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7.1 INTRODUCTION

The element plutonium occupies a unique place in the history of chemistry,
physics, technology, and international relations. After the initial discovery
based on submicrogram amounts, it is now generated by transmutation of
uranium in nuclear reactors on a large scale, and has been separated in ton
quantities in large industrial facilities. The intense interest in plutonium resulted
from the dual-use scenario of domestic power production and nuclear weapons —
drawing energy from an atomic nucleus that can produce a factor of millions in
energy output relative to chemical energy sources. Indeed, within 5 years of its
original synthesis, the primary use of plutonium was for the release of nuclear
energy in weapons of unprecedented power, and it seemed that the new element
might lead the human race to the brink of self-annihilation. Instead, it has
forced the human race to govern itself without resorting to nuclear war over
the past 60 years. Plutonium evokes the entire gamut of human emotions, from
good to evil, from hope to despair, from the salvation of humanity to its utter
destruction. There is no other element in the periodic table that has had such a
profound impact on the consciousness of mankind.

In 2005, approximately 2000 metric tons of plutonium exist throughout the
world in the form of used nuclear fuel, nuclear weapons components, various
nuclear inventories, legacy materials, and wastes (Albright and Kramer, 2004).
This number grows every year by 70 to 75 metric tons through production in
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814 Plutonium

irradiated nuclear fuels (Albright and Kramer, 2004). It is clear that the large
inventories of plutonium must be prudently managed for many centuries. A
complex blend of global political, socioeconomic, and technological challenges
must be dealt with to manage these inventories efficiently and safely.

From physical, chemical, and technological perspectives, plutonium is one of
the most complex and fascinating elements in the periodic table. The metal
exhibits six solid allotropes at ambient pressure and its phases are notoriously
unstable with temperature, pressure, chemical additions, and time. With little
provocation, the metal can change its density by as much as 25%. It can be as
brittle as glass or as malleable as aluminum; it expands when it solidifies, and its
freshly machined surface will tarnish in minutes. It is highly reactive in air, has
five chemical oxidation states (six if the metal is included), and can form
numerous compounds and complexes in the environment and during chemical
processing. Plutonium’s continuous radioactive decay causes self-irradiation
damage of the metal lattice, or modification of solutions containing plutonium
ions. Plutonium sits near the middle of the actinide series, which marks the
emergence of 5f electrons in the valence shell. Elements to the left of plutoni-
um have delocalized (bonding) electrons, while elements to the right of pluto-
nium exhibit more localized (nonbonding) character. Plutonium is poised in
the middle, and in the 6-phase metal, the electrons seem to be in a unique state
of being neither fully bonding nor localized, a property that leads to novel
electronic interactions and unusual physical and chemical behavior. This
position in the periodic table challenges our understanding of relativistic
electronic interactions and the nature of chemical bonding in heavy element
metals, compounds, and complexes. When the unique nuclear properties are
also considered, the study of plutonium is inherently multidisciplinary in
nature. The present discussion will be confined to the most recent aspects of
the subject. Reviews describing aspects of the chemistry and physics of pluto-
nium can be found by Keller (1971), Cleveland (1979), Wick (1980), Cooper
and Schecker (2000), Hecker (2003), Hecker ez al. (2004), and in the Gmelin
Handbook of Inorganic Chemistry (Koch, 1972, 1976a,b).

7.2 HISTORICAL

When the first of the transuranium elements, neptunium (Chapter 6) was
discovered, it was realized that the radioactive B decay of %33Np should lead
to the formation of element 94. The scale of the experiments at that time,
however, precluded its identification. Plutonium was first produced late in
1940 by Seaborg, McMillan, Kennedy, and Wahl (Seaborg et al., 1946, 1949a)
by bombarding uranium with deuterons to produce the isotope ***Pu:

23U +2H — BNp+24n (7.1)
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28N % B8Py (1), = 87.7 years) (7.2)

The short half-life of >**Pu was conducive to tracer studies, and allowed
Seaborg, Wahl, and Kennedy to obtain enough chemical information for
subsequent separation and isolation of other plutonium isotopes. The isotope
of major importance, **’Pu, was discovered in 1941. Bombardment of 25U by

neutrons produced % U, which decayed to %33Np, and ultimately to %35Pu:

23U +on — 25U+ (7.3)

239 B~ 239 B~ 239
s — > 9Pu (), = 24,11 4
02U oo NP 236days 4 u(t1/2 ; 110 years) (7.4)

In 1941 Kennedy, Seaborg, Segré, and Wahl established the fissionability of
2Pu with slow neutrons (Kennedy er al, 1941). This crucial experiment
revealed the potential of **’Pu as a nuclear energy source. In March 1942,
element 94 was christened ‘plutonium’ with the chemical symbol ‘Pu’ (Seaborg
and Wahl, 1948a). Plutonium was named after the planet Pluto, following the
pattern used in naming neptunium.

In August 1942, Cunningham and Werner, working at the wartime Metallur-
gical Laboratory at the University of Chicago, succeeded in isolating about 1 pg
of 233Pu, which was prepared by cyclotron irradiation of 90 kg of uranyl nitrate
(Cunningham and Werner, 1949a). This experiment made plutonium the first
man-made element to be obtained (as Pu(iv) iodate) in a visible quantity. These
same investigators carried out the first weighing of this man-made element using
a larger sample size of 2.77 pg, on September 10, 1942.

Plutonium is now produced in much larger quantities than any other synthetic
element. The large wartime chemical separation plant at Hanford, Washington,
was constructed on the basis of investigations performed on the ultramicro
chemical scale of investigation. The scale-up between ultramicro chemical
experiments and the final Hanford plant corresponds to a factor of about 10'°
(Seaborg, 1958). Seaborg and Cunningham give detailed first-hand accounts of
the early history of plutonium in the Proceedings of the 1963 Plutonium Chemis-
try Symposium (1963). More recent descriptions of this fascinating history have
been given by Seaborg (1977, 1978, 1979, 1980, 1983, 1992, 1995), Seaborg and
Katz (1990), Seaborg and Loveland (1990), and by Hoffman et a/. (2000).

7.3 NUCLEAR PROPERTIES

Numerous isotopes of plutonium have been synthesized, all of which are radio-
active. These are listed in Table 7.1. The most recent isotope to be discovered is
21py, which was reported in 1999 (Laue et al., 1999). For data on nuclear
masses the reader is referred to the compilation by Audi and Wapstra (1995),



Table 7.1 Radioactive decay properties of plutonium isotopes®.
Mass Mode of Main radiations Method of
number  Half-life decay (MeV) production
228 1.1s o o 7.772 198p4(343,4n)
229 - o o 7.460 207pp(*Mg,4n)
230 2.6 min EC, o o 7.055 208pp(2*M g, 4n)
231 8.6 min EC 90% o 6.72 23U(*He,5n)
o 10%
232 33.1 min EC >80% o 6.600 (62%) 23U(at,5n)
o <20% 6.542 (38%)
233 20.9 min EC 99.88% o 6.30 233U(a,4n)
o 0.12% v 0.235
234 8.8h EC 94% o 6.202 (68%) 23U(a,3n)
o 6% 6.151 (32%)
235 25.3 min EC >99.99% o 5.850 (80%) 25U (a,4n)
o3 x 107%% v 0.049
236 2.858 yr o o 5.768 (69%) 25U(a,3n)
1.5x10°yr  SF1.37 x 107%  5.721 (31%) 26Np daughter
237 452d EC >99.99% 5.356 (~17.2%)  *°U(a,2n)
0 4.24 x 1073% 5.334 (~43.5%)18  *"Np(d,2n)
v 0.059
238 87.7 yr o o 5.499 (70.9%) 242Cm daughter
477 x 100 yr  SF1.85 x 107%  5.456 (29.0%) 28Np daughter
239 2411 x 10*yr o o 5.157 (70.77%) 2Np daughter
8 x 10" yr SF 3.0 x 107'%4  5.144 (17.11%)

240 6.561 x 10° yr

1.15 x 10" yr
241 14.35 yr
242 3.75 x 10° yr
6.77 x 10" yr

243 4956 h

244 8.08 x 107 yr

6.6 x 10" yr
245 10.5h
246 10.84 d
247 2.27d

o

SF 5.75 x 107%%
B~ >99.99%

o 2.45 x 1073%
SF 2.4 x 1074

o
SF 5.54 x 107%%

=

o 99.88%
SF 0.1214%

=
b
b

5.106 (11.94%)

v 0.129

o 5.168 (72.8%)
5.124 (27.1%)

o 4.896 (83.2%)
4.853 (12.2%)

B~ 0.021

v 0.149

o 4.902 (76.49%)
4.856 (23.48%)

B~ 0.582 (59%)

v 0.084 (23%)

o 4.589 (81%)
4.546 (19%)

B~ 0.878 (51%)

v 0.327 (25.4%)

B~ 0.15 (91%)

v 0.224 (25%)

multiple n capture

multiple n capture

multiple n capture
multiple n capture
multiple n capture
244py(n,y)
245py(n,y)

multiple n capture

# See Appendix II.
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and the update by Audi et al. (1997). A more detailed description of the nuclear
properties of the individual plutonium isotopes may be found in the book by
Hyde et al. (1964), in the Table of Isotopes (Firestone et al., 1996, 1998), and in
Nuclear Data Sheets (Tuli, 2004). As mentioned above, >**Pu was the first of the
plutonium isotopes discovered. Because of its relatively short half-life, it is a
particularly useful tracer for plutonium. ***Pu is readily obtained by neutron
bombardment of *’Np in the reaction:

27Np(n, 7)>*Np P lasspy (7.5)

The ***Pu is chemically separated from unreacted *’Np by ion-exchange techni-
ques (Burney, 1962; Tetzlaff, 1962; Coogler et al., 1963; Burney and Thompson,
1972, 1974). **®Pu may also be obtained from the o decay of ***Cm and
subsequent chemical separation from undecayed curium (Thompson, 1972).
Because of its power density of 6.8-7.3 W cm > (specific power 0.57 W g '),
238py has found important applications in radioisotope power systems — nuclear
power systems that derive their energy from the spontaneous decay of radio-
nuclides as distinguished from nuclear fission energy created in a nuclear
reactor. Most radioisotope power systems utilize **Pu as an isotope heat source
and an energy conversion system to partially transform the heat produced from
238py radioactive decay into electricity (Lange and Mastal, 1994).

In the late 1960s, cardiac pacemakers suffered from early battery exhaustion,
and the use of nuclear pacemakers whose battery life could outlive the patient was
examined (Boucher and Quere, 1981; Pustovalov et al., 1986). The first implan-
tation of a ***Pu-powered nuclear pacemaker was performed in France on April
27, 1970. Since that time, nuclear pacemakers powered by >**Pu were implanted
in patients in a number of countries. The overall results of these studies indi-
cated that nuclear pacemakers required fewer follow-up operations and less
maintenance, and were found to be safe and reliable. Subsequent advances in
electronics in the intervening years rendered the plutonium-powered devices
obsolete, and their use was discontinued. In 2004, there were still a number
of living patients with ***Pu pacemakers that had been functioning for over
30 years (Parsonnet et al., 1990; Freedberg et al., 1992; Parsonnet, 2004).

The most prevalent application for **Pu is as an important fuel for heat and
power sources for space exploration (Lange and Mastal, 1994; Rinehart, 2001).
For space exploration, heat source fuel is normally enriched to 83.5% in the
238py isotope, and the oxygen atoms in **PuO, are enriched in '°O to reduce
the neutron emission rate to as low as 6000 n s ' g ! ?**Pu. In freshly prepared
fuel, the specific power is 0.4743 W g™! Pu or 0.4181 W g”! PuO,. The ***Pu
isotope provides 99.9% of the thermal power in heat source fuel. Radioisotope
thermoelectric generators (RTGs) have been used in the United States to
provide electrical power for spacecraft since 1961 (Angelo and Buden, 1985).
Early ***Pu-fueled power sources employed Space Nuclear Auxiliary Power
(SNAP) units to power satellites and remote instrument packages (DOE, 1987;
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Lange and Mastal, 1994). SNAP units served as power sources for instrument
packages on the five Apollo missions to the Moon, the Viking unmanned Mars
Lander, and the Pioneer and Voyager probes to the outer planets (Jupiter,
Saturn, Uranus, Neptune and beyond). The SNAP-3B and SNAP-9A systems
were fueled with plutonium metal, the SNAP-19 and Transit systems were
fueled with ***PuO,-molybdenum cermets, and the SNAP-27 unit was fueled
with 2*PuO, microspheres (Rinehart, 2001). Voyager missions employed Mul-
tihundred Watt Radioisotope Thermoelectric Generators (MHW-RTGs) that
consisted of 24 100-W heat sources of ***Pu0O, (Fig. 7.1) each enclosed in an
iridium shell, a graphitic impact material, an ablative heat shield, and a thermo-
electric material to convert the decay heat to electrical power at a design voltage
of 30 V (Kelly, 1975; De Winter et al., 1999).

The current systems employ General Purpose Heat Source-Radioisotope
Thermoelectric Generators (GPHS-RTGs) fueled by **®*PuO, pellets. Each
GPHS consists of a hot-pressed 150 g pellet of ***PuO, encapsulated in an
iridium alloy (iridium-0.3% tungsten) container or clad (Fig. 7.2). Each iridium

B, SR S 5

Fig.7.1 4100 W ** Py heat source used in multihundred watt radioisotope thermoelectric
generators (MHW-RTGs) employed in the Voyager space missions. The source contains
250 g of 2** Pu0O, and was approximately 3 cm in diameter. The oxide glowed at red heat
after being covered with an insulating ceramic blanket that was removed just before the
photograph was taken (photograph courtesy of Los Alamos National Laboratory).
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Los Alamos

Fig. 7.2 A modern >*® Pu general purpose heat source (GPHS). Hot pressed 150 g pellets
of *®Pu0, are (a) encapsulated in an iridium-0.3% tungsten alloy container, which is then
encapsulated in (b) an iridium clad. Each iridium clad contains a sintered iridium powder frit
vent designed to release the helium generated by the a-particle decay of the fuel. The iridium
is compatible with plutonium dioxide at temperatures greater than 1773 K, and melts at
2698 K. Each GPHS produces 62.5 thermal watts (photographs courtesy of Los Alamos
National Laboratory).

clad contains a sintered iridium powder frit vent designed to release the helium
generated by the o-particle decay of the >**PuO,. The heat sources are packed in
a tightly woven pierced fabric™ graphite aeroshell assembly that protects the
fuel from impact, fire, or atmospheric reentry. The RTG consists of 72 GPHS
pellets and a thermoelectric converter. The GPHS-RTGs flown on the Galileo,
Ulysses, and Cassini spacecraft (3 RTGs per spacecraft) had a mass of 54 kg of
PuO, and supplied 285 W of electrical power at the beginning of the mission
from 4300 W of ***Pu decay heat (Rinehart, 2001). These plutonium power
sources have enabled huge advances in our scientific understanding of the solar
system. The Cassini-Huygens spacecraft arrived at Saturn on June 30, 2004,
and will provide vast amounts of new scientific data on the Saturnian system in
the years to come.

Smaller Light Weight Radioisotope Heater Units (LWRHUS) are also used
to maintain spacecraft equipment within their normal operating temperature
range (Rinehart, 1992). The LWRHU s are cylindrical fueled clads consisting of
a hot-pressed, 2.67 g pellet of ***Pu0O, encapsulated in a Pt-30%Rh container
with a sintered platinum powder frit vent to release helium as shown in Fig. 7.3.
As in the GPHS, the capsules are contained in a pyrolytic graphite insulator and
aeroshell assembly (Rinehart, 2001). These smaller heater units have been
employed on the Pioneer 10 and 11, Galileo, Mars Pathfinder, Mars Explora-
tion Rovers (Spirit and Opportunity), and Cassini spacecraft, and are planned
for use in many future missions.
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Fig. 7.3 A *®Pu lightweight radioisotope heater unit (LWRHU) before final assembly.
The heat source consists of a fine weave pierced fabric graphite aeroshell, three inner layers
of pyrolytic graphite thermal insulators, and a Pt-30% Rh-fueled clad containing a hot
pressed 2.67 g pellet of **®PuO, that produces 1 thermal watt. The aeroshell serves as the
primary heat shield to protect the interior components from aerodynamic forces and thermal
heating during accidental atmospheric reentry as well as protecting the fueled clad from
mechanical loads during ground impact. The pyrolytic graphite sleeves and plugs serve as
thermal shields to keep the fueled clad from melting during an accidental reentry in the
atmosphere ( photograph courtesy of Los Alamos National Laboratory).

Plutonium-239 is the most important isotope of plutonium. Its half-life
(24,110 years) is sufficiently long to permit the preparation of this isotope in
large-scale amounts, and to make it feasible to carry out conventional scientific
studies. >**Pu has a high cross-section for fission with slow neutrons, and is the
isotope that serves as nuclear fuel for both nuclear power and nuclear weapons.
By far the greatest portion of the knowledge of the chemical and physical
properties of plutonium has been acquired by the use of ***Pu. While its half-
life is long enough to permit chemical studies, it is still short enough to present
serious problems in handling. These difficulties are discussed in some detail
below (Section 7.6). *’Pu has a specific power of 2.2 x 10° W g '. In handling
large quantities of 2*°Pu, the criticality hazard caused by its fissionability
becomes an additional problem. Amounts as small as 500 g may become critical
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Table 7.2 Minimum critical parameters of common forms of pure **° Pu (Clark, 1981).

metal mass plutonium (kg) 5.0
cylinder diameter (cm) 4.4
slab thickness (cm) 0.65

oxide mass plutonium (kg) 10.2
mass PuO, (kg) 11.5
cylinder diameter (cm) 7.2
slab thickness (cm) 1.4

aqueous plutonium nitrate solution
plutonium mass (kg) 0.480
concentration (g Pu L™ 7.3
H/Pu atomic ratio 3630
cylinder diameter (cm) 15.4
volume (L) 7.3

under certain conditions. In Table 7.2 some minimum critical parameters for
pure *°Pu obtained in various configurations have been summarized (Clark,
1981). Additional safety and criticality data are available in the compilations by
Paxton (1975), Clark (1981), Knief (1985), and Paxton and Pruvost (1987).

The higher plutonium isotopes are formed as a result of successive neutron
capture by the various plutonium isotopes:

29Pu(n, 7)** Pu(n, y)**' Pu(n, ) etc. (7.6)

The isotopic composition of plutonium produced in a nuclear reactor will
therefore vary according to the length of time the plutonium formed is allowed
to remain in the neutron flux. From this perspective it is noteworthy that the
heavier isotopes ***Pu, ***Pu, and 2*’Pu were originally discovered in the coral
debris of the Mike thermonuclear test conducted in 1952, due to the extremely
high neutron fluxes of the event. Hoffman, Ghiorso, and Seaborg described the
events that led to the discoveries of these isotopes (Hoffman et al., 2000). When
239Pu targets were irradiated in a high-flux reactor to more than 90% burn-up,
the residual plutonium was found to consist mainly of the higher isotopes ***Pu
and some 2**Pu. Many of the complications arising from the use of the relatively
short-lived **’Pu can be greatly ameliorated by the use of these long-lived
isotopes of plutonium for fundamental scientific study.

Isotopically pure **°Pu, *'Pu, ***Pu, and ***Pu have become available from
various sources. >*’Pu may readily be obtained by chemical separation from old
244Cm samples. All the heavier plutonium isotopes have also been isotopically
separated by electromagnetic separation in the Y-12 calutron plant in Oak
Ridge (Love et al., 1961; Love, 1973), but presently these calutrons have been
placed in a standby condition. Gram quantities of these isotopes with isotopic
purity above 99% were available from such separations. Russian scientists have
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also been very successful in producing research quantities of higher plutonium
isotopes using electromagnetic mass separation. Ultrapure >**Pu and **’Pu have
been produced by Dmitriev and coworkers at the Joint Institute for Nuclear
Research in Moscow (Dmitriev et al., 1993, 1995, 1997), and Vesnovskii and
Polynov at the Institute of Experimental Physics in Arzamas have been able to
produce milligram to gram quantities of 2*°Pu, >*'Pu, >**Pu, and ***Pu at greater
than 99% isotopic purity (Vesnovskii and Polynov, 1992a,b). Milligram quan-
tities of **Pu have been prepared at the IAEA Safeguards Analytical Labora-
tory in Austria using electromagnetic separation (Deron and Vesnovskii, 1999)
and by selective ionization using a pulsed laser beam in Japan (Sasao and
Yamaguchi, 1991).

The higher isotopes of plutonium possess interesting nuclear properties,
which cannot be discussed in detail here. For further information see Hyde
et al. (1964).

7.4 PLUTONIUM IN NATURE

Traces of plutonium are found all over the world, predominantly due to ‘man-
made’ plutonium. In addition, two isotopes of plutonium (**°Pu and ***Pu) can
be found that are ‘natural’ in origin. Natural **’Pu is produced in nature by
nuclear processes occurring in uranium ore bodies, and minute traces of ***Pu
exist in nature as remnants of primordial stellar nucleosynthesis.

The presence of small amounts of plutonium in uranium of natural origin was
first established in 1942 by Seaborg and Perlman (1948) and by Garner et al.
(1948). These researchers were able to show that Canadian pitchblende and
Colorado carnotite both contain a small amount of alpha activity due to a
plutonium isotope, presumed to be *’Pu at the time. Peppard et al. (1951) and
Levine and Seaborg (1951) conclusively demonstrated the existence of *’Pu in
nature. Levine and Seaborg determined the plutonium content of a number of
uranium ores, and Peppard and coworkers isolated microgram amounts
of *Pu from uranium process wastes. Recent high-resolution thermal ioniza-
tion mass spectrometry analyses of plutonium in uranium ore bodies have been
described by Curtis et al. (1999) and by Dixon et al. (1997). The concentrations
of plutonium in uranium ore bodies are collected in Table 7.3. No plutonium
isotopes other than **Pu have been conclusively found in any of these experi-
ments. More recently, 2>’Pu has also been detected in granites from deep bore-
holes in Germany, and in salt brines from deep boreholes in the United States
(Ganz et al., 1991). Alpha pulse analysis and high-resolution mass spectrometry
have been the experimental methods of choice for characterization of the
isotopic composition of plutonium isolated from natural sources.

With the exception of the very long-lived ***Pu, the half-lives of plutonium
isotopes are so short that it is most unlikely that any plutonium except ***Pu
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Table 7.3  Content of plutonium in natural uranium ore deposits.

Uranium

content Ratio **Pu/U
Ore (Wt.%) (x10'?) References
Cigar Lake U deposit 31 6.4 Curtis et al. (1999)
Beaverlodge U deposit 7.09 14.3 Dixon et al. (1997)
Canadian pitchblende 13.5 7.1 Levine and Seaborg (1951)
Belgian Congo pitchblende 38 12 Levine and Seaborg (1951)
Colorado pitchblende 50 7.7 Levine and Seaborg (1951)
Brazilian monazite 0.24 8.3 Levine and Seaborg (1951)
N. Carolina monazite 1.64 3.6 Levine and Seaborg (1951)
Colorado furgusonite 0.25 <4 Levine and Seaborg (1951)
Colorado carnotite 10 <0.4 Levine and Seaborg (1951)

could have survived in nature from primordial times. It is overwhelmingly likely
that *°Pu arises in nature by nuclear reactions with ***U and represents a
steady-state concentration:

28U (n, y)239U LN 29Np LN 239p, (7.7)

Neutrons necessary for the formation of **Pu from ***U may arise from
spontaneous fission of ***U; by neutron multiplication in ***U; from (a,n)
reactions caused by the action of a particles (from the radioactive decay of
uranium and daughters) on the nuclei of light elements in the ore (Li, B, Be, F,
0, Si, Mg); and neutrons produced by cosmic rays. The neutrons from cosmic
rays appear to be of negligible importance, since the neutron production from
uranium by the capture of pu mesons is considerably less than 0.1% of the
neutrons arising from spontaneous fission (Littler, 1952). Spontaneous fission
in uranium occurs at the rate of (24.2 4 0.5) fissions per gram per hour, which
produces a neutron flux insufficient to account for the observed plutonium
concentration. Neutron multiplication by capture of thermalized neutrons in
235U and the production of fission neutrons will contribute to overcoming the
deficiency. The contribution from this source will clearly depend on the uranium
concentration, on the composition of the ore, and on the probability that a
fission neutron will be slowed down to thermal energies. In all probability, the
neutrons produced in (o,n) reactions account for a major portion of the neu-
trons required for >*’Pu formation. Fleming and Thode (1953a,b) found evi-
dence that (a,n) and (o,p) reactions occur to a considerable extent in uranium
minerals. This conclusion was reached from a study of the isotopic composition
of argon obtained from uranium minerals. In thorium ores containing small
amounts of uranium, the neutrons from (a,n) reactions predominate. The
amount of plutonium created depends not only on the number of neutrons
produced but also on their subsequent fate. Elements with high neutron-capture
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cross-sections will compete for neutrons and decrease plutonium formation.
In carnotite, potassium and vanadium atoms, and in fergusonite, tantalum
atoms capture most of the available neutrons, thus accounting for the unusually
low plutonium content found in these minerals (Table 7.3).

A fascinating example of the formation of **Pu by neutron multiplication in
233U was found by French scientists in the uranium deposit at Oklo in the
Gabon, Africa. From anomalies in the isotopic composition of rare earths
(especially neodymium) and anomalies in the ***U content, it was concluded
that, in at least six different locations of this deposit, a self-sustaining nuclear
chain reaction must have occurred (Bodu et al., 1972; Neuilly et al., 1972). It
was found that, in these locations, a burn-up of part of the original **U had
occurred, but the depletion found was not as great as one would have expected
from the observed anomalies in the isotope composition of other elements. It is
generally agreed that *°Pu is formed through resonant capture of epithermal
neutrons by the **U present in the matrix, and that subsequent radioactive
decay of the **Pu again regenerates a fraction of the **°U (Holliger and
Devillers, 1981; Hidaka and Holliger, 1998; Hidaka, 1999). Since no pluto-
nium has been found in the Oklo deposit, one may conclude that the self-
sustaining chain reaction must have taken place around 1.9 x 10° years ago
(Cowan, 1976).

A different situation exists with regard to ***Pu, which is sufficiently long-
lived to have survived from primordial times. In 1960, Kuroda postulated the
existence of >**Pu in the early solar system based on the Xe isotope ratios found
in chondritic meteorites (Kuroda, 1960). In 1971, Alexander and coworkers
measured the ratios of the Xe isotopes formed by spontaneous fission (SF) of
244py and found they agreed with those found in chondritic meteorites, thus
strongly supporting this hypothesis and SF decay of ***Pu (Alexander ef al.,
1971). The discovery of >**Pu fission xenon in extraterrestrial samples such as
the Moon (Kuroda and Myers, 1998), Martian (Marty and Marti, 2002), and
other meteorites demonstrated that the transuranium elements were synthesized
in exploding (supernovae) stars (Kuroda and Myers, 1998).

Conclusive proof for the occurrence of natural ***Pu in a pre-Cambrian
bastnasite ore was provided by Hoffman and coworkers (Hoffman et al.,
1971). Starting from approximately 85 kg of ore containing 10% bastnasite,
these workers isolated 2 x 107 atoms (8 x 107'° g) of >**Pu corresponding to
about 107'® g of ***Pu per gram of pure bastnasite. The presence of ***Pu was
conclusively identified using high-resolution mass spectrometry. Thus it seems
most probable that this ***Pu sample is a remnant of the stellar debris that
coalesced to form the solar system.

That even the richest uranium deposits are not likely to supersede synthetic
methods as a source of plutonium can be appreciated from the fact that the
microgram amounts of plutonium isolated by Peppard and coworkers (Peppard
et al., 1951) required the residues of 100 metric tons of ore concentrate for each
microgram of plutonium recovered.
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7.5 SEPARATION AND PURIFICATION

7.5.1 Introduction

At the end of 2003, a little more than 60 years after the discovery of the first
plutonium isotope in 1940, about 1855 metric tons of plutonium existed, princi-
pally within irradiated fuel from nuclear power plants (Albright and Kramer,
2004). About 225 metric tons of plutonium that had been separated and purified
for recycling in commercial nuclear fuel cycles was in the unirradiated form.
Roughly 260 metric tons of plutonium with a high ***Pu content has been
separated for use in nuclear weapons programs worldwide. Some of this weap-
ons plutonium has been declared excess to military needs and will be
incorporated into the commercial nuclear power system. Production of pluto-
nium for military use had greatly decreased by early in the 21st century, but the
total plutonium inventory will continue to increase as a consequence of nuclear
power production for the foreseeable future. The rate of plutonium production
in fuel of operating reactors was estimated at 7075 metric tons per year at the
end of 2003. Clearly, the separation of plutonium has been carried out on a large
scale. The management of the separated plutonium and the large quantities of
highly radioactive by-products of this production will continue to be a challenge
in the decades to come.

Plutonium isotopes are produced mainly from neutron absorption by ***U
and the subsequent product nuclei as shown in the simplified scheme in Fig. 7.4.
The major pathway to plutonium proceeds through absorption of a neutron to
give 2?U followed by two successive B~ decays to give >*’Np and then **°Pu.
Neutron absorption by **Pu produces higher isotopes of plutonium and other
transuranic elements, in competition with neutron-induced fission. Beta decay
by **'Pu and ***Pu and further neutron absorption leads to the production of
higher actinides, americium, curium, etc., but these steps are not shown in the
diagram for the sake of clarity. As the scheme for the production of plutonium
isotopes suggests, the isotopic composition of plutonium produced in a

238py == | 289py [—>| 290py == 24Py [—>| 242py | 243py [ | 244py
(ny) () ny) (ny) () (ny)

- 2.12d B-,2.36 d

237Np |—>| 238Nnp [—>| 22°Np
(ny) (ny)

~, 6.75d B, 23.45 min

234U —_— 235U — 236U —_— 237U <— 238U —_— 239U
(ny) (ny) 0,y (n,2n) (n.)

Fig. 7.4  Major pathways for formation of plutonium isotopes by neutron absorption (n, )
and beta decay (™) in uranium fuels or targets. Shaded boxes indicate most important
isotopes undergoing neutron-induced fission in competition with neutron absorption.
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particular portion of the reactor fuel will be a complex function of the total flux
and energy distribution of the neutrons that irradiate that fuel segment. The
neutron flux and energy distribution will vary with irradiation time and the
location of the fuel in the reactor.

The majority of nuclear power reactors around the world use low-enrichment
uranium oxide fuels (***U content of 3-5%) and light water (H,O) to moderate
the neutrons and act as the coolant for the system (Neeb, 1997). The uranium
oxide fuel is fabricated into cylindrical pellets that are stacked inside a sealed
container made of a cladding material such as a zirconium alloy to make a fuel
pin. The plutonium content after ‘burning’ of these fuels amounts to about 1%
of the mass of heavy metal content of the used fuel from a ‘typical’ light water
reactor (LWR). Neutron-induced fission of the plutonium generated from
neutron absorption by ***U adds substantially to the total power production
in commercial nuclear power plants (~40% of the total). The remaining mass of
the used fuel consists of about 95% uranium, 4% fission products, and 0.1% all
other transuranic actinides. It is the plutonium content in these ‘spent’ reactor
fuels that provides most of the global plutonium inventory.

The build-up of the plutonium isotopes is accompanied by the production of
a great variety of fission product elements. The fission process leads mostly to
two product nuclei (only 0.2 to 0.3% of the fission events yield three fragments)
that have an asymmetric statistical mass distribution with peaks at mass num-
bers of 95 and 138 for **U thermal (low energy) neutron-induced fission. The
fission product nuclei commonly have excess neutrons relative to stable nuclei
with the same atomic number and thus most are radioactive. The fission
products decay primarily by beta/gamma chains to more stable nuclei. A
calculation of the principal actinide and fission product isotopes present at the
end of irradiation followed by 10 years of storage of a commercial reactor-type
fuel is shown in Table 7.4. The burn-up of this fuel is higher than that used in
most commercial plants to date, but the nuclear power industry trend is toward
such higher burn-ups in the future. The list of fission product masses in
Table 7.4 illustrates the two peaks in the fission product yield among the
elements Zr through Pd and Xe through Nd. While the fission product masses
do not change dramatically for most of the elements in the used fuel after
10 years of storage, the radioactivity has dropped more than two orders of
magnitude and the *°Sr and '*’Cs decay chains dominate the radioactivity of the
used fuel from 10 years out to a few hundred years.

Inspection of Table 7.4 also illustrates that the fission products include
elements from all the families of the periodic table. This considerably compli-
cates the chemical problem of separation and purification of plutonium from
the irradiated fuel. Additionally, the intense radioactivity requires facilities that
use heavy shielding and remotely operated equipment to perform the separation
processes. The mixture of plutonium isotopes present in the spent fuel is not so
intensely radioactive and can be handled in a gloved box system once the fission
products are removed. The term ‘decontamination’ is often applied to the



Table 7.4 Actinide and fission product content of neutron-irradiated UO- fuel calculated
using ORIGEN 2 code (Croff, 1980, 1983)™.

Weight

Weight at  after 10 yr  Activity at  Activity after ~ Major radioactive

discharge  cooling discharge 10 yr cooling  isotopes after 10 yr
Element  (g) (2) (@) (&) cooling and half-lives
U-234 123 142 0.76 0.88 o, 2.46 x 10° yr
U-235 6 370 6370 0.01 0.01 o, 7.04 x 10% yr
U-236 5520 5520 0.35 0.35 o, 2.34 x 107 yr
U-237 18 <0.1 1.47 x 10°  2.76 B, 6.75d
U-238 923 900 923 900 0.31 0.31 o, 4.47 x 10° yr
Np-237 1020 1050 0.72 0.74 o, 2.14 x 10° yr
Np-238 2 <0.1 523x10° 0 B~,2.34d
Np-239 100 <0.1 232 %107 1.04 x 10° B,2.34d
Pu-238 236 242 3.99 x 10> 4.09 x 103 o, 87.7 yr
Pu-239 4900 5000 3.01 x 10> 3.07 x 10° o, 2.41 x 10* yr
Pu-240 2070 2130 457 x 10> 4.70 x 10* o, 6.56 x 10% yr
Pu-241 1820 1130 1.85x 10°  1.15 x 10° B, 14.4 yr
Pu-242 579 579 23 23 o, 3.73 x 10° yr
Am-241 48 728 1.64 x 10> 2.50 x 10° o, 432 yr
Am-242m 2 2 16.6 15.8 IT, 141 yr
Am-243 538 538 1.04 x 10> 1.04 x 10? o, 7.37 x 10 yr
Cm-242 23 <0.1 775 x 104 13.0 o, 163d
Cm-243 2 2 89.3 71.9 o, 29.1 yr
Cm-244 200 136 1.62 x 10 1.10 x 10* o, 18.1 yr
Cm-245 20 20 3.5 3.5 o, 8.5 x 10° yr
Cm-246 4 4 1.2 1.2 o, 4.76 x 10° yr
total An 947 495 947 493 255 x 107 1.32 x 10°
Se 85 85 9.6 x 10° 0.58 Se-79 6.5 x 10* yr
Br 33 33 0 0 -
Kr 546 529 3.8 x 10° 7.3 x 10° Kr-85 10.7 yr
Rb 520 537 5.4 % 10° <0.01 -
Sr 1390 1180 8.6 x 10° 8.9 x 10* Sr-90 28.5 yr
Y 722 704 1.2 x 107 8.9 x 10* Y-90 64.1 h
Zr 5480 5630 1.0 x 107 2.8 Zr-93 1.5 x 10% yr
Nb 44 <0.01 1.5 x 107 1.1 Nb-93m 13.6 yr
Mo 5090 5210 0 0 -
Tc 1220 1230 1.2 x 107 21 Tc-99 2.1 x 10° yr
Ru 3630 3360 5.6 x 10° 757 Ru-106 373 d
Rh 446 504 8.0 x 10° 757 Rh-106 2.2 h
Pd 2 140 2 360 7.1 x 10° 0.16 Pd-107 6.5 x 10° yr
Ag 73 71 9.4 x 10° 0.33 Ag-110m 250 d
cd 157 159 8.5 x 10* 39 Cd-113m 13.7 yr
In 1 1 2.6 x 10° <0.01 -
Sn 76 75 1.5 x 10° 1.1 Sn-126 2.5 x 10° yr
Sb 26 14 3.8 x 10° 1.2 x 10° Sb-1252.76 yr
Te 714 717 8.0 x 10° 285 Te-125m 58 d
I 363 357 1.2 x 107 0.05 1-129 1.6 x 107 yr
Xe 8190 8190 9.0 x 10° <0.01 -
Cs 4140 3340 8.6 x 10° 1.5 x 10° Cs-137 30.2 yr,

Cs-1352.3 x 109,
Cs-134 2.07 yr
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Table 7.4 (Contd.)

Weight
Weight at  after 10 yr  Activity at  Activity after ~ Major radioactive
discharge  cooling discharge 10 yr cooling  isotopes after 10 yr
Element  (g) (2) () () cooling and half-lives
Ba 2310 3100 1.0 x 107 1.2 x 10° Ba-137m 2.5 mo
La 1 880 1870 1.0 x 107 <0.01 -
Ce 4170 3690 8.1 x 10° 190 Ce-144 284 d
Pr 1690 1730 7.0 x 10° 193 Pr-144 17.3 mo
Nd 5770 6220 1.7 x 10° <0.01 -
Pm 100 7 1.8 x 10° 6.9 x 10° Pm-147 2.63 yr
Sm 1150 1240 9.6 x 10° 14 x 10° Sm-151 90 yr
Eu 309 243 6.2 x 10° 1.3 x 10* Eu-155 4.73 yr,
Eu-154 8.5 yr
Gd 237 309 8.1 x 10° <0.01 -
Tb 3 2 4.8 % 10° <0.01 -
Dy 2 2 1.4 x 10° <0.01 -
total FP 52700 52700 1.8 x 10® 4.8 x 10°

 Based on an initial uranium loading of 4.25% **>U enrichment (957.5 kg ***U, 42.5 kg **°U,
0.293 kg 2**U), burn-up of 50 000 MW-days (metric ton)~! (Hill, 2005).

process of removing the fission products from the plutonium, uranium, or
other actinides of interest in the irradiated fuel or target material. The decon-
tamination factor measures the extent to which the concentration of fission
products has been removed relative to the original level in the spent fuel at
the time processing begins. To allow the product plutonium to be handled by
personnel using a gloved box without undue exposure to fission product
radioactivity, the decontamination factor required for some fission products is
on the order of 10®. Clearly, the required decontamination factors will vary with
the cooling time of the fuel before processing begins.

The fission products and actinides produced from the irradiated uranium fuel
are dispersed intimately in the fuel matrix (Neeb, 1997). The fission product
nuclei dissipate their kinetic energy after traveling on average 5-10 pm
through the uranium oxide matrix, leaving an ionization track and displacement
cascade that ultimately generates most of the heat that is used to generate
electricity. Atomic mixing occurs from both radiation-induced and thermal
mass transport processes. In a typical LWR fuel each atom of the fuel is
displaced from its lattice site an average of once a day. Some segregation of
the fission product elements occurs under reactor conditions (Neeb, 1997). For
example, inert gases such as xenon and krypton can form bubbles in the fuel
matrix and even escape into the gas space inside a fuel pin, and some transition
elements (Mo, Ru, Rh, Pd, Tc) form small metal inclusions in the uranium
oxide. However, the bulk of the fission products and transuranic elements are
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dispersed fairly homogeneously within the uranium fuel. The uranium matrix
must be dissolved into a suitable solution or converted into a volatile compound
to allow the fission product and actinide ‘impurities’ to be separated from the
uranium.

The methods used to recover plutonium (and other actinides) from irradiated
fuels or targets can be divided into two major groups, aqueous and nonaqueous
processes, depending on the primary phase used for the separation process.
The major classes of aqueous processes are liquid-liquid extraction (solvent
extraction), ion exchange, and precipitation. Examples of nonaqueous process-
es are electrorefining (ER) in molten salts and fluoride volatility. The separation
methods use differences in the chemical properties of the various elements
present to segregate some components preferentially between the primary
phase and a secondary phase that can be a solid, liquid, or gas. Separation of
the two phases partitions the components of the original single phase for further
processing steps. These next steps can be additional stages of the same separa-
tion method (e.g., a bank of centrifugal contactors for extraction) or a different
method (e.g., ion exchange followed by precipitation).

Nearly all of the separation methods take advantage of the multiple oxidation
states that plutonium can adopt in its various chemical forms. The chemical
properties of plutonium (and other metal ions) change to a large extent depend-
ing on the oxidation state. If conditions can be adjusted to obtain various metal
ions in a mixture in different oxidation states, the separation of these metals is
often straightforward. For example, in aqueous acid solutions it is possible to
have uranium in the hexavalent oxidation state (as UO%*), neptunium in the
pentavalent state (as NpOjy ), plutonium in the tetravalent state, and americium
in the trivalent state. The complexes formed by ions in these different oxidation
states in solution are quite different, so that separation by a number of methods
is possible. In the case of an irradiated fuel with fission products present, if the
chemical behavior of a fission product resembles that of plutonium in one
oxidation state, it can be quite different when the plutonium oxidation state
or the fission product element oxidation state is changed. The use of oxidation
state changes to improve separations will be illustrated in the discussion of
specific separation methods below.

The large-scale separation and purification of plutonium has been pri-
marily accomplished using the Plutonium, Uranium, Reduction, EXtraction
(PUREX) liquid-liquid extraction process. This process was first developed
for separating plutonium from metallic uranium fuels irradiated to produce
plutonium for nuclear weapons applications, but has since been adapted to
separate uranium and plutonium from many kinds of fuels and targets, includ-
ing commercial power reactor fuels. While a variety of other processes have
been used to separate and purify plutonium from irradiated fuels, many of these
are now of only historical interest. More detailed information on the separation
technology for plutonium and the other actinides can be found in Chapter 24
of this work, Actinide Separation Science and Technology, including extensive
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documentation of the separation literature. The goal in this chapter is to present
the main features of selected separation methods of particular importance to
plutonium and to illustrate major factors guiding development of plutonium
separation processes. Only brief references to the history of plutonium separa-
tions will be made here.

Processes for separation of plutonium from neutron-irradiated uranium
metal, uranium oxide, or other irradiated target materials are one important
group of plutonium separation and purification methods, but there are addi-
tional separation needs. Separated plutonium must be converted into the forms
required for various applications, for example, purification of PuO, to meet all
the specifications for mixed oxide (MOX) fuel fabrication. Recovery and recycle
of plutonium from the process and waste streams of these conversion operations
constitute another important group of separation processes. A wider variety of
separation methods can be employed to accomplish these separations because
the high radiation levels of the fission products are not present and the amount
of material to be processed is typically much smaller. There is also a need for
separation processes to remove plutonium from items that have been contami-
nated by plutonium-containing materials resulting from normal operations or
accidental release to the environment, e.g. equipment, concrete, soils, etc. These
types of operations are commonly referred to as decontamination methods; the
radioactive contaminant is plutonium in this case rather than a fission product.
Finally, a large number of separation methods and reagents have been used to
preconcentrate or remove interfering components in analytical procedures for
plutonium-containing samples to improve detection limits and accuracy of the
results.

As the above discussion indicates, many processes have been developed for
separating plutonium from a variety of matrices. There are often variations for
a particular method and many combinations of methods possible for accom-
plishing a specific separation goal. The chosen process can be a result of many
factors at a particular facility including available equipment and expertise,
safety and operational limits, product specifications, national regulatory
requirements, waste management, cost, and schedule. It is possible in some
processes to vary operating conditions over a wide range and still obtain a
desired result. In the discussion of separation methods that follow, variations
in process conditions are common. Defining an ‘optimum’ process depends
on factors like those mentioned above, which can vary even at a single facility
over its lifetime. Operational details of this kind are beyond the scope of this
chapter.

7.5.2 Introduction to aqueous-based separation methods

Before discussing aqueous separation processes for plutonium in more detail, a
brief overview of actinide chemistry in aqueous solution is useful because
most actinide separations have been performed using aqueous acid solutions.
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The separation of actinides from basic aqueous solutions has been employed
less often because the low solubilities of the hydroxides or oxyhydroxides of the
high-valent actinide metal ions greatly limit the amount of material that can be
processed in a given volume except where strongly complexing ligands, such as
carbonate or peroxide, are present. More detailed information on the solution
chemistry of plutonium (see Section 7.9) and the other actinide metal ions can
be found in the appropriate sections of the chapters for each element and in
other chapters of this work.

As noted above, the separation of plutonium and the other early actinides
(Th—Am) from fission products and from each other is generally accomplished
by adjusting the oxidation state of the actinide ion in aqueous solution to make
the coordination chemistry of the actinide ion substantially different from the
other species to be separated. The actinides are highly electropositive metals and
form cationic species in aqueous solutions. These cations are ‘hard’ Lewis acids
and form strong complexes in solution with hard anions such as hydroxide and
fluoride. The oxidation states from 11 to vi are accessible in aqueous acid
solutions of uranium, neptunium, and plutonium. After plutonium the actinides
become more lanthanide-like with the coordination chemistry of the trivalent
metal ion dominating. The pentavalent and hexavalent actinide ions are found
in aqueous solutions as linear dioxo cations, e.g. NpOj and PuO3". These
‘actinyl’ species have no close analogs in transition metal oxo complexes and
are also hard Lewis acids. Water and other ligands bind to these linear cations in
a ring-shaped equatorial region around the metal ion between the two tightly
bound oxoanions. The coordination numbers and geometries for the actinide
ions are highly variable and reflect the largely ionic bonding in these complexes:
generally, 6-12 for An(1v), 6-9 for An(i), and 4-6 in the equatorial ring of
AnOj or AnO%*. The trivalent actinides exhibit a slightly stronger bonding to
ligands containing soft donor atoms (e.g. sulfur, nitrogen, chloride) than the
corresponding lanthanides and this property can be used as a basis for separat-
ing these groups of elements.

For plutonium the oxidation states from 111 to vir are accessible in aqueous
solution. The species Pu(in), Pu(iv), and Pu(vi) (PuO%*) are most important in
acidic aqueous solution. The pentavalent ion PuO; disproportionates rapidly in
acidic solution at moderate plutonium concentrations and is usually a very
minor species in acidic aqueous separation systems. Stabilizing Pu(vir) requires
strongly complexing ligands such as hydroxide, fluoride, or carbonate in basic
solution and, thus, Pu(vir) has not been used in any separation systems.

7.5.3 Precipitation and crystallization methods

As noted above, the oxidation states of the actinide ions in solution produce
large differences in coordination chemistry facilitating separation by a variety of
methods. An example of this is shown in Table 7.5 which lists the qualitative
solubility behavior of the actinides in oxidation states 111—vi with some common
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Table 7.5 Precipitation reactions characteristic of various actinide oxidation states (aque-
ous solution, 1 M H)?.

Anion M+ M* MO5 MO}t
OH~ I I I I
F- I I I S
1057 I I S S
0¥ - I - -
G0 I I I I
co% (D° I e S
CH;CO; S S S I
PO;~ I I I IS
Fe(CN)g I I S I

I = insoluble, S = soluble.

% Unless otherwise stated (the OH™ and CO%’ precipitations occur in alkaline solution).

b At pH = 6, RbPuO,F, and NH4PuO,F, may be precipitated by addition of RbF or NH4F,
respectively.

¢ Complex carbonates are formed.

4 Solid KPuO,CO, precipitates on addition of K,CO; to Pu(v) solution.

¢ From solution of Pu(vi) in CH;CO-H, NaPuO,(CH;CO»); precipitates on addition of Na*.

T Addition of (NH,4),HPO, to Pu(v) solution yields (NH4)HPuO,PO,.

€ On addition of H3PO,, HPuO,PO,-xH,O precipitates.

anions. These precipitations are very useful for separating mixtures of the
actinides and for recovery of solid products from an aqueous stream after
using another separation process such as ion exchange or solvent extraction.
They are generally not selective enough to be used as the primary process for
separation of plutonium or other actinides from all the fission products
in irradiated fuel or targets. This is illustrated by a study (Winchester and
Maraman, 1958) that used precipitation of Pu(im) oxalate, Pu(rv) oxalate,
Pu(in) fluoride, and Pu(iv) peroxide to recover plutonium directly from an
irradiated plutonium-rich alloy dissolved in nitric acid. The decontamination
factors reported in Table 7.6 indicate that none of the precipitation processes
achieved high enough fission product or corrosion product (Fe and Co)
removal for use as a primary separation process. However, as will be described
below, coprecipitations with other metal ion species such as bismuth phosphate
were used in the first large-scale separations of plutonium from irradiated
uranium. These processes were replaced in time by more efficient solvent
extraction processes.

The distinction between crystallization and precipitation is quite often based
on the speed of the process and the size of the solid particles produced. The term
precipitation commonly refers to a rapid crystallization that gives small crystals
that may not appear crystalline to the eye, but still may give very distinct X-ray
diffraction (XRD) peaks. Precipitation often involves a relatively irreversi-
ble reaction between an added reagent and other species in solution whereas
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Table 7.6  Decontamination factors for plutonium using various precipitation methods.

Pu(rmr) Pu(v) Pu(1v) Pu(r)

Element oxalate oxalate peroxide Sfluoride
Fe 33 10 50 1.4
Co 47 >95 30 8.6

Zr 3.5 >44 1 1.1
Mo >13 >15 >140 1.1
Ru >38 33 >14 36

Ce 1 1 6 1.1

crystallization products can usually be redissolved using relatively simple means
such as heating or dilution. The details of the precipitation or crystallization
process can be very important to produce a pure product and one that separates
well from the liquid phase. Thus, the order and speed of reagent addition, the
temperature, and the ‘aging’ time before filtration or centrifugation can all be
important parameters in a precipitation or a crystallization process. The Pu(1v)
oxyhydroxide ‘polymer’ that readily forms in relatively low acid solutions of
Pu(1v) is an infamous example of a ‘difficult’ precipitate that can complicate the
processing of plutonium aqueous solutions. The characteristics of this polymer
will be described in more detail in Section 7.9.1.d.

(a) Coprecipitation methods

Coprecipitation processes were the first to be used for the recovery of plutonium.
The tiny amounts of plutonium present in the first preparations were too small
to be precipitated directly, so coprecipitation or ‘carrier’ precipitations were
used to purify and deduce the chemical properties of plutonium and many
other radioactive elements. In general, plutonium will coprecipitate if the
anion contained in the bulk precipitate forms an insoluble salt with plutonium
in the same oxidation state or states present in the solution. Useful carrier
precipitation methods for plutonium have been reviewed (Sorantin, 1975).
Coprecipitation methods have also been used to purify plutonium in micro-
gram amounts and for recovery on a production scale.

(i) Lanthanum fluoride

Precipitation of lanthanum fluoride or other lanthanide fluorides from acid
solutions carries trivalent and tetravalent actinides, but not the pentavalent
and hexavalent ions. The lanthanide and yttrium fission products coprecipitate,
but most of the other fission products remain in solution. The behavior of
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neptunium and plutonium in lanthanum fluoride precipitation was used
to establish the existence of two oxidation states of these elements before
weighable quantities were available (Seaborg and Wahl, 1948b). The lanthanum
fluoride carrier precipitation was also a key step in the first isolation of a
weighable plutonium compound to be described below.

Cunningham and Werner isolated a PuO, sample that weighed 2.77 ng, the
first weighable quantity of any synthetic element, on September 10, 1942 at the
Metallurgical Laboratory of the University of Chicago (Cunningham and
Werner, 1949b). The plutonium had been separated from about 90 kg of uranyl
nitrate hexahydrate that had been irradiated for 1 to 2 months with neutrons
produced by bombarding a beryllium target with deuterons at the cyclotron
facility at Washington University in St. Louis. The separation of plutonium was
accomplished through oxidation state adjustments and a series of LaF;
precipitations that carried Pu(iv) and Np(1v) but not Pu(vi) or Np(vi). The
brief overview that follows provides an example of a coprecipitation separa-
tion method and also illustrates the painstaking effort required in these first
explorations of plutonium chemistry.

About 90 kg of irradiated UO»(NO3), - 6H,O was mixed with 100 L of diethyl
ether to yield about 120 L of ether solution containing uranyl nitrate solvate,
UO,(NO3),[O(CH,CH3),],, and a small amount of fission products and 8 L of
an aqueous phase that consisted of about 50 wt % uranyl nitrate hydrate with
most of the fission products and transuranic elements, principally neptunium
and plutonium. This was essentially a solvent extraction step that partitioned
most of the U(vi) to the ether phase along with a small amount of the fission
products.

The aqueous phase was diluted to 20 L, made 2 ™ in nitric acid and 0.014 m
in La(m1) and then HF was added to give a solution 4 M in HF. The resulting 40 g
of LaFj; precipitate contained the transuranium elements and about 25% of
the original fission product activity (mostly the lanthanide and yttrium fission
products). The separated LaF; precipitate was heated in concentrated sulfuric
acid to distill HF and then dissolved in and diluted to 5 L with 2 M nitric acid.
The Pu(1v) was oxidized to Pu(vi) by using K,S,0g and Ag(1) as a catalyst. The
solution was then made 4 M in HF which produced about 40 g of LaF; precipi-
tate that was separated by filtration. The LaF3 precipitate contained most of
the remaining fission product activity, while the solution contained the Pu(v)
and Np(vi). The addition of a 6% SO, solution to the filtrate and washings
reduced the Pu(vi) and Np(v1) and the excess peroxydisulfate. Addition of 2 g of
La(NOs); in solution precipitated LaF; that carried the tetravalent plutonium
and neptunium. Repeated cycles of precipitation with progressively smaller
amounts of LaF; were used to further decontaminate the plutonium and
neptunium. For two of the LaF; precipitation cycles, KBrO; was employed
as the oxidizer to selectively oxidize neptunium, but not plutonium.
This allowed the separation of the neptunium into the filtrate solutions while
plutonium was carried with the LaF;. These additional cycles of smaller
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precipitations eventually yielded a 120 pL solution of 1.7 M HNO3 and 5 m HF
that was fumed in a platinum crucible and treated with 10 M ammonium
hydroxide to precipitate Pu(vi) hydroxide. The washed precipitate of plutonium
hydroxide contained about 40 pg of plutonium. The microliter-scale solution
manipulations were performed in a specially designed glass apparatus viewed
with a microscope. Additional purification steps yielded a 50 pL solution of
plutonium in nitric acid. Ten pL of this solution were placed on a platinum
weighing pan, dried, and heated to give the oxide. This sample provided the first
weighable quantity of plutonium that is now displayed in the Lawrence Hall of
Science at Berkeley, California.

(il Bismuth phosphate process

The bismuth phosphate process was used for the first large-scale purification of
plutonium from neutron-irradiated uranium at the Hanford site during the
Manhattan Project, and after the war until the 1950s when it was replaced by
solvent extraction processes. More detail on the bismuth phosphate process and
its replacement by solvent extraction processes can be found in Chapter 24. The
precipitation of BiPO, from acid solutions carries the trivalent and tetravalent
actinides, and especially Pu(1v), but not the pentavalent and hexavalent ions.
Bismuth phosphate is quite insoluble in moderately concentrated nitric and
sulfuric acids. This is an important property because addition of sulfuric acid
to a nitric acid solution of neutron-irradiated uranium could be used to keep the
relatively large quantity of U(vi) in solution as a sulfate complex while bismuth
phosphate was precipitated and carried the plutonium. The BiPO, precipitate
carried only small amounts of the fission products, and could be redissolved in
concentrated nitric acid; thus simplifying the process relative to use of a lantha-
num fluoride carrier that is difficult to redissolve. A series of oxidation state
adjustments and precipitations of BiPO,4 from solutions of neutron-irradiated
uranium in nitric acid separated the plutonium from the uranium, neptunium
and fission products in a scheme that resembles the lanthanum fluoride process
described above. In fact, cycles of lanthanum fluoride precipitation from nitric
acid were incorporated into the bismuth phosphate process to concentrate and
further purify plutonium.

Thompson and Seaborg first developed the bismuth phosphate process
(Thompson and Seaborg, 1956). The scale-up of the process from the laboratory
to an operating plant by a factor of 10® in a short time is a remarkable story (Hill
and Cooper, 1958). An overall decontamination factor from the fission pro-
ducts of 107 was obtained at Hanford for the plutonium. The disadvantages of
the process included discarding the uranium with the fission products, genera-
tion of large volumes of high salt wastes, and batch operation. Continuous
solvent extraction processes based on extraction of uranium and plutonium
from nitric acid solutions of dissolved fuel have replaced the bismuth phosphate
process.
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(b) Precipitation and crystallization methods for conversion
chemistry of plutonium

Solvent extraction processes have displaced the original bismuth phosphate
coprecipitation method for production scale plutonium separation from
neutron-irradiated uranium fuels and targets. However, precipitation and
crystallization from aqueous solutions have always been important processes
for preparing and purifying solid compounds for the various applications of
plutonium. The major products are plutonium metal for irradiation targets and
fuels, weapons components, or storage and PuO, for MOX fuels, heat sources
(when the 2**Pu content is high), and storage.

The bulk of the aqueous processing of plutonium takes place in nitric or
hydrochloric acid solutions and most plutonium solids are precipitated from
these solutions (Cleveland, 1980; Christensen et al., 1988). The most common
precipitations use oxalate, peroxide, hydroxide, and fluoride. The typical rea-
sons for using these precipitations are:

e Good recovery of plutonium can be obtained in the solid in a form suitable
for preparing metal or oxide.

o Relatively concentrated plutonium nitrate or chloride solutions can be
largely or partially purified from many cationic impurities.

e Precipitation from relatively dilute solutions provides a very quick and
convenient method for concentrating plutonium.

e Calcination at 500-800°C readily converts properly precipitated Pu(ir) and
Pu(1v) oxalates to PuO, that is suitable for direct oxide reduction (DOR)
with calcium to the metal, or hydrofluorination to PuF, that is then
reduced to metal (see Section 7.7.2).

e Precipitation of plutonium or americium hydroxides from waste solutions
such as oxalate or peroxide filtrates generally provides an effective method to
recycle the plutonium and americium in the separated precipitate and to
dispose of the alkaline filtrate to low-level waste treatment operations.

This group of common precipitation methods will be briefly reviewed. The
detailed procedures used at different facilities vary widely because of the many
facility-specific factors that enter into the process design as discussed briefly in
Section 7.5.1. Both batch and continuous processes have been developed for
these precipitations.

