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Abstract

Alloys of Np have been studied less than those of the neighboring elements, U and Pu; the higher actinides have
received even less attention. Recent interest in 2’Np, ! Am and other actinide isotopes as significant, long-lived and
highly radiotoxic nuclear waste components, and particularly the roles of metallic materials in new handling/separa-
tions and remediation technologies, demands that this paucity of information concerning alloy behaviors be addressed.
An additional interest in these materials arises from the possibility of revealing fundamental properties and bonding
interactions, which would further characterize the unique electronic structures (e.g., 5f electrons) of the actinide ele-
ments. The small empirical knowledge basis presently available for understanding and modeling the alloying behavior
of Np is summarized here, with emphasis on our recent results for the Np-Am, Np-Zr and Np-Fe phase diagrams. In
view of the limited experimental data base for neptunium and the transplutonium metals, the value of semi-empirical
intermetallic bonding models for predicting actinide alloy thermodynamics is evaluated. © 1999 Elsevier Science B.V.

All rights reserved.

1. Introduction

The field of phase relations in alloy systems com-
prising actinides has recently received renewed attention,
largely as a result of proposed new waste-remediation
technologies which may incorporate actinides into me-
tallic matrices. Previous investigations of the alloying
behaviors of the transthorium actinides have concen-
trated primarily on uranium and, to a lesser extent,
plutonium. The continuing accumulation of significant
quantities of other actinides now demands that their
alloying behaviors also be understood. In particular,
BINp (1, =2 x 10° yr, a-decay) and **' Am (#;,, =430
yr, o-decay) are highly radiotoxic isotopes which are
significant nuclear reactor by-products [1]. Advanced
remediation schemes, which address the handling, sep-
aration/partitioning, isolation and even elimination (i.e.,
transmutation) of these and other nuclear materials will
require characterization of new transuranium materials.
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Potential application areas for such actinide alloys in-
clude nuclear transmutation of waste actinides into
stable isotopes via neutron irradiation, high-density
metallic fuel forms, and molten salt/metal pyrochemical
processing schemes [2]. Given the potential for extreme
states (e.g., high-temperature) during routine or ex-
traordinary operating circumstances, accurate know-
ledge or reliable predictions of materials behavior under
a variety of conditions is required in order to develop
safe and effective nuclear handling and remediation
technologies.

The properties of these actinide materials are also of
interest from a fundamental perspective. Due to their
high densities, and the correspondingly small inter-
atomic separations, metallic environments are most
likely to reflect the effects of 5f electrons. Understanding
the roles of 5f electrons is important since they can in-
troduce bonding complexities which thwart the reliable
modeling and prediction of alloying behavior. The ef-
fects of 5f bonding may be particularly pronounced for
neptunium-containing alloys, since it has been suggested
[3] that the degree of 5f bonding is maximized in this
element. The chemistries and metallurgies of the
light actinides (especially U, Np and Pu) are further
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complicated (and rendered intriguing) by the accessi-
bility of several oxidation states (i.e., +3 to +7) and by
electronic configurations of similar energies [4].

Essential and technologically important information
on the properties of alloy systems is contained in their
composition-temperature phase diagrams. Establishing
the existence fields of alloy phases is crucial to devel-
oping viable materials and to predicting their behaviors
under variable conditions. It is generally impractical to
empirically determine phase relations under all reason-
able circumstances, and a variety of semi-empirical ap-
proaches have been developed to model and extrapolate
what data are available. Among the more successful
predictors of transition metal alloy stabilities are the
models of Brewer [5,6] and Miedema [7,8]. The possible
relevance of these models to understanding actinide al-
loying behavior is considered, with particular reference
to our recent experimental results on phase relations in
the following neptunium binary alloy systems: Np-Am
[9], Np-Zr [10,11] and Np-Fe [12].

2. Neptunium alloy phase relations — empirical basis

Based upon the results of experimental studies, par-
tial alloy phase diagrams have been reported for the Np—
Cd [13,14], Np-U [15] and Np-Pu [16] systems. In the
absence of direct experimental data, estimated diagrams
have been presented for other Np binary alloy systems,
such as Np-Mo [17] and Np—Cr [18]. In addition, several
neptunium intermetallic compounds have been identi-
fied, including NpPd; [19], NpAl,, NpAl;, and NpBe);
[20].

