to a stable Zr-rind. In addition to the introduction of 

impurities from the fabrication process, claddings having different concentrations of nitrogen 

can also affect the characteristics of the Zr-rind in the fuel. For example, claddings that exhibit 

a greater concentration of dissolved nitrogen tend to promote a larger Zr-rind, i.e. 316 stainless 

steel with 600 ppm compared to HT9 and D9 stainless steels with 40–50 ppm [5,27]. Further, 

it is also speculated that the formation of the Zr-rind is driven by the decomposition of the #-

Zr2U phase within the fuel. At the fuel-cladding interface the #-Zr2U phase is believed to 

decompose in the presence of nitrogen, promoting the formation of the Zr-rind. In turn, this 

results in the formation of a layer within the fuel and next to the Zr-rind which tends to be 
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deficient in Zr i.e. a Zr-depleted zone [28–30]. Even with the formation of the Zr-rind, fuel 

components such as U are still found to interact with the cladding leading to the formation of 

the UFe2 phase, or some variation of this phase depending on the constituents present, i.e. 

(U,Pu)Fe2, (U,Zr)(Fe,Cr)2, etc. Furthermore, cladding constituents such as Fe, are still 

observed to diffuse into the fuel. But all diffusion-based experiments appear to agree that the 

formation of the Zr-rind drastically reduces the level of interaction that occurs between the fuel 

and cladding. As for the continued interaction after the Zr-rind forms, some believe the 

components are able to diffuse through this interface formation, but likely at a reduced rate 

leading to a more limited interaction region [28,29]. However, Lee et al. [30] observed the 

formation of cracks in the Zr-rind after carrying out high temperature diffusion couple 

experiments between U-10Zr (wt.%) and HT9. They believed that these cracks provided a 

diffusion pathway for U to interact with the cladding forming a (U,Zr)(Fe,Cr)2 phase. They 

further observed these cracks allowed Fe to diffuse into the fuel where it was observed to 

preferentially interact with Zr-rich precipitates. Additionally, it should be noted that in-pile 

experiments found that the areas exhibiting the greatest amount of FCCI in a fuel pin tend to 

correspond to areas where the Zr-rind was found to have cracked or otherwise had been 

compromised. However, it is difficult to state that cracks in the Zr-rind are the only pathway 

for U and Fe to diffuse through the Zr-rind because not every diffusion couple experiment 

observed such cracks when clearly observing U-Fe and Zr-rich layer formations as well as the 

diffusion of Fe and subsequent interaction with the fuel. Overall, the use of Zr greatly improves 

the FCCI performance between U-10Zr (wt.%) fuels and cladding alloys as long as the Zr-rind 

remains intact. 

 

1.4.3 Role of cladding constituents in FCCI 

 Cladding constituents also play a major role in FCCI. The EPMA analysis detailed in 

Figure 1.6 (b) shows not only the diffusion of Fe and Ni into the fuel but also their level of 

depletion from the inside region of the cladding. Further, the Cr concentration is observed to 

be elevated in the cladding at the fuel-cladding interface, which is likely the result of the other 

cladding constituents diffusing out of the cladding. Over the development history of improving 

fuel performance, several alloys have been evaluated to be used as cladding, each showing a 

varying degree of interaction. Early fuel development utilized the austenitic, 300 series 
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stainless steels, e.g. 304L and 316. This was followed by the incorporation of the alloy D9, a 

titanium-modified, cold-worked austenitic stainless steel, and the alloy HT9, a 

ferritic/martensitic stainless steel, each of which showed a marked improvement in overall 

performance within the reactor compared to the 300 series alloys [31]. However, although 

these claddings showed improvement in performance, they still exhibited FCCI at elevated 

burnups, but in different ways, and largely dependent on their primary alloying constituents. 

For reference, Table 1.3 displays the nominal compositions of these cladding alloys. For D9 

the primary alloying elements are Fe, Ni, and Cr whereas for HT9 they are Fe and Cr. It was 

previously discussed above in section 1.3.1 and observed in Figure 1.4 that the loss of alloying 

constituents in the cladding led to the formation of a ferrite phase in D9 and HT9. Although 

the ferrite formation occurred as the result of different processes, collectively such a phase 

formation contributes to cladding wastage or a loss of cladding strength. Further, it was 

previously discussed above (section 1.4.2) that the diffusion of Fe into the fuel can potentially 

lead to the formation of low melting phases in the fuel. Both of these two aspects of FCCI are 

problematic. Therefore, understanding how these claddings participate in FCCI becomes 

dependent on understanding the role of their primary alloying elements. 

 

Table 1.3. Nominal compositions, in wt.%, of typical cladding alloys used historically in SFR systems 
[32]. 

Alloy Fea C Si Mn Ni Cr Mo Ti W V Al 

316 Bal. 0.08 1.00 2.00 12.0 17.0 2.50 n/a n/a n/a n/a 

D9 Bal. 0.05 1.00 2.00 15.5 13.5 1.50 0.25 n/a n/a n/a 

HT9 Bal. 0.20 0.25 0.55 0.55 11.8 1.00 n/a 0.50 0.30 n/a 
aThese are ferrous-based alloys and thus Fe makes up the remaining concentration of the alloy composition 

 

 Out-of-pile diffusion couple experiments performed by Keiser et al. [28] evaluated U-

10Zr (wt.%) fuel against different alloy combinations of Fe, Ni and Cr to elucidate the level of 

interaction that occurs from each cladding component. Overall, their research determined that 

cladding alloys containing Ni exhibited the greatest amount of interactions, observing 

numerous phase formations within the fuel and the greatest depth of diffusion into the fuel. 

Further, in comparing diffusion couple experiments between U-10Zr (wt.%) and elemental Fe 

and a Fe-19Cr (wt.%) alloy, their research found that Cr-containing alloys showed slightly 
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more interaction compared to elemental Fe but both were considerably less than any of the Ni-

containing alloys. They reason that Ni experiences greater interaction due to the greater 

number of potential phases it can form with both U and Zr compared to Fe and Cr. The 

observation of Fe-Cr alloys exhibiting slightly greater chemical interactions in comparison to 

elemental Fe was also an observation made by Nakamura et al. [33]. However, it should be 

noted that although Fe-Cr alloys may exhibit slightly increased levels of chemical interaction, 

Fe-12Cr wt.% cladding alloys such as HT9 are preferred due to other factors impacting their 

performance as a cladding, such as their resistance to irradiation-induced swelling.  

Research has been performed by Nakumura et al. [34] to characterize the U-Zr-Fe 

ternary system and then in follow-on research by Nakumura et al. [33] shows the formation of 

such ternary phases experimentally through diffusion couple experiments between U-10Zr 

(wt.%) and a Fe and Fe-Cr alloy. Their research details the formation of three U-Zr-Fe ternary 

phases %, &, and '; the compositions of which are U-(33–50)Zr-33Fe, U-(21–25)Zr-6Fe, and 

U-32Zr-50Fe (at.%), respectively [34]. Through their diffusion couple experiments they were 

able to identify all of these ternary phases forming within the fuel due to Fe diffusion from the 

cladding. Further, they observed Cr being dissolved within several of the phases at or near the 

diffusion interface, but Cr was not found to dissolve far into the fuel [33]. Additionally, 

observations made by Harp et al. [11] found that Fe and Ni diffusion into the fuel had the 

additional effect of promoting segregation of the U-Zr matrix. 

Research has shown that Fe is considered to be an ultra-fast diffusing solute in Ce, Pr 

and Nd. This is attributed to the ability of solute atoms to enter into interstitial positions, which 

appears to be more easily attained due to the open structure of the rare-earths, i.e. lanthanide 

elements. The research also noted that other transition metals, such as Ni, exhibits fast diffusing 

mechanisms as well [35]. This was further observed by Inagaki et al. [20] where diffusion 

couple experiments were carried out between a lanthanide alloy, 13La-24Ce-12Pr-39Nd-12Sm 

(wt.%), and a Fe-12Cr (wt.%) alloy. They observed Fe had diffused up to 400 µm into the Ln 

alloy, where Ln elements had only diffused 100 µm into the Fe-Cr alloy. 

Overall, interstitial diffusion likely explains why cladding elements, such as Fe and Ni, 

diffuse so readily into the fuel matrix. Furthermore, the build-up of lanthanide elements at the 

fuel periphery, as shown in Figure 1.5, could possibly give an avenue for Fe and Ni to easily 

diffuse into the fuel matrix. This does not completely account for all Fe and Ni diffusion into 
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the fuel as it has been observed to occur in non-lanthanide containing fuels as well. Instead the 

lanthanide-buildup at the fuel-cladding interface may act to enhance the diffusion of Fe and Ni 

into the fuel. Additionally, by observing the EPMA results of an FCCI region in Figure 1.6, it 

is noted that lanthanide elements, i.e. Ce, Nd, Sm, etc., are not found to diffuse farther into the 

cladding than the region depleted in Fe and Ni. In Figure 1.6 this is observed to be just short 

of 100 µm. It could be that lanthanide diffusion into the fuel is limited by Fe and Ni diffusion 

out of the cladding, thus the lanthanide movement into the cladding is likely based on 

substitutional diffusion. Further, the diffusion of lanthanides into the cladding may also be 

limited by each elements self-diffusion through the (Fe,Cr)17Ln2 layer that forms just inside 

the cladding. 

 

1.4.4 Additional diffusion mechanisms 

In addition to the more traditional diffusion mechanisms, radiation enhanced diffusion 

(RED) adds additional complexity to the kinetics of the FCCI phenomenon [6]. Through 

irradiation, the formation of defects, such as vacancies, within a matrix can lead to a system 

that components can more readily diffuse through. Understanding the diffusion of lattice atoms 

by the vacancy mechanism can be determined by: 

()* = ,*(*-* (1.1) 

where DV is the vacancy diffusion coefficient, CV is the vacancy concentration and ,* is the 

correlation coefficient. From this equation, it can be interpreted that with an increase in the 

vacancy concentration (CV) due to irradiation damage, the diffusion rate of atoms via vacancy 

exchange (~()*) will also increase. It is also worth noting that radiation-induced defects can 

include both the formation of interstitial and di-vacancy defects. Such defects, in addition to 

monovacancy formations, can contribute to the overall diffusion of atoms [36]. An increase in 

the vacancy concentration, for example in the cladding, due to irradiation may contribute to 

the diffusion of both the lanthanides and fuel constituents into the cladding via vacancy-based 

diffusion. That and the depletion of Fe and Ni from within the cladding likely facilitates the 

infiltration from the fuel. Furthermore, as previously discussed, lanthanides such as Nd, have 

recently been observed to infiltrate the cladding through grain boundaries and such surface-

based diffusion mechanisms tends to exhibit diffusivities with lower activation energies 
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compared to lattice-based diffusion mechanisms. Thus, constituents that exhibit such surface-

based diffusion mechanisms has the potential to more easily diffuse into the cladding or fuel. 

 

1.5 Controlling FCCI 

1.5.1 Diffusion barriers 

Countering such inter-diffusion, it was previously noted that the formation of the Zr-

rind acted as a natural diffusion barrier to FCCI. It was further determined the formation of a 

Zr-rind in the presence of claddings with interstitial impurities, i.e. N, C, or O, would in turn 

more readily stabilize the Zr-rich layers further impeding the inter-diffusion process [5,16]. 

This is likely because the interstitial diffusion mechanism, previously discussed as a potential 

mechanism for Fe and Ni to diffuse into the fuel, is being limited due to the occupation of 

interstitial sites within the Zr-rind by nitrogen, for example. Therefore, research by Khatkhatay 

et al. [37] evaluated the effectiveness of ZrN and TiN coatings as diffusion barriers. Through 

diffusion couple experiments, both coatings proved to be effective in mitigating interaction 

between Fe and Ce. Additional research was performed by Kim et al. [38] to evaluate the 

effectiveness of deposited layers of zirconium, chromium and titanium to act as diffusion 

barriers. Their research evaluated diffusion couple experiments between U-10Zr (wt.%) and 

HT9, experimenting with various combinations of the barrier coatings. They found that only 

the pure zirconium coating remained intact through the experiment while the multi-element 

coatings broke down through the experiment. However, in all experiments Fe and Cr were still 

found within the fuel, al beit to a lesser extent compared to the experiment where no coating 

was employed, indicating their diffusion through the barriers. This aligns with previous 

discussions on the Zr-rind and how cladding components were still observed to diffuse 

through. This would also appear to indicate an effective barrier must block interstitial-based 

diffusion. Other research on the effectiveness of coatings and the use of other coatings, such 

as TiO2 and yttrium-stabilized ZrO2 (YSZ), have also been carried out [39–41]. However, it 

should be noted that the deployment and robustness of such coatings is of concern. Whether 

applied to the internal surface of the claddings or to the exterior surface of the fuel, it is difficult 

to know if the coatings will be maintained through normal fuel loading procedures.  

In addition to coatings the use of foils has also been evaluated. Foils of pure metals, 

such as Zr, niobium (Nb), titanium (Ti), vanadium (V), and Cr, to name a few, have also been 
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proposed [42,43]. The use of pure Zr foils ended up dissolving through the diffusion 

experiments due to the solubility of Zr in U. This was also observed with both Nb and Ti foils. 

The use of Cr and V foils proved to be successful in mitigating interactions between U-10Zr 

(wt.%) and HT9 [42]. Research by Lee et al. [43] also found that the use of a Zr foil was not 

effective in limiting interaction between lanthanide elements and HT9, but interestingly they 

found that when Zr foils are paired with a deposited Zr coating the interactions are mitigated. 

They attributed this change to the belief that the Zr coating was likely covering defects in the 

Zr foil that would otherwise have promoted interaction. 

 

1.5.2 Fuel-based additives  

Another method proposed to mitigate lanthanide interactions with cladding 

constituents is through the utilization of additives alloyed into the fuel. The use of additives is 

not to necessarily immobilize the fission products within the fuel matrix but rather to form 

high-temperature, stable intermetallic compounds with the lanthanide elements so that they no 

longer interact with the cladding constituents. It should be noted that the use of additives is not 

expected to alleviate all FCCI, such as that of cladding components diffusing into the fuel, but 

instead to limit the detrimental effects of lanthanide-based intermetallic phase formations 

within the cladding that contribute to cladding wastage. Thus, through the use of additives, a 

significant portion of the FCCI phenomenon may be mitigated or at the very least limited so 

that the fuel can achieve greater burn-up without major cladding issues. Research conducted 

by Mariani et al. [7] proposed intentionally alloying metal fuel with palladium (Pd) due to its 

high propensity to form compounds with lanthanide elements. Through their research they 

documented Pd-Ln formations through the fabrication of U-Zr-Pd-Ln alloys. Further, in the 

analysis of irradiated U-10Zr (wt.%) fuel, Harp et al. [11] observed Pd, which evolves in small 

concentrations as a fission product within metallic fuel, binding with lanthanide elements to 

form stable Pd-Ln precipitates within the fuel. Figure 1.9 details Pd-Ln precipitate formations 

observed in the research conducted by both Mariani et al. [7] and Harp et al. [11]. 

Beyond Pd, Mariani et al. [7], also proposed additional elements that may serve as 

potential fuel-based additives. Based on thermodynamic and other considerations, tin (Sn), 

antimony (Sb) and tellurium (Te) were also proposed as potential additives. Other work by 

Kim et al. [44] proposed thallium (Tl), gallium (Ga) and indium (In) as potential additives, 
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primarily based on enthalpy of formation calculations between potential additives and 

lanthanide elements. Research in the area of fuel-based additives is ongoing and prior to the 

research effort discussed in this dissertation the main focus has been on both Pd and In. To 

date, the majority of research has been in the area of out-of-pile experiments, e.g. diffusion 

couple experiments, with favorable results indicating the viability of additives to mitigate 

FCCI. However, recent irradiation experiments carried out and characterized by Harp et al. 

[45] indicated mixed results on the effectiveness of alloying the U-Zr fuel with Pd. Favorable 

results were observed in the fuels having lower Pd concentrations of 1 and 2 wt.%, but when 

the Pd concentration was elevated to 4 wt.%, FCCI was observed even though the burnup was 

low; between 2–3% FIMA (fissions per initial metal atom), meaning very little lanthanide had 

formed. It was found that in alloying Pd with U-Zr, it initially forms compounds with Zr, but 

then preferentially binds with lanthanide elements as they form in the fuel. Thus, upon initial 

irradiation and before lanthanides form in the fuel, the Pd is bound to Zr removing it from the 

matrix [46,47]. In the work by Harp et al. [45], they observed in their irradiation experiments 

the alloys having a higher concentration of Pd resulted in a higher level of Pd-Zr interaction. 

This in turn left a higher concentration of un-alloyed U in the fuel and thus the FCCI that was 

observed was likely the result of U-Fe interactions. Due to such Pd-Zr interactions, a higher 

concentration of Zr is being evaluated for additive-containing fuel alloys to negate such 

adverse effects [48,49]. 

 

Figure 1.9. (a) BSE micrograph of U-15Zr-1.16Pd-2.15Ln (wt.%) alloy, where Ln is an alloy of 53Nd-
25Ce-16Pr-6La, wt.% [7]. (b) BSE micrograph of irradiated U-10Zr (wt.%) where Pd-Ln precipitates 
were observed to form [11]. 
 

In addition to Pd and In additives, to date research has been carried out evaluating the 

viability of Sn [50], Sb [51–53], Sn + Sb [54], and Te [55,56] as additives. Discussions on the 

additives Sb and Te are provided at length in later chapters of this dissertation. An evaluation 
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of Sn is provided by Benson et al.[50]. They observed Sn also tends to bind with Zr, forming 

Zr5Sn3 precipitates in U-Zr-Sn alloys. It was noted that the Zr5Sn3 intermetallic has an additive-

zirconium ratio that is less, compared to that of the additive Pd, which was observed to form 

Zr2Pd precipitates. This indicates the Sn additive would remove less Zr from the U-Zr matrix. 

Benson further evaluated the interactions of Sn in the presence of lanthanides by evaluating a 

U-Zr-Sn-Ln alloy (Ln = 53Nd-25Ce-16Pr-6La wt.%). It was found that Sn left Zr and 

preferentially bound to the lanthanide elements. However, they found that Zr was still 

contained within the Sn-Ln precipitates forming either a Ln5Sn3 or (Ln,Zr)5Sn3 precipitate. 

They were unable to conclude if the Zr was dissolved within the precipitates or if Zr atoms 

were substituting for Ln atoms within the Ln5Sn3 lattice. The latter is supported by the fact that 

the crystal structures of Zr5Sn3 and Nd5Sn3, along with high temperature crystal structures of 

Ce5Sn3, Pr5Sn3 and La5Sn3 are of the same space group and crystal prototype. The continued 

engagement of Zr within Sn-Ln precipitates may be problematic, however, the decreased 

concentration of Zr being removed from the U-Zr matrix in its BOL condition is promising. 

Given additives may exhibit varying reactivities with different lanthanides, a multi-additive 

alloy has also been explored using both Sn and Sb. Research by Benson et al. [54] fabricated 

and characterized the interactions observed within U-10Zr-2Sn-2Sb (wt.%) and U-10Zr-2Sn-

2Sb-4Ln (wt.%) alloys. In the former alloy, as previously observed in other additives, the 

additives were preferentially binding with Zr to form Zr5(Sn,Sb)3 precipitates. This was the 

same precipitate observed to form in the U-Zr-Sn alloy [50] and although this is a stable Zr-Sb 

phase, deviates from Zr2Sb precipitates observed to form in a U-Zr-Sb alloy by Xie et al. [53]. 

Within the U-Zr-Sn-Sb-Ln alloy both Ln5(Sn,Sb)4 and Zr5(Sn,Sb)3 compounds were observed 

to form. It was noted that the alloy was fabricated to be slightly additive-rich, thus the 

formation of the Zr-(Sn,Sb) precipitates was not surprising. However, it was noted that Sb was 

forming in greater concentrations within the Ln5(Sn,Sb)4 compounds where Sn was forming in 

greater concentrations within the Zr5(Sn,Sb)3 compounds. The authors were unable to conclude 

if the results were due to greater Sn-Zr or Sb-Ln attraction. Initially the multi-additive approach 

was to evaluate if the additives experience varying reactivities with different lanthanides, but 

instead this research reveals competing additive reactivities between Zr and Ln elements. 

However, one conclusion that should be noted is that with the introduction of lanthanide 

elements into the U-Zr-Sn-Sb alloy, Sb was observed to leave the Zr-(Sn,Sb) precipitates to 
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preferentially bind with Ln precipitates, where Sn preferentially remains with Zr precipitates. 

This result still indicates favorability of these additives to bind with lanthanide elements. It is 

likely due to these favorable results that Pd, Sn, and Sb are being continued to be evaluated in 

irradiation-based experiments, where U-Zr-Pd, U-Zr-Sn and U-Zr-Sb alloys are being included 

in the Advanced Fuels Campaign (AFC) Fission Accelerated Steady-State Test (FAST) series 

of irradiation experiments to take place in INL’s Advanced Test Reactor (ATR).  

Modeling methods, such as atomistic-based models, have also been developed to 

evaluate the interactions of other elements with lanthanides and have determined a list of other 

viable additives. These additives include arsenic (As) [57,58], selenium (Se) [58], and bismuth 

(Bi) [59], which have undergone limited research thus far. In addition to the references cited, 

the initial experimental carried out to validate models predicting both As and Se is provided in 

Appendix B of this dissertation.  

The following research described in this doctoral dissertation will detail the 

investigation of both Te and Sb as potential additives and their propensity to interact and bind 

with Nd, being a major lanthanide element involved in FCCI. Additionally, initial experimental 

work evaluating the viability of As will also be discussed. 
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Abstract. Lanthanide fission products, such as neodymium, formed during the irradiation of 

metallic fuels are known to cause deleterious effects from chemical interactions occurring at 

the fuel-cladding interface; a phenomenon known as fuel-cladding chemical interaction 

(FCCI). The use of fuel-based additives that bind with the lanthanide elements within the fuel 

meat, alleviating their interactions at the fuel-cladding interface, is one potential method 

proposed to mitigate the FCCI phenomenon and extend the burnup potential of such metallic 

fuel systems. In this study, antimony (Sb) is evaluated as one such additive, and neodymium 

(Nd) is used to represent the lanthanides. A Sb-Nd alloy is fabricated, which consists of two 

intermetallic phases, SbNd and Sb3Nd4. Isothermal diffusion couple experiments are carried 

out at 675 °C for 24 h between Nd and the Fe-12Cr based HT9 cladding alloy. The results are 

compared against similar diffusion couple experiments carried out between the Sb-Nd alloy 

and also HT9. Inter-diffusion between Nd/HT9 diffusion couple is characterized and the phases 

Fe17Nd5 and Fe17Nd2 were found to form whereas no interactions were observed in the Sb-

Nd/HT9 diffusion couple. The lack of compound forming tendencies between Fe, the primary 

alloying constituent of HT9, and SbNd is elucidated through density functional theory (DFT) 

calculations on enthalpy of mixing, aligning well with the experimental observations. The 

strong binding of Nd with Sb appears to be favorable, alleviating Nd interactions with HT9 

constituent elements.  
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2.1 Introduction 

Metallic fuel systems, e.g. U-Zr and U-Pu-Zr, continue to be attractive for advanced 

nuclear reactor concepts, such as the advanced sodium-cooled fast reactor (SFR) [1–3]. 

However, the tendency of chemical interactions between fuel, fission product and cladding 

constituents occurring at the fuel-cladding interface greatly limits their burnup potential. 

Particularly, the lanthanide elements, e.g. neodymium (Nd), cerium (Ce), lanthanum (La) and 

praseodymium (Pr), have been found to be a major driver of chemical interactions at this 

interface, generally termed fuel-cladding chemical interaction (FCCI). The lanthanides form 

in the fuel as fission products and tend to migrate to the fuel-cladding interface, driven 

primarily by temperature gradients [4–6]. The onset of FCCI can lead to the formation of 

interaction regions where brittle and low-melting phases form, exacerbating cladding wastage, 

which can eventually lead to cladding breach [4]. The use of alloying additives to the fuel 

matrix is one approach being evaluated toward mitigating the negative effects of FCCI. This 

is accomplished by using additives that bind with and form high temperature, stable 

compounds with the lanthanide elements as they form within the fuel matrix. In turn, the 

formation of such stable lanthanide-additive compounds restricts their participation in FCCI. 

An evaluation of potential additives to bind with the lanthanides has been presented by Mariani 

et al. [6] and several additives have thus far been studied—palladium (Pd) [6,7], tin (Sn) [8], 

antimony (Sb) [9,10], Sn+Sb [11], tellurium (Te) [12,13], arsenic (As) [14–16], selenium (Se) 

[16], and bismuth (Bi) [17]. Mariani et al. [6], further detailed that the total concentration of 

lanthanides to form as fission products within U-10wt.%Zr fuel at 8 at.% burnup is ~2.6 at.%. 

Furthermore, they promoted utilizing an additive concentration that matches the expected 

formation of lanthanides within the fuel at a 1:1 atomic ratio. The same concept of utilizing a 

1:1 atomic ratio (additive:lanthanide) was carried into this research. 

In this study, Nd is used as the lanthanide element as it forms in the highest 

concentration of all the lanthanide fission products within irradiated U-Zr fuel [6]. The, 

effectiveness of Sb as an additive to stabilize Nd and prevent its interaction with the Fe-12Cr 

based cladding alloy HT9 is evaluated. Isothermal diffusion couple experiments are carried out 

for Nd/HT9 and Sb-Nd/HT9 in order to understand their interactions and to reveal the efficacy 

of Sb to limit FCCI. Previous research on Sb as an additive [9–11] focused on characterizing 

the phase formations observed between Sb and different lanthanide elements. In that study, Sb 
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was found to effectively bind with lanthanide elements within the U-Zr matrix. More recent 

research carried out by Zhuo et al. [18] evaluated the behavior of Sb in U-metal and then in 

the presence of the lanthanide cerium (Ce). They found that in the U-Sb alloy, intermetallics 

formed between Sb and U, whereas in the U-Sb-Ce alloy, Sb showed more favorable 

interactions with Ce. Additionally, previous diffusion couple experiments performed by Xie et 

al. [19] found that Sb was effective in limiting the interaction of Ce with both Fe and HT9. 

Furthermore, isothermal diffusion experiments carried out by Egeland et al. [20] showed a 

high level of interaction between Nd/Fe and this research will expand upon that work carrying 

out similar experiments between Nd and HT9 and characterizing their interactions. It should 

be noted, in evaluating the Fe-Nd binary phase diagram, shown in Figure 2.1 (a), this system 

experiences a low-melting eutectic reaction at 685 °C (985 K) [21]. The eutectic reaction is the 

combination of the Fe17Nd5 phase and elemental Nd. Given the Fe-Nd reaction is an Nd-rich 

reaction such a liquid phase formation could occur at the fuel periphery. Thus, if a reactor 

system experiences an off-normal event and the fuel-cladding interface exceeds 685 °C (985 

K) the formation of a liquid phase of the Fe and Nd interactions would be possible and thus 

exacerbate adverse chemical interactions. 

 

Figure 2.1. (a) Fe-Nd binary phase diagram [20] and (b) Nd-Sb binary phase diagram [22]. 
 

2.2 Materials and Methods 

2.2.1 Materials 

 Materials used in experiments were the cladding alloy HT9, an Sb-Nd alloy and 

elemental Nd. The HT9 alloy was received from Idaho National Laboratory in rod form under 

an annealed condition. The chemical composition of the HT9 alloy is listed in Table 2.1. The 
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Sb-Nd alloy was fabricated at a 1:1 atom ratio using arc melting. The elemental Sb and Nd 

feedstock materials were both procured from Alfa Aesar. The Sb was received in shot form 

exceeding 99.9% purity, and the Nd was received as a rod ~6.35mm in diameter with a 99.5% 

purity. The arc melting of the Sb-Nd alloy was conducted inside an argon atmosphere 

glovebox, where the alloys were melted and flipped three times and then drop cast into a ~5mm 

diameter pin.  

 

Table 2.1. Chemical composition in wt.% of the HT9 cladding alloy used in this study. 

Element C Si Mn Cr Ni Mo W V Fe  

Concentration 0.17 0.29 0.58 11.73 .58 1.03 0.5 0.29 Bal.  

 

2.2.2 Experimental details 

 To evaluate the different alloy interactions isothermal diffusion experiments were 

carried out between two alloys to create a diffusion couple. Isothermal diffusion couple 

experiments are typically carried out to study the FCCI phenomena out-of-pile [4] and are 

further used to evaluate the effectiveness of additives to mitigate lanthanide interactions with 

cladding alloys [18–20]. Experiments were performed inside a muffle furnace contained in an 

inert argon glovebox. The glovebox atmosphere was maintained at 1–5 ppm oxygen, while a 

continuous flow of high purity argon cover gas was maintained into the furnace at a rate of 

0.25 ft3/h (1.97 cm3/s) for the length of the experiment. To achieve a high purity, the argon 

cover gas is initially passed through an oxygen getter furnace reducing its oxygen content down 

to 10-10–10-11 ppb oxygen. The diffusing materials were sectioned into discs approximately 2.5 

mm thick and polished to a 1 µm finish within the glovebox to alleviate any oxide layer 

formations. The discs were directly wrapped in a layer of tantalum foil (~0.025mm) and placed 

inside a jig made of Kovar™ steel, an iron-nickel-cobalt alloy that exhibits low thermal 

expansion. Alumina discs were placed directly between the diffusion couple and jig contact 

points to avoid adverse interactions during the experiment. A diagram of the experimental 

diffusion couple jig setup is shown in Figure 2.2. The entire jig was then wrapped in tantalum 

foil and placed into the furnace. The flow of high purity argon into the furnace chamber was 

maintained for 30 m prior to turning on the furnace and initiating the diffusion experiments. 

The furnace was heated at a rate of 1,000 °C/h (0.28 K/s) up to the experiment temperature. 
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Upon completion of the diffusion experiment, the jig was immediately removed from the 

furnace chamber and allowed to cool in the open glovebox environment. The cooling rate of 

the jig was measured to be 22 °C/m (0.37 K/s). For this study, diffusion experiments were 

carried out at 675 °C (948 K) for 24 h (86,400 s). 

