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Abstract

Innovative approaches for improved management of transuranium elements are being sought. The use of either metallic
or nitride fuels, coupled with pyrochemical reprocessing techniques, are being studied. As our experience with these
advanced fuels is limited, their development will be promoted by thermochemical analysis. This paper reviews our
thermochemical modeling of technical problems related to advanced fuel cycles and presents models of the actinide alloys
and nitrides together with experimental verification of these thermochemical predictions. © 1997 Elsevier Science B.V.

1. Introduction

With the amount of transuranium elements (TRU) be-
ing accumulated each year, innovative approaches for im-
proved management of TRU are being sought. The use of
either metallic or nitride fuels, coupled with pyrochemical
reprocessing techniques, may provide safer fast reactors
for actinide burning, more economical fuel cycles as well
as the improved containment of hazardous and politically
sensitive materials. As our experience with such advanced
fuels is limited, their development will be promoted by
acquiring knowledge and understanding of irradiation be-
haviors, fabrication methods and reprocessing techniques.
Thermochemical analysis has become an important ele-
ment in the development of advanced fuels and processes,
particularly those involving the actinides.

2. Dense fuel cycle concepts and processes
A double-strata fuel cycle concept has been proposed

for burning minor actinides (MA: Np, Am and Cm) sepa-
rated from high-level waste (HLW) [1,2]. The MA coming
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from the commercial fuel cycle is confined in the second
stratum, the actinide burner cycle and exit there only as
fission products. Ideally MA from ten 3000 MW (~ 1000
MWe) LWR can fuel a 1000 MW reactor each year. With
some modification, the concept may also be applied to
plutonium burning or utilization depending on the energy
strategy [3].

Actinides will be separated from HLW as nitrates. The
nitrates are converted to solid oxides by a sol—gel tech-
nique. By adding carbon powder to the nitrate solutions,
the mixture of carbon and metal oxides can be obtained.
The latter mixture can be converted to mononitride fuels
by a carbothermic synthesis in a nitrogen atmosphere. The
nitride fuels would then be fed into a reactor dedicated for
actinide burning, ‘ABR: actinide burner reactor’. The irra-
diated fuels are pyrochemically reprocessed by molten-salt
electrorefining.

An electrorefining process of the nitrides is being stud-
ied, where the nitrides are anodically dissolved and the
actinide metals recovered on the cathode [4,5]. The metals
are then converted to nitrides in a liquid cadmium bath.
The nitridation in liquid cadmium has an attractive aspect:
Further removal of lanthanides from actinides may be
achieved if necessary (Fig. 1). Experiments examining the
reaction of nitrogen with Cd-U-Ce-Gd liquid alloys [6]
have shown that uranium is preferentially nitrided, fol-
lowed by gadolinium, which, among the lanthanide fission
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Fig. 1. Prediction on nitridation of actinides and lanthanides in
liquid cadmium.

products, is less stable in liquid cadmium. Cerium was the
last to react with nitrogen.

An alternative approach being studied is the direct
nitridation of the actinides in a moltensalt bath, ‘LINEX’,
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Fig. 2. Outline of LINEX process: Li;N extraction of actinides in
molten salts. (An: actinides. RE: rare earths.)

instead of electrorefining (Figs. 2 and 3) [7]. The nitrides
are anodically dissolved in a LiClI-KCI-CdCl, melt. The
nitrogen evolved during dissolution is trapped by lithium
to form Li,N, which is then returned to the molten salts.
Actinides preferentially segregate in the melt as nitrides by
the methathetical reaction with Li;N. The alkali and the
alkaline earth metals and the most of the rare earth fission
products would remain in the salt phase. Further addition
of Li;N would remove the rare earths from the salt phase
to prevent excessive accumulation of them. (Li;N may be
also used as a nitriding agent in the liquid Cd process
mentioned above, since cadmium decomposes Li;N. The
use of Li;N may give an improved mass balance in the
process rather than passing nitrogen gas in liquid Cd.)
Thermochemical predictions have been made basis for
the development of the above processes. A generic thermo-
chemical datafile, An—Ln-Cd-Li~-K-CI-N, is being pre-
pared for this purpose. The file takes into account molten
chlorides, nitrides, actinide alloys, liquid cadmium alloys
as well as intermetallics between cadmium and lan-
thanides /actinides. The electrorefining process, for in-
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Fig. 3. Prediction on LINEX process on a LiCI-KCl molten salt
containing U:Pu:Ce:Nd = 1:0.1:0.006:0.014. Extra Li3N is ex-
pended for the reaction with cadmium metal in the system, but the
liberated N, can be recovered.
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stance, can be solved in the same theoretical framework
where the problem of component redistribution in the
irradiated fuel is treated: thermochemistry determines the
local equilibrium at the interface of the different phases
and the rest of the problem is dealt by the numerical
calculation of the diffusion processes.