(i) Plutonium(ir) oxalate precipitation

Since the time of the Manhattan Project, researchers have found it useful to
precipitate the easily filterable turquoise-blue Pu,(C,04), - 10H,O by reducing
plutonium to the trivalent state in low acid solution and carefully adding an
oxalic acid solution. Directly adding solid oxalic acid will produce a crystalline
precipitate with a smaller average particle size (Christensen et al., 1988).
The solubility of Puy(C,04), - 10H,O can be approximated by the expression
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[Pu(mgL~")] = 3.24[H*}*[H,C,0,) /> (Harmon and Reas, 1957). However,
the typical filtrate from a production run will have somewhat higher concentra-
tions of plutonium (0.1-0.5 g L") left in solution than that calculated from this
equation. The precipitation is useful over a wide range of conditions when the
Pu(11) concentration is more than 1 g L' and with less than 4 m acid. The Pu(i)
oxalate precipitation gives good decontamination factors from such impurities
as Al(mr), Fe(1r), and U(vi). There is less decontamination from sodium, potas-
sium, and calcium and none from Am(ir). Plutonium(mr and 1v) can be scav-
enged from very dilute solutions using Ca(i) or Pb(i) oxalates as carriers
(Maraman et al., 1954; Akatsu, 1982; Akatsu et al., 1983).

(ii)  Plutonium(1v) oxalate precipitation

Plutonium(1v) precipitates as the tan solid Pu(C,0s), - 6H,O from low acid
solutions upon addition of oxalic acid, but it is usually a very fine tacky solid
at room temperature (Christensen et al., 1988). Precipitation at elevated tem-
peratures can greatly improve the filterability of the solid. Typical losses of
plutonium to the filtrate in practical operations are 0.2-0.5 g L™'. The precipi-
tation is used over a wide range of conditions with Pu(1v) concentrations greater
than 1 g L' and acid concentrations between 1 and 5 M. The decontamination
factors for impurities such as Al(m), Fe(ir), and U(vi) are typically higher than
for the Pu(i1) oxalate method. There is no decontamination from Am(i).

(iii)  Plutonium(1v) peroxide precipitation

Plutonium(1v) peroxide is an olive-green solid formed by the addition of hydro-
gen peroxide solutions to acid solutions of Pu(1v). The typical range of acid
concentration is 2.5-5.5 M. The solutions are often cooled to 10-15°C to reduce
the decomposition of hydrogen peroxide. High levels of iron, copper, manga-
nese, or nickel catalyze the decomposition of the H,O, and interfere with
precipitation. At higher acid concentrations and with careful H,O, addition,
a very filterable hexagonal form of plutonium(iv) peroxide precipitates. At
lower acidities a gelatinous cubic form precipitates that is difficult to filter.
Plutonium(iv) peroxide is not a stoichiometric compound and its O:Pu ratio
may approach 3.5 (Cleveland, 1979, 1980), but does not reach 4.0 as is suggested
by the formula Pu(O,),. Anions such as nitrate, chloride, and sulfate, if present
in the solution, are incorporated into the solid. Indeed, sulfate is added in some
processes at a concentration of 0.1-0.3 M to nitric acid solutions to improve the
filterability of the peroxide precipitate.

The Pu(1v) peroxide precipitation is a powerful method for purification of
plutonium from many impurity elements except those such as thorium, neptu-
nium, and uranium that form similar peroxides under these conditions. Unlike
the oxalate precipitations, Am(i) is removed to a high degree. The excellent
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decontamination factors obtained for many elements and the use of one reagent
that is easily decomposed to water and oxygen in subsequent operations are the
major advantages of using this process. The disadvantages are greater losses of
plutonium in the filtrate (typically 0.1-0.5%) and violent decomposition of
H,0, that can occur during precipitations in the presence of high concentra-
tions of iron and other metal ion catalysts for the decomposition reaction.

(iv)  Plutonium(in) fluoride precipitation

Addition of aqueous HF to a solution of Pu(im) in nitric or hydrochloric acid
precipitates blue-violet PuF; - xH,O(x~ 0.75) (Christensen et al., 1988). The
Pu(1v) concentration should be kept low because the hydrated PuF, precipitate
is very gelatinous and much more soluble than the trifluoride. Significant Pu(iv)
content will thus increase filtering time and plutonium losses to the filtrate.
Reducing agents such as hydroxylamine, sulfamic acid, or ascorbic acid are
commonly used. With careful oxidation state control, losses of plutonium to the
filtrate are very low (0.05-0.1%). A disadvantage of preparing any fluorine-
containing compound of plutonium is increased production of neutrons from
o-n reactions relative to the oxygen-, carbon-, and nitrogen-based precipitants.
The trifluoride precipitation does not give decontamination factors from cat-
ionic impurities that are as high as the oxalate or especially the peroxide
precipitations. It gives moderate decontamination from many impurities includ-
ing iron, but not from aluminum, zirconium, and uranium. Dried PuF; can be
roasted in oxygen to produce a mixture of PuF, and PuO, that can be directly
reduced with calcium metal to give 95-97% yields of plutonium metal (See
Sections 7.7.1 and 7.7.2).

(v)  Plutonium hydroxide precipitation

Hydroxide precipitation is quite useful to produce a filtrate with very low levels
of plutonium. Sodium or potassium hydroxide solutions are commonly added
to precipitate the gelatinous green Pu(iv) hydroxide (Christensen ef al., 1988). If
Pu(in) is present, it will slowly oxidize to Pu(iv). Many other metal ions will
precipitate as hydroxides as well or be carried by the plutonium hydroxide so
that this is not a useful purification procedure. The hydroxide is generally
difficult to filter. If large amounts of magnesium or calcium are present, the
voluminous hydroxide precipitates of these metal ions make filtration especially
difficult, unless they are avoided by carefully controlling the pH. The dried
hydroxide cake can be recycled for plutonium recovery by dissolving it in acid.
The formation of the Pu(1v) oxyhydroxide polymer should be avoided because
this material behaves quite differently from the hydroxide precipitate and can be
quite difficult to redissolve in acid. The formation and properties of the polymer
are described in more detail in Section 7.9.1.d.
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(vi) Miscellaneous precipitations

Other precipitation methods have been tested for plutonium processing opera-
tions, but have not been deployed or as widely used as those reviewed above.
These include CaPuFg and Cs,PuClg from acid solutions for metal production
operations (Christensen et al., 1988; Muscatello and Killion, 1990) and
(NH,)4PuO,(CO;); or mixed (NH,),(Pu, U)O,(CO;), from alkaline solution
for the preparation of MOX fuels (Roepenack et al., 1984).

7.5.4 Solvent extraction separation processes

Liquid-liquid (or solvent) extraction partitions solutes between two immiscible
liquid phases. The two phases are generally intimately mixed to improve the rate
of transfer of solutes between them. The use of a laboratory separatory funnel
by a synthetic chemist illustrates the operation of a single stage of liquid-liquid
extraction. The two immiscible phases, commonly an organic and an aqueous
phase, are shaken vigorously for some time to approach the equilibrium distri-
bution of solutes between the phases and then the phases are allowed to coalesce
and reform layers that can be separated. On an industrial scale, the labor-
intensive separatory funnel is replaced by a wide variety of equipment that
pumps, mixes and separates the phases in a continuous operation so that
multiple stages of extraction and back-extraction can be accomplished in an
efficient manner. Solvent extraction is a very versatile and useful industrial
separation method and has proven to be very important for the recovery and
purification of plutonium and other actinides. In fact, as discussed in Chapter 24
of these volumes, the industrial practice of solvent extraction advanced consid-
erably because of the new development work needed to solve the separation
challenges of processing neutron-irradiated fuels and targets for military and
industrial applications.

In the case of plutonium and other actinide metal ions, the two immiscible
phases used in solvent extraction processes are usually an aqueous acid solution
and an organic solvent containing components that stabilize certain metal ion
complexes in the organic phase. Nitric acid is the most common acidic solution
used; hydrochloric acid has seen more limited application. Acids with more
strongly complexing anions such as sulfuric, phosphoric, or hydrofluoric acids
can have problems with limited solubilities of actinide ions (see Table 7.5) and
also some fission product metal ions and are used less commonly. In some cases,
these acids with more strongly complexing anions are used in controlled
amounts in the acidic aqueous phase as ‘masking agents’ to hold certain metal
ions in the aqueous phase and to improve the selectivity of the extraction into
the organic phase. They can also be deployed in an aqueous phase to ‘strip’ or
back-extract metal ions from an organic phase that has been ‘loaded’ with metal
ions in a previous step of the process.
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The organic phases used for actinide extractions comprise a wide range of
solvents (or diluents) and organic-soluble compounds (extractants) that stabi-
lize metal complexes in an organic phase. Aliphatic and aromatic hydrocarbons,
chlorinated hydrocarbons, ethers, and ketones represent some of the major
solvent groups. In some cases the solvent and the extractant are the same. For
example, chemists used diethyl ether to extract uranyl nitrate from aqueous
solutions long before the nuclear age dawned. The influence of the solvent
on the extraction system is manifested in various ways such as the solubility
of the extractant and metal ion species, the overall thermodynamic activity of
the extractant, and the concentration of water in the organic phase (Cox and
Flett, 1983).

Metal ions can be stabilized in the organic phase in a variety of structures.
While uncharged individual metal ion complexes are solvated in the organic
phase in many cases, ion-pairs, reverse micelles, and other aggregated structures
are observed, especially as higher concentrations of metal ions are loaded into
the organic phase (Borkowski er al., 2003; Chiarizia et al., 2003). For many
extraction systems, a third phase can form if the metal ion concentration
becomes too high in the organic phase (Rao and Kolarik, 1996). This is a
situation to be avoided because the extraction equipment is designed to separate
two liquid phases, not three, and any solid phase is particularly troublesome.
Phase-modifying reagents are sometimes added to the organic solvent to inhibit
third-phase formation and to allow higher levels of metal loading.

When two or more extractant compounds are combined in a single solvent
they may act independently or the extraction equilibrium for a metal ion can be
enhanced over what each extractant would give independently. This effect is
referred to as synergism. It is most typically observed when an acidic extractant
is combined with a neutral donor extractant and the major extractant complex
contains both extractants bound to the metal ion (Cox and Flett, 1983).

The range and combinations of compounds that have been used in organic
solvents to extract plutonium is very extensive and cannot be reviewed here.
The extractant compounds can be generally divided into two large groups:
compounds with donor atoms that form organic-soluble complexes with the
metal ion, and ion-pair reagents that stabilize a charged metal ion complex
in the organic phase. Given the hard Lewis acid character of the actinide
metal ions, it is not surprising that most of the ligand-type extractants have
one or more oxygen donor atom sites that coordinate to the metal ion in the
organic phase. The major actinide extractant classes are alkyl and aryl phos-
phates, (RO);P=0, phosphonates, (RO),RP=0, phosphinates, (RO)R,P=0,
and phosphine oxides, R;P=0; alkyl and aryl phosphoric, (RO),PO,H, phos-
phonic, (RO)RPO,H, and phosphinic acids, R,PO,H; ethers, R,O; ketones,
R,C=0; 1,3-diketones, RC(O)CH,C(O)R; amides, RC(O)NR,, malonamides,
R,NC(O)CHRC(O)NR,, and carbamoylmethylphosphine oxides, (RO),P(O)
CH,C(O)NR, (the R groups in the formulas can all have different or
identical alkyl or aryl functionality). The major ion-pair extractant classes
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for actinides are tetraalkylammonium salts, R,N"X", and protonated tertiary
amines, R;NH"X". More detail on the classes of solvent extraction systems
and their use for actinide separations is found in Chapter 24. Tri(n-butyl)
phosphate (TBP), (n-BuO);P=0, is of particular importance for plutonium
separations as the key component of the PUREX process and will be discussed
below.

(a) The PUREX process

As mentioned previously, nearly all of the roughly 500 metric tons of plutonium
that has been separated to date has been recovered using the PUREX solvent
extraction process. The use of TBP to extract nitrate complexes of uranium and
other actinides was examined as early as 1944 during the Manhattan Project
(Orlemann, 1944; Spedding et al., 1945; Warf, 1945) and a patent application
for a solvent extraction process for plutonium based on TBP and other trialk-
ylphosphates was submitted in 1947 — the patent was not issued until 1960
because of security concerns (Anderson and Asprey, 1960). The development
work leading to deployment of the process started in the late 1940s principally at
Oak Ridge National Laboratory (Coleman and Leuze, 1978). The PUREX
process was first used in 1954 at the Savannah River site of the U.S. Atomic
Energy Commission and then in 1956 at the Hanford site (Swanson, 1990). With
many variations in operational details, the process has since been used around
the world as the principal method to separate plutonium and uranium from
used reactor fuel and neutron-irradiated actinide materials (McKay et al.,
1990). The key to this process is the selective extraction of U(vi) and Pu(1v)
from a nitric acid solution of dissolved irradiated fuel into an aliphatic hydro-
carbon solvent containing TBP while leaving most of the fission products in the
acid solution. The plutonium and then the uranium can be back-extracted
separately from the loaded organic solvent into an aqueous strip phase. Addi-
tional solvent extraction stages with TBP can be used to further purify the
uranium and plutonium or another method such as ion exchange can be used.
Most PUREX operations target very pure uranium and plutonium products
with high decontamination factors from the fission products of about 10® and
high recovery (typically about 99.9%).

The following equilibrium equations represent the major separation steps of
the PUREX process:

Puils +4NO;3 (o) + 2TBP(org) = Pu(NO;3),(TBP), (o) (7.8)
UO3 ) +2NO; () + 2TBP(org) = UO2(NO3),(TBP); (o) (7.9)
HNO3 (aq) + TBP(Org) = TBP- HNO3 (org) (710)

The subscripts (aq) and (org) refer to species present in the aqueous and
organic phases, respectively. The distribution coefficient (D) in liquid-liquid
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extraction is defined as the ratio of the concentration of the solute in the organic
phase to that in aqueous phase under a particular set of conditions, e.g. volume
ratio of the aqueous to organic phase, temperature, extractant concentration,
pH, metal ion concentration. Tetravalent and hexavalent actinide ions are
selectively extracted under the PUREX conditions (typically 1-3 m nitric acid
and 20-30 vol % TBP in an aliphatic hydrocarbon diluent) but the trivalent and
pentavalent oxidation states of the actinides and most of the fission products are
poorly extracted. This is illustrated by the data in Table 7.7 that lists the single-
stage distribution coefficients for U(vi), Pu(vi), Pu(iv), Pu(i), and a group of
fission products for TBP and two other compounds, hexone [CH3;C(O)CH,CH
(CHs3),] and dibutylcarbitol [CH3(CH,);0(CH,),O(CH,),O(CH,);CH3] that
were the basis for two other competing solvent extraction processes, REDOX
and BUTEX (Peterson and Wymer, 1963). The REDOX and BUTEX processes
were used for a time at Hanford and in the United Kingdom, respectively, but
eventually were replaced by the PUREX process. The data in Table 7.7 illustrate
that the modest D values like those for uranium of 1.5-8.1 can be exploited for
high recovery by using multiple stages of extraction. The data in the table also
show that the bulk of the fission product have very low D values, but there are
exceptions (Zr, Ru, and Tc). These fission product contaminants can be
removed in various ways during the additional uranium and plutonium purifi-
cation operations.

The equations shown above for Pu(rv) and U(vi) extraction indicate that
higher nitrate concentrations in the aqueous phase and higher TBP concentra-
tions in the organic phase should increase the D values for these metal ions. This
is indeed observed as long as the activities of the various species are taken into
account and metal ion concentrations are low. However, the extraction of nitric
acid by TBP indicated in (7.10) competes with metal ion extraction for the TBP
and limits the increase in the D value with increasing nitric acid concentration.
The D values will continue to increase at a low fixed nitric acid concentration if
nitrate salts are added to the aqueous phase rather than nitric acid. Pure TBP is

Table 7.7 Distribution coefficients of uranium, plutonium, and some fission products using
TBP, hexone, and Butex extractants.

Solvent U(vr) Pu(vi) Pu(1v) Pu(1) Fission products®
hexone® 1.6 2.9 0.84 45 % 1074 0.03
TBP® 8.1 0.62 1.55 0.008 0.001
Butex? 1.5 1.8 7 <0.01 ~0.02

# Combined B emitters (without Zr, Ru, Ca).

® From 0.3 M HNO4/1.0 M AI(NO3)5/(U,Pu) into hexone at 25°C, or from 0.25 M HNO4/1.5 m Al
(NO3)3/ZFP into hexone at 25°C.

¢ From 3.0 M HNOj into 30 vol.% TBP in kerosene at 25°C.

4 From 4 M HNOj; into dibutylcarbitol (Butex).
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a liquid and can be used as the organic phase in an extraction, but it is quite
viscous. PUREX plants typically operate with 20-30 vol % TBP in an aliphatic
hydrocarbon diluent (Swanson, 1990).

Adjusting the oxidation state of plutonium from Pu(iv) to Pu(in) is the most
commonly used way of selectively stripping plutonium from the loaded organic
phase. As shown in Table 7.7, the D value of Pu(m) is quite low and it will
preferentially distribute to the aqueous nitric acid phase. Reducing agents that
have been used to strip plutonium from the TBP phase are Fe(ir), hydroxyl-
amine, and U(rv). The addition of ferrous sulfamate in the aqueous acid
solution used to strip the plutonium has given some of the best results as
indicated by the purity of the uranium and plutonium products that result
(Miles et al., 1990). The overall equation for the Fe(i) reduction and stripping
reaction is:

Pu(NO;),(TBP), (o) + Fe?(,) — Pully) +4NO3 (o) + Fell ) + 2TBP ory)

org) (aq) (aq)
(7.11)

After the removal of plutonium, the uranium can be stripped from the TBP
phase with a dilute acid solution. The TBP solution can then be reused to extract
more uranium and plutonium. A generalized PUREX flow sheet is shown in
Fig. 7.5.
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Fig. 7.5 A generalized PUREX flow sheet where the dashed line indicates the organic
stream.
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Of course, there are many other operations needed for running an actual
PUREX plant that are not indicated by the simple extraction equations above.
A few will be mentioned here and the references can be consulted for more
detail. The decladding and dissolution of the fuel in nitric acid in a highly
shielded facility are major operations that prepare the feed for the PUREX
process. During the extraction process, the organic solvent and TBP undergo
degradation reactions because of reactive species produced by the high level of
ionizing radiation, particularly in the first extraction cycle where all the fission
products are present. Some of the degradation products of TBP, dibutyl-
phosphoric and monobutylphosphoric acids can cause problems by forming
solids and modifying the D values for certain metal ions. This is dealt with by
adding a washing operation to keep the concentration of these compounds
below certain levels. The slight solubility of TBP and any entrainment of
organic phase droplets in the aqueous phase also cause losses that must be
replaced. Maintaining the oxidation states of various actinide and fission prod-
uct metal ions in the intense radiation field requires careful adjustments at
various points in the process. To improve process efficiency and to minimize
wastes, evaporators are used to recover nitric acid and concentrate solutions at
various points in the process. Finally, the products and wastes from all the
operations must be handled properly and transported to their next destination.

During more than 50 years of use around the world, the PUREX process
has undergone many improvements. Enhancements continue to be made at
operating plants and new plants that will begin operations in the future. As
options are considered for advanced nuclear fuel cycles, additional separations
operations are under development for potential deployment in PUREX-type
plants (see Chapter 24, section 4). Among these operations are solvent extrac-
tion processes for recovery of neptunium, americium, and curium to allow their
transmutation in advanced reactor systems and for technetium, cesium, and
strontium to allow these fission products to be disposed of more efficiently.
Solvent extraction systems are certainly the most developed separation processes
to accomplish these goals in the near future. The use of other separation
approaches to augment or replace solvent extraction in advanced nuclear
fuel cycles will require large technology development efforts.

(b) Extraction chromatography and supported liquid membranes

Liquid-liquid extraction can be deployed in forms other than the typical meth-
ods of mixing and separating the immiscible liquid phases. In extraction chro-
matography, the extractant and solvent (in some cases) are prepared in a thin
layer on a solid support that usually consists of small spherical particles of a
polymer or inorganic material. Inorganic materials such as silica require a
surface treatment to generate a relatively hydrophobic surface that will be
compatible with the organic extraction components. Aqueous solutions are
contacted with the solid and metal ions are extracted into the thin surface
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layer much as occurs in a liquid-liquid extraction system. However, the compo-
sition of the surface layer can be quite different from that of the liquid-liquid
system and this must be taken into account when predicting extraction behav-
ior. Extraction chromatography materials are used most commonly for analyti-
cal separations of plutonium and other actinides and have been deployed for a
limited number of gloved box scale process operations. These materials gener-
ally do not have the radiation stability or capacity for use in large-scale proces-
sing of irradiated fuels. However, such an approach has been proposed and
tested at a small scale with a spent fuel solution using some silica-based extrac-
tion materials by Wei and coworkers (Wei et al., 2002).

Supported liquid membranes consist of a liquid phase that separates two
fluid phases: two gases, two liquids, or a gas and a liquid. Components in
the fluid phases can be separated by differential transport through the liquid
membrane phase driven by the chemical potential gradients. For metal ion
separations, the fluid phases on each side of the membrane are usually aqueous
solutions and the membrane consists of a porous solid support with an organic
extractant solution filling the pores. Supported liquid membranes have been
demonstrated on the laboratory scale to be an efficient separation method for
metal ions, but have seen relatively few industrial applications because of long-
term stability problems. With time, the components of the liquid membrane are
lost to the aqueous phases and the membrane fails. Many approaches have been
considered to overcome this problem, but none have yet seen widespread
industrial use (Sastre et al., 1998).

In the extraction chromatography and supported liquid membrane systems
the active extractant is not chemically bound to the support. Solids that
do contain such chemically bound groups that can selectively bind plutonium and
other actinides will be discussed under ion-exchange processes (see Section 7.5.5).

7.5.5 lon-exchange processes

Ion-exchange materials are insoluble solid materials with groups of one charge
fixed in a three-dimensional solid matrix and mobile or exchangeable ions of
the opposite charge associated with these fixed sites that balance the charge
in the solid. In contact with a liquid phase that contains dissolved ions, the
mobile ions will be exchanged for ions of like charge in the solution if the overall
free energy of the system is lowered after the exchange. The relative affinity of
the ion-exchange material for various cations or anions can be used to separate
particular ions from solution. By using a regeneration solution under different
conditions, it is usually possible to recover the adsorbed ions from the ion-
exchange material (often in more concentrated and pure form) and prepare
the ion-exchanger for additional cycles of exchange and regeneration. Both
inorganic solids and organic polymers, including natural materials such as
clays and zeolites, can function as ion exchangers. lon exchange has long
been an important process for water treatment. One of the first industrial
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applications of ion exchange described in 1905 was the use of synthetic sodium
aluminosilicates (zeolites) to exchange Ca?" from hard water with Na™ (Simon,
1991).

Ion exchangers are commonly deployed in industrial processes as a packed
bed of small particles to obtain a high surface area and accessible exchange sites
with minimal diffusion path lengths to the sites. In the loading phase, liquid feed
solution is passed through the bed until the mobile ions in the solution have
been exchanged for mobile ions in the solid to the extent that the target ion or
ions are no longer being removed from solution to the required level. If the ions
loaded on the exchanger are to be recovered as a product (e.g. plutonium), one
or more wash solutions may be passed through the bed to improve the final
purity by removing residual feed solution and exchanging more weakly held
ions. In the elution phase a different solution is passed through the column to
recover the product ions. The conditions during the elution phase are changed
(pH, ion concentration or type, temperature, etc.) so that the target ions bound
during the loading phase are exchanged back into the solution. After elution the
ion exchanger may be ready for reuse directly or may require an additional
regeneration step. Most ion-exchange processes are operated in such a batch
mode with separate loading and elution or regeneration steps. Continuous ion-
exchange processes have also been developed, but are not as widely used as
batch operations (Simon, 1991).

Ton-exchange processes for metal ion separation most commonly use an
organic polymer solid phase (often referred to as an ion-exchange ‘resin’)
containing charged functional groups fixed to the polymer structure to selec-
tively bind metal ions or complexes of metal ions with a net opposite charge
from an aqueous solution. The organic polymer is usually prepared in the form
of small spherical particles or beads with a large internal porosity. The structure
of the polymer greatly affects the final ion-exchange properties and the synthetic
conditions are adjusted to control properties such as the degree of crosslinking,
the number of ion-exchange sites, the size distribution of the pores, and the
bead size. The polymer structure in most commercial ion-exchange materials is
formed from styrene (vinyl benzene)-divinylbenzene copolymers with the fixed
charged groups attached to the phenyl rings. The most common functional
groups are sulfonic acid and carboxylic acid groups with protons that exchange
for cations (cation exchangers) and alkylamine, alkanolamine, and tetraalky-
lammonium groups that act as anion exchangers. Other polymer structures have
been used to make ion exchangers including polyacrylates and polyvinylpyr-
idines (Simon, 1991; Harland, 1994).

(a) Plutonium ion-exchange separations

Both cation- and anion-exchange processes have been used for concentrating
and purifying plutonium from aqueous solutions that result from processing
operations ranging from solvent extraction (e.g. PUREX) to recovery of
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plutonium leached from scrap or debris material. Ion exchange is generally not
used as the primary step to separate plutonium and other actinides from fission
products in nuclear fuel or neutron-irradiated targets because the intense radia-
tion field degrades the polymer matrix too rapidly. However, organic ion
exchangers are very useful for separations in acidic solutions where the radia-
tion dose comes mostly from plutonium and other actinides. Inorganic ion
exchangers are generally more radiation-resistant than organic exchangers,
but have other problems for large-scale processing such as limited stability
over wide pH ranges, difficulty in obtaining reproducible behavior from batch
to batch, and the greater difficulty of preparing particles of suitable size and
shape for processing (Pekarek and Marhol, 1991).

Plutonium in any of its oxidation states can be taken up onto cation exchan-
gers from dilute acid solutions with weakly binding anions such as nitric,
hydrochloric, or perchloric acids. The strength of the binding of the oxidation
state decreases in the order Pu** > Pu*" > PuO3" > PuOj as expected with the
decreasing net charge on the cation. The ion-exchange process on a strong acid
cation exchanger can be represented by the reaction:

Pulys) + nRH org) — Pu(R),, (o) +7H{ (7.12)

org

where RH represents a proton exchange site on the organic resin (usually a
sulfonic acid site) and n+ is the net charge on the plutonium species. Separa-
tions can be made based on the ionic charge alone, but the greater utility of ion
exchange results from using the exchange material in combination with com-
plexants in the aqueous solution that bind the various oxidation states of
plutonium and other metal ions differently. For example, in dilute hydrofluoric
acid, Pu(i) will bind to a cation-exchange resin more strongly than Np(1v), in
apparent disagreement with the expected order based on oxidation state alone.
This is because Np(1v) forms complexes with fluoride to a greater extent than
Pu(tr) thereby reducing its overall net charge, e.g. NpF; and NpF%+ (Zagrai
and Sel’chenkov, 1962). Measuring the change in the ion-exchange equilibrium
as a function of metal ion binding in the aqueous phase is one method for
determining stability constants and can be particularly useful for radioactive
metal ions like plutonium that can be analyzed at low concentrations.

The formation of anionic complexes of plutonium, especially by Pu(1v) and
Pu(v1), is the basis for separations using anion-exchange resins. For example,
in moderate concentrations of hydrochloric acid (~6 M) both Pu(iv) and Pu(vi)
absorb strongly on a Dowex 1 resin (quaternary ammonium exchange sites), but
Pu(1) shows no significant uptake even in concentrated HCI. Spectroscopic and
ion-exchange capacity data indicate that the anionic species bound in the resin
are PuCl}™ and PuO,Cl;~ (Ryan, 1975). If high concentrations of chloride
salts (e.g. 10 m LiCl) are used with a relatively low acid concentration, Pu(i)
can also be taken up on Dowex 1 as an anionic complex. The absorbed
plutonium species can be eluted from the resin by using low concentrations
of HCI.
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Anion exchange of Pu(iv) from moderate concentrations of nitric acid or
nitrate salts is a particularly useful separation method for plutonium and has
been applied from the process scale to the analytical scale. Applications range
from concentrating and purifying the plutonium product stream from PUREX
plants, to recovering and purifying plutonium dissolved from a wide range of
scrap, residue, and debris materials, to preparation of analytical samples. The
basis for the separation is the strong adsorption of Pu(iv) onto the anion-
exchange resin from moderate concentrations of nitric acid or nitrate salts.
Few other elements are significantly retained under these conditions by an
anion exchanger and large separation factors can be obtained (Faris and
Buchanan, 1964). The 11, v, and vi oxidation states of plutonium and other
actinides are also not bound strongly. Fig. 7.6 shows the Pu(iv) distribution
coefficients (Ky) onto Dowex 1x4 resin plotted as a function of nitrate concen-
tration for HNO; and Ca(NOs), solutions at 25 and 60°C (Ryan, 1959). The
high distribution coefficients for Pu(rv) near 7 m nitric acid when combined with
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Fig. 7.6  Plutonium(1v) distribution coefficients from nitric acid and calcium nitrate onto
Dowex 1 x 4 anion-exchange resin (Ryan, 1959).



Separation and purification 849

an efficient elution method make large concentration factors possible. Elution
of the plutonium is usually accomplished using a low nitric acid concentration
alone or a low concentration of nitric acid and a reducing agent that generates
Pu(in). The data in Fig. 7.6 show that the Ky values are lower at higher tem-
perature, however, the kinetics of loading and elution are faster at higher
temperature and this factor can be used as an advantage in process design
(Ryan, 1975).

Visible absorption spectroscopy and resin capacity data show that Pu(iv)
is absorbed on anion exchangers from nitric acid or nitrate salt solutions as
the hexanitrato complex, Pu(NO,);~ (Ryan, 1960, 1975). This has been con-
firmed by recent extended X-ray absorption fine structure (EXAFS) studies of
anion exchange resins loaded with plutonium (Marsh et al., 2000). Visible
absorption, nuclear magnetic resonance (NMR), and EXAFS spectra of
Pu(1v) and Th(1v) in nitric acid have also refined the information on the com-
plexes formed in nitric acid solution (Veirs ef al., 1994; Allen et al., 1996b; Berg
et al., 1998, 2000). At low nitric acid concentrations (~0.1 to 3 m) Pu*",
Pu(NO;)*", and Pu(NO3)§+ are the major species present (water molecules fill
the rest of the plutonium coordination sphere in these complexes). At high nitric
acid concentrations (>10 m), Pu(NO3)§_ is the dominant complex. At interme-
diate nitric acid concentration, in addition to Pu(NO5);" and Pu(NO,); ", one
major additional species is present that has been assigned as Pu(NO;),. The
trinitrato and pentanitrato complexes do not appear to be present at levels that
can be easily observed (See Section 7.9.1.e). The concentration profile of the
putative Pu(NO3)4 complex peaks at about 7 m nitric acid and correlates well
with the distribution coefficient profile for Pu(1v) on anion-exchange resins from
nitric acid (Marsh et al., 1991). This observation suggests that the uncharged
Pu(NOs), species might be important to the mechanism of uptake for Pu(1v) on
an anion exchanger, but further work will be needed to verify this.

A general flow sheet for the operation of an anion-exchange process for
plutonium recovery is illustrated in Fig. 7.7 (Christensen et al., 1988). The
oxidation state of plutonium dissolved in the nitric acid feed solution is carefully
adjusted to maximize the amount of Pu(1v) because plutonium in other oxida-
tion states is not retained on the exchanger. A variety of methods can be used
for the oxidation state adjustment based on the composition of the feed. If
fluoride is present in the feed solution, aluminum may be added to preferentially
complex the fluoride and improve plutonium recovery. The nitric acid concen-
tration is adjusted to 7 m and the solution is pumped through the packed bed of
anion exchange beads so that Pu(NO3)§7 binds to the exchanger. The loaded
resin is washed with 7 M nitric acid to remove impurities. Nitric acid at low
concentration (0.35-0.6 M) is then pumped through the bed to elute the Pu(iv),
or a solution of hydroxylammonium nitrate (or another suitable reducing
agent) in dilute nitric acid is used to elute Pu(ir). The plutonium in the eluate
is commonly precipitated as an oxalate complex of either Pu(in) or Pu(1v) and
the washed and dried oxalate solid is calcined to give a PuO, product.
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Feed solution 1-200 g/L Pu in nitric acid

v

Feed adjustment: set valence to Pu(Iv), complex F~
with Al(in), set nitric acid to 7-8 m

v

Load on anion exchange column (e.g. Reillex HPQ, Dowex) ) Effluent to

Flow rate 1-4 mL/min-cm? evaporator
v
Wash — volume based on impurities present, Wash to
7 M HNOg4 > Flow rate ~3 mL/min-cm? evaporator
A4
1 1 HNO. Prepare for elution Recycle to
— ~ ino 2
3 Flow rate ~3 mL/min-cm feed adjustment
4 Resin washed with
0-3—0-60hr/I HNO; Elute 0.3-1.0 M HNO; to
03-06MHNO; |  Flowrate ~1 mUmin-cm? [ {ggeig%f::to"rvifh
0.3 M NH;OH'HNO; feed adjustment

l

Eluate to oxalate precipitation

Fig. 7.7 General flow sheet for operation of Pu(1v) anion-exchange purification process in
nitric acid.

There are a number of important features that must be controlled to safely
and efficiently operate such an anion-exchange process for plutonium purifica-
tion. Some of these features will be mentioned here. More detail can be found in
the references (Cleveland, 1980; Christensen et al., 1988). The batch size and the
geometry of the packed bed are set up so that criticality cannot occur during



Separation and purification 851

normal operation. During elution of plutonium from the column, the nitric acid
concentration should not drop so low as to allow the formation of the Pu(iv)
polymer (see Section 7.9.1.d) as this material can clog the column and can be
difficult to redissolve. The nitric acid—organic resin system can undergo a
runaway oxidation reaction if temperatures are allowed to reach an initiation
point around 160-180°C. A variety of safety devices and operating procedures
are used to avoid this situation. For example, in using anion exchange to purify
plutonium with a high percentage of the ***Pu isotope for radioisotope heat
sources, smaller batch sizes and columns are used to allow removal of the
additional heat generated by decay of ***Pu in comparison to ‘regular’ plutoni-
um with a high ?*°Pu content (Pansoy-Hjelvik et al., 2001).

Ion exchange has been employed for separating plutonium and studying its
chemistry since its discovery of more than 60 years ago. Considerable advances
have been made in the processes used to manufacture ion-exchange materials
during this time, partly driven by the need to separate plutonium and other
actinides more efficiently. Highly uniform ion-exchange beads with reproduc-
ible behavior are now standard. The development of methods to synthesize
macroporous polymer structures in the beads has reduced swelling and shrink-
age of the bed as a function of changing solution conditions while retaining
good kinetics of absorption (Simon, 1991). The organic ion-exchange polymers
are degraded by radiation-induced reactions as noted above, including the
alpha-induced radiolysis reactions of plutonium solutions in nitric acid.
Anion exchange polymers made from 4-vinylpyridine crosslinked with divinyl-
benzene (e.g. Reillex HPQ) were demonstrated to be substantially more resis-
tant to radiation-induced degradation than related polystyrene-based anion
exchangers while maintaining excellent properties for plutonium processing
(Marsh et al., 1991; Buscher et al., 1999). Reillex HPQ has thus replaced the
polystyrene-based materials for plutonium recovery operations at some facilities.

Of course, improvements in ion-exchange technology will continue. Exchange
columns that consist of a microporous polymer monolith with uniform flow
paths and relatively short diffusion pathways compared to packed beds of beads
have been developed. These materials could greatly improve future ion-
exchange processes (Buchmeiser, 2001; Viklund et al., 2001). Inorganic ion
exchangers are continuing to become more versatile and should see wider
applications. Membrane-based ion-exchange processes are also seeing wider
application and offer potentially very efficient separation operations, but gen-
erally will require membrane materials with better long-term stability, including
radiation stability, to replace the more common column method.

(b) Liquid ion exchangers and chelating ion exchangers

The solvent extraction processes discussed in Section 7.5.4 that use organic-
soluble tetraalkylammonium salts or trialkylamines to extract anionic metal
ion complexes as ion pairs are ion-exchange processes as well. These extractants
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are sometimes referred to as ‘liquid anion exchangers.” Liquid cation exchangers
are also used, for example, aliphatic and aromatic sulfonic acid compounds.
Also, many types of functional groups have been placed on polystyrene and
other polymer supports that can bind directly to the inner coordination sphere
of a metal ion and help to stabilize a complex of the metal ion on the solid
phases. This includes essentially all of the oxygen donor functionalities that
were discussed in Section 7.5.4 (e.g. phosphates, phosphonates, phosphinates,
and phosphine oxides). These polymers containing fixed ligand sites resemble
solid versions of solvent extraction systems. However, fixing of the ligand to
the polymer structure can considerably alter the metal ion-binding properties
relative to an analogous ligand in solution. These kinds of materials are often
referred to as ‘chelating ion-exchange polymers’ or resins, but it must be
recognized that more than exchange of ion pairs is occurring in such materials
and the thermodynamics of complex formation must be included in determining
the selectivity and strength of the metal ion binding in these polymers. The use
of chelating ion-exchange materials for separations of actinides is reviewed in
Chapter 24 and a more general review for metal ion separations was published
by Beauvais and Alexandratos (1998).

7.5.6 Separations in aqueous alkaline solutions

As noted in the brief discussion of aqueous actinide chemistry above, alkaline
solutions are generally not used for actinide processing because the hydroxide
complexes are quite insoluble. Large amounts of high-level caustic waste con-
taining small amounts of actinides have been generated at Hanford and Savan-
nah River as a result of neutralizing nitric acid solutions from PUREX recovery
operations. A large body of work has been performed to better define the
speciation of the actinides and to examine some potential processes for remov-
ing actinides from highly caustic tank wastes, including plutonium removal with
various precipitants and absorbents. An overview of this work with references
to the extensive literature has been published (Clark and Delegard, 2002).

Alkaline solutions containing strong ligands that can compete with hydroxide
such as carbonate, fluoride, and peroxide can give high solubility to actinides in
some oxidation states and even stabilize unusual oxidation states such as Pu(vir).
The relatively small amount of work that has been done on extraction of
actinides from alkaline solutions is reviewed in Chapter 24 (Section 3.7). One
method to produce MOX fuels uses crystallization of Pu(vi) and U(vi) from
ammonium carbonate solutions as (NH4)4PuO,(CO3); or (NH4)4UO,(CO3)3,
respectively. The ammonium plutonyl and uranyl carbonates can be crystallized
separately and blended or coprecipitated as the mixed carbonate (Roepenack
et al., 1984). An alkaline processing scheme for separation of the components of
spent fuel in sodium carbonate/bicarbonate has been proposed and tested at a
small scale on uranium and nonradioactive fission product elements (Asanuma
et al., 2001).
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7.5.7 Nonaqueous separation processes

As noted above, the recovery of plutonium from irradiated uranium fuels has
been dominated by the PUREX process, which requires dissolution of the
fuel matrix in nitric acid. Alternative fluid media have been used or are under
study to dissolve the uranium matrix and allow separation of the fission pro-
ducts from uranium, plutonium, and the other actinides, but none of these
methods have been deployed on a large scale. The types of fluid media
used include molten salts, molten metals, volatile halide compounds, ionic
liquids, and supercritical fluids. The potential advantages for separation pro-
cesses using these types of media compared to aqueous-based separations
include: (1) greater resistance to radiation damage relative to water and organ-
ic solvents, (2) fewer and sometimes less complex steps to obtain products,
(3) smaller highly shielded processing area, (4) smaller waste volumes that
may also allow ready preparation for disposal, (5) simpler criticality control
with reduced amounts of neutron moderating and reflecting materials, and
(6) new separation selectivity. The separation selectivity for some of the
nonaqueous processes are lower on a per stage basis relative to some of
the aqueous technology, but that is not always a disadvantage when consi-
dering that more impurities may be acceptable in future reactor fuels and
that safeguards benefits may result from keeping some components of the
original mixture together. The advantages listed above do not apply to every
process, but serve to give an indication of why there is continuing interest
around the world in nonaqueous processing for advanced nuclear power
systems.

The nonaqueous separation methods have disadvantages as well. The major
disadvantage has already been mentioned, in that these processes have not been
developed as extensively as the aqueous methods and thus have less well-defined
costs, safety envelopes, and operational experience. The chemistry of these
nonaqueous separation methods is presented in more detail in Chapter 24,
especially as they apply to advanced methods for partitioning of spent nuclear
fuel. In this chapter, we will briefly review the nonaqueous separation methods
most relevant to plutonium processing.

(a) Pyrochemical separation and conversion processes

After plutonium has been separated from the fission products, pyrometallurgical
operations have been used since the days of the Manhattan Project to prepare
and purify metallic plutonium from various compounds (Hammel, 1998).
Plutonium is a very electropositive and reactive metal, and preparation and
purification methods based on molten salts and molten metals under inert
atmospheres were adapted from industrial practice with adjustments required
for actinide-specific factors such as radioactivity and criticality. The major
pyrochemical processes used to prepare and purify plutonium metal (bomb
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reduction of PuF,, direct oxide reduction (DOR) of PuO,, molten salt extrac-
tion (MSE) of americium, electrorefining (ER), and pyroredox) are discussed in
Sections 7.7.1 and 7.7.2. The pyrochemical operations occur in mixtures of
molten Group 1 or 2 chloride or fluoride salts at temperatures of 700-900°C,
although temperature spikes near 2000°C may occur during the bomb reduction
of PuF 4 with calcium metal. Preparing the feed materials for these pyrochemical
operations using aqueous processing operations is reviewed in Section 7.5.3(b).

A wide variety of pyrochemical processes have been considered to separate
the components of spent nuclear fuels in advanced nuclear fuel cycles. The
processes range from early work on use of molten metals such as silver,
cadmium, zinc, and magnesium that are immiscible with molten uranium
as extractants for plutonium (Dwyer et al, 1959; Wiswall et al., 1959) to
recent work on the pyroelectrochemical deposition of PuO, and UO, from
molten chloride salts for direct fabrication by vibropacking into fast reactor
fuel elements (Grachev et al, 2004). An entire reactor system, the Molten
Salt Reactor Experiment, based on a molten BeF, and "LiF core contain-
ing fissile UF, and fertile ThF4 was studied at Oak Ridge National Labora-
tory in the 1960s. Reviews of these processes, both historical and those
under development, have been published (Long, 1978; Bychkov and Skiba,
1999).

(b) Room temperature ionic liquids

Room temperature ionic liquids (RTILs) are salts that are liquid at or near
room temperature. The RTILs currently under study consist of an organic
cation (e.g. quaternary ammonium, R;R,R3R4N™, or alkylpyridinium) paired
with a wide variety of inorganic and organic anions (e.g. AICl, , PF¢, CF3CO;).
The RTILs are under study for a wide array of applications, such as organic
synthesis, battery electrolytes, catalyst systems, and metal ion separations
(Rogers and Seddon, 2002). It should be noted that the RTILs and the inorganic
molten salts discussed above under pyrochemistry are part of the larger class of
ionic liquids. The inorganic salts generally have much higher melting points, but
that situation may change to some extent as new classes of ionic liquids are
investigated. For example, the sodium/potassium nitrate eutectic has a melting
point near 170°C.

Potential applications of RTILs to plutonium and actinide separations are
under development in two main areas: use as low temperature ionic liquid
solvents for electrochemical deposition of metal or oxide and as liquid-liquid
extractants for actinide metal ions from aqueous solutions. A research team
led by the Queen’s University of Belfast and British Nuclear Fuels, Ltd. has
also proposed using RTILs to process spent nuclear fuel (Baston et al.,
2002; Pitner et al., 2003). It is not yet known if the present generation of
organic-containing RTILS is sufficiently radiation resistant for the processing
of spent fuel.
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(c) Halide volatility processes

The isotopic separation of volatile UFg using processes such as gaseous diffu-
sion or gas centrifugation has been practiced at a large scale since the 1940s. In
1949, Sheft, Andrews, and Katz proposed a separation process for irradiated
nuclear fuel based on fluorination using liquid interhalogen compounds. This
was the beginning of an extensive research and development program into what
is commonly called the fluoride volatility process (Sheft ez al., 1949). In this type
of process, the irradiated fuel (uranium oxide, uranium alloys, even fuel assem-
blies with cladding intact) is dissolved in a liquid fluorinating solution, a molten
salt sparged with fluorine, or fluorinated directly in a fluidized bed. The volatile
UF¢ (along with NpF4 and PuF¢ depending on the process details) and fission
product fluorides such as TcOsF, RuFs, NbFg, and MoFg are collected and
separated using volatility differences and differences in reactivity of the fluorides
with beds of solid reagents. In some proposed fluoride volatility processes, neptu-
nium and plutonium are left with the nonvolatile fission product fluorides and
separated by another method such as solvent extraction (Amano et al., 2004).

The major advantages of the fluoride volatility process are relatively simple
chemistry, radiation resistance of the reagents, high decontamination factors,
and separation of uranium in a form suitable for re-enrichment. The disadvan-
tages are the use of extremely corrosive reagents and the attendant corrosion of
materials of construction, the criticality concerns associated with the high
reactivity of hexafluorides, especially PuFg, and controlling their deposition in
the process equipment. Investigations of variants of fluoride volatility continue
today, but these processes have not yet been deployed on a large scale. A
fluoride volatility process for recovery of plutonium from certain scrap materi-
als was demonstrated at the Rocky Flats Plant on a pilot scale, but was never
deployed as a regular plant operation (Standifer, 1968).

Chloride volatility processes for separating the components of spent fuels
have also been investigated (Bohe et al., 1997). In general, this appears to be a
less selective process because of the greater number of volatile fission product
chlorides that could accompany the volatile actinide species, but the separation
of the various volatile chloride species has not received as much effort as the
fluoride system. The removal of zirconium alloy cladding materials by chlorina-
tion with HCI or Cl, and collection of the volatile ZrCl, has also been examined
(Gens, 1961). This process could potentially provide an attractive alternative to
mechanical decladding methods and could allow recycling of the slightly radio-
active zirconium.

(d) Supercritical fluid extraction processes

Supercritical fluids, principally carbon dioxide, have been investigated to
extract actinides from waste materials, for separating actinides and fission
products from spent nuclear fuels, and as an alternative to conventional
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liquid-liquid extraction. Reagents required for forming metal ion com-
plexes (which include complexing agents, acids, and/or redox reagents) such as
1,3-diketones or TBP - HNOj are dissolved in supercritical carbon dioxide and
this fluid phase is contacted with a solid material (e.g. uranium oxides or a waste
solid) or an aqueous phase. The extracted metal ions can be recovered by a
number of methods: changing the pressure to modify solubility and filtering
a solid product, removing the carbon dioxide as a gas to leave a solid or liquid
product, or back-extracting the metal ions into an aqueous phase. The bulk of
the studies in this area with actinides have used uranium and thorium, but some
work with plutonium and other transuranic elements has appeared. Extraction
of U(vi) and Pu(1v) from aqueous nitric acid solutions into supercritical CO,
solutions of TBP has been studied as a function of temperature and pressure
(Iso et al., 2000). Some data on the dissolution of oxides with TBP - HNOj;
dissolved in supercritical CO, have been reported for PuO, and solid solutions
of (Pu,U)0O, and (Pu,Am,U)O»/Eu,O; (Trofimov et al, 2004). The use of
chelating agents dissolved in supercritical CO, or liquid CO, with modifiers
such as pyridine or water for decontamination of various solid materials includ-
ing stainless steel, rubber, cotton, plastic, and soil from plutonium and other
radionuclides has been studied (Murzin et al, 2002b). The solubility of
some 1,3-diketone complexes of U(vi), Np(1v), Pu(1v), and Am(1) in supercriti-
cal CO; has been measured (Murzin et al., 2002a,b). Removal of plutonium and
americium from soil using TBP and thenoyltrifluoroacetone (TTA) or
hexafluoroacetone in supercritical CO, has been investigated (Mincher et al.,
2001; Fox and Mincher, 2002). The studies of supercritical fluid extraction for
actinides are reviewed extensively in Chapter 24 (section 3.10).

(e) Combination processes

A great variety of aqueous, nonaqueous, and combined aqueous and nonaque-
ous processes have been proposed for partitioning of spent fuel. As described
above, to prepare and purify plutonium metal, a combination of aqueous
(PUREX and precipitation-crystallization methods) and nonaqueous (pyro-
chemical) processes has been used. A few recent examples proposed in the
literature will be briefly described to indicate that combination processes are
being considered in future separation facilities for processing used nuclear fuels.
Amano and coworkers proposed the use of fluoride volatility on irradiated fuel
to separate uranium for re-enrichment. Some volatile fission product fluorides
such as technetium would also be collected separate from the uranium. The
residual solid would then be dissolved in nitric acid for PUREX-type solvent
extraction to separate plutonium and other transuranic actinides from the
fission products to recycle the actinides to a fast reactor system, the so-called
FLUOREX process (Amano et al., 2004). Another group in Japan has pro-
posed separating uranium, neptunium, and plutonium from spent fuel dissolved
in nitric acid by oxidizing the neptunium and plutonium to the hexavalent state
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and then cooling the nitric acid solution to crystallize out the mixed nitrate
complex (U, Np, Pu)O,(NO,), - xH,O (Kikuchi ez al., 2003). A variety of other
combined aqueous/nonaqueous processes that have been proposed for proces-
sing irradiated fuels are reviewed in Chapter 24.

7.6 ATOMIC PROPERTIES

Plutonium, like all of the heaviest elements, has a very complex electronic
structure. The free atom and free ion spectra of plutonium are among the richest
and most thoroughly studied of any chemical element. The complexity of the
electronic structure is apparent in the spectral properties, such as X-ray absorp-
tion and emission spectra, and arc, spark, and discharge emission spectra. Early
measurements were made with electrodeless discharge lamps and large grating
spectrographs such as the 9.15 m Paschen—Runge spectrograph at Argonne
National Laboratory (ANL). Very high-resolution grating spectrographs have
been replaced by Fourier transform (FT) spectrometers such as those at the
Laboratoire Aimé Cotton (LAC) (built in 1970) and at the Kitt Peak National
Solar Observatory. The plutonium free atom, Pu’, designated Pu 1, has 94
electrons of which 86 electrons are in filled shells as found in the radon atom.
It is customary in discussing the actinide series to only list the electrons in shells
outside the radon core. The outermost electrons of the free actinide atoms and
ions outside the radon core are found in the 7s, 7p, 6d, and 5f shells. For
example, the ground state (lowest energy) configuration for Pu 1 is 5f¢7s%
Identified excited configurations of Pu 1 within the first 3 eV (~24,000 cm ™)
of the ground state include 5f°6d7s2, 5£°6d7s, 5£°6d%7s, 5£¢7s7p, 5f37s27p, and
5f36d7s7p. In the free atoms and ions, many low-lying configurations interact
strongly with each other, giving rise to a large number of electronic states, and
tens of thousands of spectral lines. A detailed discussion and review of the
spectra of actinide free atoms and ions can be found in Chapter 16, and in
reviews by Blaise ef al. (1983a, 1986), Reader and Corliss (1980), and Blaise and
Wyart (1992).

7.6.1 Optical emission spectra of Pu1and Pu nn

The emission spectrum of neutral (Pu 1) and singly ionized (Pu ) plutonium,
which can be excited by arc, spark, hollow cathode, or inductively coupled
plasmas, has been extensively studied. The first measurements of pluto-
nium were conducted in 1943 by Rollefson and coworkers (Rollefson and
Dodgen, 1943; Dodgen et al., 1944, 1949) who measured the wavelengths and
intensities of about 125 spectral lines. In the initial publications of plutonium
spectra, only the wavelengths and intensities of unidentified transitions were
reported. In 1959, McNally and Griffin reported the first energy level analysis
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for Pu 11, where seven levels of the lowest terms of the 5f%7s (°F and °F)
electronic configuration were determined (McNally and Griffin, 1959). In
1961, Bovey and Gerstenkorn determined the five lowest levels of 5f¢7s2 ('F)
for Pu 1 (Bovey and Gerstenkorn, 1961). In 1961, a collaboration was formed
between scientists at ANL, LAC, and Lawrence Livermore National Laborato-
ry (LLNL) to continue studies of the term analyses of Pu 1 and Pu 11 spectra. In
1970, the FT spectrometry at LAC was used to record the spectra of >*°Pu and
of a mixture of **°Pu, ?**Pu, and ***Pu isotopes up to 3.59 um. A portion of one
of these spectra is shown in Fig. 7.8. The high resolution and extension into
the infrared spectral region greatly enhanced the spectral analysis and allowed
the connection between the lowest odd and even levels (Blaise et al., 1983a).

The first comprehensive description of Pu1and Pu 11 spectra became available
in 1983, when Blaise, Fred, and Gutmacher collected wavelengths, wavenum-
bers, intensities, classifications, and isotope shift data in a 612 page ANL report
(Blaise, 1983b). In 1992, Blaise and Wyart published all known energy levels of
the actinide elements that had been analyzed up to that time and listed ioniza-
tion stage, energies, intensities, J-values, and level assignments of selected lines
(Blaise and Wyart, 1992). The contents of that compilation are available on an
updated database at LACs website (www.lac.u-psud.fr).

At the time of this writing (2005), 9500 isotope shifts have been measured,
and half of them are in the IR region. More than 31,000 lines of the Pu1and Pu i1
spectra have been observed, of which 52% have been classified as transitions
between pairs of levels (Blaise et al., 1983a, 1986; Blaise and Wyart, 1992). With
the aid of Zeeman and isotope-shift data, a total of 606 even and 589 odd levels
for Pu1, and 252 even and 746 odd levels for Pu 11, have been identified. For all
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Fig. 7.8 Fourier transform spectrum of a mixture of ***Pu, ***Pu, and ***Pu isotopes
(Blaise et al., 1983a).
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these levels the quantum number J has been assigned, and for many levels
Landé g-factors are given. To date, levels belonging to 14 different electronic
configurations in Pu 1, and 9 electronic configurations in Pu 11 have been
identified. The lowest levels of these configurations are given in Table 7.8
along with the Landé g-factors and experimental isotope shifts (Blaise et al.,
1983a; Blaise and Wyart, 1992).

The full-term analysis of plutonium spectra is still not yet complete because,
even in 2005, a detailed quantum-mechanical treatment is hindered by the
extreme complexity of the spectra. Even though the emission spectra of pluto-
nium are still not completely assigned, they are among the best-understood
spectra of the heavy elements.

7.6.2 Ionization potentials

The first ionization potential (IP) is a fundamental physical and chemical
property of an element, and it is directly connected to the atomic spectra.
Its accurate determination is important for identifying systematic trends within
the actinide series of elements. In 1973 and 1974, Sugar derived values for the
ionization energies of neutral plutonium and other actinides by using interpo-
lated spectral properties of the atoms (Sugar, 1973, 1974). For neutral plutoni-
um, the first IP was calculated to be 6.06(2) eV or 48,890(200) cm'. Worden
et al. (1993) measured the first IP of **°Pu by laser resonance techniques
requiring as much as 2 g of *°Pu. The photoionization threshold value for the
239y 1 IP was determined to be 48,582(30) cm ™', and the more accurate value
from the Rydberg series measurements was 48,604(1) cm ™' or 6.0262(1) eV. In
1998, Erdmann and coworkers reported the first IP of *°Pu using resonance
ionization mass spectrometry (RIMS), a technique that requires only a few
hundred picograms of material. In this approach, one- or two-step resonant
laser excitation in a well-defined electric field promotes the atoms to a highly
excited state, and ionization is obtained by scanning the wavelength of an
additional tunable laser across the threshold, and extrapolation to zero field
strength. From RIMS data, the first IP was found to be 48,601(2) cm ™' or
6.0258(2) eV (Erdmann et al., 1998; Waldek et al., 2001).

7.6.3 X-ray spectra

Plutonium X-ray spectra have been studied in detail by several authors
(Cauchois et al., 1954; Cauchois and Manescu, 1956; Shacklett and DuMond,
1957; Merrill and DuMond, 1958, 1961; Nelson ef al., 1969, 1970), and detailed
wavelength and energy tables have been published by Bearden (Bearden, 1967;
Bearden and Burr, 1967). The reader is also referred to the Gmelin Handbook
(Koch, 1973c). The K and L series of the Pu X-ray spectra are known, and a few
lines of the M and N series have been measured (Cauchois et al., 1963a,b;
Bonnelle, 1976). The L edges of the X-ray absorption spectra have been used
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for plutonium oxidation state determination through the X-ray absorption near
edge structure (XANES) in a variety of matrices (Conradson et al., 1998, 2004a;
Duff et al., 1999; Richmann et al., 1999; Fortner et al., 2002; Antonio et al.,
2004; Lechelle et al., 2004).

7.6.4 Core-level spectra

A few core-level spectra on plutonium compounds have been measured and
comprehensively reviewed by Teterin and Teterin (2004). Core-level spectra that
probe plutonium 4d, 4p, 4f, 5d, 5p, 6s, and 6p levels have been applied to
determination of oxidation states and local environment, the magnetic proper-
ties of compounds, the nature of the chemical bonding, and secondary electronic
processes that accompany photoemission. The use of fine structure spectral
parameters, together with the electron binding energies and line intensities,
significantly extends the scope of application of the X-ray photoelectron
spectroscopy (XPS) method in structural studies. We mention only a few
recent applications of core-level spectra.

Kotani and coworkers examined 4f core XPS of PuO, and other actinide
dioxides and employed the Anderson impurity model to show that PuO, is a
strongly mixed-valent compound and that a crossover between Mott—Hubbard
and charge-transfer insulators occurs near NpO, (Kotani and Ogasawara, 1993;
Kotani et al., 1993). Allen and coworkers examined Pu 4f XPS of the «, B, v, and
0 phases of plutonium metal. They found that the 4f core-level spectra display
features that vary systematically for the o, B, v, and & phases. For all phases they
observed a sharp feature at binding energy 422 eV and a much broader shoulder
that is approximately 2.5 eV higher. Application of an Anderson impurity
model indicates that these features represent well-screened (5f°) and poorly
screened (5f°) final states, respectively (Allen e al., 1996a; Cox et al., 1999).
More recently, Gouder et al. (2002) employed 4f core-level spectroscopy to
demonstrate dramatic changes in the electronic structure of ultrathin layers of
o-Pu, and suggest that the surface of a-Pu should have 3-Pu character.

7.6.5 Mossbauer spectra

It is possible to obtain Mdssbauer spectra on plutonium using excited states of
238py, 23Py, and 2*°Pu. In the case of ***Pu, the P decay of ***Np vyields the
44 keV excited state of >**Pu, which decays to the ground state with 7, = 183
ps and E2 dipole radiation. The 44 keV y-ray may be used in resonance absorp-
tion measurements. A disadvantage is the short half-life of the 44 keV level
(170 ps), which causes line broadening, and the relatively short half-life (2.1 days)
of the source nuclide ***Np, which makes it difficult to prepare sufficient
amounts of the latter for a Mdssbauer spectroscopy source.

