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The californium-oxygen system was studied as a function of temperature, oxygen 
pressure, and stoichiometry by manometric and x-ray diffraction methods. The 
results establish rhombohedral Cf7012 as the stable compound obtained by heating 
Cf203 in air. The isobaric oxidation~reduction cycles Cf203 + Cf7012 + Cf203, 
observed in constant rate of heating (cooling) experiments, occur with large 
hysteresis. A close parallel to other fluorite related lanthanide and actinide 
oxide systems is established. 

INTRODUCTION 

The structural and thermochemical behavior of fluorite-related oxides have been 
extensively studied in several laboratories and the systematics reviewed[l ,2,3]. 
Many of the actinide oxides can exist as mixed valence compounds of both dis
ordered and ordered structures with oxygen-to-metal ratios between 1.5 and 2.0, 
but based on a consideration of 3+_4+ redox potentials, it is likely that 
californium will be the highest member of the actinide series to exhibit these 
oxide compositions. Previous x-ray diffraction studies on microgram quantities of 
californium by Green, et al.[4] established the existance of a b.c.c . sesquioxide 
and that only slight oxidation occurred by heating in air. High pressure oxygen 
and atomic oxygen were used by Baybarz, et al.[5] to prepare Cf02, who also 
demonstrated the possibility of intermediate oxides near Cf01.7 and CfOl .8. 
Independent x-ray diffraction studies by the authors on Cf0x[6] and mixed 
(Bk,Cf)Ox[7] suggested that a californium oxidation state considerably higher than 
three could be achieved in an air atmosphere. As a result, a thermomanometric and 
x-ray diffraction examination of the CfOx-02 system was undertaken, for tempera
tures less than l000°C and oxygen pressures up to one atmosphere. 

EXPERIMENTAL 

The 249cf used in this study was made available through the Transplutonium Element 
Program of the Energy Research and Development Administration of the United States. 
The various procedures used in the separation and purification of the material 
have been reported[8]. The purified Cf product was analyzed by spark-source mass 
spectrometry and was found to contain <0.02 at. % of the lanthanide elements and 
was >99.8 at. % pure with regard to the total cation content. Two oxide samples 
(1.4 and 0.4 mg) were prepared by calcining oxalate precipitates (oxygen, l000 °C) 
to avoid possible introduction of sulfur or formation of Cf202S04[9] which may be 
encountered in the usual resin bead microtechnique. The oxalate samples were 
obtained in the conventional manner. For the manometer study, the washed pre
cipitate was transferred to an alumina crucible as an ethanol slurry; the 0.4 mg 
preparation (x-ray) was allowed to dry on teflon and then transferred as a ~ 
coherent disc to a platinum boat for calcination. The sample contained in the 1.1-1 
alumina crucible was reduced to Cf203 with 4% H2-Ar at 700°C on a l.ahn thermo- ...... 
bctlance and the weight determined to be 1.42 mg (ORNL). An independent weighing~ 

* This paper covers work performed for the U. S. Energy Research and Development :::5i 
Administration by Battelle-i~orthwest under Contract No. E(45-l)-l830 and by --=-
Union Carbide at Oak Ridge National Laboratory. \P 
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after the manometer experiments gave a value of 1.43 mg (PNL). Portions of the 
smaller preparation were selected (under a microscope) for various heat treatments 
and x-ray examination. 

A capacitance manometer system was used to monitor the oxidation-reduction 
behavior of the Cf oxide as a function of oxygen pressure and temperature. The 
system used has been described previously[lO] and was successfully employed in 
studies of 249Bk0x[ll] and 248cmOx[l2]. In essence, the method relies on confine
ment of samples to a known volume in tandem with a matched reference volume, each 
connected to one side of a tensioned diaphram. Major pressure changes due to 
heating in the furnace region are thus automatically nulled and small changes 
arising from sample reactions are easily observed. Through the ideal gas law and 
a knowledge of the sample mass at one known stoichiometry (the sesquioxide in this 
case), the pressure changes can be directly related to stoichiometry. The system 
volume was 16.71 ±0.03 cm3 as determined by the gas expansion method, using a pre
calibrated glass bulb. Pressures were read from a strip-chart recorder to ±0.001 
torr or ±0.0006 in terms of the 0/Cf ratio. At this level of sensitivity, thermal 
and offgassing corrections are significant and history dependent. Each isobar to 
be presented is thus a result of two consecutive thermal cycles at a given oxygen 
pressure and a set of runs in N2 (for the thermal corrections). Data taken before 
and after the CfOx runs on PrOx and TbOx gave errors of ±0.004 in terms of 0/M 
values for milligram sample sizes. Temperatures were measured using an ice water
junction compensated Pt/Pt-10%Rh thermocouple, placed within l/4 inch of the sample 
and were read to ±2°C. Oxygen pressures were set using a cathetometer and 
differential mercury manometer, or at low pressures, using the capacitance 
manometer (MSK Instruments, Type 90H-10). The furnace was programmed during heat
ing and cooling at 1.6°C/minute. The sample crucible was machined from high 
purity alumina and the tubes which contained the sample and blank were constructed 
of quartz. Quartz rods were placed inside this part of the gas system to reduce 
the heated volume to approximately 1% of the total system volume. Impurities in 
the oxygen used were <0.01%. 

