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Fast reactors are once again being considered for nuclear power generation, in addition to transmutation
of long-lived fission products resident in spent nuclear fuels. This re-consideration follows with intense
developmental programs for both fuel and reactor design. One of the two leading candidates for next gen-
eration fast reactor fuel is metal alloys, resulting primarily from the successes achieved in the 1960s to
early 1990s with both the experimental breeding reactor-II and the fast flux test facility. The goal of the
current program is to develop and qualify a nuclear fuel system that performs all of the functions of a
conventional, fast-spectrum nuclear fuel while destroying recycled actinides, thereby closing the nuclear
fuel cycle. In order to meet this goal, the program must develop efficient and safe fuel fabrication pro-
cesses designed for remote operation. This paper provides an overview of advanced casting processes
investigated in the past, and the development of a gaseous diffusion calculation that demonstrates
how straightforward process parameter modification can mitigate the loss of volatile minor actinides
in the metal alloy melt.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Fast reactors are being considered as transmutation systems for
long-lived minor actinides resident in spent nuclear fuels as well as
in nuclear power generation, as evidenced by recent US Depart-
ment of Energy programs [1–4]. These considerations are spurred
on by several global factors looming in the very near future. These
factors are (1) consequences of the greenhouse effect that may pro-
duce a carbon tax, (2) production of hydrogen and hydrogen-rich
fuel cells to produce energy for transportation, (3) increased de-
mand for potable and irrigation water, (4) proliferation concerns
associated with separated plutonium, and (5) determination of
an appropriate spent-fuel strategy and repository.

Fast reactors are poised to address these factors since fast reac-
tor fuels provide adequate long-term management of plutonium
and minor actinides, minimizing proliferation risks and waste
depository requirements, while generating a respectable amount
of heat for energy, hydrogen, or water production. One of the
two leading candidates for next generation fast reactor fuels is me-
tal alloys, resulting from the notable successes obtained from dri-
ver fuel utilization and/or testing in the 1960s to early 1990s in
both the experimental breeding reactor-II (EBR-II) and the fast flux
test facility (FFTF). Metal fuel has the advantage of simple fabrica-
tion, high thermal conductivity, high fissile and fertile density
capability, and small Doppler reactivity feedback [5]. Furthermore,
metallic fuel can be simply recycled using either melt refining or an
electrorefining process. Both processes have shown the ability to
ll rights reserved.
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effectively remove a majority of fission products and return ura-
nium, plutonium, and minor actinides to the reactor, leading to
an economical and proliferation-resistant reprocessing scheme
[6,7]. Metal fuel does have some disadvantages when compared
to alternative fast reactor fuels (e.g., oxides), such as a low melting
temperature and higher propensity for fuel–cladding chemical
interaction. A number of experimental fuel tests, as well as quali-
fied designs of driver fuel, are summarized in Table 1.

The varied designs progressed as performance of the fuel was
better understood. The design was altered to improve the useful
burnup (BU) of the fuel [8]. For example, the Mk-IA design did
not provide for fuel swelling, axial or radial, and had very little ple-
num volume to accommodate fission gas released from the fuel. As
a result, the fuel pins failed from stress rupture of the cladding at
relatively low fuel BU, limiting the lifetime of a given driver fuel
element.

Mk-II designs allowed for fuel swelling by a reduction in the
areal smeared density, and also by providing an adequate plenum
volume to prevent plenum gas pressure from causing cladding fail-
ure to >10 at.% BU. However, the Mk-II series used solution-an-
nealed (SA) 316 stainless steel (SS) cladding that had very little
resistance to void swelling.

The Mk-III and -IIIA designs used more swelling-resistant clad-
ding (cold-worked D9 SS and 316 SS) and had increased plenum
volumes. Test assemblies demonstrated that the fuel could easily
exceed 15 at.% BU without breach of cladding. Unfortunately, the
fuel assembly hardware could not be used to 15 at.% BU because
the equivalent neutron dose produced too much hexagonal fuel
duct expansion to permit fuel handling through the EBR-II storage
basket. As a result, the fuel was limited to 10 at.% BU. Assembly
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Table 1
Selected design parameters (nominal) for EBR-II and FFTF metal driver fuel elements [9].

