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Section 1. Vaporization 

The high-temperature vaporization/decomposition of actinide 
materials: fundamental and technological aspects 1 
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Abstract 

The unique and variable chemistry exhibited across the actinide series offers a scientifically challenging group of 
elements. Investigations of their high-temperature materials science and thermodynamics can provide important insights into 
fundamental actinide science and generate critical information for technological applications. The wide variations in the 
physicochemical properties and the availability of the various actinide elements necessitates special experimental techniques 
be employed, even when investigating a single property (e.g., the enthalpy of vaporization). Experimental approaches range 
can from classical to novel methods to permit studies of the rarer and the more intensely radioactive members. We have 
developed special equipment and techniques to investigate the high-temperature, physicochemical properties of several 
actinides through Md, as well as the precursor elements, radium and actinium. These experimental approaches employed 
both alloys and solid solutions of compounds, in addition to the pure elements themselves. The vaporization/decomposition 
of compounds and the sublimation of the elements, together with the associated thermodynamics, are the main issues. 
Results for several of the actinide elements, some of the techniques employed and systematic comparisons of the 
thermochemical aspects of bonding are discussed to give a fuller understanding of the series as a whole. © 1997 Elsevier 
Science B.V. 

1. Introduction 

The physicochemical properties of the actinides, includ- 
ing the high-temperature behaviors of the elements and 
their compounds, vary considerably across the series. These 
variations result to a large extent from significant changes 
that occur in the role of the 5f-electrons. In this regard, 
plutonium and einsteinium appear to occupy pivotal posi- 
tions in the series. At normal pressures and temperatures, 
the 5f electrons are no longer considered itinerant after 
plutonium, while einsteinium becomes the first divalent 
actinide metal. This divalency arises because of the greater 
energy required for promoting 5f-electrons to a d-bonding 
state. Thus, electronic structure controls the chemistry and 
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much of the physics of the actinide elements and their 
compounds. In the discussion at hand, the fundamental 
issues are: (1) understanding how experimental parameters, 
such as temperature, alter the unperturbed electronic states; 
and /o r  (2) how bonding affects high-temperature behav- 
iors. 

In general, the radioactive nature and toxicity of the 
actinides present experimental obstacles but additional dif- 
ficulties, due to the scarcity and more intense radioactivity, 
are encountered in the second half of the series. Although 
larger quantities of transplutonium elements have become 
available in recent years, the quantities of these elements 
still limit significantly the experimental studies that can be 
performed with them and special techniques are often 
required. For the heaviest of the actinide members, their 
extreme scarcity often prevents direct measurement (e.g., 
Knudsen effusion techniques) of high-temperature proper- 
ties, even with miniaturized or modified techniques. Then 
an indirect (e.g., thermochromatography) techniques may 
become the viable technique. 

We have conducted studies of the vaporization of 
transplutonium elements through mendelevium, and the 
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vaporization/decomposition of their oxides through Fro, 
via Knudsen effusion techniques. The primary goal and the 
motivation for performing such high-temperature studies 
with the actinides are to promote an understanding of the 
basic science of the actinides, as well as enhance the 
technological knowledge of these elements, through sys- 
tematic comparisons. A fundamental goal is to pursue an 
understanding of the entire series in terms of electronic 
configurations. Technological goals concentrate on materi- 
als science issues, especially for the elements, U through 
Cm. 

This paper describes the experimental considerations, 
approaches and the results obtained to date for several 
actinide materials. The results obtained, together with pre- 
viously existing data, allow systematic comparisons of 
thermochemical behaviors to be formulated in terms of 
electronic configurations and bonding. 