 

Figure 2.2. Diagram of the diffusion couple jig and the internal components used for the isothermal 
diffusion experiments in the present study. 
 

2.2.3 Characterization details 

 At the conclusion of an experiment the diffusion couple was sectioned and mounted in 

epoxy for microstructural characterization. Samples were prepared by grinding using 

sequential grits of SiC papers followed by polishing down to a 1 µm finish using diamond-

based suspensions. All sample preparation steps were performed within an inert argon 

glovebox to avoid surface oxidation on the analysis surface. The polished surfaces were then 

coated with a thin layer of gold to control charging of the metallographic mount during electron 

microscopy. 

Scanning electron microscopy (SEM) was performed using a JEOL JSM-6610LV 

operated at an accelerating voltage of 20 kV. Imaging was primarily conducted in backscatter 

electron (BSE) imaging mode to get better contrast of phase formations, while secondary 

electron (SE) imaging was performed intermittingly. Energy dispersive X-ray spectroscopy 

(EDS) was conducted using an EDAX Apollo X silicon drift detector (SDD) and EDAX 

TEAM v4.4 (2016) software. The amp time was adjusted for each analysis to generate a dead 

time of between 20% to 30%. In conducting point analysis, elemental spectra were collected 

for 50 live seconds per analysis location. For elemental spectra mapping a dwell time of 200 

µs was used. Elemental data collected from EDS was quantified based on the standardless ZAF 
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method using the EDAX TEAM library of spectra standards. X-ray diffraction (XRD) was 

performed using a Rigaku SmartLab X-Ray Diffractometer paired with SmartLab Guidance 

software (v 2.0.4.7). XRD was conducted using a parallel beam (PB) optics configuration, Cu 

Ka radiation at a tube current of 44 mA, and a D/tex Ultra 250 1D silicon strip detector. 

Focused XRD q/2q scans were performed using a 0.04° step size and a 5°/m scan speed. Data 

was analyzed and indexed using Rigaku’s PDXL 2 software (v2.3.1.0) and the International 

Centre for Diffraction Data (ICDD) (PDF-2 Release 2016) database.  

Microhardness indentation was performed using a LECO LM247 AT automatic micro-

indentation apparatus equipped with a Vickers indenter. Recorded values are reported in units 

of hardness Vickers number (HVN). To verify the integrity of the indenter and system, five 

indentations were made on a calibration block using the calibration load of 4903.3 mN (500 

gf). The measured values were found to fall within tolerance of the calibration block. To 

evaluate the load effects on the material hardness values of the diffusion couple materials, a 

series of five indents were performed at each of the following loads; 4903.3 mN (500 gf), 980.7 

mN (100 gf), 490.3 mN (50 gf), 245.2 mN (25 gf), and 98.1 mN (10 gf). These indents were 

made in the base material areas of the diffusion couple, away from the interaction region. 

Additionally, several loads were used within the interaction region. No major fluctuations in 

hardness were observed. Thus, the reported hardness values in this study are based on 

indentations made using a load of 245.2 mN (25 gf) and a dwell time of 13 s. Indentation 

spacing was maintained at a minimum of 2.5 times the indent mean diagonal length, adhering 

to ASTM E384 specifications.  

 

2.2.4 Electronic structure calculations 

Electronic structure calculations using Density Functional Theory (DFT) [23,24] were 

performed to further evaluate the compound forming behavior of Fe inside the SbNd phase, in 

the Vienna Ab initio Simulation Package (VASP) [25,26]. The calculations used a 2× 2 × 2 

supercell with 64 atoms of the SbNd phase (space group Fm3"m, 225 ICSD [27] ID 165728) 

with the 4 × 4 × 4 Monkhorst Pack k-point grid. Further details of the simulation method used 

can be found in previous publications [13–15]. 
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2.3 Results and Discussion 

2.3.1 Initial conditions of Nd and Sb-Nd alloy 

SEM and XRD characterization were initially performed on the as-received Nd and as-

cast Sb-Nd materials. SEM analysis of the Sb-Nd alloy revealed a two-phase morphology, as 

shown in the SEM micrographs in Figure 2.3 (a) and (b).  

 

Figure 2.3. BSE SEM micrographs of the Sb-Nd cast alloy revealing its two-phase morphology. (a) 
shows the matrix microstructure at a lower magnification (250x) and (b) shows the matrix 
microstructure at a higher magnification (750x). The SbNd phase appears in grey contrast and the 
Sb3Nd4 phase in light contrast. 
 

Through EDS characterization, these phases were initially assessed to be SbNd and 

Sb3Nd4 based on their atomic mixing ratios. Results of the XRD analysis on the Nd rod and 

Sb-Nd alloy are shown in Figure 2.4, and the crystallographic information can be found in 

Table 2.2. The Nd rod material was found to be in its primary room temperature allotrope, a 

double hexagonal structure. Further, the Sb-Nd alloy was confirmed to consist of a two-phase 

morphology with the SbNd and Sb3Nd4 phases identified. The formation of the SbNd and 

Sb3Nd4 phases are favorable as they are stable up to temperatures substantially greater than 

normal reactor operational temperatures as shown in the Sb-Nd binary phase diagram in Figure 

2.1 (b). 
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Figure 2.4. XRD plots of the Nd and Sb-Nd alloy specimens in the as-received and as-cast conditions, 
respectively. *the presence of gold is due to its application as a surface coating to accommodate the 
SEM analysis. 
 

2.3.2 Nd interaction with HT9 

 Analysis of the Nd/HT9 diffusion couple shows the formation of two primary regions 

within the interaction region; one that is of light grey contrast (Region A) and another that is 

of medium grey contrast (Region B). As shown in Figure 2.5 (a) and Figure 2.6 (a) the entire 

interaction region fluctuates in size from between 35 µm and 50 µm in thickness. This size 

fluctuation is also seen to occur in Region A and Region B with each unique phase region 

fluctuating from between 10 µm and 25 µm in size. Previous research performed by K. Inagaki 

et al. [35], where diffusion reactions were evaluated between an alloy comprised of La, Nd, 

Ce, Pr, and Sm and a Fe-12Cr alloy, led to the development of the following correlating 

equation for the thickness formation of the interaction region: 

#$ = &' (2.1) 

where # (m) is the interaction layer thickness, K (m2/s) is the reaction rate coefficient, and t (s) 

is the isothermal experiment time. Further, they found K followed an inverse temperature (1/T) 

Arrhenius formulation defined by: 

& = 1.93 × (10)/0 × 123 4−94,5009: ; 
(2.2) 

where R (JK-1mol-1) is the gas constant and T (K) is the isothermal temperature of the 

experiment. Based on these equations, the thickness of the interaction region for the Nd/HT9 
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diffusion couple should be ~100 µm, nearly double the thickness of that observed in this study. 

It should be noted that the isothermal condition in the present study slightly exceeds the range 

studied by Inagaki, which evaluated a maximum isothermal temperature of 923 K. Further, 

Inagaki only mentioned the use of a Fe-12Cr alloy. Although HT9 is considered a Fe-12Cr-

based alloy, it contains additional alloying constituents, such as, Mn, Mo, W, V, etc., and it is 

not entirely clear how they would affect the intrinsic diffusion mechanisms. Additionally, the 

current study is evaluating only the diffusion of Nd into HT9, whereas the additional lanthanide 

elements of Inagaki’s research would lead to a varying degree of diffusion into the Fe-12Cr 

alloy. 

 

Table 2.2. Crystallographic information of phases indexed through XRD analysis. 

Compound  
Space Group 
(Space Group No.) Cell Parameters Alloy Conditions 

Nd [28] 
P63/mmc (194), 
hexagonal 

a=b=0.366, c=1.180 (nm) 

<===90°, >=120° 
As-received/ 
Diffusion Couple 

SbNd [29] Fm3"m (225), cubic 
a=b=c=0.634 (nm) 

<===>=90° 
As-cast 

Sb3Nd4 [30] I4"3d (220), cubic 
a=b=c=0.941 (nm) 

<===>=90° 
As-cast 

Au [31] Fm3"m (225), cubic 
a=b=c=0.408 (nm) 

<===>=90° 
Sputter coating 

<-Fe [32] Im3"m (229), cubic 
a=b=c=0.287 (nm) 

<===>=90° 
Diffusion Couple 

Fe17Nd2 [33] R3"m (166), trigonal 
a=b=0.858, c=1.246 (nm) 

<===90°, >=120° 
Diffusion Couple 

Fe17Nd5 [34] 
P63/mcm (193), 
hexagonal 

a=b=2.021, c=1.233 (nm) 

<===90°, >=120° 
Diffusion Couple 

 

To evaluate the primary elemental interactions occurring through the interaction region 

seen in Figure 2.5 (a), an elemental line-scan analysis was performed from the Nd to the HT9 

section of the diffusion couple. The line-scan analysis location is shown in Figure 2.5 (a), and 

a plot of the results are shown in Figure 2.5 (b). Further, elemental mapping was also conducted 

on the area imaged in Figure 2.5 (a) to evaluate the presence of Fe, Nd, and Cr; the results are 

shown in Figure 2.5 (c). Evaluating the results of both Figure 2.5 (b) and (c) it can be seen that 
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Region A contains Fe and Nd whereas Region B contains Fe, Nd and Cr. Further, as indicated 

through the line-scan plot of Figure 2.5 (b), Region A and Region B appear to be comprised of 

differing Fe and Nd concentrations. It has been previously found that Cr does not typically 

diffuse out of an Fe-Cr alloy, i.e. HT9, or tends to be fairly sluggish [35,36]; therefore, in this 

study the initial interface is presumed to be near the transition plane between Regions A and 

B. Further, Region B shows a slight increase in the Cr concentration compared to the HT9 base 

material. This Cr increase is the result of a decrease in the Fe concentration indicating the 

diffusion of Fe out of the HT9 alloy. Thus, the formation of Region A is the likely result of Fe 

diffusing into Nd and the formation of Region B is that of Nd diffusing into the cladding alloy. 

It should be noted the presence of Fe globules seen 50–100 µm into the Nd side is not 

considered to be the result of diffusion but instead the displacement of Fe during sample 

preparation steps, which then embedded within the soft Nd metal. To better refine the 

interactions occurring in each unique region, a line-scan analysis was conducted at a higher 

magnification using a 0.1 µm step size on a new section of the interaction region; shown in 

Figure 2.6. Here the interaction region is again seen to be primarily the interaction of Fe and 

Nd. Region A is better defined, and the Fe and Nd concentration appears to be relatively steady. 

Additionally, Region B is better defined as well and it can more clearly be seen that the Fe and 

Nd concentration appears to change through the region. The Fe concentration is seen to be 

highest near the HT9 and is then seen to decrease linearly to Region A, where the Nd 

concentration is vice versa. Again, an elevation in the Cr concentration is seen in Region B 

due to the loss of Fe to Region A. 
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Figure 2.5. The Nd/HT9 diffusion couple interaction region. (a) A BSE SEM micrograph displaying 
the EDS line-scan analysis location, (b) the plot of the line-scan results, and (c) EDS elemental mapping 
results of the interaction region of the diffusion couple. 

 

To get a better understanding of the elemental composition of the different phases 

observed across the interaction region, high magnification EDS point analysis was conducted 

on the diffusion couple section imaged in Figure 2.6, with the analysis locations shown in 

Figure 2.6 (a). The compositional results of Nd, Fe and Cr concentrations from the EDS point 

analysis are reported in Table 2.3.  
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Figure 2.6. A section of the Nd/HT9 diffusion couple showing a larger interaction region. (a) A BSE 
SEM micrograph showing both the EDS line-scan analysis location and point analysis locations. (b) 
The plot of the line-scan results across the interaction region. *Point analysis results are reported in 
Table 2.3. 

 

Results from EDS point analysis appear to further support that the interaction region is 

the primary result of Fe and Nd interaction (pts. 1–8). However, there is a variation in the 

composition of the two distinct phases seen within the interaction region. Region A (pts. 1–4) 

shows a consistent atomic ratio of Fe:Nd to be ~1.8:1–2.2:1, which does not align with a 

thermodynamically stable Fe-Nd phase. However, the Fe and Nd concentration correlates 

closely to the atomic ratio of the stable Fe17Nd5 phase (atomic ratio Fe:Nd 3.4:1). It should be 

noted, the detection of Cr in this region is not likely as Cr is not expected to diffuse out of HT9. 

Its presence and thus its detection may likely be the result of smearing from sample preparation. 
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Region B (pts. 5–8) shows an atomic ratio of Fe:Nd to be 10.4:1–10.7:1. Again, this ratio does 

not align with a thermodynamically stable Fe-Nd phase, but correlates closely with the stable 

Fe17Nd2 phase (atomic ratio Fe:Nd 8.5:1). It’s worth noting that the section of Region B where 

data for pts. 5–8 was collected correlates with the higher Fe and lower Nd concentration 

previously seen in the line-scan of Figure 2.6 (b). It is feasible that a portion of Region B, 

closer to the transition plane to Region A, may have a Fe and Nd atomic ratio that is much 

closer to that of the Fe17Nd2 phase. Further, it can be seen that dendrite-like formations of 

Region A are seen expanding into Region B. In the line-scan analysis of Figure 2.6 (b) these 

formations can be seen as having an elevated Nd concentration, similar to that of Region A, 

when compared to Region B.  

 

Table 2.3. EDS analysis data in at.% correlating to locations in Figure 2.6 (a). 

 Nd Fe Cr Phasea   Nd Fe Cr Phasea 

 Region A   HT9 Alloy Matrix 

1 27 59 6 Fe17Nd5
  9 0 85 12 HT9 

2 30 55 5 Fe17Nd5  10 0 86 12 HT9 

3 27 59 5 Fe17Nd5  11 0 87 11 HT9 

4 27 59 6 Fe17Nd5   Neodymium Matrix 

 Region B  12 77 2 8 Nd 

5 7 73 17 Fe17Nd2  13 78 2 7 Nd 

6 7 75 17 Fe17Nd2  14 78 1 8 Nd 

7 7 74 17 Fe17Nd2  15 77 2 8 Nd 

8 7 73 16 Fe17Nd2  16 77 2 8 Nd 
aSuggested phase based on EDS analysis. 

 

Analysis of the HT9 matrix (pts. 9–11) show the primary constituents of the alloy are 

present and no degradation has occurred outside of the interaction region. Analysis of the Nd 

base material away from the interaction region (pts. 12–15) shows it to be primarily Nd. There 

is a trace concentration of Fe which falls within the error of EDS analysis. There is also a 

concentration of Cr detected, however, as previously discussed above its presence is likely due 

to smearing and subsequent embedding during polishing. To confirm phase formations within 

the Nd/HT9 diffusion couple, micro-XRD analysis was performed focusing on the interaction 

region and the results are shown in Figure 2.7. Based on the XRD results, both the Fe17Nd5 
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phase and Fe17Nd2 phase were detected confirming their formation within the interaction 

region. Further, it can be seen that both the <-Fe and Nd phases are also detected. It is important 

to note that although considered a micro-analysis technique, the expected incident beam area 

is ~400 µm in diameter. Therefore, given that its resolution far exceeds the width of the 

interaction region, phases of the base materials of the diffusion couple were expected. 

 Based on both the EDS and XRD results, Region A is the Fe17Nd5 phase whereas 

Region B is the Fe17Nd2 phase. These results appear to correlate well with those reported by 

Egeland et al. [20], who evaluated the diffusion interaction directly between Fe and Nd. In that 

study, the Fe17Nd5 phase was found to have formed nearest to the Nd side of the diffusion 

couple and the Fe17Nd2 phase nearest the Fe side of the diffusion couple. Additionally, similar 

unpublished diffusion experiments conducted by the author of this study between Fe and Nd 

under similar experimental conditions showed similar phase formations within the interaction 

region. Based on the phase formations it can be seen that Nd, when in intimate contact with 

the cladding alloy HT9, begins to diffuse into the alloy while Fe diffuses into Nd. 

 

Figure 2.7. XRD plot of the diffusion interaction region in the Nd/HT9 diffusion couple.  

 

The deformation tendencies of the intermetallic phases formed within the interaction 

region were mechanically probed using Vickers microhardness analysis technique. Single line 

indentations were performed across the diffusion couple and multiple single indentations were 

performed within the phase formations of the interaction region. A SE SEM micrograph of the 
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indents made through the interaction region are shown in Figure 2.8 (a) where the hardness 

change of the different phases can be visualized by the change in indent sizes. Further, the plot 

of the results of the single line indentation is shown in Figure 2.8 (b). Table 2.4 contains the 

hardness results of each phase of the diffusion couple. The Nd and HT9 base materials were 

found to have an average hardness of 57 HVN and 274 HVN, respectively. In comparison, the 

interaction region exhibits an elevated hardness with respect to that of the diffusion couple 

base materials. Further probing of the individual phase formations of the interaction region 

indicates the average hardness of the Fe17Nd5 (Region A) phase to be 563 HVN and that of the 

Fe17Nd2 (Region B) phase to be 973 HVN.  

 
Figure 2.8. (a) A SE SEM micrograph of indentations made within the interaction region. (b) Micro-
indentation plot across the Nd/HT9 diffusion interaction region.  

 

Table 2.4. Hardness analysis results of the Nd/HT9 diffusion couple. 

Material/Phase Hardness, HVNa 
Mean Diagonal 

Length, µma
 

Nd 57 30 

Fe17Nd5 (Region A) 563 9 

Fe17Nd2 (Region B) 973 7 

HT9 274 13 
aAn average value comprised of three or more indents 

 

2.3.3 SbNd and Sb3Nd4 interactions with HT9 

 The Sb-Nd/HT9 diffusion couple was analyzed to evaluate the effects alloying Sb with 

Nd has on the interactions of Nd with HT9 through an isothermal diffusion experiment. 
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Previously, it was observed that the Sb-Nd alloy developed a two-phase morphology where 

the SbNd and Sb3Nd4 phases were identified (Figures 2.3 and 2.4). An evaluation of the Sb-

Nd matrix after the isothermal experiment, away from the diffusion interface, revealed no 

change in the two-phase morphology. EDS analysis indicated the atomic ratios of the two 

phases to be consistent with SbNd and Sb3Nd4 stoichiometry. Upon initial evaluation of the 

diffusion interface it was apparent there was significant cracking, primarily in the Sb-Nd alloy 

at or near the original interface; such cracking can be seen in the SEM micrographs of Figures 

2.8 and 2.9.  

 

Figure 2.9. The diffusion interface of the Sb-Nd/HT9 diffusion couple. (a) A BSE SEM micrograph 
indicating the locations of both the EDS line-scan analysis and elemental mapping analysis. (b) The 
plot of the line-scan analysis results, and (c) shows the elemental mapping results of the diffusion 
interface. 

 

The Sb-Nd intermetallic alloy was observed to be brittle after casting and it is possible 

the cracking in the diffusion couple was the result of cooling while being constrained within 

the diffusion jig after the experiment. Further, the potential thermal expansion mismatch 

between the HT9 alloy and the Sb-Nd intermetallic may explain why the cracking occurred at 

or near the diffusion boundary. Because of the cracking, analysis of potential diffusion 
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interactions was primarily concentrated on areas where intimate contact was still observed 

between each alloy. One such location can be seen in Figure 2.9. The different EDS analysis 

locations are shown in the high magnification BSE SEM micrograph of Figure 2.9 (a), where 

the EDS line-scan results are plotted in Figure 2.9 (b). Visually, the BSE micrograph of Figure 

2.9 (a) does not appear to show the formation of different phases or that of an interaction region 

at the diffusion interface. The line-scan results appear to concur showing no interaction 

between the two alloys, as the alloying constituents of each alloy quickly drop off at the 

interface. There is a slight increase in the Fe and Cr concentration on the line-profile about 12 

µm away from the interface into the Sb-Nd alloy; however, this appears to correlate with the 

location of the crack. It is likely that these elements collected within the crevice of the crack 

during sample preparation. To further evaluate the potential of Fe and Cr interacting with the 

Sb-Nd alloy, high magnification elemental mapping was conducted at the exact area where the 

prior line-scan analysis was performed. The results of the elemental mapping and the presence 

of Sb, Nd, Fe, and Cr are shown in Figure 2.9 (c), which correlates to the area shown in the 

SEM micrograph of Figure 2.9 (a). Based on the mapping results, Fe and Cr is not observed 

within the Sb-Nd alloy and neither is Sb and Nd observed within the HT9 alloy; each element 

is confined to its base material location. Elemental point analysis was conducted in two 

separate sections of the diffusion couple that showed intimate contact between the two alloys. 

The point analysis locations are shown in Figure 2.10 where (a) corresponds to the location 

shown in Figure 2.9 and Figure 2.10 (b) corresponds to a new analysis location; the elemental 

data is listed in Table 2.5.  

First in evaluating the area closest to the bond line in Figure 2.10 (a) (pts. 1–4) there is 

no significant concentration of Fe or Cr detected. The small amount of Fe present in these four 

points (4–5 at. %) is difficult to state as being conclusive due to the inherent limitations of 

EDS. Furthermore, the proximity of these points to the HT9 alloy, the detection of Fe could be 

the outcome of volume-based interactions of the electron beam. Further, it can be noted that 

the Sb and Nd ratios of pts. 1–4 along with the point analysis of the Sb-Nd alloy away from 

the diffusion interface (pts. 5–8) correlate closely with SbNd and Sb3Nd4, the phases observed 

in the base alloy.  
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Figure 2.10. BSE SEM micrographs of two different sections of the diffusion interface showing EDS 
analysis locations. (a) Corresponds to the analysis location of Figure 2.9, and (b) corresponds to a new 
analysis location. *Point analysis results are reported in Table 2.5. 

 

Table 2.5. EDS analysis data in at.% correlating to locations displayed in Figure 2.10. 

 Figure 2.10 (a)   Figure 2.10 (b) 

 Sb Nd Fe Cr Phasea   Sb Nd Fe Cr Phasea 

1 36 52 4 1 Sb3Nd4  12 38 54 1 1 Sb3Nd4 

2 42 45 5 2 SbNd  13 37 52 2 1 Sb3Nd4 

3 36 52 4 1 Sb3Nd4  14 45 48 1 0 SbNd 

4 35 39 4 1 SbNd  15 44 47 1 0 SbNd 

5 45 47 1 1 SbNd  16 0 0 83 13 HT9 

6 44 48 1 1 SbNd  17 0 0 85 12 HT9 

7 38 54 1 1 Sb3Nd4  18 0 0 83 13 HT9 

8 38 54 1 1 Sb3Nd4  19 0 0 84 12 HT9 

9 0 0 84 12 HT9        

10 0 0 85 11 HT9        

11 0 0 84 13 HT9        
aSuggested phase based on EDS analysis. 

 

On the HT9 side of the diffusion interface, pts. 9 and 10 are area scans taken next to 

the diffusion interface and they show no trace of the Sb and Nd elements. Further, their 

elemental concentrations are consistent with pt. 11, taken in the HT9 some distance away from 

the diffusion interface. Similar results of elemental concentrations are observed in Figure 2.10 

(b). Pts. 13 and 15, taken nearest to the diffusion interface, indicate that they are likely the 

Sb3Nd4 and SbNd phases, respectively, with little to no trace of Fe and Cr. Further, this aligns 
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with the analysis taken in the general Sb-Nd section, pts. 12 and 14, respectively. On the HT9 

side of the interface, pts. 16–18 again are found to match with that of the HT9 base material 

(pt. 19), showing no trace of Nd or Sb. It is apparent that the intermetallic phases, SbNd and 

Sb3Nd4, remain stable when in contact with HT9 at elevated temperatures and are not found to 

interact. 

 

2.3.4 Understanding Fe and SbNd interactions using electronic structure calculations 

Total energy obtained from DFT calculations can help to examine the compound 

forming tendency between various elements and phases from a thermodynamic point of view. 

Therefore, to better substantiate the experimental observations, DFT-based electronic structure 

calculations were carried out between Fe and the SbNd phase to elucidate their potential 

interactions. The mixing enthalpy of Fe within the SbNd phase was analyzed in addition to the 

orbital resolved density of states (DOS). The mixing enthalpy was calculated by: 

∆Emixing = E(Sbm−1NdmFe)+ E(Sb) − E(SbmNdm) − E(Fe), (2.3) 

where E(Sbm−1NdmFe) is the total energy of the SbNd supercell, with one Sb atom replaced by 

one Fe atom in a simulation cell of 2m sites; E(SbmNdm) is the total energy of the SbNd 

supercell in a simulation cell with m atom of each Sb and Nd; and E(Sb) and E(Fe) are the total 

energy per atom for Sb and Fe, respectively. The calculated enthalpy of mixing of Fe on the 

SbNd system at the Sb site is +4.75 eV. Similar calculations performed by replacing one Nd 

atom within SbNd by a Fe atom revealed an enthalpy of mixing significantly greater than +4.75 

eV. Highly positive mixing enthalpies of Fe on the SbNd system indicates the phase-separating 

tendency or absence of stable compounds [37] between Fe and SbNd. It should be noted that a 

Fe-Sb-Nd ternary compound has been observed in literature [38,39], but such phases were not 

observed in this study. It appears that once the SbNd phase forms its interaction with Fe 

becomes unfavorable. 

The DOS of Fe substituted in the SbNd system is shown in Figure 2.11. Here the mixing 

of the Nd d-orbitals with the Sb p-orbitals can be seen at 3.75 eV below the Fermi level (0 eV). 

Such overlapping of orbitals indicates the stability of the SbNd compound. Further, the Fe d-

orbitals shows two peaks, one at the Fermi level and one at about -2 eV, along with its s-

orbitals the Fe valence orbitals stand out from the Sb and Nd orbitals; indicating a lack of 

bonding. The stability of the SbNd compound and non-interacting nature with Fe is in 
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agreement with the experimental observations that Fe does not interact with the SbNd phase. 

Given these results, it is believed a similar outcome is expected if Fe is analyzed within the 

Sb3Nd4 phase. 

 
Figure 2.11. Orbital resolved DOS of Fe substituted SbNd system. The vertical dashed line represents 
the Fermi level. The positive and negative vertical axis represent up and down spin components, 
respectively. 
 

2.4 Conclusion 

When Nd is placed in contact with the HT9 cladding under elevated temperatures 

interdiffusion between Nd and Fe occurs leading to the formation of a multi-phase interaction 

region. Through EDS and XRD analysis the Fe17Nd2 and Fe17Nd5 phases were found to have 

formed within the interaction region and micro-indentation analysis alludes to their potentially 

brittle nature.  

To mitigate Nd and Fe interactions, the utilization of Sb as a dopant that binds with Nd 

was proposed. By alloying Nd with Sb at a roughly 1:1 atomic ratio, the SbNd and Sb3Nd4 

phases were found to form. Isothermal diffusion couple experiments carried out between the 

multi-phase Sb-Nd alloy and the cladding alloy HT9 at temperatures and timescales similar to 

those performed between Nd and HT9, no adverse interactions were observed between the Sb-

Nd phases and HT9. Additionally, DFT calculations indicated that incorporation of Fe within 

the SbNd phase would be highly unfavorable.  

It is apparent that the binding of Nd with Sb clearly retards the interactions experienced 

between Nd and Fe. Thus, Sb appears to be an effective additive for arresting the lanthanide 
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Nd. This research is a first step in evaluating the effectiveness of Sb as an additive in metallic 

fuel systems, as longer timescale isothermal diffusion experiments should be explored. 

Additionally, it is difficult to duplicate all mechanisms induced during irradiation in out-of-

pile experiments. Therefore, to truly test Sb as an effective additive, irradiation-based 

experiments will be needed to more effectively represent the environment in which FCCI 

occurs. However, the favorable results reported here indicate the potential of Sb and therefore 

it should be further explored as an additive to mitigate FCCI in more complex experiments. 
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Abstract. Phase-stability in a U-Zr-Te-Nd multi-component metallic fuel for advanced nuclear 

reactors is systematically investigated by taking into account binary, ternary and quaternary 

interactions between elements involved. Historically, the onset of fuel-cladding chemical 

interactions (FCCI) greatly limits the burnup potential of U-Zr fuels primarily due to 

interactions between lanthanide fission products and cladding constituents. Tellurium (Te) is 

evaluated as a potential additive for U-Zr fuels to bind with lanthanide fission products, e.g. 

neodymium (Nd), negating or mitigating the FCCI effect. Potential fresh fuel alloy 

compositions with the Te additive, U-Zr-Te, are characterized. Te is found to completely bind 

with Zr within the U-Zr matrix. Alloys simulating the formation of the lanthanide element Nd 

within U-Zr-Te are also evaluated, where the Te-Nd binary interaction dominates and NdTe is 

found to form as a high temperature stable compound. The experimental observations agree 

well with the trends obtained from density functional theory calculations. According to the 

calculated enthalpy of mixing, Zr-Te compound formation is favored in the U-Zr-Te alloy 

whereas NdTe compound formation is favored in the U-Zr-Te-Nd alloy. Further, the calculated 

charge density distribution and density of states provide sound understanding of the mutual 

chemical interactions between elements and phase-stability within the multi-component fuel.  
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3.1 Introduction 

Phase stability in a multi-component alloy is determined by a complex set of mutual 

chemical, elastic and other energetic interactions between elements of the alloy. Such binary, 

ternary, and quaternary interactions between two or more elements lead to the minimization of 

the total energy of the alloy. Understanding such interactions is critical to the design of alloy 

chemistry for a targeted application. In this study, experimental and theoretical efforts are 

combined to understand such mutual interactions between elements to investigate the overall 

phase stability in a U-Zr-Te-Nd multi-component alloy. The binary U-Zr metallic nuclear fuels 

have largely been used in fast-spectrum reactors, such as the Experimental Breeder Reactor II 

(EBR-II), and they continue to be attractive for advanced nuclear reactor concepts, such as the 

advanced sodium-cooled fast reactor (SFR). Some major advantages of such fuel systems are 

their ease of fabrication and reprocessing, high thermal conductivity, good compatibility with 

the sodium coolant, and their ability to contain high densities of fissile and fertile materials [1-

3]. However, the onset of chemical interactions between fission products and fuel components 

with cladding constituents greatly limits the burnup potential of U-Zr fuels.  