For #*°Pu, the p decay of >*’Np produces a 57.3 keV state of *’Pu, which
decays through E2 vy radiation, which may be used in resonance fluorescence
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spectroscopy. Gal et al. (1972) studied the resonance fluorescence of the 57.3 keV
y ray using a >>*NpO,-ThO, source and >*’Pu as the absorber. At 4.2 K, a
resonance with a half-width of (5.13 4 0.10) cm s ' was observed. Assuming
a Debye temperature of (250 + 50) K for PuO,, they calculated a natural
linewidth of (473 + 0.25) cm s '. This corresponds to a half-life of (101 + 5)
ps, in agreement with the lifetime of rotational levels, which decay by E2
transitions.

For %*°Pu, the o decay of ***Cm yields a 42.9 keV state in **°Pu in 23.3% of
all occurring o decays. This state decays to the ground state with 7', = 164 ps.
The 42.9 keV transition has an internal conversion coefficient of ot = 920.
The use of this transition for Mdssbauer spectroscopy was first demonstrated
by Kalvius et al. (1978), who studied tetravalent **°PuO, and hexavalent
29pu0,C,0,. In the tetravalent system, at 4.2 and 77 K, a single resonance
line was found with a width of about 20% larger than the natural width of
about 40 mm s '. In the hexavalent plutonyl oxalate, PuO,C,0,4, at 4.2 K a
quadrupole interaction |e?¢gQ| = 95 mm s~! was found, but no isomer shifts
were detected.

7.7 PLUTONIUM METAL AND INTERMETALLIC COMPOUNDS

Plutonium metal, alloys, and intermetallic compounds have important techno-
logical applications principally because of the nuclear properties of isotope 239.
Plutonium metals and alloys are the materials of choice for the nuclear explosive
in nuclear weapons and for fuel elements for some advanced reactor designs.
The metallic properties of plutonium are important not only for nuclear weap-
ons design, but also for the safe storage and disposition of excess weapons-grade
plutonium. Plutonium alloys were used in some early reactor concepts
(Anderson et al., 1960; Kiehn, 1961; Burwell et al., 1962) and are under devel-
opment for advanced designs such as the Integral Fast Reactor (Keiser et al.,
2003). Much of the early work on plutonium metal and alloys was done in
secrecy in the declared nuclear weapons states (mostly in the United States,
Soviet Union, U.K., and France). President Eisenhower’s Atoms for Peace
initiative, which was launched with his December 8, 1953 speech to the United
Nations brought most of the scientific work and many of the engineering
properties into the open through a series of international conferences, starting
with the first Atoms for Peace Conference in Geneva in 1955. Today, the threats
of proliferation and terrorism cause concern about the amount of practical
information regarding the construction of nuclear devices available in the
open literature. Over the years, the U.S. government has taken the position
that the fundamental scientific and engineering properties of plutonium be
treated as open information. However, practical manufacturing methods,
including those specific to weapons manufacture and the performance of nuclear
weapons, remain classified. These guidelines are followed in this chapter.
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In addition to its technological importance, plutonium in condensed matter
also proves to be fascinating scientifically. The unusual nature of plutonium in the
solid state is the result of its peculiar electronic structure. It lies near the middle of
the actinide series — precisely at a transition point between the 5f electrons
participating in bonding or being localized and chemically inert. Exploring the
properties of plutonium and its compounds is an area of great interest in
condensed matter physics. From a metallurgical perspective, the peculiarities
associated with plutonium’s electronic structure cause plutonium to defy most
conventional metallurgical wisdom. These peculiarities, along with much of the
interesting chemistry of plutonium, have been the subject of several recent reviews
(Guerin, 1996; Cooper and Schecker, 2000; Terminello et al., 2001; Hanrahan
et al., 2003; Jarvinen, 2003). In this section, we focus on the basic properties of
plutonium, but we also explore properties of the neighboring actinides to better
understand plutonium within the context of the entire actinide series.

Although our focus is on properties, we state at the outset that to delineate
plutonium’s metallic behavior it is imperative to understand what is called in the
materials science community the processing—structure—properties relationship.
Metallurgical practitioners routinely adjust properties by tailoring structure
through careful control of chemistry and processing of metals and alloys. By
structure we mean crystal structure, grain structure, and defect structure on
the nano- and microscale. Plutonium is notoriously unstable with respect to
temperature, pressure, and chemical additions, and its surface is reactive, espe-
cially in the presence of hydrogen or water. The synthesis and processing
of plutonium are quite complex. There is considerable concern over lot-to-lot
variations in processing and structure because criticality considerations limit the
production of plutonium metal and alloys to small lots (at most on the order of
kilograms). Also, microcracks, surface reactions, inclusions from impurities,
and retained second phases can affect sample properties. In addition, the self-
irradiation of plutonium (especially the prevalent isotopes >’Pu and ***Pu)
causes microstructural changes that may affect its properties as it ages. Hence,
the age of plutonium samples, or the time elapsed since the material was last
molten or heat treated, can affect the properties. Unfortunately, most publica-
tions on plutonium properties provide little structural information, and detailed
descriptions of processing conditions or sample age are typically limited.

We will draw attention to those cases for which the properties are especially
sensitive to structure, processing, and age. The reader is also advised to examine
reported density data and X-ray crystal structure information as both provide a
good indication of what phases were present in the samples studied.

7.7.1 Preparation of plutonium metal

Plutonium metal may be obtained by a number of reduction reactions
of plutonium compounds. Summaries of the various reactions have been
given by Harmon et al. (1961), Leary and Mullins (1966), McCreary (1955),
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Christensen and coworkers (Christensen and Mullins, 1983; Christensen et al.,
1988), Coops et al. (1983), and Baldwin and Navratil (1983). Not all of the
reactions that produce plutonium metal are ideally suited for metal preparation
in production work. For production processes, the chemical reactions must (a)
produce a dense, coherent mass of pure plutonium in high yield; (b) generate
sufficient heat to melt both the metal and the resulting slag; (c) result in a slag
that stays molten and nonviscous long enough to allow the plutonium to
coalesce; and (d) work on the scale desired (a reaction suitable for microgram-
scale reductions might be less useful for gram- or multigram-scale reductions
and vice versa). In reactions where one of the conditions (a—d) is not initially
fulfilled, modified process conditions may still make the technique usable. For
example, if the heat of reaction for a Ca reduction is insufficient (condition b),
then addition of an iodine booster or use of a laser can provide sufficient heat to
make the overall process usable. The resulting Cal, in turn helps to improve
condition (c).

The pyrochemical preparation of plutonium metal is best carried out by
reduction of PuF,, PuF3, PuCl;, PuO,, or a PuO,—PuF, mixture with calcium
metal in a high-temperature molten salt. Quite often a booster (such as iodine)
initiates the reaction and provides sufficient energy to ensure the complete
reaction:

PuF, + 2Ca” — Pu’ + 2CaF, (7.13)
2PuCl; + 3Ca’ — 2Pu’ + 3CaCl, (7.14)
PuO, 4 2Ca’ — Pu’ +2Ca0 (7.15)

These methods of preparation do not produce any purification (Leary and
Mullins, 1966); they simply produce metallic plutonium. Of these approaches,
the reduction of PuO, has become the preferred route for preparation of
plutonium metal. PuCl; is extremely hygroscopic, which poses handling diffi-
culties, particularly for large quantities of material. The plutonium fluorides
(PuF4, PuF3) are neutron emitters (due to o-n reactions), and working with
plutonium fluorides requires considerable protective shielding. A related lithium
reduction of PuO, has been developed as a pyrochemical process for the recycle
of oxide fuels (Usami et al., 2002).

Hydriding and dehydriding or hydriding followed by oxidation can recover
plutonium metal scraps adhering to other metal surfaces (Haschke, 1991;
Flamm et al., 1998). Even at room temperature, plutonium metal reacts
reversibly with hydrogen to form a metallic PuH, powder (see Section 7.8.1).

2Pu’ + xH, = 2PuH, (7.16)

The hydride spalls off the inert substrate and subsequent heating of the hydride
product in a vacuum recovers the plutonium metal.
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7.77.2 Modern pyrochemical preparation and refining

Over time, the general process for obtaining, preparing, and refining plutonium
has evolved based on the kinds of feed materials available. Historically, pluto-
nium was first produced in production reactors; extracted, concentrated, and
converted to either an oxide or fluoride; and then reduced to metal. The result-
ing metal was used for fabrication of various parts and components. The
fabrication process itself generates major quantities of waste and scrap plutoni-
um that must then be recovered and recycled. In modern times, the feed material
for preparation and refining of metallic plutonium has evolved to recovery and
recycle of residues and scrap material. This in turn drives the current technology
selection for metal preparation and refining. In addition, the technology selec-
tion must take nuclear material safeguards, accountability, criticality safety,
and radiation exposure into consideration. The major pyrochemical processes
that are currently employed in large facilities are bomb reduction of PuF,,
DOR, MSE, anode casting, ER, and pyroredox, and these techniques are
integrated into a general processing flow diagram, such as the Los Alamos
approach indicated in Fig. 7.9. As the figure shows, each operation produces
residues that are treated either by pyrochemical or aqueous means to recover
plutonium. We will discuss these pyrochemical processes in some detail.

PuO, Pu Pure
Feed Metal Feed Pu Metal
|
‘ * ‘ * * * *
Metal Direct Oxide Molten Salt Anod Electro-
Preparation Reduction Extraction [™ C:sc;ine ™| Refining
Line (MPL) (DOR) (MSE) 9 (ER)
\ 484,HT _T
a
y Recycle { Y A
Salt Salt
.- Skull - Pyro-
Stripping ; Stripping
(SS) Burning (SS) redox
Pu, Am PuO, Pu Pu

(To Recovery) (To Feed (To Impure  (To Anode
Storage) Pu Storage)  Casting)

* Mainstream Unit Operation

Fig.7.9 A general integrated pyrochemical processing system for plutonium metal prepa-
ration (Christensen et al., 1988).



866 Plutonium

(a) Fluorination and reduction

The fluorination and reduction process produces plutonium metal from
PuF, by the high-pressure reaction between the fluoride and calcium metal
(Baker, 1946). Plutonium dioxide is converted to PuF, with HF in a hydro-
fluorination reaction, or by direct fluorination with F, (see Section 7.8.6.a).
After fluorination of oxide, a chemical booster, such as iodine, initiates the
reduction reaction:

PuO, + 4HF — PuF, + 2H,0 (7.17)
PuO, + 2F, — PuF4 + O, (7.18)
PuF, + 3Ca’ + I, — Pu’ + 2CaF, + Cal, (7.19)

An illustration of a typical bomb reduction furnace is shown in Fig. 7.10. The
PuF,, calcium metal, and MgO (magnesia) slag are thoroughly mixed in a
molded, open-porosity magnesia crucible. Iodine, added before the equipment
is assembled and heated, acts as an initiator and reaction booster. At approxi-
mately 325°C, calcium and iodine react exothermically to rapidly raise the
temperature. At 600°C, the PuF,4 reduction reaction begins and the system
temperature rises rapidly to nearly 2000°C. The slag remains molten while the
liquid plutonium sinks to the bottom of the crucible and solidifies. After the
equipment has cooled, the crucible is broken to recover the metal button, which
is mechanically separated from the slag (Christensen et al., 1988). Little or no
purification occurs during the process, and the metal purity is similar to that of
the feed material. If the reagents are of high purity, and sufficiently pure
plutonium feed is used, then the resulting metal is satisfactory for high-purity
applications. Yields usually range from 97 to 99% (Baker and Maraman, 1960).
This reaction can be carried out on a relatively large scale, and up to 6 kg
batches of plutonium metal are not uncommon.

(b) Direct oxide reduction (DOR)

In the DOR process, plutonium dioxide is reduced with calcium metal to
produce plutonium metal and calcium oxide (Mullins ez al., 1982; Mullins and
Foxx, 1982; Christensen and Mullins, 1983). The reaction takes place in a
molten CaCl, or CaCl,—CaF, solvent, which dissolves the resulting CaO and
allows the plutonium metal to coalesce in the bottom of the crucible to form a
metal button. The PuO,, calcium metal, and fused CaCl, are loaded into a
vitrified magnesia crucible. The CaCl, is cast before use and contains no
detectable water. The generic DOR apparatus is shown in Fig. 7.11 (Christensen
and Mullins, 1983). The crucible is heated in a resistance furnace to 800°C. Once
the CaCl, is molten, a Ta stirrer and a Ta—Ni thermocouple sheath are lowered
in the melt. The reaction typically begins at about 820°C with a temperature
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Fig. 7.10 A furnace assembly for plutonium metal production by reduction of PuFy
(Christensen et al., 1988).

spike to 875°C. The reaction is complete within 15 min. The reaction proceeds
to completion when excess calcium is present, sufficient CaCl, is available to
dissolve the CaO that is produced, and rapid stirring is applied. While stirring,
the reaction is monitored with a thermocouple. After completion of the
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Fig. 7.11 A general furnace assembly for direct oxide reduction (DOR), molten salt
extraction of americium (MSE) and pyroredox operations (Christensen et al., 1988).

et

reaction, the thermocouple well and stirrer are retracted, and the melt is allowed
to settle and cool. Almost all the plutonium forms a metal button at the bottom
of the crucible, and a typical DOR reaction product is shown in Fig. 7.12. The
salt immediately above the button contains a layer of metal shot, and the bulk of
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Fig. 7.12 (a) A photograph of a DOR breakout showing the MgO crucible, residues, and
metal product at the bottom. (b) The DOR metal button (top) and residues ( photographs
courtesy of Los Alamos National Laboratory).

the salt solidifies above the metal. The plutonium button is mechanically sepa-
rated, and the shot is recovered by reheating the shot-rich (usually with calcium
present) material above the melting point to consolidate the metal. Product
yields are greater than 95% (Mullins et al., 1982).

(c) Molten salt extraction (MSE)

The plutonium metal produced in PuF4 and PuO, reduction is impure and
needs to be refined. The MSE process is specifically designed to reduce
the americium content of plutonium metal (**' Am spontaneously grows into
plutonium as a result of >*'Pu B-decay), but it also separates the more reactive
elements, such as rare-earths, alkali-metals, and alkaline-earth metals
(Knighton and Steunenberg, 1965; Knighton et al., 1976; Coops et al., 1983).
The general principle of MSE is to oxidize the americium to Am(111) to extract it
into the salt phase, leaving plutonium in the metallic phase. The extraction
procedure is identical to the DOR process and uses essentially the same appa-
ratus shown in Fig. 7.11, with the exception that a reusable tantalum vessel
replaces the magnesia crucible, an oxidant is added, and the stirring time is
typically 30 min instead of only a few minutes. To run the reaction, workers
place impure plutonium metal in contact with a ternary salt, consisting of
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MgCl, as the oxidizing agent in a NaCl/KCI eutectic. The major reactions are
(Mullins et al., 1968; Leary and Mullins, 1974):

2Am° + 3MgCl, — 2AmCl; + 3Mg° (7.20)
2Pu’ + 3MgCl, — 2PuCl; + 3Mg’ (7.21)
Am® + PuCl; — AmCl; + Pu’ (7.22)

A typical batch size is 4.5 kg with a 12-h temperature cycle to 750°C. (The
actual reaction time is only 30 min.) After the equipment has cooled to room
temperature, the fused salt containing the americium and other impurities is
separated from the plutonium metal button and crucible. Usually, each feed
button goes through two batch extractions. In a typical 4.5-kg run contain-
ing 3000 ppm americium, 90% of the americium is oxidized at the expense of
ca. 100 g plutonium. A typical product weighs 4.4 kg and contains 98% of the
feed plutonium (Christensen and Mullins, 1983; Christensen et al., 1988).

(d) Vacuum melting and casting

After the americium is extracted from the impure metal, the plutonium metal
must be cast into a cylindrical geometry that is compatible with the ER cell
(Anderson and Maraman, 1962). The ER operation is typically carried out with
6 kg of plutonium, in which case the high-density o phase must be avoided due
to nuclear criticality concerns. This requires alloying with sufficient gallium to
bring the density from >19 to <16.5 g cm . Casting is accomplished by mixing
about 6 kg of impure metal with an appropriate amount of gallium in a
tantalum pour crucible as shown in Fig. 7.13 (Christensen et al., 1988). The
metal and gallium mix upon melting and are bottom-poured from the tantalum
crucible into a graphite mold. A casting residue, or “skull”, always forms and
contains light element impurities, oxide films (thorium, americium, alkali metals,
alkaline-earth, and rare-earth metals) or other high melting contaminants. A
typical ingot is shown in Fig. 7.14 with yields generally averaging more than 90%.

(e) Electrorefining (ER)

In the ER process, liquid plutonium oxidizes from the anode ingot into a
molten-salt electrolyte (Mullins et al., 1960, 1963a,b, 1982; Mullins and Leary,
1965; Mullins and Morgan, 1981). The resulting Pu(m) ion is transported
through the salt to the cathode, where it is reduced back to metal. The process
is carried out at 740°C in a molten salt consisting of an equimolar mixture of
NaCl/KClI containing a small amount of MgCl, as an oxidizing agent. The
MgCl, reacts with the impure plutonium metal to charge the electrolyte with
Pu(mn) before a current is passed and ensures the initial reduction of plutonium
at the cathode.
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Fig. 7.13 A4 general furnace assembly for vacuum casting of plutonium metal (Christensen
et al., 1988).

The process is performed in a double-cupped, vitrified magnesia crucible as
shown in Fig. 7.15 (Mullins and Morgan, 1981). The inner cup contains the
impure metal ingot that serves as the anode material. The electrolyte salt casting
is placed on top of the ingot. The crucible is placed inside a tantalum safety can
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Fig. 7.14 Photographs of plutonium ingots from vacuum casting. (a) Metal feed for
electrorefining, and (b) for double electrorefining (photographs courtesy of Los Alamos
National Laboratory).

and placed inside the furnace. The assembly is heated using a resistance furnace
(the entire assembly is shown in Fig. 7.16). A tantalum or vitrified magnesia
stirrer stirs both the impure metal and the molten salt electrolyte. A tungsten
rod is suspended in the impure metal pool to serve as the anode rod, and
electrically insulated from the salt by a magnesia sleeve. A cylindrically shaped
sheet of tungsten is suspended in the annular space between the two cups and
serves as the cathode. Stirring and passing a dc current between the anode
and cathode accomplish the process. Plutonium oxidizes at the anode and
reduces back to metal at the cathode. The liquid metal drips off the cathode
and into the annular space. After cooling to room temperature, the cell is
broken apart and the plutonium recovered as an annular metal casting, or
‘ER ring,” as shown in Fig. 7.17. The product yield from a Pu-1 wt % Ga alloy
is greater than 80%. Approximately 10% of the residual plutonium remains
in the anode as a very impure anode heel. The rest of the plutonium remains in
the salt either as uncoalesced metal shot or as Pu(un), both of which can be
recovered and recycled.

(f) Pyroredox or anode recovery

The pyroredox process recovers the plutonium from impure scrap materials and
has found application in recovering plutonium from the spent anode heels from
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Fig. 7.17  Photograph of a plutonium product ring from electrorefining (ER) ( photograph
courtesy of Los Alamos National Laboratory).

the ER process (Baldwin and Navratil, 1983; Coops et al., 1983; McNeese et al.,
1986; Christensen et al., 1988). The process equipment is identical to that used in
DOR (Fig. 7.11). In the pyroredox process, workers initially polish the spent
anode with calcium to ensure that all the plutonium is present as metal. The
metal is then oxidized to Pu(ur) with ZnCl, dissolved in KCI at 750°C with
stirring. After an hour, the mixture is heated to 850°C to promote phase
separation. In addition to plutonium, all other elements more active than zinc
are oxidized into the salt phase. This process forms a zinc button that may be
mechanically separated from the salt and discarded. For the reduction step, the
salt containing PuCl; is crushed and mixed with a Ca/CaCl, mixture, pressed
into an ingot, and placed back into a magnesia crucible and inserted into the
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furnace assembly. The vessel is heated to 850°C with stirring, and then allowed
to cool after removing the stirrer. The chemical reactions are:

2Pu” 4 3ZnCl, — 2PuCl; 4 3Zn° (7.23)

2PuCl; + 3Ca® — 2Pu” + 3CaCl, (7.24)

The reaction product is a salt phase above a two-phase metal button. The salt
phase is mechanically separated and discarded. The bottom, denser metal phase
is composed of plutonium and small quantities of calcium and zinc. The upper
phase is typically 50% plutonium with the remainder being primarily zinc.
Several buttons are allowed to coalesce at 850°C for 6 h to separate the ingots
into a plutonium-rich lower phase suitable for ER and a less-pure upper phase
that is recycled back to the oxidation step.

(g) Zone-refining of small research samples

Plutonium metal that has been doubly electrorefined is considered of high purity
for most applications but still contains small amounts of Fe, U, Mg, Ca, Ni, Al,
K, Si, O, C, and H. For small-scale research applications, it can be further
purified via levitation zone-refining using a floating molten zone to minimize
introduction of impurities from crucible materials. Tate and Anderson (1960)
originally observed the phenomenon when they reported that zone melting
promoted a reduction of impurity elements within a plutonium rod. Spriet
(1965) conducted a more detailed investigation to include quantification of
rates and impurity analyses. In more recent work, levitation zone-refining in
concert with levitation distillation at reduced pressure has proven to be quite
successful at producing ultrahigh purity specimens (Blau, 1998; Lashley et al.,
1999). Levitation zone-refining targets metals and metalloids while levitation
vacuum-distillation targets daughter products and gases. In the levitation appa-
ratus, radio frequency (rf) power-induced electric current flows into a crucible
while the crucible acts as a transformer, inducing a current in the opposite
direction to the current in the crucible. Magnetic fields in the crucible and the
plutonium are opposed, causing repulsion and levitation of the plutonium a
small distance from the crucible walls. Magnetic levitation of plutonium metal
rods between 700 and 1000°C enables purification while eliminating plutonium-
crucible interactions and minimizing the contact with other elements. The
magnetic levitation is the fundamental operating basis for both the zone-refin-
ing apparatus and the distillation apparatus.

The zone-refining process involves casting a rod of unalloyed plutonium and
then serially passing a molten zone through the rod in one direction at a slow
rate. Impurities travel in the same or opposite direction to the direction of
motion of the zone, depending on whether it lowers or raises the melting point
of the plutonium. Consequently, impurities are swept and become concentrated
in the ends of the rod, thereby leaving the remainder purified. The degree of
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separation approaches an infinitesimal limit as the number of passes increases.
Recent work has shown that ten passes through a molten zone can result in the
reduction of impurities in double-electrorefined and vacuum-cast unalloyed
plutonium from 727 to 184 ppm through levitation zone-refining (Blau, 1998;
Lashley et al., 1999).

Since americium exhibits a high vapor pressure relative to plutonium it is
possible to remove 2*! Am daughters from plutonium samples via vaccum distil-
lation. The *'Am is separated when plutonium metal is heated to the liquid
state under reduced pressure (10”7 Torr). The molten plutonium is levitated
while **' Am is distilled off and condensed onto a cold finger. The plutonium is
cooled and solidifies. Recent results from levitation distillation show that the
concentration of **'Am was reduced from 1100 to 500 ppm (Lashley er al.,
1999). These general principles have been combined into a floating zone refining
followed by an in situ distillation, alloying, and casting technique for high-
purity research samples of 3-Pu. In the procedure, a mixture of o-Pu is first
levitation zone-refined. The a-Pu and gallium are then added to a levitation
crucible. The mixture is heated to the melt while suspended in a magnetic
levitation field. As the gallium mixes with the plutonium in the melt, it will
stabilize the & phase upon solidification. While in the melt, >*' Am is distilled
from the plutonium and collected on a water-cooled condenser. Next, the
furnace power is reduced, and plutonium is cast directly from the electromag-
netic field into a ceramic mold. The apparatus is illustrated in Fig. 7.18.

7.7.3 Phase stability — allotropes, crystal structures, and transformations

It is important to understand the different allotropic phases of plutonium and
the limits of stability with temperature, pressure, chemical additions, and time.
We describe the stability of unalloyed plutonium along with the characteristics
of its phases as a function of temperature and pressure in this section. We deal
with the effects of chemical additions and time subsequently.

C. S. Smith and his Manhattan Project team of metallurgists and chemists
were the first to come to grips with the unstable nature of this enigmatic element
(Hammel, 1998). During their initial work in 1944, they routinely found the
densities of their freshly prepared plutonium samples to vary by more than a
factor of two. They quickly determined that unalloyed plutonium has at least
five allotropes (a sixth was eventually found) over a very narrow temperature
range and that it exhibits large volume changes at the various phase transitions
during cooling from the melt, making it difficult to cast. Smith soon found that
most of the transformations and the large volume changes could be avoided by
alloying pure plutonium with a few atomic percent aluminum or gallium. Such
alloying additions retained the high-temperature face-centered cubic (fcc)
d-phase, which is less dense, weak, and ductile, in contrast to the typical room
temperature o-phase, which is very dense, strong, and brittle. The profound
influence of chemical additions to plutonium on phase stability and the
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dramatic differences in properties exhibited by the different plutonium allo-
tropes must be kept firmly in mind when considering plutonium and its proper-
ties. Moreover, phase transformations between the different allotropes are
difficult to avoid during sample preparation, especially if samples are heated,
cooled, worked, ground, or polished.

Zachariasen (1944) was the first to suggest that the large density and property
variations in the early separated plutonium samples were due to crystallograph-
ic modifications of plutonium. Five solid allotropes designated by the Greek
symbols o, B, v, 8, and € were identified during the early studies. A sixth,
designated by the symbol &', was discovered in 1954 by Cramer (Cramer et al.,
1961) in high-purity plutonium. An idealized thermal expansion curve is shown
for pure plutonium in Fig. 7.19 (Miner and Schonfeld, 1980), along with the
crystal structures and densities of the solid phases and the liquid phase. The
stability ranges and crystal structure data for the individual allotropes are
shown in Table 7.9. The transformation temperatures of the «, B, and y phases
are only approximate because the transformations are kinetically sluggish. The
limits represent the approximate transformation temperatures as obtained by
dilatometry and thermal analysis at slow heating or cooling rates of 1 to 1.5°C
min~". The actual heating and cooling curves show significant hysteresis.

The data shown in Fig. 7.19 and Table 7.9 demonstrate the idiosyncratic
behavior of plutonium. The six solid allotropes at ambient pressure (a seventh
was found under pressure by Morgan (1970)) are the most of any element in the
periodic table. Plutonium has an unusually low melting point of 640°C, and it
contracts upon melting. The maximum density difference between the phases is
a very large 20%. Moreover, the classical close-packed fcc phase is the least
dense (less dense than the liquid). The two low-temperature phases are low-
symmetry monoclinic structures, atypical of metals. The thermal expansion
coefficients of these phases are very large and positive, whereas that of the fcc
phase is negative.

The low-density, high-temperature phases of plutonium are easily trans-
formed to the higher density phases under hydrostatic pressure as shown in
Fig. 7.20 (Liptai and Friddle, 1967). Morgan (1970) clearly demonstrated the
existence of a seventh phase at high pressure, designated { phase, as shown in
Fig. 7.21. Its structure has yet to be determined. Elliott (1980) pointed out the
similarity of the new { phase to the 1 phase in the Pu—U and Pu-Np systems. As
shown in Fig. 7.20, at 3.0 GPa the { phase and all other high-volume phases
collapse to the two low-temperature o and 3 allotropes.

The low-symmetry monoclinic ground-state o phase of plutonium results
from the peculiar nature of the 5f electron bonding in plutonium as discussed
below. Zachariasen and Ellinger (1957, 1963a) and Zachariasen (1961a) demon-
strated that the o phase is a simple monoclinic crystal structure (P2;/m) with 16
atoms per unit cell and eight unique atom positions. All 16 atoms lie in the
reflection planes with coordinates + (x,"4,z). Several views of the crystal struc-
ture of o plutonium are shown in Fig. 7.22. The 16 structural parameter values
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Fig. 7.19  Thermal expansion of unalloyed plutonium. This idealized curve was generated
by Schonfeld and Tate (1996) based on the best available expansion data. Of particular
relevance is the correction to the oa-Pu thermal expansion, as detailed in Fig. 7.44.

are listed in Table 7.10 along with the bond lengths. The monoclinic structure of
o plutonium is a slight distortion from a hexagonal lattice. This similarity was
used by Crocker (1971) in modeling the crystallographic relationships of phase
transformations involving the o phase. In addition, the bonding characteristics
of the eight atom positions are markedly different. Position 1 has the greatest
number of short bonds, whereas position 8 has the fewest short bonds (as shown
in Table 7.11). All positions have the same point symmetry. The bonding
characteristics are important in determining how the o phase accommodates
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Fig. 7.20  Pressure—temperature phase diagram of unalloyed plutonium from Liptai and
Friddle (1967).

impurity atoms. Lawson et al. (1996) pointed out that with eight unique atom
positions, o plutonium looks like a self-intermetallic, much like « manganese.
The low-symmetry monoclinic structure of the o phase has a profound influence
on its properties; it has no macroscopic ductility, and most properties are highly
directional.

The B phase is a body-centered monoclinic (/2/m) and equally complex. The
atomic coordinates, the structural parameters, and the bond lengths are shown
in Table 7.12 (Zachariasen and Ellinger, 1963b). It is considerably less dense
than the o phase (17.7 g cm > compared to 19.85 g cm ), and it has 34 atoms per
unit cell with seven unique atom positions. Properties are also quite anisotropic.
The crystal structure of the § phase is compared to the other five allotropes in
Fig. 7.23.

The vy phase is a face-centered orthorhombic (Fddd) with eight equivalent
atoms per unit cell and a density of 17.14 g cm ™ (Zachariasen and Ellinger,
1955, 1959; Crocker, 19712. Each atom has four neighbors at 3.026 A, two at
3.159 A, and four at 3.228 A. Roof (cited by Miner and Schonfeld, 1980) pointed
out that placing the origin at the center of symmetry places the positions of the
eight atoms of the unit cell at + (1/8,1/8,1/8) + (0,0,0; 0,'2, Y5; 14,0, V2; V2,,0).
The crystal structure of the y phase is shown along with the other allotropes
in Fig. 7.23.

The 6 phase is fcc (Fm3m) with four equivalent atoms per unit cell as shown in
Fig. 7.23. It is the least dense of the plutonium allotropes at 15.92 g cm . Each
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Fig. 7.21 Pressure—temperature phase diagram from Morgan (1970) showing the exis-
tence of a seventh phase, (.

atom has 12 neighbors at 3.279 A in the standard fec arrangement (0,0,0; 0,%%,"2;
12,0,%; 12,',0). The 8" phase is described by Ellinger (1956) as body-centered
tetragonal (/4/mmm) with two atoms per unit cell at (0,0,0) and ('2,',"), with a
density of 16.00 g cm >. He pointed out that the structure can be alternatively
described as a face-centered tetragonal cell containing four atoms per unit cell,
derived from the close-packed arrangement by a slight compression along the
[001] direction. The e phase is body-centered cubic (bcc) (Im3m) with two
equivalent atoms per unit cell at (0,0,0) and (Y%,'2,%). Each atom has eight
neighbors at 3.149 A.

As shown in Figs. 7.20 and 7.21, a seventh solid allotrope, the { phase,
appears with the application of hydrostatic pressure at elevated temperatures.
Very little is known about the precise crystal structure of this phase. However,
Elliott (1980) suggested a similarity of this structure with the n phase of the PuU
and PulNp systems.

The local coordination and interatomic distances for the four higher-temper-
ature allotropes are shown in Table 7.13. Based on the crystal structure
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Plutonium

Fig.7.22  Several views of the monoclinic a-phase structure of plutonium with 16 atoms per
unit cell and eight different atom positions.

Table 7.10  Structural parameters and bond lengths for o plutonium (Miner and Schonfeld,

1980).

Short Long All .

bonds (A) bonds (A) bonds (A)
Atom X z No.  Range No.  Range No.  Mean
1 0.3454) 0.162(2) 5 2.57-2.76 7 321-3.71 12 3.10
2 0.767(4) 0.168(2) 4 2.60-2.64 10 3.19-3.62 14 3.21
3 0.128(4) 0.3403) 4 2.58-2.66 10 324-3.65 14 3.18
4 0.657(5) 0.457(3) 4 2.58-2.74 10 326-3.42 14 3.13
5 0.025(5) 0.618(3) 4 2.58-2.72 10 3.24-3.51 14 3.19
6 0.473(4) 0.653(2) 4 2.64-2.74 10 321-3.65 14 3.22
7 0.328(4) 0.926(2) 4 2.57-2.78 10 3.30-3.51 14 3.15
8 0.869(4) 0.894(2) 3 2.76-2.78 13 3.19-3.71 16 3.32

Table 7.11 Bond characteristics for the eight different atom positions in the o-plutonium

structure.

Atom Short bonds® Average length (A)
1 2.67

2-7 2.64

8 2.77

% The short bonds range from 2.57 to 2.78 A and the long bonds from 3.19 to 3.71 A. The point
symmetry is the same for all eight atom positions.
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& - face-centered cubic &' - body-centered tetragonal & - body-centered cubic

Fig. 7.23  Crystal structures of all six solid phases of plutonium.

information presented above, Zachariasen (1961b, 1973) derived metallic radii
by normalizing the radii to coordination number 12 and extrapolating the high-
temperature data to room temperature. His results are shown in Table 7.14.
Zachariasen and others also calculated the valences for the plutonium allo-
tropes. We do not present these here because we do not consider these estimates
to be useful in considering the complexity of the f-electron bonding. We also list
Dormeval’s (2001) compilation of atomic volumes for the various allotropes in
Table 7.14.

The liquid phase of plutonium is denser than the three highest-temperature
solid phases. Density as a function of temperature is listed in Table 7.15, based
on the work of Herrick et al. (1959) and Serpan and Wittenberg (1961). Extra-
polation of the data in Table 7.15 yields a density of 16.65 g cm > at the melting
point of 640°C. Hence, plutonium contracts approximately 2.5% upon melting.
Plutonium liquid has a high surface tension and high viscosity.

The transitions (or, in metallurgical terms, phase transformations) between
the various allotropes are important. Most studies of such transformations in
unalloyed plutonium were conducted before 1970. A typical thermal expansion
curve from Goldberg and Massalski (1970) for high-purity, electrorefined plu-
tonium heated and cooled at 4.5°C min ' is shown in Fig. 7.24. The sluggish
nature of the transformation among the lower temperature phases results in
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Table 7.13 Coordination and interatomic distances of the higher plutonium allotropes
(Ellinger et al., 1956).

Effective Average
Distance coordination distance Temperature

Phase  Symmetry Coordination (A) number (A) ({©)
Y orthorhombic Pu-4Pu 3.021
Pu-2Pu 3.160 10 3.155 210
Pu—4Pu 3.286
Pu—4Pu 3.026
Pu-2Pu 3.159 10 3.157 235
Pu-4Pu 3.288
Pu—4Pu 3.041
Pu-2Pu 3.154 10 3.165 310
Pu—4Pu 3.294
4 face-centered Pu-12Pu 3.279 12 3.279 320
cubic
Pu-12Pu 3.275 12 3.275 440
& body-centered Pu-8Pu 3.249
tetragonal Pu-4Pu 3.327} 12 3275 465
Pu-8Pu 3.239
12 3.275 485
Pu—4Pu 3,347}
€ body-centered Pu-8Pu 3.149 8 3.149 490
cubic
Pu-8Pu 3.156 8 3.156 550

Table 7.14 Metallic radii (Zachariasen, 1961b; Zachariasen and Ellinger, 1963b) and
volumes (Dormeval, 2001) of plutonium atoms.

Phase  Temperature (°C)  Radius (A) Radius at 25°C (A) Atomic volume (A3)

o 25 1.580 1.580 20.00
B 93 1.600 1.590 2243
Y 235 1.601 1.589 23.14
I 320 1.640 1.644 24.93
& 465 1.638 1.644 24.69
€ 490 1.622 1.594 24.00

significant hysteresis, compared with the idealized curve shown in Fig. 7.19, and
makes it difficult to conclusively determine the transformation temperatures.
These temperatures depend on metal purity, microstructural variables (such as
grain size and dislocation density), heating or cooling rates, applied stress,
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Table 7.15  Density of liquid plutonium (g cm™>).

Temperature (°C) Serpan and Wittenberg (1961)* Olsen et al. (1955)°
664 16.62 16.604
691 16.58 16.554
728 16.52 16.511
746 16.50 16.485
752 16.49 16.476
771 16.46 16.488
788 16.43 16.424

2 Density equation p = (17.63 — 1.52 x 1073 T') + 0.04; temperature in °C
® Density equation p = (17.567 — 0.001451 T') 4 0.021; temperature in °C
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Fig. 7.24 Experimental thermal expansion curve for heating and cooling of unalloyed
plutonium showing typical hysteresis (after Goldberg and Massalski, 1970).

sample size and shapes (resulting in stress effects), and prior transformation
history.

Lemire et al. (2001) compared various phase transformation studies and
compiled the best estimates of transformation temperatures and stability ranges
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for the various allotropes listed in Table 7.9. Precise transformation temperatures
are difficult to measure not only because they depend on the variables
mentioned above, but also because all transformations exhibit significant
time dependence. The isothermal (as opposed to athermal, where no thermal
activation is needed) nature of the a—p and B—a transformations is best
illustrated by the so-called time—temperature—transformation (TTT) diagram
shown in Fig. 7.25 (after Nelson (1980)). The ‘C-curve’ shape of the transfor-
mation demonstrates how the temperature for the onset of transformation
depends on the cooling rate. By determining the curves for both transforma-
tions, Nelson was able to establish the equilibrium transformation temperature
as 112°C (compared with the average transformation temperature of 122°C
during heating at relatively slow rates reported in Table 7.9).

Significant uncertainty still exists about the nature of the transformation
mechanisms among the allotropes of plutonium (Hecker, 2000). The transfor-
mations among the high-temperature allotropes (8, &, and €) are generally
considered to be of a diffusion-controlled (diffusive) nature. However,
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Fig. 7.25 Representative time—temperature-transformation (TTT) curves of the f—o and
o— f3 transformations in high-purity, electrorefined plutonium. The sample was taken to the
P phase for 45 min at 170°C (from Nelson, 1980).
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transformations at lower temperatures among the 9, y, B, and o phases show signs
of diffusive and diffusionless, shear-type transformations. Shear transformations
(of a martensitic nature) involve cooperative shear motion of the atoms and
typically result in specific crystallographic relationships between the parent and
the transformed phases. The evidence for such relationships was reviewed by
Nelson (1980) and by Goldberg and Massalski (1970), who described the highly
textured o-phase transformation product that can be formed when the f—ao
transformation is induced by cooling under applied stress.

Microcracking is difficult to avoid in most unalloyed plutonium as it cools
from the melt or from annealing at elevated temperatures. The volume fraction
of microcracks can range from 0.1 to 3%. High purity, large sample size, and
slow cooling rates result in more extensive microcracking. Thermal cycling
between the o and B allotropes greatly exacerbates the microcracking problem
and results in sample distortion and surface rumpling (Hecker, 2000). On the
other hand, quenching samples from the B phase to —80°C minimizes micro-
cracking. Nelson pointed out that o-phase densities greater than 19.65 g cm™
are generally considered to be good-quality plutonium. Densities around 19.8
g cm ° have been achieved by cooling through the f—o transformation under
pressure or by hydrostatic extrusion and concurrent recrystallization (Merz,
1970).

Another important consideration in sample preparation and subsequent
property determination is the amount of retained high-temperature phases at
ambient temperature. As noted in Figs. 7.24 and 7.25, the transformation from
B—a 1s time-dependent and, hence, not necessarily complete at room tempera-
ture, resulting in retained B phase (or sometimes retained y or & phases).
Impurities generally shift the onset of transformation (the ‘C-curve’ in Fig.
7.25) to the right. Spriet (1967) demonstrated that the onset of transformation
was retarded by a factor of ten as the purity level changed from 200 to 400—
1000 ppm. The impurities Ti, Hf, Zr, and U retard the f—o transformation and
lead to greater B-phase retention at ambient temperature (Oetting et al., 1976;
Hecker, 2000). The impurities Ga, Al, and Si favor retention of the & phase
(Hecker, 2000). The most convenient method to determine the presence of
retained high-temperature phases in o plutonium is to measure the density.
The best way to identify the retained phases is by XRD; however, by using
XRD it is difficult to identify retained phases at the level of less than a few
volume percent.

Thermodynamic properties related to phase transformations can be measured
directly by calorimetry or estimated from phase diagrams. Such properties are
summarized in Table 7.16 along with the best estimates of the equilibrium
transformation temperatures and volume changes. The scatter is quite large
for reasons mentioned above. Nevertheless, these values are important to help
guide the theory and modeling activities. Transformation enthalpies for the
pressure-induced { phase are shown in Fig. 7.26, as derived from the data of
Morgan (1970).
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Table 7.16 Entropies and enthalpies of transformations of the plutonium allotropes.

Phase AS® AS? AH® AHY AH®
transformation J K 'mol™) (K 'mol™) (Imol™) (Imol™") (JImol™)
a—B 9.55 8.66 3430 3600 3706 + 100
B—y 1.38 1.34 565 586 478 + 20
y—o 1.05 0.88 586 649 713 + 40
58 0.04 0.04 84 41 84 + 20
& —e 2.47 2.46 1841 1859 1841 + 100
e—liquid 3.09 3.18 2824 2847 2824 + 100
2 Wick (1980); ® Wittenberg et al. (1970); © Oetting et al. (1976); ¢ Deloffre (1997); © Lemire et al.
(2001).
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Fig. 7.26  Transformation enthalpies of { plutonium calculated from the Clapeyron equa-
tion and slopes from Fig. 7.21 (Morgan, 1970).

7.7.4 Alloys and phase transformations

Equilibrium phase diagrams provide a map of phase stability as a function of
chemical concentration and temperature (most of the work of this nature has
been done at ambient pressure and for binary alloy systems). All of the early
work on phase diagrams of plutonium done during and after the Manhattan
Project was classified. It was not until President Eisenhower launched the
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‘Atoms for Peace’ initiative that much of that work was declassified and
published. The Russian research group associated with A. A. Bochvar (Kono-
beevsky, 1955) published the first series of plutonium phase diagrams (with
elements Be, Pb, V, Mn, Fe, Ni, and Os, as well as the ternary Pu-U-Fe) at a
Moscow conference during the summer of 1955 in the preface to the first
Conference on Peaceful Uses of Atomic Energy held in Geneva that fall. The
U.S., UK., and France rapidly followed suit. The Russian group added the Pu—
Cu, Pu-Al, Pu-Bi, Pu-Zr, Pu-Mo, Pu-Th, and Pu-U systems at the second
Geneva conference held in 1958 (Bochvar et al., 1958). Coffinberry et al. (1958),
and Schonfeld et al. (1959) published plutonium phase diagrams based on
their work at Los Alamos Scientific Laboratory. Waldron et al. (1958) and
Cope et al. (1960) published the U.K. results and Hocheid ef al. (1967) the
French results.

By 1968, most of the binary phase diagrams of plutonium were determined
and published in the classic report of Ellinger ez al. (1968b). Additional compi-
lations were published in the Plutonium Handbook, edited by Wick (1980) and in
the Plutonium Metallurgy Handbook (Hasbrouk and Burns, 1965). The most
recent compilation is presented by Peterson and Kassner (1988). We review the
salient features of binary plutonium phase diagrams below. The reader is
referred to the reviews mentioned above for a discussion of available ternary
plutonium diagrams. We also note that Blank provides a comprehensive com-
pilation of phase diagram data in Table 2/1 of the Gmelin Handbook of Inorganic
Chemistry (Blank, 1976). In addition, Blank (1976, 1977) provides a compre-
hensive treatment of the properties of plutonium alloys.

(a) Elements that expand the 8-phase field

Chemical additions (or alloying) significantly affect plutonium phase stability
with temperature and pressure. The dramatic effects of the addition of a few
atomic percent gallium to plutonium on its thermal behavior are demonstrated
in Fig. 7.27. The addition of gallium retains the attractive feature of expansion
during solidification while avoiding all of the large volume perturbations during
cooling because the addition of gallium retains the fcc § phase to room temper-
ature. The thermal expansion is essentially zero, or ‘Invar-like,” (Hecker, 2004)
making Pu—Ga alloys much easier to cast. Moreover, the soft and ductile nature
of the fcc & phase makes these alloys much easier to shape than unalloyed
plutonium. Consequently, most of the detailed work on properties of plutonium
alloys has focused on systems that retain the & phase. However, interest in
metallic reactor fuels (Keiser ez al., 2003) has also resulted in work on B-phase
retainers and on lean plutonium alloys involving uranium.

The complexity of chemical alloying is demonstrated in Fig. 7.28 for the Pu—
Ga system. In addition to the six allotropes of plutonium, several new binary
phases and 11 intermetallic compounds are formed. The fcc & phase is retained
to room temperature over a substantial range of gallium concentrations.
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Fig. 7.27 Length changes for unalloyed plutonium compared to Pu-3.0 at.% Ga and
Pu-4.5 at.% Ga alloys.

The question of whether the retained 6 phase is stable or metastable was resolved
only recently when Hecker and Timofeeva (2000) reconciled the U.S. (as well as
the U.K. and French) and Russian versions of the Pu—-Ga phase diagram. A
comparison of the two versions of this fundamental phase diagram is shown in
Fig. 7.29. They now believe that the Russian diagram (Fig. 7.29b), which shows
an eutectoid point at 97°C and 7.9 at.% Ga, is the true equilibrium phase
diagram (or as close a representation as possible, recognizing that radioactive
decay in plutonium precludes true equilibrium). This diagram indicates that the
d phase should decompose below 97°C into a-Pu + PuzGa. Such decomposition
has never been observed because the kinetics are too slow. Timofeeva (2001)
built her case on a clever set of experiments that demonstrated conclusively that
the phase boundaries just above the eutectoid temperature clearly point to a
decomposition (Hecker and Timofeeva, 2000). In fact, Timofeeva (2001) esti-
mated that such decomposition requires more than 10,000 years at room
temperature because the kinetics of the decomposition are exceedingly slow.
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Fig.7.28 The Pu—Ga phase diagram at ambient pressure (from Peterson and Kassner, 1988).

Therefore, the U.S. version (Fig. 7.29a), in which the § phase is retained at least
down to room temperature, represents an adequate ‘working’ diagram. Blank
(1977), in his Table 2/105, presented the most complete table of crystal struc-
tures, atom positions, and atomic distances.

Timofeeva (2001) also demonstrated that the Pu—Al system undergoes a
similar eutectoid decomposition near 100°C. The plutonium-rich end of the
U.S. and Russian diagrams are shown in Fig. 7.30. In addition to the difference
in findings related to the stability of the & phase, Timofeeva also concluded that
the intermetallic compound PusAl does not extend to room temperature at
thermodynamic equilibrium but rather only to 380°C. The eutectoid decompo-
sition below 93°C is to a-Pu + PuAl (Timofeeva, 2001, 2003a). This finding
differs from the conclusions of both the prior U.S. work reported by Ellinger
et al. (1968b) and the prior Russian work reported by Bochvar et al. (1958).
Timofeeva (2001) pointed out that the differences result because of slow
kinetics. Her experiments allowed for sufficient time to demonstrate that PuAl
is the intermetallic compound stable at room temperature.
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Timofeeva (2003a) recently published data on 53 eutectoid transformations
found in 30 binary plutonium phase diagrams. Eutectoid transformations are
observed in binary systems of plutonium with transition metal elements (12),
lanthanides (7), actinides, and elements of group IIIB (4 each). Only one
eutectoid transformation exists with the elements of groups II, IV, and V. An
interesting set of results is shown in Fig. 7.31 for four elements that expand the
d-phase field, Al, Ga, In, and TIl. Timofeeva demonstrated that the composi-
tional range of the &-phase field decreases and the eutectoid temperature
increases monotonically with increasing atomic number of the alloying element.
Additions of most trivalent elements expand the d-phase field (Hecker, 2000),
and in addition to Al, Ga, In, and Tl listed above, Ellinger ez al. (1968b) showed
that Sc, Ce, and Am also retain the 6 phase. However, as discussed above, the
retention appears to be metastable for most of these elements. It is likely that
only Am results in a thermodynamically stable 6 phase at room temperature.
Timofeeva (2003a) reports a eutectoid transformation in Pu-Ce, and Pu-Sc
systems that appears not to have received the same scrutiny as the other
elements, so its status remains inconclusive.

In addition to the elements that readily retain the & phase to room tempera-
ture (Al, Ga, Ce, Am, Sc, In, and TI), there is a second class of elements (Si,
Zn, Zr, and Hf) that retain the & phase in a metastable state under con-
ditions of rapid cooling. There are also some indications that the § phase in
Pu-Th alloys can be retained by rapid quenching (Gschneidner et al., 1960).

AlZ=13 GazZ=31 InZ =49 Tl Z =81
800 | L L L L
700
g 600 e .
© 500
=
S 400 ) )
S
£ 300 Y + Pugln
o v/ |\ | + PugTl
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100 £
L o+ PuAl o+ PusGa o+ Pugln o + PugTl
Il Il 1 1 1 1 1 1

o 5§ 10 0o 5 10 0O 5 10 0 5 10

Concentration (at.%)

Fig. 7.31 Phase diagrams of plutonium with several group 111B elements show the eutec-
toid parameters and d-phase region dependence (from Timofeeva, 2003b).
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Gschneidner ef al. (1960) also found a number of the trivalent lanthanides (Dy,
Er, Tm, Lu, and possibly Tb) to favor d-phase retention, but their phase
diagrams exhibit no d-phase stability. Elliott and coworkers (Elliott and
Giessen, 1975; Giessen et al., 1975) demonstrated that retention of the & phase
and the bcc e-phase can be extended in a metastable manner by splat cooling
(rates from 10° to 10® s1). For example, both of these phases can be retained in
splat-cooled Pu-Ti alloys. In Pu-Ga alloys, the maximum solubility of gallium
in plutonium at room temperature is extended from 12.5 to 20 at.%. In Pu—Ce
alloys, fcc 6 phases can be retained across the entire range of cerium additions by
splat cooling.

(b) «-Phase and B-phase stabilizers

Only neptunium has been found to expand the a-phase field. No other element is
known to have any equilibrium solubility in the monoclinic o phase. Neptunium is
also the only element that significantly expands the B-phase region. However,
limited solubility of U, Hf, and Zr has been found in the B phase. Also, additions of
Ti, Hf, and Zr will retain the B phase to room temperature and below by rapid
quenching. Neptunium and uranium lower the melting point of plutonium slight-
ly. The elements Hf, Zr, and Ti raise it significantly, even with small additions.

(c¢) Eutectic-forming elements

Additions of Mn, Fe, Co, or Ni lower the melting point of plutonium substan-
tially. These elements form a low-melting eutectic much as does lead alloyed
with tin to make solder. For example, the Pu-Fe phase diagram, shown in
Fig. 7.32, exhibits the eutectic decomposition at 410°C and close to 10 at.%
Fe from the liquid to 3-Pu + PugFe. This eutectic alloy was used in the first
metallic plutonium fuel elements in the Los Alamos Molten Plutonium Reactor
(LAMPRE) in the late 1940s (Kiehn, 1961; Burwell et al., 1962). The elements
Mn, Co, and Ni exhibit eutectic temperatures at approximately, 525°C, 405°C,
and 465°C, respectively. These elements decompose to the intermetallic com-
pounds PuMn,, PusCo, and PuNi, respectively. Other elements form eutectics
but at somewhat higher temperatures. These include Si, Mn, Os, Ru, Rh, and
Th. Eutectic-forming elements such as Mn, Fe, Ni, or Co are of special signifi-
cance because they limit the useful temperature range of plutonium and its
alloys. For example, plutonium metal heated above 410°C contained in steel
will melt through the steel by forming the eutectic. Even when present in
small amounts in plutonium, the alloying elements can segregate to grain
boundaries, enriching the local alloying concentration and causing local melting
or embrittlement at temperatures close to the eutectic temperature. Blank (1977)
presented a thorough review of the properties of plutonium alloys and inter-
metallics with the eutectic-forming elements.
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Fig. 7.32 The Pu—Fe phase diagram at ambient pressure from Ellinger et al. (1968b) and
first reported by Schonfeld (1961).

(d) Interstitial compounds

When nonmetallic elements with very small radii are alloyed with metals, they
tend to form interstitial solid solutions. A general rule of thumb is that if the
radius of the nonmetallic element is <0.59 that of the metallic element, then an
intermetallic compound with a simple structure (often fcc or hep) forms. If the
ratio is greater, then compounds with complex structures form. The most
important nonmetallic elements for plutonium in the solid state are O, C, N,
and H. None of these elements shows any solubility in the equilibrium phase
diagrams. The Pu-O phase diagram is shown in Fig. 7.90. The elements O, C,
and N all form several high-melting, refractory ceramic compounds. The struc-
ture and properties of these ceramic compounds will be discussed in greater
detail in Section 7.8. Hydrogen also has a tendency to form compounds, but
these readily decompose, rather than being refractory.

(e) The rest of the elements

Most other elements show only limited solubility in the 6 phase, while some
elements such as Ba, Sr, and Ca are immiscible. Most elements increase the
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melting point. Some have shallow eutectics before the melting point increases.
More than half of the elements, namely Th, Np, U, Ti, Ru, Rh, Pt, Os, and most
lanthanides, show solubility in the € phase.

Detailed X-ray crystal structure data are presented for many intermetallic
compounds of plutonium in Table 7.17.

(f) Microsegregation in 8-phase alloys

Since alloys in which the fcc & phase is retained to room temperature are of
particular interest, we discuss the problem of microsegregation, which can
dramatically influence the properties of d-phase alloys. We use the Pu-Ga
system shown in Fig. 7.33 for the purpose of illustration. During solidification
and cooling, alloys within the range of gallium content to 13 at.% must cool
through the liquid + € and € + & two-phase regions. In a two-phase region,
assuming gallium diffusivity is infinite in both phases, the composition of each
phase is given by the phase boundaries at that temperature (the lever rule),
giving rise to possible microsegregation. We track the gallium content through
the € + 6 two-phase field in Fig. 7.33a. As the temperature reaches point A, the
first & phase to form has the gallium concentration shown at point B. As the
temperature is lowered, the gallium concentration in the 3 phase moves along
the line BD, whereas the gallium concentration in € moves along the line AC —if
diffusion is sufficiently rapid to allow migration of gallium consistent with the
imposed cooling rate. (Of course, the average gallium concentration in the alloy
must be the initial concentration.) The diffusion rate of gallium is approximate-
ly 10* faster in the € phase (because of its open bcc structure) than the 8 phase,
thereby not allowing equilibration in the & phase for typical cooling rates. As a
consequence, the gallium concentration of the remaining € phase is pushed to
lower values as cooling proceeds, resulting in increased segregation over that
expected from equilibrium conditions.

As a result, the microstructure of a typical as-cast d-phase alloy exhibits
a range of gallium concentrations between points B and C. The interior of the
d-phase grains reflects the gallium concentration at point B and the grain
boundaries may have very little gallium because they are the last e-phase areas
to transform with gallium at or below point C. The resulting microstructure
appears heavily ‘cored’ or segregated as shown in Fig. 7.33b. It consists of
gallium-rich § phase in the center, a gallium-lean 3-phase shell (dark areas) at
the core boundaries, and a gallium-lean intercore region that transformed to the
o phase during cooling because of insufficient gallium. This type of microse-
gregation typically occurs during cooling through liquid + solid two-phase
regions because diffusion in the liquid is so much faster than in the solid.
However, the anomalously high diffusion rate in e-plutonium avoids the prob-
lem in the liquid + € region, only to have it reappear in the € 4+ & two-phase
region. Equilibrating the gallium concentration requires a sustained return to
temperatures high in the 6-phase region, typically hundreds of hours, to achieve
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Fig. 7.33 (a) The Pu-rich side of the Pu—Ga phase diagram depicting a typical gallium
segregation path. (b) Typical optical microstructures of a Pu-3.4 at. % Ga alloy for various
conditions (from as-cast to annealed at 460°C for 720 h) (Mitchell et al., 2001).

a uniform gallium concentration. The progression of gallium ‘homogenization’
and consequent change in microstructure are also shown for a homogenization
temperature of 460°C in Fig. 7.33(b).

Such microsegregation can occur with any of the alloying elements that retain
the & phase to room temperature. The extent of microsegregation depends on
the cooling rate and on the shape of the two-phase field. A typical gallium
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Fig. 7.34 A typical gallium concentration profile for a nominal Pu-1.7 at. % Ga (0.5 wt. %
Ga) alloy by electron microprobe. The grain size was roughly 30 um (from unpublished
work of one of the authors, S. S. Hecker).

profile taken with an electron microprobe is shown in Fig. 7.34 for Pu-1.8 at.%
Ga cooled at a rate of ~5°C min'. At such rates, all areas with <1.4 at.% Ga
transform to the o phase upon cooling to room temperature. If initial cooling
rates are rapid, and homogenization times of hundreds of hours at 460°C are
employed, then the d phase can be retained to room temperature with as little as
1 at.% Ga. However, the retained & phase is metastable and will transform at
low temperatures and/or hydrostatic compression. Hence, proper homogeniza-
tion treatments for d-phase alloys are important in studying plutonium alloys. If
not properly homogenized, such alloys exhibit continuously varying gallium
gradients (on the scale of the grain size as shown in Fig. 7.34), or they may
consist of two-phase mixtures. Either one of these conditions can significantly
affect the properties of the alloy.