2. Experimental 

2.1. Materials 

The transuranium elements employed in these studies 
were obtained either directly or indirectly (e.g., as daugh- 
ter products from radioactive decay) from processing cam- 
paigns at the High Flux Isotope Reactor at Oak Ridge 
National Laboratory. The metals were obtained by tech- 
niques described elsewhere [1,2]. Alloys were prepared 
either by melting the components together or by codistill- 
ing and condensing multiple metals. Oxides samples, both 
as a single oxide and as solid solutions of oxides, were 
prepared from chloride solutions of the elements by ox- 
alate precipitations; and then calcining the oxalate salts to 
obtain an oxide product. Initially these calcining conditions 
were 1275 K in air but subsequent treatments involved 
vacuum or hydrogen and temperatures from 1175-1875 K 
in order to adjust the oxide's stoichiometry. 

2.2. Instrumental 

X-ray powder diffraction analysis (molybdenum K s, 
radiation) was the main tool used to assess the metal and 
oxide products in the studies. Interplanar distances of the 
products were refined and cell parameters determined via 
standard computer least squares programs. 

The vaporization behaviors of both the metallic and 
oxide materials where determined using one of three dif- 
ferent Knudsen effusion systems designed for handling 
different quantities of radioactive materials. The main 
system was of more conventional design and employed 
1-10 mg samples. It consisted of a target collection mech- 
anism, an in-line alpha pulse analyzer and a 1000 AMU 
mass spectrometer. The maximum temperature attainable 
was 3300 K. This system was used for studying both the 
elements and their compounds; it was the primary systems 

for oxides since it had the capability for mass analysis and 
identification. 

The two other effusion instruments were designed for 
maximum collection geometry; each was used for specific 
quantities of material. The smaller of the two was for 
samples consisting of only thousands of atoms; the other 
was for multi-microgram quantities. Neither incorporated a 
mass spectrometer, since only tracer levels of materials 
were studied with them. These systems relied on radioac- 
tive counting analyses for identification and for determin- 
ing the isotope and its mass. The main difference between 
these systems was the geometry, the target devices used 
and the maximum temperatures that were attainable 
(1500-1800 K). Their collection geometries were 3 -5  X 
larger than that of the first system described. A schematic 
of the intermediate system is published [3], and it is also 
appropriate for the smallest system. The general Knudsen 
cell operation, target collection procedures and calculation 
of pressure from the experimental data are adequately 
discussed in Ref. [4]. 

An useful approach for determining the vapor pressure 
of one element during the simultaneous vaporization stud- 
ies of two materials (e.g., two actinides), where the vapor- 
ization behavior of one component has been established, is 
given below. The approach employs the standard equation 
for calculating vapor pressures from vaporization data but 
makes use of the fact that many of the experimental 
parameters may cancel out, when two similar materials are 
being vaporized simultaneously. For this technique to be 
valid, each material should effuse independently of the 
other and condense on the targets with the same coefficient 
of condensation. If the atomic weights are close (e.g., 
within few percent, as with some of the actinides), then the 
pressure of one material can be calculated from a ratio of 
the masses condensed on the targets, and the known 
pressure of the other. Thus, for an alloy or solid solution of 
A and B, where the temperature dependence of B is known 

PA,mi ..... = [mass A / m a s s  B][ PB.rnixture]- 

The mass of each isotope on the targets is attained by 
radiochemical counting techniques. This technique has been 
useful for the parent-daughter systems (e.g., Fm-Cf ;  E s -  
Bk, etc.), where the parent is relatively short lived. 

3. Results and discussion 

3.1. High-temperature vaporization: elements and alloys 

One of the important bulk properties of an element is 
its enthalpy of vaporization, which can be a measure of its 
cohesive energy. The number of bonding electrons (metallic 
valence) can be inferred from the magnitude of this en- 
thalpy, which allows systematic comparisons to be made 
between elements. For example, trends in the vaporization 
enthalpies of the 3d-, 4d- and 5d-transition metals show a 
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Table 1 
Enthalpy of vaporization for selected elements 