The x-ray diffraction studies were carried out on individual 10-50 ~g pieces of 
Cf oxide, as well as on portions of the Cf oxide used for the manometer experi
ments, following completion of the latter work. Each sample was subjected to 
specific temperature-atmosphere conditions dictated by the thermochemical findings. 
"All samples were heated in platinum containers and subsequently transferred to 
quartz capillaries at ambient temperatures for x-ray diffraction work. The 
samples were examined by standard x-ray powder techniques, using a microfocus 
generator that produced Ni-filtered, Cu radiation. Both 57.3 and 114.6 mm diameter 
Philips-Norelco cameras (Debye-Scherrer type, Straumanis mountinq, modified with 
a beryllium cup u.round the saru!Jle area) were employed in the work. Ilford 
industrial G film was used. Line positions on the films were read at least twice 
to ±0.02 mm and the results averaged. Corrections for film shrinkage were made 
in the usual manner. The lattice parameters were refined by the LCR-2 program[l3] 
using the Nelson Riley correction option. Theoretical line intensities were 
calculated and plots made with the aid of the POWD program[l4], setting all 
temperature coefficients to zero and making no absorption corrections. 

RESULTS AND DISCUSSION 

Isobaric Manometer Runs 

A series of isobars were obtained over the pressure range 5-720 torr and tempera
ture range 25-l000°C. Figure 1 shows the oxidation of Cfz03 in 139 torr 02. The 
plot is a superposition of three runs, where the sesquiox1de was pregared twice 
by H2 reduction (6%112-Ar, 650°C) and once by vacuum reduction (5xlo- torr, 950°C). 
The measured pressure c~ange (0.451 torr), the sample mass (1 .42 mg Cf203), the 
system volume (16.71 em ), and the effective system temperature (32°C) give a 
calculated stoichiometry of CfOl .652 for the higher oxide. The x-ray data and the 
very similar thermal behavior in Tb0x[l5,16] (discussed below) establish that the 



higher oxide is Cf7012(Cf01.714). This stoichiometry difference of 0.062 (i.e., 
1.714-1.652) is outside the apparent error limits in the mass, system volume, and 
~p values. A similar difference occurred in a study of 248cmOx[l2]. As in that 
experiment, we have assumed the end members observed have the stoichiometries · 
Cf01.500 and Cf01.714· The isobars to be presented are thus based on this 
assumption rather than the absolute values calculated from the volume and sample 
mass. Although an absolute measurement is always desirable and calibrations with 
TbOx and PrOx before and after the CfOx experiments (as well as other calibrations 
over the past five years) have been uniformly satisfactory, the 0.062 stoichiometry 
difference (4 wg 02) in the CfOx work is not yet explained. 
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FIGURE 1. Oxidation of Cf203 in 139 torr 02 to Cf2012 with heating at 
0.8°C/minute, plotted as temperature versus manometer 
response (torr). 

We have carried out a sufficient number of experiments to establish a close tie 
between CfOx and Tb0x[l5]. Much of the present discussion, therefore, relies 
heavily on the very thorough studies undertaken by Eyring and co-workers at 
Arizona State University on the rare earth oxide systems. Throughout the follow
ing discussion, we follow nomenclature used by these workers, as defined in 
Table I. 

