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Abstract

The Calphad method was used to perform a thermodynamic assessment of the Pr-O system. Compound
energy formalism representations were developed for the fluorite a-PrO,., and bixbyite 6-Pr;Os.y Solid
solutions while the two-sublattice liquid model was used to describe the binary melt. The series of phases
between Pr,O; and PrO, were taken to be stoichiometric. Equilibrium oxygen pressure, phase equilibria,
and enthalpy data were used to optimize the adjustable parameters of the models for a self-consistent

representation of the thermodynamic behavior of the Pr-O system from 298 K to melting.
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l. Introduction

Physics based fuel performance models rely on thermodynamics to provide key inputs, such as chemical
potentials and material properties, for phase transformation and continuum transport simulations. This
approach has already been used to describe thermal and oxygen transport in urania > 2. However, to best
represent the chemistry in a reactor over time, fission product (FP) generation must be accounted for.
Since Pr is one of the highest yield FP’s, the Pr-O binary is an important subsystem of high burnup fuel.
The objective of this effort is a Calphad (Calculation of Phase Diagrams) assessment of Pr-O with models
capable of being combined with those from ** for U-O and extended in order to describe the
thermodynamics of the U-Pr-O ternary and higher order multicomponent systems to support multi-

physics based fuel performance simulation efforts.

Of the lanthanide (Ln) series, Ce and Tb are the most chemically similar to Pr ° with all three exhibiting
both the 3+ and 4+ oxidation states. In the binary systems with O >°, there is a homologous series of
compounds between the sesquioxide and dioxide with stoichiometry that can be represented by the
general formula M0, , where n and m are integers; n > m; and M = Pr, Ce, or Th. This is unique
among the Ln’s; all others are reported to be fixed trivalent cations. While the Ln’s and Y are all soluble
in urania forming extensive ternary Uy.,LnyO,., solid solutions; only Pr, Ce, and Tb are stable as an

isostructural CaF, prototype dioxide.
Il. Literature review

The thermodynamic data reported in the open literature for the Pr-O system consists of oxygen partial

pressure, po, , enthalpy increment, enthalpy of formation (4H°), and X-ray diffraction (XRD) studies.

Hyde et al. ’, Faeth & Lincoln et al. °, Honig et al. °, Kitayama **, Endo et al. *?, and Inaba et al. **

characterized the oxygen-to-praseodymium ratio, O/Pr, as a function of p,, and temperature from

gravimetric analysis while Saito and Maruyama *° determined this relationship using electromotive force
(EMF) technique. Inaba and Naito ***" and Ferguson et al. *® directly measured the change in the system
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Po, to determine the O/Pr at a given isotherm. Turcotte et al. = performed XRD on quenched samples

and in situ at high temperatures. Finally, Stubblefield et al. 20 derived A¢H° for PrO; 703, PrO; 717, PrO soa,
PrO4g33, and PrO, using a solution calorimetry technique and Pankratz 2L measured enthalpy increments

for Pr,05 and PrgOq;.

A notable feature of the Pr-O system is hysteretic behavior whereby different apparent equilibrium
oxygen pressures are observed depending on whether an oxidation or reduction path is chosen for a
measurement corresponding to a given O/Pr. This occurs especially when a transition proceeds from a
disorder phase to one that is ordered " **. Notwithstanding, Hyde et al. ” proposed a phase diagram,

shown in Fig. 1, from an analysis of the py, as a function of O/Pr and temperature data they collected.

That same study suggests there is a tendency for the system to persist in both a metastable fluorite-o and

bixbyite-c phase and XRD analysis from ' supports this interpretation.

There are inconsistencies in the reported equilibrium oxygen pressure values over the isobaric (1 atm)
temperature-composition (T-c) space between different studies. The data for a-PrO, reported by Lincoln

et al. ® were determined by maintaining a constant Po, While increasing the system temperature from 298

to 1423 K, holding for 2 hours, and then decreasing back to 298 K at a rate of 1 %2 K/min. This procedure
may be sufficient for identifying phase boundaries over a temperature-composition space, as this method
was used by Hyde et al. ” for that purpose, but the transient nature of the technique means true
equilibrium was likely not even nearly approximated especially at lower temperatures. These data are
deemed to be in error because some that can be directly compared to those of Inaba et al.** ** % are too

low. Further, there is disagreement in both the trends and absolute values for the po, versus O/Pr and

temperature for 6-Pr;Os;, reported by Saito and Maruyama ** and those of Endo et al. ** and Kitamaya
whose measurements are consistent. Both Ferguson et al. ** and Honig et al. *° used temperatures that
were judged to be too low to reasonably achieve equilibrium. Further, reversibility issues were reported

in ®. The reviewed thermodynamic data are summarized in Table 1.