The lanthanide elements have been found to be a major cause of chemical interactions 

at the fuel-cladding interface, also known as fuel-cladding chemical interaction (FCCI). Such 

lanthanides form in the fuel as fission products and tend to migrate to the fuel periphery; being 

primarily driven by temperature gradients via ‘liquid-like’ transport [4-6]. Metallic fuels tend 

to swell due to fission gas formations within the first 1 – 2 at.% burnup leading to intimate 

contact to be made between the fuel and cladding components [2,7]. With prolonged reactor 

operation, such fuel – cladding contact leads to the initiation of FCCI. Lanthanide elements 

(Nd, Ce, La and Pr), being primarily immiscible in the U-Zr system, along with fuel 

constituents tend to interact with cladding constituents at the fuel – cladding interface. Such 

interactions can lead to the formation of brittle, low-melting phases exacerbating cladding 

wastage, which can eventually lead to cladding breach [4]. Therefore, to increase metallic fuel 

longevity and achieve greater fuel burnups, an effective method to mitigate FCCI is needed.  

Several methods have been proposed to control FCCI, including internal cladding liners 

[8], internal cladding coatings [9] and fuel additives [6]. As opposed to acting as a diffusion 

barrier, i.e. liners and coatings, fuel additives are alloyed with the fuel to form high-

temperature, stable compounds with lanthanide fission products as they form within the fuel 
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during irradiation, stabilizing them within the fuel meat and limiting their interaction with 

cladding constituents at the fuel – cladding interface. Criteria for potential additives have 

previously been developed by Mariani et al. [6], several of which have been studied – Pd [6, 

10], Sn [11], Sb [12, 13], Sn+Sb [14], and In [13, 15], and have demonstrated additives as a 

promising approach to counter FCCI. Additionally, As and Se have been identified as potential 

additives based on density functional theory (DFT) calculations and experimental observations 

[16]. 

Tellurium (Te) was initially identified as a potential additive for metallic nuclear fuels 

by Mariani et al. [6] but detailed experimental work has been limited in this area. The focus of 

the present study is an evaluation of Te’s effectiveness to bind with neodymium (Nd). First 

principles studies carried out by Khanal et al. [16] show agreement in the potential of Te to 

bind with Nd in an a-U matrix. Recent research conducted by Xie et al. [17] characterized the 

interactions of Te with another lanthanide element, cerium (Ce), in a U-10Zr alloy. In their 

evaluation of the U-10Zr-Te alloy, they were unable to obtain direct evidence of the formation 

of a Zr-Te phase; instead they postulated the formation of a Te-Zr-U ternary phase. 

Interestingly, the current research confirms the formation of a non-equilibrium phase Zr2Te in 

a similar alloy composition. Furthermore, it is worth noting that in their characterization of the 

U-10Zr-Te-Ce alloy, their results indicate Te and Ce primarily form the stable compound 

CeTe. 

In the present study, the microstructure of potential fuel compositions that may be 

resistant to FCCI are characterized, followed by a characterization of fuel compositions that 

contain Nd to simulate the formation of lanthanide fission products through fuel burnup. Nd 

was chosen for this study due to its identification as a predominant lanthanide to form within 

U-10Zr fuel irradiated in a liquid breeder fast reactor EBR-II [6] and has been observed to 

readily diffuse into the cladding [4]. Furthermore, this research focuses on the mutual 

interactions between elements in the U-Zr-Te and U-Zr-Te-Nd multi-component alloys, which 

lead to stable phase formations within the U-Zr matrix. 

 

3.2 Results and Discussion 

Four alloys evaluated in the current work are listed in Table 3.1. The 2Te and 4Te 

alloys represent potential fresh U-Zr fuels containing Te as an additive. The 2Te-2Nd and 4Te-
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4Nd alloys represent simplified fuel compositions that simulate the formation of lanthanide 

fission products within the fuel through irradiation, where Nd represents the lanthanide fission 

product. The Te addition is based on the anticipated amount needed to bind all of the 

lanthanides that form in the fuel at the respective concentrations. The concentration of 

neodymium in the alloys represents the anticipated total lanthanide amount to form within the 

fuel at both 8 and 16 at.% burnups based on fission product concentrations reported by Mariani 

et al. [6]. Essentially, the additive – lanthanide atomic ratio is targeted to be 1:1; however, the 

alloys are in essence slightly additive-rich to counter possible volatilization loss of tellurium 

during casting. 

 
Table 3.1. Alloys evaluated in this study 

Alloy  Composition in wt.% Composition in at.% 

2Te U-10Zr-2Te U-22.2Zr-3.17Te 
4Te U-10Zr-4Te U-21.8Zr-6.24Te 

2Te-2Nd U-10Zr-2.16Te-2Nd U-21.9Zr-3.4Te-2.8Nd 

4Te-4Nd U-10Zr-4.3Te-4Nd U-21.3Zr-6.6Te-5.4Nd 
 

During initial arc-melting and subsequent drop casting of the alloys, some loss of Te 

was observed. Tellurium is considered a metalloid and has a relatively low melting temperature 

of 723 K (450 °C) and boiling point of 1263 K (990 °C), which leads to a narrow temperature 

range where the element can remain in a liquid state. Loss of Te primarily occurred during its 

addition to the U-10Zr (wt.%) button, which requires an increased amount of energy to fully 

liquefy having a solidus temperature of approximately 1521 K (1248 °C) and liquidus 

temperature between 1628 K – 1633 K (1355 °C – 1360 °C) [18]. Once Te was homogenized 

into the U-10Zr (wt.%) alloy, it became stabilized by the formation of Zr-Te precipitates 

(further discussed in later sections). 

 

3.2.1 Microstructural and compositional analysis of U-10Zr with Te additive 

The microstructures of the 2Te and 4Te alloys are shown in the scanning electron 

microscopy (SEM) backscatter electron (BSE) images in Figure 3.1. Round grey-contrast 

precipitates are observed within the matrix of both alloys ranging in size from sub-micron to 
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approximately 20 µm across. It should be noted that the matrix, a combination of a primary 

light phase with a dispersed light-grey phase, is the expected phase formation of the U-Zr 

system in the as-cast condition. Extensive work has been done on U-Zr alloys, and in particular 

the U-10Zr (wt.%) [18-24]. Furthermore, the phase formations between U and Zr in the as-cast 

condition, specifically the co-formation of the a-U and d-UZr2 phases, have been discussed 

elsewhere [19, 23]. A more recent study by Irukuvarghula et al. [24] concluded the phase 

formations for the majority of U-Zr alloys, including the U-10Zr alloy, in the as-cast condition 

are likely a-U phase and a disordered, metastable w phase. Even though the w and d phases 

have the same chemical composition, the d phase is partially ordered. Given the extensive 

knowledge base on the U-Zr binary system, the present study focuses on the observed ternary 

interactions of Te, U, and Zr and how the addition of Nd changes such mutual interactions. 

 
Figure 3.1. BSE SEM images of (a1) the 2Te alloy and (b1) the 4Te alloy; (a2) and (b2) are the 
magnified BSE SEM images of the ‘red’ rectangular inset regions in (a1) and (b1), respectively. 
 

Elemental maps of U, Zr and Te, as obtained from energy dispersive X-ray 

spectroscopy (EDS) studies of the 2Te alloy for the location displayed in Figure 3.1 (a1), are 

shown in Figure 3.2. The maps reveal that the precipitates are the combination of Zr and Te 

contained within a primarily U matrix. Elemental compositions of areas designated in Figure 

3.1 (a2) and (b2) are listed in Table 3.2. Based on EDS point analysis, the precipitates (points 
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5 – 8, 11, 12) exhibit a ratio range of 2:1 to 2.4:1 (Zr:Te), indicating that they are likely the 

Zr2Te compound. Small white inclusions are also detected in the larger spherical precipitates 

(Figure 3.1 (a1)). Such inclusions are likely trapped matrix material. Xie et al. also made 

similar observations in their analysis of a U-10Zr-Te alloy [17]. 

 
Figure 3.2. Elemental EDS maps of the 2Te alloy. Analysis location aligns with the area imaged in 
Figure 3.1 (a1). 
 

Table 3.2. SEM EDS elemental data results of analysis points depicted in Figure 3.1 (at.%). 

 Figure 3.1 (a2)   Figure 3.1 (b2) 

 U Zr Te Phasea   U Zr Te Phasea 

1 62 31 7 U-Zrb  9 59 40 2 U-Zrb 

2 60 38 2 U-Zrb  10 83 16 1 U-Zrb 

3 84 14 2 U-Zrb  11 6 67 27 Zr2Te 

4 77 21 2 U-Zrb  12 5 67 28 Zr2Te 

5 9 64 27 Zr2Te       

6 6 67 27 Zr2Te       

7 7 62 31 Zr2Te       

8 11 63 26 Zr2Te       
a suggested phase based on EDS analysis  

b matrix phase of the as-cast U-Zr alloy 
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Focused X-ray diffraction (XRD) analyses of alloys 2Te and 4Te alloys are presented 

in the form of XRD patterns in Figure 3.3, and the corresponding crystallographic information 

listed in Table 3.3. The XRD pattern shows that the alloys are primarily comprised of the a-U 

based solid solution phase. The presence of UO2 was also seen and its formation is likely due 

to the specimen exposure to air during analysis. The Zr2Te compound was also detected 

confirming the EDS elemental data obtained on the precipitates in the alloy. The Zr2Te phase 

is not depicted as an equilibrium phase on the Zr-Te binary phase diagram by Okamoto [25]. 

However, more recent work by Örlygsson and Harbrecht [26] detailed the existence of the 

Zr2Te phase. Their study detected the Zr2Te phase in an as-cast specimen using EDS analysis 

and powder-based XRD. Further, they suggested that the Zr2Te phase is formed through a 

peritectic reaction near the incongruent melting point of the Zr3Te phase. It is plausible that 

Zr2Te is a metastable phase, which may decompose to stable Zr5Te4 and Zr3Te compounds 

[25].  

  
Figure 3.3. XRD patterns of the 2Te and 4Te alloys 

 

In analyzing U-10Zr-Te alloys, it is important to note that no free Te was observed 

within the alloys; instead it is clear that Te is primarily binding with Zr to form precipitates. 

Similar observations have been made in other additives-based research in U-10Zr matrix [11, 

12, 15, 17]. Such Zr-Te phase formation is deemed beneficial as they would stabilize the 

additive within the fresh fuel alloy. Here the precipitates were found to primarily consist of the 

Zr2Te phase, which implies that the fuel composition, i.e. U-10Zr, is not being maintained 
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when Te is added to the fuel. As Zr is added to increase the solidus temperature of the alloy, 

the loss of Zr from the matrix solid solution may decrease the overall solidus temperature of 

the fuel matrix. To counter such outcome, additional Zr may be needed to maintain the 

necessary solidus temperature when additives are employed. 

 
Table 3.3. Crystallographic information for all phases indexed through XRD analysis. 

Compound Pearson 
Symbol 

Space 
Group Cell parameters 

Alloy IDa 

2Te 4Te 2Te-2Nd 4Te-4Nd 

a-U [27] oS4 Cmcm 
(63) 

a=0.286, b=0.585, 
c=0.498 [nm] 
a=b=g=90° 

x x x x 

UO2 [28] cF12 Fm3"m 
(225) 

a=b=c=0.547 [nm] 
a=b=g=90° 

x x x x 

Zr2Te [26] oP36 Pnma 
(62) 

a=1.995, b=0.382, 
c=1.065 [nm] 
a=b=g=90° 

x x   

Zr3Te [29] tI32 I4" (82) 
a=b=1.134, c=0.563 [nm] 
a=b =g =90° 

   x 

NdTe [30] cF8 Fm3"m 
(225) 

a=b=c=0.627 [nm] 
a=b=g=90° 

  x x 

Nd2O3 [31] cI80 Ia3" 
(206) 

a=b=c=1.110 [nm] 
a=b=g=90° 

  x x 

Au [32] cF4 Fm3"m 
(225) 

a=b=c=0.408 [nm] 
a=b=g=90° 

  x x 

aDenotes the alloy in which the particular phase was detected through XRD analysis 
 

3.2.2 Microstructural and compositional analysis of U-10Zr-2Te-2Nd and U-10Zr-4Te-4Nd 

alloys 

 To evaluate the effectiveness of the Te additive to bind with potential lanthanide fission 

products, Nd was added into the fuel alloys. Here two such alloys listed in Table 3.1 were 

evaluated. The Te addition of 2.16 wt.% and 4.3 wt.% corresponds to a targeted 1:1 atomic 

ratio of additive to lanthanide at the respective burnups. It is important to note that Nd was 

added to a U-Zr-Te alloy, and therefore the microstructure of the pre-alloy can be presumed to 

be similar to the previously discussed U-Zr-Te alloys. Therefore, in order for the additive (Te) 

to bind with the lanthanide (Nd), the Zr2Te precipitates would need to decompose. As 
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previously mentioned, in casting Nd into the U-Zr-Te alloy, the Te is stabilized by the 

formation of Zr2Te. Based on the research of Örlygsson and Harbrecht [26] it can be inferred 

that Zr2Te has a melting temperature sufficiently higher than the melting temperature of Nd 

(Tmelt = 1021 °C), therefore loss of Te was not likely when Nd was added. 

 Representative optical micrographs of the 2Te-2Nd and 4Te-4Nd alloys are shown in 

the SEM-BSE images of Figures 3.4 (a) and 1.4 (b), respectively. Both alloys have multiple 

precipitated phases within the U-Zr matrix. Both show a combination of larger grey-contrast 

precipitates (approximately 25 µm in size) along with various sized, smaller grey-contrast 

precipitates. Furthermore, dendritic and small, round black precipitates are observed to form 

throughout the matrix, with instances of the latter precipitates forming around the large grey-

contrast precipitates. Both alloys exhibit the light- and light-grey matrix phases of the U-Zr as-

cast structure as previously observed in the U-Zr-Te alloys. The primary difference between 

the two U-Zr-Te-Nd alloys is the presence of small, round black precipitate clusters that have 

formed within sections of the light-grey matrix in the 4Te-4Nd alloy (Figure 3.4 (b)). 

 
Figure 3.4. BSE images of (a) the 2Te-2Nd and (b) the 4Te-4Nd alloys. 

 

Elemental EDS maps for the 2Te-2Nd and 4Te-4Nd alloys, which correspond to the 

locations imaged in Figure 3.4, are shown in Figures 3.5 and 3.6, respectively. The EDS maps 

in Figure 3.5 show that the larger grey-contrast precipitates observed in the 2Te-2Nd alloy 

consist of Te and Nd, whereas the small black and grey-contrast precipitates are found to 

primarily contain Zr and Nd, respectively. In the 2Te-2Nd alloy, the Te appears to be contained 

in all of the same precipitates as Nd and no longer appears to be contained with any Zr-

containing precipitates. The EDS maps in Figure 3.6 show that the grey-contrast precipitates 

and the dendritic precipitates observed in the 4Te-4Nd alloy also consist of Te and Nd, and Zr, 
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respectively. However, the round black clustered precipitates are found to be primarily Zr with 

several containing Te. Furthermore, there does not appear to be precipitates that contain only 

Nd.  

 
Figure 3.5. Elemental EDS maps of the 2Te-2Nd alloy. Analysis location aligns with the area imaged 
in Figure 3.4 (a). 
 

EDS point analysis conducted on various precipitates in each alloy is tabulated in Table 

3.4 based on locations indicated in Figures 3.4 (a) and (b). The elemental composition of the 

grey-contrast precipitates, depicted by points 3-6, 10 and 11, indicates that they are likely the 

NdTe compounds. Analysis of the smaller grey-contrast precipitates in the 4Te-4Nd alloy 

(depicted by points 12-14) indicates that they are more Te-rich than the NdTe (1:1) compound 

but also contain appreciable amounts of U (20 at.%, 12 at.%, and 14 at.%). Given the small 

size of the precipitates, some of the U detected could be from the alloy matrix due to the 

interaction volume of the electron beam. These Te-rich Nd-Te phases could either have 

uranium dissolved within or be the formation of a ternary U-Te-Nd phase. To resolve the exact 

nature of the precipitate, higher resolution characterization via transmission electron 

microscopy (TEM) was carried out on similar precipitates from the 4Te-4Nd alloy, which is 

discussed in detail below. Analysis of the very small (approximately 1-2 $%) grey-contrast 
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precipitates (point 9) in the 2Te-2Nd alloy were found to primarily consist of Nd. The presence 

of pure Nd inclusions indicates the Nd concentration is in excess to that of Te within the alloy. 

This is further confirmed because no Zr-Te containing compound phases were observed in the 

alloy and therefore all the Te available bound with the Nd.  

 
Figure 3.6. Elemental EDS X-ray maps of the 4Te-4Nd alloy. Analysis location aligns with the area 
marked in Figure 3.4 (b). 
 

The small, dendritic black precipitates observed in both alloys are found to consist of 

high concentrations of Zr (points 7, 8, 15, and 16 in Figure 3.4). Such Zr-rich phases were not 

expected within the alloy. However, Janney and O’Halleran [33] observed similar Zr-rich 

phases in an as-cast structure of U-Zr with actinide and lanthanide additions. They found that 

the Zr-rich precipitates tend to form near lanthanide-containing precipitates, similar to what 

was observed here. They also suggested that such Zr-rich precipitates might get stabilized 

during casting and subsequent cooling due to trace impurities of C, N and O. 

Evaluation of the larger round black precipitates (approximately 4-5 $%) within the 

clusters (points 17 and 18 in Figure 3.4 (b)) in the 4Te-4Nd alloy indicate that they may be 

Zr3Te compound; a more Zr-rich compound than the Zr2Te phases previously observed in the 

U-Zr-Te alloys. It should also be noted that points 17 and 18 indicate a higher Zr concentration 
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than what would be expected in the Zr3Te compound. Given the size of the Zr-Te precipitates 

and the fact that they are clustered within a Zr-rich region of the U-Zr matrix, the higher Zr 

content and presence of U may be due to the beam interactions with the surrounding matrix. 

Because of the small size (submicron) of the clustered black precipitates, their accurate 

elemental composition could not be reliably assessed via SEM equipment used in this study.  

 
Table 3.4. SEM EDS elemental data results of analysis points depicted in Figure 3.4 (a) and (b) (in 
at.%). 

 Figure 3.4 (a)   Figure 3.4 (b) 

 U Zr Te Nd Phasea   U Zr Te Nd Phasea 

1 75 22 2 1 U-Zrb  10 1 3 50 46 NdTe 

2 57 42 0 1 U-Zrb  11 1 4 50 46 NdTe 

3 0 6 45 49 NdTe  12 20 4 56 21 U-Te-Nd 

4 0 6 45 48 NdTe  13 12 3 53 32 U-Te-Nd 

5 1 7 44 47 NdTe  14 14 4 54 28 U-Te-Nd 

6 0 6 46 48 NdTe  15 3 91 6 0 Zr 

7 1 99 0 0 Zr  16 7 93 1 0 Zr 

8 4 95 0 1 Zr  17 3 74 23 0 Zr3Te 

9 5 11 0 84 Nd  18 3 75 22 0 Zr3Te 
asuggested phase based on EDS analysis 

bmatrix phase of the as-cast U-Zr alloy 
 

 To positively identify the phases of the smaller precipitates previously observed in the 

4Te-4Nd alloy, TEM analysis was performed. The TEM specimen, shown in Figure 3.7 (a), 

was made using a focused ion-beam (FIB) lift-off technique targeting a similar precipitate to 

that observed between points 12 and 14 in Figure 3.4 (b). The fabricated TEM specimen 

included a Zr-Te precipitate similar to that at point 16. High-angle annular dark field (HAADF) 

images and selected area electron diffraction (SAED) patterns of the precipitates are presented 

in Figure 3.7. SAED patterns were collected using multiple zone-axes of a single grain within 

the phase of interest. A SAED pattern from each analysis area is shown in Figures 3.7 (e), (f) 

and (g). The location of the grains used to generate SAED patterns are denoted by circles in 

the HAADF images of Figures 3.7 (b), (c), and (d). EDS analysis was also performed on the 

TEM specimen to determine the elemental concentrations of the various precipitates. The 
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analysis areas are denoted in the HAADF images of Figure 3.7 (b), (c), and (d); the results are 

listed in Table 3.5. 

 
Figure 3.7. TEM analysis results of precipitates in the 4Te-4Nd alloy. (a) SEM image of the TEM 
lamella, and HAADF micrographs of (b) U-Te-Nd, Zr-Te, and Zr precipitates; (c) U-Te-Nd precipitate; 
and (d) Zr-Te precipitate. Single zone-axis SAED patterns from (e) grain A along the [011] zone axis, 
(f) grain B along the [012] zone axis, and (g) grain C along the [351] zone axis. 
 

 The HAADF micrographs shown in Figure 3.7 (b), (c) and (d) exhibit different types 

of precipitates. Elemental analysis of the lighter grey-contrast phases, depicted by points 1, 6 

and 7, indicates that they are the combination of Nd, Te and U; similar to points 12-14 in Table 

3.4. SAED patterns, obtained from locations A and B in Figures 3.7 (b) and (c) respectively, 
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are both found to index with the NdTe and UTe compounds, both of which are cubic and have 

similar crystallographic characteristics (Table 3.6). The formation of UTe precipitates within 

an alloy containing both Zr and Nd is not likely based on the thermodynamic characteristics of 

U-Te, Zr-Te and Nd-Te; as discussed further in the computational section later. Other potential 

binary compounds were considered – Nd2Te3, NdTe2, Nd2Te5, and NdTe3 – albeit none were 

found to match with the SAED patterns of a given grain. The few U-Nd-Te ternary compounds 

noted in literature were considered – UTe4Nd2, UTe5Nd2, and UTe6Nd – but none could be 

indexed with the SAED patterns. The existence of stable U-Te-Nd compounds indicates that 

the formation of such a ternary phase is possible. It is worth noting that the U-Te-Nd phases 

documented in literature are Te-rich, which is a similar scenario to those precipitates analyzed 

in Figure 3.7 (b) and (c). Hence, due to the lack of a U-Te-Nd ternary phase diagram, the 

possibility that U-Te-Nd precipitates analyzed in this study being an undocumented ternary 

phase cannot be ruled out.  

 
Table 3.5. TEM EDS elemental data results (in at%) of analysis points depicted in Figure 3.7 (b), (c), 
and (d). 

 Figure 3.7 (b)   Figure 3.7 (c) and (d) 

 U Zr Te Nd Phasea   U Zr Te Nd Phasea 

1 42.1 2.3 42.8 12.9 U-Te-Nd  6 38.1 0.9 39.6 21.3 U-Te-Nd 
2 7.1 78.5 14.4 0 Zr3Te  7 40.7 0 44 15.3 U-Te-Nd 
3 3.4 77.6 18.8 0.2 Zr3Te  8 1.7 75.4 21.5 1.5 Zr3Te 
4 4.0 76.5 19.4 0.1 Zr3Te  9 3.0 76.5 19.2 1.4 Zr3Te 
5 0.3 99.6 0.1 0 Zr  10 83.2 16.3 0.3 0.2 U-Zrb 

asuggested phase based on EDS analysis 

bmatrix phase of the as-cast U-Zr alloy 
 

A medium grey-contrast phase is also found to be present in the HAADF images of 

Figure 3.7. This phase is observed to occupy a large portion of the precipitate phases formed 

in Figure 3.7 (b), in addition to forming as a layer surrounding the U-Te-Nd containing 

precipitates (Figure 3.7 (b) and (c)). It also appears to be the primary phase present in the 

globular precipitate of Figure 3.7 (d). Analysis of this phase (points 2 – 4, 8 and 9) indicates 

that it is a Zr-Te containing phase and based on the atomic ratio of the various points it appears 

to be the Zr3Te compound. Diffraction analysis performed on location C (Figure 3.7 (d)) 
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confirms this phase to be Zr3Te. The Zr3Te precipitates are observed to contain small white 

inclusions of varying sizes. EDS analysis of these inclusions observed in both Figures 3.7 (b) 

and (d), point 10, indicates these inclusions are in fact U-Zr precipitates matching that of the 

U-Zr matrix. Higher magnification of the Zr3Te precipitates showed a fine dispersion of such 

inclusions measuring 10 – 50 nm in width. The presence of such inclusions would explain why 

the precipitates appear to be more Zr-rich than the Zr3Te compound as well as explain the 

presence of U contained within the Zr3Te precipitates. The middle of the precipitate in Figure 

3.7 (b) contains a dark phase and as indicated by point 5, is found to be a Zr-rich inclusion, 

similar to those previously observed through SEM analysis (points 7, 8, 15, and 16 in Table 

3.4).  

Focused XRD analysis was also performed on the 2Te-2Nd and 4Te-4Nd alloys, the 

plots of which are presented in Figure 3.8 (a) and (b), respectively. The corresponding 

crystallographic information of the indexed phases are listed in Table 3.3. The diffraction 

patterns for both alloys indicate that each is comprised primarily of the a-U phase. Both alloys 

also exhibit peaks for the sputtered coating of Au, which was not removed prior to XRD 

analysis. Both diffraction plots confirm the presence of the NdTe compound, albeit with 

limited peak intensities. However, such limited intensities would be expected given the 

compound is only present in the alloy as dispersed precipitates, which were observed to be no 

larger than 25 µm. As with SAED, no U-Te-Nd ternary phase could be indexed in the XRD 

patterns. The Zr3Te phase is indexed in the XRD pattern of the 4Te-4Nd alloy, further 

confirming its presence in the alloy. Traces of both UO2 and Nd2O3 were found in both 

diffraction patterns, and the formation of UO2 is, again, likely the result of surface oxidation. 

The formation of Nd2O3 can likely be attributed to the combination of surface oxidation and 

trace amounts of residual oxidation on the Nd feedstock materials that got mixed into the alloy.  
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Figure 3.8. XRD patterns of (a) the 2Te-2Nd alloy and (b) the 4Te-4Nd alloy. 

 
Table 3.6. Crystallographic details from determined phases from SAED patterns presented in Figure 
3.7 (d), (e), and (f). 

Compound Pearson Symbol Space Group Cell Parameters 

NdTe [34] cF8 Fm3"m (225) 
a = b = c =0.627 [nm] 
a = b = g = 90° 

UTe [35] cF8 Fm3"m (225) 
a = b = c = 0.615 [nm] 
a = b = g = 90° 

Zr3Te [36] tl32 I4" (82) 
a = b = 1.134, c=0.563 [nm] 
a = b = g = 90° 

 

In the 2Te-2Nd alloy, all the precipitate phases observed were of NdTe type. This 

points toward the fact that during the final casting step, when Nd was added to the U-Zr-Te 

alloy, the existing Zr2Te precipitates decomposed, releasing Te to form new precipitates with 

Nd. The formation of the NdTe compound is favorable, and according to the Nd-Te binary 

phase diagram it exhibits high temperature stability (Tmelt = 2025 °C [37]), which can aid in 

mitigating availability of Nd to participate in processes leading to FCCI. Characterization of 

the 4Te-4Nd alloy revealed the formation of several compounds – NdTe and Zr3Te as well as 

a possible U-Te-Nd ternary phase. However, it is important to note that no free Nd was 

observed in the alloy. This indicates that all available Nd was bound with Te. Therefore, the 

formation of other Te-based compounds, Zr-Te and U-Te-Nd, would indicate the alloy was 

Te-rich at this particular analysis plane and the 1:1 additive – lanthanide ratio was not 

maintained. It is worth recalling that the initial alloys were cast slightly additive-rich and thus 

the formation of other Te-based compounds beyond Nd-Te could be an indication that less Te 
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may have been lost during casting than what was initially assumed. Regardless, the presence 

of Nd-Te precipitates demonstrates their propensity to form preferably over Zr-Te compounds.  

 

3.2.3 Computational prediction of phases 

Formation of different compounds observed experimentally as well as the mutual 

interactions between Te, Nd and Zr can be understood from first principles calculations based 

on density functional theory (DFT) [16]. DFT calculated enthalpy of mixing (Table 3.7) for 

different elements was used as a guidance to predict preferred compound formation tendencies. 

For each composition in Table 3.7 the element at the end is the one for which enthalpy of 

mixing was calculated within a matrix containing all the previous element(s).  

 
Table 3.7. Enthalpy of mixing values (as predicted by DFT) for different elements in various systems. 
A negative enthalpy indicates ease of formation of the stable compound. 

Composition Enthalpy of mixing 

U-Te 0.16 eV 

U-Zr-Te -0.28 eV 

U-Zr-Nd 2.54 eV 

U-Nd-Te -3.23 eV 

U-Zr-Nd-Te -1.48 eV 

 

The enthalpy of mixing of Te inside the a-U matrix is slightly positive, i.e., 0.16 eV, 

whereas that of Te in the U-Zr system is negative, -0.28 eV. This indicates that Te will bind 

with the Zr within the U-matrix. Indeed, formation of the Zr2Te phase was observed in the U-

Zr-Te alloys, as shown in Figure 3.1. Further, the enthalpy of mixing of Nd inside the U-Zr 

matrix is 2.54 eV. This positive enthalpy of mixing indicates a phase-separating tendency of 

Nd in the U-Zr matrix and thus it is understandable why no Nd containing compound was 

observed within the U-Zr system. On the other hand, the enthalpy of mixing for Te in the U-

Zr-Nd system is -1.48 eV and that in U-Nd is -3.23 eV, suggesting a strong compound forming 

tendency of Te with Nd regardless of presence or absence of Zr within the U-matrix. With the 

enthalpy of mixing of Te being more negative in both U-Zr-Nd (-1.48eV) and U-Nd (-3.23 eV) 
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compared to the enthalpy of mixing of Te in U-Zr (-0.28eV), the interactions between Nd and 

Te are expected to be stronger than the interactions between Zr and Te. Thus, it can be 

concluded that the phase stability in the ternary and in quaternary U-Zr-Nd-Te system can be 

inferred based on binary interactions between the elements involved (e.g.: Zr-Te interactions 

vs. Nd-Te interactions).  