Element Enthalpy, kJ mol- i Ref. Assigned metallic 
at 298 K valence 

Eu 176 [3] 2 
Yb 155 [3] 2 
Es 133 [5] 2 
Fm 143 [4] 2 
Ba 192 [6] 2 
La 422 [6] 3 
Gd 418 [6] 3 
Lu 405 [6] 3 

definite correlation with their d-electron occupation num- 
ber. With the actinides, the trend in vaporization enthalpies 
is more variable than with the transition metals, due to the 
significant and important role of promotion energies and 
the occurrence of hybrid bands involving f-electrons, as 
found with the lighter actinides. Nevertheless, comparisons 
of actinide enthalpies are still useful. The variation found 
with the divalent actinide metals is much smaller, as it is 
mainly the s-electrons that are bonding; f-electron promo- 
tion energies are then not contributing factors. Thus, a 
more uniform and similar enthalpy of vaporization (133 to 
175 kJ m o l - l ;  Eu [5], Yb [5], Es [4] and Fm [3]) is 
observed with these divalent metals, as seen in Table 1. 
The higher actinides, Md and No and Ba [6] (divalent 
precursor of the lanthanide series) and Ra, would also be 
expected to have similar enthalpies based on these con- 
cepts. The enthalpies of vaporization for several of these 
elements and the trivalent La, Gd and Lu metals, are given 
in Table 1. Extrapolated values for Md and Md can be 
seen in Fig. 1. There is interest in Ra (precursor of the 
actinides) to determine experimentally if its enthalpy is 
indeed comparable to these other divalent metals. A very 
difficult but important experiment will be to determine the 
enthalpy of vaporization of Ac, whose enthalpy would be 
expected to be similar to that of La [6] (nominally, 400 kJ 
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Fig. l. Variation of the enthalpy of vaporization with element for 
the 4f- and 5f-series of elements. 

m o l -  1). Both Ra and Ac would be best studied via radio- 
chemical techniques, such as we have used for the transcal- 
ifornium elements. This approach would avoid, or at least 
minimize, complications that would be encountered from 
the strong radiation emulating from these elements and /o r  
their daughter products. The large variation in enthalpies 
observed for the trivalent actinide metals, a variation of 
over 200 kJ /mol ,  results from changes in the f-electron 
promotion energies when going from element to element. 

A common technique for determining the enthalpy of 
vaporization for a metal is to determine the equilibrium 
partial pressure of its atomic vapor as a function of temper- 
ature (e.g., the Knudsen effusion method), where the inten- 
sity of an atomic beam effusing from a cell is determined 
as a function of temperature. Many actinide metals have 
been studied by this approach [7]; we have performed 
measurements on pure actinide metals and their com- 
pounds through Cf using this approach and employing 
milligram or less quantities of them. With the next three 
elements, Es, Fm and Md, availability decreases to micro- 
gram to nanogram scale and then to only a thousand-or-so 
atoms. For the study of these elements, we have developed 
a technique that employ alloys. With even smaller quanti- 
ties (from hundreds down to only a few atoms) it is 
necessary to adopt another experimental approach, such as 
the thermochromatograpy technique. This technique will 
be discussed briefly in a later section. 

We have developed different instrumental systems to 
study actinide metals and compounds via the Knudsen 
effusion technique for these different quantities of material 
(see the experimental section). Smaller quantities of ac- 
tinide material are best studied using dilute actinide alloys. 
For these smaller quantities, it is important to maximize 
the collection geometry to conserve the material and avoid 
its depletion during the study. It is important to emphasize 
that in studies involving alloys, the actinide pressures are 
measure over an alloy and it is necessary that its vaporiza- 
tion from the alloy be related in a known way to that from 
the pure actinide. This situation is best approximated when 
ideal alloys are formed, and care must be taken in choos- 
ing the actinide's host material to achieve this condition. 
For the divalent metal Es, Yb is a good host; for Am, 
trivalent La would be a suitable host. However, this selec- 
tion is not always straight forward. With the better defined 
lanthanide system, where activities of the alloy's compo- 
nents have been measured, it has been found that even 
with the relatively similar trivalent metals, Sm and Y, or 
Sm and Gd, neither couple forms an ideal alloy. It appears 
in these cases that Sm metal has sufficient divalent charac- 
ter to avoid forming ideal alloys with Y and Gd [8]. 