It is not possible to state with confidence, that fabrica-
tion and reprocessing of MA-containing fuels are techni-
cally feasible, as several potential problems remain. One
must be concerned with the product yields at every stage
of the fuel cycle. If extremely high yields cannot be
achieved, it would not make sense to recycle MA or even
plutonium to reduce environmental impact. At the same
time, the material balances have to be closely traced and
controlled. The present status of our efforts in the thermo-
chemical modeling and related experimental studies is
discussed in this paper.

3. Modeling of actinide solution phases

Thermochemical problems can be reduced to the task
of finding 2 minimum for a given system’s total Gibbs free
energy. The advanced fuels are frequently multicomponent
and heterogeneous systems. Therefore, it is pertinent to
determine reasonable solution models in assessing the
thermochemical behavior of metallic and nitride fuels.
Thermochemical models have been made for phases ex-
pected in the advanced fuels. For metallic fuels, such
models can predict alloying behaviors, the redistribution of
materials and the reaction of the fuel with the cladding. In
the case of nitride fuels, the models make it possible to
forecast the vaporization of elements at elevated tempera-
tures (e.g., reactor transients). The models would be also
useful for the optimization of fabrication processes such as
the carbothermic synthesis of the nitrides.

3.1. Actinide alloys

3.1.1. Alloys among actinides

There is a substantial database for the alloying behavior
of uranium and plutonium [8]. The integral fast reactor
(IFR) concept of the Argonne National Laboratory [9]
revived interest in the use of metallic fuels in combination
with pyrochemical or pyrometallurgical processes. The use
of nitride fuels would require "*N-enriched nitrogen and
pyrochemical reprocessing makes it feasible to recycle the
'>N. The economical availability of "*N-enriched nitrogen
is not clearly known and metallic fuels remain as impor-
tant alternatives.

Thermochemical models of U-Pu—Zr fuels have been
proposed by several authors and applied to technical prob-
lems [10-14]. The U-Zr model [13], for instance, proved

to give appropriate thermodynamic factors in analyzing the
interdiffusion behavior of the alloys [15].
The integral molar free energy of a phase is given as
- 0 0 0
G = ZX,G,. + Gl + G

ideal excess ®
1

where the first term is the contribution from the pure
elements, X, is the atomic fraction of the element i taking
the atomic arrangement of phase j and G2, (= — TS;y.))
is that from the ideal entropy of mixing. Normally, G? is
rather well-defined and the question is how to estimate the
value of G2_.. the excess free energy. One approach is to
find an appropriate set of free energy equations by combin-
ing experimental information of the phase diagram and
thermodynamic properties to obtain the most plausible
phase diagram and thermodynamic database for the given
system. The above mentioned U-Pu—Zr models have been
made in this way. This approach, assisted with a free-en-
ergy minimization computer code, is particularly useful in
extrapolating the previous information to uninvestigated
ranges. It does not, however, concern the underlying
physics in alloying behavior and it is inadequate in the
field where the experimental information is scarce or
totally lacking, which is often the case with MA.

In terms of the technological importance as well as the
interest in the fundamental alloying chemistry, a system-
atic study of neptunium alloys has been made by Gibson,
Haire and co-workers [16—18]. Their work proved that the
mutual solubility between Np and Am is limited. In the
context of the metallic fuel concepts, the alloying behavior
among actinides is particularly important.