Design Mark-I/-IA Mark-II series Mark-III series Mark-IV, Vb Series IIIB
Reactor EBR-II EBR-II EBR-II EBR-II FFTF
Fuel alloy (wt%) U–5Fsa U–5Fs U–10Zr U–10Zr U–10Zr
Slug diameter (mm) 3.66 3.30 4.39 4.27 4.97
Areal smeared density (%)c 85 75 75 75 75
Plenum-to-fuel volume ratio 0.2 0.7–0.1 1.4 1.4 1.5
Cladding material 304L SA316 CW316, CWD9 HT9 HT9
Maximum burnup achieved (at.%) 2.6 8.9 10 N/A 14.3

a Fs represents an equilibrium mixture of noble metal fission products, primarily comprised of Mo and Ru with some Rh, Pd and Zr.
b Conversion to the Mark-V/-VA fuel types was never begun before EBR-II was terminally shut-down in 1994.
c Smeared density is defined here as the ratio of the cross-sectional area of the as-fabricated fuel slug to the cross-sectional area defined by the cladding inner diameter.

Fig. 1. Vapor pressure of americium, plutonium, neptunium, and uranium as a
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hardware made from the ferritic/martensitic steel HT9 was to be
included in future designs to allow even greater fuel utilization.
However, these tests never came to fruition due to the terminal
shut-down of the EBR-II facility in 1994.

The series IIIB, to be used as driver fuel in FFTF, used HT9
assembly hardware and was tested in six full assemblies to 11–
16 at.% BU without any fuel pin breaches. Some of these assemblies
were designed to produce peak fuel cladding temperatures (PCT)
near 650 �C, often considered as a limit for conventional HT9
(620 �C PCT without uncertainties) due to lower stress rupture
properties at higher temperatures [10].

Through the course of these design evolutions, the fabrication
techniques also evolved with goals to allow remote fabrication, re-
duce waste, and simplify the process. The specifications were also
relaxed as the fuel performance testing demonstrated the ‘forgiv-
ing nature’ of metal fuel in terms of impurities, dimensional toler-
ances, and thermal bonding imperfections.
function of temperature. The vapor pressure of Am is three orders of magnitude
greater than that of Pu, which is four orders of magnitude greater than that of U
[12–18].
2. Designing for global nuclear energy partnership (GNEP)

Development of fuel alloys for use in the transmutation of min-
or actinides such as americium, neptunium, and curium is one of
the top goals of the global nuclear energy partnership (GNEP) pro-
gram. Transmutation fuels for use in fast reactors must behave in a
benign manner during core off-normal events, maintain integrity
up to a high BU, lend themselves to low-loss recycling processes,
and be easily fabricated with minimal material loss in a remote
handling environment. For transmutation fuels (containing the
minor actinides), these requirements are essential for the success-
ful function of the fuel. This paper will focus on the last require-
ment for transmutation fuels: simplicity of fabrication with
minimal material loss in a remote handling environment. The addi-
tion of minor actinides (MAs) Am, Np, and Cm as constituents in
the fuel, as well as the potential for carryover of substantial quan-
tities of rare earth fission products (such as cerium and neodym-
ium), create a special set of challenges to future fuel design and
fabrication not necessarily experienced in the EBR-II and FFTF irra-
diation campaigns. All of these alloying elements create potential
performance issues, such as affecting fuel/cladding chemical inter-
action, radial composition redistribution, and melting temperature.