(g) Phase transformations in 6-phase alloys

Hecker et al. (2004) and Deloffre (1997) presented comprehensive overviews of
phase transformations in §-phase plutonium alloys. During cooling the retained
fcc O phase transforms to the monoclinic o phase (sometimes through an
intermediate phase such as the B phase or y phase). The transformation behav-
ior as monitored in a dilatometer is shown for a constant cooling rate for several
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Pu-Ga alloys (Hecker et al., 2004) in Fig. 7.35. The transformation is martensi-
tic, that is, diffusionless and displacive (shear). The transformation start temper-
ature depends strongly on the gallium concentration (all three alloys shown
were thoroughly homogenized before cooling) as shown in Fig. 7.35. The
transformation behavior depends on cooling rate and is, therefore, character-
ized as an isothermal martensitic transformation. Orme et al. (1976) determined
the TTT kinetics for Pu—-Ga alloys as illustrated by the double C-curves
shown in Fig. 7.36. Thermal activation appears to be necessary to nucleate the
transformation before the martensite transformation product grows by a shear
mechanism at sonic velocities. The C-curve kinetics result from insufficient

2.5 at.% Ga

0 — ” —

1.7 at.% Ga
o —p 8

1.0 at.% Ga

Length change (%)

I | I \ I |
-200 -100 0 100 200 300 400

Temperature ("C)

Fig. 7.35 Thermally induced 6—d' and reverse transformations for Pu—Ga alloys during
cooling and heating. The zero is offset for the three curves as shown. The o' phase in the 2.4
and 1.7 at. % Ga alloys revert back to the 6 phase. The o/ phase in the Pu-1 at. % Ga alloy
reverts along a more complex path to mostly B, then y and finally to the 6 phase with a small
amount of the o/ phase reverting directly to the d phase as the rest transforms to the f phase.
The x in each of the three figures denotes the onset of the cooling and the end point after
heating and cooling (Hecker et al., 2004).
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Fig. 7.36 Time—temperature-transformation curves for (top) Pu-1.4 at. % Ga and

(bottom) Pu-1.9 at. % Ga alloys (Orme et al., 1976). Transformation curves are shown
for 5, 10, 20, and 30% transformation in (top) and for 5, 10, and 15% transformation in
(bottom) (from Hecker et al., 2004).

driving force at the higher temperatures and insufficient thermal activation at
the lower temperatures. The overall kinetics is shown to be dependent on
gallium concentration.

Similar transformation behavior is observed for d-phase Pu—Al alloys as
demonstrated by Hecker et al. (2004) and shown in Fig. 7.37. The well-homo-
genized Pu-2 at.% Al alloys begin to transform at approximately —130°C during
cooling. After cooling to liquid nitrogen temperature and heating back to room
temperature, metallographic and X-ray examination showed that the resulting
microstructure (shown in Fig. 7.37) consisted of 25% o' phase (in the form of
martensite platelets) and 75% residual 6 phase. The o/-phase designation is used
here to indicate that the aluminum or gallium atoms, which have no equilibrium
solubility in the o phase, are trapped by the martensitic transformation and
expand the lattice of the o phase (Hecker er al., 2004). During hydrostatic
compression at room temperature, the & phase collapses just below 0.4 GPa
(as shown in Fig. 7.37), transforming martensitically first to the B’ followed by
the o phase. The microstructure is more complex as shown in Fig. 7.37. If such
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Fig. 7.37 Temperature and pressure-induced transformations in Pu-2.0 at. % Al alloys
(Zukas et al., 1981, Hecker et al., 1982). The starting d-phase microstructure is shown on
top and the transformed microstructures on the left and right for temperature and pressure-
induced transformations, respectively.

samples are compressed only partially, then both product phases appear in the
residual d-phase matrix.

Adler and coworkers (Olson and Adler, 1984; Adler et al., 1986) modeled the
crystallography of the 8—a transformation during cooling. Zocco et al. (1990)
subsequently confirmed their predictions by transmission electron microscopy
(TEM) and determined the lattice correspondence between the parent and
product phases and the o/-phase habit plane. The details of the experimental
and theoretical results are reviewed by Hecker et al. (2004). Heating the trans-
formed o phase above room temperature for Pu-Ga alloys results in the
transformation behavior shown in Fig. 7.35. The low-gallium alloys transform
from o —B—, whereas the higher-gallium alloys transform directly from o —8
at temperatures significantly lower than the a—f3 transformation temperature.

Complex stress states such as those found during cold rolling, machining, or
mechanical polishing all trigger the 6—o transformation. Machining most
likely produces a complex mixture of o’ and a-phases (that is, expanded and
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unexpanded) because of the heat generated. Mechanical polishing is especially
effective in promoting the y'-phase as an intermediary phase (Zukas et al.,
1983). These authors also observed that samples that had previously undergone
a d0—a transformation were susceptible to the reverse o' —9 transformation at
the crack tip of tensile specimens. Hydrostatic tension favors the larger volume
0 phase. Hecker and Stevens (2000) reported this behavior for both transformed
samples and for unalloyed o plutonium. The reversion results reinforce the
importance of the sign and magnitude of the hydrostatic stress component in
triggering martensitic transformations in plutonium.

The complex nature of the transformation behavior for plutonium and its
alloys must be taken into account during sample synthesis and preparation. In
plutonium alloys, the slightest mechanical polishing or machining procedures
can leave a layer of transformation product that may influence the properties to
be measured. Such transformation products can be avoided or removed, but
only if sufficient care is taken. For example, electropolishing is quite effective to
remove surface products. Heating is also effective but must be done with care so
as to not introduce new artifacts or changes in structure (this is especially
true for aged samples in which helium has been generated by self-irradiation
damage).

7.7.5 Electronic structure, theory, and modeling

The complex electronic structure of plutonium has been a subject of intense
study for theorists and modelers for more than 50 years. Arko et al. (2006)
present the most recent review of electronic structure in the actinides, including
plutonium, in Chapter 21 of this work. As mentioned above, the actinides mark
the filling of the 5f atomic subshell much like the rare earths mark the filling of
the 4f subshell. Yet, the 5f electrons of the light actinides behave more like the
5d electrons of the transition metals than the 4f electrons of the rare earths. The
peculiar properties described in Section 7.7.3, and shown in Fig. 7.19, are telltale
signs of novel interactions and correlations among electrons, which result in
behavior that cannot be explained by the one-electron band theory of metals.
Boring and Smith (2000) point out that such novel interactions typically result
from a competition between itinerancy (bonding electrons that form bands in
metals) and localization (electrons with local moments that magnetically order
at low temperature). In these elements, we find that such novel interactions
occur in the d- and f-electron metals near iron, at cerium, and near plutonium.
Based on these considerations, Smith and Kmetko (1983) rearranged the peri-
odic table for the transition metals, the rare earths, and the actinides as shown in
Fig. 7.38. This representation shows that most transition metals, lanthanides,
and actinides have predictable ground states and become either superconduct-
ing or magnetic as the temperature is lowered. The elements along the diagonal
have two or more partially filled bands that are close in energy. One of the bands
is typically relatively narrow with a high density of states (DOS) at the Fermi
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Partially filled shell Magnetism

4f la Ce Pr Nd Pm Sm Eu Gd Lu
5f Ac Th Pa U Np Pu Am Cm Bk Cf Lr
3d Ca Sc Ti \Y Cr Mn Fe Co Ni Cu Zn

4d  Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd

5d Ba Lu Hf Ta w Re Os Ir Pt Au Hg

Superconductivity

Fig. 7.38 Smith and Kmetko (1983) rearranged periodic table that highlights the transi-
tion in electronic behavior from localized electrons (resulting in magnetism) to itinerant
electrons (resulting in superconductivity).

energy (the f-bands are 2 to 4 eV wide and the d-bands span 5 to 10 eV). Narrow
bands tend to mix or hybridize with other bands close in energy. The electrons in
these narrow bands can be strongly correlated, but still bonding. They spend
much more of their time close to their atomic cores than do the ‘free’ (valence)
s-electrons. The electrons in the narrow bands are highly sensitive to small
perturbations, which enhances polymorphism and causes instability in the
solid state. Smith and Boring point out that in addition to exhibiting multiple
crystal structures, the elements along the diagonal also exhibit strong catalytic
activity, have a great affinity for hydrogen, and spark easily when struck.
Moreover, the behavior of the elements can easily be moved across the diagonal
by changes in temperature, pressure, or by alloying.

The electronic configuration of isolated plutonium atoms is 7s>5f¢ (see Sec-
tion 7.6). In the metallic state the electronic configuration is 7s*6d'5f>. The
atomic volumes in the solid state change abruptly across the actinide series at
plutonium, as shown in Fig. 7.39. This change indicates a major electronic
transition between the light and the heavy actinides. In the light actinides up
to plutonium, each additional 5f electron (like each d-electron in the transition
metals) goes into the conduction band, where it increases the chemical bonding
forces, pulling the atoms closer together and resulting in a decrease in atomic
volume. Beginning at americium, the 5f electrons behave like the 4f electrons of
the rare earths, localizing at each lattice site and becoming chemically inert.
With no 5f contribution to bonding, the atomic volume suddenly increases at
americium, and contracts only slightly with increasing atomic number because
the 5f electrons remain localized in the remainder of the series. As shown in
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Fig. 7.39  Wigner—Seitz radii for the actinides compared to the lanthanides and 5d transi-
tion metals. The actinides include the data for Es (Haire et al., 2004), which is divalent with
a large volume, much like Eu in the lanthanides.

Fig. 7.39, this behavior is similar to the lanthanides. The large jump in atomic
volume at Es is due to divalent behavior similar to that for Eu and Yb for the
lanthanides. The pattern of local moments, another strong indicator of what the
electrons are doing, confirms this general picture. The light actinides show no
local moments, as expected if all the valence electrons are in the conduction
band, whereas the heavy actinides and the lanthanides generally exhibit local
moments.

In the o phase, the 5f electrons appear to be bonding (although Savrasov
et al. (2001) claim that the f-electrons are already strongly correlated in the o
phase), whereas in americium the 5f electrons are clearly localized. It is interest-
ing to note here that americium was found to be an ordinary superconductor
with no hint of a magnetic moment although it is on the ‘magnetic’ side of the
diagonal in Fig. 7.38 (Smith and Haire, 1978). This is a consequence of the 5f°
electronic configuration resulting in a total angular momentum J = 0, so that
no moment is present even in the free ion limit. As shown by the atomic volumes
in Fig. 7.39, the & phase in pure plutonium falls between the plutonium o phase
and the americium dhcp phase. The plutonium & phase is a state that appears to
be unique among the elements. Before addressing the 6 phase, we will first
consider the o phase ground state.

First-principles total-energy calculations based on density-functional theory
(DFT) successfully predict electronic structure and bonding properties of simple
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metals and the transition metals (Skriver, 1985). With the advent of high-
performance computing, it has become possible during the past 10 to 15 years
to extend such calculations to the actinides by incorporating low-symmetry
crystal structures, relativistic effects, and electron—electron correlations. The
complicated electron—electron exchange term arising from the Pauli exclusion
principle and electron—electron electrostatic interactions are incorporated
through a local density approximation (LDA) or a generalized gradient approxi-
mation (GGA), which incorporates the local electron density and the density
gradient. Wills and Eriksson (2000), who summarized their efforts and those
of their colleagues, successfully predicted the structures and volumes of the
low-symmetry ground states of the light actinides, including plutonium. These
calculations show that in o plutonium all eight valence electrons are in the
conduction band. However, the 5f bands are very narrow — that is, each 5f
electron is nearly localized on an atomic site and, hence, spends a long time near
this site before it jumps to the next site. Because the bands are narrow, they
exhibit a very high DOS. As the number of 5f electrons populating the band
increases across the actinide series, the specific properties of the band begin to
dominate the bonding properties of the metal.

Wills and Eriksson demonstrated that the o phase is the stable ground state of
plutonium because special conditions favor lattice distortions. Specifically, the
very narrow band of the 5f electrons with a high DOS at or very near the Fermi
energy split the band in certain regions, thereby lowering the total energy
through a Jahn-Teller/Peierls-like distortion. We recall that in iron the degen-
eracy of the d-conduction band is lifted by the electron spins causing the d-band
to split spontaneously into spin-up and spin-down bands. In plutonium the
degeneracy of the f-band is lifted by a lattice distortion leading to lower energy.
Also, because the narrow 5f band overlaps the s, p, and d bands, a number of
electronic configurations have nearly equal energy, leading to multiple allo-
tropes in the light actinides and to their great sensitivity to external influences
such as temperature, pressure, and chemical additions. Before the insight gained
from the calculations of Wills and Eriksson, the low-symmetry ground state in
metallic plutonium was attributed to directional or covalent-like bonding,
resulting from the angular characteristics of f-electron orbitals (somewhat
analogous to molecular bonding, see Section 7.9.3) (Boring and Smith, 2000;
Hecker, 2000). Although total-energy electronic structure calculations apply
only at zero temperature, they have been remarkably successful in predicting
the ground-state properties of the actinides, both at ambient and elevated
pressures. In addition, energy differences for various structures can be calculat-
ed to give an indication of whether these are thermally accessible. Wills and
Eriksson (2000) point out that including temperature effects is not a simple task.
One possibility is to integrate existing molecular dynamics or Monte Carlo
simulations with electronic structure calculations. It may also be possible that
accurate calculations of the phonon spectra of different allotropes may enable
reliable calculations of the free energy as a function of temperature.
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We now turn to the fcc & phase, which is the most desirable from an
engineering standpoint but the least understood from a physics standpoint. As
shown in Fig. 7.39, the volume (the Wigner—Seitz radius is actually plotted) of
the & phase falls between that of o plutonium and americium. The 5f electrons
appear to be in some mixed state, neither fully itinerant nor fully localized.
Above, we pointed out that the 6 phase has other unusual properties, such as a
negative thermal expansion coefficient and an unusually large low-temperature
electronic specific heat. Unfortunately, even the best calculations based on
standard DFT with some LDA do not adequately predict the 8-phase volume
or elastic constants in unalloyed plutonium. This failure has spawned numerous
attempts to go beyond the LDA. Wills and Eriksson (2000) found that they
had to ‘constrain’ their calculations by localizing four of the five 5f electrons in
the 0 phase to predict the correct atomic volume using the same formalism as
for the ground state of the light actinides. The constrained 5f electrons cannot
hop from site to site and do not hybridize with other electrons. In essence, the
constrained calculations combine knowledge of DFT and atomic theory.
Hecker et al. (2004) review other recent attempts to explain the peculiarities of
the 0 phase. However, none of them currently provide an adequate explanation.
The approach of Wills and Eriksson provides the best current guidance for
understanding the & phase and the alloying behavior of plutonium. This is
clearly an area where we can expect significant advances in our understanding
over the coming decade.

(a) Alloy theory and modeling

Before discussing the alloying behavior, it is instructive to view the behavior of
plutonium in context of the other actinides. Fig. 7.40 shows the connected
binary alloy phase diagrams of the actinides through curium. At the beginning
of the actinides, there is little f-electron influence and, hence, one finds typical
metallic crystal structures, few allotropes, and high melting points. As more
f-electrons are added (up to plutonium) and participate in bonding (that is, they
are itinerant), the crystal structures become less symmetric, the number of
allotropes increases, and the melting points decrease. At americium and beyond,
crystal structures typical of metals return, the number of allotropes decrease,
and the melting points rise — all indications of the f-electrons becoming localized
or inert. So we see that the peculiar properties of plutonium are not a single
anomaly, but rather the culmination of a systematic trend across the actinides.
And, the transition occurs not between plutonium and americium, but right
at plutonium — between the ground-state o phase and the elevated-temperature
d phase.

To predict plutonium alloy phase diagrams, we need to know the Gibbs free
energy of all the phases and compounds as a function of alloy concentration and
temperature. We must calculate the internal energy and the entropy (electronic,
vibrational, and configurational). To predict 5-phase stability, we must be able
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Fig. 7.40  The experimentally determined, connected binary alloy phase diagram of adja-
cent actinide elements (Smith and Kmetko, 1983).

to calculate the internal energy of a random substitutional alloy from first
principles, which is an immense challenge. So, it is not surprising that semiem-
pirical and phenomenological approaches have guided metallurgical practi-
tioners for many decades. The Hume-Rothery rules, recently reviewed by
Massalski (1996) and Gschneidner (1980), relate limits of solid solubility as

well as the stability and extent of transition element intermediate phases to three
factors:

1.

If the atomic size differences of A and B are greater than 15%, solid solubility
will be restricted. Significant experimental data support this rule. From a
theoretical point of view, large size differences result in large elastic strain
energies. The atomic size rule is primarily a ‘negative’ rule stressing that
size differences will restrict solid solution formation. Within favorable size
ranges, size differences become only of secondary importance.

. High chemical affinity of A for B (usually denoted by large differences in

electronegativity) helps promote intermetallic compounds and, therefore,
limits solid solubility.

The relative valence rule stresses the importance of electron concentration,

which is typically taken as the ratio of all valence electrons to the number of
atoms (e/a).

Darken and Gurry (1953) developed a map that predicts solubility for size

differences less than 15% and electronegativity differences of less than 0.4.
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Gschneidner (1980) achieved best overall agreement on a large number of
known binary alloys by relating solubility to size and similar electronic struc-
tures (for which he used the crystal structure as a first approximation) of the
constituents. The Darken and Gurry maps for plutonium alloys have been
discussed by Blank (1977).

We have not found any of these approaches, or the more sophisticated
methods developed by Pettifor (1996) (using tight-binding approximation models)
or by Miedema and coworkers (Miedema, 1973, 1976) (using a two-parameter
model based on the work function, which is closely related to electronegativity,
and on electron density) helpful in predicting solid solubility in $-phase plutonium.
Given the complex electronic structure of plutonium, especially the & phase,
this is not surprising. It is difficult to imagine that these simple approaches
would capture the essence of how the electronic structure of plutonium
changes with the addition of other elements. However, the Hume—Rothery
size rule appears to set a reasonable upper limit on solubility.

Brewer (1965, 2000) developed models based on chemical binding insight to
relate phase stability primarily to the total number of valence electrons per
atom. Ferro and Cacciamani (2002) recently reviewed the work of Brewer and
colleagues on the classification and mapping of alloying patterns. Brewer (1970,
1983) provided some useful insights and general guidance on solubility, melting
points, and thermodynamic properties of plutonium and the actinides. For
example, he predicted little mutual solubility between plutonium and the alkali
metals, the alkaline-ecarth metals from calcium through radium, and europium
and ytterbium. Also, he predicted little solubility of the 4d and 5d transition
metals in plutonium, but somewhat greater solubility of the 3d transition metals.
He also offered an explanation of the low melting point of plutonium based on
the unusually stable liquid phase. He pointed out that plutonium exhibits four
or more electronic configurations of comparable energy in the metal. Conse-
quently, atoms of plutonium have different sizes that are readily accommo-
dated in the liquid and pack to very high density. The strain energy resulting
from trying to accommodate different-sized atoms into structures such as bcc
and fcc with equivalent atom sites destabilizes these structures compared to
the liquid. The stability of the liquid, according to Brewer, results from the
increased entropy of mixed valence in the liquid state.

A more quantitative, phenomenological approach to predicting phase dia-
grams was developed by Kaufman and coworkers (Kaufman and Bernstein,
1970; Chang et al., 2002; Kaufman, 2002). The success of CALPHAD (calcula-
tion of phase diagrams), a computational thermodynamics approach to pre-
dicting phase diagrams of multicomponent alloy systems based on the work of
Kaufman and coworkers, was recently reviewed by Turchi et al. (2002). Appli-
cations of computational thermodynamic modeling to plutonium and its alloys
is being developed, but is limited by the lack of good thermodynamic data on
plutonium, its alloys, and its compounds. Adler (1991) assessed the Pu-Ga
diagram with a calculation using FACT (Facility for the Analysis of Chemical
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Thermodynamics, A. Pelton) and retrieved the excess free energy consistent
with the Russian phase diagram. Turchi et al. (2004) applied the CALPHAD
methodology to study the stability and the kinetics of phase transformation and
evolution in plutonium-based alloys. They report very good agreement with the
thermodynamic properties of pure, unalloyed plutonium. They also predict
eutectoid decompositions for both the Pu—Ga and Pu-Al alloy systems.

This brings us back to the first-principles calculations for random alloy
systems. In pure materials and perfectly ordered systems, the solution of the
many-body Schrodinger equation is simplified by Bloch’s theorem that allows
us to solve the equation for one cell and use translational symmetry. Random
substitutional alloys are disordered by definition and, hence, require some
short-range order approximation, typically using an Ising-like cluster expan-
sion. Colinet (2002) recently reviewed the state of the art of deriving phase
diagrams by combining quantum mechanics and statistical thermodynamics
contributions. Local chemistry affects both the internal energy and the configu-
rational entropy. Statistical treatments of short- or long-range order in solid
solutions can use the cluster variation method (CVM) or Monte Carlo simula-
tions. The cluster interactions are either derived experimentally or from first-
principles calculations. Local relaxations around the solute atoms are important
but also difficult to treat theoretically (Zunger et al., 1990; Abrikosov et al.,
1998). Although significant progress has been made in some of the well-studied
alloy systems, first-principles calculations of phase stability or phase diagrams
are still beyond our grasp. For plutonium, the difficulty is exacerbated by the
fact that the parent o phase is not well understood theoretically and key experi-
mental measurements are sparse.

Baskes (2000) recently extended his semiempirical atomistic embedded-atom
method (which is based on DFT) to plutonium. He found reasonable agreement
of the calculated energetics and volumes of the phases of plutonium with
experimental data. With this method, it is possible to calculate the properties
of perfect and defect-containing bulk metal as a function of temperature and
pressure. Baskes et al. (2003) extended the modified embedded-atom method to
model the Pu-Ga phase diagram. They found that a subregular solid solution
model is required to describe the properties of the 6 phase. They were able to
predict the eutectoid decomposition of the & phase, in qualitative agreement
with the Russian phase diagram. However, the accuracy of the calculated
temperature and composition of the eutectoid point is limited by inadequate
thermodynamic data on PusGa.

For now, the calculations of Wills and Eriksson (2000) provide good insight
into d-phase stability and alloying. They demonstrated that the low-symmetry
ground states in plutonium and the other light actinides require the special
conditions of narrow bands and high DOS at or very near the Fermi energy
(a natural consequence of the oddity of an f-electron conduction band). It seems
reasonable then that anything that destroys these special conditions favors the
retention of high-symmetry structures. Their calculations show that energy can



Plutonium metal and intermetallic compounds 929

be gained (that is, the total energy lowered) either through bonding energy
gained from a structural distortion, or through correlation energy gained by
localization of the electrons. Plutonium is exactly at that position in the periodic
table where either process leads to about the same energy gain. However,
alloying or defects disturb the coherence of the 5f bands, thus reducing the
bonding energy and leading to at least partial localization of the 5f electrons.
Hence, we believe that the fcc 6 phase is favored at high temperature in
unalloyed plutonium because of ‘bond stretching’ (in addition to entropy con-
siderations) and in alloys because of ‘bond breaking.” Hence, we may expect any
alloy addition without bonding 5f electrons to favor the 6 phase, assuming it can
be dissolved in plutonium. Likewise, defects such as vacancies, vacancy clusters,
dislocations, and grain boundaries may favor the retention of the 6 phase
locally.

Sadigh and Wolfer (2005) recently suggested another mechanism based on
their DFT calculations, which showed that the volume decrease that occurs with
gallium additions to the 6 phase is primarily the result of the reduction in size
of the plutonium host atoms. This reduction accounts for roughly two-thirds of
the experimentally measured value. The other third is split between the misfit
of the gallium in the d-phase lattice and the elastic strains. The large volume
reduction of the plutonium is accompanied by a negative heat of mixing. Their
calculations showed that the enthalpy of transformation from the —a phase at
absolute zero decreases substantially with the addition of gallium solutes. They
conclude this reduction accounts for the retention of the & phase. Clearly one
must then invoke a different mechanism for the existence of the & phase in
unalloyed plutonium at high temperature. For example, it could be a combina-
tion of entropy effects and possible changes in electronic structure, such as those
observed by Manley et al. (2001) for uranium. The calculations of Sadigh and
Wolfer (as those of Séderlind (2001)) require large local spin moments in the
0 phase to get the volume correct.

Considerable debate still exists over these calculational techniques because no
local moments have been found experimentally (as recently reviewed by Lashley
(2005). The search for magnetic moments has been so elusive, Soderlind
explains, because his calculations predict a near zero-ordered moment as the
spin and orbital moments are close in magnitude but antiparallel. However,
Shick et al. (2005), using the around-the-mean-field version of the LDA+U
method, predict a nonmagnetic ground state for the & phase. They claim the
nonmagnetic character results from S = 0 and L = 0, rather than the cancella-
tion of spin and orbital parts of the momentum. They claim good agreement
with experimental measurements of d-phase plutonium properties. Shorikov
et al. (2005) used the LDA+U+SO method to predict nonmagnetic ground
states with zero values of spin, orbital, and total moments in both 3-phase
and o-phase plutonium. We look forward to future advances in electronic
structure theory that provide satisfactory explanations to the enigma surround-
ing plutonium.
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(b) Lattice effects and local structure

We now examine in greater detail some of the interesting electronic structure
effects observed in binary plutonium alloys. Binary alloys of plutonium with
Am, Ce, Ga, and Al solutes were studied recently by Dormeval et al. (2003).
Fig. 7.41 shows the approximate range of the d-phase fields at room tempera-
ture for these solutes and the variation in the &-phase plutonium lattice
parameters. The addition of americium or cerium expands the plutonium
lattice, whereas gallium and aluminum shrink it. All of them show some devia-
tion from the ideal solution behavior described by Vegard’s law, which is not
surprising considering the complex electronic interactions expected in plutonium
alloys.

In americium, the 5f electrons are completely localized. Substituting large
americium atoms into the smaller 3-phase lattice expands the plutonium lattice
and causes the 5f electrons in plutonium to become more localized, thereby
stabilizing the & phase over the entire range of americium concentrations. Also,
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Fig. 7.41 (a) Approximate solubility ranges at room temperature for the 6 phase alloyed
with Al, Ga, Ce, and Am. (b) Lattice parameters for these alloys. (c¢) Deviation from
Vegard’s Law (Dormeval, 2001, Hecker et al., 2004).
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the increased localization of the 5f electrons in plutonium causes the plutonium
atoms themselves to increase in size, resulting in a positive deviation from
Vegard’s law. If a transition from itinerant (bonding) 5f electrons to localized
5f electrons were to suddenly occur in plutonium atoms as the americium
concentration is increased, then we would expect a sudden increase in lattice
parameter. As seen in Fig. 7.41, no discontinuities in lattice parameters are
observed across the entire americium concentration range. This behavior
demonstrates that the limited stability of the 6 phase in unalloyed plutonium
is just the tip of the iceberg for d-phase stability upon alloying. This is shown
most convincingly by looking more closely at the connected binary Np-Pu-Am
phase diagrams shown in Fig. 7.42.

In contrast to additions of americium, neptunium stabilizes the o phase of
plutonium. In fact, the Pu—Np phase diagram looks strikingly like the plutoni-
um temperature—pressure phase diagram also shown for comparison in
Fig. 7.42. Hence, adding neptunium has the same effect as applying pressure
to the plutonium lattice, whereas adding americium is equivalent to applying
hydrostatic tension.

As shown in Fig. 7.41, the addition of cerium also expands the &-phase
plutonium lattice. The range of stability for the fcc phase was extended across
the entire concentration range of cerium by splat cooling (as indicated by the
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dotted lines in Fig. 7.41a). In addition to retaining the stable fcc phases of
d plutonium and y cerium, Giessen et al. (1975) were able to retain the metastable
fcc a-cerium phase at intermediate concentrations. Unlike americium, which
behaves as a rigid sphere because the 5f electrons are well-localized, cerium is a
‘soft’ sphere, whose diameter adapts to its surroundings. When squeezed into
the smaller d-phase plutonium lattice at the plutonium-rich end, cerium’s 4f
electrons become delocalized and it takes on the a-phase radius (r = 1.71 A).
At 75 at.% Ce, an abrupt transition is observed to y-cerium (with » = 1.825 A).
When viewed from the cerium end, the smaller plutonium atoms substitute
in the y-cerium lattice, until at 25 at.% Pu the pressure is sufficient to collapse
the unstable cerium atom to its a-phase radius. Using EXAFS spectroscopy,
Conradson (2003) showed that the cerium solute atom was accommodating in
the plutonium lattices. It readily adapted its size to fit either into the d-phase
lattice or the even smaller a-plutonium lattice (when trapped in the o lattice
under metastable conditions).

Dormeval et al. (2003) calculated the deviation of lattice constants from
Vegard’s law by considering two different limits in the law. As a result of the
pressure imposed by the d-plutonium lattice, cerium is o-like at concentrations
below 75 at.% Ce and vy-like above that level. Hence, on the cerium end, there
are two different limits corresponding to a-cerium and y-cerium extrapolated to
room temperature and pressure. Following this approach, Dormeval et al
found the deviation from Vegard’s law to be negative on the plutonium-rich
end, while slightly positive at the cerium-rich end as shown in Fig. 7.41c. Based
on measurements of lattice constants, electrical resistivity, and magnetic sus-
ceptibility, Dormeval et al. suggested that the principal cause of the complex
alloying behavior of cerium in plutonium is not the plutonium itself but the
unstable nature of the cerium atom.

The addition of aluminum or gallium shrinks the d-phase plutonium lattice
(Fig. 7.41). Both show negative deviations from Vegard’s law, with the gallium
deviation being more than twice that of aluminum. As mentioned above, several
investigators have probed the local structure of Pu—Ga alloys using EXAFS
(Cox et al., 1995; Faure et al., 1996; Conradson, 2000; Allen et al., 2002). These
EXAFS results show that the first-neighbor Pu—Ga bond is 0.13 A, or 3.7% (the
experimental measurements vary from 3.5 to 4%) shorter than the Pu-Pu bond
in dilute alloys. Scheuer and Lengeler (1991) and Massalski (1996) pointed out
that local distortions in substitutional alloys may bear little or no relation to
macroscopic distortions of the unit cell. The local distortions can vary greatly in
magnitude and in sign compared to the average change in lattice parameters.
The contraction in Pu—Ga is at the upper end of that found in substitutional
alloys. Scheuer and Lengeler reported that the change in the next-nearest-
neighbor and more distant shells is typically small for substitutional alloys.
Conradson (2000) found contractions in the second and third nearest-neighbor
shells in Pu—Ga to be almost negligible (0.05 and 0.01 A, respectively). He also
reported a significant change in local order in Pu-Ga alloys as the gallium
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concentration increases beyond roughly 3.5 at.% Ga. He found the Pu-Ga
distance to remain constant with gallium addition, whereas Faure et al. (1996)
found it to first increase and then decrease. Resolution of the differences in local
Pu—Ga arrangements must await additional experiments. However, Ravat et al.
(2003) recently reported results similar to those of Conradson; that is, the first
shell distance for the Pu—Ga bond is 0.1 A shorter than the Pu—Pu bond, and the
second shell bonds are close to the Pu—Pu bond length. We must also heed the
caution expressed by Scheuer and Lengeler that alloy additions of roughly 2%
or more typically cause complex local ordering effects.

A lattice contraction with the addition of gallium or aluminum to plutonium
is expected from purely elastic considerations because the atomic radii of
aluminum and gallium are considerably smaller than the radius of d-phase
plutonium. The atoms tend to relax toward their natural bond length rather
than retain their average spacing. Harrison (2001) pointed out that each solute
atom eliminates 12 f—f bonds in -phase plutonium. The f—f bond cutting should
counter the elastic contraction of the solutes. However, Harrison’s calculations
for Pu—Ga alloys showed that the experimentally observed negative deviation
from Vegard’s law results from a coupling between the core d-states in gallium
and the unoccupied d-states in plutonium. Faure et al. (1996) suggested that
negative deviation to Vegard’s law is proof of delocalization. They assume that
this negative deviation results from the f—p bonding between Pu 5f and Ga 4p
electrons. Thus, in the Pu—-Ga alloys the solutes delocalize some of the 5f
electrons in alloyed & plutonium compared to the pure 6 plutonium, which, in
turn, promotes more bonding and smaller atomic volumes. As pointed out
above, using DFT (with spin polarization for the & phase), Sadigh and Wolfer
(2005) predicted that the d-lattice volume decrease results primarily from the
reduction in size of the plutonium host atoms. All of these analyses indicate that
electronic effects play a major role in determining the alloying characteristics of
plutonium.

Another interesting electronic effect in plutonium is the behavior of alloying
elements such as gallium and aluminum in o-phase plutonium. Ellinger et al.
(1968b) showed that there is no measurable equilibrium solubility of these
elements in the o phase. However, as pointed out by Hecker et al. (2004), lean
d-phase Pu—Ga and Pu-Al alloys transform to the o phase upon cooling below
0°C or with hydrostatic pressure at ambient temperature and below. Adler ez al.
(1986) and Olson and Adler (1984) concluded that the temperature-induced
d—a transformations are martensitic. Zukas et al. (1981) concluded that the
pressure-induced 6—a transformations are also martensitic — that is, displacive
with no compositional change. Hence, the solute atoms are trapped in the
monoclinic o lattice. The crystal structure, as shown in Fig. 7.22, has 16 atoms
per unit cell, with eight unique lattice sites and with variable bond lengths.

Hecker et al. (2004) reported that XRD measurements and immersion-
density measurements of the transformed o phase clearly showed that the
gallium is in substitutional lattice positions in the monoclinic lattice, but that
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it expanded the o lattice (the expanded lattice is called the o phase). All three-
crystal axes expand, whereas the monoclinic angle remains nearly constant. The
volume expansions in the o phase with the addition of gallium or aluminum are
shown in Fig. 7.43 and contrasted with the volume contractions in the d phase
with alloying additions. With the addition of gallium, the a-phase volume
expands ~0.9% per at.% Ga, whereas the 6-phase volume decreases by ~0.6%
per at.% Ga.

These results are a most interesting manifestation of the peculiar electronic
effects in plutonium. As explained above, the gallium atom, which is 14.2%
smaller than the d-plutonium atom, contracts the lattice significantly more than
expected because it is believed to make the plutonium atoms contract in its
presence. In other words, the addition of gallium causes more of the 5f electrons
in plutonium to bond. This result is conceptually consistent with the calcula-
tions of Wills and Eriksson (2000), which indicated that only one of the five
5f electrons appears to be bonding in the unalloyed 6 phase. Also, Sadigh
and Wolfer (2005) predict the decrease in the size of the plutonium atoms
quantitatively.
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On the other hand, the gallium atom, although 7% smaller than the
a-plutonium atom, expands the o lattice, indicating that in the o phase the pre-
sence of gallium localizes more of the 5f electrons. The calculations of Wills
and Eriksson (2000) showed that all five 5f electrons bond in the o phase,
hence it is quite likely that the solute additions disrupt the bonding, causing
the volume to expand. Hecker et al. (2004) also showed that the lattice expan-
sion in the o phase disappears slowly with time at ambient temperature and
quite rapidly at slightly elevated temperatures. During the martensitic transfor-
mation, the solute atoms are trapped randomly in the o lattice, causing it to
expand.

However, the eight different lattice sites have different bond lengths as shown
in Fig. 7.22. Hecker et al. (2004) suggested that there is a strong driving force to
rearrange the solute atoms into preferred sites, namely lattice site 8, because it
has the fewest number of short bonds (Table 7.10). Based on their recent
calculations, Sadigh and Wolfer (2005) showed that site 8 is by far the most
favorable substitutional position for gallium. Furthermore, they found that the
unit cell of the o phase is not expanded when gallium occupies site 8, while
significant expansions are exhibited when gallium is substituted in other sites,
with the largest expansion for site 1 occupancy. The energies for gallium
substitution correlate with this volume expansion, with a maximum difference
of 1.5 eV between site 1 and site 8, confirming the suggestion of Hecker et al.
(2004) that gallium entrapped in sites other than site 8 will tend to order to this
site and in the process contract the unit cell of the o phase.

These results demonstrate that plutonium atoms, like cerium atoms, readily
change their electronic configurations and adjust their size as their lattice
environment changes. It is no surprise then that alloying of plutonium is so
complex.

7.7.6 Physical and thermodynamic properties

The physical and thermodynamic properties of plutonium are of great practical
interest and present significant engineering challenges; they also represent some
of the most puzzling features of solid-state behavior.

(a) Densities and lattice parameters

The densities of the six solid plutonium allotropes and liquid plutonium are
summarized in Table 7.18. Of particular note is the fact that the density of liquid
plutonium exceeds that of the three high-temperature allotropes and that
the & phase, which is also the closest-packed crystal structure, exhibits a
particularly low density compared to the other allotropes. As pointed out
above, full density is difficult to achieve in the o phase of unalloyed plutonium
because of the propensity for microcracking during cooling and the retention
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of lower-density phases during processing. Merz (1974) achieved exceptionally
high density (19.82 g cm ) in a-phase plutonium by extrusion and concurrent
recrystallization, which resulted in very fine grain size (on the order of micro-
meters). Alpha phase plutonium samples with densities >19.7 g cm > are typi-
cally considered as sound samples.

Alloying plutonium with elements such as aluminum and gallium, which
promote d-phase retention to room temperature, yields densities close to that
of the unalloyed high-temperature  phase. The densities of some d-phase alloys
are also compared to that of the plutonium allotropes and common plutonium
compounds in Table 7.18. The densities reported in the middle column were
calculated by the authors from the lattice parameters measured by XRD by a
number of investigators. Experimental densities are typically measured by
liquid immersion techniques. The experimental densities for the 6-phase alloys
are usually lower than the calculated densities from X-ray measurements be-
cause of impurities and inclusions. Experimental densities higher than X-ray
densities are almost always the result of transforming the surfaces of test
samples from the 6 phase to the o phase during sample preparation (such as
punching, machining, filing, or polishing). The compounds PugFe, PuO,, PuC,
and PuN are common inclusions found in plutonium metal and alloys of typical
purity. PuO,, PuC, and PuN have also been considered for reactor fuels. The
compound Pu3Ga is the most plutonium-rich compound in the Pu-Ga system.
Figs. 7.41 and 7.43 show how the lattice parameters of 6-phase plutonium alloys
decrease with increasing alloy content.

(b) Thermal expansion

Thermal expansion of the unalloyed a, B, and y phases of plutonium is large and
positive. Thermal expansion of these allotropes is also anisotropic because of
their low-symmetry crystal structures. Table 7.19 lists the coefficients of thermal
expansion for all allotropes, including coefficients for different lattice directions
for the low-symmetry allotropes. The values shown in Table 7.19 were taken
primarily from X-ray measurements because of the variability of dilatometric
results. Schonfeld and Tate (1996) recently reviewed available thermal expan-
sion results for unalloyed plutonium. We have chosen to present their best fits to
the available dilatometric data, as shown in Fig. 7.19. The low-temperature
behavior of a-phase plutonium is quite nonlinear, as reported by Cramer et al.
(1961) and Lallement (1963). On page 37 of the Plutonium Handbook, Miner and
Schonfeld (1980) show an inflection in thermal expansion near 60 K. However,
more recently, Schonfeld and Tate (1996) argued convincingly that the slight
lattice expansion in a-phase plutonium reported below 60 K results from self-
irradiation damage. Schonfeld and Tate replotted all available thermal expan-
sion data for a-phase plutonium, as shown in Fig. 7.44. They list the average
thermal expansion coefficient between 0 and 393 K as 37.8 x 10° K ! and that
between 294 and 377 K as 53.8 x 10 K™! (by dilatometry) and 54 x 10°° K
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Fig. 7.44 Thermal expansion of unalloyed o-phase plutonium over most of its temperature
region of stability. The curve is a composite generated by Schonfeld and Tate (1996) based
on data from several references (Sandenaw, 1960b; Cramer et al., 1961, Lee et al., 1965a;
Lallement and Solente, 1967, Miner and Schonfeld, 1980, Lawson et al., 1994).

(by X-ray measurements). The low-temperature results of Schonfeld and Tate
are incorporated into the overall thermal expansion curve shown in Fig. 7.19.

The expansion of the high-temperature & and € phases is isotropic. However,
the 8 and &' phases exhibit negative thermal expansion. Thermal expansion of
the &’ phase is also highly anisotropic. The explanation of this unusual behavior
has been a contentious issue since the late 1950s. In d-phase alloys, the thermal
expansion coefficient varies from slightly negative to positive, depending on the
amount of alloying addition. A graphic example of this behavior is shown for
Pu-Ga alloys in Fig. 7.45 (Goldberg et al., 1970). We also show the thermal
expansion behavior of various d-phase plutonium alloys in Fig. 7.46 (taken
mostly from the work of Elliott et al. (1960) and Lawson et al. (2002)). All
alloying additions move the coefficient of thermal expansion to more positive
values from that of the unalloyed & phase; that is, alloying results in thermal
expansion behavior closer to that observed in normal metals. As shown in
Fig. 7.46, significantly less aluminum or gallium is required to increase the co-
efficient compared to cerium. The properties of Pu—Am alloys were estimated
from the measurements of Shumakov ez al. (1990).

The peculiar thermal expansion behavior of d-phase plutonium alloys was
reviewed by Lawson ef al. (2002). A negative thermal expansion is associated



940 Plutonium
N I | I | I | I | 6| | I I ]
102 cm/cm €
10 |- { -
- 8_
8 |- } 8 i
- 6 —
6 |- 5 e
- 6 —
& 4 ° -
1) 4
S 0 5 -
=<
< L, L 3 i
- 2 —
)
0 [— \\(/\o\(//'ep ]
1 Pure Pu \\f\//
2 Pu- 3.01at.%Ga N 1
) 3 Pu- 4.46at.% Ga |
- 4 Pu- 7.99 at.% Ga
5 Pu- 9.99 at.% Ga |
6 Pu-12.08 at.% Ga
_4 | ! I ! I I !
0 100 200 300 400

Temperature (°C)

Fig. 7.45 Corrected dilatometric heating curve (at 4.5°C min™") for a series of 5-phase
Pu—Ga alloys. The curve for unalloyed (pure) plutonium is based on a scale of one-tenth (as
shown in insert) that used for the alloys. The dashed curves for unalloyed ( pure) plutonium
are portions redrawn on the same scale used for the alloys. The scale on the ordinate refers
only to the alloys (Goldberg et al., 1970).

with increasing disorder (higher entropy) at higher pressures according to the
Maxwell relation (0V/0T), = —(0S/0P)7, in contrast with the behavior found
in ordinary metals. However, for some complex solids with negative thermal
expansion, such as the recently discovered ZrW,QOg, increasing pressure has
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been shown to increase the vibrational entropy of the molecular modes (Evans
et al., 1996; Mary et al., 1996; Mittal et al., 2001). For fcc 6 plutonium there are
no internal vibrational modes, so Lawson et al. looked for an electronic degree
of freedom whose entropy variation with pressure determines the thermal
expansion. They believe zero thermal expansion (Invar-like behavior) of some
of the alloys results from a thermal transfer of plutonium atoms from a lower-
energy, higher-volume J; state to a higher-energy, lower-volume J, state, com-
parable to the Weiss two-level model used to explain the Invar behavior in
Fe—Ni alloys (Weiss, 1963).

For ordinary metals that follow Griineisen’s law, the thermal expansion
behavior can be used to estimate the temperature dependence of the bulk
modulus (or the sound speed or Debye temperature); namely, dB/dT = —yfB,
where B is the bulk modulus, y the Griineisen parameter, and f the volume
thermal expansion. The §-phase plutonium alloys, however, do not follow this
relationship since the thermal expansion is small — or even negative —and dB/dT
is large. For these alloys it is necessary to assume that the elastic stiffness is
intrinsically temperature dependent, independent of volume. For unalloyed
a-phase plutonium, a recent review by Ledbetter (2004) and by Ledbetter and
Migliori (2005) of Griineisen parameters shows large variations from values of
3.1 to 7.0. They believe the best value is ~3.5. We also note that Hasbrouk and
Burns (1965) provide additional listings of thermal expansion in various pluto-
nium allotropes and in several alloys.

(c¢) Elastic constants and sound velocities

Early elastic constant measurements for unalloyed plutonium and several plu-
tonium alloys by various investigators were compiled by Hasbrouk and Burns
(1965). As pointed out by Fisher (1974) in a later compilation, reported elastic
constant measurements (particularly the bulk modulus) exhibit significant scat-
ter because of difficulties in fabricating quality samples. Acoustic measurements
typically yield the most reliable elastic constants. Calder et al. (1981) reported
elastic constants of o plutonium and 6-phase Pu-3.4 at.% Ga alloys at elevated
temperatures. Migliori et al. (2004, 2006) and Ledbetter et al. (2004, 2005)
recently performed the most accurate acoustic measurements to date on high-
quality, high-purity, unalloyed plutonium (with a density >19.7 g cm™), and
Pu-Ga alloys using the resonant ultrasound technique (Migliori et al., 2000).
Their room-temperature results are summarized in Table 7.20. Unalloyed
o plutonium is soft elastically — its bulk modulus is nearly 50% less than that
of o uranium. As shown in Table 7.20, the &-phase Pu-Ga alloys exhibit
substantially reduced elastic constants compared to o plutonium. Typical
sound velocities are also listed in Table 7.20.

The temperature dependence of the elastic modulus (Young’s modulus), the
shear modulus, bulk modulus, and Poisson’s ratio is shown for unalloyed
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plutonium in Fig. 7.47. All but Poisson’s ratio are quite sensitive to tempera-
ture. The ratio of the bulk modulus at 0 K to the bulk modulus at 300 K for
o plutonium is 1.303, compared to 1.104 for lead, 1.03 for iron, and 1.075
for aluminum. There are no single-crystal elastic constant measurements in
the literature for o plutonium because of the difficulty of making single crystals
of unalloyed plutonium. In addition, making elastic constant measurements of
the monoclinic structure of the o phase with 13 independent elastic constants is
a daunting task. Moment (2000) and Lashley ez al. (2000) describe techniques
used to prepare single crystals of d-phase plutonium alloys. Ledbetter and
Moment (1976) reported elastic constant measurements on a single crystal
d-phase Pu-3.4 at.% Ga alloy. As shown in Fig. 7.48, the elastic constants are
highly anisotropic. The single crystals are stiff in tension and compression and
soft in shear in the [111] direction and vice versa in the [100] direction. In fact,
the Zener anisotropy (Z = 2ca4/ci11—c12), Where ¢; are the typical elastic con-
stants is 7.03; whereas lead, the next elastically most anisotropic fcc metal, is
roughly 4 and aluminum is nearly isotropic at slightly over 1.0. The elastic
constants for a polycrystalline 6-phase Pu-3.35 at.% Ga alloy reported by
Calder et al. (1981) and shown in Fig. 7.49, exhibit a greater reduction in elastic
constants with temperature than that for unalloyed o plutonium. Poisson’s ratio
for the d-phase alloy increases monotonically with temperature as is typical for
fcc metals.

In addition to providing stiffness data, elastic constants also play an impor-
tant role in determining the overall mechanical response of materials (Hecker
and Stevens, 2000). The Debye temperature at 0 K can be determined by
correcting for the temperature dependence of the elastic constants. We will
compare these results to the Debye temperatures from specific heat measure-
ments in a subsequent section. Sound velocities provide a convenient way to
determine elastic constants. They are also important in dynamic and shock
responses of materials. The sound velocities for o plutonium and Pu-Ga alloys
are presented in Table 7.20. We also note that Rosen et al. (1969) measured
elastic properties ultrasonically at low temperatures and found no discontinu-
ities in the elastic constants at low temperature (at the time they were looking for
a possible magnetic transition) for o plutonium, and 8-phase Pu-Al and Pu-Ce
alloys. However, they observed a sharp peak in the longitudinal wave attenua-
tion accompanied by a normal temperature dependence of the transverse
attenuation. Cornet and Bouchet (1968) measured the elastic properties of
unalloyed plutonium with temperature, including the bec € phase (the room-
temperature density was 19.1 g cm >, indicating that the samples contained
many microcracks). They reported detailed results for Young’s modulus for
the 8, &', and e phases. They found the € phase to exhibit a large compressibility
(0.16 GPa!' at 758 K) and a low Young’s modulus (11 GPa at 703 K). As
indicated above, however, the sample quality was questionable because of its
low density.
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Fig. 7.47 Elastic moduli of a high-purity, unalloyed o-plutonium polycrystal. Error bars
are much smaller than the data points. The primary error is in the determination of density,
computed from the dimensions and mass. E denotes Young’s modulus, G, the shear modulus,
and B, the bulk modulus (data from Ledbetter et al., 2004; Migliori et al., 2004).

(d) Heat capacity

In 1976, Oetting et al. (1976) reviewed the early heat capacity measurements on
plutonium. Low-temperature measurements of the heat capacity in **°Pu, the
most readily available plutonium isotope, have been plagued by self-heating
(typically 2.2 x 10> W g! for **’Pu) and by self-irradiation damage, which is
especially pronounced at low temperatures where little if any healing of lattice
damage occurs (Hecker and Martz, 2001). Although several investigators
(Sandenaw and Gibney, 1971; Gordon et al., 1976) minimized the effects of
self-irradiation damage by using 2**Pu, they still had difficulty in obtaining
sufficiently low temperatures to accurately measure the electronic specific
heat. Lashley ef al. (2003b) also reviewed previous low-temperature measure-
ments and extended the measurements to ~2 K on **’Pu using a thermal
relaxation method and a specially designed sample mount (Lashley, 2003).
Lashley et al. demonstrated conclusively that previously reported anomalies
in the heat capacity of plutonium resulted from the effects of self-irradiation
damage. They also showed that anomalies in some of the d-phase plutonium
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alloys at low temperatures resulted from martensitic transformations incurred
in such samples when cooled to cryogenic temperatures. The results of Lashley
et al. for very pure, zone-refined a-phase **Pu (<200 ppm impurities) are shown
in Fig. 7.50 and compared to those reported by Gordon et al. (1976).

The electronic contribution to the specific heat can be measured at low
temperatures where the phonon contribution is small. It is represented by
equation (7.25)

(Co/T) =y +aT* +8T* + ... (7.25)

where yT and «T° = (127*RT?)/(501°) are the electronic and phonon contribu-
tions to C, and 0p is the Debye temperature. The results of Lashley e al.
(2003b) for low-temperature heat capacity measurements on high-purity ***Pu
and a ***Pu-5 at.% Ga alloy are shown in Fig. 7.51. The intercept at T = 0, y, is
a measure of the electronic DOS. The low-temperature fit yields y = (17 £ 1)
mJ K2 mol !, which is within the range of 16 to 23 reported by Gordon et al.
(1976), but less than the values of 22 to 25 reported by Stewart and Elliott (1981).

35 T T T T T T T T T T T T
Unalloyed o Pu
a
T
<)
€ |
T
X
-
g |
Q
(@)
0 ' | ' | ' | ' | ' | ' |
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Fig. 7.50 Heat capacity of unalloyed ***Pu (solid line from Gordon et al., 1976) and
high-purity, unalloyed *° Pu ( symbols) from Lashley et al. (2003b) who took extraordinary
care to avoid self-irradiation damage at low temperatures.
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Fig. 7.51  The low-temperature specific heat of unalloyed o plutonium and a 6-phase Pu-
S.1at. % Al alloy. These data represent the lowest temperature specific heat measurements
reported on plutonium (after Lashley et al., 2003a,b).

Since Lashley ez al. reached the lowest temperatures, it is likely that their values
are the most accurate. In any case, y for plutonium is larger than that of any
other element (Kittel and Kroemer, 1980). The 3-phase Pu—Al alloy has an even
more remarkable y of (64 & 3) mJ K2 mol'. Stewart and Elliott measured y for
Pu-Al alloys of varying aluminum concentration and found y to vary from 44 to
63 mJ K2 mol'. Extrapolation of the alloy data to zero alloy content yields
y = 53 mJ K2 mol ' for pure plutonium in the § phase. Hence, the & phase of
plutonium, which is known to have less participation by the 5f electrons in
bonding than the o phase, nevertheless has three times the electronic DOS at the
Fermi energy.

Lashley et al. (2003b) calculated a Debye temperature, 0p, of 153 K for
o plutonium. On the other hand, Migliori et al. (2004, 2005) report the Debye
temperature (7= 0 K) as 205 K based on the extrapolation of their elastic
constant measurements to absolute zero. This method typically yields more
accurate estimates of the Debye temperatures because it is less susceptible
to the effects of self-irradiation damage. The literature values for o plutonium
as determined from heat capacity, elastic constant, EXAFS, and neutron
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scattering Debye—Waller measurements (Sandenaw, 1961, 1962; Taylor et al.,
1965; Lee et al., 1965b; Gordon et al., 1976; Stewart and Elliott, 1981; Lawson
et al., 1994; Lashley et al., 2003b) vary from 118 to 205 K. On the other hand,
the Debye temperature for the d-phase plutonium alloys are reported to vary
much less; namely, from 100 to 130 K (Ledbetter and Moment, 1976; Stewart
and Elliott, 1981; Lashley et al., 2003b).

Heat capacity measurements below and above room temperature as reported
by Oetting and Adams (1983), Taylor et al. (1968), and Lashley (2005) for
unalloyed plutonium, and by Lashley et al. (2003a), Lashley (2005), and Rose
et al. (1970) are shown in Table 7.21. The heat capacity measurements above
room temperature are not affected by self-irradiation damage because defects
are sufficiently mobile to heal the damage. As pointed out by Oetting et al.
(1976) and others, no anomalies in the paramagnetic susceptibility with temper-
ature have been observed, thus the magnetic contribution to heat capacity is
negligible, as confirmed by Lashley (2005).

Oetting and coworkers (Oetting et al., 1976) present a comprehensive listing
of the thermodynamic functions — enthalpy and entropy — along with the
enthalpies of transformation between the various plutonium allotropes. The
heat capacity of unalloyed plutonium as a function of temperature taken from
Lashley et al. (2003b) and Kay and Loasby (1964) is shown in Fig. 7.52. The
enthalpies and entropies of transformation are listed for unalloyed plutonium in
Table 7.16.

(e) Magnetic behavior

Fig. 7.53 shows the molar magnetic susceptibilities of unalloyed plutonium and
a Pu-6 at.% Ga alloy as a function of temperature. The plots are taken from
Lashley (2005). The data for unalloyed plutonium above 300 K are those of
Comstock, published by Sandenaw (1961) with additional details provided by
Olsen et al. (1992). These data were obtained by the Gouy method on large
samples of »*’Pu with a purity of 99.9%. The low-temperature data for the
unalloyed o plutonium and all of the data for the alloy is that of Méot-Reymond
and Fournier (1996). Their plutonium alloy samples were of high purity, elec-
trorefined, with ferromagnetic impurities constituting <10 ppm. In the plot
shown in Fig. 7.53, Lashley er al. align Méot-Reymond and Fournier’s high-
and low-temperature alloy data at 300 K because of the concerns expressed by
Méot-Reymond and Fournier about their high-temperature technique.

We note that the susceptibilities of unalloyed plutonium and the alloy
are similar — both are quite large, similar to the magnetic susceptibility of
manganese. Unlike manganese, which orders antiferromagnetically at 95 K,
plutonium shows no anomaly in its susceptibility at low temperatures. Magnetic
susceptibilities on the order of those exhibited by plutonium are characteristic of
metals with relatively strong paramagnetism caused by electronic band magne-
tism (such as that for palladium). Lashley ef al. (2004) recently concluded that a
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Fig. 7.52 Heat capacity divided by temperature for high-purity, unalloyed a-phase pluto-
nium. Open symbols are from Kay and Loasby (1964) and the solid symbols are unpublished
work from Lashley (2004).

thorough review of experimental data for plutonium (both in the unalloyed
o phase and in the alloyed & phase) provides no evidence for localized magnetic
moments. They concluded that neither temperature nor magnetic-field depen-
dencies of measured susceptibilities show evidence for ordered or disordered
moments. They reinforce their conclusions with the results of other experimen-
tal probes, such as specific heat and NMR.

Magnetic moments and atomic volume are indicators of what the electrons
are doing. As shown in Fig. 7.39, the atomic volumes of the actinides exhibit a
huge expansion right at plutonium (between the o and & phases, with an
additional expansion at americium). In their review of actinide theory related
to magnetic behavior, Lashley er al. (2004) show that the consensus among
theorists is that a localization of the 5f electrons is required to explain the large
volume expansion between the o phase and the & phase, which leads inexorably
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Fig. 7.53 Molar susceptibility of unalloyed plutonium and é-phase Pu-6 at. % Al alloy
plotted as a function of temperature scaled by the melting point (from Lashley et al., 2004).
See text for details of data.

to magnetic ordering in the & phase. Some theorists also predict magnetic order
in the o phase. The magnetic moments are predicted to be large in both cases.
Some of the theoretical treatments have suggested a partial cancellation be-
tween the spin and the orbital parts of the moments. However, even with such
cancellation, magnetic moments of the order of 1 to 2up are predicted. Yet, the
experimental evidence points overwhelmingly to the conclusion reached by
Lashley et al namely, neither ordered nor disordered local moments exist.
Recent theoretical treatments by Shick et al. (2005) and Shorikov et al. (2005)
predict reasonable volumes without any magnetic moments.

The reader is referred to the Plutonium Handbook (Miner and Schonfeld,
1980) and the Gmelin Handbook of Inorganic Chemistry (Lesser and Peterson,
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1976; Blank, 1977) for additional references to magnetic susceptibility measure-
ments and to the Hall effect in plutonium and its alloys. Recent magnetic
susceptibility measurements on plutonium alloys, including Pu-Am and
Pu—Ce, are also reported by Dormeval (2001) and Dormeval et al. (2000, 2003).

(f) Electrical resistivity, thermal conductivity, thermal diffusivity, and
thermoelectric power

The unusual electrical resistivity of unalloyed plutonium is shown in Fig. 7.54
from Sandenaw and Gibney (1958). Unlike most normal metals that exhibit a
linear decrease in resistivity at low temperatures, plutonium exhibits an increase
and a maximum in resistivity at ~105 K. This low-temperature anomaly
was initially believed to result from antiferromagnetic ordering. However, as
pointed out above, no magnetic ordering has been found in plutonium or its
alloys. Méot-Reymond and Fournier (1996) and Dormeval et al. (2000) suggest
that the resistivity maximum is an indication of a Kondo effect in plutonium
and its alloys. Boring and Smith (2000) make a convincing argument that the
resistivity behavior along with other properties (such as the enhanced low-
temperature specific heat) is an indication of strong electron—electron correla-
tions involving spin and charge interactions. The resistivity maximum in
plutonium is at the level of 150 pQ cm, which means that an electron is scattered
by roughly every atom in the lattice. As pointed out by Boring and Smith (2000),
this type of scattering is considered the highest possible simple resistance that a
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Fig.7.54 Electrical resistivity of unalloyed plutonium ( from Sandenaw and Gibney, 1958).
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simple metal can exhibit; it is called the unitary limit. We also note that Lee et al.
(1961) and Smith (1980) showed that plutonium does not become superconduct-
ing down to 0.75 K. Boivineau (2001) has extended resistivity measurements
into the liquid phase using very high heating rates. He found the resistivity to
remain nearly constant over the whole liquid range at a value of approximately
108 pQ cm.