Phase 

Iota (l) 
( 1' ) 

Sigma (a) 
Phi ( l!J) 

TABLE I 

Composition Structure 

Rhombohedral 
Rhombohedral 
Body Center Cubic 
Bully CerrLer·'CulJic 

Referring again to Figure 1, the relatively narrow temperature range over which 
oxidation occurs could be interpreted as representing a classical diphasic oxida
tion given by Cf203 ->- Cf7o, 2. Based-on the observance of oxidized b.c.c. com
positions in CfOx and on the phase diagram for PrOx in this 0/M region[l7] that 
shows un immiscibility gap, the oxidation mechanism is more likely given us 
Cf01.50 ~ CfOl.S+x(x < 0.05) ~ Cf0~1 .65 ~ Cf01.714• with the first three com
positions all known to have the b.c.c. structure. The observed oxidation curve 
(Figure 1) is compatible with such a mechanism. A_ttempts to achieve stoichiometries 
higher than Cf01.714 by annealing at 300°C for 24 hours in 750 torr 02, or with 
slow cooling to ambient temperature, were not successful. 



Before considering the CfOx results in detail, typical isobars are compared for 
CfOx, Cm0x[l2], Pr0x[l8], and Tb0x[l9] in Figure 2. The PrOx isobars by Hyde, 
et al. are in general more complex; shown here is a simple type, representative 
of the hystersis below Pr01.7l· It is interesting to note that Pr and Cm 
sesquioxides undergo polymorphic phase transformation (C ~ A and C ~ B, respec
tively) at low 02_pressures and temperatures in the region ~6o0~900°C and that the 
isobars show small hysteresis. Californium and terbium transform to the· B form 
only at T > ll00°C, well above temperatures at which hysteresis occurs in the 
tensimetric studies. 
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FIGURE 2. Isobars compared for CfOx, Cm0x[l2], Tb0x[l5], and Pr0x[l8], 
plotted as 0/M versus temperature. 

Lowe and Eyring[l6] have recently found a strong dependence on crystallinity in 
the PrOx and TbOx systems with respect to the magnitude of hysteresis. It does 
not appear, however, that low level impurities play a significant role and at 
temperatures where oxygen mobility is high (~400°C, depending on particle size), 
the form of the loops is not affected by heating rates an order of magnitude slower 
than used in the present work. 

Considering now the CfOx results in more detail, Figures 3 and 4 show isobars 
obtained between 30 and 717 torr 02. Considering the 120 torr curve in particular 
(Figure 3), the reduction-oxidation cycle includes the following phase changes. 
Starting with the ordered Cf7D12 compound at low temperatures, no change in 
stoichiometry occurs until a temperature of 770°C where iota begins to reduce, 
reaching a composition Cf01.69(1') at 825°C. At this point, a nearly horizontal 
region on the curve is interpreted as a diphasic region (Cf01.69 + Cf01.54). The 
body center cubic phuse does not uchieve the sesquioxidc composition until a 
temperature >950°C at the 120 torr 02 pressure. On the cooling cycle, a does not 
return on the same path by which it was formed, but oxidizes along a curve 
intermediate to what is expected of classical single phase and diphasic behavior. 
In x-ray studies of Tb0x[l5] at the lower stoichiometries, only the cubic phase 



was observed, with lattice parameter changes showing progressive oxidation as the 
temperature was lowered. At higher compositions the rhombohedral 1 phase was 
observed in the x-ray patterns and increased in intensity as the M01 .714 composition 
was approached. 

0/CI 

FIGURE 3. Isobars at 30, 61, and 
120 torr 02 plotted as 
0/Cf versus temperature 

0/CI 

FIGURE 4. Isobars at 240, 479, and 
717 torr 02 plotted as 
0/Cf versus temperature 

In Figure 5, the phase boundary data is plotted as free energy versus temperature 
with comparison to Tb0x[l9]. The slopes give entropy values of 53 e.u. and 36 e.u. 
for the 1 +a and a+ 1 (i.e., the point of return to 1) reactions, respectively. 
As can be seen from the TbOx slopes, the entropy changes are comparable as expected 
for all oxidation-reduction reactions in these systems whereir1 the major con
tributor is Lhe standard entropy value for 02 gas, which is 45 e.u. at 800°C. 
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FIGURE 5. Free eneryy plot at the phase boundaries for 1 +a and a+ 1 