The alloying elements can also significantly influence fabrica-
tion processes. Some, such as Am, possess high vapor pressures
and are therefore susceptible to creating a process loss during a
casting operation. Not only is retention of Am important for suc-
cessful transmutation of MAs in a fast reactor, but any material lost
must be efficiently recovered in a waste stream and subsequently
dealt with, increasing the overall facility cost and safety require-
ment. This is especially challenging in a remote fabrication envi-
ronment, where all operations must either be automated or
conducted with manipulators. Fig. 1 compares the vapor pressure
of Am to other components of metal fuel.
In addition to potential material losses, the freezing range of a
given alloy tends to increase as the number of alloying components
becomes more complex, limiting the types of casting processes
that may be used effectively. For these two reasons, the fabrication
processes that have traditionally been used are being re-examined.
Casting processes that do not require application of a vacuum are
being designed with minimization of thermal gradients within
the crucible and furnace. Calculations have predicted that loss of
materials with high vapor pressure is virtually eliminated with
simple modifications to existing injection casting designs and fab-
rication parameters [11].

Americium is a relatively minor component in proposed trans-
mutation fuel alloys, approximately only 5 wt%. However, the va-
por pressure (pAm) of Am is so large (Fig. 1) that the partial
pressure (PAm = cAm � pAm) in the alloy will dominate the gas mix-
ture produced by the alloy components above the fuel solidus/liq-
uidus during fabrication, where cAm is the concentration of Am as a
solute in the molten fuel. This leads to great concern that the Am
could be lost as a gas during fabrication of fuel slugs, thus requiring
additional measures to condense and recover the lost gas so the
material can be returned to the feedstock stream. The potential
loss of Am during high-temperature fabrication can be represented
by a simple evaporation problem. Evaporation of the Am gas is not
only accelerated by the high vapor pressure, but additionally re-
quires diffusion away from the area above the heated alloy in
either its solid or liquid state, depending upon the time in process.
Diffusion of gas away from the interface can be influenced by a
number of easily controllable parameters that either enhance or
deter the Am loss from the solid or liquid. These parameters in-
clude time, temperature, pressure (and gas composition), and con-
centration. Furthermore, careful selection and design of an
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appropriate fabrication process for metal fuel alloys can minimize
potential material losses. What follows is a review of processes
previously investigated for fabrication of metal fuel alloys, and a
discussion of a simple gaseous diffusion calculation that will ana-
lyze the influence of processing parameters using an injection cast-
ing process.

2.1. Review of advanced metal fuel fabrication technologies

In previous fuel fabrication campaigns for EBR-II, injection cast-
ing was the most effective technique for metal fuel fabrication. The
process involves placing the feedstock metal into yttria-coated
graphite crucibles, followed by melting in a high-frequency pow-
ered pressure/vacuum induction furnace at approximately
1500 �C [19,20]. Placement of feedstock into the crucible charge
is important to aid the alloying process and minimize volatile com-
ponent loss. Components with a low melting temperature, such as
Pu, are loaded into the bottom of the crucible, followed by zirco-
nium and finally uranium. Thus, the lower melting temperature
U will flow over and consume the higher temperature Zr, and re-
duce the ability of higher vapor pressure constituents to escape
into the vacuum. The outside of the crucible is typically wrapped
in zirconia felt to insulate the crucible from the induction coil
and to prevent significant heat loss. The induction coil must be
made from a solid, oxygen-free, high-conductivity copper in order
to reduce resistive heating and serve as a heat sink, since water
cooling is typically not permitted inside the furnace shell. The fur-
nace is evacuated before each injection casting run, followed by
lowering of the molds below the surface of the melt. Once the
molds have pre-heated for several seconds, the furnace is rapidly
pressurized with argon gas, forcing the molten alloy into the
molds. The molds themselves are the most problematic element
of the injection casting process, since they must also be designed
for a relatively high melting temperature. Glasses, such as silica
and Vycor, were typically used as mold materials. However, as
the mold must be broken from the cast fuel slug, the glass is not
re-usable, and therefore not cost-efficient. Most significantly, the
by-product mold shards created a highly undesirable additional
waste recovery stream.