We recently applied high-temperature differential
thermal analysis (DTA) to establish the essential fea-
tures of the phase diagrams for some important Np bi-
nary alloy systems. The characteristic features reported
for the Np-Am [9], Np—Zr [10,11] and Np-Fe [12] phase
diagrams are summarized below.

The Np—Am system combines one metal (Np) which
is characterized by substantial 5f bonding with another
(Am) which exhibits little (if any) such bonding. Both of
these actinides are important waste products which may
be processed together. The essential conclusion from the
experimental results was that the Np-Am phase diagram
is characterized by immiscibility of the solid compo-
nents. This finding is in contrast to the miscibility found
in the Pu-Am system [21]. Ogawa [22] has suggested a
possible form for the Np-Am phase diagram which is
consistent with the experimental results.

The practical interest in the Np-Zr system derives
from the proposed use of Zr-based alloys as advanced
fuels for transmutation and other applications. Our
DTA measurements on several Np—Zr alloy specimens
have indicated that these two metals are largely immis-
cible in the solid state. This conclusion is based on the

essential invariance of neptunium’s transition tempera-
tures (o — B, p — y and melting) upon the addition of
Zr. The apparent immiscible character of the Np-Zr
diagram is in distinct contrast to the U-Zr [23,24] and
Pu-Zr [25] systems, which are both characterized by
complete high-temperature solid state miscibility, and
exhibit nearly ideal elevation of the solidus/liquidus
temperature upon the addition of zirconium to the ac-
tinide. It had been anticipated that the addition of zir-
conium to neptunium would similarly result in an
elevated alloy liquidus temperature relative to pure Np°,
which would be desirable in certain technological ap-
plications. The important experimental finding of a
nearly invariant Np liquidus temperature (~640°C) with
the addition of Zr was unexpected and potentially hin-
dering to applications involving Np—Zr materials.

As iron is a prevalent structural material and is rep-
resentative of the light transition metals, we undertook
to determine the important aspects of the Np—Fe phase
diagram and found it to be similar to the U-Fe and Pu-
Fe diagrams [26]. Each of these three actinide-iron phase
diagrams is characterized by (1) an actinide-rich
(An(Fe)) eutectic (lig=UgFe + UFe,; or lig=An +
AngFe for An=Np and Pu); (2) an iron-rich (Fe(An))
eutectic (lig=Fe + AnFe, for all three An); (3) a con-
gruently melting compound (AnFe;); (4) and an incon-
gruently (pertitectic) melting compound (AngFe).
Although all three diagrams have a similar form, the
four important and characteristic invariant solid-liquid
equilibrium temperatures, Teyecic[An(Fe)], Teuecic[Fe(An)],
Tnet[AnFe;] and Tperieciic[AngFe], are significantly dif-
ferent between the three systems and could not be ac-
curately predicted for Np-Fe from those previously
determined for U-Fe and Pu-Fe. The experimentally
determined transition temperatures for these three An—
Fe systems are shown graphically in Fig. 1. The transi-
tion temperatures for the Np-Fe system are generally
intermediate between the corresponding values for the
U-Fe and Pu-Fe systems, but closer to those for
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Fig. 1. Solid-liquid transition temperatures for selected pure
actinide metals (An°) and An-Fe alloys: Tye[An®];
Tmell[AnFGZ]; Tperileclic[AanFe]; Teuleclic[Fe(An)]; Teutectic[An(Fe)]'
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the latter. That the melting points of the three AnFe,
compounds were virtually identical (~1135°C) suggests
a similar thermal stability for each. The melting points
of the pure actinide elements (An®) are also included in
Fig. 1 to emphasize that the nearly identical (and
anomalously low) melting points of Np and Pu are
substantially below that of U.