The thermochemical predictions have been made with
the Brewer model [19]. According to the recent physical
theory [20], the enthalpy of formation of the transition-
metal binary alloy is explained by the change in the width
and filling of the common d-band formed between the two
metals:

A Hf =A Hbond integral +A Hbond order *

The Brewer model gives semi-empirical parameters roughly
corresponding to those terms, although it is hard to estab-
lish exact one-to-one correspondence between the two
concepts. The first term of the above physical concept is a
positive term due to the change in bond lengths. On the
other hand, by the terminology of the Brewer model,
which has been borrowed from the model on the non-elec-
trolyte solutions, a positive term comes from the internal
pressure difference. The internal pressure is defined as
E.w/V. E, is the cohesive energy identified as the
atomization energy of the element to a hypothetical va-
lence state, which is supposed to exist in the elemental
metal. V is the atomic volume. Both E_; and V change
with the crystal structure. The Brewer model also tells us
where we would expect a significant contribution of
A Hpond orger» Which is due to the change in the d-band
filling at the formation of the common band. For instance,
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Table 1

Redlich—Kister—Muggianu-type polynomial coefficients for alloys
of U, Np, Pu and Am [23]. The first element of the pair should be
regarded as the element i in the equation. The parameters for
U-Pu are estimated by fitting to the phase diagrams

Phase Atomic pair A° (J /mol) A' (J /mol)
Liquid U-Np 76.5 —1.94
U-Pu 0 0
U-Am 23982 3507
Pu-Np 10614 — 549
Pu-Am 1177 141.5
Np-Am 20661 3531
bece U-Np 177 -35
U-Pu 3600 — 1300
U-Am 27055 4457
Pu-Np 11975 —735
Pu—Am 1026 127.1
Np-Am 22072 4059
fce U~Np 960 —-19.0
U-Pu 3600 — 1300
U-Am 30114 4961
Pu-Np 9866 — 1038
Pu-Am 1280 102.7
Np-Am 19091 3511

we would expect the largest negative AHy .4 oger DY
mixing a metal with nearly empty d-band and another with
nearly filled d-band. It is because the cohesion given by
the d-band is the largest when it is half-filled. However,
there appears no simple method to accurately estimate
A Hbond order*

As for the alloys among actinides, we may neglect
A H\ 4 order @S the first approximation. On the other hand,
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Table 2

Free energies of transformation

Element Transformation AG, (J/mol)

U bee /liquid 9142 —6.485T

Np bee /liquid 5188 —5.69T

Pu bee /liquid 2824.2-3.093T
fee /bee 1926 —2.554T

Am bee /liquid 14393 -9.933T
fee /bee 5862 —4.343T

besides the d-band, the 5f band plays an important role.
The f-bonding contribution to the total cohesion of actinide
metals has been estimated by Brewer [21], which, how-
ever, seems to be at variance with that later calculated by
Brooks et al. [22] by a quantum-mechanical method. Nev-
ertheless the application of Brewer model to the binary
alloys among actinides gave provisional phase diagrams
which are consistent with the recent experimental evi-
dences [23].

Tables 1 and 2 show the parameters for calculating the
binary and ternary alloy systems among U, Np, Pu and Am
with the Redlich—Kister—Muggianu formulation:

n—1 n m
AG!,

i
excess Z Z E Aiijin(Xi_Xj)p’

i=1 j=it+1 p=0

where 7 is the number of components, m;; is the degree of
the polynomial for A7, Al is the pth polynomial coeffi-
cient for a binary pair i—j and X; is the molar fraction of
the component i. Here the interaction is assumed to be the
first degree, i.e., m;; = 1. In applying these parameters, the
fce phase has to be suppressed in calculating Pu-U, Np-U
and Np—Pu binaries. This artificiality was imposed, as it is
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Fig. 4. Comparison of model prediction of Np-Am system with DTA measurement on Np, s, Amg 4¢ alloys. The DTA curve is shifted so as
to place the peak maximums to the onset temperatures for the ease of comparison.
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difficult to make accurate determination of the lattice
energies, or the free energy of transformation (AG,), of
hypothetical phases of these heavy elements.