111. Modeling

In the current effort, the Gibbs energy of all condensed phases is assumed independent of hydrostatic
pressure. All species are referred to the Stable Element Reference (SER), that is, 4:H° under standard
state conditions of 298.15 K and 1 atm. FactSage® computational thermodynamic software % was used

for equilibrium calculations and parameter optimizations.
(1) The vapor phase

The vapor in the Pr-O system is considered to be an ideal mixture of O, O,, O3 Pr, and PrO. The
reference molar Gibbs energy functions for O, O,, O3 and Pr constituents of this phase are taken from the
SGTE Substances Database Version 2 2* while that for PrO molecule comes from the work of Konings et

al 25
(2) Pure elements and stoichiometric phases

The Pr,03 polymorphs and the Pr allotropes are assumed to exhibit no oxygen solubility due to a lack of
experimental data; the Gibbs energy for Pr,O; compounds come from %, but were modified to include a

gT® term, while those for elemental Pr are from .

The O containing phases in the Pr-O binary are summarized in Table 2 and, with the exception of 3-
PrsO.1, €ach has been observed in the Ce-O system. The B, 3, €, &, and 1 intermediate oxides have been
reported to exhibit only a very limited homogeneity range and are thus considered stoichiometric for this
work; this approach is consistent with the treatment of the Ce containing analogues in the Ce-O

thermodynamic assessment °.

The molar heat capacity (c,) versus temperature relationship for the Pr,O,,.., compounds were determined
using the Neumann-Kopp rule combining the thermodynamic functions for Pr¢O,; recalculated by
Konings et al.  from % and that for A-Pr,05 from Zinkevich . The standard state enthalpies (S°) for

Pr,Ozn.m Were first approximated from linear interpolation between the values given for A-Pr,05 and



PrsO1 in %°; the enthalpies of formation were also taken from %*. Both S°and A;H° were selected to be

adjustable parameters to determine the Gibbs functions for the intermediate Pr,O,,  phases.
(3) The liquid phase

A partially ionic two-sublattice model (TSLM) #, similar to that of Zinkevich et al. ® for the Ce-O system,
is used to describe the melt. One notable difference between the TSLM for Pr-O in this work and that of
Ce-O after Zinkevich et al.® is the inclusion of a neutral “O” on the anion sublattice. This is done in
anticipation of combining the model with the TSLM for U-O after Guéneau et al. * with the aim of

describing the ternary U-Pr-O liquid solution. The TSLM sublattice representation is thus:
(Pr**, Pr*")p(0*,Va?,0)q

In order to maintain charge neutrality over the entire ternary compositional space, the TSLM defines P

and Q using the following equations:

P:ZVAyA +QVva 1
A

Q= ZVC Yo 2
C
where v, and y , are the charge and site fraction of the anion species and v and y. are the charge and site

fraction of the cation C, respectively; and yy, is the site fraction for a vacancy of charge Q-.

The molar Gibbs energy of the liquid phase is then:
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where T is the absolute temperature and R is the ideal gas constant. The Gibbs functions, "Gi"q , for the Pr

containing end-members come from ® while the neutral O comes from *.

The molar excess Gibbs energy term, el , is described with the zeroth and first and order interaction

parameters from a Redlich-Kister * polynomial expansion:

xslig i i i lo lig ( i 11 li )J i i i 0 lig 4
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The adjustable parameters are the interaction terms®/a, ., 4, . and °L", , . Duetoa
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lack of experimental data, these values were assumed to be the same as those used in the TSLM Ce-O

liquid in ®.

(4) The a-PrO,, phase

A three sublattice compound energy formalism (CEF) representation is used to model the a-PrO,., phase.
While a is not expected to exhibit hyperstoichiometry, the fluorite UO, structure does. In order to be

consistent with the CEF for UO.,., after Guéneau et al. **#, the a-PrO,., sublattice description is thus:
(Pr¥* Pr*"),(0%,va"),(0%,va®)

The above representation is used such that the CEF for PrO,., can be combined with that for UO,., for a

ternary U,.,Pr,O,.x CEF solution model.