3. Application of semi-empirical predictive models

Despite recent advances in the ability to predict alloy
stabilities and phase diagrams from ab initio theories
[27], the application of such theories to the details of
complex phase diagrams remains limited [28]. The limi-
tations of first principles theories have proved particu-
larly significant for alloy systems involving one or more
of the d-block transition metals. Few theories have even
been similarly applied to the prediction of the alloying
behaviors of the f-block actinide metals, given the
greater complexities and uncertainties involved with
these elements. However, phenomenological models of
intermetallic bonding have proved useful and successful
at predicting essential aspects of transition metal alloy-
ing behavior, such as solubilities and intermediate
compound formation [29]. The more versatile of these
semi-empirical models invoke universal and fundamen-
tal phenomenological parameters (e.g., metallic radii,
electronegativities, etc.) to correlate and predict the af-
finities of metallic elements for one another. Given the
dearth of empirical information on phase relations in
actinide alloy systems, and the particular uncertainties
inherent in extrapolations to the heavier (i.e., transura-
nium) actinides, useful actinide alloying predictive
models should be based upon such reliably relevant
universal parameters. Both the Brewer [17] and Miede-
ma [30] models have been successfully applied to the
prediction of the thermochemical stabilities of a variety
transition metal alloy systems, including several which
incorporate actinides.

3.1. The Brewer model

The Brewer approach is essentially a Regular So-
lution model of alloy formation [31], with A;G =
AcH — TASS (e, APS=A;S = A4S =0) and the
A¢H estimated from intermetallic interaction parame-
ters. Among the crucial refinements of the basic
model, which allow successful application to alloy
systems, is the use of inferred condensed state cohesive
energies (A*E) in place of measured vaporization ent-
halpies (A, H) for assigning the intermetallic interaction
parameters [6]. The use of A*E recognizes that the
actual cohesive energy, or net bonding, in a solid (or
liquid) is represented by its atomization energy to the
valence bonding state (i.e., by A*E), rather than to the

gaseous ground state (i.e., by AyH). Experimentally
measured vaporization thermodynamics refer to the
final atomic ground state. In order to infer values for
A*E from the measured A H, valence bonding state
electronic configurations have been assigned to the
various allotropes of the elements (including the ac-
tinides) [3] and atomic spectroscopic data have been
used to establish electronic promotion energies (APE)
from the ground state atomic configuration to these
valence bonding configuration(s) (A*E=A,H + APE)
[3,4,32].

The Brewer model also provides for assigning the
differing contributions to the net bonding (cohesive en-
ergy) in a metal from the various types (s,p,d.f) of va-
lence electrons [3,33]. Identification of the 5f
contribution to the actinide cohesive energies is espe-
cially critical since this type of bonding, which is unique
to the actinide elements, is relatively localized and di-
rectional. As a result, this bonding can be particularly
disrupted by the dilution of a 5f-bonded actinide with a
non-5f-bonded element; such specific bond-breaking
should inhibit the miscibility between 5f-bonded actin-
ides (e.g., U, Np, Pu) and other metals. Additional re-
finements incorporated into the Brewer treatment of
alloying include consideration of charge-transfer (acid—
base) effects in mixtures of valence electron-excess and
electron-deficient metals [34].

The Brewer approach has proved useful in predicting
and interpreting experimental observations on the Np—
Am, Np—Zr and Np—Fe alloy systems [11]. In particular,
it was suggested that the apparent immiscibility of Np
with Zr may be related to the degree of 5f bonding,
which is maximized at Np°, and the disruption of this
bonding upon alloying. Ogawa [22] has quantitatively
applied the Brewer approach to the prediction of several
inter-actinide phase diagrams.

3.2. The Miedema model

The Miedema model of bonding in alloys involving
transition metals, including the actinides,
[7,8,28,30,35,36] invokes two elemental parameters
which are fit to available empirical alloy phase rela-
tions. In its basic form the model represents the al-
loying enthalpy by two terms: a positive (demixing)
component due to the electron density mismatch be-
tween the component metals (Anws); and a negative
(bonding) component due to electron exchange (i.e., an
electronegativity effect), which is related to the differ-
ence in elemental work functions (A¢). The resulting
form of the Miedema model for binary transition metal
alloys is

ArH = Jf(c)[~(A¢") + 9.4(AnlL)). (1)

In Eq. (1), J is an empirical constant which may vary
depending upon the nature of the alloy constituents and
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flc) represents the concentration/volume dependence of
the intermetallic interaction (for an alloy AyB;_y of
component A in mole fraction X and component B in
mole fraction 1 — X, fle) =Ac){ XV + (1 — )V}
{nws[A]"* + nws[B]"'} " [36]).