The resistivity of the d-phase alloys has been measured by a number of
investigators. The room-temperature values typically fall between 105 and
125 pQ cm, depending on the alloying element and concentration. Extensive
measurements have been reported on Pu—Ce alloys (Elliott et al., 1962), Pu-Al
alloys (Sandenaw, 1960a; Lee et al., 1961; Elliott et al., 1962), and Pu-Ga alloys
(Joel et al., 1971). The low-temperature results of Joel et al. (1971) for Pu-Ga
alloys with gallium concentrations from 3 to 10 at.% are shown in Fig. 7.55. The
results of Elliott et al. for Pu—Al alloys are very similar. We do not show the
results for Pu—Ga alloys with gallium concentrations <3 at.% because they
transform to the o/ phase upon cooling. The resistivities of all alloys are lower
than that for unalloyed plutonium shown in Fig. 7.54. They also increase with
decreasing temperature and exhibit a broad maximum. Increasing gallium
concentration moves the maximum to lower temperatures and leads to higher
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Fig. 7.55 Electrical resistivity of various o-phase Pu-Ga alloys (after Joel et al., 1971).
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resistivity. However, the increase with alloy concentration is less than what is
typically observed for other metals. The low- and high-temperature regimes are
shown together in Fig. 7.56 (taken from Blank (1977) and based on the work of
Gibney and Sandenaw (1954)).

Gomez Marin (1997) and Dormeval (2001) recently measured resistivities of
Pu—Am alloys across the entire range of -phase solubility at low temperatures.
The resistivities for the entire range of alloys were considerably higher than any
other plutonium alloy system. For example, the values for a Pu-15 at.% Am
alloy was reported by Dormeval to be 370 pQ cm at 293 K and 170 pQ cm at
4 K. This alloy exhibited a slight maximum at 200 K. Alloys with higher
americium contents were shown by Gomez Marin to decrease monotonically
although not as rapidly as pure americium. Dormeval also reported resistivities
of Pu—Ce alloys and of a number of ternary Pu—Ce-Ga and Pu—~Am-Ga alloys.
Blank (1977) reported the results of Mortimer and Adamson on Pus;Al and
PugFe. The resistivities at room temperature were 150 and 140 pQ cm, respec-
tively, and showed a maximum at lower temperatures. The resistivity for PusAl
remained unusually high (142 pQ cm) at 4 K.

The literature shows large variations in low-temperature electrical resistivities
measured in unalloyed plutonium. Much of this problem was a result of impu-
rities. In addition, low-temperature measurements in plutonium are plagued
by self-irradiation damage (see Section 7.7.9), which increases the resistivity

6-Pu-35at.% Ga _|

d-Pu-3.5at% Ga

Rt/ R2gg K
o
O
[\)
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080 1 | 1 | 1 | 1
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Fig. 7.56 Electrical resistivity of a 6-phase Pu-3.5 at. % Ga alloy between 25 and 750 K
and a d-phase Pu-5 at. % Ga alloy between 298 and 750 K. The curves were normalized at
298 K (taken from Blank, 1977 with reference to Gibney and Sandenaw, 1954).
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because there is insufficient mobility of the defects generated to move and heal
the lattice (Hecker and Martz, 2001). Olsen and Elliott (1962) reported some of
the earliest measurements on the effects of impurities and self-irradiation on the
resistivity of a-phase plutonium at low temperatures.

Thermal conductivity measurements on unalloyed plutonium were reported
by Sandenaw and Gibney (1958), Lee and Mardon (1961), and Powell (1960).
Andrew (1967) measured thermal conductivity of high-purity (99.98%) plutoni-
um, chill-cast to minimize microcracking (density of 19.77 g cm™), and of
preferentially oriented a-phase plutonium (by cooling from the B phase under
pressure). The thermal conductivity decreases smoothly from a value of 0.0155
cal s ' em ™' K™ at 300 K to 0.0075 cal s ' em ™' K ™' at 80 K for the chill-cast
sample. Hence, the mechanisms that cause the increase in electrical resistivity
and resistivity maximum at ~100 K do not seem to play a role in the thermal
conductivity. Andrew found the thermal conductivity perpendicular to the [020]
planes to be about 3mW cm ' K™ higher than the thermal conductivity parallel
to the [020] planes. He also reported a Lorenz number of 3.11 x 107 WQ K2 at
300 K and 5.95 x 10°* WQ K * at 80 K.

Andrew (1969) also reported thermal conductivities for high-purity, well-
homogenized §-phase Pu alloys. The conductivity of the Pu-3.35 at.% Ga
alloy varied smoothly from 0.022 cal s' ecm™' K" at 300 K to 0.0098 cal s'
cm ' K ' at 80 K. The conductivities of a Pu~7 at.% Ga alloy was approximately
10% lower and that of a Pu-10 at.% Ce alloy, approximately 20% higher. As was
the case for the unalloyed plutonium, the thermal conductivities do not exhibit
the anomalous low-temperature behavior found in resistivity measurements.
Lewis et al. (1976) reported thermal conductivities calculated from thermal
diffusivity measurements on high-purity Pu-3.35 at.% Ga alloys at high tem-
peratures. Their calculated room-temperature value of 0.0205 cal s ' ecm ' K ! at
300 K increased to 0.04 cal s ' em™' K" at 673 K.

Lewis et al. (1976) reported that the thermal diffusivity of high-purity pluto-
nium (<200 ppm impurities) increased approximately linearly from about 0.011
cm” s ! at 293 K (o phase) to 0.057 cm” s ' at 843 K (e phase). The thermal
diffusivities of the d-phase Pu-3.35 at.% Ga alloy increased smoothly from
0.04 cm®s ' at 293 K to 0.065 cm” s ' at 673 K.

The thermoelectric power of plutonium at room temperature is large and
positive, and it decreases after each allotropic transformation as the tempera-
ture is increased, except for the &' to e transformation, which shows an increase.
The average value and ranges measured are shown in Table 7.22, taken from
Wick (1980) and based on the work of Lee and Hall (1959), Costa (1960),
Meadon and Lee (1962), and Lallement (1963). The thermoeclectric power
decreases rapidly at low temperatures with a slight rise at 80 K before falling
very rapidly to 4 K. Blank (1977) reviewed thermoelectric power measurements
for plutonium alloys. Lee et al. (1961) and Brodsky (1961) showed that the
thermoelectric power in Pu—Al alloys exhibited an increase with decreasing
temperature with a maximum at ~80 K for a é-phase Pu-6 at.% Al alloy.
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Table 7.22  Thermoelectric power of plutonium (Wick, 1980).

Thermoelectric power,

Phase Temperature (K) averaged values (WV K1) vV K=Y, range
o ~20 1.75 ~1.5-~2
~80 10.1 8.6-11.6
~100 9.8 8.2-11.5
~293 ~13 11.2-15.6
300 11.5 7-15.5
B 400 9.1 7-10.7
Y 500 8.4 7.4-9.4
) 600 3.0 2.3-3.7
& 725 2.32 -
€ 800 3.5 3.2-3.8

The value of the thermoelectric power at room temperature was approximately
4wV K, about one third the value of unalloyed plutonium in the o phase.

(g) Diffusion

Diffusion rates in solids depend principally on crystal structure and homolo-
gous temperature (7/7Ty,), that is, how close the temperature is to the melting
point (Sherby and Simnad, 1961). Plutonium, of course, has multiple allotropes
and a very low melting point. Sherby and Simnad (1961) showed that the
Arrhenius-like rate equation for self-diffusion, D = Dyexp(-Q/kgT), where
Dy is a constant and Q is the activation energy for self-diffusion (vacancy
formation and migration), fits the diffusion data for most solids. The activation
energy, O, was found to depend primarily on the homologous temperature and
the crystal structure. Experimental data for plutonium are summarized by
Lesser and Peterson (1976), Blank (1977), and Deloffre (1997). The diffusion
data presented in Table 7.23 are based on Deloffre’s summary (1997) of the
work of Tate and coworkers (Tate and Cramer, 1964; Tate and Edwards, 1966),
Johnson (1964), Edwards et al. (1968), Rafalski and coworkers (Rafalski ez al.,
1967; Harvey et al., 1971), Dupuy and Calais (1968), Wade (1971), and Wade
et al. (1978).

The data presented in Table 7.23 contrast self-diffusion rates in the various
phases of plutonium. There are no data available for a-phase plutonium be-
cause it is stable only below 395 K where diffusion rates are extremely slow.
Wade et al. (1978) showed that the large variations in diffusion rates in the § and
v phases were a result of short-circuit diffusion along paths such as dislocations
or grain boundaries. The diffusion rates in € plutonium are anomalously high
even for the open bec crystal structure. In fact, Cornet (1971) showed that the
rate of self-diffusion decreased under pressure, similar to what was previously
found for white phosphorus (Nachtrieb and Lawson, 1955). He calculated the
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activation volume to be —4.9 cm?>, which is one-third of the molar volume of
plutonium. He suggested an interstitial diffusion mechanism instead of the
vacancy mechanism typically associated with lattice diffusion. Hill and Kmetko
(1976) agreed with the proposed interstitial mechanism and suggested that the
high self-diffusivity in the € phase results from the nature of the 5f electron
bonding in plutonium.

As shown in Table 7.23, the frequency factor, Dy, in plutonium is higher for
self-diffusion than for interdiffusion. This behavior is shown graphically by the
work of Edwards et al. (1968) in Fig. 7.57. It also agrees with the general
observation that diffusion rates decrease with the addition of elements that
raise the melting point of the host metal (Shewmon, 1963). Hilliard et al
(1959) showed that diffusion rates decrease significantly with increasing solute
concentrations in typical alloy systems. Dupuy and Calais (1968) and Wade
(1971) reported decreases in D, with additional solute additions. However, as
reported by Mitchell et al. (2001), Edwards er al. (1968), and Rafalski et al
(1967) all concluded that the interdiffusion of gallium in plutonium did not vary
with concentration over the range studied. Likewise, Tate and Edwards (1966)
found no concentration dependence of diffusion rates in a series of d-phase Pu—
Al alloys. They reported values of Dy = 2.25 x 10~ and Q = 106,690 J mol ! in
the range of 623 to 790 K.

The large differences in interdiffusion rates of gallium between the & and
€ phases are particularly important because they lead to microsegregation of
gallium in d-phase plutonium alloys, as discussed in Section 7.7.4. The diffusion
data for such alloys were recently summarized by Mitchell et al (2001).
Hecker et al. (2004) showed that interdiffusion of gallium in the o’ phase of
plutonium (an expanded o phase resulting from the entrapment of gallium
atoms in a martensitically transformed d-phase plutonium alloy) appears to
be quite rapid even at room temperature.

Irradiation enhances both self-diffusion and interdiffusion rates in solids and
can lead to phase instability or radiation-enhanced segregation. Such effects are
particularly important in plutonium since the radiation is self-induced. Smirnov
and Shmakov (1999) provide experimental and theoretical results for the acti-
nides including plutonium and also present a rich Russian literature on this
topic.

(h) Liquid plutonium, surface tension, viscosity, and vapor pressure

Liquid plutonium is highly corrosive and easily oxidized. Early measurements
of its properties, including compatibility with container materials, were made as
part of the LAMPRE program. Comstock (1952) reported some of the first
direct measurements on liquid plutonium. There is general agreement today
that the melting point of plutonium is (913 4+ 2) K. The low melting point (with
respect to its position in the periodic table) has many consequences on the
practical properties of plutonium. In addition to restricting the temperature
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Fig. 7.57 Diffusion coefficient, D, as a function of temperature for unalloyed plutonium and
a d-phase Pu-3 at. % Ga alloy plotted on a customary Arrhenius plot (Edwards et al., 1968).

range of applications, it also affects all thermally activated processes, which
scale with the melting point (Hecker, 2000). For example, room temperature
represents a homologous temperature of 0.33, a temperature at which many
defects become quite mobile. In addition, as pointed out by Nelson et al. (1965),
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the effective melting point of the o phase is significantly lower than that of the
€ phase, increasing the homologous temperature at room temperature to 0.53
for the o phase (see Hecker et al. (2004) for a discussion of the metallurgical
consequences).

Liquid plutonium has many peculiarities, including a density greater than the
last three solid allotropes, and its heat of fusion (~2800 J mol ' as shown in
Table 7.16) is unusually small. The stability of liquid plutonium has been
attributed to the nature of 5f electron bonding in plutonium by Hill and
Kmetko (1976) and Brewer (1983). Its melting point decreases with increasing
pressure up to 3 GPa (Liptai and Friddle, 1967; Morgan, 1970) consistent with
the volume contraction on melting. Other materials such as gallium, bismuth,
antimony, germanium, silicon, tellurium, and water show similar behavior.
Merz et al. (1974) and Boivineau (2001) also reported an increase in sound
speed in liquid plutonium with increasing temperature, with a slope of 0.08 to
0.1 m s' K''. Using a rapid heating technique, Boivineau showed that the
sound speed increases to 2000 K before undergoing a rapid change in slope to a
negative value from 2000 to 3600 K. Similar results have been reported for
cerium (McAlister and Crozier, 1981), in which 4f electrons also play a role in
bonding under pressure. Lawson et al. (2000) and Lawson (2001) modified
Lindemann’s rule for melting to include the temperature dependence of the
elastic properties. Lawson et al. explain the anomalously low melting point of
plutonium and the trend across the light actinides by temperature-induced
elastic softening.

The viscosity of liquid plutonium was measured by Wittenberg and cow-
orkers at the Mound Laboratory (Eichelsberger, 1961; Jones et al., 1962;
Wittenberg, 1963; Ofte and Rohr, 1965; Ofte et al., 1966). Jones et al. (1962)
reported the viscosity of liquid plutonium to follow the relation:

logn = 672/T + 0.037 (in centipoise) (7.26)

which yields a viscosity of 6 cP at the melting point. This is one of the highest
viscosities measured for metals and is similar to the melting point viscosity of
6.53 cP for uranium (Wittenberg, 1975) and 5.8 cP for iron (Ofte et al., 1966).
Ofte et al. pointed out that the viscosity of plutonium and its fluid flow proper-
ties place it in a class of metals whose melting points are substantially higher
than that of plutonium. However, if one accounts for its high mass and low
Debye temperature, then plutonium falls only somewhat above the correlation
established by Iida et al. (1988) for most liquid metals.

Blank (1977) reviewed the measurements of viscosity on liquid Pu-Fe alloys
by Ofte and coworkers (Wittenberg et al., 1960; Ofte and Wittenberg, 1964;
Wittenberg et al., 1968). The Pu—Fe system is of practical importance because it
forms the low-melting eutectic compound, PugFe. The viscosities of Pu—Fe
alloys were uniformly high. That of a Pu-9.5 at.% Fe eutectic alloy (near the
compound PugFe) was a remarkable 25.2 cP at 684 K (and decreased to 6.14 cP
at 1081 K). Blank (1977) provides great detail in his summary of the Pu-Fe
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system. Wittenberg et al. (1960) found the activation energy for viscous flow for
the eutectic alloy to be 21.9 kJ mol '. Ofte ez al. (1966) reported viscosities for
Pu-Ce and Pu-Ce-Co alloys in excess of that for plutonium. The viscosity of
Pu-28.4 at.% Ce-23.7 at.% Co was reported as 23 cP at its melting point, nearly
matching the viscosity of the Pu—Fe eutectic alloy. The Debye temperatures for
these alloys are not available, so it is not possible to check if the viscosities fit the
correlation established by lida ez al. (1988).

The accepted value for the surface tension of unalloyed liquid plutonium is
that reported by Spriet (1963), namely 0.55 N m'. Wittenberg (1975) also
reported 0.55 N m ! for plutonium and 1.5 N m ™! for uranium. The value for
plutonium fits the correlation of surface tension with melting point and molar
volume proposed by lida et al. (1988) for most elements in the periodic table.
That of uranium appears to be anomalously high.

The optical properties and normal spectral emissivity of liquid Pu-3.4 at.%
Ga at 632.8 nm were measured over the temperature range of 2016 to 2189 K
using rotating analyzer ellipsometry by Sheldon et al. (2001). The temperature
dependence of three optical properties ¢; (emissivity), n, (index of refraction),
and k; (extinction coefficient) were reported as:

¢, = 5.38 x 107> + 0.250
n,=—-129x10"* T +3.82

k;=—7.04 x 107% +5.77

The value for ¢; is almost a third higher than that measured for uranium by
Krishnan et al. (1993), demonstrating that the light actinides exhibit significant
variations in emissivity.

Phipps et al. (1955) reported the vapor pressure of liquid plutonium. Subse-
quently, Mulford (1965), Kent and Leary (1968), and Kent (1969) added to
these measurements, and reported the vapor pressure to be described by the
following equation with 7'in K and P in atmospheres:

log P = (4.924 +0.120) — (17,420 + 184)/T (7.27)

This relationship extrapolates to a boiling point of (3573 + 100) K. Hence, the
boiling point is quite high, in keeping with the position of plutonium in the
periodic table. The combination of a high boiling point and a low melting point
results in a wide range of liquid stability. Kent and Leary (1968) also reported
the standard enthalpy of vaporization (H®5g) as (347.7 + 2.1) kJ mol ' and the
standard entropy of vaporization (S°u9s) as 123.2 J mol ' K'. Oetting et al.
(1976) reviewed the available data and recommended the best average for the
enthalpy of vaporization as (345.2 + 0.4) kJ mol'. A detailed listing of the
thermodynamic properties of plutonium gas is given in Oetting et al. The data
for the PugFe intermetallic reported by Sandenaw and Harbur (1973) were
summarized by Blank (1977).
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(i) New tools, new measurements of physical properties

Arko et al. (2006) reviewed the properties of actinides in the metallic state in
Chapter 21 of this work. Their emphasis is on those properties that are unique
or predominantly found in the metallic solid state. Such properties include
magnetism, superconductivity, enhanced mass, spin, and charge density waves
as well as quantum critical points. We refer the reader to this chapter for
discussion of how plutonium fits into the trends across the actinides. They
also provide detailed results of photoemission spectroscopy measurements on
plutonium and its alloys.

There has been a revival of experimental work (along with a great increase in
theoretical activity) in plutonium over the past 5 years. Some of the modern
tools of materials science developed during the past couple of decades are being
used to make measurements on plutonium and its alloys. We summarize a few
salient ones in this section. One of the key barriers to many of the techniques
remains the difficulty in synthesizing single crystals of the various phases of
plutonium. No single crystals of o plutonium have been fabricated since the
pioneering work in the 1960s by Liptai et al. (1967), who grew very large grains
by a high-pressure technique. However, Lashley et al. (2000, 2001) have refined
the strain-anneal technique developed in the 1960s by Moment (1968) to grow
large grains of 6-phase plutonium alloys, which are suitable for many of the
single-crystal measurements. These large-grained, very high-purity plutonium
samples have been used for many recent physics experiments.

Zocco and Schwartz (2003) provide a history of the development of TEM
techniques and their application to plutonium and its alloys. This technique is
an essential tool for metallurgical studies, first demonstrated for plutonium
around 1980 and revived in 2000. Zocco and Schwartz show examples of how
TEM has helped answer key questions about phase transformations in plutoni-
um alloys, as well as study the effects of self-irradiation damage. Boehlert et al.
(2001) demonstrated how electron backscattered diffraction can be used to
examine the grain structures in Pu—Ga alloys.

Ledbetter and Moment (1976) raised interest in the phonon spectrum of
plutonium with their results nearly 30 years ago on the unusual elastic anisot-
ropy of d-phase plutonium. In a pioneering paper, Wong et al. (2003b) recently
reported the first complete phonon dispersion curves of plutonium using inelas-
tic X-ray scattering from a third-generation synchrotron facility (the European
Synchrotron Radiation Facility in Grenoble, France). Their results are shown
in Fig. 7.58 for a Pu-2 at.% Ga §-phase alloy large-grained polycrystal grown by
the techniques developed by Lashley er al. (2001). Wong et al. confirmed the
large elastic anisotropy found by Ledbetter and Moment. They also found a
small shear elastic modulus, C’, a Kohn-like anomaly in the 7 [011] branch,
and a pronounced softening of the [111] transverse modes. They relate these
findings to a strong coupling between the lattice structure and the 5f valence
instabilities in plutonium. Dai et al. (2003) predicted the phonon dispersion
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Fig. 7.58 Phonon dispersion along high-symmetry directions in é-phase Pu-2 at. % Ga
alloy. The longitudinal and transverse modes are denoted L and T, respectively. The
experimental data are shown with error bars. Along the [0EE] direction, there are two
transverse branches, [0111<011>(T}) and [011]<100>(T3). The softening of the TA (trans-
verse acoustic) [111] branch toward the L point is apparent. The curves represent the fourth-
nearest neighbor Born—von Karmdn model fit (Wong et al., 2003b).

curves using dynamical mean-field theory (DMFT), which includes electron
correlations that are so important in plutonium. Wong et al. point out that
although the qualitative agreement between theory and experiment is quite
good, there are important quantitative differences. Wong et al. (2003a) also
developed a thermal diffuse scattering technique to complement their inelastic
scattering technique.

McQueeney et al. (2004) reported the temperature dependence of the phonon
spectrum, as observed from measurements of the phonon DOS and sound
velocities as shown in Fig. 7.59. The DOS was measured with inelastic neutron
scattering on a polycrystalline ***Pu—5 at.% Al 8-phase alloy. The ***Pu isotope
was used because the absorption of thermal neutrons is low compared to the
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Fig. 7.59 Phonon density of states of o-phase Pu-5 at. % Al at four temperatures. The
dashed line represents the quadratic part of the DOS at each temperature, as estimated by
the average sound velocity obtained from resonant ultrasound measurements (from
McQueeney et al., 2004).

standard **’Pu isotope. The phonon frequencies and sound velocities soften
considerably with increasing temperature in spite of nearly zero thermal expan-
sion over this temperature range. The frequency softening of the transverse
branch along the [111] direction is anomalously large (~30%) and sensitive to
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alloy composition. Based on a comparison to the results of Wong et al.,
McQueeney et al. concluded that the interatomic potential is extremely sensitive
to alloy composition, pressure, and temperature, unlike any other metal. They
suggest that this behavior may arise from an unusual temperature dependence
of the electronic structure.

We referred to local structure measurements at the modern synchrotron
sources carlier using EXAFS along with conventional XRD in Section 7.7.5.
Allen et al. (2002) reported temperature-dependent EXAFS measurements over
the temperature range of 20-300 K of the vibrational properties of a Pu-3.3
at. % Ga d-phase alloy as a means of discerning differences in the vibrational
character of the gallium and plutonium sites. They obtained pair-specific,
correlated Debye temperatures, 0.p, of (110.7 + 1.7) K for the Pu—Pu pairs
and (202.6 4 3.7) K for the Pu—Ga pairs. Allen et al. concluded that these results
indicate that Ga-Pu bonds are significantly stronger than the Pu—Pu bonds.
Lynn et al. (1998) previously reported a Pu-specific value of 0p = 127 K and a
Ga-specific Op = 255 K using neutron-resonance Doppler spectroscopy on a
Pu-3.6 at.% Ga alloy. Nelson et al. (2003a,b) reported EXAFS measurements
on the vibrational properties of both the d phase and the o phase of a Pu—1.9 at.
% Ga alloy (in the 8-phase and mixed, o’ + 3, phase conditions). They found a
bond-length contraction for the Pu—Ga bond of 0.11 Ain the 5 phase, but only
0.03 A in the of phase. They reported correlated Debye temperatures of 0.p
(6) = (120.4 £ 2.6) K and 0.p (o) = 159.1 + 12.5 K.

Moore et al. (2003) used high-energy eclectron energy loss spectroscopy
(HE-EELS) in a TEM and synchrotron-radiation-based X-ray absorption spec-
troscopy to determine phase-specific electronic structure information on pluto-
nium. The sample was a dilute Pu-Ga alloy treated to produce a mixture of the
o + & phases. The TEM examination allowed individual grains of each phase to
be examined. Moore et al. conclude that Russell-Saunders coupling fails for the
5f states of plutonium, and that only the use of JJ or intermediate coupling is
appropriate. In addition, they conclude that their results confirm calculations
that there is considerable spin—orbit splitting of the occupied and unoccupied
5f states of plutonium, indicating that spin—orbit splitting cannot be neglected in
the Hamiltonian for the 5f states of plutonium.

Superconductivity has recently been discovered above 18 K in a plutonium-
based nearly magnetic compound, PuCoGas by Sarrao et al. (2002, 2003a,b). At
the same temperature, this compound exhibits a step-like transition in heat
capacity, from which they inferred the electronic specific heat, y, to be 77 mJ
mol™! K2, which points to strong electron—electron correlations. In addition,
field-dependent resistivity data gave an upper critical field of 74 T, a surprisingly
large value. Other actinide-based superconductors have transition temperatures
below a few K. The cerium-based isostructural compounds CeColns and
Celrln;s are also superconducting but only in the 1-K range, and for CeRhlIns
only under pressure. The 7. of PuCoGas can be further enhanced to about 22 K
by applying pressure (Griveau et al., 2004). PuRhGas is superconducting, as
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well, with T, = 8.6 K (Bauer et al., 2004). The properties of these plutonium-
based superconductors are indicative of an unconventional, most likely mag-
netically mediated, superconductivity (Sarrao et al., 2003b).

7.7.7 Mechanical properties of plutonium metal and alloys

Mechanical properties of metals and alloys depend to first order on their crystal
structure and melting point, which indirectly affects all thermally activated
processes. The multiple allotropes of plutonium lead to a rich spectrum of
mechanical properties as reviewed recently by Hecker and Stevens (2000). The
low melting point allows for relatively easy mobility of defects near and above
room temperature. Consequently, the mechanical properties of plutonium are
especially sensitive to temperature and strain rate. They are also sensitive to
chemistry (both intentional alloying and unintentional impurities) and proces-
sing, which, in turn, control the microstructure (phases present, their structure
and distribution, and the nature and number of defects). Therefore, it is neces-
sary to know the chemistry and the processing history to compare the properties
of plutonium.

Gardner (1980) presented the most comprehensive review of the mechanical
properties of plutonium and its alloys. His results for the yield and ultimate
tensile strengths of unalloyed plutonium (for a range of purities and processing
histories) are summarized in Fig. 7.60. These data demonstrate the dramatic
temperature and crystal-structure dependence of the strength properties of
plutonium. As reported by Gardner, the monoclinic crystal structure of pluto-
nium (the only element in the periodic table with this low-symmetry structure)
precludes the necessary conditions for plastic slip (by dislocation glide) in
polycrystalline material for extended plastic flow. Consequently, the o phase
of plutonium is brittle at and near room temperature. As shown in Fig. 7.60, it is
quite strong. However, the tendency for o plutonium to microcrack during
typical processing causes significant scatter in the properties. Moreover, certain
impurities lead to the retention of second phases (typically the 6 or B phases) or
the presence of inclusions (such as oxides, nitrides, carbides, or the eutectic
intermetallic, PugFe), which can have a significant effect on the mechanical
properties.

Another important variable in determining the mechanical behavior
of o plutonium is the grain size. Merz (1970, 1971) demonstrated that in
o plutonium with decreasing grain size the mechanism for plastic flow changes.
He fabricated very fine-grained o plutonium (1-3 um) by extrusion and concur-
rent recrystallization of electrorefined, high-purity plutonium. He demonstrated
that the strength decreased substantially with grain size and the ductility
increased. At room temperature, he found surprising plastic elongation of 8%
at low strain rates. On the high-temperature end of a-phase stability, he found
extended plasticity, that is, elongations in excess of 100% (Merz and Allen, 1973;
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Fig. 7.60 Strength as a function of temperature for unalloyed plutonium tested in uniaxial
tension at nominal strain rates of 107> s~ (after Gardner, 1980).

Merz, 1974). In the B phase, he found the fine-grained plutonium to exhibit
classical superplasticity with several 100% elongation. He explained that the
deformation mechanism changed from dislocation glide to grain boundary
sliding because of the small grain size and the high homologous temperature
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of 0.53 at room temperature for the o phase of plutonium. Fig. 7.61 shows the
change in Vickers Microhardness with temperature for several grain sizes in o
plutonium (Merz and Nelson, 1970). Hecker and Morgan (1976) found that the
strength of coarse-grained o plutonium increased moderately at intermediate
strain rates. Hecker and Stevens (2000) pointed out several other interesting
features about the mechanical behavior of o plutonium in their review.

As shown in Fig. 7.60, the other phases of unalloyed plutonium are relatively
weak compared to the o phase. Gardner shows no data for the € phase. Cornet
and Bouchet (1968) showed that the elastic moduli of the e phase is approxi-
mately two-thirds that of the 6 phase, and we also expect its strength properties
to be lower. The other phases of plutonium are also considerably more ductile
than the o phase. As pointed out earlier, a few atom percent of alloying
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Fig.7.61 Vickers microhardness as a function of temperature for unalloyed o plutonium at
various grain sizes (after Merz and Nelson, 1970).
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additions of elements such as gallium or aluminum retain the fcc 6 phase to
room temperature. As expected the & phase alloys are considerably more ductile
than the monoclinic o phase. A comparison of room temperature mechanical
behavior is shown in Fig. 7.62 (Hecker and Stevens, 2000). The o phase is shown
to be strong and brittle (like cast iron), whereas the 6-phase Pu—Ga alloy is weak
and ductile (like commercially pure aluminum). Processing of the d-phase alloys
strongly influences the mechanical properties. Particularly important are galli-
um segregation, which can be minimized by elevated-temperature annealing
treatments and thermo-mechanical treatments (see Fig. 7.33). Robbins (2004)
recently reported an extensive compilation of the mechanical properties of
Pu-3.4 at.% Ga J-phase alloys. The compression behavior of a typical, well-
homogenized alloy is shown in Fig. 7.63 (from the work of Barmore and Uribe
(1970)). We should note that the mechanical properties of d-phase Pu—Al alloys
are similar to Pu-Ga alloys with similar atomic concentrations of the alloying
element.

Detailed mechanical properties of plutonium and various alloys, including
strength, hardness, ductility, creep, impact strength, and fatigue strength are
presented by Gardner (1980), by Lesser and Peterson (1976) for unalloyed
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Fig.7.62 Typical uniaxial tensile stress—strain curves for unalloyed o plutonium compared
to a d-phase Pu—Ga alloy at a nominal strain rate of 107 s7'. The insert shows the initial
stress—strain curve at higher resolution (after Hecker and Stevens, 2000).
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Fig. 7.63  Uniaxial stress—strain curves in compression for a 6-phase Pu-3.4 at. % Ga alloy
at different temperatures and a nominal strain rate of 102 s™' (after Barmore and Uribe,
1970).

plutonium (on pp. 29-33 of their review), and by Blank (1977) for Pu-Al alloys
(pp. 180-183) and for Pu—Ga alloys (pp. 221-232). Blank (1976, 1977) also
provides mechanical properties for additional alloy systems, with a particularly
extensive discussion of the Pu-Fe system (Blank, 1976). Care must be taken
during low-temperature experiments on d-phase alloys to avoid transformation
of the retained 3 phase to the o phase. Since the o’ phase is so much harder than
the & phase, even small amounts of o result in significant strengthening.

There are few theoretical treatments of mechanical behavior of plutonium in
the literature. The principal problem stems from the fact that the mechanical
properties are controlled by microstructure and defects, which are still beyond
the reach of ab initio calculations for all practical metals. Stout et al. (2002)
developed a physically based constitutive model to predict the mechanical
behavior of fcc 8-phase plutonium alloys. The input to the model was based
on previous work with other fcc metals and the published test results on Pu-Ga
alloys referenced above. The model is able to predict the temperature and strain-
rate effects on the yield and ultimate strengths of Pu—Ga alloys. It also allowed
the authors to isolate the effects of microstructural variables such as grain size,
alloy content, and impurity content. The effect of gallium solutes has the largest
strengthening effect. The yield strength increases by 50% with an increase in
gallium from 1 to 6 atomic percent. The grain size effect follows the classical
Hall-Petch relationship:

o, =09 +1x/\/d (7.28)

where g, is the yield strength for a grain diameter d in pm, and ¢ and x are
measured constants. Hence, decreasing grain size leads to increased strength in
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the deformation regime controlled by dislocation glide. (We note that in
the deformation regime dominated by grain boundary sliding, the relationship
is inverted — small grain size leads to lower strength.) The parameters for Pu-Ga
alloys are given by Stout et al. (2002). The model allowed them to demon-
strate that the typical impurities (such as C, O, N, and Fe form hard inclusions
of um to tens of um in diameter) in these alloys have little effect on strength
values at ambient temperature. However, the fracture behavior will be
affected negatively by higher impurity contents. In addition, Beitscher
(1970) showed that iron impurities at the level >300 ppm lead to dramatic
high-temperature embrittlement (at 683 K and low strain rates) because the
PugFe intermetallic inclusions melt and lead to brittle behavior known as ‘hot
shortness.’

7.7.8 Oxidation and corrosion in plutonium metal and alloys

Degradation of plutonium surfaces under various atmospheric conditions is of
concern during handling and for all considerations that require storage of
plutonium, its alloys, or its compounds. Although plutonium is a reactive
metal as suggested by a standard reduction potential of —2.02 V for the Pu**/
Pu® couple (see Fig. 7.116a), its oxidation rate in very dry air (<0.5 ppm H,O) is
a minuscule 20 pm h™' (Haschke et al., 1996). Clean plutonium surfaces have a
silvery, metallic sheen, similar to clean iron or nickel. Plutonium loses its
metallic sheen quite rapidly in most atmospheres. It takes on a darker appear-
ance and exhibits interference colors before it begins to develop a loose, olive-
green powder of PuO, ‘rust’ (see Section 7.8.5.a). Although this process occurs
quite slowly in most of the protective atmospheres in which plutonium is
handled, experience over the years has yielded many surprises, including pyro-
phoric behavior and anomalous corrosion rates catalyzed under complex atmo-
spheric conditions of hydrogen or moist air that can increase surface corrosion
rates by a staggering 13 orders of magnitude. The enhanced oxidation rates in
the presence of moisture were already discovered at Los Alamos during the
Manhattan Project by Covert and Kolodney (1945). Uncontrolled surface
reactions are one of the greatest risks during storage or use of plutonium
metal. Not only do these reactions change the geometry of the material, they
typically result in finely powdered forms that are more readily dispersed, and
hence, increase the health risk of inadvertent release and uptake of plutonium, a
safety hazard of paramount importance for long-term plutonium storage
(Haschke et al., 1998).

Waber (1980) summarized the available knowledge on corrosion and oxida-
tion of plutonium up to 1964. Subsequent results to 1976 were summarized by
Lesser and Peterson (1976). More recently, Haschke ez al. (2000a) presented a
current understanding of corrosion and oxidation, and Hecker and Martz
(2001) summarized current understanding and presented practical examples of
plutonium corrosion problems. Much of the discussion here is based on the
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report of Hecker and Martz. We refer the reader to Lesser and Peterson (1976)
for a description of the reaction of plutonium with other gases such as nitrogen
and ammonia at higher temperatures as well as surface reactions of plutonium
with acids and other solvents.

(a) Oxidation in air

Corrosion rates depend greatly on plutonium surface chemistry. Hence, it is
crucial to understand the specific surface chemistry for different plutonium
substrates and for different atmospheric conditions. In dry air, the reactive
plutonium metal surface is passivated by a layer of protective PuO,, that
forms rapidly over the entire surface. In the Pu-O system, Pu(iv) is a stable
oxidation state and forms a classic fluorite-type crystal structure, with four
plutonium cations per unit cell arranged in an fcc lattice, and eight oxygen
anions at the tetrahedral interstices in a simple cubic packing (as discussed in
Section 7.8.5.a, and shown in Fig. 7.90).

The oxidation rate is controlled by the diffusion of oxygen through the oxide
surface to the oxide-metal interface, yielding classic parabolic growth rates.
Significant stresses build up at the interface because the density of the oxide is
11.46 g cm ™ compared to pure o plutonium at 19.86 g cm . The oxide layer
reaches a steady-state thickness of 4 to 5 um because at this thickness the oxide
begins to spall, leading to a balance between spalling of the oxide and re-
oxidation of the surface (Martz et al., 1994). A constant isothermal oxidation
rate is maintained by diffusion of oxygen through an oxide layer of constant
average thickness. Fig. 7.64 also shows that corrosion rates depend strongly on
temperature and atmospheric conditions. The details of this behavior are pre-
sented by Haschke er al. (1998) and discussed by Hecker and Martz (2001).
Activation energies of oxidation in unalloyed plutonium are reported by Blank
(1977), based on the work of Thompson (1965), to be 96.2 kJ mol ! for the o
phase, 50.2 kJ mol ! for the p phase, and 58.6 kJ mol ' for the y phase, each in
their temperature range of phase stability. However, Blank points out that
significantly different results have been cited by other authors because of the
substantial influence of microcracks, impurities, and crystallographic textures.
The reader is referred to Haschke et al. (1998) for a more detailed discussion of
the thermodynamics and kinetics of the oxidation process.

(b) Moisture-enhanced oxidation

Corrosion of plutonium metal in moist air occurs at a rate 200 times greater
than in dry air at room temperature and five orders of magnitude greater at
100°C. The mechanisms of water-catalyzed corrosion of plutonium have only
recently been elucidated (Haschke et al., 1996). It had been generally accepted
that the greatest oxygen concentration possible in plutonium oxide was in the
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Fig. 7.64  Oxidation rates of plutonium vs temperature. Curve 1 shows the oxidation rate
for pure plutonium exposed to dry air or oxygen at an O, pressure of 21.3 kPa. Curve 2a
presents the oxidation rate when the same, dry Pu samples are exposed to water vapor at the
same pressure (21.3 kPa). Note the increase of four orders of magnitude in oxidation rate.
Curves 2b and 2c¢ extend the water-exposed oxidation rate to the temperature ranges of
61-110°C and 110-200°C, respectively. The drop in oxidation rate at higher temperatures
is not fully understood, but may be related to the lack of spallation of product oxide at
higher temperatures. Curves 1" and 2' present oxidation data for Ga-stabilized 6 Pu in dry
and moist air, respectively. Distinctions in oxidation rates for various alloys and conditions
disappear at high temperatures as shown by curve 3. Curve 4 shows the constant oxidation
rate observed under static conditions, while curve 5 shows recent data extrapolated from
ignited Pu droplets oxidizing during free-fall in air. The reactions of hydride-coated Pu are
shown in curves a—c. Curve a shows the constant reaction rate for hydride-coated Pu
exposed to dry air. This represents an increase in reaction rate of over 10° compared to
pure Pu. Curve ¢ shows the same material exposed to pure oxygen. This reaction is 10"
times faster than pure Pu exposed to O,. Finally, curve b shows the constant reaction rate of
either hydride- or cubic sesquioxide-coated Pu to hydrogen (at 101 kPa) (Martz and
Haschke, 1998, Haschke et al., 2000a).
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dioxide, namely PuO,,. However, Stakebake et al. (1993) and Haschke et al.
(2000a, 2001) demonstrated that hyperstoichiometric plutonium oxide, PuO,_ ,
forms in the presence of either gaseous or liquid water. The largest value they
measured for x was 0.26. Rapid oxidation by adsorbed water produces hydro-
gen at the gas—solid interface and forms a higher oxide as Pu(iv) cations in PuO,
are replaced by Pu(v) and an equal number of O*" or OH ™ ions in interstitial
defect sites (see Section 7.8.5). In moist air, product hydrogen combines with
disassociatively adsorbed oxygen to reform water on the surface. A water-
catalyzed cycle is propagated as Pu and O, are transformed into oxide at the
rapid rate characteristic of the metal-water reaction. This change in the compo-
sition of the oxide is also accompanied by a dull yellow to a khaki-to-green color
change.

(c) Ocxidation behavior of plutonium alloys

The overall rate of oxidation is less for alloyed plutonium in the fcc & phase than
it is for unalloyed plutonium (shown in Fig. 7.64) because the lowered stresses
upon oxide formation (the 8-phase density is 15.8 gcm > compared to 19.86 g cm >
for the o phase). Haschke (1999) has also speculated that gallium is not in-
corporated in the PuO, lattice and resides in octahedral sites of the fluorite
structure. Consequently, since oxygen diffusion occurs via these sites, he sug-
gested transport of oxygen through the oxide layer may be inhibited. Blank
(1977) summarized the work of Raynor and Sakman (1965) and Waber (1980)
on oxidation of plutonium §-phase alloys. Pu—Ga alloys were found to oxidize
at a lower rate than unalloyed plutonium at all temperatures in moist air. The
oxidation rates were found to be greater in moist argon. However, the protec-
tion afforded by alloying was less for the case of moist argon than for moist air.
Blank (1977) also summarized oxidation results for Pu—Al alloys. A partial
summary, presented in Table 7.24, shows that the addition of aluminum lowers
the oxidation rate, but that the behavior depends strongly on temperature and
relative humidity. As examples of actual weight gain through oxidation, Blank
cites the results of Waber ez al. (1961): 0.1 mg cm > for Pu-9 to 12 at.% Al alloys
after 500 h at 75°C and 50% relative humidity and 0.5 mg cm 2 for Pu-8 at.% Al
after 8700 h at 35°C and 20% relative humidity. Blank (1977) also provided a
summary of the oxidation behavior of Pu—Fe and other alloys.

(d) Pyrophoricity of plutonium metal in air

Fig. 7.64 also shows that at elevated temperatures, plutonium exhibits an
autothermic reaction, igniting spontaneously in air when the temperature
reaches 500°C. Studies of pyrophoricity of plutonium by Martz et al. (1994)
helped to elucidate the role of another oxide of plutonium, namely the cubic
(bee) sesquioxide, Pu,O3. The revised view of the plutonium—oxygen interface is
shown in Fig. 7.65. Although the dioxide is the one observed when plutonium
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Table 7.24  The relative merit given by the merit ratio (M R) as defined by weight increase
of unalloyed a-phase plutonium divided by the weight increase of a d-phase Pu—Al alloy
after the oxidation of the samples by water vapor as compiled by Blank (1977).

Al Relative

content T humidity Time Time Time Time Time

at.% O ) 12h  50h 1000h 4300h 8700 h References

3.5 30 95 8 Sackman (1960)

3.5 90 95 130 Sackman (1960)

3.5 90 55 50 100 120 Sackman (1960)

3.5 100 0 6 Sackman (1960)

3.0 55 50 ~17 Waber (1958)

9 75 50 666 Waber et al.
(1961)

8 35 20 ~19 42.5 51 Waber (1958)

metal is exposed to oxygen or air, there is always a layer of the cubic sesquioxide
present at the metal-oxide interface. However, at room temperature, its thick-
ness is small compared to that of the dioxide. The cubic sesquioxide acts as a
layer that separates the oxide-rich surface from the plutonium-rich substrate,
being simultaneously consumed and formed by competing reactions. The thick-
ness of these various oxides depends upon a variety of factors including
temperature and oxygen concentration. At temperatures exceeding 150°C and
in oxygen-poor environments, the cubic sesquioxide becomes the predominant
phase, appearing as a surface product under oxygen-free environments.

Martz et al. (1994) explained the apparent paradox that plutonium metal with
low specific surface areas ignites at temperatures above 500°C, whereas metal
with large specific surface areas (turnings, chips, and powder) spontaneously
ignites in air at temperatures between 150 and 200°C. In such cases, Martz et al.
concluded that heating metal to 150-200°C in air transforms a large fraction of
the surface oxide to cubic sesquioxide. Rapid oxidation of the sesquioxide back
to dioxide produces a thermal spike sufficient to heat high-surface-area chips
and turnings to the autothermic reaction temperature of 500°C.

(e) Hydrogen- and hydride-catalyzed corrosion

Plutonium reacts readily with hydrogen at rates unprecedented for other metals.
It forms an fcc solid solution of PuH, hydrides with a fluorite structure similar
to plutonium oxides (Haschke, 1991; Bartscher, 1996) as discussed in Section
7.8.1 and shown in Fig. 7.72. The hydrogen mole ratio, x, varies from 1.9 to 3.0.
As the hydrogen content increases, the hydride exhibits a transition from
metallic material near x = 2 to a semiconductor near x = 3. The electronic
structure of the hydride is complex, with electrons apparently being removed
from the conduction band and bound as H™ on octahedral sites as the hydrogen
concentration is increased in the hydride.
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Fig. 7.65 Evolution of the oxide layer on metallic plutonium. These simplified sketches
present the structure of the oxide on Pu. In air, a constant thickness of PuO, is present on a
thin layer of cubic Pu,Os. If this surface is exposed to inert conditions (vacuum or inert gas),
the PuO, autoreduces to a thicker layer of Pu,Os. At elevated temperatures, the rate of the
autoreduction reaction increases, increasing the thickness of the internal Pu,Os layer under
all conditions. Oxidation of this layer and its subsequent heat evolution is the attributed
cause for the pyrophoric behavior of thin films and small particles (Martz et al., 1994). In
addition, the growth of Pu,O5 under inert conditions at elevated temperatures will activate
the surface to the hydride reaction, a fact exploited in the hydride—dehydride recovery
process for metallic plutonium.

Reactions of hydrogen on metallic plutonium are complicated by the ever-
present layer of plutonium dioxide. Hydrogen gains access to the metal surface
only after the dioxide layer is penetrated at cracks or spallation sites, making the
nucleation of the hydride reaction heterogeneous. The hydriding rate increases
exponentially as nucleation sites grow. Once the entire metal surface is covered
with hydride, the reaction occurs very rapidly at rates of 20 cm h' linear
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penetration for H, at 1 bar compared to the rate of the oxidation reaction of 20
pm h! in dry air (10'! times faster). Haschke (1991) has suggested that this
catastrophic enhancement occurs by one of two mechanisms. First, if PuH,
forms, it catalyzes the dissociation of adsorbed H, and promotes transport of
atomic hydrogen to the hydride-metal interface. Or alternatively, if cubic Pu,O3
is exposed to H,, then the hydride reaction begins instantaneously because
Pu,05 also catalyzes the dissociation of H, and becomes the medium for
hydrogen transport. In either case, rapid dissociation of adsorbed H, results
in a dramatic enhancement of the reaction rate. Further, the transport of
anions in the fluorite structures of PuH, or cubic Pu,O; is potentially very
rapid because in these anion-deficient fluorite structures both tetrahedral and
octahedral sites may be vacant and able to participate in the transport of anions
such as hydrogen and oxygen (see Sections 7.8.1 and 7.8.5). Another factor is
the high self-diffusivity of oxygen in nonstoichiometric PuO,_,, which increases
dramatically from PuO, to Pu,0s.

If a hydride-coated plutonium surface is exposed to oxygen, it has been
proposed that PuH, will promote a dramatic catalytic enhancement of the
corrosion rate (Haschke and Martz, 1998a). In this proposed mechanism,
oxygen reacts with the pyrophoric plutonium hydride to produce heat and an
oxide layer. The temperature is raised sufficiently that the cubic sesquioxide is
preferentially formed. The hydrogen produced at the oxide-hydride interface
moves through the PuH, layer increasing the stoichiometry of the hydride.
Excess hydrogen is continuously produced at the oxide-hydride interface and
consumed at the hydride-metal interface. Thus, hydrogen is involved in a classic
catalytic cycle to enhance the oxidation rate. This hydride-catalyzed reaction
continues until all the metal is consumed. The rate for reaction of hydride-
coated metal with pure oxygen (Fig. 7.64) is 10'° times greater than oxidation
rates in dry air. Hydride-coated plutonium also reacts rapidly in air. However,
the rate is 100 times slower than that in oxygen, apparently due to additional
steps involving reaction or transport of nitrogen in air (Haschke, 1991). These
fast reactions generate large amounts of heat (approximately 836.8 kJ mol ' of
plutonium), which can produce thermal hazards as well. Of additional concern
is the possibility of plutonium nitride formation when the temperature exceeds
200-250°C and hydride is exposed to the nitrogen in air. This reaction results in
a consumption of all of the major gases in air, preventing the formation of an inert
nitrogen ‘blanket’ and allowing the reaction to proceed to completion within many
storage environments. Hecker and Martz (2001) describe some of the practical
consequences of enhanced corrosion problems in the storage of plutonium.

7.7.9 Aging and self-irradiation damage in plutonium

The aging of plutonium and its alloys has received increased attention during
the past decade because of interest in extending the lifetimes of plutonium com-
ponents and in the long-term storage of excess weapons-grade plutonium.
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Several reviews of the salient aging issues have been reported by Hecker and
Martz (2000, 2001), Wolfer (2000), Martz and Schwartz (2003), and Wirth ez al.
(2001). The complexities of plutonium materials are compounded by changes
that occur with age. Phase stability is of concern because the various allotropic
phases of plutonium are very close in energy and, hence, sensitive to any
changes, including kinetic changes, that can occur with time at temperatures
close to ambient. The differences in U.S. and Russian phase diagrams for Pu—
Ga (Fig. 7.29) demonstrate that we lack definitive information on some basic
characteristics of plutonium alloys such as thermodynamic steady-state phase
stability. In addition, the very reactive nature of plutonium just described makes
it especially susceptible to surface-induced modifications resulting from differ-
ent atmospheric environments. If that were not sufficient, the most perplexing
change is caused by the radioactive decay of the plutonium nucleus in its various
isotopic forms. Moreover, in most practical applications the effects of these
three types of aging-induced changes occur simultaneously and in synergy
causing significant changes in plutonium and its alloys over time. The phase
stability and surface behavior were described in some detail above. We will
provide additional details of the salient consequences of self-irradiation damage
and transmutation resulting from radioactive decay in plutonium and its alloys.

The two primary consequences of plutonium radioactive decay are the dis-
placement damage in the lattice induced by the self-irradiation, and the trans-
mutation of plutonium into its decay products. Displacement damage can cause
changes in lattice parameters, the accumulation of defects and, potentially, void
swelling. Transmutation may upset the delicate balance of phase stability and
lead to phase changes. One of the decay products, helium, is of particular
concern because it can form helium bubbles if self-irradiation occurs at
temperatures at which helium is mobile. Schwartz er al. (2005) provided an
excellent overview of the effects of self-irradiation in plutonium. They identified
three self-irradiation-related effects that could cause dimensional changes: lat-
tice damage resulting in an initial transient, helium accumulation, and void
swelling.

The unstable plutonium nucleus decays principally by a-particle decay. Two
primary energetic nuclear particles are produced by o decay — an o particle and a
recoil nucleus. These primary particles are created in much less than a femto-
second (107" s). The range of the 5 MeV o particle is approximately 10 pm
within the crystal lattice. The o particle captures two electrons from the pluto-
nium metal and comes to rest in the lattice as a helium atom. The light o particle
loses nearly 99.9% of its energy to electrons, heating the plutonium lattice. Some
atomic displacements occur near the end of range, producing ~265 Frenkel
pairs (vacancies and self-interstitial atoms). Wolfer (2000) calculated the helium
generation to be ~41 atomic ppm per year.

The 86 keV 2*>U recoil nucleus has a range of ~12 nm and creates roughly
2300 Frenkel pairs. Calculations by Wolfer (2000) showed that there are
3x10° o events g ' s! for a typical »*°Pu isotopic mix, resulting in a lattice
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displacement rate of roughly 0.1 displacements per atom (dpa) per year. Wolfer
(2000) and Wirth ez al. (2001) used molecular-dynamics simulations showing
that in the first 200 ns, 90% of the Frenkel pairs return to their original lattice
sites, whereas the other 10% remain as free interstitials and vacancies or inter-
stitial/vacancy clusters. In reactor applications, it was shown that these types of
microstructural changes ultimately result in property changes that include void
swelling, mechanical hardening, and embrittlement. Wirth et al pointed out
that although the damage produced by the o particle and the uranium recoil
atom are different, it is the eventual interaction and evolution of these spatially
uncorrelated primary defects that may, over time, drive materials evolution and
the aging process, thus producing microstructural changes over time scales as
long as many decades.

(a) Self-irradiation lattice damage

Studies of self-irradiation lattice damage in plutonium at low temperatures (at
which little or no annealing of nonequilibrium defect structures is expected)
were reported as early as 1962 by American researchers (Olsen and Elliott, 1962)
and British researchers (Lee et al., 1962; Wigley, 1964, 1965), and in 1965 by
French researchers (Lallement and Solente, 1967). However, more than 40 years
later, we still understand little about the mechanisms of defect migration and
agglomeration in plutonium. Few measurements and direct observations of the
defect structures in plutonium have been made compared to the vast body of
literature that exists for irradiation-induced defect structures in other metals
and alloys; see Ehrhart e al. (1991) for an excellent review. The early work
showed that plutonium undergoes substantial lattice damage as determined by
increases in electrical resistivity and by length changes. As shown in Fig. 7.66,
the o phase in unalloyed plutonium expands during self-irradiation at 4.2 K.
Retained B-phase and retained -phase plutonium alloys contract. As discussed
below, self-irradiation damage of d-phase plutonium at room temperature
results in a volume expansion. All three phases exhibit increases in electrical
resistivity with self-irradiation at this temperature; see Hecker and Martz (2001)
for more detailed discussions.

Marples and Hall found that if low-temperature irradiation was allowed
to proceed sufficiently long, lattice expansion in the o phase saturated at
approximately 10.5 vol %. In the §-phase alloy, lattice contraction saturated
at —15 vol %. Their results on all three phases examined are summarized in
Table 7.25. Interestingly, all three phases appear to converge to the same density,
18.4 g cm>. These results may indicate that all three phases are becoming
increasingly disordered, approaching an amorphous state. It would not be sur-
prising to create local amorphous regions as a result of the collision cascades
following a-decay events. At sufficiently low temperatures, in the absence of
significant defect rearrangement, these regions could eventually consume the
entire sample. However, the XRD work done at low temperatures showed that
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Fig. 7.66  Volume change vs damage in dpa (displacements per atom) during self-irradia-
tion of plutonium at 4.2 K. The a-Pu data is from Marples et al. (1970), as are the data for
the o-phase Pu-6 at. % Al alloy (solid squares). The triangles represent data from Jacque-
min and Lallement (1970) on a 6-phase Pu-6 at. % Al alloy. The [ phase was retained by the
addition of 4 at. % Ti as reported also by Jacquemin and Lallement. Marples et al. reported
a calculated saturation in volume change of 10.5% for the o phase and —15% for the 6 phase.

Table 7.25 Initial and final densities for plutonium self-irradiated at 4 K (Marples and
Hall, 1972).

Phase Initial density (g em ™) Final density (g cm™)
o 20.3 18.4
B 18.2 18.4
4 15.6 17.4
18.3

after correction for
presence of 6 at.% Al

the initial crystal structures were retained, although significant line broadening
was observed.

At ambient temperature, damage from self-irradiation of plutonium is par-
tially annealed out by thermally activated recovery. Lattice damage created at
low temperatures is also annealed out as the temperature is raised. Some of the
early experiments of Wigley (1964, 1965) are summarized by Hecker and Martz
(2001). Typical damage recovery (based on electrical resistivity measurements)
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Fig. 7.67 Damage recovery during isochronal annealing after self-irradiation at 4.5 K.
OPud is for an alloy of Pu-4 at. % Al with 920 h at 4.5 K. 6 Pul2 is for an alloy of Pu-12 at. %
Al with 665 h at 4.5 K. The o-Pu sample, « Pu5, was self-irradiated for 640 h at 4.5 K ( from
Hecker and Martz, 2001 based on original data from Wigley, 1965, King et al., 1965).

during isochronal annealing of self-irradiated unalloyed plutonium and d-phase
Pu—Al alloys is shown in Fig. 7.67, based on the work of Wigley (1965) and King
et al. (1965). Based on comparison to a vast literature of irradiation damage
in metals (Ehrhart et al., 1991), Hecker and Martz estimated the following
temperatures for the key recovery stages in plutonium alloys: ~18 K for Stage I
(recombination and migration of self-interstitials); ~180 K for Stage III
(vacancy migration and annihilation); and 410 K for Stage V (thermal dissocia-
tion of vacancy and/or interstitial clusters). Unfortunately, the data on plutoni-
um are limited and difficult to interpret quantitatively because of incomplete
information about precise isotopic contents, purity levels, prior age, and proces-
sing conditions. Wirth et al. (2001) reported on recent self-irradiation and
isochronal annealing experiments. They found the onset of Stage I to be diffuse
and difficult to determine. Their best estimates for the temperatures for the onset



984 Plutonium

of Stage III and Stage V were 190 K and slightly above 320 K. Hence, the defect
mobility in plutonium alloys at ambient temperature is substantial. Although
much of the damage is healed at room temperature, some of it remains.

For self-irradiation at ambient temperature, we would then expect lattice
damage to compete with recovery resulting from the defect mobility.
Chebotarev and Utkina (1975) reported a lattice expansion in d-phase plutoni-
um alloys. Wolfer (2000) showed that the initial transient results in the forma-
tion of dislocation loops that lead to expanded lattice parameters, which tend to
saturate within approximately 2 years. Unlike at low temperatures, both the
unalloyed a-phase plutonium and alloyed 6-phase plutonium exhibit lattice
expansion with age. Ellinger ef al. (1962a) reported that X-ray samples of
typical plutonium in the é phase (alloyed with 12.8 at.% Al) retained their fcc
crystal structure with a 0.1% expansion of the lattice constant (0.3% volume
change) after 10 years at ambient temperature. Chebotarev and Utkina (1975)
also reported slight lattice expansion in 6-phase Pu—Al alloys, with the expan-
sion increasing with increasing aluminum content. For aluminum contents
slightly below 10 at.%, they found an expansion of the lattice parameter of
0.25% after 2.5 years at ambient temperature. They also reported that all
changes were recovered after a long-term anneal at 423 K.

Morales et al. (2003) confirmed that §-phase alloys expand at ambient tem-
perature and possibly undergo an orthorhombic distortion at long aging times.
In recent TEM studies of aged &-phase plutonium alloys, Schwartz and
coworkers observed nanometer-size helium bubbles (see Wirth er al., 2001;
Martz and Schwartz, 2003; Schwartz et al., 2005). These will be discussed in
greater detail below.

We report one additional important aspect of self-irradiation damage in
plutonium described in recent presentations and abstracts by Russian research-
ers Gorbunov and Seleznev (2001). They studied unalloyed plutonium consis-
ting mostly of **Pu, which increased the a-decay damage rate by a factor of 240
over the typical >*’Pu. They used thin films to keep the temperature close to
room temperature. Starting with a sample of a-phase plutonium, their XRD
measurements demonstrated that the sample experienced numerous crystallo-
graphic transformations over the period of 1 year (equivalent to 240 years of
aging for the typical mix of isotopes in plutonium). Specifically, they claim to
find evidence that all six phases of plutonium coexisted at 40 to 50 days of age,
and that after roughly 1 year, the sample consisted mostly of the o and & phases.
They suggest that the vacancies and vacancy clusters resulting from the intense
self-irradiation affect the delicate balance between bonding and localized 5f
electrons and, hence, affect phase stability.