compared to Tb0x[l9]. 
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Figures 6 and 7 show some internal scans within the hysteresis loop which strongly 
resemble the TbOx results[l5]. In Figure 6, the horizontal step near Cf01.68 
(which is not observed in any of the other oxide systems) occurs on both oxidation 
and reduction cycles, and the compositional width of the step decreases with 
increasing pressure (see Figure 3 also). In Figure 7, in which the cooling cycle 
is started from various points within the diphasic region, the width of the 
plateau is seen to be proportional to the amount of a present; the very narrow 
step on the return (3) is due to the small amount of a (Cf01 .5+x)· If the amount 
of l (Cf01.714) present is taken into account, the step does indeed occur when a 
approaches the composition Cf01.68· Although we cannot give a structural 
explanation, the step is clearly due to the sample and not some other redox 
behavior (an impurity in the crucible for example). The maximum 0/Cf change 
involved (~0.008 in 0/Cf at 5 torr 02) is small enough that even with a much 
larger sample size, a detailed thermochemical-structural study would be difficult. 
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FIGURE 6. Internal scanning loops 
at 5 and 16 torr 02 
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Returning to Figure 6 and the 5 torr 02 results, it is observed that the heating 
path (3) is only moderately displaced from the cooling cycles (2) and (4), which 
suggests that if the temperatures of approach to the l composition are low enough 
structural ordering does not occur. In this case, the hysteresis is small 
because the oxidation-reduction cycles are of the type disorder~ disorder involv
ing no change in crystal symmetry. At 16 torr 02, with the cooling cycles 
interrupted so that the numbers indicated were passed sequentially, it app~ars 
that at Cf01.70 and 390°C some l is formed (about l/2) since curve (2), 16 torr, 
has a form intermediate to curves (1) and (3) at 5 torr 02. 

In Figure 7, the internal loops were obtained by interrupting the heating cycle, 
after the decomposition l' +a was only partially complete. Aqain the returns are 
with large hysterP.sis, but the width of lhe loop (on the temperature axis) 
decreases in proportion to the amount of residual l' present. Thus, where~ is 
present in an l matrix (curves 2 and 3) oxidation occurs more easily than when l 

is ingrowing in a a matrix (curve 1). 



X-Ray Diffraction 

The present x-ray diffraction studies were made to supplement the isobaric studies 
discussed above and were therefore restricted to examining CfOx samples heated up 
to 1000°C and in 02 partial pressures up to one atmosphere. The samples used were 
taken from the same CfOx material used i~ the isobaric runs or, as discussed in 
the experimental section, were prepared separately but under nearly identical 
conditions. Both sources gave identical results in the diffraction work. Since 
l49cf has a moderately short half-life (360 years), efforts were made to x-ray 
samples immediately after treatment to minimize effects due to self-radiation. 

All x-ray diffraction patterns obtained could be assigned to body-centered cubic 
(b.c.c.), rhombohedral (rhomb.), or face-centered cubic (f.c.c.) unit cells. The 
b.c.c. structure was observed for compositions near the sesquioxide. The rhombo
hedral structure corresponded to the higher Cf oxide, Cf7012· The apparent f.c.c. 
samples probably represent poorly crystallized samples of the b.c.c. or rhombohe
dral structures. As reported earlier, the preparation of Cf0x[5] requires more 
severe oxidizing conditions (high pressure 02 or atomic oxygen). 

The lattice parameters observed for the b.c.c. structure varied from 10.830 ±0.002 
~to 10.790 ±0.003 ~.which reflects variation of the 0/M ratio attainable. The 
larger parameter is assigned to CfOl .50 and was obtained from samples heated to 
1000°C and cooled in either 4%H2-Ar or vacuum (<lo-6 torr). The small b.c.c. 
parameters were found for oxides quenched from above 800°C in air or for samples 
heated and cooled in poor vacuum (~lo-3 torr). Visual examination of the samples 
(under a microscope) showed the fully reduced samples were light green (character
istic of trivalent Cf in solution or in solids as CfCl3, etc.), but that only a 
small increase in oxygen content was sufficient to change the color to a 11 dirty 11 

green or light-grey color. 

The rhombohedral, Cf7012• structure was observed for Cf oxide samples that were 
slowly cooled in air or one atmosphere of 02 or that were held in these atmospheres 
at temperatures of 300-600°C. Lattice parameters,averaged from five preparations, 
were determined to be as follows: (1) Hexagonal axis, a0 = 10.061 ±0.001 ~. c0 = 
9.376 ±0.003 ~.or (2) Rhombohedral axis a0 = 6.596 ±0.001 ~.a= 99.40 ±0.02°. 
The structure yields a pseudo f.c.c. parameter of a0 = 5.384 ~. The dark brown 
or black Cf7012 preparations are stable and improved in crystallinity with anneal
ing at 600°C in air. 