The CEF Gibbs energy for the a-PrO,., solid solution can be written as:



a _ i i liioma i i\ iil o~ i i\ liiom~a i i il o~
G = Yps YoYo C-:'Pr3*:0:0 *Yps YoYva C-:'Pr‘q'*:O:Va *Yps Walo GPr3*:Va:O +Yprs Ya¥va GPr3*:Va:Va
i i lilo~a i i\ il o~ i i \liiom~a i i il o~ a
+YprYoYo GPr“*:O:O +Ypre Yo Wa GPr‘“:O:Va +Ype YvaYo GPr‘“:Va:O + Yprt Yva Ya GPr‘“:Va:Va 5

+RT [(yipra In y:)ra + yipr‘H In yiPr4+ )+ Z(y(i)i Inys +yi In y\i,ia)+ (yo INyg + yys In yya )]-FXSGQ

For the excess molar Gibbs energy, G, the following expansion of the Redlich-Kister *® polynomial in

terms of site fractions is used:
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(5) The 6-Pr30s.y

Just as with the o phase, 6-PrsOs.y is described with a three sublattice CEF. Based on the similarities
between the Ce-O and Pr-O systems, and since Pr;Os., and Ces;Os.y share the same bixbyite structure, the
framework for the model is taken from ° and much of the details are shown in that work. The sublattice

representation is:
(Pr¥* Pr*h),(0%,va®);(0%,va’),
The CEF Gibbs energy for the 6-Pr;Os.y phase is given as:
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As with a, *G?, is described as an expansion of the Redlich-Kister % polynomial in terms of site as

follows:
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(6) Parameter optimization

With the Optisage module of FactSage %, an iterative procedure was used to simultaneously adjust all
declared tunable parameters for the models in order to achieve a self-consistent set of values that
reproduces the thermodynamic behavior observed in the Pr-O system. This work reports in Table 1l the
optimization that gave the best fit to the oxygen pressures, 4H° , enthalpy increment, and phase relations

deemed reliable in a critical review of the available experimental data discussed in Section 2.
IV. Results
(1) Phase equilibria
Figure 2 shows a section of the phase diagram overlaid with the phase boundary data determined in ” and

the temperature-composition coordinates for the equilibrium py, values for 6-Pr;Os. * and a-PrO,., ****

1622 The overall agreement between Fig. 1 and Fig. 2 is good. There are some differences, for example
the maximum temperature for stability of 1; the a-solvus between &, €, and §; and the narrow homogeneity
range proposed for each member of the intermediate Pr,O,,., Series. Above ~750 K, the models are

consistent with the po_data used to determine Fig. 1 as can be seen in Fig. 3. Figure 2 therefore offers an

alternative interpretation of the phase equilibria for the Pr-O system. The computed T-c diagram over the

integral Pr-O binary from 500 to 4500 K is shown in Fig. 4.



(2) Thermochemical data

As mentioned in Section 3.2, S°and 4H° were declared adjustable parameters for the Pr,O.,.., compounds.
The optimized values are shown together with those determined by other authors in the literature in Fig.
5. The computed enthalpy increment for A-Pr,0O3; and compositions corresponding to PrgOy; are
compared to the measurements of Pankratz ?* in Fig. 6. The abrupt changes in slope for the PrO, g55 curve
are from phase transitions; nevertheless, the models very well reproduce the experimentally observed

behavior.

Figures 7 and 8 show that the computed oxygen pressures compare well to those measured by Inaba et al.

19141822 Endo et al. %, and Kitamaya **. In Fig. 3, plots of RT In p,_versus temperature for the phase

boundaries from the sesquioxide to o-PrO, are given and compared to those suggested by Hyde et al.” .
The agreement between the model predictions and the experimental data is best at higher temperatures.
This is expected since the measurements of Hyde et al. ’ were made under the dynamic conditions as

discussed in Section 2. This combined with pronounced po, hysteresis invariably results in some

experimental error.

Figure 9 gives the O/Pr versus temperature relationship determined by Honig et al. *°. The models from
this work well reproduce the behavior above 800 K but poor agreement is seen below it. The cause of the
discrepancy is likely incorrect thermodynamic data or slow phase transformation kinetics. First, the
differences could be due to a too negative CEF derived Gibbs energy for fluorite PrO,., at low
temperatures and oxygen pressures below 1 atm. Since PrgO1; has been observed to be the highest oxide

of Pr at ambient conditions, the upper limit single phase po, , corresponding to that given by the reaction

1/6 Pr;0,, +1/120, <> PrO,, should be above 0.21 atm. The standard state enthalpies and entropies, along

with the heat capacity functions for PrgO;; and stoichiometric a-PrO, are reported in . Figure 10 shows

the logarithmic py, values versus temperature plot for the biphasic PrsO,; — PrO, region computed using



the law of mass action relation given by Eq. 9 and Gibbs energies derived from ? and those determined in

this work.