(b) Actinide transmutation products and radiogenic helium

In addition to the lattice damage described above, o decay also results in
transmutation products. The decay products for plutonium isotopes and
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Fig. 7.68 Transmutation products in typical **° Pu metal (from Hecker and Martz, 2001)
as a function of time. For typical **° Pu, 10 years results in 1 dpa.

its transmutation products are shown in Fig. 7.68. Helium grows in at the rate of
41.1 atomic ppm per year (based on the assumption made by Wolfer (2000) for
typical plutonium). Hence, after 50 years of storage, approximately 2000 ppm
helium, 3700 ppm americium, 1700 ppm uranium, and 300 ppm neptunium
have grown into plutonium metal. After that length of time, a 1 kg piece of
plutonium will contain nearly two-tenths of a liter of helium (measured at
standard conditions). Several thousand ppm of americium should help to
further stabilize -phase alloys. For pure plutonium it is conceivable that
the in-growth of americium could stabilize microscopic regions of higher-
temperature phases in the monoclinic o phase. However, in both cases, the
nonequilibrium conditions that exist immediately following the decay event
may further complicate the effects of the transmutation products. Under
equilibrium conditions, uranium and neptunium reduce 6-phase stability.
As in the case of americium, however, the effect of their presence associated
with decay products under the nonequilibrium conditions is not well under-
stood. Our best estimate is that the in-growth of actinides, other than
americium, over a time frame of decades should have no major macroscopic
effects, but their presence as atomic impurities may influence some micro-
scopic processes. In addition, one must take account of the heat generated
during the decay process. For the typical isotopic mixtures discussed above,
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the heat is a rather modest 2 W kg ', making kilogram quantities of plutoni-
um warm to the touch. On the other hand, **Pu used in radioisotope heat
sources is roughly 250 times more radioactive.

The accumulation of radiogenic helium, on the other hand, could potentially
affect the properties of plutonium significantly. It is well known that less than
100 ppm of helium in fcc stainless steel can cause swelling or dramatic embrit-
tlement. Once helium atoms are generated in the plutonium lattice, they quickly
fill nearby vacancies and diffuse through the lattice as helium-filled vacancies
(Howell et al., 1999). Wirth et al. (2001) calculated that at relatively high
helium generation rates, a critical helium bubble nucleus consists of just
two helium atoms and one or two vacancies. Russian researchers (Filin ef al.,
1989) used angle-resolved positron annihilation to study self-irradiation-
induced defects in aged 6-phase Pu-3.6 at.% Ga with 800 ppm helium. They
concluded that elementary complexes of helium and vacancies are energetically
favorable. Their results showed that pores with radii of 0.4-0.8 nm and 17-23
nm formed at temperatures above 200°C. They concluded that the small pores
are probably simple helium-vacancy complexes and the larger pores are com-
plex helium-vacancy clusters, possibly also associated with solute atoms. They
observed groups of small bubbles with diameters <1 um by optical metallogra-
phy after heating the aged plutonium alloy above 425°C. Using TEM, Zocco
and Rohr (1988) observed helium bubbles of 3—-7 nm and 10-15 nm in diameter
in a 10-year-old d-phase Pu-Ga alloy after annealing at 400°C. Decades-
old plutonium will not only swell substantially after heating to such tempera-
tures, but may also suffer major microstructural void damage under these
conditions.

Schwartz and coworkers recently observed nanometer-sized helium bubbles
using a Fresnel fringe imaging technique in TEM. Schwartz et al. (2005)
examined Pu-Ga d-phase alloys ranging in age from 6 months to 42 years.
Their observations revealed that the dominant defects attributable to self-
irradiation damage at ambient temperature are nanometer-sized, homo-
geneously distributed helium bubbles as shown in Fig. 7.69. They found no
bubbles in the 6-month-old sample above their resolution limit of 0.7 nm. For
samples 16-42 years old, they reported a number density of bubbles in the range
of 0.6-2.0 x 10'7 cm >, which increases at a steady rate with time. The average
diameter of the bubbles in this age range varies from 1.3 to 1.6 nm and is
observed to change little with age beyond 16 years. The volume fraction of
bubbles increased from roughly 0.01 to 0.03% within the age range of 16-42
years. Based on positron annihilation spectroscopy by Howell and Sterne
(personal communications to Schwartz) (Howell and Sterne, 2002), Schwartz
et al. concluded that helium bubbles containing two to three helium atoms per
vacant site must already be present in 6-month old plutonium. Moreover, the
characteristic positron lifetime of 180-190 ps remains remarkably constant for
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Fig. 7.69 Transmission electron micrograph of nanometer-scale helium bubbles in a
30+-year-old é-phase Pu-3.4 at.% Ga alloy (from Martz and Schwartz, 2003; Zocco and
Schwartz, 2003; Schwartz et al., 2005).

all aged material, implying a constant helium density within the bubbles of 2 to 3
helium atoms per vacant site.

The combination of irradiation-induced lattice damage and the presence of
helium can cause void growth and bulk swelling at much lower temperatures
without the presence of helium bubbles. Void growth is an obvious potential
consequence of vacancy migration and clustering. Sustained void growth
requires both the presence of biased defect sinks and the presence of neutral
sinks. Wolfer (2000) estimated that for &-phase plutonium alloys this may vary
from 1 to 10 dpa (lifetimes from 10 to 100 years for typical **’Pu). No experi-
mental evidence for void swelling in plutonium has been found to date. In
addition, our experience at Los Alamos shows that 6-phase plutonium aged at
ambient temperature for 3040 years retains structural integrity and exhibits no
discernable microstructural changes. The influence of aging on the full range of
plutonium properties remains to be assessed.

7.8 COMPOUNDS OF PLUTONIUM

From an historical perspective, the early study of plutonium compounds was
plagued with difficulties. In addition to the fact that only very small amounts of
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plutonium were available for early experimentation, there were also special
problems associated with the handling and manipulation due to radioactivity.

The problem of handling very small amounts of plutonium was over-
come through the introduction of ultramicroscale experimental methods
(Cunningham, 1949; Cefola, 1958; Fried et al., 1958), and characterization of
small quantities of compounds was masterfully performed by X-ray crystallog-
raphy by Zachariasen (1954b), who made a major contributions to the structur-
al chemistry of plutonium, almost entirely with Debye—Scherrer X-ray films of
polycrystalline samples.

In more modern times, the available quantities of plutonium are large enough
that the study of plutonium compounds can be conducted on the milligram and
gram scale, and occasionally even on the multigram or kilogram scale. In the
latter case, however, special safeguards to prevent criticality have to be taken
(cf. Table 7.2) (Clayton, 1965; Thomas, 1969; Hunt and Boss, 1971; Hunt and
Rothe, 1974; Paxton and Pruvost, 1987).

The evolution of modern techniques for handling plutonium has taken ad-
vantage of specialized high-efficiency particulate air (HEPA) filtered hoods,
gloved boxes, and inert atmosphere dry boxes (Maraman et al., 1975; Louwrier
and Richter, 1976; Oi1, 1995) that make it possible to work with plutonium with
confidence, and the health and safety records of laboratories engaged in re-
search with plutonium are very good. It cannot be denied, however, that
laboratory work with plutonium and other actinide elements requires more
than ordinary foresight and laboratory experience for the investigator. Labora-
tory safety guides (Peddicord er al, 1998; Health Physics Manual of Good
Practices for Plutonium Facilities, 1988) have been published that describe
handling techniques and operational procedures in plutonium laboratories.

A considerable body of information on the compounds of plutonium has
been amassed over the past 65 years, and the sheer volume of data is a testimony
to the intense interest in the chemistry of plutonium. Several thorough mono-
graphs, conference proceedings, and reviews of the chemistry of plutonium
before 1970 are available, and provide fascinating and often personal accounts
of the many individual achievements that defined much of our current under-
standing in this field (Katzin, 1944; Thomas, 1944; Harvey et al., 1947; Seaborg
et al., 1949b; Connick, 1954; Cunningham, 1954; Hindman, 1954; Seaborg,
1958; Grison et al., 1960; Taube, 1964, Kay and Waldron, 1967; Miner, 1970;
Blank and Lindner, 1976). Since 1970 there have been a number of comprehen-
sive reviews (Keller, 1971; Cleveland, 1979; Wick, 1980; Carnall and Choppin,
1983; Hoffman, 2000) and finally, there are a series of modern reviews
concerning a wide range of more specific topics such as chemistry in marine
environments (Choppin and Wong, 1998), colloids in groundwater (Kim, 1991,
1994), bioinorganic chemistry in blood (Taylor, 1998), environmental behavior
(Guillaumont and Adloff, 1992; Graf, 1994; Silva and Nitsche, 1995), behavior in
carbonate media (Clark et al., 1995), behavior in alkaline media (Shilov,
1998; Shilov and Yusov, 2002), actinide-lanthanide separations (Nash, 1993),
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synthetic methodologies for compounds (Meyer and Morss, 1991; Morss and
Fuger, 1992), and a comprehensive compendium of XRD data for plutonium
compounds (Roof, 1989).

7.8.1 Plutonium hydrides and deuterides

Plutonium hydrides were first observed in 1944 (Johns, 1944) when Johns found
that elemental plutonium would react rapidly with H, to form a continuous
solid solution of varying stoichiometry, PuH,, with 1.9 < x < 3 according to the
equation:

Pu(s) 4+ x/2H,(g) — PuH.(s) (7.29)

The reaction proceeds at a range of H, pressures. Heating is often required to
initiate and sustain the process (Haschke, 1991). The chemical reaction is facile
and reversible, making hydride-dehydride cycles a convenient route for prepar-
ing powdered plutonium metal samples. It is important to emphasize that
stoichiometric compounds such as PuH, or PuH; do not exist as distinct phases
apart from the PuH, solid solution, though many authors describe reactions in
terms of the stoichiometry PuH, or PuHj to facilitate the balancing of equations
(Haschke, 1991).

Recent interest in plutonium hydrides has emerged due to considerations of
long-term storage and safe handling of plutonium metal and compounds
(Haschke and Allen, 2001) and the application of the plutonium-hydrogen
reaction for pyrochemical processing of excess weapons plutonium (Flamm
et al., 1998; Mashirev et al., 2001). Several excellent reviews have appeared on
the synthesis and kinetics (Haschke, 1991), the thermodynamics (Flotow et al.,
1984; Lemire et al., 2001), and the physicochemical characteristics of plutonium
and other actinide hydrides (Flotow et al., 1984; Ward, 1985; Ward et al., 1992;
Ward and Haschke, 1994; Bartscher, 1996; Haschke and Haire, 2000).

(a) Preparation and reactivity

The only practical method for preparing plutonium hydrides is the direct
reaction of plutonium metal with gaseous H,. In general, there are no good
procedures for purification of PuH, once it is formed, so purity is generally
controlled through the use of high-purity metal and gaseous reagents. Plutoni-
um metal must be cleaned to remove surface oxide and other impurities, and this
is most conveniently conducted inside a secondary positive pressure chamber
within an inert atmosphere gloved box to maintain proper H, partial pressures
and temperatures. A Sieverts apparatus, and pressure-volume-temperature
(PVT) relationships are commonly employed to determine the exact Pu-H
stoichiometry, which is crucial because of the stoichiometric variability in the
PuH, product (1.9 < x < 3). Even when the stoichiometry is carefully controlled,
differences in preparation or storage can result in differences in homogeneity,
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morphology, and even crystal structure (see below). Desorption of H, is a
common problem encountered in working with plutonium hydrides, even under
ambient conditions.

Plutonium hydrides are hard, typically black metallic-appearing materials
that show different behaviors based on particle size and composition. The
color ranges from silver near x = 2 to black at higher values of x. Small particles
can be extremely reactive towards O, and H,O, and powders near composition
PuH, can be pyrophoric or ignite spontaneously in air (Flotow et al., 1984;
Haschke et al., 1987; Haschke, 1991; Haschke and Allen, 2001). The hydrides
can also react with N, and CO,, although these reactions are quite slow. Hence
all manipulations and storage should be carried out under inert atmospheres.
An excellent and thorough discussion of the practical considerations necessary
for preparing plutonium hydrides has appeared (Haschke, 1991).

The kinetics of the Pu-H, reaction have been well studied, and the highly
complex reaction proceeds through induction, acceleration, parabolic, linear,
and terminal stages. Detailed discussions of reaction rates and the role of
catalysis are available (Haschke, 1991; Haschke and Allen, 2001). Moreover,
hydride stoichiometry and composition changes induced by the addition or
removal of H, from PuH, are important in determining plutonium hydride
reactivity.

(b) Stoichiometry and phase relationships

The PuH, phase relationships are remarkably complex. A broad range of
nonstoichiometric phases is exhibited that extends from PuH,; ¢ to near stoi-
chiometric PuH3. Equilibrium data indicate that the hydride composition near
the gas—surface interface may also vary from PuH,; to PuH,; while the
composition at the plutonium metal-plutonium hydride interface remains
close to PuH; 95 (Ward and Haschke, 1994). The resulting stoichiometry and
phase can differ between studies conducted at low temperatures and low pres-
sures, or at high temperatures and high pressures. As a result, two notional
phase diagrams, one for slow reaction at low pressure and one for rapid reaction
at high pressure, have been proposed and discussed in detail by Haschke and
coworkers (Haschke et al., 1987) and by Bartscher (1996). These complex
stoichiometry and phase relationships are best understood from consideration
of the solid-state structures of the PuH, system.

The phase relationships in the plutonium-hydrogen system are shown in the
phase diagrams of Fig. 7.70 (slow reaction at low pressure) and Fig. 7.71 (rapid
reaction at high pressure) (Flotow et al., 1984). Hydrogen dissolves in solid and
liquid plutonium (melting point 640°C) to form plutonium metal that is essen-
tially saturated in hydrogen. This is denoted as PuHj in the figures. Hydrogen-
saturated plutonium (PuHjy) coexists with the cubic PuH, solid solution up to
composition x ~ 1.9. Between composition PuH; ¢ and PuHj;, a continuous
solid solution forms. The exact value of x is highly dependent upon the
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Fig. 7.70 A plutonium-hydrogen phase diagram depicting equilibrium relationships based
on Wick (1980) and Flotow et al. (1984).

conditions of formation (Haschke et al., 1987). The variable composition arises
because the hydride reacts reversibly with H, between 25 and 500°C and
pressures less than 1 bar (Johns, 1944; Haschke et al., 1987). Extrapolation of
25°C data suggests that at 1 bar H, pressure, a composition PuH, o3 is attained,
while at 25 bar H,, composition PuHj; is attained. These observations are
consistent with the phase diagram for slow reaction at low pressure shown in
Fig. 7.70. An alternative phase diagram based on data generated at high
pressures and rapid reaction is shown in Fig. 7.71 (Haschke et al., 1987). This
diagram is based on measurement of partial molar free energy isotherms that
suggest the existence of five hydride phases (indicated as n—vi in Fig. 7.71) in
addition to PuH (phase I). These data suggest the coexistence of a cubic
PuH, 7 and a hexagonal PuH, gg in the IIT + IV two-phase region. Hexagonal
phase IV is thought to have a structure similar to that of disordered tysonite
(LaF5), while phase V is thought to be similar to that of orthorhombic YF3; with
a composition near PuH, ¢5s. The properties of phase VI are unknown. For a
detailed discussion of the plutonium-hydrogen phase equilibria, the reader is
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Fig. 7.71 A plutonium-hydrogen phase diagram for rapid high-pressure reaction condi-
tions, based on Haschke et al. (1987).

referred to reviews by Flotow et al. (1984), Bartscher (1996), and Haschke and
Haire (2000).

(c¢) Solid-state structures

The solid-state crystal structures of plutonium hydrides possess many simila-
rities to those of the lanthanide hydrides, and Haschke and coworkers have
suggested a similarity and analogy to the lanthanide trifluoride system (Haschke
et al., 1987). A summary of crystallographic data for plutonium hydrides is
given in Table 7.26. Plutonium hydride forms a cubic fluorite-type phase over
the composition range of PuH,, where 1.9 < x < 2.7, and a lanthanum
trifluoride-related hexagonal phase beyond x = 2.9. The cubic fluorite-type
structure based upon CaF, is illustrated in Fig. 7.72. As the composition of
the fcc PuH,, varies between 1.9 < x < 2.7, the lattice parameter decreases from
5.360(1) Aatx=19to 5.34(1) A at x = 2.7. Within this fcc arrangement of
plutonium metal cations are tetrahedral (¢) and octahedral (o) interstices that
may be occupied by the H™ ion. For an idealized PuH, structure with lattice
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Table 7.26  Crystal structure data for plutonium hydrides.

Lattice
parameter Formula Calculated
Space  ————— units density
Formula ~ Symmetry group ag (A) co (A)  percell (g cm*3) References

PuH, fcc Fm3m 5.359(1) 4 10.40 Ellinger
(1961)
PuH,5;* fec Fm3m 5.342(4) 4 Muromura
et al
(1972)
PuH; hexagonal P6y/mme 3.78(1)° 6.76(1) 2 9.608 Ellinger
or (1961)

P3¢l 6.55(1)

% The values of x between 2.15 and 2.70 are represented by the equation a, (A) =5.4337-0.003575
(H/Pu) (Bartscher, 1996). B

® Hexagonal LaFj5 (tysonite) has space group P3cl, which is the same as observed in hexagonal
lanthanide hydrides, and is the likely space group for PuH3. To transform from P6s/mmc to P3cl,
one would use ay = a’'v/3, or ag = 6.55 (A) for PuHj;.

Fig. 7.72  The cubic (Fm3m) fluorite-like solid-state structure of PuH, showing the fcc
arrangement of Pu atoms (black) with tetrahedral H atoms (gray). Octahedral vacancies
are indicated with whitfg circles, and the unit cell is indicatea_{ as a dashed line. For latticg
parameter, a = 5.336 A, Pu-H = 2.31 A, Pu—Pu = 3.77 A, and Pu-vacancy = 2.67 A
(Ellinger, 1961).
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parameter a = 5.34 A, there is eight-fold (cubic) coordination of each pluto-
nium atom by 8 hydrogen atoms, and four-fold tetrahedral (¢) coordination of
hydrogen atoms by 4 plutonium atoms with a Pu-H distance of 2.31 A. The six-
fold octahedral (o) sites in this model are vacant. Compositions of PuH,, where
x < 2, are likely formed by the creation of hydrogen atom vacancies in the
normal ¢ sites. At low temperatures, low pressures, and slow reaction times, an
extended metastable cubic solid solution can exist all the way up to the PuH;
phase boundary, and a simplistic model (see discussion below) would have
additional hydrogen atoms randomly filling the o sites, with a concomitant
decrease in lattice parameter.

The simple model of random occupancy of o sites in the fluorite lattice by
additional hydrogen atoms when H-Pu is greater than two is overly simplistic.
Since hydrogen mobility can occur at fairly low temperatures, the hydrogen
atom can be disordered between ¢ and o sites in the lattice (Muromura et al.,
1972; Flotow et al., 1984; Haschke et al., 1987; Ward and Haschke, 1994).
Bartscher and coworkers employed elastic neutron scattering on deuterated
samples of composition PuD,,s, PuD, 33, and PuD, 45 and demonstrated a
progressive depletion of 7 sites and occupation of o sites relative to PuD,
(Bartscher et al., 1985). Deuterium atoms in the o sites are displaced by 0.4 A
in the [111] direction (body diagonal) toward the ¢ sites, in analogy with
that observed in lanthanide systems (Ward and Haschke, 1994). In lanthanides,
this low-temperature ordering of octahedral hydrogen atoms appears with a
concomitant doubling of the c-axis of the unit cell. The ‘freezing in’ of the hydrogen
atoms in this structure can be observed by NMR and by heat-capacity measure-
ments (see below) (Cinader et al., 1976; Flotow et al., 1984). Haschke has pro-
posed a conceptual model based on vacancy clusters for interpreting the relative
t- and o-site occupancy factors in this structural model (Haschke et al., 1987).

The structural behavior of the Pu-H system near the PuH; phase boundary is
complex, and this region remains to be fully characterized. At low temperatures
and for compositions above PuH,;, a cubic (fcc) form has been identified
(Fig. 7.72). Under the appropriate conditions of rapid (high-temperature and
high-pressure) reaction, both hexagonal and orthorhombic phases can also be
formed near the PuH; boundary. In the range PuH, o—PuHj , there is a hexag-
onal, nonstoichiometric phase in which the proposed structure is based on a
disordered LaFj; (tysonite) hexagonal structure (P3cl), and an orthorhombic
phase thought to be based on the YF; structure (Haschke et al., 1987). The
hexagonal phase was originally reported by Ellinger and assigned space group
P65/mmc (Ellinger, 1961), but more recent studies of the related lanthanide
hydrides and fluorides reveal that trigonal space group P3cl is more likely the
correct choice (Cheetham et al., 1976). According to Haschke, the two-phase
regions separating cubic (fcc) and hexagonal hydrides close in on themselves
at 200-400°C, and only the cubic phases exist at higher temperatures
(Haschke ef al., 1987). For more detailed discussion of these phase relation-
ships, the reader is referred to the recent review by Haschke and Haire (2000).
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(d) Physical properties and electronic structure

Trends in electronic properties as a function of x in PuH, systems are crucial for
understanding the nature of chemical bonding in plutonium hydrides. All data
are consistent with the general description of cubic plutonium hydrides consist-
ing of a localized 5f shell with a trivalent Pu(i) ion, best formulated as
Pu’"(H).(e )5 .. Plutonium is trivalent for all compositions and exhibits
‘rare-earth like’ behavior. For nominal composition PuH,, XPS shows a 4f
intensity at the same 4f binding energy as a Pu(in) standard (Willis et al.,
1985). Neutron scattering data display an ordered magnetic moment of 0.71ug
per plutonium atom, which is the same as the trivalent free ion value (Bartscher
et al., 1985). Electrical conductivity decreases with increasing x, indicating that
electrons are progressively removed from the conduction band and bound as H™
as the value of x increases (Willis et al., 1985). Moreover, as the conductivity
decreases, the hydride color changes from silver to black. Valence band XPS
recorded on a (nominal composition) PuH, film reveal a large 5f peak consistent
with a localized 5f shell, while core-level XPS on the same sample shows 4> and
4f"" peaks characteristic of Pu(r) (Ward ef al., 1992). Recent XPS data on a
thin film of nominal composition PuH; shows the disappearance of the 5f peak
(Gouder, 2005). Cinader and coworkers studied "H NMR spectroscopy on
cubic PuH, (where x = 1.78, 2.35, 2.65, and 2.78) between 77 and 300°C
(Cinader et al., 1976). Evaluation of line shapes, Knight shifts, and relaxation
times are consistent with paramagnetic phases with localized 5f moments.
Different line shapes and shifts were observed for ¢ and o sites, and they were
able to observe the ‘freeze in’ of the hydrogen atoms at low temperature.
Enthalpies and entropies of formation for the extended cubic phase composi-
tion are given in Table 7.27.

(e) Applications

The hydriding reaction may be used to prepare plutonium metal powder.
Compact pieces of plutonium metal can be converted to one of the hydrides
and then powdered under an H, atmosphere by a magnet hammer. Subsequent

Table 7.27 Enthalpies and entropies of formation for cubic plutonium hydrides at 550 K*®.

Product AcH (kJ mol™) AsS T K ' mol™)
PuH, ¢ —155.6 £ 10.9 —138.5+ 10.9
PuH, 5o —190.4 + 5.0 —175.7 £ 8.4
PuHj; o° —205.9 + 4.6 —211.7 £ 11.7
PuD> s —174.5 + 4.2 ~160.2 £ 7.5
PuDs; g0° —189.1 £ 11.7 —188.3+ 8.4

? Data from (Ward and Haschke, 1994).
® Based on extrapolated partial molar Gibbs energy data.
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Pu hemishell

Hy input —>

Crucible

Fig. 7.73 A schematic representation of the hydride—dehydride or hydride-oxidation
chamber for conversion of surplus weapons plutonium. A weapon hemishell sits in the
upper chamber, PuH . spalls off and falls into the lower crucible, where it can be converted
to the metal, a nitride or oxide (Toevs, 1997).

decomposition in vacuo at more than 400°C leaves finely divided, highly reactive
plutonium powder (Stiffler and Curtis, 1960). Both the U.S. and Russian
technology for disassembly and conversion of excess plutonium from nuclear
weapons employs a hydride-dehydride, or hydride-oxidation process for
conversion into an unclassified form that can be examined by inspectors from
other nations (Cremers et al., 1995; Toevs, 1997; Nelson, 1998; Mashirev et al.,
2001). The U.S. process uses continuous Hj recycle where the hydride falls into
a crucible that is heated, driving off H, gas, leaving molten plutonium in the
crucible. The H, refluxes to the top of the chamber, where it removes additional
plutonium from the component. A schematic representation of the reaction
chamber employed in this process is shown in Fig. 7.73. For conversion to an
oxide, the crucible is not heated, and either O, is admitted and the hydride
burned to release H, and leave an oxide powder, or N, is used and burned to a
nitride powder. The nitride can then be converted to the oxide by burning with
O,. The three-step process of converting the hydride to the nitride and then the
oxide avoids having an H,~O, atmosphere in a glove box (Toevs, 1997). The
hydride-dehydride approach to weapons conversion avoids the generation of
large volumes of liquid waste from wet chemical methods.

7.8.2 Plutonium borides

Plutonium borides form at stoichiometric compositions PuB,, PuB4, PuBg,
PuB,,, and PuBgg, and at a very restricted solid solution of less than 0.5 at.%
Pu in B-rhombohedral boron. These five compounds have high melting points,
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and with the exception of the preparation and identification of the compounds,
very little experimental work is available. Recent detailed reviews describing the
plutonium-boron system have appeared (Potter, 1991; Rogl and Potter, 1997).

Plutonium borides were first reported in 1960 (McDonald and Stuart, 1960),
when the crystal structures of ‘PuB,” PuB,, PuB,, and PuB¢ were described.
Additional studies of the plutonium boron phase relationships were reported
shortly thereafter (Skavdahl, 1963; Skavdahl and Chikalla, 1964; Skavdahl
et al., 1964; Weber et al., 1964). Careful structural investigations employing
XRD and metallography demonstrated that cubic samples of ‘PuB’ were con-
taminated with cubic PuN, and that ‘PuB’ was not actually a real phase in the
Pu-B system (Eick, 1965; Chipaux et al., 1989). Two additional compounds,
plutonium dodecaboride, PuB;,, and the hectoboride, PuBgs were also dis-
covered (Eick, 1965). The hectoboride was originally reported as having
composition PuBigq (Eick, 1965), but based on analogy with rare-earth ele-
ments, which show a YBgs-type structure (Kasper, 1976), Rogl and Potter
(1997) suggest that PuBgg represents a more-likely composition. Using the
similarities between rare-earth and actinide boride systems, Rogl and Potter
have provided a cautious assessment of the plutonium-boron phase diagram,
shown in Fig. 7.74 (Rogl and Potter, 1997).
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Fig. 7.74  The plutonium—boron phase diagram (redrawn from Rogl and Potter, 1997).
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(a) Preparation

Plutonium borides can be prepared by a variety of methods: heating mixtures of
pressed powders of elemental plutonium and boron under vacuum between 900
and 1200°C (McDonald and Stuart, 1960; Weber et al., 1964), arc-melting pure
plutonium with crystalline boron under a purified argon atmosphere followed
by heat treatment (Eick, 1965), reaction of plutonium hydride with elemen-
tal boron at 900°C (Chipaux et al., 1988, 1990), or reduction of PuO, by
elemental boron and carbon (Skavdahl, 1963; Skavdahl and Chikalla, 1964;
Skavdahl et al., 1964; Larroque et al., 1986). All of these reactions are carried
out at high temperature (800-1500°C) under Ar or in vacuo. A comprehensive
listing of preparative methods has been reported (Rogl and Potter, 1997). In
view of the recent advances in the low-temperature synthesis of highly refractory
materials (Rice, 1983; Wynne and Rice, 1984), and a possible application of
actinide borides as an alternative storage form for actinide elements (Lupinetti
et al., 2002), it seems likely that this area will grow in interest and importance
over the coming decades.

(b) Solid-state structures

The solid-state structures of plutonium borides (as in most metal borides) are
dominated by B-B bonding, and the structures are made up of three-
dimensional boron atom networks or clusters in which the plutonium atoms
occupy otherwise vacant sites (Greenwood and Earnshaw, 1997). The B-B
distances in all the plutonium borides are within the same range as those
found in elemental boron and other boride complexes, and span 1.73-1.92 A.
The basic structural units in actinide borides, as in all metal borides, are readily
described in terms of the B-B bonding configuration, followed by the actinide
atom coordination (Potter, 1991; Greenwood and Earnshaw, 1997). Boron
bonding units can be conveniently described as belonging to B,-sp>, B-octahe-
dral, or Bj,-cubeoctahedral boron atom cluster configurations as shown sche-
matically in 1, 2, and 3 below (Potter, 1991; Greenwood and Earnshaw, 1997).
To date, the structural characterization of plutonium borides has been per-
formed exclusively by X-ray powder diffraction techniques, and a summary of
crystallographic parameters of plutonium borides is given in Table 7.28. No
single crystal diffraction studies have been reported.
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Plutonium diboride (PuB,) exhibits the hexagonal AIB, structure in space
group P6/mmm containing one formula unit per unit cell (McDonald and
Stuart, 1960; Eick, 1965). The AlB, structure is by far the most common phase
displayed by metal borides (Spear, 1976). The solid-state structure (Fig. 7.75)
consists of graphite-like hexagonal layers of catenated boron atoms with a close
B-B contact of 1.84 A. These hexagonal boron layers are separated by a
hexagonal close packed (hcp) layer of plutonium atoms, positioned so that the
centroid of a hexagonal ring of boron atoms lies directly above and below each
plutonium atom. The closest Pu-B contact in this structure is 2.70 10\, with a
closest Pu—Pu separation of 3.19 A.

Plutonium tetraboride (PuB,) has a tetragonal lattice (space group P4/mbm)
formed by chains of Bg octahedra along the c-axis and linked in the lateral
direction by pairs of B, units in the ab plane (McDonald and Stuart, 1960;

Fig. 7.75 The solid-state structure of PuB, shown perpendicular to the c-axis, and
emphasizing the hexagonal graphite-like layers of boron atoms (gray) separated by layers
of plutonium atoms (black). The unit cell is indicated as dashed lines.



Compounds of plutonium 1001

Eick, 1965). This forms a three-dimensional network with channels along the
c-axis that are filled by plutonium atoms. B-B contacts span a narrow range
between 1.70 and 1.76 A, with the shorotest Pu-Pu contact of 3.66 A between
chains, and a longer contact of 4.00 A along the chains. The closest Pu-B
contact is 2.72 A between Pu atoms and By units. This structure type is shown
in Fig. 7.76.

Plutonium hexaboride (PuBg) has a cubic CsCl-type lattice (Pm3m) in which
the plutonium atom and Bg octahedra occupy the metal and halogen sites,
respectively, as shown in Fig. 7.77(a) (McDonald and Stuart, 1960; Eick,
1965). In this structure, the B¢ octahedra are linked together in all six orthogo-
nal directions. Within this framework, plutonium atoms occupy the corner

Fig. 7.76  The solid-state structure of PuB, shown looking down the c-axis and emphasiz-
ing the open channels filled with plutonium ions (black). Boron atoms (gray) comprise
octahedral Bg units linked by bridging B, units within the ab plane. The unit cell is indicated
as dashed lines.
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Fig.7.77 The solid-state structure of PuBg (a), and PuBy, (b). PuBg has alternating pluto-
nium (black) and B octahedra (gray) in a ‘CsCl-type’ lattice. PuBy, has alternating
plutonium (black) and By, cubeoctahedra (gray) in a ‘NaCl-type’ lattice.

positions of an interpenetrating cubic sublattice. B-B contacts within the Bg
unit, and linking adjoining By units, are 1.70 A, Pu-B contacts are 3.03 A, and
the Pu-Pu nonbonding contact is 4.11A. Plutonium dodecaboride (PuB;,) has a
cubic NaCl-type fcc lattice (Fm3m) in which the plutonium atoms and B, cube-
octahedral clusters occupy the metal and halogen sites, respectively, as shown in
Fig. 7.77(b) (Eick, 1965). B-B distances within the By, unit are 1.76 A, Pu-B
distances betweeg plutonium and By, units are 2.79 A, and the Pu-Pu nonbonding
contact is 5.29 A.

Plutonium hectoboride was originally formulated as ‘PuB;(y’ (Eick, 1965),
but this phase is most likely of composition PuBgg, belonging to a family of
metal hectoborides based on the structure of YBgg (Potter, 1991; Rogl and
Potter, 1997). This structure is exceedingly complicated, and the reader is
referred to Richards and Kasper for a detailed description (Richards and
Kasper, 1969). A simplified description is that of a well-known 13-icosahedron
unit (156 boron atoms) found in B-rhombohedral boron, comprised of 12 B,
icosahedra grouped around a 13th central By, unit. The yttrium atoms in YBgg
are distributed in channels and coordinate to the cage boron atoms.

(c) Properties

Very little is known about the physicochemical properties of plutonium borides.
It seems well established that PuB4 and PuBgg are the only congruently melting
plutonium borides (Rogl and Potter, 1997). Magnetic susceptibility measure-
ments of PuB, and magnetic susceptibility and Mdossbauer measurements on
solid solutions of Np;_,Pu,B, and NpB, suggest a tetravalent oxidation state
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for neptunium, and presumably plutonium in the diborides. PuB, was found to
be a weak paramagnet, and the data were fit by a modified Curie-Weiss law with
and effective paramagnetic moment of p*.¢ = 0.32up and 0, = —30 K. Renor-
malization led to g = 0.75upg (Chipaux et al., 1990). Smith and Fisk (1982)
reported little temperature dependence in magnetic susceptibility of PuBg.

7.8.3 Plutonium carbides and silicides

(a) The plutonium—carbon system

Four compounds are known in the plutonium-carbon system: Pu;C,, PuC,_,,
Pu,C;, and PuC,. All these compounds undergo peritectic decomposition at
high temperatures. The Pu-C phase diagram according to Green and Leary
(1970), and assessed by Kassner and Peterson (1995), is shown in Fig. 7.78.
PusC, decomposes between 558 (Rosen et al., 1963) and 575°C (Mulford
et al, 1960) to e-Pu + PuC,_, and may be unstable at lower temperatures
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Fig. 7.78 The plutonium—carbon phase diagram (redrawn from Green and Leary, 1970,
Kassner and Peterson, 1995). See text for discussion of stability of PuC, below 1660°C.
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(Pascard, 1962). Plutonium monocarbide ‘PuC’ exists only as substoichiometric
PuC,_,, with a stoichiometry ranging from PuCy4 to PuCgg,. At 1654°C,
PuC,_, decomposes into Pu,C; plus liquid. Plutonium sesquicarbide Pu,Cs
occurs in a rather narrow phase region around 60 at.% C. It decomposes at
2050°C into the high-temperature cubic phase PuC, and liquid (Mulford et al.,
1960). Plutonium dicarbide PuC, is only stable between 1660 + 10 and 2230 +
20°C (Reavis and Leary, 1970). The polymorphic transformation of PuC, below
1660°C to give the metastable tetragonal phase was added to the phase diagram
in Fig. 7.78 by Kassner and Peterson (1995).

An extensive literature on plutonium carbides exists because actinide carbides
have been considered as advanced nuclear fuels. Topical reviews can be found
on general behavior (Storms, 1964, 1967; Ogard and Leary, 1970; Potter, 1975),
thermodynamics (Holley, 1974; Holley et al., 1984), thermal expansion
and density (Andrew and Latimer, 1975), defect and transport properties
(Matzke, 1984), and use as nuclear fuel (Russell, 1964; Andrew and Latimer,
1975; Herbst and Matthews, 1982; Handa and Suzuki, 1984).

(i) Preparation

Quite a few different preparation methods have been used to synthesize pluto-
nium carbides. Carbides of plutonium can be formed by reaction between
plutonium metal, plutonium hydrides, or plutonium oxides with elemental
carbon at high temperature using furnace or arc-melting techniques (Drummond
etal., 1957; Ogard et al., 1962; Pascard, 1962; Kruger, 1963; Chackraburtty and
Jayadevan, 1965; Ogard and Leary, 1970). Plutonium oxide reductions using
carbon can leave oxygen impurities in the products, and this is particularly true
for the cubic monocarbides PuC,_,. The products depend strongly on the
temperature of reaction and reaction time. For example, PuC;_, can be
prepared by sintering or arc-melting a plutonium carbon mixture at 1000°C
for 5 h, by direct reaction of PuO, with elemental carbon between 800 and
1350°C, by sintering PuH, ; with carbon in an inert atmosphere between 880
and 1650°C, or by reaction of PuH, with Pu,C; at 650-750°C. The sesquicar-
bide can be obtained by reaction of PuO, with carbon under an argon atmo-
sphere between 1250 and 1450°C at 6 h, 1350°C for 2 h or 1300-1400°C under
vacuum. Pu,C; can also be obtained by reaction of plutonium hydride with
propane at 650-750°C.

(ily Crystal structures

The crystal structures of all plutonium carbides, with the exception of Pu;C,
have been determined, and crystallographic data are summarized in Table 7.29.
The lattice constants depend on the composition and the history of the individ-
ual sample. Plutonium monocarbide ‘PuC’ exists only as substoichiometric
PuC,_,, and adopts the cubic NaCl structure with defects in the carbon
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sublattice (Zachariasen, 1949¢c; Mulford et al., 1960). As the carbon content
increases, all the carbide carbon atoms are replaced by acetylide C, units
adopting a stoichiometry Puy(C,); (equivalent to Pu,Csz) and PuC,. Pu,C;s is
cubic with 12 C, groups in the unit cell, with each plutonium atom bonded to
nine carbon atoms, three at 2.48 A, three at 2.51 A, and three at 2.84 A
(Zachariasen, 1952). This structure is illustrated in Fig. 7.79, where only the
shortest set of three Pu—C bonds are indicated. Due to the difficulty in accurate-
ly locating carbon atoms in the presence of the larger plutonium atoms by
XRD, the carbon atoms were placed in assumed locations with a C—C single
bond distance of 1.54 A. Neutron diffraction studies on the isostructural U,Cs
revealed a much shorter C-C distance of 1.295 A (Austin, 1959), which is
considerably lengthened relative to C, unit in acetylene at 1.20 A.

Plutonium dicarbide, PuC, is a high-temperature compound that is not stable
below ~1750°C (Mulford et al., 1960) and decomposes to Pu,C; and carbon.
High temperature XRD revealed an fcc structure at 1710°C with a lattice
parameter ay = 5.70(1) A (Harper et al., 1968) which is consistent with

Fig. 7.79 The solid-state structure of Pu,Cs shown looking down the a-axis. Plutonium
atoms are black and carbon atoms are gray. The unit cell is indicated as dashed lines. The
bold lines between C atoms indicates the 12 C, groups in the unit cell (Zachariasen, 1952).
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the CaC, structure that has a NaCl arrangement of Ca atoms and C, units
(Wells, 1984). A room-temperature structure of what must be considered
metastable PuC, was found to contain a tetragonal cell, probably due to
martensitic transformation on quenching fcc PuC, to room temperature
(Chackraburtty and Jayadevan, 1965). The tetragonal structure of PuC, and
its similarity to the NaCl structural unit is shown in Fig. 7.80. For tetragonal
PuCz,o the short Pu—C distance is found to be 2.48 A with Pu—Pu = 3.63 and
3.98 A (Chackraburtty and Jayadevan, 1965). As in the case of Pu,C;, the
carbon atom positions are not accurately determined, but a neutron diffraction
study on the isostructural tetragonal UC, revealed a C-C distance of 1.34 A
(Austin, 1959).

(iity Chemical properties

The chemical properties of the plutonium carbides have been studied in some
detail (Cleveland, 1979; Wick, 1980). Plutonium monocarbide oxidizes in air at
temperatures as low as 200-300°C. It ignites at 400°C in an O, atmosphere
(Drummond et al., 1957). Compact PuC,_,, kept in air at room temperature, did
not show any sign of reaction after 2 months. However, PuC,_, powder was
found to be reactive, and sometimes pyrophoric (Ogard et al., 1962). With N,
PuC,_, reacts more slowly than UC. A PuC,_, sample, kept at 0.5 atm N,
contains 1 ppm N, after 12 h at 200°C and 16 ppm after 12 h at 500°C. If heated

Lbo"

Fig. 7.80 (a) The metastable tetragonal structure of PuC, shown looking perpendicular to
the c-axis, and emphasizing the discrete C, units within the structure. Plutonium atoms are
black and carbon atoms are gray. (b) The same structure rotated by 45° and emphasizing the
relationship to the cubic NaCl structure with alternating Pu and C, units. At high tempera-
ture of 1710°C,a = b = ¢ = 5.70(1) A.
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to 1400°C, the PuC,_, reacts more rapidly to PuN and Pu,C; (Lorenzelli
et al., 1966). Plutonium sesquicarbide, Pu,Cs, shows chemical behavior similar
to the monocarbide. It is slightly more stable to oxidation at higher tempera-
tures (Drummond et al., 1957). If heated to 1000°C in H,, Pu,Cj; is reduced to
PuCygs (Russell, 1964). PuC,_, reacts with hot water to form Pu(OH); and a
mixture of H, and hydrocarbons. Pu,C; appears to be more stable to hydrolysis
in boiling water, but less stable to atmospheric hydrolysis (Drummond ef al.,
1957).

All the plutonium carbides dissolve in HNOs;-HF mixtures (Storms, 1967).
With oxidizing acids, CO, is formed. By the dissolution of lower carbides,
carbon may be liberated along with hydrocarbons (Storms, 1967) along with
organic acids such as mellitic and oxalic acids (Bokelund and Glatz, 1984).

(iv) Thermodynamic properties

Because of the importance of the plutonium carbides as potential high-
temperature reactor fuels, the mechanical, thermal, electrical, magnetic, and
thermodynamic properties of these compounds have been determined. For
details about these properties and for additional references to the literature,
the reader is referred to Holley ez al. (1984), who reviewed the literature in
the 1980s. The 2001 evaluation of plutonium thermodynamic data by the
Nuclear Energy Agency (NEA) concludes that little significant thermodynamic
information has been published since that time (Lemire et al., 2001) but offers
some reassessment of earlier data and provides recommended values for key
thermodynamic constants. These are given in Table 7.30.

Monatomic plutonium is the only species that evaporates on heating from
Pu-C phases. The equilibria in the solids have been inferred from vapor-
pressure measurements (Mulford er al, 1963; Olson and Mulford, 1967;
Campbell et al., 1970; Holley et al., 1984). A general survey of the thermal
decomposition behavior observed in the plutonium—carbon system has been
given by Storms (1967). Specific-heat measurements of plutonium carbides
have been reported by numerous authors and reviewed by Holley et al. (1984).
The NEA review recommends the following temperature dependences (Lemire
et al., 2001):

Table 7.30 Thermodynamic parameters for plutonium carbides. (Lemire et al., 2001).

Ag G;98 A¢H. ;98 SDZ98 C, 298
Compound (kI mol™") (kJ mol™) GK 'mol™) ("K' mol™)
PuCy g4 —49.8 + 8.0 —452+ 8.0 74.8 + 2.1 471+ 1.0
Pu,Cs —156.5 + 16.7 —149.4 + 16.7 150.0 £ 2.9 114.0 + 0.4

Pu;C, —123.5 £ 30.0 —113 + 30 210.0 £ 50 136.8 £2.5
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PuCys4 (298.15 < T < 1875 K)
Cp =71.5910 — 5.95042 x 10727 +4.94346 x 10777

7.30
—9.9320 x 10° 7T 2JK "mol™! (7.30)

Pu,C; (298.15 < T < 2285 K)

C° = 156.000 — 7.9726 x 1072T + 7.04170 x 107>
P ] | (7.31)
—2.1757 x 10°T72JK 'mol~
Pu;C, (298.15 < T < 850 K)

€2 =120.67 +4.686 x 10T +1.9456 x 10°T*JK'mol ™' (7.32)

(v) Ternary phases

Several ternary plutonium carbides have been prepared. Of particular impor-
tance are the phases formed in the systems Pu—U-C and Pu-Th-C, which may
be used in high-temperature reactors and thorium breeders, respectively. The
Pu-U-C ternary phase diagram has been reported by Mardon and Potter (1970)
and by Rosen et al. (1963, 1964). In this system, compounds M;C,, MC,_,,
M,C;, and MC, are all observed, where M = (U, Pu), in a wide range of
compositions. The Pu-Th-C system has been studied by Reavis and Leary
(1970), who reported a partial-phase diagram, and by Dalton et al. (1967) and
Dalton and Griffin (1964).

A few ternary plutonium carbide phases with transition elements have
been prepared by arc melting from the components and have been characterized
by their XRD data. These compounds are compiled in Table 7.31. An attempt to
estimate ternary phase diagrams for a number of ternary plutonium carbide
systems was reported by Holleck (1975). A few mixed carbonitrides, carbide
oxides, and carbide hydrides, all of them nonstoichiometric, have been prepared.

(b) The plutonium-silicon system

Five compounds are known in the plutonium-silicon system: PusSiz, PusSi,,
PuSi, Pu;Sis, and PuSi,, melting at 1377, 1441, 1576, 1646, and 1638°C, respec-
tively. The phase diagram determined by Land et al (1965b) and redrawn by
Kassner and Peterson (1995) is shown in Fig. 7.81. A recent XRD study by
Boulet and coworkers found no new compounds other than the five listed above
and confirms the phase diagram (Boulet ef al., 2003).

The literature of plutonium silicides is relatively sparse, but there are a few
detailed reports on exchange reactions and enthalpies of formation (Krikorian
and Hagerty, 1990), physical properties (Taylor, 1966), magnetic properties
(Boulet ez al., 2003), and the phase diagram (Land ez al, 1965b); and an
excellent overall review (Potter, 1975).
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Fig. 7.81 The plutonium-silicon phase diagram from Land et al. (1965b) and redrawn
from Kassner and Peterson (1995).

(i) Preparation

The preparation of plutonium-silicon phases is best carried out by reduction
in vacuo of plutonium trifluoride with elemental silicon at temperatures above
1200°C in a BeO crucible (Runnalls, 1958):

4PuF; + (3 + 4x)Si — 4PuSi, + 3SiF, (7.33)

Volatile SiF,4 is pumped off, and the plutonium silicide remains. The silicides
may also be prepared by arc melting of silicon with plutonium metal or pluto-
nium hydride in an argon atmosphere (Pardue et al., 1964b; Land et al., 1965b;
Krikorian and Hagerty, 1990), by reduction of PuO, with Si or SiC in vacuo at
1400°C (Pardue et al., 1964b), and by fluidized-bed reduction of PuO, in the
presence of SiO, with silane (Fletcher et al., 1967).

(ify Crystal structures

The crystal structures of all plutonium silicides have been determined. The basic
crystallographic data are listed in Table 7.32. Silicon, like boron, is more
electropositive than carbon; thus silicides are more closely related structurally
to the borides than the carbides. With increasing silicon content, there is an
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increasing tendency to catenate into isolated Si, units, or into chains, layers or
three-dimensional networks of silicon atoms. Plutonium silicides adopt exam-
ples of all these structure types.

The plutonium-rich compound PusSi; adopts the tetragonal WsSi; structure,
and this structural unit is shown in Fig. 7.82 (Cromer et al., 1964). In this
structure, there is a silicon chain composed of columns of alternating SiPug
square antiprisms with Pu-Si = 3.025 A. The linear silicon chain runs parallel
to the c-axis with a Si-Si distance of 2.72 A. Interspersed between the square
antiprisms is another chain of edge-shared PuSi, tetrahedra that also runs
parallel to the c-axis, with Pu-Pu = 2.72 A. In the linear plutonium chain,
each plutonium atom in the PuSi4 tetrahedra shows a Pu-Si distance of 2.89 A.
The silicon atoms in the PuSiy tetrahedra bridge to the plutonium atoms in the
SiPug antiprisms with a Si—Pu distance of 3.01 A. These bridges are omitted

Fig. 7.82 A polyhedral representation of the solid-state structure of PusSiz shown looking
down the c-axis, and emphasizing the alternating columns of SiPug antiprisms and PuSi,
tetrahedra within the structure. Plutonium atoms are black and silicon atoms are gray.
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from Fig. 7.82 for clarity. PusSi, adopts the U;Si, structure, and the basic
structural unit is shown in Fig. 7.83. This structure contains a network of Si,
pairs that are perpendicular to the four-fold axis with Si-Si = 2.35 A, identical
to the Si-Si distance observed in elementary silicon. The plutonium atoms form
a puckered cage with Pu—Pu distances of 3.41 A. The Pu-Si distances range
from 2.99 to 3.03 A.

Plutonium monosilicide is isostructural with ThSi and USi, adopting the FeB
structure with infinite one-dimensional zig-zag chains of silicon atoms
(Si-Si = 2.35 A) (Land et al., 1965b). Each silicon atom in the chain is also
surrounded by six plutonium atoms at the apices of a trigonal prism with Pu-Si
distances spanning the range 2.95-3.03 A. The PuSi structure is shown in
Fig. 7.84. There are four Pu-Pu distances of 3.62 A, and two Pu-Pu distances
of 3.73 A.

Fig. 7.83  The solid-state structure of Pu3Si, shown looking down the c-axis, and empha-
sizing the discrete Siy units within the structure. Plutonium atoms are black and silicon
atoms are gray.
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Fig. 7.84 (left) The solid-state structure of PuSi shown looking down the c-axis, and
emphasizing the zig-zag chains of Si atoms that run perpendicular to the c-axis. Plutonium
atoms are black and silicon atoms are gray. (right) The same structure rotated by 45° and
emphasizing the trigonal prismatic SiPug coordination polyhedra.

The disilicides form two different structural types that are best considered as
defect structures of PuSi,_,. There is a hexagonal form of nominal formula
PusSis (Runnalls and Boucher, 1955; Ellinger, 1961; Boulet et al., 2003), that
adopts the hexagonal AIB, structure (discussed for PuB,, and shown in Fig.
7.75), but the solid is silicon deficient, with vacancies in the silicon sublattice. In
this structure there are hexagonal (graphitic) layers of silicon atoms (Si—
Si=2.23 A) with plutonium atoms interleaved between them (see Fig. 7.75).
There is also a tetragonal form that adopts the three-dimensional ThSi, network
structure as shown in Fig. 7.85 (Zachariasen, 1949a,b). In this structure, the
silicon atoms form an open, three-coordjnated, three-dimensional network. The
Si-Si bond lengths are 2.35 and 2.29 A, which are slightly shorter than that
observed in elementary silicon. In the large spaces in this network are the
plutonium atoms, each bonded to 12 silicon neighbors with Pu-Si = 3.02 A.
The next nearest neighbors to silicon are six plutonium atoms at this same
distance.

(iii)  Properties

The plutonium silicides are hard, brittle, and pyrophoric, with a metallic
appearance. They oxidize in air to form PuO, (Westrum, 1949b) and are rapidly
attacked by water (Pardue and Keller, 1964). Due to their high melting points
and high Pu densities, plutonium silicides have been considered as reactor fuels,
but the difficulty of preparing them as pure phases has hampered their develop-
ment for this purpose (Pardue and Keller, 1964; Potter, 1975).

A recent determination of the magnetic properties of PuSi and tetragonal
(ThSi,-type) PuSi, revealed that PuSi orders ferromagnetically around 72 K,
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Fig.7.85 The solid-state structure of tetragonal PuSi, shown looking down the a-axis, and
emphasizing the three-dimensional network structure of the silicon atoms. Plutonium atoms
are black and silicon atoms are gray.

whereas PuSi, shows no magnetic ordering (Boulet ez al., 2003). The values of
the effective moments of PuSi (g ca. 0.72ug) and PuSi, (uer ca. 0.54up) are
consistent with a 5f° electronic configuration and a Pu®* oxidation state.

7.8.4 Plutonium pnictides

With pnictogen elements, plutonium forms compounds in three basic families
with the highest order composition being PuX, that is only found for the
heaviest pnictogen elements (X = Sb and Bi). With antimony, thermal dissoci-
ation permits the preparation of an intermediate composition PusSb;. By
far, the most important class of compounds are the monopnictides PuX (N, P,
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As, Sb, Bi), which form an isostructural series that has played an important role
in understanding the degree of localized versus delocalized bonding with 5f
electrons.

Plutonium pnictides are generally prepared by reaction of plutonium metal or
hydride with the pnictogen in evacuated sealed quartz tubes that are heated to
400-750°C. The monopnictides can be prepared by thermal dissociation of a

higher pnictide. Reviews of synthesis (Spirlet, 1991) and structural properties
are available (Damien et al., 1986).

(a) The plutonium—nitrogen system

There is only one compound in the plutonium-nitrogen system that is known
with certainty: the cubic mononitride PuN. The Pu-N phase diagram has
recently been assessed (Wriedt, 1989; Kassner and Peterson, 1995) and is illu-
strated in Fig. 7.86. The locations of the boundaries on the Pu-rich and N-rich
sides of PuN have not been evaluated in detail, but the composition range of
PuN is probably quite narrow. PuN decomposes under 1 bar of N, pressure at
2570°C into Ny-saturated liquid plutonium and N». Liquid plutonium is formed

Weight Percent Nitrogen
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Fig. 7.86 The plutonium-nitrogen phase diagram (Wriedt, 1989; Kassner and Peterson,
1995).
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above 1500°C due to incongruent evaporation of PuN. Because of problems
associated with sample vaporization, the melting point of PuN has not been
observed.

There is a fascinating report by Green and Reedy (1978a) of the observation
of matrix isolated PulN, containing a molecular N, unit and characterized using
IR spectroscopy. Theoretical studies discussing the existence, and the nature of
chemical bonding in PuN, have subsequently appeared (Archibong and Ray,
2000; Tan, 2003).

(i) Preparation

Cubic PuN can be prepared most conveniently by reaction of metal with H,
(150-200°C) to produce plutonium hydride, followed by heating the hydride
under N, at temperatures between 500 and 1000°C (Pardue et al., 1964a, 1967).
The preparation can also be accomplished by reaction of plutonium metal with
N, containing small amounts of H, at 250°C (Anselin, 1963a,b; Bridger and
Dell, 1967). In view of the facile reactivity of plutonium metal with H, (see
Section 7.7.1) it is likely that this reaction is catalyzed by surface hydriding of
the plutonium metal at 200°C. In the absence of H,, the direct reaction of
pure plutonium metal with N,, even over a period of 150 h at 1000°C, does
not ensure complete conversion to PuN (Brown et al., 1955). The nitride can
also be prepared by the carbothermic reduction of PuO, under N, (Muromura,
1982; Suzuki et al., 1983; Bardelle and Bernard, 1989; Takano et al., 2001),
though care must be taken to avoid product contamination with carbon and
oxygen impurities. This is a common approach for making nitride fuels as it
avoids making large quantities of plutonium hydride in a nuclear facility.
The nitride can also be prepared by the reaction of plutonium hydride with
ammonia between 600 and 650°C (Abraham etz al., 1949c). An interesting low-
temperature route to PuN is the reaction of Pul; with sodium or potassium
metal in liquid ammonia:

Pul; + NHy;) + 3M — PuN + 3MI + 1.5H,, M = Na,K (7.34)

In this approach, Pulj; is dissolved in liquid ammonia, followed by reduction
with a stoichiometric amount of sodium or potassium metal. The reaction likely
proceeds through the in situ formation of the active metal amide, MNH,
(M = Na, K), which undergoes subsequent metathesis with Puls. PuN precipi-
tates from liquid ammonia as a black powder, which is washed with liquid
ammonia and annealed at 700°C for 24 h (Cleveland et al., 1974, 1975).

Freshly prepared PuN is black, turning brown in moist air due to hydrolysis
(Storms, 1964). Formulations of (U, Pu, Zr)N that contain only a few percent of
plutonium are golden-yellow. Because of problems with sample vaporization,
the melting point of PuN has not been observed, but it has been estimated that
congruent melting occurs at 2830 + 50°C for an N, pressure of 50 + 20 atm
(Spear and Leitnaker, 1968).
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(ily Crystal structure

The crystal structure of PuN was first studied by Zachariasen and shown to
exhibit the cubic NaCl structure (Zachariasen, 1949¢,d). In cubic PuN, the
plutonium and nitrogen atoms alternate in a fcc sphere packing arrangement,
with both Pu and N having regular octahedral coordination. Using a lattice
parameter of 4.905 A, the Pu-N and Pu-Pu distances are 2.45 and 3.47 A,
respectively. Many lattice parameter studies of PuN have been reported and
recently were summarized (Wriedt, 1989). The rather large variation in lattice
parameter is most likely due to the effects of impurities, self-irradiation damage,
or nitrogen concentration. A lattice parameter value of 4.918 A was reported
from the results of neutron diffraction on **’PuN at —213°C (Boeuf ez al., 1984).
Crystallographic properties of PuN and other plutonium pnictides are given in
Table 7.33.

(iiiy  Properties

Plutonium mononitride is a refractory material with great potential for use as a
nuclear reactor fuel (Matzke, 1986; Blank, 1994). It has a high melting point,
high density, and high thermal conductivity. Moreover, it is compatible with
austenitic steels up to 600°C and with sodium up to its boiling point of 890°C.
One drawback is that PuN has a high volatility (due to release of N,) at the high
temperatures possible in a reactor accident. Due to the potential use of PulN in
reactor fuels (Sano et al., 1971; Bernard, 1989; Ogawa et al., 1998; Albiol and
Arai, 2001), there is an extensive literature on PulN, and topical reviews can be
found on the physical and chemical properties (Spear and Leitnaker, 1968;
Benedict, 1979), thermodynamic properties (Matsui and Ohse, 1987; Lemire
et al., 2001), phase equilibria (Wriedt, 1989), and synthesis (Spirlet, 1991).
Selected physical properties of PuN are given in Table 7.34 (Holleck and
Kleykamp, 1972; Kleykamp, 1999), and thermodynamic properties of PuN
and other plutonium pnictides can be found in Table 7.35.

Powdered PuN reacts with O, at 200°C and ignites at 280-300°C to form
PuO; (Kruger and Moser, 1967a). In moist O,, the oxidation rate is increased: in
the presence of 500 ppm water vapor, the reaction rate at 279°C is three times
that without H,O vapor. In air at room temperature, PuN powder is converted
to PuO, within 3 days, but compact PuN is oxidized rather slowly (Pardue et al.,
1967).

PuN reacts slowly with cold water, but readily with hot water (Bridger et al.,
1969). In moist air, PuN decomposes within a few hours at 80-90°C, and within
days at room temperature (Storms, 1964). The hydrolysis of PuN was deter-
mined in a stream of Ar—-H,O as a function of temperature to give hydrated
PuO, (Bridger and Dell, 1967). Concentrated mineral acids will decompose PulN
with decreasing violence of reaction in the order HNO; > HCI > H;PO,4 >
H,SO4 > HF (Pardue ef al., 1964a).
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Table 7.34 Selected properties of PuN of relevance to nuclear fuel.