In the DTA measurements on a 54 at.% Np-46 at.%
Am sample, the enthalpy peaks corresponding three al-
lotropic transformations of Np (two of the three are shown
in Fig. 4) were observed [16—18]. At higher temperatures
there were two additional peaks, which were ascribed to
the B(fcc)—y transition and fusion of the Am-rich phases,
respectively. The B—vy transition was depressed by ~ 60 K
and the fusion by ~ 150 K from those of pure Am, giving
rise to a narrow doublet at 1253—-1293 K. On the other
hand, the thermochemical model suggested a monotectic
system with a barely discernible liquid miscibility gap:
Two narrowly spaced horizontals at ~ 1310 K, which
correspond to the observed doublet in the DTA curve,
were noted. Another feature is the larger solubility of Np
into Am than for the reverse case. Although the model
gave a peritectic reaction at the Np-rich end, the DTA
suggests that there is a eutectic for the Np-rich region.

The application of the Brewer model to Am alloys also
revealed the essential immiscibility between U and Am
[23]. Thus a metallic fuel based on U-Pu-Zr alloys with
larger concentrations of Am, or on Np—Am alloys, is not
likely to be a good choice for ABR.

3.1.2. Stability of w-like intermediate phase

An inherent difficulty in determining phase diagrams
for the actinide alloys has been identified. It is often
difficult to control gaseous impurities in these alloys and
this becomes more serious with minor actinides where one
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Fig. 5. Constitution of U-Zr-N alloys at 873 K as a function of
nitrogen partial pressure. The & solid solutions are destabilized by
nitrogen.

Table 3

Parameters for modeling mixed nitrides AG? refers to the pure
metal elements in liquid states, except for zirconium which refers
to the a(hcp) phase. Species MV is hypothetical, which corre-
sponds to the nitride with completely vacant non-metal sublattice.
Definition of Redlich—Kister—Muggianu-type polynomial coeffi-
cients for ZtN-ZrV pair is as previously defined for metallic
alloys. Parameters for americium are provisional, which were
assumed to explain the vaporization behavior of *!Am in PuN

Species AG? (J /mob)
Solid UN —~306089+94.278T
Solid UV —13279+10631T
Liquid UN —251208+76 71T
Liquid UV 0
Solid PuN —296691 +84.366T
Solid PuV —4770+5.69T
Liquid PuN —244091 +66.796T
Liquid PuV 0
AmN ~297659 +92.054T
AmV 0
ZrN —367355+93.789T
vV 3350
Pair L(J/mol) Remark
UV-UN (solid) 10000+ 20T
UV-UN (liquid) 84500—17T
PuV-PuN (solid) —60800+46.4T
PuV-PuN (liquid) —84000+45T
AmV-AmN 0
UV-PuVv 0
UN-PuN 0

or 33000—30T see Ref. [32]
PuV-AmV 0
PuN-AmN 0
ZIV-ZIN L0

L':40000
ZN-UN 18410
ZrV-UV 36200+4.216T

has to use smaller samples due to radiological concerns.
The effect of nitrogen impurities on the equilibrium in the
U-Zr system has been studied [24], where it was found
that nitrogen destabilizes the bcc phase and the related
intermediate phase, 8-UZr, (Fig. 5). This is one of the
reasons why it is difficult to accurately determine the
stability range of the 8-phase.

Correct information on the stability of 8-UZr, is impor-
tant, as it is a phase encountered in U-Pu—Zr fuels and
controls the material redistribution under the radial thermal
gradient in the fuel element [14]. In addition, a very similar
phase has been identified in Np~Zr alloys [25]. The lattice
stability of 8-UZr, has been studied by thermal analysis
and its structure determined by neutron diffraction [26]. It
was confirmed that the crystal structure is a modified C32
structure like the w-phase, known as a metastable phase of
Zr-based alloys. In the U-Zr system, the atomic volume
increases at the transition from & to (y-U, B-Zr): the
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phase has a dense structure like the w-phase with respect
to the bec structure. Thus, the 3-phase may be regarded as
a series of w-phase solid solutions. The heat effects at the
transition were extrapolated to X, =1 to give AH,(o-
Zr/B-Zr) = 2800 J /g atom, which supports the previous
estimate from the phase diagram analysis: A H{w-Zr/B-
Zr) = 3094 J /g atom [13].