12(GPr02 ’1/GGPr5011 71/12602 )
Po, =€ RT 9

The po, values correspond to the upper and lower limit oxygen pressures for single phase PrsO; and a-

PrO,, respectively. For both cases, the plot indicates a-PrO, to be the stable phase at pressures well below
0.21 atm. If PrgO4; is indeed the highest oxide of Pr at ambient conditions, this means the thermodynamic
data from ** for either PrsOy1, PrO,, or both, are in error. On the other hand, Hyde et al. *° studied the
kinetics of PrgO,; oxidation to PrO, in 1 atm O, up to 600 K and found the rate of reaction to be very
slow, taking on the order of many hours and even up to a year for the case of a single crystal at 578 K to
complete. Bevan and Kordis * reported an inability to equilibrate a varying oxygen pressures below 958
K in the thermodynamically similar Ce-O system. Therefore, a sluggish phase transformation offers a

competing explanation for the discrepancies between py, versus O/Pr at the lower temperatures measured

in ° and those computed in this work.

V. Summary and Conclusions

A thermodynamic description of the Pr-O system has been developed using the Calphad approach.
Calculations using the models from this assessment are in good agreement with phase equilibria as well
as oxygen pressures and enthalpy data observed experimentally above ~880 K. However, there are
discrepancies with regard to the phase stability, standard state enthalpy, the Gibbs energy, and heat

capacity versus temperature of a-PrO, that deserves clarification at lower temperatures. In particular, the
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computed oxygen potentials below ~800 K show poor agreement with measured values. Hysteresis and

incomplete equilibration complicate thermodynamic studies in the low temperature region.

Due to a lack of data, the Pr allotropes and the sesquioxide polymorphs were assumed to be
stoichiometric. Since other rare earth metals, i.e. Y and Ce, and their corresponding sesquioxides show
some homogeneity with O, studies determining the solubility of O in the Pr and Pr,O; phases has merit.
Further, measurements are needed to determine the solidus and liquidus temperatures as well as the
melting behavior in the vicinity of the ¢ and o solutions. For this reason the integral Pr-O phase diagram

must be considered tentative and the low temperature stability of a-PrO, presented here is in doubt.
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LIST OF FIGURES

Figure 1. Phase equilibria proposed by Hyde et al. ' . Dashed lines are assumed boundaries. The B’ is the

oxygen deficient fluorite phase.

Figure 2. Section of the computed binary from this work overlaid with thermodynamic data reported in "
121314162 The dashed lines are calculated with the gas phase suppressed and are labeled with a lighter

text.

Figure 3. Computed (solid lines) and experimentally determined oxygen potentials " *® for the univariant
reactions in the Pr-O system as a function of temperature. The dashed lines are the proposed boundaries
from Hyde et al.” and the phase fields are labeled with bold characters. The measurements of Faeth and
Czanderna are reproduced as they appear in . For the phase boundary with a there is a parenthesis
indicating the models predict two crystallographic transitions for the second phase, i.e. pB—06—¢. The
monotectoid reaction causing the hump in (a) occurs at 833 K and is pointed out in the figure. In (b), an

expanded view in the vicinity of the & phase field proposed by Hyde et al.” is shown.

Figure 4 Computed phase relations for the Pr-O binary system.

Figure 5. Standard state enthalpy of formation (a) and enropy (b) for the Pr oxides determined in this
work and compared to those reported in *>?>2%3! The dashed lines represent a least squares fit to the

values taken from 2% 2% 26,
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Figure 6. Computed (lines) enthalpy increment for Pr,0; and PrO, g33 compared to those determined in 2

Figure 7. Apparent equilibrium oxygen (symbols) pressures over PrO, from (a) ** % and (b) "2

compared to those computed (lines) from this work. Note the hysteresis in the biphasic regions.

Figure 8 Equilibrium oxygen pressures from ** used to determine the hypo-stoichiometric stability of the

o phase.

Figure 9. Oxygen composition as a function of temperature at a po, = 0.2 atm from 19 compared to those

computed from this assessment. The dashed line represents athe calculation assuming metastable PrsOy;

prevents PrO, formation.

Figure 10. Logarithm of the oxygen pressure versus temperature in equilibrium with a biphasic PrsO1; —

PrO, system
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