Centrifugal casting was used to fabricate U–2 wt% Zr alloy fuel
for EBR-I [21,22]. The fuel slugs for EBR-I were significantly larger
in diameter than for EBR-II (9.8 mm compared to 3.3–4.4 mm), as
they would be for a commercial fabrication line, similar to those
irradiated in FFTF (series IIIB). EBR-II required fabrication of longer
and smaller-diameter fuel slugs. The centrifugal casting technique
was found to be effective in casting rod-type fuel slugs with a sur-
face-to-volume ratio of 26:1 and a length-to-diameter ratio of 59:1
composed of uranium and U–2 wt% Zr alloy. The success rate and
surface finish of the castings was improved by using mold materi-
als made of brass, copper, or silver. In addition, the re-design of the
melt distributor had a profound impact on the ability of the pro-
cess to cast longer fuel slugs with smaller diameters. In effect, cen-
trifugal casting could potentially be used to fabricate fuel slugs
with dimensions typical of a commercial fast reactor, while also
minimizing volatility issues. However, the process has always been
considered somewhat complicated and time consuming. The num-
ber and type of manipulations required to assemble and disassem-
ble the furnace and molds are significant, and there are concerns
over the relatively low production potential per machine, com-
pared with other fabrication processes [23].

Continuous casting was another advanced fabrication method
investigated, mainly because it eliminated the use of molds and
produced fuel slugs with more uniform properties, since the solid-
ification front was quasi-steady-state [24]. Bronze rods up to
91 cm long were cast with a diameter within ±0.06 mm and had
a smooth, uniform surface finish. Although a continuous caster
was built and staged to fabricate U–10 wt% Zr, tests were never
conducted. It was generally believed that casting of bronze was a
worst-case scenario compared to the U–10 wt% Zr, based on more
favorable thermal and mechanical characteristics of the fuel alloy.

However, the cooling rate of cast material is essential in the suc-
cess of the continuous casting method. Cooling becomes much
more difficult with alloys containing the minor actinides, since
the freezing range increases significantly. For example, the U–
19Pu–10Zr alloy liquidus is at 1300 �C while the solidus is at
1080 �C, a 220 �C freezing range [25]. The wide freezing range
can lead to micro-shrinkage effects and loss of process control dur-
ing casting. Furthermore, pulling of the cast must be properly
aligned to avoid any asymmetric variations in the rod diameter,
increasing the complexity of the unit for remote operation. Finally,
if continuous casting was to be used, the process would need to be
highly automated to minimize the extent of human interaction re-
quired for casting a significant number of fuel slugs.

Schematics of the injection casting, centrifugal casting, and con-
tinuous casting processes are provided in Fig. 2. More recently,
additional modifications to traditional fabrication processes have
also been investigated. These include cold crucible casting and a
bottom pour process. Each of these processes face their own set
of challenges, both with implementation and operation in a remote
environment. However, as it will be demonstrated, these newer
processes are being developed to retain Am, based upon calculat-
ing gaseous Am loss.

2.2. The gaseous diffusion calculation

A simple gaseous diffusion calculation can be conducted to
determine the flux of Am gas away from the alloyed melt as repre-
sented by the following equation:

NAm ¼ DAm �
fCAmðx ¼ 0Þ � CAmðx ¼ LÞg

L
: ð1Þ

For Eq. (1), NAm is the molar flux of Am, and DAm is the diffusion
coefficient of Am as a function of temperature, pressure, and cover
gas. CAm is the concentration of Am in the space surrounding the al-
loy melt at the surface (x = 0) and at some distance away from the
surface (x = L, the heat sink, wall, etc.). Ultimately, the molar flux
can be controlled by changing the concentration gradient (CAm) or
by altering the diffusion coefficient (DAm).