Furthermore, to understand the interactions between the elements the charge density 

differences (CDD) have been calculated, as depicted in Figure 3.9. The CDD is calculated by 

taking the difference in the calculated charge densities between final configurations and a 

pristine U-matrix at each atomic position. From Figure 3.9 (a), the charge transfer (indicated 

by a yellow isosurface) observed from Zr to Te indicates a potential interaction mechanism 

between the elements and therefore is one of the reasons for the negative enthalpy of mixing 

that was calculated for Te in the U-Zr matrix. Also, when there is Nd and Te in the system 

together with Zr, as shown in Figure 3.9 (b), the charge is noted to transfer from both Nd and 

Zr towards Te. The excess charge on Te (yellow isosurface) and the charge deficient region on 

both Nd and Zr (blue isosurface) indicate the attractive interaction of Te with Zr and Nd, which 

may lead to the formation of a stable compound. A similar interaction was observed between 

Nd and Te in the system when Zr was absent in the U-matrix [16].  

 
Figure 3.9. The charge density difference (CDD) between (a) U-Zr-Te and U and (b) U-Nd-Zr-Te and 
U systems; the yellow isosurface represents excess charge, and the blue isosurface represents a charge 
deficit or the negative value of charge density. Note that the figures were created by VESTA 3.0 
software, https://onlinelibrary.wiley.com/iucr/doi/10.1107/S0021889811038970. 
 

To gain a detailed understanding of the interactions between Nd, Te, and Zr, the partial 

density of states (DOS) have been plotted for Te and Nd in U-Zr-Te-Nd and U-Te-Nd systems, 

as shown in Figure 3.10 (a) and (b), respectively. The occupied 4f states of Nd lies below the 



 73 

Fermi level and is localized between -5 to -4 eV, while the unoccupied 4f states are above the 

Fermi level. Furthermore, Figure 3.10 shows that localized Nd 4f orbitals (solid magenta lines) 

located between -5 to -4 eV interact with Te (solid green lines) via valence electrons (orbital 

hybridization), namely, p electrons of Te (indicated by the shaded region). The overlapping of 

the valence orbitals of the additive Te with the Nd f orbitals, as shown in Figure 3.10 (b), was 

also found to be the key indication for other additives such as Se and As, which were shown 

to be effective in binding with Nd inside the U-matrix [16]. Hence, from the comparison of 

both the enthalpy of mixing for Te in U-Zr-Nd and U-Nd matrices as well as the density of 

states shown in Figure 3.10 (a) and (b), it can be argued that Te is an effective candidate 

additive to bind with Nd inside the fuel matrix (U-Zr system). 

 
Figure 3.10. Orbital resolved DOS for (a) U-Zr-Te-Nd and (b) U-Te-Nd. The vertical dashed lines 
represent the Fermi level, the energy states up to which states are occupied. The states in the negative 
and positive vertical axis represent down and up spin components, respectively. U-DOS remain more 
or less similar in all systems. 
 

Results from DFT calculations support the observations made in the characterization 

of the alloys of interest. The calculations show that the Zr-Te interaction is favorable within 

the U-Zr-Te alloys. On the other hand, the Nd-Te interactions appear to be even more favorable 

than Zr-Te, and thus as the fission product Nd forms within the U-Zr-Te alloys, Te is expected 

to leave Zr in order to bind with Nd.  

 

3.3 Conclusions 

To summarize, both experimental and DFT calculations confirm that binary 

interactions of Te with both Zr and Nd dominates the phase formations within the multi-

component U-Zr-Te and U-Zr-Te-Nd alloys. In the ternary U-Zr-Te alloys, the binary 

interaction between Te and Zr was observed to be dominant through the formation of Zr2Te 
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precipitates. In the quaternary U-Zr-Te-Nd alloys the binary interactions of Te with Nd and Zr 

were both observed through the formation of NdTe and Zr3Te compounds, where the latter 

phase likely formed due to a Te concentration that exceeded the available Nd. Further, it was 

concluded that ternary interactions could be plausible through the formation of an unconfirmed 

U-Te-Nd compound.   

It is apparent that Te can be an effective additive to bind with Nd within the U-Zr 

matrix. Furthermore, the formation of stable, high-melting point, Nd-Te compounds has the 

potential to stabilize the lanthanide within the fuel, and thus counteract its participation in the 

FCCI phenomenon. However, further work is necessary to evaluate the stability of the Nd-Te 

interactions in the non-equilibrium state experienced within an irradiation environment. 

Additionally, the FCCI phenomenon is driven by diffusion-based mechanisms and therefore 

further studies on the diffusion interactions of U-Zr-Te-Nd alloys with potential claddings 

alloys, such as HT-9, are being conducted to further examine the effectiveness of Te as a fuel 

additive to mitigate FCCI. 

 

3.4 Methodology 

3.4.1 Experimental methods 

Raw materials, such as zirconium, tellurium and neodymium, were acquired from Alfa 

Aesar company. Neodymium was received as a rod packaged in mylar under argon. Uranium, 

depleted in the 235U isotope to 0.22%, was initially cleaned by submersion in nitric acid, 

followed by a water wash and a subsequent ethanol wash. 

Alloys were cast using an arc-melter, with high purity argon as a cover gas, contained 

within an argon glovebox. To achieve a homogeneous alloy, the button was melted and flipped 

three times after each element addition. The U-10Zr-Te alloys were cast using a two-step 

process, whereas the U-10Zr-Te-Nd alloys were cast using a three-step process. Initially, the 

uranium and zirconium were added to create a pre-alloy of U-10Zr (wt%). For all four alloys 

tellurium was added to the U-10Zr buttons in the second step at the appropriate concentration; 

the button was only flipped and re-melted twice in this step to limit loss of the additive. For 

the U-10Zr-Te-Nd alloys, neodymium was added to the U-10Zr-Te buttons in the third step at 

the appropriate concentrations to generate the simulated fuel alloys of interest. The alloys were 

then drop-cast to form pins with a diameter of approximately 5 mm. 
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A sample of each alloy pin was sectioned and mounted in a phenolic resin ring and 

epoxy for microstructural characterization. Samples were prepared by grinding using 320 grit 

SiC papers to achieve a uniform plane on the sample surface followed by sequential polishing 

steps with 9 µm, 3 µm and 1 µm polycrystalline diamonds suspended in an ethylene glycol 

solution. Final polishing steps of the samples were performed within an argon glovebox to 

limit surface oxidation. The polished surfaces were then sputtered with a 9 nm layer of gold to 

control charging of the metallographic mount within scanning electron microscope. 

Scanning electron microscopy (SEM) was performed using a JEOL JSM-6610LV 

operated at an accelerating voltage of 20 kV. Imaging of the sample was primarily conducted 

using the backscatter electron imaging mode (BSE) to provide better contrast of the different 

phase formations. Energy dispersive x-ray spectroscopy (EDS) was conducted on the SEM in 

secondary electron (SE) mode using an EDAX Apollo X silicon drift detector (SDD) and the 

EDAX TEAM v4.4 (2016) software. The amp time, which is the time interval that x-ray energy 

absorption is processed at the detector, was adjusted for each analysis to generate a dead time 

of approximately 30%. In conducting point analysis, elemental spectra were collected for 50 

live seconds per analysis location. In generating elemental X-ray maps a dwell time of 200 µs 

was used. Elemental data from EDS was quantified based on the standardless ZAF method, 

which relies on the EDAX TEAM library of stored spectra of standards. Furthermore, it is 

largely understood that such quantification can have a statistical error of between 2 – 5%. 

Transmission electron microscope (TEM) specimens were prepared on a FEI Quanta 3D FEG 

dual-beam microscope using a focused ion beam (FIB) lift-off technique. The TEM study was 

conducted using a Tecnai G2 F30 at an accelerating voltage of 300 kV. Both selected area 

electron diffraction (SAED) patterns and EDS data were collected using bright-field (BF) and 

high-angle annular dark field (HAADF) detectors. X-ray diffraction (XRD) was performed 

using a Rigaku SmartLab X-Ray Diffractometer paired with SmartLab Guidance software (v 

2.0.4.7). The diffractometer was operated at a set tube current of 44 mA using Cu Ka radiation. 

Analysis was conducted with the optics set in the medium focus, parallel beam (PB) mode 

paired with a D/tex Ultra 250 1D silicon strip detector. Focused XRD q/2q scans were 

conducted at several locations on the sample surface using a 0.04° step size and a scan speed 

of 2°/min. Data was analyzed and indexed using Rigaku’s PDXL 2 software (v2.3.1.0) utilizing 
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the International Centre for Diffraction Data (ICDD) (PDF-2 Release 2016) database for XRD 

pattern indexing.  

 

3.4.2 Computational methods 

All calculations were performed using the density functional theory (DFT) as 

implemented in the Vienna Ab initio Simulation Package (VASP) [38, 39]. Computational 

details including the choice of U for GGA+U can be found in the work of Khanal et al. [16]. 

The following procedure was adopted in adding elements within the supercell. First a U atom 

was substituted with atom A (either Nd, Zr or Te atom) on a fully optimized 3 × 3 × 3 supercell 

of α-U, Cmcm (orthorhombic) structure [27], followed by a re-optimization of the atomic 

coordinates. After obtaining a newly DFT-optimized atom substituted system, another U-atom 

at the first nearest neighbor position to atom A was substituted with atom B, and the internal 

coordinates of the final structure at a fixed volume were optimized again.  It is notable that for 

the quaternary U-Zr-Te-Nd system, several atomic configurations are possible among 

elements. For finding the most stable configuration of the U-Zr-Te-Nd system, sixteen different 

possible configurations were created by considering all nearest neighbor non-equivalent 

arrangements of the third element by fixing two elemental pairs at a time, i.e. Nd-Te, Zr-Te or 

Nd-Zr. Atomic positions for each configuration were optimized, and the most stable, i.e. 

minimum energy, configuration among all potential sixteen configurations was chosen for 

further study. Figure 3.11 shows an optimized structure of Nd and Te substituted within the U-

Zr matrix. 

 
Figure 3.11. DFT optimized configuration of U-Zr-Te-Nd system. Note that the figure was created by 
VESTA 3.0 software, https://onlinelibrary.wiley.com/iucr/doi/10.1107/S0021889811038970. 
 

U 
Te 
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Equation (3.1) shows a typical equation used to calculate the enthalpy of mixing of an 

element B in an U-A matrix (Table 3.7) [40, 41]: 

∆Emixing = E(Un-2NdTe) + E(U) − E(Un-1Nd) − E(Te), (3.1) 

in which E(Un-2AB) is the total energy of (n − 2) U atoms, one A and one B atom in a simulation 

cell of n sites; E(Un-1A) is the total energy of (n − 1) U atoms and one A atom in a simulation 

cell of n sites; and E(B) and E(U) are the total energy per atom for B and U, respectively. Here, 

negative enthalpy indicates ease of formation of the stable compounds whereas positive 

enthalpy, or a higher value, represents less tendency for the formation of a stable compound. 

The concept of mixing enthalpy in the formation of intermetallic compounds has been 

previously used in studying the stability of high entropy alloys (HEA) [42, 43]. 
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CHAPTER 4  

EVALUATION OF Sb-Nd AND Te-Nd PHASES WITHIN THE U-Zr 

FUEL MATRIX AND THEIR INTERACTIONS WITH HT9  

 

Prepared for publication in the Journal of Nuclear Materials  

“Evaluation of Sb-Nd and Te-Nd Phases within the U-Zr Fuel Matrix and their Interactions 

with HT9” J. Nucl. Mater., (2021) TO BE SUBMITTED.  

 

Abstract. Antimony (Sb) and tellurium (Te) are investigated as potential additives for U-10Zr 

(wt.%) metallic fuel to limit the fuel-cladding chemical interaction (FCCI) phenomena. 

Neodymium (Nd) is utilized to simulate the formation of lanthanide-based solid fission 

products which have been found to play a detrimental role in FCCI. Fuel alloys of U-Zr-Sb-

Nd and U-Zr-Te-Nd are evaluated in their annealed condition and compared against their as-

cast conditions. Isothermal diffusion couple experiments are carried out between U-Zr-Nd, U-

Zr-Sb-Nd, and U-Zr-Te-Nd against the cladding alloy HT9 to evaluate the effectiveness of the 

additives to stabilize Nd within the fuel alloys, as well as investigate the interaction regions 

that form between the different fuel alloys and HT9. SbNd, Sb3Nd4, and TeNd were found to 

be the primary lanthanide-based phases to form within the U-Zr-Sb-Nd and U-Zr-Te-Nd alloys, 

respectively. The zirconium-based phase, Zr2Sb, was also found to form within the former 

alloy. All phases were found to remain stable through the diffusion experiments and exhibited 

no interaction with cladding alloy constituents.  
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4.1 Introduction 

 The U-Zr metallic fuel system begins to experience deleterious effects due to chemical 

interactions at the fuel-cladding interface under increasing burnup conditions, commonly 

referred to as fuel-cladding chemical interactions (FCCI) [1–4]. The U-Zr alloy has been 

extensively used in historical sodium cooled fast reactors (SFR), e.g. Experimental Breeder 

Reactor II (EBR-II), [5,6] and is a primary fuel option for more advanced SFR concepts [7,8]. 

However, the onset of FCCI greatly limits the burnup potential of U-Zr fuels. In particular 

lanthanides, e.g. Nd, Ce, La, and Pr, which form as solid fission products (FPs), have been 

found to interact aggressively with cladding-based constituents. Such interactions can lead to 

the formation of brittle, low-melting phases that diminish cladding strength and can eventually 

lead to cladding breach [1]. The use of alloying additives in the fuel matrix is being evaluated 

to mitigate the negative effects of FCCI. This is accomplished by using additives that bind with 

and form high temperature, stable compounds with the lanthanide elements as they form or 

burn-in to the fuel matrix. In turn, the formation of such stable additive-lanthanide compounds 

reduces their chemical reactivity with cladding constituents. An evaluation of potential 

additives to bind with the lanthanides has been presented by Mariani et al. [9] and several 

additives have thus far been studied: Pd [9–12], Sn [13], Sb [14–17], Sn+Sb [18], Te 

[17,19,20], As [21–23], Se [23], and Bi [24]. 

 In this study both Sb and Te are evaluated as additives and Nd is used to represent 

lanthanide FP formation. Each additive is alloyed into the U-10Zr (wt.%) fuel followed by the 

addition of Nd, to evaluate the additive-lanthanide interactions within the matrix. Sb is 

attractive as an additive as it has already demonstrated its propensity to bind with Ce, as well 

as mitigate its interactions with Fe and the Fe-12Cr (wt.%) cladding alloy HT9 [14,17,25]. In 

the authors’ previous research [16], it was demonstrated that alloying Sb with Nd, at roughly 

a 1:1 atomic ratio, leads to the formation of the SbNd and Sb3Nd4 phases, which in turn 

mitigates the interactions of Nd with HT9. The interaction tendencies of Sb within the U-Zr 

matrix, i.e. a U-Zr-Sb alloy, have been previously characterized and the Zr2Sb phase was found 

to be the primary intermetallic compound formed [14]. The diffusion interactions of U-Zr-Sb 

alloys against HT9 has also been carried out and is characterized by Zhuo et al. [25]. Te is also 

attractive as an additive as it has been found to preferentially bind with Nd. In the work of 

Jerred et al. [20], which is also reported in Chapter 3 of this dissertation, it was found that Te 
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binds with Zr to primarily form the Zr2Te intermetallic compound. Then when Nd was alloyed 

into the U-Zr-Te alloy, Te was found to primarily form the high-temperature, stable TeNd 

compound. It should be noted that in Xie et al. [17], which evaluated the diffusion behavior of 

the CeTe phase with Fe and HT9, found that the CeTe phase did not remain stable after 72 h 

at 853 K and Ce was found to bind with Cr whereas Te was found to bind with Cr and Fe 

forming Cr3Te4 and TeFe phases. However, an evaluation of Sb and Te (as additives) and Nd 

(as the lanthanide) and their interactions with HT9 has not been carried out within the U-Zr 

matrix. This study will evaluate the thermal stability of the Sb-Nd and Te-Nd formations 

through the characterization of a U-Zr-Sb-Nd alloy in both the as-cast and annealed conditions, 

as well as a U-Zr-Te-Nd alloy in the annealed condition. Finally, the efficacy of Sb and Te as 

additives are examined using isothermal diffusion couple experiments between U-Zr-Nd, U-

Zr-Sb-Nd, and U-Zr-Te-Nd alloys against HT9. Such an experimentation method is typical in 

studying the FCCI phenomena out-of-pile [1] and has been used extensively to evaluate the 

effectiveness of additives to mitigate lanthanide interactions with cladding alloys 

[11,12,16,17]. 

 

4.2 Materials and Methodology 

4.2.1 Materials 

 To synthesize the alloys, raw materials, such as Zr, Sb, Te and Nd, were acquired from 

Alfa Aesar company. The Sb was received in shot form exceeding 99.9% purity, and the Nd 

was received as a rod having a purity of 99.5%. Uranium, depleted in the 235U isotope to 0.22%, 

used for alloying was initially cleaned by submersion in nitric acid, followed by a water wash 

and a subsequent ethanol wash. The chemical composition of the HT9 alloy used is listed in 

Table 4.1 

 

Table 4.1. Chemical composition in wt.% of the HT9 cladding alloy used in this study. 

Element C Si Mn Cr Ni Mo W V Fe  

Concentration 0.17 0.29 0.58 11.73 .58 1.03 0.5 0.29 Bal.  

 

All alloys were fabricated using an arc-melter, with high purity argon as a cover gas, 

contained within an argon glovebox. To achieve a homogeneous alloy, the button alloy was 
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melted and flipped three times after each element addition. The button was then melted and 

cast into a rod ~5mm diameter. Disks were then sectioned from the rod for either alloy 

characterization or isothermal diffusion experiments. A U-10Zr (wt.%) pre-alloy was initially 

fabricated. For the U-10Zr-4Nd (wt.%) alloy, the Nd was added to the U-Zr button. For the U-

10Zr-3.6Sb-4Nd (wt.%) alloy, Sb was first added to the U-Zr button to achieve a U-Zr-Sb alloy 

and then Nd was added to create the final alloy composition. For the U-10Zr-4.3Te-4Nd (wt.%) 

alloy, the button was only melted and flipped twice after the Te addition to limit evaporation 

loss due to its low boiling temperature of 988 °C (1261 K). Nd was then added to the U-Zr-Te 

alloy. The Nd concentration used matches the total lanthanide concentration that can 

potentially form within U-10Zr (wt.%) fuel up to 16 at.% burnup, which is based on the 

chemical analysis of a U-10Zr (wt.%) fuel irradiated in EBR-II [9]. The alloyed concentration 

of Sb and Te targets a ~1:1 atomic ratio to that of the Nd concentration in order to promote the 

formation of the high temperature SbNd and TeNd intermetallic compounds. Although both 

alloys were fabricated slightly additive-rich, the concentration of Te was slightly greater to 

compensate for its loss during arc melting. Table 4.2 provides more details on the different 

specimens being evaluated in this study and experimental conditions. 

 

Table 4.2. Samples analyzed in this study and their experimental condition. 

Sample ID Alloy Composition (wt.%) Alloy Composition (at.%) Sample Conditiona 

Sb-Nd U-10Zr-3.6Sb-4Nd U-23.4Zr-5.8Sb-5.4Nd 
as-cast and annealed, 675 °C 

(948 K), 96 h 

Te-Nd U-10Zr-4.3Te-4Nd U-21.32Zr-6.6Te-5.4Nd 
annealed, 675 °C (948 K), 96 

h 

Nd/HT9 U-10Zr-4Nd/HT9 U-22Zr-5.6Nd/HT9 
diffusion couple against HT9, 

675 °C (948 K), 96 h 

Sb-Nd/HT9 U-10Zr-3.6Sb-4Nd/HT9 U-23.4Zr-5.8Sb-5.4Nd/HT9 
diffusion couple against HT9, 

675 °C (948 K), 96 h 

Te-Nd/HT9 U-10Zr-4.3Te-4Nd/HT9 U-21.32Zr-6.6Te-5.4Nd/HT9 
diffusion couple against HT9, 

675 °C (948 K), 96 h 

arefers to the condition of the sample when analyzed, i.e. as-cast or annealed (at stated furnace parameters) or as part 
of a diffusion couple experiment (at stated furnace parameters) 

 

4.2.2 Experimental methods 

 Isothermal diffusion experiments were carried out to evaluate the interactions between 

fuel alloys and HT9. Diffusion couple experiments were performed inside a muffle furnace 
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contained in an inert argon glovebox. The diffusing materials for the experiments were initially 

sectioned into discs approximately 2.5 mm thick and the diffusing interfaces were polished to 

a 1 µm finish within the glovebox to alleviate any oxide layer formations. The discs were 

placed in contact with each other and then wrapped in a layer of tantalum foil (~0.025mm 

thick) and placed inside a jig made of Kovar™ steel, an iron-nickel-cobalt alloy that exhibits 

low thermal expansion. Alumina discs were placed directly between the diffusion couple and 

jig contact points to avoid adverse interactions through the experiment. The entire jig was then 

wrapped in additional layers of tantalum foil and placed into the furnace. The glovebox 

atmosphere was maintained at 1–5 ppm oxygen, while a continuous flow of high purity argon 

cover gas was maintained into the furnace at a rate of 0.25 ft3/h (1.97 cm3/s) for the length of 

the experiment. To achieve a high purity, the argon cover gas was initially passed through an 

oxygen getter furnace, reducing its oxygen content down to 10-10–10-11 ppb. The flow of high 

purity argon into the furnace chamber was maintained for 30 m prior to initiating the diffusion 

experiments. The furnace was then heated at a rate of 1,000 °C/h (0.28 K/s) up to the 

experiment temperature of 675 °C (948 K) and held for 96 h. Upon completion of the diffusion 

experiment, the jig was immediately removed from the furnace chamber and allowed to cool 

in the open glovebox environment. The experiment temperature, although exceeding the 

normal reactor steady-state temperature for such fuel, was chosen to align with other diffusion 

couple research investigating cladding alloys but to not exceed the Fe-Nd eutectic temperature 

of 685 °C (958 K).  

 

4.2.3 Characterization methods 

 For microstructural characterization, samples were mounted in epoxy and prepared by 

grinding using sequential grits of SiC papers followed by polishing down to a 1 µm finish 

using diamond-based suspensions. A section of the Sb-Nd alloy, in the as-cast condition, was 

separated directly from the cast pin and then mounted. The diffusion couples were each cross-

sectioned to expose the interaction regions and then mounted. To analyze the Sb-Nd and Te-

Nd alloys in their annealed conditions, analysis was performed on their respective diffusion 

couples focusing on an area of the fuel alloy away from the diffusing interface. All sample 

preparation steps were performed within an inert argon glovebox to avoid surface oxidation on 
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the analysis surface. The polished surfaces were then coated with a thin layer of gold to control 

charging of the metallographic mount during electron microscopy analysis. 

Scanning electron microscopy (SEM) was performed using a JEOL JSM-6610LV 

operated at an accelerating voltage of 20 kV. Imaging was conducted in the backscatter 

electron (BSE) imaging mode to get better contrast of phase formations. Energy dispersive X-

ray spectroscopy (EDS) was conducted using an EDAX Apollo X silicon drift detector (SDD) 

and EDAX TEAM v4.4 (2016) software. The amp time was adjusted for each analysis to 

generate a dead time of between 20% to 30%. Elemental spectra were collected for 50 live 

seconds for point analysis per location, and a dwell time of 200 µs was used for elemental 

mapping. EDS datasets were quantified based on the standardless ZAF method using the 

EDAX TEAM library of spectra standards. X-ray diffraction (XRD) was performed using a 

Rigaku SmartLab X-Ray Diffractometer paired with SmartLab Guidance software (v 2.0.4.7). 

XRD was conducted using a parallel beam (PB) optics configuration, Cu K! radiation at a tube 

current of 44 mA, and a D/tex Ultra 250 1D silicon strip detector. Focused XRD "/2" scans 

were performed using a 0.04° step size and a 5°/min scan speed. Datasets were analyzed and 

indexed using Rigaku’s PDXL 2 software (v2.3.1.0) and the International Centre for 

Diffraction Data (ICDD) (PDF-2 Release 2016) database.  

 

4.2.4 Ab initio calculation methods 

 Calculations were performed using the density functional theory (DFT) method as 

implemented in the Vienna Ab initio Simulation Package (VASP) [26,27]. Mixing enthalpy 

calculations of additives and lanthanides in (i) Fe, (ii) Fe-Cr, (iii) U, (iv) U-Zr, and (v) U-Nd 

matrices were carried out to further understand the thermodynamics and compound forming 

tendencies of these systems. Both Fe and Cr were chosen in systems (i) and (ii) as they are the 

primary cladding constituents of concern in the HT9 cladding alloy. Systems (iii) and (iv) are 

representative of the fuel, where system (v) represents the fuel after fission, i.e. once Nd forms 

as a solid FP. To calculate the enthalpy of mixing of element B within the U-A-B system, first, 

a U atom was substituted for an A atom (A=Nd or Zr) in a fully optimized 3 x 3 x 3 supercell 

of !-U, Cmcm (orthorhombic) structure. The atomic coordinates were then re-optimized. 

Within the U-A system a U atom, at the first nearest neighbor position to the A atom, was 

substituted for a B atom (B=Te or Sb or Fe or Cr). Internal coordinates of the final structure 
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(U-A-B) were also optimized at a fixed volume. The enthalpy of mixing of element B in the 

U-A system was then calculated as follows: 

∆Emixing = E(Un−2AB) + E(U) − E(Un−1A) − E(B) (4.1) 

E(Un−2AB) is the total energy of (n − 2)U atoms in a simulation cell of n sites with one atom 

of both A and B as the first nearest neighbor. E(Un−1A) is the total energy of (n − 1)U atoms in 

a simulation cell of n sites. E(B) and E(U) are the total energy per atom for B and U, 

respectively. A similar approach was adopted to calculate the enthalpy of mixing within the (i) 

Fe and (ii) Fe-Cr systems. Additional details of this computational approach, including the 

choice of U for GGA+U, has been reported elsewhere [21–23]. 

 

4.3 Results and Discussion 

4.3.1 As-cast and annealed structures of the Sb-Nd alloy 

 An evaluation of the Sb-Nd alloy in its as-cast condition found that the primary 

precipitate formations were observed to form in two different morphologies. One formation 

was needle-like and was noted to be dispersed throughout the alloy, while the other was 

globular and was observed to be distributed in clusters throughout the alloy. SEM images of 

the Sb-Nd as-cast alloy are shown in Figure 4.1 (a)–(d). The needle shaped precipitates were 

thin, being only a few microns wide and were 10–20 µm in length. The globular precipitates 

(shown in Figure 4.1 (b) and (d)) vary in size from between 5 µm up to 20 µm in diameter. 

EDS analysis, both point and elemental mapping, was performed on the section of the alloy 

shown in Figure 4.1 (b). Elemental map results are shown in Figure 4.1 (e), and the 

corresponding point analysis results are listed in Table 4.3.  
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Figure 4.1. (a)–(d) BSE micrographs of the Sb-Nd alloy in the as-cast condition at different 

magnifications. EDS point analysis results can be found in Table 4.3. (e) EDS elemental maps of the 

area imaged in (b).  

 

From the elemental maps in Figure 4.1 (e), the needle-like precipitates appear to contain 

Zr and Sb, whereas the globular precipitates contain Sb and Nd. From location-specific EDS 

analysis listed in Table 4.3, the larger globular precipitates (pts. 1–4) appear to be the Sb3Nd4 

phase, where the smaller globular precipitates (pts. 5–8) appear to be the SbNd phase. The 

needle-like precipitates (pts. 11–13) appear to be Zr2Sb. The detection of U at these analysis 

locations are likely the result of volume interaction of the electron beam with the surrounding 

matrix due to how thin the needle precipitates are. Zr-based inclusions are also observed (pts. 

9 and 10), primarily forming in proximity of the Sb-Nd precipitates. The preferential formation 

of Zr-containing second phases near Nd-based precipitates was also previously observed in the 

U-Zr-Te-Nd alloy [20]. Additionally, from Figure 4.1 (e) the matrix is observed to primarily 
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consist of U with Zr clustered throughout in solid-solution, which is shown as the light-grey 

areas in the SEM micrographs (pts. 14 and 15). This matrix characteristic appears to be typical 

of an as-cast U-Zr-based alloy. Figure 4.2 shows the diffraction patterns obtained from XRD 

analysis performed on the Sb-Nd alloy in both the as-cast and annealed condition; the latter 

condition is discussed further below. For the as-cast alloy the !-U, Sb3Nd4, SbNd, and Zr2Sb 

phases were identified. The UO2 phase was also identified, which is likely due to an oxide 

layer forming during analysis. Additional crystallographic details on the phases identified 

through XRD analysis are listed in Table 4.4. 

 
Figure 4.2. XRD patterns of the Sb-Nd alloy in both the as-cast and annealed condition. 

Crystallographic details of the phases can be found in Table 4.4.  

 

A large precipitate was also observed to form in the Sb-Nd alloy measuring 0.5 mm to 

1 mm across. The precipitate is visible in the SEM micrographs in Figure A.1 of the 

supplemental information section found in Appendix A. This large precipitate appears to be 

SbNd2, a more Nd-rich phase compared to the globular precipitates that were observed 

throughout the matrix. The SbNd2 phase is confirmed in Figure A-2, also in the supplemental 

information section, which displays the XRD pattern from analysis focused on the large 

precipitate. It is likely that a large concentration of the Nd added to the alloy is contained within 

the large precipitate and is likely why there was only a limited number of Sb-Nd precipitate 

clusters observed throughout the alloy. However, it is important to note that there was no 
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detection of an elemental Nd phase, indicating Nd was completely bound with Sb within the 

U-Zr matrix.  