3.2. Actinide nitrides

3.2.1. Mixed nitrides of actinides

The nitride fuels have thermal conductivities compara-
ble to metallic fuels and high melting points (~ 3000 K)
[27]. The good thermal properties of nitrides and carbides
provide the unique possibility of using them as ‘cold fuel’
even at a high linear heating rate [28]. Another potential
advantage is the mutual solubility expected for actinide
mononitrides. The carbide fuels are not considered as
candidates for ABR, since the carbides of transplutonium
elements are not sufficiently stable [29]. It has been shown,
however, that UN and (U, Pu)N decompose at high tem-
peratures to form liquid phases, which sets an operational
limit of the fuels [30].

Vaporization behaviors of hypostoichiometric nitrides
have been calculated [31-33]. The properties of MN, _,
have been modeled with a sublattice formalism, where
nitrogen and its vacancy occupy a non-metal sublattice of
the NaCl-type structure. The excess free energy of mixing
is then given as a function of site occupation fractions, Yy,
and Yy, on the metal and non-metal sublattices, respec-
tively:

2 2

AGe(:(cess= Z YmiLni Y Yo Z YN_iLMjYM]yMZ’
i=1 j=1

Yap+t Y =1,

Yy + Yva=1,

where the Ls are the regular interaction parameters: Ly
for the non-metal and L, for the metal sublattices,
respectively. The pertinent parameters are given in Table
3.

One important result of such an analysis is that one
cannot predict the behaviors for a series of solid solutions
of UN—PuN by treating them as pseudo-binary systems
[32]. There is a congruent vaporization of Pu and N, near
the PuN-rich end, whereas nitrogen is preferentially lost
near the UN-rich end. Thus, the concentration of structural
vacancy changes with the Pu/(U + Pu) ratio.

The same theoretical treatment has been applied to the
vaporization of *'Am, the daughter of Py, which is
found in reactor-grade PuN [33]. An unusual vaporization
behavior was noted for a sample of reactor-grade PuN that
contained ~ 1.3 at.% Am. Initially the mass-239 signal
was much lower than the thermodynamic expectation,
while the mass-241 signal was significantly large. After

continued heating the mass-241 signal subsided and the
mass-239 signal increased to a stable level. A subsequent
analysis of the data revealed that the vaporization of (Pu,
Am)N consists of three stages: (1) preferential loss of N,
(2) preferential loss of Am and N, and (3) congruent
vaporization of PuN. The partial pressure of Pu in the third
stage followed exactly that expected from data obtained
with samples using purer PuN. The second-law enthalpy of
formation of AmN was estimated from the partial pres-
sures of Am in the third stage: an enthalpy of —294
kJ/mol was obtained at the average temperature of 1600
K, which is comparable to AHys = —296, —299 and
—301 kJ/mol for UN [34], PuN [34] and LaN [35],
respectively. A high vapor pressure of Am over AmN has
an important practical implication, which is discussed fur-
ther in Ref. [36].

3.2.2. Uranium zirconium nitrides

The mixed nitrides with ZrN are of interest, since the
addition of ZrN would suppress vaporization of the ac-
tinides [37]. Therefore, ZrN may be a reasonable choice as
diluting matrix for the actinide burning. The interaction
parameter for the UN-ZrN pair (Table 3) is as estimated
by Holleck and Ishii [38], who used an empirical correla-
tion between the interaction parameter and the Ilattice
parameter difference of the components. This correlation
was based on data for mixed carbides. The interaction
parameter gives a critical point of 1073 K for the miscibil-
ity gap of UN-ZrN. However, miscibility of those refrac-
tory materials at lower temperatures is difficult to define
experimentally.

A sample of U-18 at.% Zr alloy was heated at 1273 K
under a low-pressure N, [39]. The scale was formed on the
alloy, which was found to consist of two layers: a very thin
(< 1 wm) layer of (U, Zr)N at the surface on a thick layer
of a-Zr(N) which covers the alloy. The Auger analysis
revealed that the concentration of (U, Zr)N layer changed
from ~ 80% UN near the surface to ~ 100% ZrN near the
interface with a-Zr(N). The analysis did not show a signif-
icant concentration gap within the (U, ZDN layer, suggest-
ing complete miscibility at the temperature as expected
from the above model.
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