The alloy technique has been used by us to determine 
the enthalpies of vaporization of Es [4] and Fm [3]. In the 
case of Es, Yb was selected as the host; with Fro, both Yb 
and Sm hosts were employed. In the case of Fro, the Sm 
alloys gave slightly lower calculated pressures over the 
alloy than were found over the Yb alloy, although the 
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enthalpies determined by both second and third law treat- 
ments were identical for both systems within experimental 
limits [3]. Whether the lower pressures obtained with the 
Sm host indicated some effect on the metallic valence of 
Fm (e.g., induced some partial trivalent character to the 
divalent metal) could not be ascertained. The enthalpies for 
Es and Fm are shown in Fig. 1 and listed in Table 1. 

The three dashed horizontal dividing lines shown in 
Fig. 1 represent zones that can be assigned as representing 
apparent metallic valences of two, three or greater than 
three for the f-metals. The very large enthalpy range for 
the trivalent zone comes about from the effect of f-electron 
promotion energies on the enthalpies of vaporization. Ele- 
ments falling above this trivalent zone (e.g., > 420 
kJ /mol) ,  have f-electrons participating in bonding (e.g., 
hybrid band formation), suggesting the involvement of 
more than three bonding electrons). The plot of the en- 
thalpies of vaporization for the elements in Fig. 1 provides 
some indication of the elements' apparent metallic va- 
lences. 

Recently, we have attempted to extend our determina- 
tions to the next higher actinide, Md, and determine exper- 
imentally its enthalpy of vaporization [9] using nominally a 
thousand atoms of it. Although these initial experiments 
were themselves unsuccessful, due mainly to the limited 
amount of material and the its lower specific activity 
(Md-257 isotope), we have shown with other actinides that 
this experiment is feasible for this mass level. The en- 
thalpy indicated in Fig. 1 for Md is therefore only an 
estimate; the method for making this estimate will be 
discussed in a later section. 

Experimental attempts have not been made for No or 
Lr. Given both the availability and half-lives for isotopes 
of these elements, it is not feasible to attempt direct 
vaporization measurements, as described here, or probably 
even the indirect thermochromatography technique to be 
discussed in a latter section. There is little question that No 
should be a divalent metal and it is very likely that Lr will 
behave as a trivalent metal, even considering the possibil- 
ity for a monovalent state for it brought about by relativis- 
tic effects. Approximate values for No and Lr suggested in 
Fig. 1 are also based on extrapolations. 

3.2. Thermochromatography measurements 

We have not performed thermochromatography experi- 
ments on the actinide elements but this important tech- 
nique has relevance to some of our findings and extrapola- 
tions and is therefore discussed briefly. 

The thermochromatographic and the vaporization tech- 
niques both provide information about the electronic states 
of actinide elements; however, the former is capable of 
working with smaller amounts of material. The main fea- 
ture of the thermochromatographic method is that it in- 
volves adsorption enthalpies rather than vaporization en- 
thalpies. Since these techniques can overlap in scope, and 
the enthalpies of adsorption can be obtained with smaller 
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quantities of material, it is highly desirable to be able to 
inter-compare values obtained by both vaporization and 
adsorption. Previous reports of studies involving enthalpies 
of adsorption [10,11] provided values for Cf, Es, Fm and 
Md. An earlier approximate correlation by us [12] between 
the enthalpies of vaporization and adsorption of Cf, Es and 
Fro, allowed an extrapolation (of 134 to 142 kJ mol - t  ) for 
the enthalpy of vaporization for Md. This is the Md value 
plotted in Fig. 1. 

Recently, additional studies on the enthalpy of adsorp- 
tion of actinides have been reported and tabular compar- 
isons made between the enthalpies of vaporization and 
adsorption [13,14]. Calculated adsorption values based on 
theoretical considerations have been given for selected 
actinides [14]. A comparison of the enthalpies of vaporiza- 
tion and adsorption that have been reported for Cf, Es and 
Fm, together with the calculated enthalpies of vaporization 
for elements 104 [15] and 105 [16] is shown in Fig. 2. For 
comparison, the enthalpy of vaporization of Zr, (element 
104 has been assigned as a group V element, falling under 
Hf in the periodic table) is 584 kJ mol ~, similar to the 
enthalpy reported for element 104. The enthalpy for ele- 
ment 105 is expected to be even larger [16] (see Fig. 2). 