The most accurate modeling and predictive results
are generally obtained by assigning individual elemental
electron densities, nws[M], based upon known alloying
behaviors. For  example, Miedema  derived
nws[Pu]=2.99 density units (d.u) [36] in this manner.
However, for neptunium and the transplutonium actin-
ides, insufficient experimental alloying data is available
for similar derivation of reliable empirically based nws,
and it is desirable to infer values of nws from funda-
mental elemental properties. Miedema et al. [30] have
demonstrated a reliable correlation between nws and a
function of the elemental volumes (7)) and bulk moduli
(Bo); this approach relates the compressibility of a metal
to the electron density at the Wigner—Seitz cell boun-
dary. We have derived nws parameters for the light ac-
tinides using the volumes given by Zachariasen [37] and
the bulk moduli selected from a review by Benedict [38],
using the empirical relationship:

nys(d.u.) ~ 1.06{By(GPa)/V(cm® mol*)}'/*. 2)

Unfortunately, the uncertainties associated with the ex-
perimental bulk moduli of the actinides, U through Am,
are substantial (e.g., >10%) [38]. Our calculated nws[An]
are given in Table 1 along with other relevant Miedema
model parameters. Whereas the nws obtained here for U
(3.28 d.u.) is in reasonable agreement with that (3.44
d.u.) suggested by Miedema et al. [30], the correspond-
ing value for Pu (2.16 d.u.) is significantly smaller than
theirs (2.99 d.u.). For consistency, Miedema model cal-
culations are made here using the nws[An] values derived
using Eq. (2); for plutonium, a comparison is also made
with results obtained using the significantly larger value
of nws[Pu] from [30]. Work functions for Np and Am
have not been experimentally determined but are taken
to be similar to those of the neighboring actinides (see
Table 1). This assumption is supported by the similari-

Table 1
Miedema parameters for selected metals [30,37,38]

V (cm? ¢ (V) nws (d.u) By (GPa)

mol~1)
Fe 7.09 4.93 5.55
Zr 14.00 345 2.80
Ta 10.81 4.05 4.33
U 12.5 3.90 3.28 120
Np 11.6 (3.9) 3.26 110
Pu 12.0 3.8 2,162 50
Am 17.6 (3.8) 1.60 40

* nws[Pu]=2.99 according to Miedema [36].

ties of the Pauling electronegativities of the light actin-
ides [39].

To assess the applicability of Eq. (1) to predicting the
comparative stabilities of Np-based alloys, consider-
ation of the signs and relative magnitudes of the calcu-
lated A¢H/J values is sufficient. However, it is desirable
to assign a value to J and thereby report the results as
approximate absolute alloy formation enthalpies. A re-
cent calorimetric determination of the enthalpy of for-
mation of UZr, (Af/H=—1.3 kJ g at.”!) [40] suggested
that the absolute enthalpy calculated for this particular
compound by Miedema et al. [30] may have substan-
tially (by about three times) overestimated its stability.
As UZr, is representative of the alloy systems being
considered here, the calculated alloy stabilities were
normalized to the experimental value for A;H[UZr,]
(i.e., J=17.5 for AtH in kJ g at.”! using the parameter
dimensions indicated in Table 1). Recognizing the sub-
stantial uncertainties in the calculated absolute enthalpy
values, their relative magnitudes are emphasized here,
for comparative purposes.

Miedema formation enthalpies were calculated from
Eq. (1) for representative compositions in the Np—Am,
Np-Zr and Np-Fe systems, for which we have experi-
mentally determined the essential phase relations. For
comparison, analogous calculations were made for the
corresponding U, Pu, Am and Ta systems (Ta was in-
cluded as it is similar to the light actinides in several
respects, such as the magnitude of its cohesive energy,
A*E [3]). The results of the calculations are given in
Table 2.