 

Table 4.3. EDS points analysis results, in at.%, of the as-cast and annealed Sb-Nd alloy for locations 

depicted in Figure 4.1 (b) and Figure 4.3 (b).  

Pt. U Zr Sb Nd Phasea  Pt. U Zr Sb Nd Phasea 

 Figure 4.1 (b)   Figure 4.3 (b) 

1 0.3 4 39 56.5 Sb3Nd4  1 0.5 6 38 55 Sb3Nd4 

2 0.5 5 39 55 Sb3Nd4  2 0.7 6 39 54 Sb3Nd4 

3 1 7.5 39 52.5 Sb3Nd4  3 0.4 6 39 55 Sb3Nd4 

4 1 4 40 54 Sb3Nd4  4 0.5 8 38 54 Sb3Nd4 

5 1 6 45 47 SbNd  5 0.7 7 45 47 SbNd 

6 4 4 45 47 SbNd  6 1 6 46 47 SbNd 

7 1 4 46 49 SbNd  7 0.8 6 45 48 SbNd 

8 3 5 45 48 SbNd  8 0.7 6 46 48 SbNd 

9 5 91 1 2 Zr incl.  9 1 7 46 47 SbNd 

10 5 79 8 8 Zr incl.  10 3 65 31 1 Zr2Sb 

11 17 54 25 3.5 Zr2Sb  11 5 62 30 3 Zr2Sb 

12 17 51 27 4 Zr2Sb  12 85 10 4 2 !-U 

13 17 52 27.5 3 Zr2Sb  13 86 9 4 1 !-U 

14 52 41 5 0.7 U-Zrb  14 34 63 3 1 "-Zr2U 

15 53 42 4 0.8 U-Zrb  15 34 63 2 1 "-Zr2U 
asuggested phase based on EDS results 
bmatrix phase of the as-cast U-Zr alloy 

 

After annealing, both globular clusters and needle-like precipitate formations were 

observed in the Sb-Nd alloy, shown in the BSE images in Figure 4.3 (a) and (b). EDS elemental 

mapping and point analysis was performed in the same vicinity as shown in Figure 4.3 (b); the 

results of which can be found in Figure 4.3 (c) and Table 4.3, respectively. The globular and 

needle-like precipitates were again found to consist of Sb and Nd, and Zr and Sb, respectively. 

In the annealed alloy, the larger globular precipitates appear to consist of two different phases. 

Based on the elemental ratios from EDS point analysis, the center of the precipitates (pts. 1–

4) appear to be the Sb3Nd4 phase, while the darker outer section of the precipitates (pts. 5–7) 

appear to be the SbNd phase. Additionally, the smaller globular precipitates observed in the 

matrix appears to be the SbNd phase (pts. 8 and 9). The needle-like precipitates (pts. 10 and 

11) appear to be largely unchanged from the as-cast alloy, and again are likely the Zr2Sb phase. 
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A distinct change is observed in the matrix of the annealed alloy, which has separated into two 

distinct phases. The white phase (pts. 12 and 13) is primarily U, likely the !-U phase, whereas 

the dispersed light grey phase (pts. 14 and 15) appears to be the #-Zr2U phase. These phases 

were confirmed through XRD analysis of the annealed alloy, which is plotted in Figure 4.2. It 

is apparent in comparing the as-cast and annealed alloys, that the Sb-Nd and Zr-Sb phases 

remain relatively stable. The only major variation observed was that of the matrix, where the 

!-U and #-Zr2U phases became much more defined compared to the solid-solution observed 

in the as-cast alloy . 

 
Figure 4.3. (a) and (b) BSE micrographs of the Sb-Nd alloy in the annealed condition at different 
magnifications. EDS point analysis results can be found in Table 4.3. (c) EDS elemental maps of the 
area shown in (a), which overlaps with that imaged in (b).  
 

4.3.2 Annealed structure of the Te-Nd alloy  

Prior to discussing the Te-Nd alloy in its annealed condition, a brief description of the 

alloy in its as-cast condition is included here. In the work by Jerred et al. [20], which is Chapter 

3 of this dissertation, a detailed analysis of a similar alloy composition was made in the as-cast 

condition. Through EDS, XRD and transmission electron microscopy (TEM) analysis, the 

TeNd phase was confirmed to form within the alloy. Additionally, the Zr3Te phase was also 

found to form. However, no elemental Nd was observed within the alloy, implying that the 

alloy was likely Nd-poor and excess Te was bound with Zr to form the Zr-rich telluride 

compound. Further, there was formation of what appeared to be a U-Te-Nd ternary phase that 
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formed near pure Zr inclusions. Through TEM analysis it was determined that these 

precipitates were indeed the TeNd phase, confirmed through electron diffraction, with uranium 

likely dissolved within. The matrix of the as-cast alloy was also observed to be primarily !-U 

with Zr-rich regions clustered throughout in solid-solution; similar to that of the Sb-Nd as-cast 

alloy. 

 

Table 4.4. Crystallographic information of phases identified through XRD analysis in Figure 4.2 and 

Figure 4.5. 

Compound 
Space Group 

(Space Group No.) 
Cell parameters 

Alloya 

Sb-Nd 
As-cast 

Sb-Nd 
Annealed 

Te-Nd 
Annealed 

!-U [28] 
Cmcm (63), 

orthorhombic 

a = 0.286, b = 0.586, 

c = 0.496 [nm] 

! = $ = % = 90° 
x x x 

SbNd [29] Fm3*m (225), cubic 
a = b = c = 0.632 [nm] 

! = $ = % = 90° x x  

Sb3Nd4 [30] +4*3d (220), cubic 
a = b = c = 0.941 [nm] 

! = $ = % = 90° x x  

TeNd [31] Fm3*m (225), cubic 
a = b = c = 0.626 [nm] 

! = $ = % = 90°   x 

"-Zr2U [32] 
P6/mmm (191), 

hexagonal 

a = b = 0.503, c = 0.308 [nm] 

! = $ = 90°, % = 120°  x x 

Zr2Sb [33] 
I4/mmm (139), 

tetragonal 

a = b = 0.412, c = 1.58 [nm] 

! = $ = % = 90° x x  

UO2 [34] Fm3*m (225), cubic 
a = b = c = 0.548 [nm] 

! = $ = % = 90° x x x 

Au [35] Fm3*m (225), cubic 
a = b = c = 0.408 [nm] 

! = $ = % = 90° x x x 

adenotes the alloy the phase was identified in 
 

In its annealed condition, the Te-Nd alloy exhibits large, light grey globular precipitate 

formations within the matrix, each measuring between 5 to 20 µm in size. These precipitates 

are shown in the BSE micrographs of Figure 4.4 (a) and (b). There also appears to be a fine 

dispersion of dark grey precipitates, whereas the matrix is comprised of a two-phase 

morphology, a bright and light grey phase. The results of EDS mapping of the area shown in 

Figure 4.4 (b) can be found in Figure 4.4 (c). Here the large light grey precipitates appear to 

be Te-Nd containing phases and the fine dispersion of dark grey precipitates are Zr containing. 
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Point-specific EDS elemental analysis was conducted at locations depicted in Figure 4.4 (b) 

with the results listed in Table 4.5. The larger light grey globular precipitates (pts. 1–4) are 

likely that of the TeNd phase whereas the fine dark grey dispersion (pts. 5–7) are likely Zr 

inclusions. As for the matrix phases (pts. 8–13), they are likely both !-U and #-Zr2U as the 

bright and light grey phases, respectively. 

 
Figure 4.4. (a) and (b) BSE micrographs of the Te-Nd alloy in the annealed condition. EDS results are 

found in Table 4.5. (c) EDS elemental map results of the area depicted in (b). 

 

Table 4.5. EDS point analysis results, in at.%, of the Te-Nd alloy. Points correlate with locations 

identified in Figure 4.4 (b).  

Pt. U Zr Te Nd Phasea  Pt. U Zr Te Nd Phasea 

1 0.3 5 47 47 TeNd  8 86 8 2 0.9 !-U 

2 0.7 6 45 46 TeNd  9 87 9 2 0.5 !-U 

3 0.5 6 46 46 TeNd  10 86 9 2 0.7 !-U 

4 0.5 6 46 47 TeNd  11 35 61 1 0.5 "-Zr2U 

5 3 96 0.1 0.3 Zr incl.  12 35 63 0.8 0.7 "-Zr2U 

6 4 94 0.3 0.2 Zr incl.  13 35 63 1 0.4 "-Zr2U 

7 7 91 0.6 0.3 Zr incl.        
asuggested phase based on EDS results  

 

Through XRD analysis of the Te-Nd annealed alloy (plotted in Figure 4.5), the presence 

of TeNd, !-U and #-Zr2U phases are confirmed, with crystallographic details of the identified 

phases reported in Table 4.4. In comparing the results of the annealed alloy to the results of a 
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similar alloy in its as-cast condition reported by Jerred et al. [20] (Chapter 3), it is apparent the 

TeNd phase remains stable through annealing. Further, there is no indication of a formation of 

any Zr-Te phase, plausibly due to this section not being Nd-poor. It is again important to note 

that an elemental Nd phase was not observed, an indication that Nd is fully bound with Te. 

Additionally, there is no evidence of U-Te-Nd phase formations as was also observed by Jerred 

[20] and the TeNd precipitates that were observed to form alongside Zr inclusions in the 

annealed alloy (pts. 1 and 4), exhibit no appreciable concentration of U.  

 
Figure 4.5. XRD results of Te-Nd alloy in the annealed condition. Crystallographic details of the 

identified phases are listed in Table 4.4. 

 

4.3.3 Diffusion interactions of Nd/HT9  

 The Nd/HT9 diffusion couple is used to demonstrate the anticipated interaction of the 

U-Zr alloy with the cladding alloy HT9 once Nd has formed within the fuel. Further, it is 

important to characterize the interaction between these two base alloys before comparing the 

results to that of fuel alloys containing additives. It should be noted that this is an isothermal 

experiment and does not fully represent the thermal conditions within a reactor but can still be 

used to evaluate interactions driven by the thermodynamics of the system. Discussion on phase 

formation from the diffusion experiment will largely be based on EDS results, as XRD analysis 

performed at the interface resulted in only identification of the !-U phase; being the most 

dominant phase in the U-10Zr (wt.%) alloy. Phases formed within the interaction regions were 

likely too small or too low in concentration to be detectable above background of the XRD 
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plots. To that end, formations are only identified as being a certain phase only when the EDS 

data is consistent across multiple locations. Analysis of the Nd/HT9 diffusion couple shows 

considerable interaction has occurred between the U-10Zr-4Nd (wt.%) fuel alloy and HT9 

cladding alloy. The interaction region shows two distinct layer formations between the two 

alloys as observed in the BSE micrographs in Figure 4.6 (a) and (b). One layer consists of a 

light grey phase measuring 3 to 7 µm wide Figure 4.6 (b)), followed by a separate layer, having 

a morphology that deviates from that of the fuel alloy and measures ~60 µm wide (Figure 4.6 

(a)). EDS analysis was performed throughout the interaction region to determine the 

composition of the various formations and the results are listed in Table 4.6. Results of EDS 

elemental mapping of the different analysis areas are shown in Figure 4.6 (c) and (d), where 

Figure 4.6 (c) corresponds to the area imaged in Figure 4.6 (a) and the elemental maps in Figure 

4.6 (d) correspond to the area imaged in Figure 4.6 (b). The results of an EDS elemental line 

scan is plotted in Figure 4.6 (e), which corresponds to the location depicted in Figure 4.6 (b). 

For comparison SEM and EDS analysis of the U-Zr-Nd fuel alloy in an annealed condition, 

away from the diffusing interface, can be found in the supplemental information section of this 

chapter (Figure A.3 of Appendix A). From the analysis shown in Figure 4.6, the general fuel 

alloy was found to contain !-U and #-Zr2U phases (pts. 12,13 and 9–11, respectively). In 

comparing the fuel alloy to that of the large interaction region, the !-U phase is noted to be 

present (pts. 3 and 4), but the #-Zr2U phase is not observed. Instead, a U-Zr-Fe ternary phase 

appears to form (pts. 1 and 2), an indication of the diffusion of Fe into the fuel. It is likely this 

ternary phase is the $-phase that has been characterized by Nakamura et al. [36], and 

characterized by Fabrichnaya [37] as the %&-phase; having a composition of U-(21–25)Zr-6Fe 

(at.%). Additionally, both elemental Nd precipitates (pts. 5 and 6) and Zr-based inclusions (pts. 

7 and 8) are observed throughout the interaction region. The light grey phase observed to form 

at the interface in Figure 4.6 (b) is found to primarily contain U and Fe (Figure 4.6 (d)) and is 

likely the UFe2 phase (pts. 16–18).  
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Figure 4.6. Interaction region of the Nd/HT9 diffusion couple. (a) and (b) BSE micrographs of the 

interaction region at different magnifications. EDS point analysis results can be found in Table 4.6. (c) 

EDS elemental maps of the region in (a). (d) EDS elemental maps of the region in (b). (e) Results of 

elemental line analysis of location depicted in (b).  

 

A Cr-rich layer is noted to form on the cladding side of the UFe2 layer, while a Zr-rich 

layer is found to form on the fuel-side of this phase. These thin layer formations can be more 

easily discerned from the EDS line scan results in Figure 4.6 (e), but the elevated Cr and Zr 

concentrations in these layers are clear from pts. 14 and 15 and pts. 20 and 21, respectively. 

Beyond the Zr-rich layer, a non-continuous dark grey phase is observed to form, which appears 

to be a combination of U, Zr, Fe, and Cr. This phase, depicted by points 23–27, aligns with the 

'-phase, a U-Zr-Fe ternary phase also identified by Nakumura [36] (identified by Fabrichnaya 

[37] as the %(-phase), having a composition of U-(33–50)Zr-33Fe (at.%). A few Nd precipitates 

are also observed in close proximity to the interface (pts. 28 and 29), but they only contain a 
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small concentration of Fe (3–6 at.%). Further analysis of the phase formations within the larger 

section of the interaction region (Figure 4.6 (b)) confirm the likely formation of the $-phase 

(pts. 30–32) and that of the !-U phase (pts. 33–35). Overall, the composition change of these 

various layers and phases throughout the interaction region can be further visualized through 

the EDS line scan results shown in Figure 4.6 (e). 

 

Table 4.6. EDS point analysis results, in at.%, of the Nd/HT9 diffusion couple for the locations depicted 

in Figure 4.6 (a) and (b).  

Pt. U Zr Nd Fe Cr Phasea  Pt. U Zr Nd Fe Cr Phasea 

 Figure 4.6 (a)  Figure 4.6 (b) 

1 60 27 1 7 0.7 $  16 29 4 0.9 61 2 UFe2 

2 58 28 0.5 7 0.7 $  17 29 10 0.5 55 2 UFe2 

3 84 8 0.6 2 0.4 !-U  18 22 9 0.9 59 7 UFe2 

4 84 7 0.7 2 0.5 !-U  19 7 1 0.1 65 23 
Cr-rich 

layer 

5 0.1 6 89 1 0.8 Nd prec.  20 2 1 0 68 26 
Cr-rich 

layer 

6 2 7 85 1 1 Nd prec.  21 16 62 0.4 15 3 
Zr-rich 

layer 

7 4 91 1 0.3 0.2 Zr incl.  22 24 61 0.5 10 2 
Zr-rich 

layer 

8 3 93 0.3 0.3 0.3 Zr incl.  23 12 32 0.3 34 18 ' 

9 34 61 0.5 0.8 0.3 #-Zr2U  24 13 32 0.2 34 18 ' 

10 33 60 1 1 0.3 #-Zr2U  25 13 32 0.2 33 20 ' 

11 34 61 0.7 0.6 0.4 #-Zr2U  26 15 31 0.3 36 14 ' 

12 84 7 0.9 2 0.6 !-U  27 23 42 0.9 27 0.8 ' 

13 85 7 0.3 1 0.5 !-U  28 14 12 60 6 3 Nd prec. 

14 0 1 0.2 85 12 HT9  29 2 9 82 3 1 Nd prec. 

15 0 0.8 0.1 84 14 HT9  30 58 27 1 7 2 $ 

        31 59 27 0.5 7 2 $ 

        32 59 27 0.7 8 2 $ 

        33 83 7 0.6 2 0.7 !-U 

        34 82 7 1 2 1 !-U 

        35 83 7 0.7 2 0.9 !-U 

asuggested phase based on EDS results 
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For a more in-depth discussion on the formation of U-Zr-Fe ternary phases and the 

interaction layers that form in diffusion experiments between a standard U-10Zr (wt.%) fuel 

alloy and a Fe-Cr alloy, the reader is directed to references 36–39, whereas only a brief 

summary is provided here. It has been observed that cladding alloys containing Cr tend to 

exhibit a greater level of inter-diffusion with uranium-based fuels in comparison to pure Fe, 

however Fe-Cr alloys tend to exhibit far less interaction compared to Fe-Cr-Ni alloys, e.g. 

austenitic stainless steels [38,39]. The formation of the Cr-rich layer observed on the cladding 

side of the interface in Figure 4.6 (a) and (b) is largely attributed to the sluggish diffusion of 

Cr from the cladding compared to Fe, which has diffused into the fuel [38]. The formation of 

the Zr-rich layer on the fuel alloy side of the interface is believed to be the result of a breakdown 

of the #-Zr2U phase, and in turn becomes stabilized by impurities, such as nitrogen, oxygen, 

and carbon, dissolved within the fuel or cladding alloys. The formation of the U-Fe layer is 

believed to occur on the cladding side of the interface and is likely due to the diffusion of U 

through the Zr-rich layer [39–44]. This would further explain the observation that the 

interaction region lacks any formation of the #-Zr2U phase.  

Another section of the interaction region of the Nd/HT9 diffusion couple is shown in 

Figure 4.7 with the corresponding EDS point analysis results reported in Table 4.7. A Nd 

precipitate is observed at the fuel-cladding interface (Figure 4.7 (b)). EDS elemental maps of 

the area denoted in Figure 4.7 (a) are shown in Figure 4.7 (c). The interaction region, extending 

20 to 40 µm away from the interface, is shown in Figure 4.7 (a) and exhibits similar phase 

formations to those observed in Figure 4.6. The Nd precipitate (pts. 1 and 2) shows limited 

concentration of Fe and Cr, 3–6 at.% and 5 at.%, respectively. Further, Nd appears to have also 

diffused slightly into the HT9 alloy, exhibiting a concentration of 5 at.% and 9 at.% at points 

3 and 4, respectively. However, it does not appear that an exact Fe-Nd phase has stabilized as 

neither point aligns with a stoichiometric Fe-Nd compound, Fe17Nd2 or Fe17Nd5. Previous 

research on the direct interaction of Nd and HT9 [16], which is also contained in Chapter 2 of 

this dissertation, found that the phase formation on the HT9 side of the diffusing interface was 

the Fe17Nd2 compound, whereas the Fe17Nd5 compound was found to form on the fuel side. 

From points 5 and 6 of Figure 4.7 (b), the interaction layer along the diffusing interface is 

observed to decrease in its Nd concentration, whereas the U concentration increases. However, 

this region does not align with a stoichiometric U-Fe compound, such as UFe2 which was 
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previously observed in Figure 4.6. At this analysis location Zr inclusions (pts. 7–9), the $-

phase (pts. 10 and 11), and the !-U phase (pt. 12) were again observed to form. Interestingly, 

the '-phase was not detected and the UFe2 phase was only found to form near the bottom of 

the BSE micrograph of Figure 4.7 (a). 

 
Figure 4.7. Interaction region of the Nd/HT9 diffusion couple displaying an Nd precipitate at the 

diffusing interface. (a) and (b) BSE micrographs of the interaction region at different magnifications. 

EDS point analysis results are listed in Table 4.7. (c) EDS elemental line scan results of the location 

depicted in (b). (d) EDS elemental maps of the region depicted in (a).  

 

4.3.4 Diffusion interactions of Sb-Nd/HT9 

 SEM micrographs of one section of the Sb-Nd/HT9 diffusion couple interface is shown 

in Figure 4.8 (a) and (b). EDS elemental maps of Figure 4.8 (b) are shown in Figure 4.8 (c) 

and the corresponding point analysis results is reported in Table 4.8. Visually, the interface 

indicates some layer formation, and upon evaluation of the EDS maps (Figure 4.8 (c)), there 

appears to be primarily a Zr-rich layer. Needle-like precipitates, as previously observed in the 

Sb-Nd alloy, were found to form alongside a large globular precipitate near the interface. The 
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globular precipitate, measuring ~10 µm across, appears to be comprised of Sb and Nd and is 

likely the SbNd phase (pts. 1 and 2). The needle-like phases, measuring a few microns in width 

and ~10 µm long, are primarily comprised of Zr and Sb and are likely the Zr2Sb phase (pts. 3 

and 4). Other needle-like precipitates in the analysis area (pts. 7–10) were also found to align 

with the Zr2Sb phase. 

 

Table 4.7. EDS point analysis results, in at.%, of the Nd/HT9 diffusion couple for the locations depicted 

in Figure 4.7 (b).  

Pt. U Zr Nd Fe Cr Phasea 

1 0.2 5 87 3 5 Nd prec. 

2 3 13 73 6 5 Nd prec. 

3 2 10 5 70 13 Fe-Nd 

4 5 20 9 53 13 Fe-Nd 

5 8 3 0.9 75 14 U in HT9 

6 10 5 1 71 13 U in HT9 

7 8 89 1 1 0.5 Zr incl. 

8 5 93 1 1 0.3 Zr incl. 

9 4 92 2 1 0.5 Zr incl. 

10 59 32 2 6 1 $ 

11 60 31 2 6 2 $ 

12 86 8 3 2 1 !-U 
asuggested phase based on EDS results 

 

A separate section of the Sb-Nd/HT9 diffusion couple was analyzed showing a mix of 

precipitates directly at the interface. SEM micrographs of the analysis area are shown in Figure 

4.9 (a) and (b). EDS analysis was performed within the region imaged in part (b), where the 

EDS elemental line scan and map results are shown in Figure 4.9 (c) and (d), respectively. 

Results from the EDS point analysis of locations depicted in Figure 4.9 (b) are listed in Table 

4.8. Several smaller globular precipitates are observed at this interface location and these are 

also likely the SbNd phase (pts. 22–26). The small globular precipitate directly at the diffusing 

interface (pt. 26), although indicating both Zr and Fe, is found to have a 1:1 atomic ratio of Sb 

and Nd and is likely the SbNd phase as well. The presence of these other elements is likely due 

to both the small size of the precipitate and its close proximity to the Zr-rich layer and cladding 
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alloy. There are also a few dark globular phases (pts. 27 and 28), which appear to be pure Zr 

inclusions, whereas the needle-shaped phase formations observed throughout the region are 

again likely the Zr2Sb phase (pts. 29 and 30).  

 
Figure 4.8. (a) and (b) SEM BSE micrographs of the diffusing interface of the Sb-Nd/HT9 diffusion 

couple. EDS point analysis results are listed in Table 4.8. (c) EDS elemental maps of the area imaged 

in (b).  

 

The matrix of the Sb-Nd/HT9 diffusion couple appears to show no variations up to the 

diffusing interface unlike that of the Nd/HT9 diffusion couple where an interaction region was 

clearly observed to form, the result of Fe diffusing into the fuel. However, the diffusion of Fe 

into the U-Zr-Sb-Nd alloy is still suspected to have occurred but at a far lower degree. This is 

evident from EDS point analysis data of the matrix phase. At or near the interface, the !-U 

phase is found to contain 4–9 at.% Fe (pts. 11, 12 and 31) whereas locations some distance 

away from the interface do not (pts. 13, 32 and 33). The lack of gross interaction in the Sb-

Nd/HT9 diffusion couple is further evident by the presence of a #-Zr2U phase within the fuel 

alloy up to the interface (pts. 14–16, 34 and 35). This phase was not observed within the 

interaction region of the Nd/HT9 diffusion couple as it had likely broken down and led to the 

formation of U-Zr-Fe compounds from the diffusion of Fe into the fuel. A Zr-rich layer is again 

observed to have formed at the interface of the Sb-Nd/HT9 diffusion couple, which is evident 

from Figure 4.8 (c) and Figure 4.9 (c) and (d). EDS point analysis of the Zr-rich layer is found 



 103 

to contain U and Fe, but the composition of U, Zr and Fe is not consistent (pts. 17, 18 and 36–

39). Further, the compositions do not align with any known U-Zr-Fe ternary phase. Given the 

size of the layer, the U and Fe concentrations may be attributed to the interaction volume from 

EDS analysis given the close proximity of the layer to both the fuel and cladding matrix phases. 

Another notable difference from the Nd/HT9 diffusion couple is the lack of interaction between 

U and Fe. Previously, the UFe2 phase, was observed to have likely formed on the cladding side 

of the interface. However, here analysis of the HT9 matrix, both right next to the interface (pts. 

19, 20 and 40) and at locations away from it (pts. 21 and 41), indicates there is little to no 

variation in the composition and no fuel-based constituents are present. 

 
Figure 4.9. (a) and (b) SEM BSE micrographs of the diffusing interface of the Sb-Nd/HT9 diffusion 

couple. EDS point analysis results are listed in Table 4.8. (c) EDS elemental line scan results of the 

area depicted in (b). (d) EDS elemental maps of the area imaged in (b). 
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Table 4.8. EDS point analysis results, in at.%, of the Sb-Nd/HT9 diffusion couple for the locations 

depicted in Figures 4.8 (b) and 4.9 (b).  

Pt. U Zr Sb Nd Fe Cr Phasea  Pt. U Zr Sb Nd Fe Cr Phasea 

Figure 4.8 (b)  Figure 4.9 (b) 

1 1 8 44 45 0.5 1 SbNd  22 5 4 43 42 2 4 SbNd 

2 1 8 44 45 1 1 SbNd  23 6 7 43 40 1 3 SbNd 

3 12 56 27 5 1 0.5 Zr2Sb  24 1 3 46 45 1 3 SbNd 

4 5 58 31 6 0.5 0.6 Zr2Sb  25 1 3 46 46 0.9 4 SbNd 

5 9 83 6 1 0.7 0.2 Zr incl.  26 5 31 27 26 7 4 SbNd 

6 3 90 2 2 0.5 0.4 Zr incl.  27 7 90 1 0.8 0.7 0.3 Zr incl. 

7 7 59 31 1 2 0.2 Zr2Sb  28 18 78 2 1 0.8 0.5 Zr incl. 

8 7 60 29 4 0.6 0.1 Zr2Sb  29 14 51 26 6 1 1 Zr2Sb 

9 12 56 26 4 1 0.5 Zr2Sb  30 32 43 21 2 1 0.3 Zr2Sb 

10 3 62 32 1 0.7 0.2 Zr2Sb  31 83 4 6 0.7 5 1 !-U 

11 82 9 4 0.8 4 0.7 !-U  32 85 5 6 0.9 2 1 !-U 

12 72 13 3 1 9 3 !-U  33 86 5 6 0.7 2 2 !-U 

13 84 9 4 1 1 1 !-U  34 34 59 4 0.3 2 0.6 #-Zr2U 

14 32 63 3 0.4 1 0.5 #-Zr2U  35 33 60 4 0.7 1 0.7 #-Zr2U 

15 31 61 4 0.6 2 0.8 #-Zr2U  36 5 60 9 7 15 4 
Zr-rich 
layer 

16 32 63 3 0.3 1 0.3 #-Zr2U  37 6 68 5 3 15 3 
Zr-rich 
layer 

17 27 50 0.6 0.4 19 3 
Zr-rich 
layer  38 4 41 1 0.9 45 8 

Zr-rich 
layer 

18 15 63 0.2 0.3 18 4 
Zr-rich 
layer  39 8 59 1 0.2 27 7 

Zr-rich 
layer 

19 0 2 0 0.1 11 87 HT9  40 0 0.9 0 0.1 87 12 HT9 

20 0.5 3.4 0 0.1 10 85 HT9  41 0 0.4 0.1 0.2 87 12 HT9 

21 0 1 0 0.3 12 86 HT9          
asuggested phase based on EDS results 

 

4.3.5 Diffusion interactions of Te-Nd/HT9  

A light grey globular precipitate measuring ~10 µm in diameter, similar to the TeNd 

precipitates observed in the Te-Nd annealed alloy, was observed at the interface of the Te-

Nd/HT9 diffusion couple. SEM micrographs of the analysis area are shown in Figure 4.10 (a) 

and (b). EDS analysis was performed at locations indicated in Figure 4.10 (b), with the results 
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listed in Table 4.9. The EDS line scan results are shown in Figure 4.10 (c) and EDS elemental 

maps of the area imaged in part (b) being shown in Figure 4.10 (d). The large globular 

precipitate (pts 1–3) is likely the TeNd phase, which was previously observed in the as-cast 

alloy as well [20]. Even with the precipitate being located directly at the interface, there does 

not appear to be any interaction with cladding constituents; an indication of the stabilizing 

effects Te has on Nd.  

 
Figure 4.10. (a) and (b) BSE micrographs of the diffusing interface of the Te-Nd/HT9 diffusion couple. 

EDS point analysis results are listed in Table 4.9. (c) EDS elemental line scan results of the area 

depicted in (b). (d) EDS elemental maps of the area imaged in (b). 

 

There is a Zr-rich layer formation observed at the interface (Figure 4.10 (c) and (d)), 

however, from the elemental maps this layer appears to be only somewhat continuous across 

the TeNd precipitate. Point analysis of the Zr-rich layer (pts. 15–19) again does not indicate 

much consistency in the composition except for being Zr-rich. However, the Fe and Cr ratio 

of the point data from the Zr-rich layer appears to be consistent with the atomic ratio of Fe and 
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Cr in the HT9 alloy being 7:1 (see Table 4.1). This would indicate volume interaction with the 

HT9 matrix during the EDS analysis. Additionally, point 17 shows a Te:Nd ratio close to 1:1, 

in addition to a high Zr concentration, which is due to its proximity to both the TeNd precipitate 

and Zr-rich layer. A dispersion of dark grey precipitates, measuring only a few microns in size, 

are also visible throughout the area (pts. 5–8) and they appear to be Zr-based inclusions. The 

fuel alloy matrix appears to be comprised of both the !-U (pts. 11–14) and #-Zr2U (pts. 9 and 

10) phases. The #-Zr2U phase again appears be intact all the way up to the interface, similar to 

the observations of the Sb-Nd/HT9 diffusion couple and deviating from the observations of 

the Nd/HT9 diffusion couple.  