Property Value References
Decomposition temperature, 1 bar N, 2570°C Oectting (1967)
Nitrogen partial pressure at
1500°C 2 x 1077 bar Alexander et al. (1969)
2000°C 1 x 107* bar Alexander et al. (1969)
Metal partial pressure at
1500°C 1 x 107 bar Alexander et al. (1969)
2000°C 6 x 107" bar Alexander et al. (1969)
Thermal conductivity at
1000°C I3WK 'm™! Alexander et al. (1976)
1500°C 14WK !'m™! Alexander et al. (1976)
2000°C I5SWK 'm™! Alexander et al. (1976)

Table 7.35 Selected thermodynamic properties of plutonium pnictides, PuX (X = N, P,
As, Sb, Bi) (Lemire et al., 2001).

A G0298 AiH. ;98 S;98 C;m
Compound (kJ mol™) (kJ mol™) (K 'mol™ 'K ' mol™
PuN —273.7+ 2.6 —299.2 + 2.5 64.8 £1.5 49.6 + 1.0
PuP —313.8 £ 21.1 —318 £ 21 81.3+6.0 50.20 + 4.00
PuAs —241.4 +20.1 —240 + 20 943+ 7.0 51.6 £4.0
PuSb —152.1 + 20.1 —150 + 20 106.9 + 7.5 52.8 £3.5
PuBi —119.6 + 20.2 —117 £ 20 120 + 10

(b) The plutonium—phosphorus system

Plutonium monophosphide, PuP, is the only well-defined binary plutonium-—
phosphorus compound known. Cubic PuP can be prepared by reaction of metal
with H, (150-200°C) to produce plutonium hydride, followed by heating the
hydride with PH; (Kruger ef al., 1966; Kruger and Moser, 1966b). By employ-
ing a stepwise reaction consisting of alternate hydride decomposition and
reaction of the decomposition product with PHj, one can obtain very pure
PuP product. At least two cycles of alternate hydride decomposition and
reaction with phosphine are required. The conversion cycles are followed by
4 h annealing at 1400°C. The preparation can also be accomplished by reaction
of powdered plutonium hydride with excess (100-150%) red phosphorus in
tantalum-lined pressure vessels at 600-800°C in an argon atmosphere (Moser
and Kruger, 1966). After completion of the reaction, excess phosphorus is
removed by distillation at 300°C. Alternatively, the phosphide can be prepared
by induction melting of plutonium chips with elemental phosphorus in vacuo or
under pressure of 1 atm of helium. The exothermal reaction goes to completion
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at 1400°C (Gorum, 1957). Another method involves the reaction of sol-gel
prepared PuO, with a stream of PH; at temperatures of 1000°C or greater
(Cogliati et al., 1969).

PuP has a dark-gray color and melts with decomposition at 2600°C under
argon. It exhibits the NaCl structure (see Table 7.33) (Gorum, 1957; Kruger
et al., 1966), with lattice constants that depend on sample history. Below 125 K,
a tetragonal distortion is observed (Mueller et al., 1979). A number of physical
properties (microhardness, thermal expansion, thermoelectric power, tempera-
ture conductivity, and heat capacity) have been measured (Hall ez al., 1985).

PuP is ferromagnetic below a Curie temperature of 7, = 126 + 1 K. Above
this temperature, the magnetic susceptibility has a temperature dependence
given by ym = 190 x 10°® + Ny u?/[3k(T-126)] cm® mol™' where u = 1.06up
(Lam et al., 1969). The ferromagnetic moment obtained by extrapolation to
0 K was found to be 0.42/ug (Lam et al., 1969). The Landé g-factor obtained
by a correlation between Knight shift and y,, is g = 2/7 (Fradin, 1970).
Thermodynamic and magnetic properties have been discussed (Arai and
Ohmichi, 1995).

(¢) The plutonium-arsenic system

Plutonium arsenide, PuAs, may be prepared by reaction of plutonium metal
with excess arsenic under 1 atm of helium or in vacuo at 500-1200 K (Gorum,
1957; Pardue et al., 1964b; Mitchell and Lam, 1974) for a period of 3—-7 h. It can
also be prepared by reaction of PuH; with As in vacuo (0.02 Torr, 2.6 x 107
atm) at temperatures above 400°C, which are slowly increased to 700°C. The
product is homogenized in vacuo at a still higher temperature (Kruger and
Moser, 1967b; Fradin, 1970; Handwerk and Kruger, 1971; Charvillat and
Damien, 1973). Finally, it can be prepared by reaction of plutonium partially
converted to the hydride with AsH3 at 250°C and subsequent recycling at 400,
500, 600, and 700°C in a similar manner as just described for PuP in Section
7.8.4(b) (Anselin, 1963b; Lam et al., 1969). Because of the low decomposition
temperature of AsH; (300°C), the primary reaction is done at 250°C, and only
the annealing cycles are carried out at the higher temperatures mentioned
above. Plutonium arsenide is a gray, metallic-looking material, black in finely
divided form. Its crystallographic properties are listed in Table 7.33.

(d) The plutonium—antimony system

Arc melting of mixtures of plutonium and antimony yields PuSb (Kruger and
Moser, 1966a). In addition to the monopnictide, plutonium also forms a dipnic-
tide PuSb, (Charvillat et al., 1977), and an intermediate composition, PusSbs
(Damien et al., 1986). Cubic PuSb melts at 1980 4+ 30°C under 3 atm of argon
(Mitchell and Lam, 1974).
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The diantimonide exhibits an unusual orthorhombic structure formed by ten
layers of atoms, and this structure is shown in Fig. 7.87. Each plutonium atom
has four nearest antimony atoms ranging 3.15-3.30 A away forming a distorted
Sb, square just below, and another just above but rotated by 45 degrees. The
local coordination polyhedron about plutonium is that of a distorted square
antiprism. The Sb-Sb distances within the square are 3.095 A, and the Sb-Sb
distances linking the two groups of antiprisms are 2.755 A. The structure is
described in more detail for AB, rare-earth compounds by Wang and Steinfink
(1967).

(e) Valency and electronic structure in PuX compounds

Plutonium monopnictides show moderately delocalized 5f electrons. The degree
of localization increases with atomic number of the pnictogen, with delocaliza-
tion being largely dominated by plutonium—pnictogen interactions. The lattice
parameter is affected by this partial delocalization, making it hard to deduce
plutonium valence from the crystal structure or lattice parameter value.

Magnetic susceptibility measurements of plutonium monopnictides show
high-temperature Curie-Weiss-like behavior that gives effective moments
close to the value of 1.24up, consistent with an 3 ion, and trivalent plutonium
(Vogt and Mattenberger, 1993, 1995). The ordered magnetic moments are
significantly smaller, and the experimental data suggest partial f-electron locali-
zation. For example, X-ray photoemission studies of PuSb clearly indicate
localized f-electrons (Gouder et al., 2000), while resistivity measurements
show a semimetallic Kondo-like behavior (Blaise et al., 1985). Magnetism
experiments show a very strong anisotropy in all PuX compounds, with mag-
netic moments oriented along the [100] direction (Mattenberger et al., 1986).
Neutron scattering experiments (Lander et al., 1984, 1985) support Cooper’s
interpretation of moderate f-electron delocalization being responsible for the
reduction in the ordered moment and strong anisotropy in plutonium mono-
pnictides (Cooper et al., 1983). Recent electronic structure calculations of PuX
compounds based upon a self-interaction correlated local spin density (SIC-
LSD) approach support the interpretation that the plutonium 5f-electron man-
ifold is best described in a mixed picture of localized and delocalized states (Petit
et al., 2002).

7.8.5 Plutonium chalcogenides

(a) The plutonium—oxygen system

Binary plutonium oxides, especially PuO,, are of tremendous technological
importance. They find widespread application as nuclear fuels, as long-term
storage forms for both spent nuclear fuels and surplus weapons materials, and
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Fig. 7.87 The solid-state structure of PuSb, shown looking perpendicular to the c-axis,
and emphasizing the antiprismatic PuSbg polyhedral layers. Plutonium atoms are black and
antimony atoms are gray.
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as heat and power generators (**°Pu) for interplanetary exploration. Their
properties are also important because oxide particulates contribute to environ-
mental actinide migration, participate in corrosion reactions in nuclear weap-
ons, and exist as chemical intermediates in the purification and preparation of
other actinide compounds. This same family of oxides is also of fundamental
scientific interest. Even though plutonium oxides were among the first com-
pounds of plutonium to be studied, it is astonishing to consider how much
remains unknown about plutonium oxides. A number of reviews on the pluto-
nium-oxygen system have appeared (Chikalla et al., 1962; IAEA, 1967; Wriedt,
1990; Naito et al., 1992).

(/) Phase equilibria

A good deal of discussion has appeared in the literature regarding the phase
diagram for the plutonium—oxygen system, and there are conflicting sets of data
for some phases (IAEA, 1967; Wriedt, 1990; Naito et al., 1992; Haschke et al.,
2000a). The system is complex, and additional study is still needed to resolve
certain issues surrounding the phase diagram. To adequately describe the issues
associated with the plutonium—oxygen system, Haschke and Haire (2000) chose
to present two diagrams, one based on the most recent assessment with mod-
ifications, and another, more pedagogical diagram based upon analogy with the
more well-studied and better understood lanthanide oxide systems. There is
great utility in this approach, and we have adopted it for our discussion. The
proposed phase diagram based on the most recent assessments is shown in
Fig. 7.88, and a table of crystallographic data for plutonium oxides is given in
Table 7.36.

There are four fundamental equilibrium solid phases in the plutonium-oxy-
gen system. The first of these is the stoichiometric hexagonal sesquioxide of
formula Pu,O3 with a very small composition range near 60 at.% oxygen and
with an ideal stoichiometry of PuO; 5. This phase is also commonly known in
the literature as hexagonal A-Pu,O;, or B-Pu,Os, and other designations have
also been used (Wriedt, 1990; Haschke and Haire, 2000). We will use the
designation A-Pu,0;. There is a bce sesquioxide of composition PuOj 55,
reported to have only a small composition range near 60.3 at.% oxygen, but
this narrow stoichiometry range is not supported by all the available data
(Haschke and Haire, 2000). This phase has been commonly referred to as
cubic C-Pu,0;, a-Pu,03, and a-Pu,03, 5, but again, other designations have
also appeared in the literature. We will use the designation C-Pu,0s.

There is a bce oxide of intermediate composition PuO; ¢; with a composition
range between 61.7 and 63.0 at.% oxygen that is commonly referred to as
C’-Pu,03, o-Puy03, PuO; 4,5, and others. This cubic phase is not stable at
room temperature but exists above 335°C. Due to its broad composition range,
Haschke and Haire referred to this phase as PuO, 4, 5 to help distinguish this bcc
phase from the oxygen-deficient fcc PuO, .. We will use the designation



1026 Plutonium

Weight Percent Oxygen

0 10 20
3000 — ‘
2500 [ i i 2425°C N
L4 I: '|| L, I,I;/"
1 ’
~ ' | 2080°C i
- 4
€ 2000f b~ 2000C .
° | 1825 °C 17 Y
2 K [
S / Vil
‘6}‘ K o I
3 J A-Puy 3—»: ::
Q 1500 - | i s
IS / BN
= / 1080 °C 4114180 €
1
1 1
— 1
1000 - W puo,.
! o ! 2-x
; PuO1 p+5 .
640 °C ,(sPU) ~640 °C i 6704% PuO,_,
500 |ZA8'Pu) ~483 °C ~450 °C 630 °C 7
P ((Sgu; ~320°C_ ~463°C | 335°C
u ~. ©f -
215°C (5P} = | D PR
125 CO (oPu) | ! ! ! ! L2
0 10 20 30 40 50 60 70 80
Pu (¢]

Atomic Percent Oxygen

Fig. 7.88 The plutonium-oxygen phase diagram (Wriedt, 1990, Naito et al., 1992;
Haschke et al., 2000a).

PuO; ¢.5. There is a fcc dioxide PuO, with a wide composition range that runs
from PuO, 4 to PuO,, and sometimes referred to as substoichiometric PuO, or
PuO, .. At room temperature, PuO, . has a fairly narrow composition range
between PuO; 9 and PuO, (3, while at higher temperatures the homogeneity
range widens to PuO; g and PuQ, as indicated in the phase diagram. Note that
the oxygen-deficient fcc PuO, ¢ (PuO,_,) is not the same as the bcc PuOj g4
described above; this is why we prefer the nomenclature PuO, ¢, 5 for the bce
phase. On the plutonium-rich side, cubic PuO, ¢, 5 coexists with cubic C-Pu,03
until it undergoes a peritectoid decomposition into hexagonal A-Pu,0O3 and
cubic PuO, 4,5 above 450°C. On the oxygen-rich side of this composition range,
C-Pu,0O5 coexists with PuO,_,. below 630°C, and with metal-rich PuO,_, at
higher temperatures until it congruently transforms into PuO, , at 1180°C.
Hexagonal A-Pu,O; coexists with oxygen-saturated metal and displays an
increasing extent of nonstoichiometry until the congruent melting point of
2080°C is reached. PuO, undergoes congruent melting at 2425°C. Only recently
has there been enough new data to suggest the addition of a hyperstoichiometric
fcc oxide, PuO,,, with composition that runs from stoichiometric PuO, to
PuO, 7 between room temperature and 350°C (Haschke et al., 2000b). This is
not shown in Fig. 7.88, but is included in the notional phase diagram shown in
Fig. 7.92.
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Plutonium monoxide, PuO

While it has been reported on numerous occasions, the existence of a stable
condensed oxide of formula PuO is still uncertain and is therefore not indicated
in the phase diagram of Fig. 7.88. The material that has been described by many
authors is most likely a disordered oxide—carbide Pu(O,,C;_,). Mooney and
coworkers (Mooney and Zachariasen, 1949; Zachariasen, 1949d) described
powder patterns that could be attributed to cubic PuO, and Holley et al
reported a NaCl-type fcc phase with ag = 4.96(1) A as a surface film formed
on plutonium metal. Westrum (1949a) describes the material as a semimetallic
substance with an almost metallic luster. This surface material has also been
observed upon heating oxide-coated plutonium metal in vacuo at 250-500°C
(Terada et al., 1969). Other reports on the preparation of PuO include the
reaction of molten plutonium (microgram quantities) with stoichiometric oxy-
gen generated by thermal decomposition of Ag,O (Akimoto, 1960), by reduc-
tion of PuO, with carbon at 1500-1800°C (Skavdahl, 1964), or by reduction of
PuOCI or PuO, with Ba vapor at 1250°C (Westrum, 1949a). Reshetnikov (2003)
has recently claimed to prepare pure PuO by heating PuOCI with calcium at
1200°C, but no characterization data are provided to substantiate the claim.
Haschke and Haire (2000) point out that plutonium oxide that results from
metal oxidation may be covered with a layer of unbound carbon formed as a
result of interaction of the oxide with hydrocarbons or CO,, and that experi-
ments by Forbes et al. (1966) indicate that all products thus obtained contain
carbon. The observed lattice parameter is nearly identical to that found for
oxide—carbide solid solutions (Mulford et al., 1965; Oetting, 1967). Work on the
Pu-O-C phase diagram has shown conclusively that the oxygen-rich limit of the
Pu(O,,C;_,) phase lies at a composition of approximately PuC, ;0 (Forbes
et al., 1966; Taylor et al., 1967; Larson, 1980; Larson and Haschke, 1981).
Larson and Haschke (1981) used XPS data to demonstrate that a material
believed to be PuO was in fact PuOyg g5+0.15C0.45+0.15-

Although the above paragraph argues that most materials that were thought
to be PuO were likely contaminated with carbon, and therefore likely to be
Pu(O,C,_,) there are several intriguing reports about an unstable, metallic-gray,
pyrophoric product that deserve additional study. Reshetnikov (2003) describes
an explosion that occurred in 1949 upon grinding a sample thought to be
plutonium with a glass rod. Similarly, Haschke described a steel-gray product
formed upon the thermal decomposition of PuOH (Haschke et al., 1983;
Haschke, 1992). This material underwent a violent exothermic reaction with
oxygen, destroying a quartz microbalance container. Such behavior would not
be expected for PuO,C,_,. Thus there may be some instances where a metasta-
ble form of solid PuO has indeed been prepared. The full characterization of the
material produced by Haschke was not undertaken due its pyrophoric nature
(Haschke, 1992), and characterization of the material prepared by Reshetinikov
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was not provided. We will need to wait for additional characterization data to
resolve this issue.

While the existence of solid-phase PuO is unresolved, there is little doubt that
gaseous PuO is one of the major species of plutonium oxides in the vaporization
process (Green and Reedy, 1978b; Capone et al., 1999; Ronchi et al., 2000). PuO
is observed in both the mass spectrum of effusing vapors over PuO, (Capone
et al., 1999; Ronchi et al., 2000), and in the IR absorption spectra of vapors trap-
ped in argon and krypton matrixes. Pu'®O trapped in an argon matrix displays an
infrared vibrational frequency of 822.28 cm ' (Green and Reedy, 1978b).

Plutonium sesquioxide phases, Pu,O;

There is a good deal of confusion about both the preparative methods and the
phase relationships between hexagonal (A-Pu,03) and cubic (C-Pu,03) forms
of plutonium sesquioxide. The methods of preparation of hexagonal and cubic
forms are very similar, yet these oxides are described as separate and distinct
phases at low temperature. As outlined in recent reviews (Wriedt, 1990;
Haschke and Haire, 2000), these compounds are thought to be distinct phases
because (i) both cubic and hexagonal phases have been observed to coexist; (ii)
the transformation between hexagonal and cubic forms has not been observed;
and (iii) their regions of composition do not overlap. It has been suggested that
kinetic factors may favor the formation of the cubic sesquioxide at low temper-
ature in the presence of plutonium metal (Haschke and Haire, 2000). For
example, cubic C-Pu,Oj; readily forms as a surface layer when PuO,-coated o-
stabilized plutonium metal is heated to 150-200°C under vacuum (Terada et al.,
1969). This observation is highly suggestive that the preexisting fcc lattice of
metal atoms in either the underlying metal, the fcc dioxide, or both, imparts
some control over the nature of the product in the reaction, and that once the
cubic sesquioxide is formed, this phase cannot transform into the hexagonal
form unless the temperature exceeds 450°C. The hexagonal form apparently
does not transform back into the cubic form at this temperature, suggesting
perhaps that more kinetic energy is necessary to rearrange the metal atoms in
the lattice. This behavior is not consistent with the known behavior of the
isomorphic lanthanide oxides, where hexagonal Nd>O3 will transform reversi-
bly to cubic Nd,O5 near 600°C (Haire and Eyring, 1994). Thus cubic C-Pu,03
may be only metastable at low temperatures.

Several methods of preparation have been reported for the hexagonal
A-Pu,O3 sesquioxide. Plutonium dioxide can be reduced with plutonium
metal (Holley et al., 1958), dry hydrogen (Flotow and Tetenbaum, 1981), or
carbon (Skavdahl, 1964) to form A-Pu,0s. Pure hexagonal A-Pu,O; has been
prepared by reducing pure PuO, with a 20% excess of plutonium turnings or
chips in a closed tantalum crucible at 1500°C according to the stoichiometry
(Holley et al., 1958):

3PuO; + Pu — 2Pu,03 (7.35)
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After a reaction period of 3 h, the excess plutonium metal was removed by
sublimation from the open crucible at 1800-1900°C in vacuo (Holley et al., 1958;
Chikalla ez al., 1962, 1964). At higher reaction temperatures, large, flat crystals
of hexagonal A-Pu,O; were obtained. In another procedure, Gardner et al
(1965) reduced pure PuO, powder with a 20% excess of hydride-powdered
plutonium metal in a ThO, crucible at 1500°C for 3 h in a stream of purified
dry hydrogen.

Hydrogen reduction of PuO, to produce hexagonal A-Pu,0O; can be accom-
plished at 1550°C in very dry hydrogen purified over titanium turnings
(Gardner et al., 1965). Complete reduction of PuO, by hydrogen has also
been reported to occur in the temperature range 1700-2000°C (Dayton and
Tipton, 1961; Flotow and Tetenbaum, 1981). Pure hexagonal A-Pu,O; may be
prepared by the stoichiometric reduction of PuO, with carbon at (1800 + 50)°C
for 5.5 h in a pure helium atmosphere (Skavdahl, 1964; Forbes et al., 1966)
according to the reaction:

2Pu0O; + C — Pu,03 + CO (736)

Chikalla and coworkers reported a large-scale preparation (ca. 110 g Pu) of
hexagonal A-Pu,0O; by sintering pressed compacts of PuO, and carbon in vacuo,
followed by melting under an inert atmosphere (Chikalla e al., 1962, 1964;
Skavdahl, 1964). Reaction of PuO, with a slight excess of carbon at 1650°C
in vacuo produced a mixture of hexagonal A-Pu,O; and a small amount of
Pu(O,,C,_,). The latter, being more volatile than the Pu,Os, could be removed
by heating in vacuo. Final arc melting resulted in hexagonal A-Pu,O3 with an
O:Pu ratio of (1.500 + 0.015), with 175 ppm carbon impurity and 93% theoreti-
cal density.

The cubic C-Pu,O; sesquioxide is a silvery, metallic, lustrous solid, which is
difficult to prepare by high-temperature methods. Haschke and Haire point out
that reports of its preparation by simply heating PuO, in vacuo to temperatures
between 1650 and 1800°C (Westrum, 1949a; Dayton and Tipton, 1961) are
suspect because the O:Pu ratio of congruently vaporizing PuO,_, is 1.85-1.90
in this temperature range (Ackermann et al., 1966). The best means of prepara-
tion seems to be the heating of PuO, coated 6-stabilized plutonium metal to
150-200°C under vacuum (Terada et al., 1969).

Hyperstoichiometric sesquioxide, PuO1 ¢, 5 (C'-PuyOs, o'-Pu> 03, PuOq ¢1)

When PuO, is melted, there is an evolution of oxygen resulting in a melt
composition of PuO; ¢, which is the approximate composition of cubic
C-Pu,O; (Chikalla et al., 1964). This phase can only be retained with extremely
fast quenching. Since it is a high-temperature form of C-Pu,0O3, it has been given
the designation C’-Pu,Oj; (or o’-Pu,03, PuO; 61, PuOj ¢.5). It is likely bee. Slow
cooling of the melt yields a mixture of C-Pu,O; and PuO,_, even in the absence
of oxygen. Sari et al. (1968) reported that this compound has a composition
range from PuO, ¢, to PuO, &; at 350°C, which extends to a range of PuO, 4, to
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PuO; 49 at 600°C. Because of this broad composition range, we prefer the
designation PuOj ¢_s.

Substoichiometric plutonium dioxide, PuO,_,

The oxides between compositions PuO; 4; to PuO, ¢g are mainly single-phase
materials at temperatures above about 650°C. They may be prepared by heating
PuO, at high temperature with carbon, hydrogen, or in vacuo (IAEA, 1967).
The crystal lattice expands with decreasing oxygen composition (Gardner ef al.,
1965; TAEA, 1967). Some annealing may be required, but prolonged heating
in vacuo will cause a change in composition due to incongruent vaporization.
This olive-green phase exists in the stoichiometry range PuO, ¢; to PuO, 95 and
is closely related to the stoichiometric oxide PuQO, . Its exact composition
depends on the temperature and the oxygen partial pressure over the plutonium
oxide solid (Drummond and Welch, 1957). Atlas and coworkers performed
density measurements at 750°C that are consistent with the formation of oxygen
vacancies in the crystal lattice (Atlas et al., 1966). Atlas and Schlehman (1967)
conducted a detailed study of the variation in oxygen content, x, with oxygen
pressure. The composition—pressure—temperature relationship is shown in
Fig. 7.89.

Stoichiometric plutonium dioxide, PuO; o

Plutonium dioxide is formed when metallic plutonium is ignited in air or by
calcination of a number of plutonium compounds (except phosphates). Pluto-
nium dioxide often forms when oxygen-containing compounds are heated
in vacuo or in an inert atmosphere to 1000°C. The most widely used approach
to prepare pure, crystalline PuO, is by heating Pu(ir) or Pu(iv) oxalate to
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Fig. 7.89 Variation of x in PuO,_, with temperature and oxygen pressure (Atlas and
Schlehman, 1967). Slopes (i.e. —1/4.15, etc.) of the log—log plots are shown above the lines.
Experimental data points marked in x represent values derived from weight change mea-
surements, whereas the circles represent gas-analysis results.
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1000°C in air. The Pu(in) oxalate is often preferred because it forms a powder
that is easy to manipulate, while the Pu(1v) oxalate forms a tacky solid (see
Section 7.9.1(e)i). The heating rate must be kept slow up to about 700°C to
avoid rapid decomposition and gas evolution, followed by heating to 1000°C
to remove any residual carbon. Drummond and Welch (1957) studied the
stoichiometry of PuO, as a function of preparative history, and found that
many materials need to be heated to 1250°C to produce reproducible stoichio-
metric PuO,.

The method of preparation and process details have a significant influence on
the PuO, product characteristics, which affect all subsequent uses of the mate-
rial, such as fabrication and sintering properties of fuel materials containing
PuO; or its behavior in long-term storage. PuO, is normally olive green, but it’s
observed color is a function of purity, particle size, method of preparation,
stoichiometry, and possible reactions with water. The observed colors range
from dull yellow, to green, khaki, buff, slate or black. Many of these samples are
most likely hyperstoichiometric PuO,, , (see section PuO,,,). All samples
turned to a darker, khaki color upon ignition to 1200°C. The qualitative
characteristics of various PuO,_  preparations obtained from different starting
materials are summarized in Table 7.37 (Drummond and Welch, 1957).

Special preparations of PuO,

Plutonium dioxide may be pressed and sintered to form pellets or compacts,
which may be used in reactor technology or (in the case of >**PuQ,) in heat- and
power-source technology for space exploration. For detailed descriptions, the
reader is referred to the Plutonium Handbook (Wick, 1980). As an illustrative
example of the general pellet-forming process, >**PuO, used to fabricate GPHS
and LWRHU fuel pellets (see Section 7.3) for the Cassini mission was subjected
to '°O isotope exchange (to reduce neutron emission), ball milling, granulation
and seasoning at 1100 and 1600°C to produce ***Pu0O, granules with <210 pm
sized particles. The granules were then blended using those seasoned at

Table 7.37 Qualitative characteristics of PuO, . from decomposition of selected materi-
als at 870°C (Drummond and Welch, 1957).

Material Color Appearance
metal dull yellow powder
sulfate yellow-green to green bulky powder
nitrate dull yellow bulky solid
chloride dull yellow powder
fluoride khaki with black traces granular solid
oxalate yellow-buff bulky powder
iodate buff very bulky

hydroxide black with yellow traces dense, shiny particles
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1100°C (60 wt %) with those seasoned at 1600°C (40 wt %) by rolling the
granules in a ball-mill jar without balls. After blending, the fuel charges were
loaded into a hot press graphite die, placed under vacuum, and heated to
1530°C under a force of 11.8 kN. During hot pressing, the PuO, is reduced by
the graphite die. After the pellets sat overnight, the PuO,_, stoichiometry was
about PuO,¢3. To oxidize the pellets back to a stoichiometry of PuO, and
increase their density to meet mission specifications, the pellets were sintered
in flowing Ar—H,'°O for 6 h at 1000°C, followed by 6 h at 1527°C (Rinehart,
1992, 2001).

Two other forms of PuO, also deserve a more detailed description: PuO,
microspheres and single crystals. Plutonium dioxide microspheres with 10-250
pum diameter may be prepared by the sol-gel process for **°Pu (Wymer and
Coobs, 1967; Lloyd and Haire, 1968; Louwrier et al., 1968; Wymer, 1968), >**Pu
(Grove et al., 1965; Hass et al., 1966; Hincks and McKinley, 1966), or MOX (U,
Pu)O, (Vaidya et al., 1983; Smolders and Gilissen, 1987; Stratton et al., 1987).
In this process, a stable Pu(iv) hydroxide sol is prepared by extraction or
evaporation of HNO; from HNO;-Pu(NO3),4 solution, injection of the resulting
sol into a dehydrating organic solvent (for instance, 2-ethylcyclohexanol), and
firing the resulting gel to form PuO, microspheres (Hass et al., 1966; Lloyd and
Haire, 1968; Wymer, 1968).

Very dense microspheres, which have a remarkable freedom from loose
a-particle contamination, may be prepared by plasma spheroidization (Jones
et al., 1964). In this method, plutonium oxide is first compacted into pellets,
which are fired at 1500°C for 1 h in an oxygen-enriched plasma to inhibit loss of
oxygen during melting. The resulting compacts are ground to the desired mesh
size, and are then fed into an induction-coupled plasma torch, which uses argon,
oxygen, or Ar-O, mixtures as feed gas. In the high temperature of the plasma
torch (up to 20,000°C), each plutonium oxide particle immediately melts to a
small spherical droplet, which, upon leaving the plasma zone, immediately
solidifies into a small sphere with a smooth surface. Depending on the particle
size of the feed particles, microspheres from 10 to 250 pm may be obtained
(Jones et al., 1964).

Spheres with less than 50 um diameter are amber-colored and have a clear,
vitreous appearance. Those of more than 50 pm diameter do not transmit light
and appear opaque black (Jones et al., 1964). If prepared in an O, plasma, they
have the lattice constants of stoichiometric PuO,. Each individual sphere
usually consists of a single crystal (Jones et al., 1964).

Plutonium dioxide single crystals of considerable size have been prepared by
several authors (Phipps and Sullenger, 1964; Schlechter, 1970; Finch and Clark,
1972; Rebizant et al., 2000). Finch and Clark (1972) obtained PuO, single
crystals from Li,O-2MoO; melt in a temperature gradient ranging from 1270
to 1300°C in a tightly closed platinum vessel over a 2 week period. Crystals of
2 x 3 x 3 mm have been obtained in this fashion. Schlechter (1970) grew single
crystals of approximately the same size by slow thermal decomposition of
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Pu(SO,), either in LiCI-KCI eutectic or in PbCl,—KCI melt at 600-800°C and
subsequent cooling at a rate of 2.2°C h™' from 715°C to room temperature.
Phipps and Sullenger (1964) obtained PuO, single crystals with well-defined
faces and edges up to 60 pm long when they prepared plutonium-bearing glass
fibers by drawing the molten glass (90% SiO,-30% Na,O) from a platinum-
rhodium bushing at 1300°C. (U,Pu)O, single crystals have been grown through
a chemical transport reaction (Rebizant et al., 2000).

Higher oxides, PuO,.,, PuOs, and PuOy,

While plutonium is capable of forming molecular compounds of oxidation state
vi and vi1, most practitioners have been of the opinion that in the plutonium-—
oxygen system, the stoichiometric tetravalent oxide PuO,  represents the high-
est obtainable binary oxide. The historical basis for this opinion began in 1944,
when Moulton (1944) observed that during ignition of plutonyl nitrate, only
PuO, was formed, but no PuOj3 or any other higher oxide was produced.
Moulton took this as evidence for the nonexistence of any oxide of composition
higher than PuO,. In 1953, Brewer (1953) predicted from thermodynamic
calculations that any solid anhydrous oxide of plutonium higher than PuO,
would probably not be stable. This view seemed to be confirmed by the work
of Westrum (1949a), who used strongly oxidizing conditions (O, at 400°C and
70 atm pressure; ozone at 600-1000°C; atomic oxygen) but failed to oxidize
Pu0O,. Katz and Gruen (1949) also reported that PuO, is not oxidized to a
higher oxide with NO, or atomic oxygen at 500°C. Moreover, Weigel and
coworkers (Marquart et al., 1983) attempted to prepare anhydrous PuOj; by
careful decomposition of PuO,CO;, (NH4),PuO,(CO3),, and PuO;-0.8H,0,
but did not succeed in preparing any higher oxide. Gouder has attempted to
prepare thin films of PuO; by reacting PuO, with oxygen atoms, and found no
evidence for its formation (Gouder, 2005).

A number of recent reports on higher-valent oxides such as PuQO, »¢ in the
solid state, and PuO; and PuQy in the gas phase have challenged these tradi-
tional views. While not all of the data are consistent, and there are still disagree-
ments among practitioners, these recent reports strongly suggest that the
established views on the oxidation behavior of plutonium are worth reconsider-
ation, and that additional detailed study is appropriate.

PuO,,, As early as 1957, Drummond and Welch (1957) had prepared
compositions of PuO,-PuO, o9, and concluded that compounds with O:Pu
ratios higher than 2.0 were the result of low temperature ignition of
plutonium compounds. Oxygen-rich PuO, can also be prepared by heating
cubic C-Pu,0Oj3 in oxygen at 1000°C, and the material formed in this manner
displayed a slightly reduced lattice constant (ag) of 5.382 Aas compared to 5.396
A for stoichiometric PuO,. It was possible that the higher O:Pu ratio in these
preparations was attributed to excess oxygen dissolved in the crystal lattice.
In other studies, mass changes indicating the formation of PuO,; during
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atmospheric corrosion of plutonium metal had been attributed to adsorption of
water (Sackman, 1960).

These views remained widely held until Stakebake and coworkers found
evidence for a new fluorite-related phase of composition PuO, ;; formed as a
surface layer by plutonium metal reaction with water vapor at 200-350°C
(Stakebake ef al., 1993). XPS data were consistent with the presence of Pu(vr).
Confirmatory evidence for the formation of a higher oxide was reported by
Haschke et al. (2000a,b), who studied the reaction of PuO, with water vapor
between 25 and 350°C. Mass spectroscopic analysis of the gases produced in this
reaction showed that H, and H,O were the only gaseous products and indicated
that the reaction proceeds according to the reaction:

PuO;(s) + xH,0(g) — PuOs.,(s) + xHz(g) (7.37)

The final product approached a composition of PuO,3;. XRD analyses of
the reaction products revealed a single fcc phase with a fluorite-related structure
and a slightly expanded lattice. The lattice expansion was accompanied by
a linear increase in the O:Pu ratio, consistent with the formation of a solid-
solution of PuO,,, in analogy with UO,,, (Allen and Tempest, 1986).
Isothermal measurements showed that hydrogen is generated at linear, temper-
ature-dependent rates from which the authors derived an activation energy (E,)
for the reaction of (39 + 3) kJ mol . This was interpreted as being consistent
with a chemical reaction, and not with radiolysis, which is expected to be
temperature-independent. It should be noted, however, that the rates observed
for hydrogen evolution in the reaction of PuO, with water vapor at 25°C are in
close agreement to the rate of hydrogen evolution observed during exposure of
PuO, to aqueous salt solutions (Haschke et al., 1983). The report of H, being
the only gaseous product is not consistent with the observations of Vladimirova
and Kulikov (2002), who reported the observation of both H, and O, in the gas
phase during their study of the reaction of PuO, with sorbed water using high-
and low-burnup plutonium, and therefore different radiolytic dose rates. Their
data are consistent with the rates of formation of H, and O, being in direct
proportion to the dose rate. They followed their reactions for 600 days, but did
not report on the characterization of the oxide at the end of the experiment.

There is good agreement that water vapor reacts with PuO, to generate
hydrogen. The generation of hydrogen in storage containers represents a signif-
icant safety concern (Haschke and Martz, 1998b), and has led to use of strict
standards for stabilization, packaging, and storage of plutonium residue mate-
rials that require thermal stabilization using calcinations in air, followed by
sealing the materials in nested welded stainless steel containers before storage or
transport (Paffett ez al., 2003b).

Haschke and coworkers have suggested that the formation of explosive
H,-O, mixtures by reaction of water vapor with PuO, in air-filled containers
is not possible because moisture-enhanced corrosion proceeds via a water-
catalyzed cycle (Haschke et al., 2001). In their proposed mechanism, water
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absorbs strongly on the oxide below 120°C and desorbs as the temperature is
increased to 200°C. Dissociative adsorption of water forms surface OH™, promotes
the formation of PuO,_ ,, and releases H,. When O, is present, they propose a
surface catalyzed H,~O, recombination to form surface adsorbed water that
then reacts to form PuO,, ., and atomic H on the surface. In the absence of
0O,, H atoms associate as H, as indicated in equation 7.37 above. Association of
H atoms with dissociatively adsorbed oxygen reforms H,O and prevents the
accumulation of H, whenever O, is present. H, appears only after O, is depleted.

While this proposed mechanism is plausible, it remains speculative until more
data are produced to confirm the proposed mechanisms or to establish an
alternative mechanism. What is clear from the above discussion is that our
understanding of plutonium oxide chemistry, particularly the associated surface
reactions is clearly inadequate.

Gas phase PuOz and PuO4 By analyzing data on transpiration experiments of
plutonium oxide, Krikorian and coworkers found that the observed oxygen
pressure could only be explained by the presence of a PuO; molecule in the gas
phase (Krikorian et al., 1997). The presence of gas-phase PuO; was confirmed by
Ronchi and coworkers a few years later (Ronchi ez al., 2000). Knudsen-effusion
experiments in combination with mass spectrometry were used to show that
PuO,(s) exposure to oxygen above 1800-1900°C produces gas-phase molecules
of PuO;, along with the expected PuO and PuO, gas-phase molecules. These
workers concluded that formation of PuOj3(g) was not formed from a gas-phase
reaction of PuO,(g) with oxygen or carbon dioxide gases, but rather the product
of a reaction of gaseous oxygen with the surface of the solid PuO,. In another
recent report, Domanov et al. (2002) heated PuO, in a stream of helium—oxygen
and employed a thermogradient tube furnace to separate and condense the
volatile components that were subsequently analyzed by a-detection. The data
were interpreted as producing volatile or gas-phase PuO3; and PuQy,. The latter
species was expected to have an abnormally high volatility, close to that of
0s0y,. As the partial pressure of oxygen was decreased, the yield of the proposed
PuO, species decreased. These data, while indirect, are quite intriguing. The
relationship between the volatile species observed by Domanov et al. to those
reported by Krikorian et al. and Ronchi et al. is uncertain. Further study using
mass spectrometry as a function of oxygen partial pressure would help to clarify
whether gas phase PuO, really exists. The clear finding from these studies,
however, is that plutonium oxides can exist in oxidation states higher than 1v,
at least in the gas phase. These findings clearly challenge the traditional view
that PuO, is the terminal species.

(7ii)  Solid-state structures

A summary of crystallographic data for plutonium oxides is given in Table 7.36.
The majority of solid-state structures of plutonium oxides are structurally
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related to the fluorite structure displayed by PuO». As a result of these structural
similarities, we discuss the fluorite structure first to make the comparison with
other oxide structures more understandable.

Cubic PuO,_,

Plutonium dioxide forms a cubic fluorite phase over the composition range of
PuO,_,, where 0.4 < x < 0. The cubic fluorite-type unit cell based upon CaF, is
illustrated in Fig. 7.72. The lattice consists of an fcc arrangement of plutonium
metal cations with O anions occupying most or all the four-fold tetrahedral
sites, while the six-fold octahedral sites are vacant. In this structure, when x = 0,
each plutonium atom is surrounded by eight oxygen atoms at the corners of a
cube. Each cubic PuOg coordination polyhedron shares an edge with each of 12
neighboring PuOg polyhedra as shown in Fig. 7.90a. In this high-symmetry
environment, all the Pu-O distances are the same. For a lattice parameter
ap = 5.396 A, this corresponds to a Pu-O distance of 2.337 A, and a Pu-Pu
distance of 3.816 A. When x > 0, there are disordered oxygen vacancies.

Cubic C'PM203

The C-Pu,05 form of the sesquioxide displays the bcc Mn,Oj5 structure that is
related to the fluorite structure with a doubled unit cell. The unit cell of the C-
type sesquioxide can be considered as consisting of eight fluorite unit cells
[ag(bec) = 2ap(fce)] from which one-fourth of the oxygen atoms have been
removed in an ordered way, and with the metal positions remaining almost
unchanged from their fcc positions. The local coordination of the plutonium
atom decreases from eight to six, and the PuOg cubes become PuOg octahedra
but now with two types of plutonium atom. For one-fourth of the plutonium
atoms, these missing oxygen atoms are at the ends of a body diagonal of the
original PuOg cube, and for the other three-fourths they are at the ends of a face
diagonal. Both PuOg¢ coordination groups may be described as distorted octa-
hedral, and each oxygen atom is four-coordinate and approximately tetrahe-
dral. For cubic Pu,O3; with ¢ =11.02 A, one plutonium atom has six
equidistant Pu—O distances of 2.367 A, and another plutonium atom has three
pairs of Pu-O distances of 2.342, 2.360, and 2.383 A A comparison of the cubic
PuO, and Pu,0s structures is shown in Fig. 7.90.

Hexagonal A-Pu>05

The A-type hexagonal sesquioxide formed at elevated temperatures displays the
A-La,O; crystal structure, typical of light lanthanide sesquioxides (Haire and
Eyring, 1994). A striking feature of the hexagonal A-Pu,O; structure is the
highly unusual seven-coordination of the plutonium atoms. This gives three
different Pu-O distances, three at 2.359, one at 2.353, and three at 2.623 A. The
local PuO; geometry is that of a mono-capped octahedron. Actually, there
is also an eighth oxygen atom below the opposite face, but a much greater
distance of 3.605 A. This last oxygen atom, together with the seven in the PuO,
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Fig. 7.90 (a) A polyhedral representation of a layer of the fluorite-type structure of
stoichiometric PuQ,, emphasizing the alternating cubic PuOg coordination polyhedra and
vacancy sites within the structure, and illustrating the overall face-centered cubic arrange-
ment of Pu metal atoms. (b) A polyhedral representation of a layer of the cubic C-type
Pu, O3 structure drawn on the same scale and orientation, emphasizing the similarity in
the fcc arrangement of Pu metal atoms between the cubic structures of PuO, and C-Pu,0O;.
The local coordination environment around Pu is now reduced to six near neighbors,
with alternating PuOg distorted octahedra. Plutonium atoms are black and oxygen atoms
are gray.

polyhedron forms a distorted cube. These distorted cubes form the basis of the
representation given for the A-type lattice given in Fig. 7.91.

Intermediate oxide structures, PuO,_,

Intermediate oxides that display O:Pu stoichiometries between 1.5 and 2.0 (or
those with stoichiometry between Pu,O3 and PuQ,) are not well characterized
for plutonium. In general, intermediate oxides are common to both lanthanides
and actinides, although their properties are much better established for the
lanthanides. Since both sesquioxides and dioxides are known for plutonium, it
is reasonable to assume that plutonium can form a homologous series of
intermediate mixed-valent oxide phases Pu,O,,, in analogy with the lantha-
nides. Unfortunately, very few data exist in this stoichiometry region for pluto-
nium, though it is known that heavier actinides, americium, curium, berkelium,
and californium form some members of an intermediate An,O,, , series
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Fig. 7.91 A polyhedral representation of a layer of the hexagonal A-type PuyOz empha-
sizing the hexagonal arrangement of Pu atoms. The local coordination environment around
Pu has eight near neighbors, giving a highly distorted PuOg cube. Plutonium atoms are
black and oxygen atoms are gray.

(Haire and Eyring, 1994). Since Pu,O; will take up oxygen to yield a hyper-
stoichiometric sesquioxide, and PuO, will lose oxygen to give a substoichio-
metric dioxide, the potential for such a series is most intriguing. Upon
comparison of the ionic radii and relative free energies of the trivalent and
tetravalent oxidation states of plutonium with those of cerium and praseodymi-
um, Haschke concluded that such a mixed-valence series should be stable, and
reported data from oxygen titration experiments in which the existence of a
series Pu,,0,,» withn =15, 7,9, 10, and 12 was inferred (Haschke, 1992). Since
the solid phases were not identified, the existence of the Pu,O,,_, series is not
definitive, but clearly this is another area in which more detailed study is
warranted.

The possibility of the existence of an intermediate oxide series of formula
Pu,,0,, is strongly suggested by structural principles established for the more
well-studied cerium and praseodymium systems, and forms the basis of the
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pedagogical phase diagram introduced by Hashke and coworkers (Haschke
et al., 2000a), shown in Fig. 7.92. In the structural model upon which this
phase diagram is based, there is an fcc array of plutonium atoms in which all
(and only) the tetrahedral interstices are occupied with oxygen atoms to form
the end-member PuO,. The intermediate phase compositions and structures are
realized by omission of oxygen atoms in a regular way. Except for small shifts
away from the vacant oxygen sites, the metal atoms maintain their fcc positions,
and this leads to a homologous series Pu,O,,_» where Pu,03 is the other end-
member. Since Pu,O; has a bce structure, this end-member corresponds to
n =4 (PuyOg). With this understanding, it is easy to rationalize the phase
diagram of Fig. 7.92. There is a stoichiometric hexagonal sesquioxide
(O:Pu = 1.5); a cubic sesquioxide with some vacancies occupied by oxygen
(O:Pu = 1.5-1.7), showing variable lattice parameters; an oxide phase
corresponding to the Pu,0,,,_» homologous series (rhombohedral, narrow stoi-
chiometry range); a substoichiometric fcc dioxide (O:Pu = 1.8-2.0) with vari-
able and larger lattice parameter than the stoichiometric dioxide; and the
stoichiometric and hyperstoichiometric dioxide. Like in the lanthanide systems,
the intermediate oxides merge into a continuous PuO,_, solid solution above
700°C. Whether the plutonium oxide system actually contains all of these
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Fig. 7.92 A pedagogical plutonium—oxygen phase diagram introduced by Hashke and
Haire (2000), and based upon structural principles established for the more well-studied Ce
and Pr oxide systems (Haschke et al., 2000a).
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features and closely resembles the lanthanide system will require more extensive
study.

PuO, . structural studies

XRD analysis of the products of reaction between PuO, and water vapor show
a single fcc phase with a fluorite-related structure with an expanded lattice.
After reaching a minimum of 5.3975 A at PuO, gy, the lattice parameter
increases over a narrow stoichiometry range, consistent with an initial stepwise
expansion of the lattice and then a gradual increase with increasing oxygen
composition. Results for O:Pu in the 2.016-2.169 range follow Vegard’s law,
implying that the oxide is a continuous PuO,, , solid solution with a lattice
constant given by:

ap = 5.3643 +0.01764 O : Pu (7.38)

Once the PuO, stoichiometry is reached, the lattice parameter is not very
sensitive to composition, as shown in Fig. 7.93. Haschke and coworkers pro-
posed that the additional oxygen atoms are accommodated in the vacant
octahedral sites in the fluorite lattice, and that charge balance is maintained
by replacing Pu(iv) with a higher oxidation state plutonium cation. Initial XPS
data were interpreted as being consistent with Pu(vi), but more recent XANES
spectroscopy has been interpreted as indicating the presence of Pu(v)
(Conradson et al., 2003). Recent EXAFS studies indicate that the original
proposal of oxygen atoms in octahedral sites is far too simplistic (Conradson
et al., 2004b), and warrants further discussion.

Conradson and coworkers investigated 24 PuO,,, samples prepared by a
variety of methods including heterogeneous oxidation of plutonium metal and
PuO, with gaseous H,O and/or O,, and by the hydrolysis and precipitation of
the aqueous Pu(1v) ion (Conradson et al., 2003, 2004b). Fourier transforms
(FT) of the EXAFS data for selected plutonium oxide compounds are shown in
Fig. 7.94. For stoichiometric, ordered PuO, the first peak in the Fourier
transform is the contribution of the eight nearest neighbor oxygen atoms at
2.33 A, well separated from the more distant second nearest neighbor peak of 12
plutonium atoms at 3.80 A (the peaks in Fig. 7.94 are all phase-shifted to lower
R). Regular features from the well-ordered extended structure subsequently
continue to a very high distance from the central absorbing atom. This spectrum
is therefore consistent with the crystal structure of stoichiometric PuO, shown
in Fig. 7.90a.

However, as x increases from PuO, ¢ to PuO, »¢, the amplitudes of all of the
peaks in the Fourier transform decrease monotonically, indicative of dimin-
ished order via displacements of the plutonium and oxygen atoms from their
lattice sites coupled to the incorporation of the nonstoichiometric oxygen atoms
into interstitial, essentially defect sites. What contradicts the current models in
this process is the splitting of the first oxygen shell in the EXAFS (clearly evident
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Fig.7.93 Variation of the cubic lattice parameter (ap) of PuO,.., with O:Pu ratio at 25°C.
Data for PuO,_, are shown by gray triangles, microbalance data by open circles, and PVT
data by solid squares (Haschke et al., 20005).

in Fig. 7.94) and the appearance of a short Pu-O bond distance of 1.84 A.
Traditional diffraction techniques that probe long-range order have never
observed this phenomenon, but the bond distance is similar to the 1.85 A
distance found in axial Pu=0O bonds in molecular Pu(v) compounds. Indeed,
XANES results were interpreted as being consistent with a mixture of Pu(iv)
and Pu(v). Combined, these data suggest that as the plutonium center becomes
partially oxidized in PuO,,, there is a strong driving force to form short,
strong, covalent Pu=0 bonds.
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Fig. 7.94 A comparison of k*>-weighted EXAFS moduli of PuO-., . samples as indicated,
and all data are taken from Conradson et al. (2004b). The peak positions are phase-shifted
to lower distance from the actual Pu—O or Pu—Pu distances.

These data also show that the plutonium atoms retain their essentially fcc
positions, and while the plutonium sublattice retains its order through the pro-
gression of PuO; oo to PuO» »4, the nearest-neighbor oxygen atoms are found in
a multisite distribution. In addition to Pu—O distances of 2.33 A, the additional
oxygen atom in PuO,,, generates new bonds both shorter and longer than
the 2.33 A value. These new Pu-O distances were tentatively assigned to
bridging O /OH™ (2.13, 2.28 A) and possibly H,O (2.41 A) ligands. Based on
these observations, Conradson et al. suggest that the oxidation produces
linear PuO; moieties that are aperiodically distributed through the lattice,
and suggest several structural models that would be consistent with all the
observations (Conradson et al., 2004b). Finally, recent XPS results indicate a
hydroxylated surface in PuO,, , samples whose thickness depends on exposure
conditions (temperature, partial pressure of H,O) (Paffett et al., 2003a). Much
more study in this area is expected in the coming years.
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The original report of PuO,,, and its relevance to long-term storage of
plutonium through H, gas generation has prompted several theoretical studies
of this material. To study the electronic structure of PuO,_, with x = 0.25, a
periodic supercell consisting of four PuO, formula units has been used, consti-
tuting the conventional fluorite cubic cell of PuyOg (as shown in Fig. 7.71 for
PuH,). The additional oxygen atom was placed on the octahedral interstitial
site, giving rise to a hypothetical PuyO9 compound. Employing a self-interaction
correction local spin density method, Petit et al. (2003) concluded that stoichio-
metric PuO, displays Pu(1v) with a localized f* shell. When oxygen is introduced
into the octahedral interstitial site, the nearby plutonium atoms turn into Pu(v)
(%) by transferring electrons to the oxygen. Oxygen vacancies cause Pu(in) (f°)
to form by taking up electrons released by oxygen (Petit et al., 2003). In another
DFT study, Korzhavyi et al. (2004) find a similar result, and calculate the
thermodynamics for reactions of PuO, with either O, or H,O to form
PuO,_ . In both cases the reactions are endothermic, i.e. to occur they require
a supply of energy. However, the calculations also show that PuO,,, can be
formed as an intermediate product by reaction with H,O radiolysis products
such as H,O,. While the placement of the interstitial oxygen atom in the
octahedral hole of a hypothetical PuyOgy system is not consistent with the
experimental findings for PuO,, ,, they are consistent with the formation of
Pu(v), and offer insights to guide further experimental study.

Penneman and Paffet applied Zachariasen’s classic bond strength—bond
length relationships (Zachariasen, 1954a,b) to the PuysOq¢ (PuO,,s) entity to
suggest that a better description is Pu4OgOH containing Pu(v) ions (Penneman
and Paffett, 2004, 2005). Bond strength-bond length arguments justify the
location of a hydroxide ion, rather than a central oxide ion, in a plutonium
dioxide structure, providing an alternative interpretation for the experimental
data on plutonium dioxide oxidation by water.

(iv)  Properties of plutonium oxides

Oxygen diffusion

Fluorite-related lanthanide oxides exhibit unusual diffusional properties in that
the oxygen substructure (excess interstitial oxygen ions and oxygen vacancies) is
mobile below 300°C, which places them in the category of fast-ion conductors
(Haire and Eyring, 1994). In actinide oxides of the fluorite structure, interstitial
excess oxygen ions and oxygen vacancies are extremely mobile with diffusion
rates similar to those of other fluorite-type superionic conductors (Matzke,
1982). Chemical diffusion measurements on PuO,_, reveal relatively high values
for diffusion coefficients (Bayoglu and Lorenzelli, 1984), and activation energies
in the vicinity of 46 kJ mol™', which is very close to the migration energy of
anion vacancies in UO,_, (49 kJ mol ') (Chereau and Wadier, 1973; Bayoglu
and Lorenzelli, 1979).
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For stoichiometric PuO,, oxygen diffusion has been studied by gas-phase
isotope exchange by Bayoglu and coworkers, and by Deaton and Wiedenheft
who obtained activation energies of 177 and 187 kJ mol ™', respectively (Deaton
and Wiedenheft, 1973; Bayoglu et al, 1983). Murch and Catlow (1987)
have suggested that since oxygen interstitials in PuO, are almost certainly less
mobile than oxygen vacancies, one can assume that the activation energy
for oxygen diffusion in stoichiometric PuO, can be partitioned into two parts,
given by

Q= Hp/2 + H™ (7.39)

where HY" is the anion vacancy migration enthalpy and Hp is the enthalpy for
anion Frenkel defect formation. With H" given by 46 kJ mol ', the Frenkel
energy is given by 262-282 kJ mol .

Melting behavior

The melting behavior of the individual plutonium oxides has been studied by
many authors (Holley et al., 1958; Pijanowski and DeLucas, 1960; Chikalla
et al., 1962, 1964; Lyon and Baily, 1965, 1967; Chikalla, 1968; Riley, 1970), and
has been thoroughly reviewed (IAEA, 1967; Wriedt, 1990; Lemire et al., 2001).

Stoichiometric hexagonal A-Pu,O; (PuO; s0) was found to have a melting
point of 2085 4+ 25°C (Chikalla et al., 1962, 1964), which agrees well with the
value of 2075°C reported by Riley (1970). The value of 2080°C was adopted by
the IAEA review panel (IAEA, 1967), and by Wriedt (1990) in their reviews.

No melting point can be reported for cubic C-Pu,O3 (PuO; 5,), since this
compound undergoes a solid-state peritectoid decomposition to A-Pu,O3
(PuO; 5) and C'-Pu,03 (PuO; ¢.5) at 450°C (Wriedt, 1990). No melting point
for C'-Pu,03 (PuO; ¢.5) can be reported as it transforms congruently to PuO,_,
above a temperature of about 1180°C (Wriedt, 1990).

The melting point of PuO,_, depends on the O:Pu ratio. For stoichiometric
PuO, oo, a number of values have been reported; however, the best values are
thought to be those reported by Lyon and Baily (1965, 1967), who found 2390 +
20°C, or Aitken and Evans (1968) who found a value of 2445°C. These experi-
ments were performed on specimens sealed in tungsten capsules to prevent
loss of oxygen. Wriedt (1990) proposed a value of 2445°C, and Adamson
et al. (1985) recommend the intermediate value of 2428°C.

Vaporization behavior

The plutonium oxide vaporization process is extremely complicated because the
solid undergoing vaporization changes its composition during the process. The
majority of vapor pressure measurements of plutonium oxides have been car-
ried out by the Knudsen-effusion method (Phipps et al., 1950b; Mulford and
Lamar, 1961; Paprocki et al., 1962a; Pardue and Keller, 1964; Ackermann et al.,
1966; TAEA, 1967; Capone et al., 1999), with the notable exception of a few
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mass spectrometry reports (Battles er al., 1968, 1969; Battles and Blackburn,
1969; Kent, 1973). All these data have been reviewed (Wriedt, 1990). The results
of these measurements are often conflicting because the condensed oxide phase
PuO, . is at its congruent vaporizing composition, which varies with tempera-
ture. When inert containers are used, solid PuO, that has a higher O:Pu ratio
than the congruent composition will produce vapor with relatively high con-
centrations of PuO»(g), Ox(g), and O(g). In contrast, compositions with a lower
O:Pu ratio than the congruent composition will produce relatively high con-
centrations of PuO(g) (Wriedt, 1990). Thus, the early Knudsen measurements
yield insufficient information to explain the vaporization behavior of PuO, and
PuO,_, in detail.

Battles and coworkers (Battles er al., 1968, 1969; Battles and Blackburn,
1969) have determined the species that occur in the vapor of PuO,_, and in
the vapor over the binary condensed phase mixture of Pu,Os and PuO, ¢4, over a
period of 20 hours. A typical set of data is shown in Fig. 7.95.

In the case of single-phase material, it was found that initially stoichiometric
PuO, (o slowly turns into PuO; g3; and retains the latter composition. In the
vapor, the species PuO; (g) and PuO™(g) were observed. At 2219 K the partial
pressures of Pu(g) and of O(g) were calculated to be 2.6 x 10 and 2.6 x 10~
atm, respectively. The mass spectrometry results (Battles er al., 1968, 1969;
Battles and Blackburn, 1969; Kent, 1973) are in good agreement with those
measured by effusion in open containers by Ackermann and coworkers
(Ackermann et al., 1966). Partial pressures of O(g), Ox(g), Pu(g), PuO(g) and
PuO,(g) have been tabulated for various PuO,_, compositions and tempera-
tures (Kent and Zocher, 1976; Green et al., 1983).
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Fig. 7.95 Mass spectroscopic intensities of gaseous PuO3 and PuO™, and the ratio of
intensities Ip, o /IPuOZ’ as a function of time at 2225 K (Battles et al., 1968, 1969).
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More recently, Krikorian and coworkers suggested that heating PuO, in the
presence of oxygen produced the PuO; molecule in the gas phase (Krikorian
et al., 1997), and this was definitively proven by Ronchi and coworkers who
used Knudsen-effusion experiments in combination with mass spectrometry to
show that PuO, exposure to oxygen above 1800-1900°C produces a gas phase
molecule PuO3;, along with the expected PuO and PuO, gas phase molecules
(Ronchi et al., 2000).

Thermodynamic properties of plutonium oxides

The thermodynamic properties of the plutonium oxides have been studied and
assessed by numerous authors, and the reader is directed to extensive compila-
tions by Rand (1966), IAEA (1967), Wriedt (1990), and the recent OECD-NEA
review of plutonium and neptunium thermodynamics (Lemire et al., 2001).
A summary of the most recent OECD-NEA selected thermodynamic data for
plutonium oxides is given in Table 7.38.