Formation enthalpies were calculated for both or-
dered MZr, and disordered (i.e., random solid solution)
MZr phases. The similarities of the results for each
MZr—MZr, pair illustrates that a single composition is
generally sufficiently representative of the nature and
degree of interaction for a given alloy pair. The calcu-
lated MZr, stabilities are consistent with the available
experimental information: no intermediate phases (in-
cluding TaZr;) form in the Ta—Zr system [25]; UZr, [24]
and NpZr, [10,11] both exist and decompose at similar

Table 2
Miedema alloy formation enthalpies * (kJ g at.™!)
MZr, b MZr © MFe, ° MAm °©
Ta +0.8 +0.7 -53 +14
U -1.34 -1.1 -3.0 +7.0
Np —-1.4 —-1.2 —-2.4 +6.4
Pu¢  +0.1 {—1.0} +0.1 {—0.8} +7.4 {—2.3} +1.0 {+4.9}
Am +4.1 +3.1 +20 -

4 Calculated using Eq. (1).

b Ordered intermetallic compound.

¢ Disordered alloy.

4 Enthalpies normalized to the experimental A; H[UZr,] [40].
¢ Values in brackets obtained using nws[Pu]=2.99.
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temperatures (~610°C and ~550°C, respectively); and
PuZr, [41] has been reported to form only when stabi-
lized by the addition of oxygen. High-temperature
measurements have further established a slight negative
deviation from ideality for the U-Zr system [42] and a
slight positive deviation for the Pu-Zr system [43]. The
calculated Pu-Zr stabilities obtained using the value for
nws[Pu] derived here from Bj[Pu] give slightly better
agreement with the experimental observations than do
those obtained using the value for nws[Pu] suggested by
Miedema et al. [30,36]. Further assessments should aim
at identifying factors which might predict those metals
for which the By[M]-derived nws[M] values are the most
applicable. According to the calculated MZr formation
enthalpies, the ideal mixing entropy term (i.e., —R7InX)
should be sufficient to induce high-temperature misci-
bility of Zr with Ta, U, Np and Pu. With the notable
exception of Np [10,11], each of the other three M—Zr
systems indeed forms a high-temperature body-centered-
cubic solid solution phase; the model apparently fails to
accurately model only Np-Zr. Compared with the
lighter actinides, a lower affinity of Am for Zr is pre-
dicted; experimental results for the Am—Zr system are
not available.

Results from the Miedema model suggest that a
MFe, compound should form for M =Ta, U and Np;
this is in agreement with experimental results. Further-
more, it is accurately predicted that TaFe, should be
more stable than UFe, and NpFe,; the experimental
melting points are: TaFe, = 1775°C; UFe, =
NpFe, = PuFe, = 1235°C [12,26]. Whereas our value
for nws[Pu] fails to correctly predict PuFe, as a stable
phase, the corresponding Miedema value for nws[Pu]
correctly predicts that this compound should exist and
exhibit a stability similar to those of the corresponding
U and Np compounds. The compound AmFe, has been
prepared and characterized [44] but the large positive
enthalpy calculated here for it would have predicted
otherwise.

The Miedema calculations for the disordered MAm
phases predict that the Ta—Am, U-Am and Np-Am
systems should each be characterized by immiscibility.
Experimental findings for the Np-Am system [9] have
confirmed this prediction. The Pu-Am phase diagram
[21] is characterized by high-temperature miscibility,
also in accord with the model prediction (using our
value for nws[Pu]). For Pu—Am, the Miedema [36] value
of nws[Pu] apparently fails to predict as accurately the
observed miscibility.

The results of these illustrative examples of the ap-
plication of the Miedema model to actinide systems re-
flect the simplifications inherent to this and similar
phenomenological models when employed in their basic
and most universally applicable forms. In particular, the
use of met elemental electronegativities and electron
densities does not consider the effects of differing types
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Fig. 2. Metallic volumes (Vp/cm® mol~") of the solid actinides
[37].

of bonding. For example, 5f bonding effects and multi-
ple electronic configurations are neglected. Reflecting
the similarities in the values for the volumes, electro-
negativities (work functions) and bulk moduli (electron
densities) of U and Np (Table 1), the basic Miedema
model offers little differentiation between these two ac-
tinides. Although many of the properties of U and Np
are indeed similar (e.g., their volumes, as plotted in
Fig. 2), significant differences are known. For example,
whereas U melts at 1132°C, Np exhibits an anomalously
low melting point (like Pu) of 640°C.