In Figur~ 8, calculated powder patterns are shown for the b.c.c. (a 0 = 10.830 
±0.002 ~), f.c.c. pattern with a0 = 5.384 {pseudo cubic Cf7012), the rhombohedral 
Cf7012• and the rhombohedral Tb7012 (a 0 = 6.509 ±0.001 ~. a= 99.31 ±0.02°; hexa
gonal parameters, a0 = 9.922 ±0.001 ~and c0 = 9.272 ±0.002 ~). From the figure, 
it can be seen that for a single phase, well crystallized sample, identification of 
the three structures can be established from splitting of the main fluorite 
reflections and/or the presence of superstructure lines. As shown, splitting of 
the fluorite (111), (220), and (311) Cf7012 lines at two theta values of 28.7°, 
47.7°, and 56.7° are not as well defined as for Tb7012· In practice, high quality 
films of Tb7012 clearly show splitting but with Cf7012• the reflections only 
appear to be broadened as compared to the (200) at 33.2°. The differences in 
splitting and intensity for these reflections for the two compounds results from 
differences in the lattice parameters and scattering factors for the metal atoms. 
All of the more intense superstructure lines (i.e., those other than related to the 
fluorite structure) are observed in the better Cf7012 films and the lines have the 
correct relative intensities, proving that Cf7012 is isostructural to Tb7012[20]. 

The observation of a Cf7012 phase with heat treatment in an air or oxygen atmosphere 
is at variance with earlier work[4,5], where only a b.c.c. structure was observed. 
These previous studies were done at the microgram level (<4 ~g) with most of the 
work using the resin-bead microchemical technique, which employs sulfonated ion 
exchange resin and can generate.Cf oxysulfate[9] during calcination. To assure 
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FIGURE 8. Schematic powder x-ray diffraction patterns (CuKa.) for Cf203 
(b.c.c.), CfOx(f.c.c.), Cf7012 (rhomb.), and Tb7o12 (rhomb.) 



removal of carbon and sulfur from the beads, calcination temperatures of 1175-
12000C were used. It is possible that trace quantities of carbon or sulfur or the 
higher preparation temperature tend to stabilize the b.c.c. structure. The present 
work shows that large structural related hysteresis effects require that cooling 
in the region T < 500°C be slow in order to form the rhombohedral Cf7012 phase. 
The use of rapid-cooling, induction heated systems in the previous work likely led 
to quenching of b.c.c. Cf01 .5+x compositions along the hysteresis controlled 
oxidation curves (cooling) shown in Figures 3, 4, 6, and 7. As mentioned above, 
samples in the b.c.c region were readily obtained by rapid cooling in the x-ray 
experiments (air atmosphere). 

We have plotted pseudo cubic (fluorite) cell volumes for Pr0x[21], Tb0x[20], and 
CfOx as a function of oxygen to metal ratio in Figure 9. The positive deviation 
from Vegards' law is common to all of the pure actinide and lanthanide systems[2] 
and is an important consideration in estimating compositions from lattice para
meter data. Applying this plot and using the smallest b.c.c. lattice parameter 
observed in the present work for Cf01.5+x (10.790 ~),an 0/Cf ratio of 1.67 is 
indicated. This is in good agreement with the interpretation of the isobaric 
cooling cycles in which o(b.c.c., Cf01.5+x) was suggested to remain until close 
approach to the iota (Cf01.714) composition. 
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CONCLUSIONS 

o The region Cf01.so-Cf01 .72 shows structural and thermochemical behavior closely 
related to the TbOx, CmOx, and PrOx systems, with Cf203 (b.c.c.), Cf01.5+x 
(b.c.c.), and Cf7012 (rhomb.) being major phases. ·. 

o Thermodynamic criteria (temperature and oxygen pressure) are established for 
formation of Cf7012· 

0 

o Cf7012 is rhombohedral (a 0 = 6.596 ±0.001 A, a = 99.40 ±0.02°) and isostructural 
to Tb7o12 . 

• Because of large chemical-structural hysteresis, th~ b.c.c. a phase (Cf01 S+x) 
is obtained by rapid cooling, even though the thermodynamics allow Cf7012. 
formation at lower temperatures. 
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1 Oxides above the Cf7012 composition were not observed for samples examined 
immediately after preparation under any of the thermal conditions used, in 
1 atm. oxygen. 
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