The diffusion coefficient can be altered by influencing two oper-
ational parameters: temperature or pressure (including gas com-
position). No information exists on the diffusion coefficient of
Am. However, the diffusion behavior can be extrapolated from
known diffusion coefficients for species with similar mass as an
initial starting point. For example, data is available for diffusivity
of mercury in one atmosphere of argon and in some other noble
gases [26]. Mercury has an atomic mass of 200 g mol�1 while Am
has an atomic mass of 243 g mol�1. The diffusion coefficients for
Hg must be extrapolated well above the existing data regime to
be in a similar range for transmutation fuel processing tempera-
tures, since the diffusion coefficients were measured at much low-
er temperatures. An estimation of the influence of pressure on the
diffusion coefficient may be made by assuming a constant value of
the diffusion coefficient multiplied by the system pressure [27].
Thus, by assuming a twofold increase in pressure, the diffusion
coefficient would subsequently be halved.

The cover gas used during fabrication will also have a strong
influence upon the diffusion coefficient of the Am gas. If the cover
gas atomic/molecular species is larger and heavier than the Am
gas, then diffusion becomes much more challenging for solute
gas (Am) species. This is best demonstrated by extrapolation of a
metal with similar behavior. For example, the diffusion coefficient
of Zn gas at 700 �C in atmospheric helium is four times that of Zn



Fig. 2. Schematics of the injection casting (A), centrifugal casting (B), and continuous casting (C) processes investigated to fabricate metallic fast reactor fuel.
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gas in Ar under the same conditions [26]. Similarly, the diffusion
coefficient of Hg gas at 200 �C in He is more than four times that
of Hg gas in Ar under the same conditions [26]. This is illustrated
graphically in Fig. 3.

A reduction in the concentration gradient could reduce the loss
of Am as it relates to the molar flux and diffusion of Am gas repre-
sented by Eq. (1). In other words, a minimal evaporation loss could
be realized by using a closed system with a relatively small vol-
ume, as opposed to an open system or a large processing volume.
The most obvious approach for capture of volatile Am gas is
employment of a cold trap position near the alloy processing zone.
The Am would condense in the cold trap, be dissolved out of the
cold trap frit, and reintroduced into the feedstock processing
stream after conversion back to metal. The most severe limitation
with this approach is that the cold trap increases, and actually
maximizes the concentration gradient. Therefore, the Am loss from
the alloy melt is increased by use of a cold trap. If the control of
temperature and pressure are not effective in controlling the diffu-
sion coefficient, then perhaps a cold trap could be employed as a
solution. However, values based on extrapolated diffusion coeffi-
cients seem reasonable and suggest that Am recycling need not
be pursued as the primary, most logical method.

As an example, the following system (based upon injection cast-
ing) is used: a melt containing 5 wt% Am is held at 1750 K for 5 min
with heated crucible walls, enabling the crucible lid as a perfect
heat sink. The vapor pressure of Am, and thus the partial pressure,



Fig. 3. Diffusion coefficient of mercury and zinc under both argon and helium cover
gas. The diffusion coefficients of Hg and Zn under He are much greater than those
under Ar. After Ref. [26].
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can be determined as explained above, e.g., 488 and 18.1 Pa,
respectively. The diffusion coefficient of Am at one atmosphere is
extrapolated to 1750 K based on the diffusion coefficient of Hg in
Ar, mainly as a result of the low melting temperature of Hg. The
Am diffusion coefficient at Ar pressure is then determined. The
Am partial pressure is used to determine the Am concentration
at the melt surface, assuming the concentration at x = L is zero
since the lid is a perfect heat sink. Based on Eq. (1), the molar flux
is determined and a percent Am loss rate calculated. Depending on
the hold time, the total percentage of Am loss can be computed.
Two separate cases were investigated: injection casting under
modest vacuum (670 Pa), and injection casting with a slight over-
pressure of 30 kPa (0.3 atm). Calculations for these two cases are
summarized in Table 2. With a modest vacuum of 670 Pa, a relative
loss of 0.3% of the Am in the melt would occur. The retention of
99.7% of the Am might not be acceptable for a fuel fabrication oper-
ation, especially one designed for remote operation. Relative Am
loss could be reduced to only 0.006% by altering the DAm with in-
creased pressure, e.g., 30000 Pa (�0.3 atm), e.g., Case II. This pres-
sure would still theoretically permit filling of the quartz molds (i.e.,
not a significant loss in vacuum, while maintaining a minor
amount of Am loss as a gas). According to Henry’s law, the modest
increase in pressure will increase the amount of Ar in solution with
the molten fuel. However, Ar dissolution in molten U should be
negligible compared to fission gas dissolution, e.g., Xe/Kr, which
is on the order of 1% per atomic percent burnup of fuel.