It was noted that one or the other of two dissimilar
values of nws[Pu] provided better predictions here, de-
pending upon the alloy system being considered; it is
doubtful whether a universal nws[Pu] can be applied, or
even whether this quantity is a physically relevant in-
termetallic interaction parameter. The instability incor-
rectly predicted for AmFe, derives from the large value
for the difference, Anws[Am-Fe]. The failure of the
model for the Am—Fe system may relate to a poor esti-
mation (or irrelevance) of the nws[Am] derived from
By[Am]. The pervasiveness of the fundamental problem
of assigning relevant and physically meaningful electron
density values is evident.

Since the electronegativities/work functions of the
light actinides are all taken to be similar to one another,
the Miedema model would suggest that variations in
alloying behavior between these elements should reflect
variations in electron densities. As these latter values are
inferred from the bulk moduli, this latter quantity is
central to the application of the model here. The actinide
bulk moduli used to derive the nws given in Table 1 [38]
are plotted in Fig. 3. The discrepancies in experimental
B, values obtained by various investigators and/or dif-
fering techniques can be substantial; for example, Ben-
edict [38] includes values for By[U] ranging from 100 to
143 GPa and for By[Pu] from 40 to 52 GPa. That the B,
value for Pu is considerably smaller than those for U
and Np is clearly evident, despite the uncertainties in the
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Fig. 3. Bulk moduli (By/GPa) of the solid actinides [38].

individual values. The physical origins of the anoma-
lously small value for By[Pu] may not be obvious and it
is not evident that it should be used to infer a corre-
spondingly small value for nws[Pu], as was done here. A
similar concern obtains for americium, and indeed the
derivation of apparent nws from By is possibly of
questionable general validity.

4. Conclusion

The Brewer and Miedema models often predict sim-
ilar alloy stabilities, particularly for alloys involving U,
Np, and Pu. These comparable predictions result despite
essential discrepancies in the underlying physical inter-
pretations of the two models, the most notable con-
tradiction perhaps being the presumed charge-transfer
effects. The Brewer model, for example, would attribute
the extraordinary stability of an intermetallic such as
ZrPt; to a Lewis acid-base effect, involving electron
transfer from Pt to Zr [34]. In distinct contrast, the
Miedema model attributes the stability of such a com-
pound to electron transfer in the opposite direction,
from the less electronegative (¢[Zr]=3.45 V) to the
more electronegative (¢[Pt]=5.65) component [30].
Quantum mechanical assessment [45] has suggested that
the Brewer interpretation may be more physically ac-
curate. That both models have proved generally appli-
cable presumably reflects effective correlation of
empirical data with relevant parameters, and not nec-
essarily accurate representation of the details of atom-
istic bonding effects.

According to the basic Brewer approach, the inter-
metallic interaction parameters relate to the cohesive
energies, A*E, which are plotted along with the uncor-
rected vaporization enthalpies, A, H, in Fig. 4. The large
discrepancies between several of the A*E[An] and
A, H[An] reflect the substantial promotion energies from
the ground electronic states to the valence bonding
electronic states. Focusing on the relative magnitudes of
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actinides [3].

the By and A*E for U, Np and Pu, shown in Figs. 3 and
4, it is clear that both the Brewer (A*E) and Miedema
(By) models should predict similar alloying behaviors
there. Either model requires additional bonding/repul-
sive terms to explicitly account for more complex
bonding effects, such as 5f bonding, acid-base electron
exchange, variable oxidation/valence states and multiple
electronic configurations.

Both Brewer [46] and Miedema [36] have demon-
strated that reasonable additional considerations can be
introduced into their respective models to account for
the unusual behaviors of the light actinide elements.
However, the appeal of the essential simplicity and
clarity of the basic models is largely negated by the
necessary introduction of additional secondary bonding
or interaction parameters. To extrapolate the alloying
behavior of Pu, for example, Miedema obtained an ef-
fective value for nws[Pu] by fitting its known phase re-
lations; the alternative derivation of nws as a
fundamental elemental parameter is more appealing and
useful, especially for less well characterized elements. In
summary, it is evident that the development of a sub-
stantial representative empirical data base on alloying
behavior will be required for the less-common actinides
(i.e., Np, Am, Cm, etc.) in order to effectively refine and
confidently apply phenomenological models which may
have been previously demonstrated for other transition
metal alloy systems.
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