One drawback to the thermochromatography technique 
for estimating the metallic valence is that an element may 
yield different adsorption enthalpies when different sur- 
faces are used for collection. This makes the assignments 
of metallic valence based on adsorption (e.g., which value 
should be used in assigning a metallic valence?) and the 
correlation of enthalpies of vaporization and adsorption 
enthalpies, more difficult This variation is apparent in the 
case of Cf metal, where the largest deviation in the en- 
thalpy of adsorption was noted for the different collection 
surfaces [10,11]; Cf could be assigned as a divalent or a 
trivalent metal depending on the collection material used. 
This variation with Cf metal is in accord with the magni- 
tude of its promotion energy (f~s 2 to f " -  ~ s 2 - -  divalent to 
trivalent metal). As the promotion energy for Cf is very 
close to the divalent-trivalent threshold, Cf should be the 
most susceptible of these three elements, Cf, Es and Fro, to 
show a variation with the collection surface. Studies of 
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'bulk'  quantities of Cf metal have shown definitively that 
this element is a trivalent metal [17]. However, this varia- 
tion in adsorption enthalpies establishes that interesting 
differences in electronic behavior can be observed for 
these different divalent metals on the atomic scale. 

Another potential difficulty in such thermochromato- 
graphic studies is assuring that the few volatile atoms 
generated are metal, and remain as metal, during transport 
and adsorption. That is, they must not collide with oxygen 
or other residual materials in the gas phase, or upon 
adsorption, to form monoxides or other compounds, which 
would then generate enthalpies for materials other than the 
elemental atoms. Given the number of atoms involved, 
even with great care, it would be difficult to remove totally 
such residuals, and one is then faced in part with collision 
probabilities. 

An interesting point in this regard is the potential 
stability of the monoxides of the divalent actinide metals, 
Es, Fm, Md and No, in the gas phase. Our recent studies of 
oxides systems, discussed in a subsequent section, have 
shown that the monoxides of Cf, Es, Fm and Md (and very 
likely No) are unstable with respect to atomic vapor at 
elevated temperatures. This situation makes the existence 
and maintenance of atomic vapor over monoxide more 
probable in such adsorption experiments. However, this 
situation changes for Lr and presumable for elements 104 
and 105, where once formed their monoxides should be the 
more stable species in the vapor. That is, their monoxide 
dissociation energies should be much larger. Formation of 
oxides or other compounds during condensation on the 
collection surfaces (e.g., reaction with surface atoms of the 
collector or foreign atoms residing on the collector's sur- 
face) is a different consideration. 

3.3. Dependence of  oxide vaporization on electronic struc- 
ture 

Relating the effect of electronic configurations and 
f-electron promotion energies of the actinide elements 
provide insights not only into the high-temperature behav- 
iors of the elements but also into those of their compounds. 
It is the stability of particular electronic structures which 
determine oxidation states and the stoichiometries that are 
exhibited for the oxides (or other compounds). Less obvi- 
ous is the fact that the f-electron promotion energies for 
the elements play a major role in the vaporization/decom- 
position of actinide oxides at elevated temperatures, espe- 
cially in the case of the monoxides. The latter is based on 
concept that it is necessary to have a ds-orbital for monox- 
ide bonding: that is, a d-orbital must be available (e.g., ds 2 
rather than a fs 2 configuration) on the metal atom for 
formation of the monoxide [18]. Formation of this d-orbital 
at the expense of an f-electron involves the f-electron's 
promotion energy, and the monoxide bond is therefore 
'weakened'  by an equivalent of this promotion energy. 
Thus, the larger the actinide f-electron's promotion energy 
the smaller the monoxide's dissociation energy, and the 

more probable the formation of atomic rather than monox- 
ide vapor during the vaporizing of actinide oxides. The 
major factors for determining the primary products during 
vaporization of the oxides is the magnitude of the element's 
monoxide and dioxide dissociation energies. Establishing 
this relationship between monoxide dissociation energy 
and the f-electron promotion energy for the Am through Lr 
monoxides has provided both predictive and correlative 
methodologies for the vaporization of these oxides [19]. 