A second example involves altering the concentration gradient
by raising the temperature of any potential heat sink to create a
positive effect. The most probable heat sinks are cold traps, as
mentioned above, but also the crucible wall and cover lid. Ameri-
cium will deposit at the sink if the example is considered an ideal
system. The Am will then have a partial pressure equal to the vapor
pressure at the sink surface. Recall that at the melt surface, the par-
tial pressure is reduced because of the 5 wt% Am concentration in
the melt (first example, above). If the sink temperature is lower
Table 2
Summary of gaseous diffusion calculations for Am loss in an injection casting process
conducted under a modest vacuum (Case I) and a slight Ar overpressure (Case II).

Case I II

Ar pressure (Pa) 670 30000
Am diffusion coefficient at Ar pressure (cm2 s�1) 219 4.89
Am loss (%) 0.3 0.007
than the melt temperature and the Am vapor pressure generated
is equal to the pressure just above the melt, then there is no driving
force for diffusion away from the melt surface. Because pure Am at
1440 K has a vapor pressure of 18 Pa, increasing the temperature of
the crucible walls and lid to 1440 K achieves an equilibrium of the
vapor pressure of Am and partial pressure of Am in the melt.
Therefore, no continuous and appreciable diffusion of Am from
the melt surface will occur (theoretically). While this is a simple
calculation, it demonstrates the likelihood that equipment design
and control of process parameters can be used to effectively con-
trol Am loss, and recovery of Am streams need not be the only
solution for the Am retention problem. Obviously experimental
‘check points’ or benchmarks are needed to prove Am behavior
with such modifications.

2.3. On the use of surrogate systems

One of the most challenging aspects of any research and devel-
opment program is minimizing the amount of experimentation re-
quired. Of particular importance in the nuclear field are the
challenges of minimizing the waste generated, the scale of the
experiments, and the amount of material required upfront – all
relating to time and cost. Use of surrogate materials and systems
are common when working with nuclear materials. Surrogates,
by definition, are materials or systems that function properly,
accurately, and with known transitions in place of another. As de-
scribed above, one of the most significant challenges with metal
transmutation fuel alloy fabrication is dealing with Am volatility.
Fig. 4 provides examples in the similarity of vapor pressure be-
tween proposed surrogate metals and that of Am. There are many
potential candidates for surrogates of metallic Am, of which man-
ganese is the most widely used and discussed. Trybus investigated
the use of a U–Mn–Zr alloy system to simulate the loss of Mn [Am]
during an injecting casting process [28]. The scope of the experi-
ment was not sufficient to include and test hypotheses related to
minimization of Mn loss from the melt. However, based on the
simple gaseous diffusion calculation described in this paper, simi-
lar results can be obtained by substituting Mn for Am and deter-
mining the loss from a molten pool of a Mn-bearing alloy.
Similar limitations exist on available diffusion coefficient data on
Mn in Ar as was identified for Am, but the information for Zn in
Ar can be extrapolated to explain this behavior since Zn has an
atomic weight of 65 g mol�1 and Mn has an atomic weight of
55 g mol�1. Measured diffusion coefficients of both Hg and Zn in
Fig. 4. Vapor pressure of americium metal and three proposed surrogate metals:
manganese, silver, and praseodymium. The vapor pressures of the metals are all on
the same order of magnitude with one another [18,29,30].
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one atmosphere of either Ar or He gas as a function of temperature
are provided in Fig. 3.