 

Table 4.9. EDS point analysis results, in at.%, of the Te-Nd/HT9 diffusion couple for the locations 

depicted in Figure 4.10 (b). 

Pt. U Zr Te Nd Fe Cr Phasea  Pt. U Zr Te Nd Fe Cr Phasea 

1 0.7 7 45 45 2 0.8 TeNd  12 86 8 2 0.9 2 0.8 !-U 

2 0.5 6 46 45 1 0.7 TeNd  13 74 13 2 1 8 2 !-U 

3 0.7 6 47 45 1 0 TeNd  14 77 9 2 0.7 9 2 !-U 

4 14 19 34 31 3 0.1 TeNd  15 4 44 0.3 0.7 44 7 
Zr-rich 
layer 

5 18 81 0.2 0.4 0.7 0.2 Zr incl.  16 10 76 0.6 0.5 11 2 
Zr-rich 
layer 

6 19 78 0.7 0.7 0.9 0.4 Zr incl.  17 1 36 23 20 17 3 
Zr-rich 
layer 

7 17 82 0.5 0.4 0.2 0 Zr incl.  18 13 73 0.6 0.3 11 3 
Zr-rich 
layer 

8 14 79 6 0.6 0.5 0 Zr incl.  19 12 65 0.5 0.4 18 4 
Zr-rich 
layer 

9 32 64 2 0.7 2 0 #-Zr2U  20 0.4 2 0 0.1 84 13 HT9 

10 34 62 0.9 0.5 2 0.6 #-Zr2U  21 0 3 0 0.1 85 12 HT9 

11 83 11 2 1 2 0.9 !-U  22 0 1 0.1 0.2 86 13 HT9 
asuggested phase based on EDS results 

 

Analysis of the !-U phase near the interface (pts. 13 and 14) does indicate elevated 

concentrations of both Fe and Cr (8–9 at.% and 2 at.%, respectively) compared to areas away 

from the interface (pts. 11 and 12). It is believed that the Fe concentration in the !-U phase is 

the result of Fe diffusion into the fuel alloy and not the result of volume interaction from EDS 
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analysis. If it were due to the latter, the Zr concentration would also likely be elevated given 

their proximity to the Zr-rich layer. However, the Zr concentration appears to be similar across 

all analysis locations that correspond to the !-U phase (pts. 11–14). Although Fe appears to 

have diffused into the fuel alloy, it is apparent that the level of diffusion is limited, and it is 

only co-located within the uranium phase. Additionally, there does not appear to be any 

formation of U-Zr-Fe ternary phases within the U-Zr-Te-Nd alloy, further indicating the level 

of Fe diffusion into the fuel alloy was low. On the cladding side of the interface, the HT9 

appears to be unchanged exhibiting a consistent composition at several locations (points 20–

22). 

 

4.3.6 Interactions based on DFT calculations 

 DFT-based calculations can give a thermodynamic assessment of the tendency of 

different compounds to form. Here several systems are analyzed with the addition of Sb and 

Te to assess the tendency of such additive-based compounds to form. Systems are labeled in 

such a way that for compositions in the form of A-C and A-B-C, the enthalpy of mixing of C 

within each system is estimated by taking A and A-B as reference systems initially. For 

example, enthalpy of mixing for Cr in a first nearest neighbor position to Zr within a U-Zr 

reference system is 0.88eV. Additional mixing enthalpies of the various systems analyzed are 

listed in Table 4.10. The enthalpy of mixing of Te in the Fe matrix, system (i), and in the Fe-

Cr matrix, system (ii), was calculated to be 0.96 eV and 1.02 eV, respectively. For the Sb 

additive, the enthalpy of mixing in systems (i) and (ii) was calculated to be 0.51 eV and 0.61 

eV, respectively. The slightly positive enthalpy of mixing value of Te and Sb in the Fe matrix, 

with and without Cr, indicates both Te and Sb exhibit a decreased tendency to bind with these 

cladding constituents. It can then be further implied that both Te and Sb will exhibit a decreased 

tendency to interact with the HT9 cladding alloy in general. It should be noted that the lack of 

interaction between the additives and the cladding alloy is a critical metric for the selection of 

a suitable fuel additive. Further, the mixing enthalpies of Te and Sb in the U-matrix, system 

(iii), is also found to be positive being 0.52 eV and 0.99 eV, respectively. With the addition of 

Zr, i.e. U-Zr (system (iv)), the mixing enthalpies of Te and Sb change to negative values; -0.28 

eV and -0.40 eV, respectively. This change in mixing enthalpy is an indication that Zr may 

help to stabilize both additives within the U-Zr matrix. 
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Table 4.10. Enthalpy of mixing values for different elements in fuel and cladding matrices. 

Composition Enthalpy of mixing (eV) Composition Enthalpy of mixing (eV) 

Fe-Te 0.96 Fe-Cr-Te 1.02 

Fe-Sb 0.51 Fe-Cr-Sb 0.61 

U-Te 0.16 U-Zr-Te -0.28 

U-Sb 0.13 U-Zr-Sb -0.4 

U-Fe 0.52 U-Zr-Fe 0.41 

U-Cr 0.99 U-Zr-Cr 0.88 

 

In evaluating Fe and Cr in system (iii), the U-matrix without Zr, the enthalpies of 

mixing values are positive, 0.52 eV and 0.99 eV, respectively. With the addition of Zr into the 

matrix, i.e. system (iv), minimal change is observed in the enthalpies of mixing, 0.41eV and 

0.88 eV for Fe and Cr, respectively. Therefore, based on the calculated negative enthalpy of 

mixing values in Table 4.10, only in the U-Zr-X systems, where X = Te or Sb, is the formation 

of Zr-X compounds predicted, aligning with experimental observations, where the Zr2Sb [14] 

and Zr2Te [20] compounds were observed to form in the U-Zr-Sb and U-Zr-Te alloys, 

respectively. In Table 4.11 the enthalpies of mixing is further evaluated for several systems in 

the presence of Nd. The enthalpy of mixing for Fe and Cr at the first nearest neighbor position 

to Nd within a U-Nd system are calculated to be -1.71 eV and -2 eV, respectively. The negative 

enthalpies of mixing of Cr and Fe in the system with Nd indicates that Nd would tend to 

stabilize Fe and Cr in the fuel matrix. Additionally, the mixing enthalpies of Te and Sb in the 

U-Nd system are -3.23 eV and -3.12 eV, respectively. Based on the significantly more negative 

enthalpy of mixing values for Te and Sb in the U-Nd system, compared to Fe and Cr, it can be 

inferred that there would be a higher tendency to form Nd-X precipitates, where X = Te or Sb, 

compared to Fe-Nd and Cr-Nd precipitates. This is confirmed experimentally by the 

observation of SbNd and Sb3Nd4 precipitates (Figure 4.3) and TeNd precipitates (Figure 4.4) 

in annealed U-Zr-Sb-Nd and U-Zr-Te-Nd alloys, respectively, and at or near the diffusion 

interface (Figure 4.9 and Figure 4.10) of the diffusion couples, respectively. It is notable that 

both Te and Sb retain strong negative enthalpies of mixing within the U-Nd matrix in the 

presence of Zr, calculated to be -1.46 eV and -1.5 eV for Te and Sb, respectively. 

Overall, DFT calculated enthalpies of mixing supports the experimental observations 

that the primary constituents of HT9, i.e. Cr and Fe, can readily interact with the fuel matrix in 
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the presence of the lanthanide, Nd. However, when additives Te and Sb are present in the fuel 

matrix, their interactions with Nd should be thermodynamically the greatest of all, forming 

stable compounds with Nd.   

 

Table 4.11. Enthalpy of mixing values of different fuel-based compounds with Nd.  

Composition Enthalpy of mixing (eV) Composition Enthalpy of mixing (eV) 

U-Nd-Cr -2 U-Nd-Zr-Te -1.46 

U-Nd-Fe -1.71 U-Nd-Zr-Sb -1.5 

U-Nd-Te -3.23     

U-Nd-Sb -3.12     

 

4.3.7 Comparison of annealed structures 

One major difference observed between the Te-Nd alloy and the Sb-Nd alloy appears 

to be in the additive-based phase formations within the fuel alloys. The Sb-Nd alloy, under 

both as-cast and annealed conditions, showed the formation of SbNd, Sb3Nd4 and Zr2Sb 

precipitates, where the Te-Nd alloy showed the formation of only TeNd precipitates. Here it is 

important to note that elemental Nd was not observed to form in either alloy, thus the 

lanthanide element is fully binding with the additive element. Furthermore, the formation of 

the additive-Nd precipitates is also likely taking precedence over the formation of additive-Zr 

precipitates due to the former exhibiting more favorable formation energies with Te [20] and 

Sb [16]. Therefore, the formation of additive-Zr precipitates is likely because the additive-

lanthanide atomic ratio of 1:1 is not being maintained in that analysis area and thus excess 

additive has led to the formation of additive-Zr precipitates. This is primarily evident in the 

Sb-containing alloys where the Zr2Sb compound was observed to form. The formation of Zr-

based intermetallic compounds, such as Zr2Sb, removes Zr from the U-Zr matrix, which can 

have deleterious effects on fuel performance. For example, less Zr present will lower the 

solidus/liquidus temperatures of the fuel, and FCCI due to U-Fe interactions will increase. To 

negate this, a higher concentration of Zr has been added to fuel-additive alloys for irradiation 

[45,46]. However, additional Zr was not necessary in these out-of-pile experiments, though. 

Neither fuel melting or long term FCCI are concerns, and the optimal amount of Zr to include 

has not been determined and will likely be additive specific. 
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4.3.8 Comparison of diffusion interactions 

In the Nd/HT9 diffusion couple experiment several interaction layers were observed to 

form, similar layer formations were also observed by Lee et al. [41] and Keiser et al. [39]. The 

presence of some U-Zr-Fe ternary phases were also observed in the Nd/HT9 diffusion couple, 

these phases have been previously detailed by Nakamura et al. [36,38]. Analysis of the Sb-

Nd/HT9 and Te-Nd/HT9 diffusion couples found only a slight amount of interaction being 

observed between the additive-based fuel alloys and HT9. Furthermore, it appears the SbNd 

and TeNd phases remain unperturbed through the diffusion experiments, exhibiting no signs 

of interaction with cladding constituents even when these phases were observed to form 

directly at the interface. The observed stability of the SbNd phase in the presence of HT9 is 

consistent our previous research [16] (detailed in Chapter 2) that directly evaluated the 

diffusion interactions between SbNd and Sb3Nd4 with HT9. Additionally, the Zr2Sb 

precipitates appear to also remain unperturbed, and although present at the interface, exhibit 

no interaction with cladding constituents as well. It is interesting that the Sb-Nd/HT9 and Te-

Nd/HT9 diffusion couples show drastically different results at the diffusing interface compared 

to the Nd/HT9 diffusion couple as all three experiments were carried out under similar 

experimental conditions. In particular, the diffusion of Fe into the fuel was observed to be 

limited, being detected only within the !-U matrix phase near the interface in the additive-

based fuels whereas the diffusion of Fe was very evident in the Nd/HT9 diffusion couple. This 

may be attributed to the formation of a thicker, more robust Zr-rich layer at the interface in the 

additive-containing fuel alloys, which in turn may be acting as a diffusion barrier. The 

formation of such a Zr-rich layer has been attributed to acting as a diffusion barrier in previous 

research [39,42]. Further, Kaity et al. [42] described that the more intact the Zr-rich layer, the 

more it acts as a diffusion barrier limiting cladding and fuel constituent interactions. However, 

it should be noted the Zr-rich layer was also observed to form at the interface of the Nd/HT9 

diffusion couple, but it appears to be thinner compared to the layer formed in the additive-

based fuel alloys, which appears to be several microns thicker. A breakdown or disruption in 

this layer has also been observed to result in an increase in the level of interaction between the 

cladding and fuel constituents [41]. The formation of the Zr-rich layer has previously been 

described as the result of the breakdown of the #-Zr2U phase within the fuel matrix. However, 

there does not appear to be a significant breakdown of the #-Zr2U phase within the additive-
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based fuel alloys, at least not to the degree observed in the Nd/HT9 diffusion couple. Upon 

closer examination of the interface regions of the Sb-Nd/HT9 and Te-Nd/HT9 diffusion 

couples, a region directly adjacent to the Zr-rich layer on the fuel side of the interface may 

actually be devoid of the #-Zr2U phase, which may be an indication some breakdown had 

occurred promoting the formation of the Zr-layer. It is not fully understood at this time the 

level of #-Zr2U breakdown that is needed to facilitate a robust Zr-layer formation. Further, the 

Zr-layer is believed to be stabilized by impurities, such as nitrogen, and the amount of such 

impurities in either the fuel or cladding alloy is unknown. Even though all of the fuel alloys 

were fabricated under similar processes and the cladding alloy was the same for all 

experiments, a variation in impurities between the three fuel alloys cannot be ruled out as the 

concentration of such light elements were not measured directly. Upon an exhaustive literature 

search, there does not appear to be detailed research on exactly how the Zr-rich layer forms. 

Instead, most researchers explain its formation indirectly, based on observations made in their 

respective experiments, thus there are varying descriptions in the literature on its formation. 

The formation of this layer should be explored more directly through more targeted 

experiments.  

The DFT calculations carried out may provide added insight on the diffusion-driven 

interactions observed experimentally. However, performing enthalpy of mixing calculations 

beyond a four-component system, e.g. U-Zr-Nd-Te-Fe or U-Zr-Nd-Sb-Fe, becomes much 

more difficult. Instead, insight can be gleaned from evaluating the different components 

within the U-Zr system alone. In the additive-containing fuel alloys the !-U matrix phase 

appears to contain appreciable concentrations of Sb and Te, depending on the alloy. The 

concentration is shown to be 3–6 at.% for Sb and ~2 at.% for Te (Table 4.8 and 4.9). Now 

comparing the enthalpies of mixing of the U-Zr-Sb and U-Zr-Te systems to that of U-Zr-Fe 

system, the former are shown to be more negative, i.e. more favorable. It should be noted that 

such DFT-based calculations provide an indication of the thermodynamics of the system and 

the tendency of a phase to form and does not provide an indication of the kinetics of the 

system, i.e. diffusion. However, the lower thermodynamics of the U-Zr-Fe system, compared 

to the U-Zr-Sb and U-Zr-Te systems, may lead to a lack of driving force for Fe to diffuse into 

the additive-containing fuel alloys.  
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In any case, one of the primary variations observed between the three diffusion 

experiments carried out in this research is the level of Fe and U diffusion and the subsequent 

phase formations. To review the interaction of the cladding alloy HT9 and U-10Zr (wt.%) 

fuel alloy more directly, the reader is directed to work by Lee et al. [41]. 
 

4.4 Conclusion 

 Both Sb and Te are potential additives proposed to mitigate the onset of FCCI and this 

research evaluated both within the U-10Zr (wt.%) matrix containing Nd to simulate the 

formation of solid FPs within the fuel. Further, the stability of the additive-lanthanide 

precipitates were evaluated through analysis of the alloys, i.e. U-10Zr-3.6Sb-4Nd and U-10Zr-

4.3Te-4Nd (wt.%), in their annealed conditions. The diffusion experiment between U-10Zr-

4Nd and HT9 provided a base line for the expected interactions between the fuel alloy and the 

cladding alloy. Similar isothermal diffusion experiments were carried out with the inclusion of 

Sb and Te additives, i.e. U-Zr-Sb-Nd/HT9 and U-Zr-Te-Nd/HT9, and the diffusion interaction 

between the fuel alloys and HT9 was found to change. Contrary to the Nd/HT9 diffusion 

couple, the additive-containing diffusion couples exhibited only limited Fe diffusion into the 

fuel alloy and the formation of a more distinct Zr-rich layer at the diffusion interface. 

 Overall, the experiments carried out in this work represent progress in the 

understanding of Sb and Te as additives to mitigating the onset of FCCI in the U-10Zr (wt.%) 

fuel alloy. Further, the diffusion experiments here were isothermal and thus does not fully 

represent the complete diffusion kinetics that the fuel and cladding system would undergo 

during normal reactor operation. However, the results presented in this research demonstrate 

that Sb and Te remain promising additives and should continue to be evaluated. 
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CHAPTER 5  

EVALUATION OF ARSENIC AS A FUEL-BASED ADDITIVE IN THE 

U-Zr FUEL SYSTEM AND ITS INTERACTIONS WITH NEODYMIUM  

 

Abstract. Arsenic (As) has been proposed through previous modeling-based research as a 

potential additive for the U-Zr metallic fuel system to mitigate fuel-cladding chemical 

interaction (FCCI). A U-10Zr-2.6As-4Nd (wt.%) alloy was fabricated to observe and 

characterize the interactions between As and the lanthanide Nd in a U-Zr matrix. The high 

temperature NdAs phase was observed to form as precipitates within the alloy, both in its as-

cast and annealed conditions. No other As-based phases were observed to form indicating the 

tendency of As to bind with Nd. Both elemental Nd and Nd-rich precipitates were observed, a 

potential indication the fabricated alloy was additive-poor. To evaluate the effectiveness of As 

to bind with Nd and alleviate its interaction with the cladding alloy HT9, an isothermal 

diffusion couple experiment was carried out between the As-based fuel alloy and the HT9 

alloy. An analysis of the diffusion couple interaction region showed the formation of a Zr-rich 

layer at the diffusing interface along with the diffusion of Fe from HT9 and into the fuel alloy. 

Several U-Zr-Fe ternary phases were observed to form within the interaction region, a result 

of Fe diffusion. Despite the diffusion of Fe into the fuel alloy, no interaction was observed to 

occur between NdAs precipitates and cladding-based constituents, an indication of the 

stabilizing effects As has on Nd. This research details the initial experimental work evaluating 

As as a fuel-based additive and the results indicate it has promise and should continue to be 

evaluated.  
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5.1 Introduction 

Prior atomistic modeling and experimental studies conducted by our research group 

indicate that both As and Se have great potential as additives to bind with Nd and mitigate its 

participation in phenomenon known as fuel-cladding chemical interaction (FCCI) [1–3]. 

Initially, an evaluation of the intrinsic properties of both additive and lanthanide elements, such 

as, electronegativity, covalent radius and electron configuration, were found to be strong 

indicators of their propensity to form intermetallic compounds [1]. Such intrinsic properties of 

several additives and lanthanides of interested have been tabulated in Table 5.1. This was 

followed by models evaluating the enthalpy of mixing of additives (i.e. Tl, In, Ga, Sb, Te, Sn, 

Pd, As, and Se) with the primary lanthanide elements found to form as fission products in U-

Zr fuel during burnup (i.e. Nd, Ce, Pr, and La). Calculations were performed evaluating the 

additive and lanthanide elements within the uranium matrix (i.e. U-Ln-X system, where ‘Ln’ 

denotes lanthanide elements and ‘X’ denotes additive elements) to give insight in to their 

compound forming tendencies. Figure 5.1 shows plots of the enthalpy of mixing of the 

additives calculated within the U-Ln matrix with respect to the additive’s electronegativity 

(Figure 5.1 (a)) and the additive’s covalent radius (Figure 5.1 (b)) [2]. From Figure 5.1 both 

As and Se are observed to exhibit a highly negative enthalpy of mixing with the lanthanide 

elements evaluated, i.e. exhibit a greater tendency to form compounds. Additional background 

on the experimental research carried out thus far evaluating both As and Se can be found in 

Appendix B.  

 
Table 5.1. Intrinsic properties of select additive and lanthanide elements [4]. 

 
Electronegativity 

[Pauling scale] 
Covalent 

Radius [pm] Electron Configuration 

As 2.18 119 [Ar] 3d10 4s2 4p3 

Se 2.55 116 [Ar] 3d10 4s2 4p4 
In 1.78 144 [Kr] 4d10 5s2 5p1 

Tl 1.62 148 [Xe] 4f14 5d10 6s2 6p1 

Nd 1.14 201 [Xe] 4f4 6s2 
Ce 1.12 204 [Xe] 4f1 5d1 6s2 
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Based on the atomistic modeling results, it was determined that As would be further 

evaluated within the U-10Zr (wt.%) alloy along with the addition of Nd to simulate solid fission 

product formation within the fuel. The fabrication of a U-Zr-As-Nd alloy would be used to 

experimentally evaluate the compound forming tendencies between As and Nd. This 

experimental fuel alloy was initially characterized in its as-cast condition. The alloy was then 

subjected to an isothermal diffusion couple experiment with the cladding alloy HT9. In 

addition to analyzing the diffusing interface to characterize the interaction region between the 

two alloys, the fuel section of the diffusion couple was further analyzed to characterize the 

fuel’s microstructure as it resembles an annealed state.  

 

(a) (b) 

Figure 5.1. Plots of the enthalpy of mixing values of different additives and lanthanides correlated with 
various additives (a) electronegativity and (b) covalent radius [2].  
 

5.2 Methodology 

5.2.1 Experiment methodology 

A fuel composition of U-10Zr-2.6As-4Nd in wt.% (U-21Zr-6.6As-5.3Nd in at.%) was 

fabricated through arc-melting under an inert atmosphere glovebox. The lanthanide 

concentration in the alloy targeted the expected concentration of all lanthanides to form within 

the fuel at 16 at.% burnup as per data reported by Mariani et al. [5] for U-10Zr (wt.%) fuel 

irradiated within the Experimental Breeder Reactor (EBR) II. Further, the additive 

concentration in the alloy targeted an additive-lanthanide atomic ratio of 1:1, to target the 

formation of the high temperature NdAs phase. However, due to the propensity of As to 
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vaporize during arc-melting, the alloy was fabricated with a slightly greater additive 

concentration. 

To evaluate the different alloy interactions, an isothermal diffusion experiment was 

carried out between the fuel alloy and cladding alloy HT9. Isothermal diffusion couple 

experiments are a typical out-of-pile experimental method used to study the FCCI phenomena 

[6] and have been extensively used to evaluate the effectiveness of additives to mitigate 

lanthanide interactions with cladding alloys [7–10]. The isothermal diffusion couple 

experiment was carried out at 948K (675°C) for 96 h. The diffusion experiment was performed 

inside a muffle furnace contained in an inert argon glovebox. The glovebox atmosphere was 

maintained at 1–5 ppm oxygen and a continuous flow of high purity argon cover gas was 

flowed directly into the furnace at a rate of 0.25 ft3/hr (1.97 cm3/s) for the length of the 

experiment. To achieve a high purity, the argon cover gas was initially passed through an 

oxygen getter furnace reducing its oxygen content down to 10-10–10-11 ppb oxygen before being 

flowed into the furnace chamber. Figure 5.2 (a) shows the furnace used to carry out the 

isothermal diffusion experiment in this study.  

 

(a) 

 

(b) 

 

 
(c) 

Figure 5.2 (a) Muffle furnace used within the glovebox for fuel-based diffusion experiments. (b) An 
assembled diffusion jig before the final outer tantalum foil wrapping. (c) Diagram of the diffusion 
couple jig and the internal components used for the isothermal diffusion experiments. 

 

The diffusing materials were sectioned from rods into discs approximately 2.5 mm 

thick and polished to a 1 µm finish within the glovebox to prevent any oxide layer formation. 

The diffusing discs were placed in contact with each other and were directly wrapped in a layer 
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of tantalum foil (~0.025mm) and placed inside a jig made of Kovar™ steel, an iron-nickel-

cobalt alloy that exhibits low thermal expansion. Alumina discs were placed directly between 

the diffusion couple and jig contact points to avoid adverse interactions during the experiment. 

The entire jig was then wrapped in tantalum foil and placed into the furnace. Figure 5.2 (b) 

shows an assembled diffusion jig before the final tantalum foil wrap is applied and a diagram 

of the experimental diffusion couple jig setup is shown in Figure 5.2 (c). With the diffusion 

couple jig placed within the furnace chamber, the high purity argon is flowed into the furnace 

chamber 30 min prior to initiating the diffusion experiment. The furnace was then heated at a 

rate of 1,000 °C/h (0.28 K/s) up to the experiment temperature and held for the length of the 

diffusion experiment. Upon completion of the experiment, the jig was immediately removed 

from the furnace chamber and allowed to cool in the open glovebox environment. The cooling 

rate of the jig in this experiment was not measured directly but similar experiments exhibited 

a cooling rate of 22°C/min (0.37 K/s), i.e. cools to 373K (100°C) in ~26 min.  

 

5.2.2 Characterization methodology 

The diffusion couple was sectioned and mounted in epoxy for microstructural 

characterization. Samples were then prepared by grinding using sequential grits of SiC papers 

followed by polishing down to a 1 µm finish using diamond-based suspensions. All sample 

preparation steps were performed within an inert argon glovebox to avoid oxidation on the 

analysis surface. The polished surfaces were then coated with a thin layer of gold to control 

charging of the metallographic mount during electron microscopy analysis. 

Scanning electron microscopy was performed using a JEOL JSM-6610LV scanning 

electron microscope (SEM) operated at an accelerating voltage of 20 kV. Imaging was 

primarily conducted in backscatter electron (BSE) imaging mode to get better contrast of phase 

formations. Energy dispersive X-ray spectroscopy (EDS) was conducted using an EDAX 

Apollo X silicon drift detector (SDD) and EDAX TEAM v4.4 (2016) software. The amp time 

was adjusted for each analysis to generate a dead time of between 20% to 30%. In conducting 

point analysis, elemental spectra were collected for 50 live seconds per analysis location. For 

elemental spectra mapping, a dwell time of 200 µs was used. Elemental data collected from 

EDS was quantified based on the standardless ZAF method using the EDAX TEAM library of 

spectra standards. X-ray diffraction (XRD) was performed using a Rigaku SmartLab X-Ray 
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Diffractometer paired with SmartLab Guidance software (v 2.0.4.7). XRD was conducted 

using a parallel beam (PB) optics configuration, Cu K! radiation at a tube current of 44 mA, 

and a D/tex Ultra 250 1D silicon strip detector. Focused XRD "/2" scans were performed 

using a 0.04° step size and a 5°/min scan speed. Data was analyzed and indexed using Rigaku’s 

PDXL 2 software (v2.3.1.0) and the International Centre for Diffraction Data (ICDD) (PDF-2 

Release 2016) database. 

 

5.3 Results and Discussion 

5.3.1 As-cast and annealed structure 

 The U-10Zr-2.6As-4Nd (wt.%) alloy in its as-cast and annealed conditions can be 

found in the SEM micrographs of Figures 5.3 and 5.4, respectively. To determine elemental 

information of the precipitate and matrix formations, EDS point analysis was conducted at the 

locations indicated in Figure 5.3 (b), (d) and Figure 5.4 (b), with the results listed in Table 5.2. 

In the as-cast condition (Figure 5.3) two unique precipitate formations are observed to have 

formed. Based on the EDS data, the large precipitates are likely the NdAs phase (pts. 1–6) but 

with areas that are very Nd-rich (in excess of 96 at.% Nd) spread throughout (pts. 7 and 8). 

This multi-phase precipitate may be a non-equilibrium formation due to the quick solidification 

of the alloy from a liquid during the arc-melting process. Alternatively, the formation may be 

the result of excess Nd being dissolved within the Nd-As liquid phase during arc-melting and 

upon cooling the NdAs phase initially solidifies followed by the Nd-rich regions. The Nd-As 

binary phase diagram is shown in Figure 5.6 and it demonstrates that the NdAs phase has a 

much greater melting temperature compared to that of elemental Nd. In addition to Nd-rich 

regions, there are also lighter phase regions observed within the large precipitates (pts. 9–12). 

EDS analysis indicates these are likely the U-Zr matrix material and appear to be Zr-rich 

compared to the surrounding matrix (pts. 20 and 21). The smaller precipitates observed within 

the as-cast alloy (Figure 5.3 (d)) have a unique amoeba-like structure with what appears to be 

the U-Zr matrix contained within as well. It is not fully understood at this time what led to such 

a precipitate formation nor why it deviates from the larger precipitate shown in Figure 5.3 (b). 

From the EDS analysis these smaller precipitates are likely the NdAs phase (pts. 13–19) as 

well and there is no indication of Nd-rich regions being contained within. However, some of 

the smaller inclusions within the matrix (pts. 24 and 25) are primarily Nd, containing only a 
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small concentration of As (~7 at.%) but they do not align with a stoichiometric Nd-As 

compound. As for the U-Zr phase contained within the precipitates, the region is observed to 

be U-rich, aligning with the matrix phase. 

 
Figure 5.3. SEM/EDS characterization of the U-10Zr-2.6As-4Nd alloy in the as-cast condition. (a) BSE 
micrograph of different precipitate formations within the alloy. (b) high magnification BSE micrograph 
of the area indicated in (a). (c) EDS elemental map results of the area imaged in (a). (d) high 
magnification BSE micrograph of the area indicated in (a). EDS point analysis of the locations indicated 
in (b) and (d) are listed in Table 5.2. 
 

The presence of elemental Nd throughout the matrix, as well as the presence of Nd-rich 

phases within the precipitates, may be an indication that the As concentration in the fabricated 

alloy fell below the targeted 1:1 (additive-lanthanide) atom ratio, i.e. more As may have been 

lost during arc melting then initially planned. However, it is encouraging that As is not 

observed to bind with any other elements within the matrix, e.g. U or Zr, an indication of its 

favored binding with Nd. Previous research characterizing a U-As-Nd alloy observed the 

formation of a UAs phase when the alloy was fabricated at a 2:1 (additive-lanthanide) atom 

ratio [1]. Such a formation is shown in Figure B.1 of Appendix B, where the UAs phase is 

observed to form around the NdAs phase. It should be noted however that all of the Nd was 
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observed to be bound with As and only then would As bind to U. This was evident by the UAs 

phase forming around the NdAs phase. 