Our recent efforts have been focused on comparing 
systematically the vaporization and /o r  decomposition be- 
haviors of the higher actinide oxides. Considerable work, 
much of it published, had been done on the lighter actinide 
oxides; much less has been done on the transplutonium 
oxides. 

The variation in actinides' binary oxide stoichiometries 
is much greater than that observed with the lanthanides. In 
examining the actinide oxides, it can be observed that after 
Np in the series, the highest binary actinide oxide solid 
formed is the dioxide. This stoichiometry is known for the 
actinides from Th through Cf, but at temperatures above 
1500 K, where vaporization is normally encountered, es- 
sentially only the dioxides of Th, U, Np and Pu are 
sufficiently stable to be considered as the solid phase from 
which vaporization proceeds. Therefore, only the sesquiox- 
ides of Am through Fm are expected as the primary phase 
from which vaporization occurs. 

At the risk of oversimplification, the lighter actinide 
oxides tend to vaporize to produce mixtures of atomic 
vapor, monoxides and dioxides (mainly UO 2 and ThO2), 
while the transplutonium oxides produce monoxides, 
atomic vapors or mixtures of these. The magnitude of the 
monoxide's dissociation energy determines the ratio of 
monoxide to atomic vapor observed in the gas phase over 
the solid. Table 2 lists established and calculated [19] 
monoxide dissociation energies for the actinides. When 
monoxide dissociation energies are above 600 kJ mol-~, 
the more probable it becomes for monoxide vapor prod- 
ucts, while with lower dissociation energies, the products 
are expected to be atomic vapor. Mixtures of atomic and 
monoxide vapor are expected when the dissociation energy 
is in the range of 600 kJ tool -  ~. 

One of the primary goals of such vaporization studies is 
to derive enthalpies of vaporization and formation, and the 
free energies of formation of the oxides. Space does not 
permit such discussion of the individual actinide oxides' 
thermodynamics. However, the enthalpies of formation of 
the transplutonium sesquioxides have been found to be 
similar to one another, having enthalpies that range from 
- 1600 to - 1700 kJ m o l -  1. 

3.4. Technological aspects: vaporization of  actinide com- 
pounds 

Fundamental information on the actinides provides im- 
portant input for technological avenues, and is critical for 
understanding numerous applications involving these ele- 
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Table 2 
Dissociation energies for the monoxides ~ 

Oxide D O (kJ tool- i ) Oxide D O (kJ mol- i ) 

LaO 794 AcO (794) 
CeO 786 ThO 891 
PrO 736 PaO 788 
NdO 699 UO 774 
PmO (711) NpO 736 
SmO 569 PuO 703 
EuO 469 AmO (550) 
GdO 711 CmO 728 
TbO 690 BkO (598) 
DyO 611 CfO (498) 
HoO 602 EsO (460) 
ErO 602 FmO (443) 
TmO 510 MdO (418) 
YbO 397 NoO (268) 
LuO 665 LrO (665) 

should be clear from the information provided here that the 
changing role of the f-electrons (including bonding and 
nonbonding roles) and the f-electron promotion energies 
are critical factors in the physical and thermodynamic 
properties of the actinides and their compounds. 

When classical experimental approaches are not feasi- 
ble (e.g., due to the quantities of material), novel tech- 
niques can often be found to permit the desired science to 
be pursued. In some the work described here, it was shown 
that enthalpies of vaporization for the elements and their 
oxides provide important thermodynamic information ap- 
plicable to both fundamental and technological science, 
and this information can be obtained directly or indirectly 
for the majority of the actinides. 
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