Based on the extrapolated diffusion coefficient of Zn in Ar, the
same analysis can be conducted using the gaseous diffusion calcu-
lation by substituting Mn for Am. Thus, 1 wt% Mn in the melt will
be the same as 5 wt% Am in a U–Pu–Zr–MA melt, based on atomic
percent conversions (i.e., both are equivalent to 3.7 at.%). An Ar
pressure of 670 Pa results in a 3% loss from the melt of the original
1 wt% Mn under the same processing temperature, volume, and
hold time. A loss from the melt of 0.07% of Mn results when the
pressure is increased to 30 kPa (note that 1 atm = 101.3 kPa) under
the same processing conditions. For these examples, the calcula-
tion is constrained to a case where the crucible walls are heated
to approximately 1500 K to avoid Mn collection. However, the cru-
cible cover is not heated, so it serves as a perfect heat sink. If the lid
were also heated to 1500 K, the only loss would result from the
partial pressure saturating the gaseous area above the melt surface,
as discussed previously. Based on these numbers, the Mn surrogate
provides loss values that are an order of magnitude higher than
those predicted for Am. Obviously, Mn offers an attractive option
in terms of its conservatively higher vapor pressure and compara-
ble atomic mass to Zn for extrapolation of diffusion coefficients,
but care must be exercised in terms of a surrogate for Am loss dur-
ing processing (such as from a melt). Furthermore, the differences
in electronic structure, thermal, and phase behavior must not be
overlooked for surrogate work, but discussions of these are well
outside the scope of this paper.

Additional metals, such as silver and praseodymium have also
been proposed as viable surrogates for Am based on vapor pres-
sure. Once again, there is no solid experimental data for diffusion
coefficients of these two metals. However, a mathematical expres-
sion for diffusion coefficients of these metals, along with a host of
others, has been proposed with reasonable certainty [31]. The
expression is represented by the following equation:

D ¼ D0
P
P0

� �
T0

T

� �n

: ð2Þ

For Ag, D0 = 7.9 and n = 1.89, and for Pr D0 = 7.4 and n = 1.86.
The ratio of pressures is taken as unity, since this will be accounted
for in the gaseous diffusion calculation. Thus, at a temperature of
1750 K and assuming T0 = 273 K, the diffusion coefficients are
2.99 � 106 and 2.34 � 106 m2 s�1 for Ag and Pr, respectively. Enter-
ing the diffusion coefficient of Ag into the calculation, altering the
mass of Ag in the melt to correspond to that of Am, and using the
conditions established as before for Am and Mn, the loss at 670 Pa
is 1.4%, and at 30 kPa is 0.03%. Similarly for Pr, the loss is 0.86% at
670 Pa and 0.02% at 30 kPa. Thus, the correlation in percentage of
mass loss to Am is better for Ag and Pr (in that order), than for
Mn, but still an order of magnitude lower than that expected for
Am. Furthermore, Ag and Pr face an additional set of challenges
associated with their use as a surrogate material. Both Ag and Pr
have very low solubility if uranium is used as the base, and a
two-phase liquid(1)–liquid(2) molten regime, again with low solu-
bility for each other. The partial pressure would then be nearly
equivalent to the vapor pressure. This factor must always be con-
sidered when selecting an appropriate surrogate material; other-
wise, results can be misinterpreted or poorly correlated with
actual behavior.

3. Conclusions

The United States has a large existing database relating to the
fabrication and performance of metal fuel alloys. With the emer-
gence of advanced nuclear power generation, advanced nuclear
fuels and fuel cycles are necessary. One such example is the trans-
mutation of minor actinides in fast reactors while generating mod-
est amounts of energy. However, these novel concepts are
accompanied by the requirement of novel modifications to tradi-
tional fuel fabrication methods and process parameters, such as
injection casting. An overview of past fabrication designs and fab-
rication processes investigated with associated advantages and
disadvantages has been provided. In addition, a simple gaseous dif-
fusion calculation has been developed to show how the variation in
operational parameters can improve the retention of volatile spe-
cies in the fuel alloy with excellent success. Finally, a discussion
of potential surrogate metals to minimize time, cost, and exposure
associated with volatile minor actinides revealed that care must be
taken in the selection of a surrogate.
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