In its annealed condition, the U-10Zr-2.6As-4Nd (wt.%) alloy (Figure 5.4) was 

observed to contain large precipitates, similar to those in Figure 5.3 (b). These precipitates are 

again likely the NdAs phase (pts. 1–7). These large precipitates appear to continue to exhibit a 

multi-phase structure wherein Nd-rich regions are still observed (pts. 8–10). It is interesting 

that the large precipitates continue to maintain a two-phase morphology through the annealing 

process as the higher temperatures would have provided the necessary energy to allow them to 

fully homogenize. This indicates that the formation is likely thermodynamically stable. The 

stability of such a precipitate suggests their initial formation, as observed in the as-cast alloy, 

was not the result of a non-equilibrium process. Again, this may indicate that the alloy 

composition ended up being additive-poor. However, such multi-phase precipitates are not 

uncommon, research evaluating palladium (Pd) as an additive in a U-10Zr (wt.%) alloy from 

Benson et al. [11] also observed multi-phase precipitates where lanthanide-rich regions formed 

within additive-lanthanide precipitates. 

 
Figure 5.4. SEM/EDS characterization of the U-10Zr-2.6AS-4Nd alloy in the annealed condition. (a) 
and (b) BSE micrographs of different precipitate formations within the alloy. (c) EDS elemental map 
results of the area imaged in (a). (d) EDS elemental map results of the area imaged in (b). EDS point 
analysis of locations indicated in (b) are listed in Table 5.2. 
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Table 5.2. EDS point analysis results, in at.%, corresponding to locations indicated in Figure 5.3 (b) 
and (d) and in Figure 5.4 (b). 

Pt. U Zr As Nd Phasea  Pt. U Zr As Nd Phasea 

 Figure 5.3 (b) & (d)   Figure 5.4 (b) 

1 1 0.2 49 50 NdAs  1 0.1 5 43 50 NdAs 

2 0 0 47 53 NdAs  2 0.1 4 45 49 NdAs 

3 0 0 48 52 NdAs  3 0.1 5 44 49 NdAs 

4 0.2 2.7 45 52 NdAs  4 0.1 4 45 49 NdAs 

5 0 0 46 54 NdAs  5 0.1 5 42 52 NdAs 

6 0 0 47 53 NdAs  6 0.1 5 43 50 NdAs 

7 0 0 4 96 Nd-rich 
region  7 2 20 35 41 NdAs 

8 0 0 5 95 Nd-rich 
region  8 0.1 6 4 88 Nd-rich 

region 

9 29 66 4 2 U-Zr soln. 
(Zr-rich)  9 0.1 6 2 89 Nd-rich 

region 

10 29 66 3 2 U-Zr soln. 
(Zr-rich)  10 0.1 6 13 78 Nd-rich 

region 

11 24 67 4 5 U-Zr soln. 
(Zr-rich)  11 16 79 3 2 Zr incl. 

12 24 68 4 4 U-Zr soln. 
(Zr-rich)  12 4 86 2 7 Zr incl. 

13 5 4 45 46 NdAs  13 4 81 2 12 Zr incl. 

14 13 8 39 40 NdAs  14 9 87 2 0.6 Zr incl. 

15 0.1 0 49 50 NdAs  15 13 84 2 0.5 Zr incl. 

16 6 5 44 45 NdAs  16 2 96 2 0.4 Zr incl. 

17 11 7 40 41 NdAs  17 81 7 7 2 !-U 

18 5 5 42 48 NdAs  18 86 7 3 1 !-U 

19 9 7 41 44 NdAs  19 36 58 3 1 #-Zr2U 

20 55 37 5 3 U-Zr soln.  20 35 60 2 1 #-Zr2U 

21 51 35 9 5 U-Zr soln.        

22 56 35 6 3 U-Zr soln.        

23 57 36 5 1 U-Zr soln.        

24 6 7 7 80 Nd prec.        

25 12 11 7 71 Nd prec.        
asuggested phase based on EDS results 
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The other primary changes observed in the annealed alloy are the presence of Zr-rich 

inclusions (pts. 11–16) and the precipitation of the #-Zr2U (light grey) phase throughout the 

matrix (pts. 19 and 20). Further, the remaining matrix of the alloy in its annealed condition is 

likely that of the !-U phase (pts. 17 and 18), having a concentration that is primarily U. As for 

the formation of Zr-rich inclusions, they have been previously documented to form at the edge 

of lanthanide-containing precipitates and are typically stabilized by trace impurities, such as 

nitrogen, in the alloy [12].  

Overall, it is encouraging that the large NdAs precipitates are not observed to change 

or degrade through the annealing process. Further, the lack of As interaction with other matrix 

constituents, e.g. U or Zr, is also encouraging for its use as an additive. It is important to note 

that if arc melting is utilized as the fuel fabrication method for such a fuel alloy, even greater 

concentrations of As need to be utilized to compensate for vaporization losses. As arsenic 

continues to be evaluated as an additive, a U-10Zr-2.6As (wt.%) alloy should be characterized 

in order to evaluate how it interacts within the U-Zr matrix without lanthanide additions. 

 
Figure 5.5. Nd-As binary phase diagram [13]. 

 

XRD analysis was carried out on the U-10Zr-2.6As-4Nd (wt.%) alloy both in its as-

cast and annealed condition and the results are plotted in Figure 5.6. From the corresponding 

XRD patterns, the NdAs phase was identified in the alloy in both the as-cast and annealed 

conditions. An elemental Nd phase was also detected in the as-cast condition, whereas the #-
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Zr2U phase is evident in the annealed condition. Both !-U and UO2 are observed in both alloy 

conditions with !-U being the dominant phase, typical of a U-10Zr (wt.%) alloy. The presence 

of UO2 is likely due to surface oxidation from air exposure during XRD analysis. Additional 

crystallographic details of the phases identified through XRD are summarized in Table 5.3. 

 
(a) 

 
(b) 

Figure 5.6. XRD results of the U-Zr-As-Nd alloy in its (a) as-cast condition and (b) annealed condition. 
 
Table 5.3. Crystallographic information of phases identified through XRD analysis shown in Figure 
5.6. 

Phase Space Group, Structure Cell Parameters 

!-U [14] Cmcm (63), Orthorhombic 
a=0.287, b=0.587, c=0.496 [nm] 
!=$=%=90° 

Nd [15] P63/mmc (194), Hexagonal 
a=b=0.366, c=1.18 [nm] 
!=$=90°, %=120° 

NdAs [16] Fm3'm (225), Cubic 
a=b=c=0.599 [nm] 
!=$=%=90° 

#-Zr2U [17] P6/mmm (191), Hexagonal 
a=b=0.503, c=0.308 [nm] 
!=$=90°, %=120° 

UO2 [18] Fm3'm (225), Cubic 
a=b=c=0.547 [nm] 
!=$=%=90° 

Au [19] Fm3'm (225), Cubic 
a=b=c=0.408 [nm] 
!=$=%=90° 

 

5.3.2 Interactions with HT9  

During the cross-sectioning of the U-10Zr-2.6As-4Nd/HT9 diffusion couple the bond 

fractured, thus when the two components were mounted in epoxy, a gap was formed between 
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the two sections. This gap is denoted in the SEM micrographs of Figures 5.7 and 5.8 as 

“Resin”. Figure 5.7 shows SEM micrographs of the interaction region that formed between the 

fuel and cladding alloys. In Figure 5.7 (a) the interaction region was found to stretch into the 

fuel alloy ~70 µm and appears to be comprised of three distinct layers each containing unique 

phase formations. These layers are more discernible in the higher magnification SEM 

micrograph shown in Figure 5.7 (b). To gain insight into the elemental concentration of the 

various phase formations within the interaction region, EDS analysis was conducted. EDS 

point analysis data of the locations indicated in Figure 5.7 (b) are listed in Table 5.4. Further, 

an EDS line scan was conducted across a section of the interaction region as indicated in Figure 

5.7 (a), and its concentration profile is plotted in Figure 5.7 (c). EDS elemental mapping of the 

area imaged in Figure 5.7 (b) is shown in Figure 5.7 (d).  

 
Figure 5.7. SEM/EDS characterization of the U-10Zr-2.6As-4Nd/HT9 diffusion couple. (a) and (b) 
BSE micrographs of the interaction region at varying magnifications. (c) EDS elemental line scan plot 
of the location indicated in (a). (d) EDS elemental map results of the region imaged in (b). EDS point 
analysis of the locations indicated in (b) are listed in Table 5.4. 
 

Directly at the diffusion couple interface there appears to be a Zr-rich layer (pts. 15–

18), that is only a few microns thick and is observed to be comprised of both U and Fe at 

varying concentrations, 18–51 at.% and 6–37 at.%, respectively. The Zr-rich layer is followed 

by a layer that stretches ~10 µm into the fuel alloy which contains dark grey precipitates (pts. 

5–8) within a light matrix phase. Based on the elemental ratios from the EDS data, these dark 

grey precipitates are likely the U-Zr-Fe (-phase, as described by Nakamura et al. [20] with a 
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nominal composition of U-(33–50)Zr-33Fe (at.%). In evaluating the Fe elemental map in 

Figure 5.7 (c), its concentration is noticeable at the locations that correspond to the (-phase 

precipitates. The light matrix phase is likely that of the !-U phase (pts. 19–21). Beyond this 

second layer, the remainder of the interaction region appears to be comprised of a two-phase 

morphology. The light grey phase (pts. 11–14) is likely the U-Zr-Fe )-phase, having a nominal 

composition of U-(21–25)Zr-6Fe (at.%) [20] and the light phase is likely the !-U phase as well 

(pts. 19–23). At this analysis location a precipitate, which appears to be comprised of multiple 

phases, is present but not directly at the interface. The precipitate appears to be primarily 

comprised of the NdAs phase (pts. 1 and 2), but also contains Nd-rich regions (pts. 3 and 4). 

Interestingly, a section of the precipitate appears to correlate with the (-phase (pt. 9), but this 

formation appears to be restricted to one side of the precipitate.  

 
Figure 5.8. SEM/EDS characterization of a separate section of the U-10Zr-2.6As-4Nd/HT9 diffusion 
couple. (a) BSE micrograph of the diffusion couple interface. (b) EDS elemental line scan plot of the 
location indicated in (a). (c) EDS elemental map results of the region imaged in (a). EDS point analysis 
of the locations indicated in part (a) are summarized in Table 5.4. 

 

In general, the matrix phase of the interaction region appears to be that of the !U phase 

(pts. 22 and 23), however, the locations nearest the interface (pts. 19 and 21) exhibit 

appreciable concentrations of Fe (5 at.% and 3at.%, respectively) compared to locations away 

from the interface. Beyond the evidence of U-Zr-Fe ternary phase formations, the degree of Fe 



 130 

diffusion into the alloy can be further discerned in the elemental line scan plot in Figure 5.7 

(c). The Fe intensity is observed to be elevated in general through the matrix and intensifies in 

areas of the line scan that cross over the (- and )-phases. Overall, the fuel-side of the diffusion 

couple can be summarized as containing four distinct phase regions: (1) Zr-rich layer 

(containing varying concentrations of U and Fe) at the bonding interface, (2) !U + (, (3) !U 

+ ), and (4) !U + #Zr2U, which extends through the remainder of the fuel. To discuss on these 

region formations, Figure 5.9 contains a U-Zr-Fe isothermal ternary phase diagram constructed 

at 680°C (953K) that was recreated from Nakamura et al. [21]. This isotherm aligns closely to 

the 675°C temperature used in this diffusion experiment. Because the Zr-rich layer does not 

align with an equilibrium phase, its location on the ternary isotherm cannot be determined. 

However, the binary !U + ( and !U + ) regions are shown, denoted as the dotted regions on 

the phase tie lines. This is followed by the presence of the !U + #Zr2U region on the U-Zr tie 

line. It should be noted that although the ternary phase diagram denotes the $U and %2 phases, 

given the relatively low cooling rate of the diffusion couple at the completion of the 

experiment, these phases are expected to transform to !U and #Zr2U phases upon cooling, 

respectively. It can be seen from the ternary isotherm, that both U-Fe and Fe-Zr phases are 

lacking and Nakamura et al. [21] may further offer a rationalization for their lack of formation. 

They found that Zr-Fe and U-Fe phases near the bonding interface tend to exhibit slow growth 

rates, thus the 96h annealing time used in this diffusion experiment may not have provided 

sufficient time for such layers to fully develop.  

A separate section of the interface of the U-10Zr-2.6As-4Nd/HT9 diffusion couple is 

shown in Figure 5.8. At this location, interaction between the two alloys appear to be drastically 

different compared to that observed in Figure 5.7; here no interaction region is observed to 

have formed. Results from EDS point analysis of locations indicated in Figure 5.8 (a) is listed 

in Table 5.4 and results of EDS line scan analysis of the section indicated in Figure 5.8 (a) is 

plotted in Figure 5.8 (b). Further, EDS elemental mapping results of the area imaged in Figure 

5.8 (a) is shown in Figure 5.8 (c). At this location, again a Zr-rich layer is observed to have 

formed at the diffusing interface, but the concentrations were found to be different compared 

to the Zr-rich layer observed in Figure 5.7. Here the concentration of U and Fe are found to be 

much less, measuring 5–14 at.% and 2–5 at.%, respectively. There are several globular light 

grey precipitates near the interface, and they appear to be comprised of multiple phases as well. 
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The largest precipitate is likely the NdAs phase (pts. 1–3) but it also contains an Nd-rich region 

(pt. 5). There are also several instances of Nd-rich precipitates having varying concentrations 

of As (pts. 6–8), none of which aligns with a stoichiometric Nd-As compound.  

 
Figure 5.9. U-Zr-Fe ternary isotherm at 680°C (953K) showing the phase layers observed through the 
interaction region in Figure 5.7. Recreated from the calculated ternary isotherm reported in Nakamura 
et al. [21]. 

 

A unique formation observed in this section of the diffusion couple is that of Zr-

inclusions (pts. 9–13), which were not observed in the interaction region imaged in Figure 5.7. 

Similar formations, however, were observed in the fuel alloy in the annealed condition (Figure 

5.4). The primary matrix phase is again likely the !U phase (pts. 16–19), but sections of the 

matrix phase near the interface were observed to contain elevated Fe concentrations, 5 and 4 

at.% (pts. 16 and 17), compared to 1 and 2 at.% at locations away from the bonding interface 

(pts. 18 and 19). Another formation that was not previously observed near the interface is the 

formation of the light grey phase which is likely the #Zr2U phase (pts. 20 and 21). From EDS 

line scan results reported in Figure 5.8 (b), it is apparent that the diffusion of Fe into the fuel 

did not readily occur at this location. The line scan results indicate a slight increase in Fe 

concentration at the diffusion interface, which correlates with the Zr-rich layer, but then 

remains low through the rest of the scan. The absence of Fe diffusion can be further 

hypothesized due to the apparent lack of U-Zr-Fe ternary phase formations within the fuel 

alloy, which was readily observed within the interaction region of the U-10Zr-2.6As-4Nd alloy 
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in Figure 5.7. The only presence of Fe is the limited concentration observed within the Zr-rich 

layer and slightly elevated Fe concentrations within the !U phase near the interface. 

 
Table 5.4. EDS point analysis results, in at.%, corresponding to locations indicated in Figure 5.7 (b) 
and Figure 5.8 (a). 

Pt. U Zr As Nd Fe Cr Phasea  Pt. U Zr As Nd Fe Cr Phasea 

 Figure 5.7 (b)   Figure 5.8 (a) 

1 0.2 6 44 49 0.6 0.7 NdAs  1 0.1 5 45 49 0.7 0.7 NdAs 

2 1 6 44 47 0.7 0.8 NdAs  2 0.1 5 44 49 0.7 1 NdAs 

3 0 8 2 88 0.9 0.9 Nd-rich 
region  3 0.4 27 34 38 0.5 0.5 NdAs 

4 6 11 4 76 2 1 Nd prec.  4 0.1 9 43 47 0.2 0.3 NdAs 

5 23 42 2 0.3 32 0.8 (  5 0.1 7 4 87 0.9 1 Nd-rich 
region 

6 29 40 3 0.5 28 0.7 (  6 0.1 8 17 73 0.9 1 Nd-rich 
prec. 

7 19 45 1 0.4 33 0.4 (  7 0.1 9 13 77 0.4 1 Nd-rich 
prec. 

8 23 41 3 0.4 31 1 (  8 0.2 9 33 56 0.7 1 Nd-rich 
prec. 

9 14 51 2 2 31 0.5 (  9 4 94 1 0.3 0.5 0.2 Zr incl. 

10 18 45 3 3 30 0.7 (  10 3 94 2 0.4 0.3 0.1 Zr incl. 

11 58 29 4 1 8 1 )  11 7 90 2 0.3 0.3 0.3 Zr incl. 

12 58 28 4 1 8 2 )  12 12 84 2 1 0.3 0.3 Zr incl. 

13 58 27 4 1 2 8 )  13 7 88 3 0.2 2 0.1 Zr layer 

14 58 29 4 1 8 1 )  14 14 78 3 0.3 5 0.4 Zr layer 

15 18 41 2 0.5 37 2 Zr layer  15 5 86 2 0.6 5 0.8 Zr layer 

16 35 52 3 3 6 1 Zr layer  16 76 12 5 1 5 1 !-U 

17 41 48 3 1 6 1 Zr layer  17 80 10 5 1 4 1 !-U 

18 51 33 3 1 10 1 Zr layer  18 83 10 4 1 1 0.8 !-U 

19 75 12 5 2 5 2 !-U  19 78 14 4 0.9 2 0.8 !-U 

20 82 9 5 1 3 1 !-U  20 37 59 2 0.3 1 0.2 #-Zr2U 

21 70 8 6 1 14 1 !-U  21 36 60 2 0.7 0.7 0.4 #-Zr2U 

22 81 9 6 1 2 0.6 !-U          

23 82 11 3 1 3 0.8 !-U          
asuggested phase based on EDS results 
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In comparing the different sections of the U-10Zr-2.6As-4Nd/HT9 diffusion couple 

shown in Figures 5.7 and 5.8, some theories can be put forward regarding the different phase 

formations. The primary differences between the two sections of the diffusion couple is the 

presence of the U-Zr-Fe ternary (- and )-phases at one section (Figure 5.7) and Zr-rich 

inclusions and the #Zr2U phase at the other (Figure 5.8). It is likely that as Fe diffuses into the 

fuel alloy, the formation of both Zr-rich inclusions and the #Zr2U phase are suppressed and 

with the addition of Fe both the (- and )-phases form within the interaction region. The limited 

degree of Fe diffusion at the location in Figure 5.8 could be the result of a more robust Zr-layer 

formation but the layer formation appears to be similar to the Zr-layer observed in Figure 5.7 

and neither appear to be overly continuous. Thus, an alternative explanation for the lack of Fe 

diffusion at the location observed in Figure 5.8 may be due to limited contact being achieved 

with the HT9 alloy, which is difficult to determine due to the bond fracturing during sectioning. 

However, it’s worth noting again that both EDS point analysis of the !U phase (pts. 16 and 

17) and the EDS line scan results, Figure 5.8 (b), indicate elevated Fe concentrations near the 

bonding interface and thus diffusion of Fe has occurred, but the depth of its diffusion into the 

fuel alloy appears to be minimal. 

The HT9 side of the bonding interface was also analyzed (not shown here) and it was 

not apparent that any U-based phases, such as the UFe2 phase, had developed. The UFe2 phase 

was previously observed to form at the diffusing interface in diffusion couple experiments 

carried out between U-10Zr-4Nd (wt.%) and HT9 but it was not observed in other additive-

based diffusion couple experiments (Chapter 4). This may be attributed to the observation that 

the Zr-rich layer in the U-Zr-As-Nd/HT9 diffusion couple appears to be different than the Zr-

rich layers observed to form in other additive-based diffusion couple experiments, e.g. U-10Zr-

3.6Sb-4Nd/HT9 and U-10Zr-4.3Te-4Nd/HT9 (Chapter 4). The Zr-rich layer analyzed in 

Figure 5.7, for example, appears to have a greater U and Fe concentration than the Zr-layers 

of the previous experiments. The presence of U and Fe may be an indication of their diffusion 

through the Zr-rich layer of this study. The presence of Fe, of course can be linked to its 

diffusion into the fuel alloy where U-Zr-Fe phases were observed to form. Whereas the 

presence of U within the layer may indicate an agreement with a hypothesis proposed by others 

that U atoms would diffuse through the Zr-layer to interact with the cladding. Therefore, it 

could be that the experiment time in this study was not adequate to allow for a sufficient 
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concentration of U to diffuse through the Zr-layer and for a U-Fe layer to fully develop. It is 

not understood at this time, however, why the experiment time appears to be sufficient for Fe 

diffusion into the fuel but not for the diffusion of U out of the fuel. This variation in diffusion 

may be attributed to the Zr-layer formation, which was unable to be determined here.  

 

5.5 Conclusion 

The proposed fuel-based additive As is observed to bind with Nd within the U-Zr 

matrix to preferentially form the NdAs compound. The NdAs compound remained unchanged 

when annealed at elevated temperatures, an indication of its thermal stability. Further, As was 

only observed to bind with Nd and not with any other fuel-based constituents, which is an 

important function of fuel-based additives being proposed to mitigate FCCI. However, great 

care must be taken in alloying As into the fuel given its low boiling point, this led to the alloys 

in this study being As-poor. Fabrication techniques beyond arc-melting should be explored or 

ways to better implement the arc melting process with As-bearing alloys should be evaluated. 

Alternatively, As may need to be alloyed at even greater concentrations to account for potential 

losses, but care must be taken here as well to avoid As forming undesired phases with fuel 

constituents, i.e. U and Zr. 

It is apparent in the U-10Zr-2.6As-4Nd/HT9 diffusion couple that Fe is clearly 

diffusing into the fuel alloy at certain locations forming different U-Zr-Fe ternary phases within 

the interaction region. It is important to note that the intention of the As additive is to prevent 

lanthanide interactions with the cladding alloy, and no Fe-Nd interactions were observed in 

this study even with Nd-rich precipitates observed to form near the bonding interface. It should 

be further noted no NdAs precipitates were observed at the bonding interface, which would be 

more ideal to evaluate the stability of such precipitates in the presence of Fe. However, based 

on the results here the NdAs phase does appear to be stable. Additionally, it is unknown at this 

time why Fe diffuses so readily into the U-10Zr-2.6As-4Nd fuel alloy when its diffusion was 

not observed to have occurred in previous diffusion experiments carried out with Sb- and Te-

containing fuel alloys. However, the diffusion of Fe into the U-Zr-As-Nd alloy should not be 

used as a reason to discount the effectiveness of As as an additive and further experimentation 

should be carried out to continue to investigate its efficacy to mitigate FCCI in U-Zr fuels.  
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CONCLUDING REMARKS 

 

This research work was initially focused on evaluating both antimony (Sb) and 

tellurium (Te) as potential additives for the U-Zr fuel system to mitigate the deleterious effects 

of the fuel cladding chemical interaction (FCCI) phenomenon. Because previous research has 

shown lanthanides as being the most problematic solid fission products in FCCI, neodymium 

(Nd) was also utilized in this research to evaluate additive-lanthanide interactions. Further, 

atomistic-based modeling based on the density functional theory (DFT) method was used to 

identify other potential additives. Based on electronic structure and enthalpy of mixing 

calculations, both arsenic (As) and selenium (Se) were found to exhibit a favorable tendency 

to bind with lanthanide fission products. Although initial experimental work was carried out 

with both As and Se, more extensive experimentation reported in this work was carried out 

with As. 

It was necessary to develop a baseline understanding for the propensity of Nd to interact 

with the cladding alloy HT9. Prior research by others demonstrated Nd interacts strongly with 

elemental iron (Fe) through Nd/Fe diffusion couple experiments. Similar research was 

performed here, i.e. Nd/Fe diffusion couple experiments, but was also expanded to include 

isothermal diffusion experiments between elemental Nd and HT9. It was found that even 

against HT9, Nd strongly interacts with Fe to form two distinct phases at the diffusion 

interface, Fe17Nd2 and Fe17Nd5. When Nd was alloyed directly with Sb, i.e. Sb-Nd alloy, and 

diffusion experiments were again carried out against HT9, no interaction between the two 

alloys was observed indicating the stabilizing effects that Sb has on Nd.  

Progressing into fuel-based experiments it was critical to extensively evaluate the 

interactions of both the additives and additive-lanthanide compounds within the U-Zr matrix. 

First, it is important to evaluate the U-Zr-X alloys, where ‘X’ denotes the additive component, 

in order to gain an understanding of how the additive will interact with the matrix in a fresh 

fuel condition. In evaluating Sb and Te, both additives showed preferential interaction with Zr 

within the U-Zr matrix. Research by others on alternative additives, e.g. Sn and Pd, have also 

demonstrated a similar propensity for those additives to bind with Zr within a U-Zr-X alloy. A 

U-Zr-As alloy was not evaluated directly in this research and thus it is difficult to determine 
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exactly how As will form within the U-Zr matrix. However, it should be noted that 

experimental work was carried out to evaluate U-As-Nd alloys, i.e. without Zr in the matrix, 

and As was observed to bind with U is some instances (Appendix B.2). Thus, it is not 

guaranteed that As would interact with Zr in a U-Zr-X alloy, however, in later experiments 

evaluating U-Zr-As-Nd alloys (Chapter 5), no interactions were observed between As and Zr 

nor between As and U. Regarding the implications of additives interacting with Zr, it should 

be understood that the use of Zr within the U-10Zr (wt.%) fuel system is to primarily elevate 

the solidus temperature of the alloy. As a result, X-Zr interactions would remove Zr from the 

U-Zr matrix, which can be detrimental to the fuels in-reactor performance. To compensate for 

the potential loss of Zr from alloying with U, the concentration of Zr will need to be increased 

the degree of which may likely be additive dependent. Thus, although the X-Zr interaction is 

problematic, it is not entirely detrimental, as the fuel alloy can be adjusted accordingly. 

Evaluation of U-Zr-X alloys was followed by fabricating U-Zr-X-Nd alloys, to evaluate 

additive-lanthanide interactions within the U-Zr matrix. The alloys evaluated included U-Zr-

Sb-Nd, U-Zr-Te-Nd and U-Zr-As-Nd, and each exhibited strong additive-lanthanide 

interaction where SbNd/Sb3Nd4, TeNd, and NdAs phases were all observed to form, 

respectively. In the case of each alloy, these X-Nd phases exhibit favorable formation energies 

and high temperature stability having melting temperatures of 2203 K (SbNd), 2298 K (TeNd) 

and 2473 K (NdAs). Further, annealing experiments of the U-Zr-X-Nd alloys in excess of 948 

K resulted in no observed degradation of these X-Nd phases, an indication of their 

thermodynamic stability within the U-Zr matrix. In some of the U-Zr-X-Nd alloys, X-Zr 

interactions were still observed to form, e.g. Zr2Sb, Zr2Te and Zr3Te, but only where X-Nd 

compounds were also observed, i.e. no elemental Nd was observed. Therefore, formation of 

X-Zr compounds within U-Zr-X-Nd alloys suggests that these alloys were likely additive-rich 

and X-Zr compounds would form only after X-Nd compounds and sufficient additive 

concentrations remained in the alloy. Further, when elemental Nd was observed only X-Nd 

compounds were observed to have formed. In these instances, the alloys were likely additive-

poor. Therefore, this is most likely an indication of the preferential binding of Sb, Te and As 

with Nd. This was further supported through enthalpy of mixing calculations, which indicated 

the X-Nd interaction is highly favorable within the U-Zr matrix.  
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To further evaluate the the efficacy of the additives to stabilize Nd within the U-Zr 

matrix, isothermal diffusion couple experiments were carried out between U-Zr-X-Nd alloys 

and HT9 and then compared against isothermal diffusion couple experiments between U-Zr-

Nd and HT9. In the case of the latter experiments, Nd precipitates located on the diffusing 

interface were observed to somewhat interact with the Fe constituent of the HT9 alloy, 

although their interaction did not lead to the formation of stoichiometric Nd-Fe compounds. 

Additionally, Fe was observed to diffuse well into the U-Zr-Nd alloy forming an interaction 

region in excess of 60 µm, where the !Zr2U phase was notably absent and the formation of 

several U-Zr-Fe ternary phases were observed. Further, the diffusion and interaction of U with 

Fe was also observed with the formation of a distinct UFe2 phase at the diffusing interface. In 

the execution of diffusion couple experiments with additive-containing fuel alloys, the 

observed interactions changed drastically. In the case of Sb and Te additives, the formation of 

X-Nd phases were observed within the fuel alloy but no interaction was observed to have 

occurred between any of these phases and HT9 constituents. Further, the formation of a robust 

Zr-rich layer directly at the interface was observed, which is believed to have limited the 

diffusion of Fe into the fuel alloy. It has previously been documented that the formation of a 

Zr layer at the diffusing interface can act as a diffusion barrier and deter interaction between 

the alloys. However, it is not understood why the layer was so prevalent within the additive-

containing fuel alloys and not in the U-Zr-Nd alloy, although a small Zr-rich layer was 

observed to form in the latter experiment as well. One theory is the additive-based fuel alloys 

may contain a higher concentration of impurities, such as nitrogen, which has been documented 

to stabilize the Zr-rich layer and thus more effectively limit the diffusion of Fe. It is also 

plausible that the presence of Sb and Te within the matrix phases is affecting the 

thermodynamic drive of Fe to diffuse into the fuel alloy. More extensive analysis and 

experimentation is needed to fully investigate these observed variations and to fully determine 

how these additives, once alloyed within the fuel, affect the diffusion of Fe. In the case of 

diffusion experiments containing the As additive, no interaction was observed to occur 

between Nd and HT9 constituents and a Zr-rich layer was again observed to have formed. 

However, Fe was observed to have diffused well into the fuel alloy at some locations along the 

diffusion interface forming an interaction region measuring up to ~70 µm wide, but the level 

of Fe diffusion was not consistent through the diffusion couple. Within regions that exhibited 
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the greatest level of Fe diffusion, U-Zr-Fe ternary phases were again observed to have formed 

but Fe was not observed to interact with NdAs precipitates also present within the region. 