Stoichiometric Pu,O3; (PuO;5)  Flotow and Tetenbaum (1981) measured the
low-temperature heat capacity from —265 to 77°C on a sample of ***Pu,05. The
heat capacity (C;)) and entropy (S°) at standard conditions derived from their
data were selected by the OECD-NEA reviewers, and are given in Table 7.38
(Lemire et al., 2001). Estimates of the heat capacity of Pu,O; at higher
temperatures have been given by TAEA (1967), Glushko (1982), and Besmann
and Lindemer (1983). The NEA reviewers recommended the following
expressions for heat capacity of Pu,Os over two separate temperature ranges.

(298.15 — 350K)
C; = 169.466 — 79.98 x 107°T — 25.459 x 10°T~*J K 'mol ™' (7.40)

(350 — 2358K)
Cy =122.953+28.548 x 107°T — 15.012 x 10°T 2] K™'mol ™" (7.41)

There are no direct measurements of the enthalpy of formation of Pu,Os. The
value has been derived indirectly from the partial molar Gibbs energies and
enthalpies of oxygen in the single-phase oxides Pu,O; and PuO,, and the two-
phase fields between these phases. A thorough discussion of the data and
measurement techniques is available in the most recent reviews (IAEA, 1967;

Table 7.38 Thermodynamic parameters for plutonium oxides (Lemire et al., 2001).

Ar Ghog ArHyog Sos Sz%
Compound ~ (kJ mol™") (kJ mol ™) @K 'mol™) (K !'mol™
Pu,0; —15804 £ 10.1  —1656.0+10.0  163.0+0.6 117.0 £ 0.5
PuO 4, —834.8 +10.1 —875.5+10.0 83.0 £ 5.0 61.2+5.0

PuO, —998.1 £ 1.0 —1055.8 £ 1.0 66.13 £ 0.26 66.25 + 0.26
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Wriedt, 1990; Lemire et al., 2001). The recommended values for the enthalpy
and Gibbs energy of formation are listed in Table 7.38.

Hyperstoichiometric PuO; s> (C-Pu,O3)  The only thermodynamic data for
this phase are the enthalpies of combustion reported by Chereau et al. (1977).
Their values correspond to an enthalpy of formation of —845 kJ mol ' (Lemire
et al., 2001).

Hyperstoichiometric PuO;4,s  No experimental data are available. Thermo-
dynamic functions were estimated by NEA reviewers (Lemire et al., 2001).

Stoichiometric PuO,9, The thermodynamic properties of stoichiometric
PuO, oo have been the subject of a large number of studies (Sandenaw, 1963;
Pardue and Keller, 1964; Ackermann et al, 1966; Rand, 1966; Kruger and
Savage, 1968; Engel, 1969; Ogard, 1970; Flotow et al., 1976), and have been
extensively reviewed (IAEA, 1967; Cordfunke et al, 1990; Wriedt, 1990;
Carbajo et al., 2001; Lemire et al., 2001).

To overcome difficulties performing low-temperature heat capacity measure-
ments on 2>’Pu0O,, Flotow er al. (1976) performed studies with the less radio
active isotopes **Pu0, and ***PuO, to avoid problems associated with radia-
tion damage of the solid for low temperatures up to 350 K. These measurements
are thought to provide the most reliable values for standard heat capacity (Cp)
and entropy (S°). Their values were selected by the NEA review, and are listed
in Table 7.38. High-temperature measurements of enthalpy were measured by
Kruger and Savage (1968), Engel (1969), Ogard (1970), and Oetting (1982).
Fink (1982) used these data to derive a complex expression for heat capacity,
and these were refit to polynomials by Cordfunke et al (1990). The Fink
expressions were recently modified by the NEA review to give the following
polynomial expression over the temperature range 298.15-2500 K (Lemire
et al., 2001):

Cy =84.495410.639 x 107°T — 6.1136 x 10°T">

7.42
—19.00564 x 10°T2) K 'mol™! (7.42)

The original polynomial functions derived by Fink are far more complex than
the NEA modification, and for more information the reader is referred to the
original Fink citation (Fink, 1982) or a recent review by Carbajo et al. (2001).

There is good agreement between authors on the values for the enthalpy and
Gibbs free energy (Holley et al., 1958; Glushko, 1982). The values accepted by
the NEA review are given in Table 7.38 (Lemire et al., 2001).

Chemical properties of plutonium oxides
Dissolution of PuO, PuO, that has been ignited at high temperatures is
difficult to dissolve. Christensen and Maraman (1969), Gilman (1965, 1968),
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Ryan and Bray (1980), and Nikitina et al. (1997a,b), have reviewed the methods
reported. In general, the rate of dissolution for each reagent often depends on
the ignition temperature used to prepare the oxide and on the previous history
of the sample. The reagent most frequently used is a boiling mixture of 16 m
HNO; with 1 v HF as a fluoride complexant. Instead of HF, H,SiFg, or
Na,SiF¢ may also be used. High-temperature fired PuO, is dissolved only
slowly. Irradiated PuO, dissolves better, the rate of dissolution being higher,
the higher the burnup.

The difficulty in dissolving PuO, has led to the search for aggressive
approaches to achieve dissolution, such as the use of fused salts (Harvey
et al., 1947; Feldman, 1960; Crocker, 1961), dioxygen difluoride, O,F, (Malm
et al., 1984), or krypton difluoride, KrF, (Asprey et al., 1986). Dioxygen
difluoride, and krypton difluoride react readily with PuO, to form PuFg and/
or PuO,F,, but this approach has not been pursued on a large scale because of
the extreme difficulty in handling KrF, and O,F,. Two major improvements to
the dissolution of PuO, have recently appeared. They are based on the electro-
chemical oxidative dissolution in HNO3 with Ag(11) as a catalyst (Bourges et al.,
1986; Sakurai et al., 1989, 1993; Madic et al., 1992), and oxidative dissolution
catalyzed by Ce(1v) in the presence of anions of oxygen-containing acids of
group 1v—vi elements (Horner et al, 1977; Scheitlin and Bond, 1980). The
kinetics and mechanism of these processes and their use for dissolving plutonium
from recycled products and wastes have been reviewed (Nikitina et al., 1997a).

Compatibility with Container Materials ~ Because of its importance as a
nuclear reactor and heat source fuel, the compatibility of PuO, with
refractory materials (both metals and ceramics) has been extensively studied.
Paprocki et al. (1962b) studied the chemical reactions of plutonium dioxide with
reactor materials.

An extensive study of the compatibility of ***PuQ, with container materials
has been reported by Selle ez al. (1970a,b). They studied the reactions of >**Pu0,
with container materials such as tantalum, molybdenum, tungsten, rhenium,
platinum, rhodium, and their alloys in the temperature range 1000-2500°C and
for time periods up to 532 days. For the results, the reader is referred to the
comprehensive original reports. Such studies have led to the use of iridium-—
0.3% tungsten alloys for encapsulation of ***PuQ, general-purpose heat
sources, and Pt-30%Rh alloys for encapsulation of ***Pu0, light weight radio-
isotope heater units (see Section 7.3).

(b) The plutonium—sulfur, -selenium, and -tellurium systems

With heavier chalcogen elements (X = S, Se, and Te), plutonium forms binary
compounds in four basic families (Table 7.39) with the highest-order composi-
tion being PuX; that is only found for tellurium. All the heavy chalcogen
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elements form the series of substoichiometric complexes PuX, .. For the ses-
quichalcogenides of formula Pu,Xs3, sulfur forms an a-phase, all the chalcogen-
ides form a y-phase, while selenium and tellurium form an m-phase. All the
heavier chalcogenides form the simple binary PuX.

(i) Preparation

All of the heavier chalcogenide compounds of plutonium can be prepared by
gas—solid reaction between the appropriate stoichiometry of plutonium hydride
(PuH,) and chalcogen element in quartz tubes sealed under secondary vacuum
(Damien, 1973, 1976; Damien and De Novion, 1981; Damien et al., 1986). After
a typical reaction time of 1 week at 350-750°C, the dichalcogenide, PuX, . is
formed. Compounds with lower X/Pu ratio can be prepared by thermal decom-
position of PuX,_, in a sealed tube where one end is kept outside the furnace to
allow for the deposition of the chalcogen element. The monochalcogenide, PuX
requires much-higher temperature for formation. Typically the quartz tube
is heated to 800°C, and the products are pressed into pellets and sintered at
1200-1600°C. This approach works for all the chalcogenide elements except
tellurium. Reaction of plutonium hydride with excess tellurium under high
vacuum at 350°C for 1 week produces PuTe; (Damien, 1973). The plutonium
tritelluride undergoes decomposition in a stepwise fashion to produce PuTe,_,
at 400°C, n-Pu,Te; at 700°C, and y-Pu,Te; at 900°C (Allbutt et al., 1970;
Damien, 1973).

In addition to preparation using plutonium hydride, all the plutonium chal-
cogenides (sulfur, selenium, tellurium) may be prepared by direct synthesis from
the elements (Gorum, 1957; Marcon and Pascard, 1966a,b; Kruger and Moser,
1967a; Marcon, 1969; Wastin et al., 1995). For volatile compounds, the reac-
tions may be carried out in two- or three-zone vacuum-sealed quartz tubes
that are placed in a temperature gradient resistance furnace (Spirlet, 1982;
Spirlet and Vogt, 1982). The product stoichiometry and phase is controlled
by the reaction temperature and stoichiometry of reactants. For compounds
that are not highly volatile, excellent results have been obtained when using
levitation melting in an induction coil or in a Hukin magnetic levitation cold
crucible, by semilevitation melting on a pedestal, or by arc melting (Wastin
et al., 1995).

There are other methods for preparation of a few specific plutonium chalco-
genide. In the early work of Abraham et al (1949b), PuS was accidentally
obtained when PuF; was reduced with Ca vapor in a BaS crucible at 1250°C.
High-purity PuS may also be obtained when compact plutonium metal is first
reacted to give the hydride, the hydride is ground to powder in an inert-gas
atmosphere, and, after decomposition to the metal, is reacted with H,S.
A similar reaction of the plutonium hydride with H,S may also be used to
prepare o-Pu,S;. Finally, PuSe can be obtained by reacting a higher selenide
with plutonium metal (Marcon, 1969).
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(if) Solid-state structures

Crystallographic properties of binary plutonium chalcogenides are summarized
in Table 7.39.

Plutonium tritelluride crystallizes in the orthorhombic NdTej; structure type
(Norling and Steinfink, 1966; Damien, 1973). In this structure, the unit cell
contains 12 planar layers each consisting of a single type of atom. Since the
separation between the plutonium and tellurium layers is about 0.9 A, the two
layers can be considered as a single puckered layer. In this way, the structure can
be described as consisting of four puckered Pu-Te layers and four densely
packed tellurium layers. Each plutonium atom is surrounded by nine near-
neighbor tellurium atoms, and the PuTey coordination polyhedron approxi-
mates a capped square antiprism with a distortion of the plutonium atom out of
the center of the tellurium prism, as depicted in Fig. 7.96.

Fig.7.96 Local coordination sphere around plutonium in PuTes; and PuX,. The plutonium
atom is black and tellurium atoms are gray.
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The ideal structure of plutonium dichalcogenides, PuXs is the anti-Fe,As in
space group P4/nmm (Z = 2) (Damien et al., 1986). In this structure, layers of
five chalcogen atoms in the basal face-centered square plane are separated by
two slabs of alternating Pu*" (nine-fold coordination) and X* ions. The local
PuXy coordination polyhedron is identical to that seen in PuTes, depicted in
Fig. 7.96. All the PuX,_, compounds are distorted from this idealized structure
due to the formation of X-X bonding pairs within the basal planes. A typical
structure is shown in Fig. 7.97. This distortion gives rise to a number of pseudo-
cubic, tetragonal, orthorhombic, and monoclinic (f = 90°) anti-Fe,As super-
structures (Flahaut, 1979; Rolland et al., 1994). From Table 7.39, it can be seen
that all PuX,_, (X = S, Se, and Te) compounds display the pseudo-tetragonal
cell of the anti-Fe,As structure, with the exception of PuS,, which displays the
monoclinic (f = 90°) CeSe, variant of the structure (Marcon and Pascard,
1968).

The sesquichalcogenides of plutonium are isostructural with the rare-earth
analogs (Damien et al, 1986). The low-temperature stoichiometric phase,

b

Fig. 7.97 Solid-state crystal structure of plutonium dichalcogenides, PuX,, emphasizing
the local PuXy coordination. The X—X bonding pairs are not indicated for clarity. The
distortions in the chalcogen layers due to X—X bonding are clearly evident in this model,
based on monoclinic LaTe, (Stowe, 2000). Plutonium atoms are black and chalcogen atoms
are gray.
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referred to as a-Pu,X3 only exists for the sulfide, and has the orthorhombic
La,Ss-type structure, with two plutonium sites displaying local PuS; and PuSg
coordination. The high-temperature y-Pu,X3 phase is not a stoichiometric
phase, and exists over a range of compositions varying from Pu,X; to PusXy.
This phase displays the cubic Th;P,4 structure, where the coordination number
of the plutonium atom is eight. For selenium and tellurium, there is a n-Pu,X3
phase that displays the orthorhombic U,Sj; structure. The n-Pu,Se; is thermally
unstable and transform near 800°C into the cubic y-Pu,Se; of the Th;P, struc-
ture. Early reports of a B-phase for Pu,S; have been shown to be incorrect, as
the material is now known to be a ternary oxychalcogenide (Carre et al., 1970).
All monochalcogenides of plutonium (PuX) have the cubic NaCl crystal
structure.

(iiiy Properties

The monochalcogenides have a metallic luster that can be described as gold,
copper, and black for the sulfide, selenide, and telluride, respectively. The
monochalcogenides have been the subject of extensive study directed towards
understanding valency and the itinerant or localized nature of their 5f electrons.
Several excellent overviews are available (Rossat-Mignod et al., 1984; Buyers
and Holden, 1985; Dunlap and Kalvius, 1985; Fournier and Troc, 1985; Santini
et al., 1999; Wachter, 2003).

Single crystal samples of PuX have been examined by neutron scattering,
magnetic susceptibility, and electrical resistivity. All of the PuX compounds
(X =S, Se, Te) are nonmagnetic with magnetic susceptibilities that are almost
temperature independent for temperatures above 50 K (Lander et al., 1987).
Electrical resistivity increases continuously from room temperature with two
changes of thermal behavior around 200 and 30 K, confirming the hypothesis
that the PuX compounds are semiconductors with small energy gaps. Fournier
et al. (1990) suggest that the ground state of the monochalcogenides is a weak
magnetic nonconducting 6d'-5f° Kondo state with a high Kondo temperature
of ca. 400 K.

Wachter and coworkers proposed that these properties of PuX compounds
can be consistently explained by the assumption that the plutonium chalcogen-
ides are related to the high-pressure intermediate-valent form of the isoelec-
tronic samarium chalcogenides. Pressure in the divalent SmX serves to enhance
f—d hybridization to achieve an intermediate valence state, whereas in PuX, f-d
hybridization is achieved without pressure because of the larger radial extension
of the 5f wave functions relative to the 4f wave functions. Using PuTe as an
example, they conclude that SmTe achieves the same state under a pressure of
58 kbars, and achieves an intermediate valence of 2.75 (Wachter et al., 1991).
The intermediate valence model is supported by experimental measurement of
elastic constants and observation of a negative value for ¢, (-39 GPa) (Mendik
et al., 1993; Wachter et al., 2001). Photoemission measurements on PuSe films



1056 Plutonium

(Gouder et al., 2000) were interpreted as a 5f localization and not an intermedi-
ate valent configuration where 5f and 6d states hybridize. Wachter suggested
that the existence of a strong Pauli paramagnetism gives a high DOS near the
Fermi level, complicating the interpretation. Recent photoemission studies on
PuTe single crystals confirm the presence of a strong three-peak structure near
the Fermi level in agreement with of an intermediate valence state in PuTe
(Durakiewicz et al., 2004).

(c) Ternary and polynary plutonium chalcogenides

A large number of ternary and polynary plutonium/metal chalcogenides have
been described in the literature. The majority of these compounds are ternary
and quaternary oxide phases, some of which have gained technological impor-
tance. The term ‘ternary oxide phases’ in this context includes two general
classes of material. The first are oxoplutonate compounds with PuO’~ polyhe-
dral anions and mono-, di-, or trivalent metal cations. A typical example would
be Ba;PuOg. The second general class are oxometallate compounds with MO~
polyhedral anions of main group or transition metal elements in which the
plutonium serves as the tri- or tetravalent counter cation. A typical example
of this class of compound would be PuCrOs.

Ternary and polynary sulfides, selenides, and tellurides are few, generally not
well characterized and will not be discussed.

(i) Preparation of alkali metal oxoplutonates

When plutonium dioxide and alkali metal oxides, hydroxides, peroxides, or
carbonates are intimately mixed and heated in a stream of oxygen, inert gas,
or vacuum, they react to form ternary oxide phases in which the plutonium is
the central atom of an oxoplutonate anion (PuOﬁf) and may assume any of the
oxidation states from 1v to vii. Alkali metal oxoplutonates have been prepared
with all the alkali metals with the exception of francium.

Pu(iv). The only alkali oxoplutonate(iv) known at the time of writing is
greenish brown LigPuOg, which is obtained by heating a Li,O-PuO, mixture
(4.2:1) in a sealed evacuated tube at 600°C (Keller et al., 1965b).

Pu(v). For pentavalent plutonium, Li;PuOg¢, LizPuQOy4, and NazPuO4 have
been reported. These compounds may be obtained by reaction of Li,O or Na,O
with PuO, in an oxidizing atmosphere for 8§ h at 700-900°C, respectively.
LizPuO,4 may be prepared by heating a 3:1 mixture of LiOH - H,O and PuO,
in an oxygen stream at 900°C for 24 h (Yamashita et al., 1992). M;PuQOy4
compounds are also reportedly obtained by thermal decomposition of hexava-
lent MgPuOg for 4 h in an argon atmosphere to give the M3PuO, product and
PuO, (1100°C, M = Li; 1000°C, M = Na) (Keller, 1964). Brownish-green
Li;PuOg¢ was prepared by reacting Li;PuO4 with two equivalents of Li,O at
600°C for 6 h in an evacuated quartz tube (Koch, 1964).
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Pu(vi). For hexavalent plutonium, MgPuOgs, M4PuOs, (M = Li, Na), and
M,PuO4 (M = K, Rb, Cs) compounds have been prepared. These compounds
may be either dark green (MgPuOg) or brown (M4PuOs and M,PuQy,). The
compounds M4PuOs and MgPuOg dissolve in dilute acids to form yellow-brown
or yellow-green aqueous solutions (respectively) and show characteristic Pu(vi)
absorption spectra (Koch, 1964).

LigPuOyg is obtained by heating a 3:1 mixture of Li,O and PuO, at 400-500°C
in an oxygen atmosphere. If a 2:1 mixture is used, LisPuOs is formed. When
LizPuOs is heated at 900-1000°C, LizPuQy, is formed. Li;PuOs; may also be
prepared by heating a 4:1 mixture of LiOH - H,O and PuO, under an oxygen
stream at 600°C for 24 h (Yamashita et al., 1992).

Heating a 2:1 mixture of Na,O and PuO, in an oxygen atmosphere at 400°C
results in the formation of cubic a-Na4PuOs, which may be converted to
tetragonal B-Na4PuOs by raising the temperature to 500°C. At 900°C,
B-Nay4PuOs decomposes to NasPuO,4. When a 3:1 mixture of Na,O and PuO,
is used, a-Nay4PuOs is produced at 400°C; and NagPuOg is produced at 500°C.
Upon heating NagPuOg to 750°C, it is converted to B-NasPuOs (Koch, 1964;
Keller et al., 1965a).

The M,PuOy, class of compounds (M = K, Rb, Cs) may be conveniently
prepared by reaction of a 2:1 mixture of MOH with PuO, in gold crucibles
under an oxygen atmosphere, and heated to at least 450°C (Hoekstra
and Gebert, 1977). These compounds decompose in air above 650°C. The
rubidium and cesium analogs may also be prepared by heating the
corresponding oxoplutonates (vil)), M3;PuOs to temperatures above 320°C
(Pages et al., 1971a,b).

Pu(vi). For heptavalent plutonium, MsPuOg¢ (M = Li, Na) and M3PuOs
(M = Rb, Cs) have been reported. Greenish-black LisPuQOg is formed when a
3:1 mixture of Li,O and PuO, is heated in a stream of oxygen at 430°C (Keller
and Seiffert, 1969). The corresponding sodium compound, NasPuOg, has not
yet been isolated in the pure state. However, the reaction product of Na,O, and
PuO, in O, atmosphere at 400°C, yields a green aqueous solution upon dissolu-
tion in dilute aqueous hydroxide, which shows the characteristic absorption
spectrum of Pu(vi) (Keller and Seiffert, 1969).

The black compounds M3;PuOs (M = Rb, Cs) have been obtained by
heating 3:1 mixtures of the corresponding superoxide MO, with PuO, at
250°C for more than 6 h. These compounds are reportedly less sensitive to
air than the corresponding Np compounds, but have a lower thermal stability.
At 320°C, they reportedly decompose to M,PuO,4 and M,O, (Pages et al.,
1971a,b).

(i) Preparation of ternary and quaternary alkaline-earth oxoplutonates

The oxoplutonates of the alkaline-earth elements can be prepared in a manner
similar to the alkali-metal oxoplutonates. The alkaline-carth oxides, peroxides
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or carbonates react with PuO, to form alkaline-earth oxoplutonates, in which
the plutonium may occur in oxidation states 11, 1v, v, vi, and Vi1

Pu(m). The only alkaline-earth oxoplutonate(mr) that has been reported is
BaPu,O,4, which is formed by reacting a 1:3:2 mixture of BaO, elemental Pu and
PuO; (Keller, 1962). An intimate mixture of Pu, PuO,, and BaO is first heated in
a stream of hydrogen to convert plutonium metal to hydride (PuH,). The
resulting mixture of PuH,, PuO,, and BaO is powdered in an inert-gas atmo-
sphere and then heated in a stream of argon at 600°C for 2 h and at 1200°C for
8 h. At 600°C, the plutonium hydride decomposes, and the resulting finely
divided metal reacts with PuO, to give Pu,O3. The Pu,Oj3 in turn reacts with
BaO to form BaPu,O,4, which may be isostructural with the lanthanide com-
pounds BaPr,O,4 and BaNd,O,4 (Keller, 1962). No lattice constants of BaPu,Oy4
have been reported.

Pu(1v). Discrete alkaline-earth oxoplutonates(iv) can be prepared with the
heavy alkaline-earth elements strontium and barium but not for the lighter
alkaline-earth elements beryllium and magnesium. Beryllium and magnesium
oxides react with PuO, to form solid solutions rather than stoichiometric
compounds. The mutual solubilities of MO-PuO, systems (M = Be, Mg)
have been determined by Hough and Marples (1965) and by Carroll (1964).
With the heavier alkaline-earth elements, heating stoichiometric mixtures of
MO (M = Sr, Ba) with PuO, gives MPuO; (Chackraburtty er al, 1963;
Chackraburtty and Jayadevan, 1964). Chackraburtty and coworkers have
recommended the use of excess alkaline-earth oxide (3:1 mixtures) to ensure
complete conversion of PuO, to oxoplutonate. The excess alkaline-earth oxide
may be subsequently removed by extraction with methanol (Russell ez al., 1960;
Keller, 1962, 1964; Chackraburtty and Jayadevan, 1964). BaPuOj; has also been
prepared by ball-milling a stoichiometric mixture of BaCO5; and PuO,, followed
by heating under argon at 1197°C for 24 h (Christoph et al., 1988). StPuO; and
BaPuO; can also be prepared by reduction of Sr3PuOg or Ba;PuOg in a stream
of hydrogen at 1600-1800°C.

Pu(v). Deep black Bas;PuOs s is obtained by reacting a mixture of Ba;PuOg,
PuO,, and BaO in a stream of argon at 1100-1200°C. It is uncertain whether
this compound contains Pu(v) or a mixture of Pu(iv) and Pu(vi) (Keller, 1962,
1964). There are a few quaternary compounds of general formula Ba,MPuOg,
where M is a trivalent metal ion (M = La, Nd, In). These compounds are
prepared by heating a 4:1:1:1 mixture of PuQO,, PuO,(NOj3),-nH,O, M,0;,
and BaO; in a platinum crucible at 750-950°C for 8-10 h (Awasthi ez al., 1968).

Pu(vi). For hexavalent plutonium, there are ternary alkaline-earth oxopluto-
nates (vi) of formula MPuO,4 and M;PuO¢ (M = Ca, Sr, Ba) and quaternary
compounds of general formula Ba,MPuOg, where M is a divalent metal ion
(M = Sr, Mn, Pb, Mg, Ca). It is uncertain whether the manganese compound,
Ba,MnPuOyg, contains Mn(1r)/Pu(vi) or Mn(1r)/Pu(v).

M;PuOg compounds have been prepared by heating 3:1 to 5:1 mixtures of
MO (M = Ca, Sr, Ba) with PuO, in a stream of oxygen at 950-1050°C
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(M = Ca) (Chackraburtty et al, 1963; Awasthi et al, 1968), 900-1200°C
(M = Sr), or 800-1300°C (M = Ba) (Keller, 1962, 1964). Sr;PuO¢ and
BasPuOg¢ form solid solutions, which range in composition from Ba;PuOgq to
Baoi7SSr2A25Pu06.

The reaction of a 1:1 mixture of SrO and PuO; in an oxidizing atmosphere at
900-1000°C yields SrPuO, (Keller, 1962, 1964). BaPuO, appears to be pro-
duced by shaking Ba;PuQOg¢ with excess, CO,-free water for 15-30 min. BaO
dissolves and leaves BaPuQOy as the residue (Keller, 1962, 1964).

Pu(vi). Alkaline-earth oxoplutonates(vi) have not yet been prepared by
solid-state reactions at elevated temperatures, as has been done with alkali
oxoplutonates (vir). However, the compound Bas(PuOs), - xH,O was obtained
by precipitation with Ba(OH), from aqueous solutions of Pu(vi) (Komkov
et al., 1968).

(iiiy  Solid-state structures

Characterization of most alkali and alkaline-earth oxoplutonates are limited to
X-ray powder diffraction data. These data have been summarized in Table 7.40.
All of the oxoplutonate compounds contain PuOf~ polyhedra that are octahe-
dral with six equidistant Pu—O bonds, or tetragonally distorted with two short
(plutonyl-like) and four long, or four short and two long Pu-O bonds. Repre-
sentative examples of these structure types will be discussed.

Perovskites — MPuO»

Plutonium (and other light actinides) form an extensive class of complex oxides
that are related to the perovskite (CaTiO3) structure in which Pu(1v), Pu(vi), or
Pu(vi) ions exist in octahedral PuOg~ coordination. General structural classi-
fications of perovskites have been discussed (Galasso, 1968; Wells, 1984; Zhou
and Goodenough, 2005). The idealized ABO; perovskite structure consists of a
simple cubic lattice with apex-shared, BOs octahedra with large A cations at the
center of the unit cell, bonded to 12 oxygen atoms situated at the centers of the
cell edges. In this ideal ABOj structure, all atomic positions are fixed by
symmetry and the packing is very dense. In most perovskites, the actual unit
cell symmetry is lower than cubic, which can be accomplished by rotation of the
BOg octahedra allowing a lengthening of the B-O bonds and lowering the
effective A-site coordination number (typically to eight).

Through rotation of a BOg unit, the perovskite structure can accommodate a
large range of A:B:O radius ratios. Barium plutonate (BaPuQO3;) is an excellent
example of how a 5f element is accommodated into this important structure
type. The structure of BaPuO; had been somewhat controversial, the cell
symmetry being reported variously as cubic or orthorhombic (Russell et al.,
1960; Keller, 1962; Chackraburtty et al., 1963; Christoph et al, 1988).
Christoph and coworkers utilized Zachariasen’s bond-length—bond-strength
relationships to predict that in the structure of BaPuO; the PuOg octahedra
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should rotate by about 11 degrees to give the theoretical Pu-O distance pre-
dicted by Zachariasen’s relationship. This prediction was tested by performing a
low-temperature neutron diffraction study on Ba’>**PuO; which confirmed the
expectations of a distortion away from the cubic perovskite structure
(Christoph et al., 1988). The idealized cubic and experimentally confirmed
orthorhombic solid-state structures are illustrated in Fig. 7.98. In the low-
temperature neutron structure, the PuOg octahedra are rotated by about
15 degrees from the idealized position in the cubic perovskite, and this is
indicated in Fig. 7.98(b). The PuOg rotation gives Pu—O-Pu angles of 157.07
(8) and 160.53(5) degrees. The plutonium atom coordination is only slightly
distorted from octahedral with Pu-O distances of 2.2306(5), 2.2295(12), and
2.2230(12) A. The mean Pu-O distance is 2.228 A.

Double perovskites M3PuQOg and Ba, M PuOg

Another important class of plutonium perovskite oxide is the so-called ‘double
perovskite’ typified by M3PuOg (M = Ba, Sr) and Ba,MPuOg (M = Mg, Ca,
Sr, Mn, Zn). The double perovskite can be considered as an ideal perovskite
with M*>" and Pu®" ions occupying alternating octahedral sites in a cubic unit
cell with doubled cell edges. The ordered fcc structure (Fm3m) has the elpasolite
(K,NaAlFg) structure, and the basic structural unit is shown in Fig. 7.99. This
figure maintains the same orientation as Fig. 7.98, and emphasizes the alternat-
ing PuOg and MOg octahedra in the double perovskite structure. As in the ideal

Fig. 7.98 Idealized cubic (a) and experimental orthorhombic (b) crystal structures of
BaPuOs, emphasizing the rotation of the local PuOg octahedra between cubic and ortho-
rhombic symmetries. The cubic structure is based on the original report by (Russell et al.,
1960), and the orthorhombic structure is based on the low-temperature neutron diffraction
study (Christoph et al., 1988). In this polyhedral representation, the plutonium atoms are
dark gray (center of octahedra), oxygen atoms are white, and the central barium atom is
light gray.
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Fig. 7.99 Polyhedral representation of the idealized double perovskite structure of
BayMPuOg compounds. This polyhedral representation emphasizes the alternating octa-
hedral PuOg (gray) and MOg (black) sites in the structure. The central barium ion is
light gray.

perovskite structure, many of these compounds are distorted away from ideal
cubic symmetry, and this is often observed as the presence of extra, weak
diffraction lines (Gens et al., 1985).

M4Pu05

These hexavalent compounds are isostructural with MyUOs (M = Li, Na) and
crystallize in tetragonal space group 14/m. The solid-state structure of Li;PuOs
displays an extended pseudo-octahedral chain of PuO4(u-O), units with a
square-planar arrangement of four short equatorial Pu—O bonds of 1.98 A,
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Fig. 7.100 Polyhedral representation of the solid-state structure of M4PuOs compounds.
(a) A view looking down the crystallographic c-axis, and (b) a view perpendicular to the
c-axis. The view in (b) emphasizes the distorted PuOg polyhedra (gray) surrounded by Li or
Na ions (black).

and two longer axial Pu-O bridging bonds of 2.21 A that link the planar PuO,
units together (Keller er al., 1965a). The basic structural unit is shown in
Fig. 7.100. This compound is isostructural with B-NasPuOs that has four
short Pu—O bonds of 2.09 A and two longer Pu—O bonds of 2.29 A (Keller
et al., 1965a). This class of compound is significant in that it demonstrates that
hexavalent complex actinide oxides do not necessarily retain actinyl (AnO%*)
ions with two short metal-oxygen bonds in the solid state.

M. 5P H06

For heptavalent actinides, Keller reported that MsPuOg (M = Li, Na)
compounds were hexagonal and isotypic with rhenium analogs MsReOgq
(M = Li, Na) (Keller et al, 1965a). Since Keller’s original report, Betz and
Hoppe (1984) determined that the structures of MsReOg were monoclinic and
characterized by tetragonally distorted MO;‘ units. In 1994, Morss and cow-
orkers reexamined the structures of both LisNpOg and LisReOg by neutron
diffraction and confirmed the monoclinic structure for LisReOg, but in contrast
to the original report, the structure of LisNpOg was not identifiable (Morss
et al.,, 1994). Thus the actual solid-state structure of MsPuOg compounds
remains unresolved.
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(iv) Ternary and quaternary oxides of plutonium with main group and
transition elements

A number of ternary oxides of plutonium with the oxides of metallic and
semimetallic elements have been prepared. In these compounds plutonium
occurs as Pu(in) or Pu(iv), and the tendency for plutonium to assume the role
of the cation increases as one proceeds from group 111 toward group vii elements.
A wide variety of compositions are observed, with stoichiometric compounds
and nonstoichiometric phases being formed. The crystallographic properties
of those compounds having a stoichiometric composition are summarized in
Table 7.41. Compounds of the type PuXOy, containing Pu(ii) and X = P or As,
as well as the phosphates and arsenates of Pu(1v) and Pu(vr) will be discussed in
Section 7.8.5.c(i).

Trivalent compounds

Ternary and quaternary oxides containing trivalent plutonium range from
simple compounds of the types PuMO; and PuMO,, to more complex
formulae such as Pu(ReO,);, or to complicated silicate structures such as
Ba,Pug(S104)60, related to apatite.

PuMO;. This class of compound displays the perovskite structure (Fig. 7.98),
but with Pu(ir) now serving the role of the cation. These compounds have been
prepared by Russell ez al. (1960) for M = Al(i), V (1), Cr(111), and Mn(1r), and
by Keller et al. (1972) for M = Sc(i1) by heating mixtures of PuO, with the
appropriate metal oxide (Al,O3;, V,0s, CrO3) or carbonate (MnCO;) under
argon or hydrogen atmospheres between 1500 and 1600°C for several hours
(Russell et al., 1960). Attempts to prepare analogous compounds with M = Fe
(i) and Ga(in) were unsuccessful (Chackraburtty and Jayadevan, 1964).

Ba,PuPaQg. This is the only known compound in this class, and it shows a
double perovskite structure (Fig. 7.99). This compound is prepared as a white
powder by heating a 4:1:1 mixture of BaCO3, Pa,Os, and Pu,05 at 1350-1400°C
in vacuo (Keller, 1965b). It is unknown whether this compound contains Pu(1r)/
Pa(v) or Pu(iv)/Pa(1v).

PuMO,. A few such compounds have been prepared with M = Nb(v) or
Ta(v), and contain trivalent plutonium. They are obtained by heating intimate
mixtures of Pu,O3; and M,0O3; and M»Os in vacuo at 1200°C (Keller and Walter,
1965).

Pu(ReOy);s. Reaction of plutonium(imn) oxalate with Re,O5 yields green plu-
tonium(iir) perrhenate, Pu(ReQOy)s. This salt-like compound is also obtained by
solid-state reaction of PuO, with Re,O;. Pu(ReQy)s, is deliquescent in air, and
forms hydrates with 1, 2, or 3H,0. Pu(ReO,); decomposes at 700°C to PuO,
and Re,O; (Silvestre et al., 1977). The X-ray powder pattern of anhydrous
Pu(ReOy,); has not yet been interpreted.

Pu(m) silicates. No simple plutonium(in) silicates are known. However, De
Alleluia and coworkers (De Alleluia et al., 1983) have prepared a number of
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complex silicates of the types Pug(SiOy)e; Pug 33(Si04)02; M>Pug(SiOy4)60,
(M = Li, Na), M,Pug(Si04)sO, (M = Mg, Ca, Sr, Ba), and Sr3Pug(SiOy)s. All
these compounds have hexagonal apatite-type structures, some with lattice
defects. All these compounds, which show the blue color of Pu(im), are prepared
by reducing mixtures of PuO,, SiO,, and the respective alkali or alkaline-earth
oxides in ultrapure H, at temperatures between 1100 and 1400°C in alumina or
iridium vessels for periods up to 3 days. In these systems, the reduction to Pu(in) is
accomplished much more readily than the reduction to Pu(m) in other mixed
oxide systems.

Tetravalent compounds

PuMO,. Compounds of this type containing M = Si or Ge can be obtained
by hydrothermal synthesis from 1:1 mixtures of PuO, and MO, at 250°C. They
may also be prepared by solid-state reactions at 1200°C from the same compo-
nents (Keller, 1963). PuSiOy is green; PuGeQy is pale brown or olive brown.

Pu(MO3)4. These compounds contain Pu(iv) and M(v) (M = Nb, Ta) and
may be obtained by solid-state reaction of a 2:1 mixture of M,Os and PuO,
(Keller, 1965a).

Pu(MO3),. The only representative of this type of compound is white pluto-
nium(1v) tellurite, Pu(TeOs3),, which is prepared by heating a 1:2 mixture of
PuO; and TeO, for 24 h at 700°C (Wroblewska et al., 1979).

Pu(MOy),. The only compound of this type known now is brown-red pluto-
nium(1v) molybdate, Pu(Mo0Qy),. This compound may be prepared by heating a
stoichiometric mixture of PuO, and MoOj; for 2 h at 500°C, followed by 4 h at
800°C (Tabuteau et al., 1972).

A number of quaternary plutonium(iv) molybdates have been obtained by
reaction of Pu(MoOQOy), with M,MoO4 (M = Li, Na, K, Rb, Cs) compounds
at high temperature (Tabuteau er al, 1972). Reaction of Li,MoO, with
Pu(Mo0Qy,), at 500°C gives LisPu(Mo00Oy)4. LisPu(MoQOy), melts congruently at
630°C and has a reversible solid-state transformation at 510°C. Solid-state
reaction of Na,MoO, with Pu(MoQy,), at 600°C gives Na,Pu(MoQO,); and
NasPu(MoOy)s. Both compounds show peritectic decomposition, Na,Pu
(Mo0QOy); at 714°C and NayzPu(MoQy)s at 708°C. Similarly, M,Pu(Mo00Q,);
and MgPu(MoQOy)s have been prepared by solid-state reactions between
M,Mo00,4 and Pu(MoQOy), (M = K, Rb). With Cs;Mo00y,, only Cs,Pu(Mo0Qy);3
has been prepared by solid-state reaction with Pu(MoQy), (Tabuteau et al.,
1972).

Pu(iv) perrhenates. Plutonium(rv) perrhenate tetrahydrate, Pu(ReO,),-
4H,0, is obtained as a red powder by dissolving the oxalate Pu(C,04), - 6H,O
in 0.5 M perrhenic acid solution, evaporating the resulting solution to dryness,
and heating the residue to a temperature below 100°C. So far, the anhydrous
compound has not been prepared. At 250°C, Pu(ReQ4)44H>O decomposes
partially to Pu(ReQy)s (Silvestre et al., 1977).
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Pu(iv) vanadates. No simple plutonium(iv) vanadate has been prepared.
However, Pages and Freundlich (1976) prepared a number of quaternary plu-
tonium(1v) vanadates of the types MPu,(VOy4); (M = Li, Na, Ag) and M'Pu
(VOy)s, MM’ = Ca, Sr, Cd). Heating a 4:3:1 mixture of PuO,, V,0s, and Ag,O at
500°C produces AgPu,(VO,);. The corresponding alkali compounds (M = Li,
Na) are prepared by heating 1:1:3 mixtures of M,COj3, PuO,, and V,0s at
700-750°C. The alkaline-earth compounds are obtained in the same manner
from a mixture of M’COj3, PuO,, and V,0s. The compounds MPu,(VO,); and
M'Pu(VO,), have the zircon structure, while AgPu,(VO,), has the scheelite
structure.

(d) Ternary oxides of plutonium with lanthanide oxides

No stoichiometric compounds of plutonium oxides with lanthanide oxides have
been observed. The following systems have been studied in some detail: PuO,—
CeO, (Farkas, 1966), PuO,, ,—YO, s (Jackson and Rand, 1963), PuO,-EuO 5
(Haug, 1963; Haug and Weigel, 1963), PuO,—HoO, 5 (Engerer, 1967), PuO,—
TmO, 5 (Leitner, 1967), and PuO,-LuO; s (Sriyotha, 1968). Preliminary data
are available for the systems PuO,,,~YO; 5 (Jackson and Rand, 1963) and
PuO,,,—EuO; s (Haug, 1963; Haug and Weigel, 1963), while pseudo-binary
phase diagrams have been established for the systems PuO,, ,—HoO, 5 (Engerer,
1967), PuO,, .—TmO, 5 (Leitner, 1967), and PuO,, ,—LuO, 5 (Sriyotha, 1968) up
to temperatures of 1700°C in oxygen-free atmosphere (argon) and in 1 atm O,.
A detailed discussion of all these systems is beyond the scope of this work.

From these phase diagrams, it may be concluded that PuO,. , may dissolve
considerable amounts of LnO; 5 to form a solid solution. For instance, in the
system PuO,.,—HoO;s, 46.0 mol% HoO;s at 1250°C, and 72.0 mol% at
1700°C. The anion defects formed by inclusion of LnO; 5 into the PuO, lattice
may be partially compensated by oxidation of Pu(1v) to Pu(>1v). For instance,
the average oxidation number W of plutonium in the system PuO,_ .—HoOj s at
p(0,) = 1 atm for a composition of 50 mol% HoO, 5 and 1400°C was found to
be W = 4.36 at an O:(Pu + Ho) ratio of 1.84 (Engerer, 1967). At a composition
of 70 mol% HoO s and 1100°C, it was found to be W = 4.51 at an O:(Pu + Ho)
ratio of 1.68. In general, the average oxidation number of the plutonium in the
fluorite phases containing lanthanide elements is lower than the corresponding
oxidation number in the uranium or neptunium systems at approximately the
same composition in the fluorite phases.

The solubility of PuO,.., in LnO, 5 (Ln = Ho, Tm, Lu) is considerably larger
than the solubility of uranium or neptunium oxides. In the system PuO,, ,—
HoO, 5 and at p(O,) = 1 atm, it is 18.5 mol% PuO, at 1100°C, and 25 mol% at
1550°C (Engerer, 1967).

A different situation exists in the system PuOy(; ,~CeO,. At 1000°C, the com-
positions PuO,-CeO, form a series of solid solutions throughout the whole
range of concentrations. Microspheres of PuO,-CeO, have been prepared by
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the sol-gel process (Farkas, 1966). A detailed X-ray study of the lattice con-
stants of various compositions demonstrates that the solid solutions obey
Vegard’s law (Mulford and Ellinger, 1958).

(e) Ternary oxides of plutonium with actinides

Ternary oxides of plutonium with actinides have been prepared with thorium,
protactinium, uranium, and curium.

(i) The plutonium—thorium system

At 1000°C the PuO,-ThO, system, forms a series of solid solutions throughout
the whole composition range (Mulford and Ellinger, 1958) and these follow
Vegard’s law. Above 1650°C, under an argon atmosphere, a partial phase
separation with formation of C-Pu,O; takes place. The melting points of
(Th,Pu)O», solid solutions are practically constant up to 25 wt % Th and show
a linear increase at higher Th contents. (Pu,Th)O, microspheres have been
prepared by the sol-gel process and in the induction-coupled plasma torch.

(i)  The plutonium—uranium—oxygen system

The plutonium—uranium-oxygen system is one of the best-understood
plutonium-actinide oxide systems due to its widespread application in nuclear
reactor fuel. For this reason, the mixed plutonium—uranium oxide system has
been extensively studied. In spite of this great technological importance, only
relatively limited data have been reported in the open literature. There is much
more information in the proprietary literature of fuel manufacturing organiza-
tions. Plutonium—uranium oxides of general formula (U,Pu)O, are often
referred to as ‘mixed oxide’ or MOX, and can refer to fuels containing 2-30%
PuO.. These fuels behave very differently depending on the percentage of PuO,.
Fuels for light water reactors (LWR) only contain a small percentage of pluto-
nium (2-6%), and will therefore behave like UO, with a small amount of
impurity, while fuels for fast breeder reactors (FBR) have a higher percentage
of plutonium (15-35%), and behave very differently (Schneider and Roepenack,
1986). Four plants currently produce commercial quantities of MOX fuel. Two
are in France, one in Belgium, and one in the United Kingdom. In 2000, about
190 metric tons per year of MOX was produced, incorporating 10-12 metric tons
of plutonium. MOX production capacity is presently around 300 metric
tons per year, using 18-22 metric tons of plutonium. Since 1963 about 400 metric
tons of plutonium have been used in MOX. We only cover the fundamental
aspects of the plutonium—uranium—oxygen system; for further details, the reader
is referred to part C of the Gmelin Handbook (Koch, 1972), to the Plutonium
Handbook (Wick, 1980), and to a number of original papers (Russell ez al., 1962;
Markin and Street, 1967; Thuemmler et al., 1967; Benedict and Sari, 1969; Dean
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etal., 1970; Sari et al., 1970), and reviews (IAEA, 1967; Matzke, 1982; Schneider
and Roepenack, 1986; Matthews, 1987; Baily et al., 1989; Bernard, 1989; Bairiot
and Deramaix, 1992; Carbajo et al., 2001; Bairiot et al., 2003).

The plutonium—uranium—oxygen phase diagram

The details of the Pu-U-O phase diagram up to 1000°C have been obtained
primarily through lattice constant measurements at high temperature and on
quenched samples. It is well established that mixed uranium—plutonium oxides
with stoichiometric compositions form a continuous solid solution from UO, to
PuO,, and the lattice parameters follow Vegard’s law (see Fig. 7.101) so long as
the stoichiometry is carefully controlled (Markin and Street, 1967; Thuemmler
et al., 1967).

The room-temperature phase diagram of the ternary U-Pu-O system is
shown in Fig. 7.102 (IAEA, 1967; Markin and Street, 1967; Benedict and Sari,
1969; Koch, 1972). The system is characterized by four single-phase regions:
orthorhombic U;Oyg; a cubic fluorite phase, MO»., ., which occupies the largest
area of the single-phase region; a cubic superstructure, M4Oo; and a fcc C-M,03
phase.

The orthorhombic UsOg phase includes plutonium in its lattice to form (U,
Pu)305_, (Benedict, 1970). The maximum amount of plutonium accommodated
at 1000°C corresponds to a Pu:(U + Pu) ratio of 0.06, which decreases to 0.02 at
1400°C. It is assumed that the plutonium ions introduced into the lattice occupy
the U, positions in U;Og.

The fluorite phase (U,Pu)O,., may be hyperstoichiometric, stoichiometric,
or substoichiometric with regard to the O:(U + Pu) ratio. The stoichiometric
region corresponds to the pseudo-binary system UO,—PuQO,, in which the lattice
constants obey Vegard’s law (see Fig. 7.101). Since PuO, loses oxygen at high
temperature, deviations from Vegard’s law can be observed. At room tempera-
ture, the range of the single-phase substoichiometric fluorite structure goes up to
the ratio Pu:(U + Pu) = 0.17. A large region with two cubic phases extends
from Pu:(U 4 Pu) ~0.20 up to the binary Pu-O system. One of these two cubic
phases is an fcc phase with O:(U + Pu) = 1.985. In the range 0.2 < Pu:(U + Pu)
< 0.5, this phase is in equilibrium with a second fcc phase; and for higher
plutonium contents, in equilibrium with a bec phase of the C-Pu,O; type. In
the region Pu:(U + Pu) > 0.5 with low O:(U + Pu) ratios, there exists a bcc
single-phase region, which extends up to Pu:(U + Pu) = 0.95 and contracts for
Pu:(U 4 Pu) = 0.97 to a single line at O:(U + Pu) ~1.51. In the region Pu:(U +
Pu) > 0.97, a hexagonal phase of A-Pu,O; type exists.

Oxidation of (U,Pu)O, mixtures yields one- or two-phase products, depend-
ing on conditions (Brett and Fox, 1966). In the hyperstoichiometric fluorite
phase (U,Pu)O,,,, only U is oxidized to U (>IV). At room temperature, for a
ratio Pu:(U + Pu) < 0.30 and for O:(U + Pu) < 2.20, a two-phase region
M4O9 + MO, is observed. The M4Oy phase exists in the range 2.20 < O:
(U + Pu) < 2.27. For O:(U + Pu) > 2.27 and Pu:(U + Pu) < 0.5, a Pu-rich
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Fig. 7.102 The phase diagram for the ternary U-Pu—O system in the composition range
(U,Pu)O>~(U,Pu)O, ¢7 at room temperature (Benedict and Sari, 1969).

fluorite phase is in equilibrium with uranium-rich M;0g. The oxidation of
(U,Pu)O, at 600°C yields a metastable U305 type phase for Pu:(U+Pu) <0.25
and O:(U+Pu) = 2.28. Dean and Boivineau (1970) postulate a rhombohedral
phase at composition M;O;, for up to 60 at.% plutonium. According to
Nakayama (1971), the phase relationships in the U-O system apply to 0.8 >
y > 0.7 in the MOX system (U,Pu;_,)O,,,. For y > 0.7 there exists the
tetragonal phase (U,Pu;_,)O,¢ 36y, Which is stable up to 600°C.

Preparation

The preparation of well-defined uranium—plutonium mixed oxides is of particu-
lar importance because it is applied to the industrial production of nuclear fuel
element materials. The majority of all work reported deals with oxides that
contain up to 30% PuO,, the type commonly encountered in fuel element
fabrication. Oxides with more than 30% PuQ, are much less-frequently studied.
A large body of literature has been accumulated on the production of (U,Pu)O,
ceramics for use in nuclear reactors, and a detailed account of all of this work
is beyond our scope. The reader is referred to the reviews given in the
Plutonium Handbook (Wick, 1980), the Gmelin Handbook (Koch, 1973c), and
the peer-review literature (Schneider and Roepenack, 1986; Baily et al., 1989;
Bernard, 1989).

The major technical challenge in preparing (U,Pu)O, for fuel applications is
to produce a product with the maximum degree of homogeneity. There are two
main routes to deliver the required properties: comilling of UO, and PuO, and
coprecipitation of UO, and PuO,. Once the (U,Pu)O, material is formed, both
processes entail mixing, pressing, sintering, and grinding operations (Schneider
and Roepenack, 1986; Baily et al., 1989; Bernard, 1989; Giildner and Schmidt,
1991). Hundreds of tons of mixed oxide (MOX) fuel have been produced using
these processes.
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Coprecipitation Processes = The main process is the ammonium/uranyl/
plutonyl/carbonate process (AUPuC) that produces a powder that is soluble
in nitric acid. In this approach, gaseous NH3; and CO, are dissolved into a mixed
uranyl/plutonyl nitrate aqueous solution (<40% Pu) to generate an AUPuC of
formula [NH4]4[(U,Pu)O,(CO3);]. The AUPuC precipitates as a coarse green
crystalline product. These crystals are calcined into a (U,Pu)O, powder by firing
at 800°C under a reducing atmosphere of N»/H,. The resulting (U,Pu)O, shows
good flowability and sinterability (Schneider and Roepenack, 1986).

Comilling Processes  Comilling generally involves mechanical grinding of
UO, and PuO, powders followed by a granulation step before pressing into
pellets. This process has been employed extensively at the CEA (Commissariat a
I’Energie Atomique) plant in Cadarache, France. An alternate comilling
approach designed by Belgonucleaire, and practiced at the French MELOX
plant is referred to as the micronized master blend (MIMAS) process. In this
process, plutonium and uranium oxides are mixed into a master blend that is
30% PuO,. The master blend is homogenized and micronized in a dry ball mill,
and then blended with free-flowing UO, powder to achieve the desired
plutonium enrichment, and then pellitized (Schneider and Roepenack, 1986;
Baily et al., 1989; Bernard, 1989).

Properties

Due to their technological importance, the thermophysical properties of mixed
uranium-plutonium oxide phases have been studied in detail. Unfortunately,
most of these data are not available in the open literature. The data that are
available have been critically reviewed by Fink (1982) and by Carbajo et al.
(2001). Much of the discussion that follows has been summarized from those
critical reviews.

Vaporization Behavior = Vapor pressure measurements on the (U,Pu)O,
system were carried out by Dean er al. (1970) with a Knudsen-effusion cell
using *’Pu and ?**U. Mass spectroscopy studies of vaporization of the (U,Pu)
O, system were carried out by Ohse and Olson (1970), Battles ez al. (1970), and
Raj et al. (1999) to evaluate the effect of O:M ratio on the nature of gaseous
species. These workers found that the total vapor pressure varies with O:M
ratio and goes through a minimum value, suggesting there is no congruently
vaporizing composition.

Solidus and Liquidus Temperatures There is an extensive literature on
melting behavior. UO, melts at a higher temperature (2730-2876°C) than
PuO, (2238-2445°C), and the (U,Pu)O, solid solution melts at a temperature
between that of pure UO, and pure PuO,. The liquidus and solidus curves of
the PuO,-UO, system are shown in Fig. 7.103 for the stoichiometric
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Fig. 7.103  The solid-liquid phase diagram for the UO,—PuQO, system at stoichiometric
composition AnO, (Lyon and Baily, 1967).

compositions (Lyon and Baily, 1967). In MOX fuel, the actual melting
temperature decreases with increasing PuO, content of the fuel as shown in
Fig. 7.103 and with burnup (Carbajo et al., 2001). Adamson has developed the
following equations that predict the liquidus [77(y)] and solidus [7s(y)]
temperatures (in K), where y is the mole fraction of PuO, in (U,Pu)O,
(Adamson et al., 1985).

T (y) = 3120 — 388.1y — 30.4)7 (7.43)

Ts(y) = 3120 — 655.3y + 336.4)* — 99.9y° (7.44)

Thermal Expansion and Density = MOX fuel density is a function of the fuel
composition, temperature, porosity, burnup, and O:M ratio (Carbajo et al.,
2001). The (U,Pu)O, is slightly heavier than UQO,. The density decreases with
temperature due to thermal expansion. Fuel burnup changes the porosity and
hence the density. At low burnup, the density increases by densification, and at
higher burnup the density decreases due to swelling (Carbajo et al., 2001).
Martin (1988) developed equations to describe the thermal expansion and
density of stoichiometric (U,Pu)O, compositions. The densities of UO, and
PuO, at 273 K are 10.97 and 11.46 g cm >, respectively. The density of the solid
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solution (U;_,Pu,)O, changes according to the linear scaling law below, with y
being the mole fraction of PuO, (Carbajo et al., 2001).

py(273) = 10970 + 490y (kg m~?) (7.45)

Enthalpy and Heat Capacity = Enthalpy and heat capacity are functions of the
temperature, fuel composition (fractions of UO, and PuO,), gadolinium
content (added as a burnable neutron “poison’’), O:M ratio, and burnup. The
heat capacity is an important thermodynamic property that is necessary for
understanding the various chemical interactions likely to occur during the
irradiation of the fuel as well for modeling fuel behavior. Temperature and
composition are the main influences on both enthalpy and heat capacity. Both
enthalpy and heat capacity increase with temperature. The heat capacity reaches
a maximum at the melting point, and then decreases. The heat capacity of UO,
is lower than that of PuO,. Carbajo et al. (2001) recommended the calculation
of enthalpy and heat capacity of solid MOX fuel U, ,Pu,O, by using the
Neumann-Kopp molar additivity rule, since the (U,Pu)O, system is an almost
ideal solid solution. For example, to calculate the specific heat, one would use:

Cp(T,MOX) = (1 — y)Cp(T, UO,) + yCp(T, PuO,) (7.46)

where the heat capacity values for UO, and PuO, are calculated using
polynomial expressions developed by Fink (2000) for UO,, and Cordfunke
et al. (1990) for PuO,. Enthalpy polynomials were derived by integrating the
Cp equations. For a detailed discussion, listings of the polynomial expressions,
and tables of the necessary constants used in these equations, the reader is
referred to the original publications (Cordfunke et al., 1990; Fink, 2000;
Carbajo et al, 2001). A recent study by Kandan and coworkers
experimentally verified that the enthalpies of (U,Pu)O, solid solutions does
obey the Neumann—Kopp molar additivity rule (Kandan et al., 2004).

Enthalpy of Fusion  There is only one experimental value for the enthalpy of
fusion of a MOX fuel of composition Uy gPug ,0,, where Leibowitz et al. (1974)
obtained a value of 67(3) kJ mol .

Thermal Conductivity = The thermal conductivity of MOX fuels is a function
of the temperature, fuel composition, porosity, burnup, and deviation from
stoichiometric composition. Thermal conductivity is a property that does not
follow the law of mixtures. The existing data have been reviewed by Carbajo
et al. (2001). The thermal conductivity decreases with temperature up to
approximately 2000 K and then increases with temperature. Addition of PuO,
to the fuel or increasing porosities reduces the thermal conductivity. Burnup,
and/or deviations from stoichiometry significantly decrease the thermal
conductivity. For fully dense MOX fuel, Carbajo et al. recommended an
equation that is a combination of that proposed by Dureiz er al. (2000) and
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that of Ronchi et al. (1999). For full details and discussion, the reader is referred
to the review by Carbajo et al. (2001).

7.8.6 Plutonium halides and oxyhalides

The decreasing stability of the higher actinide oxidation states in progressing
from uranium through neptunium to plutonium is perhaps most clearly
revealed in the halogen compounds of plutonium. With the significant and
most important exception of fluorine (and, to a minor degree, chlorine), all
the halogens form solid binary trihalides of general formula PuX; (X = F, Cl,
Br, I). For tetrahalides, the only stable solid is the tetrafluoride, PuF,4, while the
binary tetrachloride is only marginally stable in the high temperature gas phase
as PuCly(g). Gas phase data have been interpreted in terms of PuFs, but there
are no known pentahalides, PuXs, in the solid state (Jouniaux, 1979; Jouniaux
et al., 1979; Kleinschmidt, 1988). Fluorine forms the only binary PuXg, the
technologically important hexafluoride, PuFg. All the halogens form trivalent
oxyhalides PuOX (X = F, Cl, Br, I), while fluorine forms a number of oxy-
fluorides that include pentavalent PuOF;, and hexavalent PuOF, and PuO,F,.

Complex tetrahalide salts of formula M,PuXg are known for X = F, Cl, Br,
where M is a monovalent cation. The fluoride ion forms a range of complex salts
of general formula MPuFs, MPuF¢, M,PuF¢, M;PuF;, M4PuFg, and M;PugF3;
for the appropriate choice of monovalent cation, M.

Plutonium hexafluoride is by far the most volatile compound of plutonium
and is of extraordinary interest in that it makes possible the study of a gaseous
binary compound with a rare-earth-like f electron configuration.

A number of reviews have been published in which the properties of the
halides have been discussed in detail (Katz and Sheft, 1960; Hodge, 1961;
Bagnall, 1967a,b; Brown, 1968; Peterson, 1995).

(a) Plutonium fluorides
(i) Preparation

Because of their importance in the preparation of plutonium metal (see Sections
7.7.1 and 7.7.2), the binary plutonium fluorides have received a fair amount of
attention. Their preparation has bee