Additionally, no interaction between U and Fe was observed in the U-Zr-As-Nd diffusion 

experiments. 

Overall, the use of fuel-based additives continues to show promise with only slight 

adjustments likely needed in the Zr content of the U-10Zr (wt.%) fuel alloy. With respect to 

the lanthanide Nd, all three additives evaluated in this work, Sb, Te and As, show promise, but 

additional work is needed to evaluate their interactions with other lanthanide elements, i.e. 

cerium (Ce), praseodymium (Pr) and lanthanum (La). Both Sb and Te were evaluated as 

additives in the presence of Ce by a separate research group. In their evaluation, they found 

that Sb would preferentially bind with Ce, exhibiting similar favorable results to what was 

observed here with Nd. However, in their evaluation of diffusion experiments between a U-

Zr-Te-Ce alloy and HT9, the interaction of Te and Cr was observed at the diffusing interface, 

indicating Te may not be ideal for binding Ce. As for arsenic, this work indicates As may also 

be a promising candidate to mitigate FCCI, but additional experiments should be carried out. 

Overall, Sb exhibits great promise as a fuel-based additive and through this research it has 

demonstrated a strong interaction with Nd both as a standalone alloy, e.g. Sb-Nd, and within 

the U-Zr matrix. Due to its promise as an additive, a separate research program will irradiate a 

U-Zr-Sb fuel alloy to evaluate the effectiveness of Sb under irradiation conditions. As part of 

the Advanced Fuels Campaign (AFC) Fission Accelerated Steady-State Test (FAST) series of 

experiments, an experimental U-Zr-Sb fuel alloy will be irradiated in the Advanced Test 

Reactor (ATR) at Idaho National Laboratory (INL) in the coming years. 
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FUTURE WORK AND RECOMMENDATIONS 

 

In continuing research from where this work ends, there are a few areas that are 

noteworthy. In this research, the additive interactions were only evaluated against Nd. 

Although Nd is found to form in the greatest concentration as a solid fission product in the U-

Zr fuel system, Ce, Pr and La also form as fission products in appreciable concentrations. As 

previously stated, both Sb and Te have been evaluated with respect to Ce, but research should 

be undertaken with respect to Pr and La. Although it is largely believed that Pr and La will 

behave in a similar manner as Nd and Ce, respectively, out-of-pile experiments should be 

carried out nonetheless. This work should then progress into evaluating the interaction of 

additives within U-Zr having a combined concentration of Nd, Ce, Pr and La all alloyed at 

their expected formation concentrations. This is especially needed for As being a newly 

proposed additive. 

The primary alloy fabrication method used in this experiment was arc melting, which 

can be a difficult processing method to gather critical processing conditions when executed, 

e.g. alloying temperature, cooling rate, etc. Accurate measurement of such conditions can aid 

in better understanding the thermodynamics of the alloying process. Thus, additional work 

may consider how to incorporate the measurement of such conditions during the fabrication 

process. Additionally, metallic fuel slugs were historically fabricated through injection casting 

processes and there are some thoughts that the fabrication process may play a factor in its 

susceptibility to FCCI. Therefore, additional fabrication methods could be evaluated to carry 

out a sensitivities study on the effects the fabrication process has on a fuels FCCI performance. 

This research, and most research work to-date incorporating fuel-based additives, has 

focused on the additive-lanthanide interactions within the U-Zr matrix. However, as work 

progresses in this area, it will be important to understand the macro effects the additive 

additions have on the overall performance of the fuel alloy. In particular, metal fuel systems, 

such as U-10Zr (wt.%), are favorable due to their exceptional thermal properties and thus 

understanding how such alloying additions affect these properties will be of importance.  

This work performed isothermal diffusion-based experiments exclusively, however, 

such experimental conditions do not fully capture the thermal conditions of the fuel and 
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cladding structure within a reactor system. Specifically, reactor systems exhibit thermal 

gradients extending radially outward from the fuel centerline, where it is hottest, to the 

cladding surface, where it is coldest. Such thermal conditions can induce different diffusion 

kinetics compared to isothermal-based experiments. In particular, lanthanide transport through 

the fuel and into the cladding appears to be strongly dependent on such thermal gradients. 

Thus, it is recommended that additional diffusion experiments be carried out, which 

incorporate prototypic thermal gradients. It is likely that such experiments would require 

development of unique equipment to simulate such thermal conditions. The lack of thermal 

gradients and use of isothermal conditions in this research, for example, is believed to have 

resulted in a lack of drive for Nd to migrate into the HT9 alloy, which in-turn led to only limited 

interaction between Nd and HT9 being observed. Although Fe diffusion into the fuel alloy was 

observed, the limited Nd-HT9 interaction reduced the baseline understanding of this study, i.e. 

interactions of U-Zr-Nd alloy and HT9. This in-turn limited the full understanding of the 

effectiveness of the additives being evaluated. It is believed that different results would have 

likely been observed if the thermal conditions were more prototypic of a reactor system.  

Finally, evaluating additive-based fuels contained within claddings, e.g. HT9, under 

irradiation conditions will be necessary to fully capture the complex kinetics and 

thermodynamics of a reactor system. Such experiments would lead to lanthanides being 

burned-in to the fuel and thus lead to the FCCI phenomenon. Furthermore, such reactor 

conditions can induce changes in the kinetics behavior of the different materials, e.g. radiation 

enhanced diffusion (RED), which will be important to capture and better understand. However, 

prior to executing targeted irradiation experiments in reactors such as ATR, ion-based 

irradiation experiments can be performed first as scoping studies. Although such experiments 

would not capture the thermal conditions or the diffusion kinetics of a reactor system, they can 

be used to further evaluate the irradiation properties of additive-based fuel alloys. Such 

experiments can provide initial insight into the irradiation effects on additives in a fresh fuel 

condition, i.e. U-Zr-X, and on the additive-lanthanide interactions within fuel alloys containing 

lanthanides, i.e. U-Zr-X-Ln. Ion irradiation experiments would further facilitate the 

measurement of important fuel performance metrics, such as fuel swelling, thermal 

conductivity, etc., on additive-based fuel alloys; building a knowledge-base on their expected 

in-reactor performance.  
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Overall, the fuel metrics gleaned through post irradiation examination (PIE) of such 

irradiation experiments will be quite useful in understanding the performance of additives 

within metal fuel systems. Additionally, PIE observations can be used in conjunction with the 

Nuclear Energy Advanced Modeling and Simulation (NEAMS) program to validate fuel-

performance modeling and simulation codes. This will lead to an overall improvement in the 

effective use of such codes, which will be even more important as fuel-based additives 

inevitably become more widely explored.  
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APPENDICES 

 
Appendix A  

Chapter 4 Supplemental Information  

Evaluation of Sb-Nd and Te-Nd Phases within the U-Zr Fuel Matrix and their 
Interactions with HT9  
 
Figure A-1 shows SEM micrographs of a large precipitate found in the U-10Zr-3.6Sb-4Nd 

(Sb-Nd) alloy in its as-cast condition. Results of the EDS point analysis locations depicted in 

Figure A.1 (b) can be found in Table A.1.  

 
Figure A.1. (a) and (b) BSE micrographs of the large precipitate found in the as-cast Sb-Nd alloy. EDS 
point analysis results can be found in Table A.1. 
 
Table A.1. EDS points analysis results, in at.%, of the locations depicted in Figure A.1 (b).  

Pt. U Zr Sb Nd Phasea  Pt. U Zr Sb Nd Phasea 

1 0.2 4 30 66 SbNd2  8 13 55 29 2 Zr5Sb3/Zr2Sb 

2 0.2 6 29 65 SbNd2  9 55 40 4 0.6 U-Zrb 

3 0.1 4 29 67 SbNd2  10 56 41 2 0.8 U-Zrb 

4 0.2 6 28 66 SbNd2  11 84 12 3 1 !-U 

5 0.6 4 30 66 SbNd2  12 79 17 3 0.8 !-U 

6 10 56 31 3 Zr5Sb3/Zr2Sb  13 79 16 3 1 !-U 

7 5 59 33 3 Zr5Sb3/Zr2Sb        
asuggested phase based on EDS results 
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XRD analysis was performed in the vicinity of the large precipitate observed in Figure 

A.1 and the results are shown in Figure A.2. Additional crystallographic information of 

indexed phases can be found in Table A.2. 

 
Figure A.2. XRD results of the Sb-Nd alloy in a region near the large precipitate imaged in Figure A.1. 
 

Table A.2. Crystallographic information of phases identified through XRD analysis in Figure A.2. 

Compound Space Group, Structure  Cell Parameters 

!-U [1] Cmcm (63), orthorhombic 
a = 0.2854, b = 0.587, c = 0.496 [nm] 
! = # = $ = 90° 

SbNd2 [2] I4/mmm (139), tetragonal 
a = b = 0.451, c = 1.758 [nm] 
! = # = $ = 90° 

UO2 [3] Fm3)m (225), cubic 
a = b = c = 0.548 [nm] 
! = # = $ = 90° 

Au [4] Fm3)m (225), cubic 
a = b = c = 0.408 [nm] 
! = # = $ = 90° 

 

Figure A.3 (a) shows a SEM micrograph of the U-10Zr-4Nd (wt.%) base material 

section of the Nd/HT9 diffusion couple sample. The micrograph depicts the alloys 

microstructure after annealing at 675ºC for 96h. EDS elemental maps of the region imaged in 

Figure A.3 (a) can be found in Figure A.3 (b). 
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Figure A.3. (a) BSE micrograph of the Nd/HT9 diffusion couple in the annealed section of the U-10Zr-
4Nd (wt.%) alloy well away from the diffusion interface. (b) EDS elemental maps of the region in (a). 
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Appendix B  

Experimental Validation of Arsenic and Selenium as Additives  

 

B.1 Introduction 

Through the research program that funded this work, atomistic modeling was carried 

out to evaluate other potential additives beyond antimony (Sb) and tellurium (Te). This effort 

led to the identification of both arsenic (As) and selenium (Se) as potential additives for 

lanthanide fission products. Although the modeling effort was carried out by others within the 

research group and therefore is not fully contained within this dissertation, experimental-based 

work was carried out to aid in validating these efforts which is provided in the subsequent 

sections of this appendix.  

Initially, the modeling work aimed to simplify the calculations by eliminating 

zirconium (Zr) from the modeling matrix, i.e. evaluate just U-X-Nd alloys, where ‘X’ denotes 

the additive. This was done to isolate the interactions of the additives and lanthanides within 

the uranium (U) matrix with the primary lanthanide being neodymium (Nd). As a result, the 

As-Nd interactions within the uranium matrix observed experimentally matched the 

calculations. This was then followed by experimental work to validate Se-Nd interactions as 

well as validate As and its tendency to interact with cerium (Ce), being another prominent 

lanthanide element to form within U-Zr fuel at significant concentrations. Although a specimen 

containing Se was eventually fabricated, its use proved to be challenging as significant 

vaporization losses of the element would occur during the arc melting process. However, with 

the promising results observed with As, in the presence of both Nd and Ce, more extensive 

modeling was carried out to incorporate Zr, i.e. evaluation of a U-Zr-As-Nd alloy. Thus, 

experimental work was carried out to evaluate As-Nd interactions within the U-10Zr (wt.%) 

matrix. Initial experimental work carried out on a U-Zr-As-Nd alloy was aimed at validating 

the latest modeling efforts, but the encouraging results culminated into more extensive 

experiments being carried out with the alloy which is detailed in Chapter 5. 

The subsequent sections contain excerpts, detailing the experimental work only, from 

corresponding journal publications. The journal publications should be further reviewed for 

additional context on the modeling efforts. 
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B.2 Experimental Evaluation of U-As-Nd Alloy 

 

Excerpt of manuscript published in Journal of Nuclear Materials in December 2019. 

“A novel approach to selection of dopant to immobilize neodymium in uranium-based metallic 

fuels.” J. Nucl. Mater. 529:151922 (2020). https://doi.org/10.1016/j.jnucmat.2019.151922 

0022-3115 

 

As an author of the publication, permission for use in dissertation is granted by publisher. 

https://www.elsevier.com/about/policies/copyright#Author-rights 

 

B.2.1 Experimental results and discussion 

In-reactor conditions lead to the continuous generation of fission products, such as Nd, 

within the U-matrix. In order to verify the formation of ab-initio predicted Nd-As intermetallic 

and its stability within the U-matrix, two alloys were cast alloy1, U-4As-4Nd (wt.%) and alloy2 

U-2As-4Nd (wt.%). Alloy1, representing initial stages of the formation of fission products 

when the externally added concentration of dopant As is higher than Nd (Nd:As atomic ratio 

of 1:2) and alloy2 with equal atomic ratio of As to Nd (Nd:As atomic ratio of 1:1) representing 

later stage of the formation of fission product. Backscattered electron (BSE) SEM images 

(Figure B-1(a-b)) of these U-Nd-As alloys reveals the formation of two precipitated phases 

within the matrix, dark-grey and light-grey precipitates. The precipitated phases are observed 

to be evenly distributed throughout the microstructure and range in size between 5 to 20 µm. 

EDS point chemical analysis was conducted on several precipitates of interest in both the 

alloys; selected points are shown in Figure B-1 (a) and (b); the corresponding compositions of 

each analysis point are listed in Table B-1. The dark-grey precipitates are found to be consisted 

of Nd and As at roughly a 1:1 atomic ratio; indicating that they are likely the NdAs phase. The 

light-grey precipitates consisting of U and As and are observed to bind at an atomic ratio of 

roughly 3:4 (or possibly 1:1), which would correspond to the U3As4 (or UAs) phase. Based on 

our ab-initio calculated negative enthalpy of mixing for As in the α-U matrix is ≈ -1eV, as 

compared to greater negative mixing enthalpy of As in Nd-U matrix (-4.26 eV), it is intuitive 

that in alloy1 any excess As remains after binding with Nd may form compound with U matrix. 

For the same reason no U-As compound is observed in alloy2, which has a lower As content 
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than Nd, Table B-1. Overall, the presence of the NdAs precipitates in both these alloys indicate 

its formation is more favorable within the U matrix. Based on the results of mixing enthalpy 

and the experimental observations in both alloy1 and alloy2, we suggest that for in-reactor 

applications, U-based alloys should have excess As compared to the expected Nd generated at 

maximum burnup. From thermodynamic consideration it is expected that as Nd is continuously 

generated within the matrix, As would be released from the U and bind with Nd, as seen from 

the preference of As for Nd over U from our calculated enthalpy of mixing of As in U and Nd-

U matrix. Finally, it should be pointed out that NdAs, U3As4, and UAs phases are stable, 

equilibrium phases as found in their corresponding binary phase diagrams1,2. 

For accurate identification of the phases formed in these U-Nd-As alloys (Figure B-

1(c) and (d)) XRD was performed. Beside confirming the EDS point chemical analysis 

predicted formation of NdAs phase, diffraction data confirms that the U-As precipitates 

observed in the alloy1 sample are actually comprised of the UAs phase (1:1 atomic ratio) with 

peaks indexed at of 2θ angles of 30.8° and 44.0°. In analyzing the diffraction pattern of the 

alloy2, a peak is identified for the NdAs phase at the 2θ angles of 29.8° which is better observed 

in the inset of Fig. B-1 (d). Due to their proximity, the NdAs peak could not to be completely 

deconvoluted from the α-U peak, which is at 30.3°; nevertheless, its existence can still be 

discerned. Overall, the formation of NdAs intermetallic compound in both these alloys is 

further verified by our elemental EDS mapping as presented in the supplementary information 

section of the corresponding journal publication. It should be pointed out that the SEM image 

of alloy2 (Figure B-1(b)) also indicates numerous sub-micron sized round precipitates. Our 

elemental EDS maps of Nd and As reveal that these sub-micron precipitates have only high 

concentration of Nd and no As. Given our ab-initio calculated positive enthalpy of mixing 

(4.26 eV) of Nd in U, no Nd-U phase is expected to form. However, higher resolution analysis 

techniques would be necessary to infer the elemental compositions of such precipitates 

accurately. 

 
References from journal publication: 
1 [20]   J.K.A Gschneidner and F. Calderwood, The As-Nd (Arsenic-Neodymium) System, Bull. Alloy Phase 

Diagr., 7 (1986) 345–346 
2 [21]   H. Okamoto, As-U (Aresnic-Uranium), Binary Alloy Phase Diagrams II, 1 (1990) 330–334 
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Figure B.1. Backscattered electron SEM image indicating locations of EDS point analysis (a) alloy1 
(92U4Nd-4As, wt.%) (b) alloy2 (94U-4Nd-2As, wt.%). XRD patterns of (c) alloy1 and (d) alloy2 
samples. 
 
Table B.1. EDS point analysis compositions of precipitates (at.%) in reference to Fig. B.1 (a) alloy1 
(92U-4Nd-4As, wt.%) and (b) alloy2 (94U-4Nd-2As, wt.%). 

Alloys Pt # Precipitate U Nd As Suggested Phase 

alloy1 

1 dark grey 4 45 50 NdAs 

2 dark grey 5 45 50 NdAs 

3 light grey 43 2 55 UAs 

4 light grey 44 1 55 U3As4 or UAs 

alloy2 

1 dark grey 4 52 45 NdAs 

2 dark grey 0 57 43 NdAs 

3 dark grey 1 59 40 NdAs 
 

In this study, using ab-initio calculations, we have developed simple alloy design 

principles primarily based on electronic configurations, electronegativities and covalent radius 

of elements involved. These principles were used to demonstrate the tendency of externally 
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added dopants to form intermetallic within a metallic matrix in a more comprehensive manner 

than typically used thermodynamic approaches such as Hume-Rothery rules or Darken-Gurry 

map. The uniqueness of our guiding principles is that they are based on readily available 

elemental features without creating complicated binary/ternary phase-diagrams, as previously 

needed. We showed that our proposed principles are successful in correctly identifying 

previously known effective dopants such as Pd, Sb and less effective ones such as Tl to form 

intermetallic within the U-matrix. Also, guided by the same principles we identified two highly 

effective novel dopants, namely, As and Se as potential dopants and experimentally verified 

the compound forming tendency of Nd with As inside the U-matrix. 

B.3 Experimental Evaluation of U-Se-Nd and U-As-Ce Alloys 

 

Reproduced from section of manuscript published in the Journal of Nuclear Materials in June 

2020.  

“Interactions and immobilization of lanthanides with dopants in uranium-based metallic fuels.” 

J. Nucl. Mater. (2020). https://doi.org/10.1016/j.jnucmat.2020.152372. 

 

As an author of the publication, permission for use in dissertation is granted by publisher. 

https://www.elsevier.com/about/policies/copyright#Author-rights 

 

B.3.1 Characterization of U-2.1Se-3.8Nd alloy 

The 2Se alloy was cast by arc melting and later characterized using backscatter electron 

(BSE) and energy-dispersive X-ray spectroscopy (EDS). A BSE image of the periphery region 

of the 2Se alloy is shown in Figure B.2. The EDS map analysis indicates the grey-contrast area 

that has formed at the periphery of the alloy is the combination of Nd and Se. EDS point 

analysis was also conducted to determine the approximate ratio of the Nd and Se elements 

within the grey-contrast region. The point analysis locations are indicated on the BSE image 

in Figure B.2, the results of which are shown in Table B.2. The EDS point analysis indicates 

the grey-contrast region is comprised primarily of Nd and Se at an atomic ratio of between 2:1 

and 1.5:1 (Nd:Se), indicating the phase is Nd-rich. However, our literature search does not 

indicate the existence of an equilibrium Nd-Se phase that is Nd-rich. 
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Figure B.2. BSE SEM image of the 2Se alloy, (a), with elemental maps, (b)–(d). Elemental map analysis 
was conducted at higher magnification on a portion of the grey-contrast region of (a). Corresponding 
EDS point data listed in Table B-2. 
 
Table B.2. EDS point (Pt.) analysis compositions of locations (atom %) identified in the BSE image 
shown in Figure B.2 (a). 

Pt. # U Nd Se Ratio (Nd:Se) Pt. # U Nd Se Ratio (Nd:Se) 

1 0.1 66 34 ~2:1 5 0.1 60 40 ~1.5:1 

2 0.4 62 38 ~1.6:1 6 95 1 4 n/a 

3 0.1 60 40 ~1.5:1 7 94 2 4 n/a 

4 0.3 60 40 ~1.5:1      
 

X-ray diffraction (XRD) was performed on the area of interest in the 2Se alloy to 

determine the Nd-Se phase. It is shown in the diffraction pattern of Figure B.3 that the Nd-Se 

phase formed is the NdSe phase (1:1 atomic ratio) with peaks at 30.2° and 43.2° 2* angles. It 

should be noted, the peak observed at the 2* angle of 30.2° is convoluted with an !-U peak, 

but the peak at the 2* angle of 43.2° is only indexed with the NdSe phase and has been utilized 

to verify the grey-contrast region as the NdSe phase. The excess Nd within the grey-contrast 

region (beyond Nd:Se 1:1 ratio) may be a result of interaction volume during the EDS analysis 

or an indication of Nd dissolved in the NdSe phase. Investigation of the general matrix region 

of the 2Se alloy (Figure B.2 and Table B.2, locations # 6 and 7) revealed the Se and Nd 

concentrations were insignificant. It appears Se has strictly bonded with Nd to form the NdSe 

phase, at the periphery of the alloy as observed in Figure B.2. Se binding with Nd, to form the 
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NdSe phase, agrees with our DFT calculations, which indicated highly negative enthalpy of 

mixing, -4.18 eV, between each element. 

 
Figure B.3. X-ray diffraction pattern of the light grey-contrast region in the 2Se alloy confirming the 
formation of NdSe phase within !-U matrix. 
 

B.3.2 Characterization of the U-3As-4Ce alloy 

Figure B.4 shows BSE images of the 3As alloy (U-3As-4Ce, wt.%) along with the EDS 

elemental maps. Figure B.4 (a) indicates the formation of spheroidal precipitates within the 

general matrix of the alloy. The result of the EDS point analysis conducted on the various 

locations in Figure B.4 (a) is tabulated in Table B.3. The large spheroidal precipitates observed 

in Figure B.4 (a) appear to be the combination of multiple phases, making it a ternary 

compound microstructure and not a simple precipitate. For simplicity, however, these 

spheroidal regions will still be referred to as precipitates. Points # 1–5 indicate these areas 

consist of different Ce-As phases. Based on EDS analysis these phases appear to be either the 

CeAs or the slightly Ce-rich, Ce4As3 phase. Further analysis of these spheroidal precipitates 

observed in Figure B.4 (a) indicates a large portion of these precipitates appear to consist of 

pure Ce (points # 6–10). The presence of pure Ce was expected based on the positive enthalpy 

of mixing, of Ce in U-matrix. EDS elemental maps for the area imaged in Figure B.4 (a), are 

shown in Figure B.4 (b)–(d), which confirms the precipitate consist primarily of Ce, where As 

is present in parts of the precipitates. 
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Figure B.4. Backscatter SEM image of the 3As alloy, (a), with elemental maps, (b)–(d). 
Corresponding EDS point data listed in Table B-3. 
 
Table B.3. EDS point (Pt.) analysis compositions of locations (atom %) identified in the BSE images 
of Figure B.4 (a). 

Pt. # U (at.%) Ce (at.%) As (at.%) Phase(s)a 

1 0.1 56 44 CeAs/Ce4As3 

2 0.1 53 47 CeAs/Ce4As3 

3 0.1 52 48 CeAs 

4 0.2 58 42 Ce4As3 

5 0.1 50 50 CeAs 

6 0.3 97 3 Pure Ce 

7 0.8 98 1 Pure Ce 

8 0.1 98 2 Pure Ce 

9 0.1 98 2 Pure Ce 

10 0.1 99 1 Pure Ce 

11 96 0.3 4 Pure U 

12 97 0.4 2 Pure U 
asuggested phase(s) induced by atomic ratios from EDS analysis 

 

To confirm phase formations in the 3As alloy, micro-XRD analysis was performed on 

the matrix region contained in the alloy. Figure B.5 contains the diffraction plots of the XRD 

analysis. The matrix region is mainly comprised of the !-U phase. It is also evident that CeAs 

precipitates is forming within the matrix region, likely formed as precipitates similar to those 
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shown in Figure B.4 (a). There are a few peaks in the diffraction pattern which indicate the 

formation of the Ce4As3 phase as well, but this phase is only slightly above the diffraction 

background. In addition to these phases, CeO2 and UO2 phases were also found, likely due to 

surface oxidation during analysis. Overall, the primary phase formations found in the matrix 

region of the 3As alloy are !-U and CeAs phases with a small amount of the Ce4As3 phase. 

Experiments performed with Nd-Se and Ce-As confirm the formation of NdSe and 

CeAs phases inside the !-U matrix, as predicted by our DFT calculations. We also note that 

our calculated enthalpy of mixing of As and Se within the !-U matrix is -1.04 and -0.94 eV, 

respectively, whereas the enthalpy of mixing of As in Ce-U system is -1.21 eV and Se in Nd-

U system is -4.18 eV. Due to the close value of the enthalpy of mixing of As in both the U-

matrix and the U-Ce matrix, U-As phase can also form in the presence of Ce in the U-As-Ce 

system. In the case of the U-Nd system, we do not expect to form U-As/Se compounds in the 

presence of Nd due to a significant difference in enthalpy of mixing between As/Se in the U-

matrix and the Nd-U matrix. However, diffusion couple experiments of UAs against the 

lanthanides may help to understand the comparative stability of U-As and Ln-As compounds. 

 
Figure B.5. XRD diffraction plots of the 3As alloy shown in Figure B.4 confirming the formation of 
CeAs and Ce4As3 phases within the !-U matrix. 
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B.4 Experimental Evaluation of U-Zr-As-Nd alloy 
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B.4.1 Experimental results and discussion 

To verify the computationally predicted dominant interactions, i.e., between elements 

in the U-Zr-Nd-X system, we selectively cast and characterize a U-10Zr-2.6As-4Nd (wt.%) 

alloy, where As was selected as a representative dopant. The SEM analysis of our synthesized 

U-Zr-Nd-As alloy reveals the formation of precipitates of varying sizes, Figure B.6. The larger 

precipitates were found to measure ∼10 µm in size, which were surrounded by a finer 

precipitate dispersion measuring < 2 µm in size. The EDS point analysis and area elemental 

mapping were both performed in an area showing both types of precipitates, and the results are 

shown in Figure B.6. Figure B.6 (a) and (b) show a BSE/SEM micrograph of the alloy and 

precipitate formations, respectively, Figure B.6 (b) also shows the EDS point analysis 

locations, the results of which are tabulated in Table B.4, and Figure B.6 (c) displays the EDS 

area elemental mapping results. From the EDS area elemental mapping as shown in Figure B.6 

(c), it is observed that the larger (∼10 µm) precipitates contain both Nd and As, whereas the 

smaller precipitates (< 2 µm) are a dispersion of pure Nd precipitates. The larger precipitates 

appear to be comprised of a multi-phase structure, where two different contrast regions are 

seen in the BSE SEM micrograph of Figure B.6 (b). EDS point analysis of the various phases 

as indicated in Figure B.6 (b) and Table B.4 shows the medium gray contrast regions (pts. 1–

3) appear to be a nearly equal mixture of both Nd and As indicating the likely formation of the 

NdAs phase. Further, the light gray contrast regions (pts. 4–7) appear to be primarily Nd.  
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Figure B.6. (a) BSE SEM micrograph of U-10Zr-2.6As-4Nd alloy showing precipitate formation. (b) 
BSE SEM micrograph of precipitate from section (a) inlay. (c) EDS elemental map of area imaged in 
section (a). 
 

Table B.4. EDS point analysis results of Figure B-6 (b) in at.%. 
Pts U Zr Nd As Phasea 

1 0 0 55 45 NdAs 

2 0 0 54 46 NdAs 

3 0 0 54 46 NdAs 

4 0 0 96 4 Nd 

5 0 0 96 4 Nd 

6 0 0 97 3 Nd 

7 0 0 97 3 Nd 
asuggested phase from EDS analysis 

 

XRD analysis was also performed on the U-Zr-Nd-As alloy, and the results are shown 

in Figure B.7. The main phase detected is that of the α-U phase, which is typical in U-10Zr 

(wt.%) alloys. Additionally, both the Nd and NdAs (atomic ratio Nd:As 1:1) were also detected 
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in the analysis confirming their formation within the alloy. There is also evidence of the 

formation of the UO2 phase, which may be the result of some residual oxygen in the original 

uranium metal used to fabricate the alloy button or may have formed during XRD analysis 

which is performed in an open-air containment. Additional crystallographic details of the 

indexed phases from Figure B.7 can be found in the supplemental information section of the 

journal publication. 

 
Figure B.7. Plot of XRD data collected on U-10Zr-2.6As-4Nd alloy. Crystallographic details of phases 
are reported in supplemental information of the journal publication, Table S1. 

 

The presence of pure Nd precipitates and the formation of multi-phase larger 

precipitates appear to indicate that the cast alloy is dopant poor, and there is not enough As 

present to combine with the available Nd. The limited As concentration at this analysis location 

may indicate homogeneity of the alloy was not fully realized during alloy fabrication, and this 

analysis plane is As-deficient, or As loss during the arc-melting process may have led to the 

whole alloy being As-deficient. However, it should be noted that all the As appears to be 

combining with Nd, and there is no evidence of the formation of either a Zr-As phase or U-As 

phase, which agrees with negligible Zr-As interactions predicted in U-Zr-Nd-As system based 

on calculations. Further, calculated Nd-As binding energy (-3.23 eV) is significantly stronger 

than Nd-Zr binding energy (-1.27 eV), resulting in experimentally observed formation of Nd-

As phase, as expected from electronic structure calculations. Thus, even in the presence of Zr, 

Nd-As phase is the most favorable in U-Zr-Nd-As system as predicted by our calculations. It 

is expected that As may help to mitigate FCCI even in the presence of Zr in U-Zr-based metallic 

fuel.  
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