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Abstract

It is important to accurately characterize the Hopiiim behavior of JOg as the determination of the
oxygen to uranium ratio in UOpowders and pellets is dependent ogOdJstoichiometry. Prior
thermodynamic modeling efforts have treate®ias stoichiometric, however it is experimentallyiim
that the phase exhibits hypostoichiometric soltibibiehavior at temperatures > 850 K. Thus, the gbal
this work was to model 405 as a solid solution using the compound energy &iem and optimize the
model to experimental data according to the CALPH/&Bthodology. Results of thesQs, model
assessment were visualized by recalculating theiqusly assessed U-O binary system phase diagram
replacing stoichiometric 4Dg with a WOg, solid solution model, and a recommendation is miade
revise the YOz to uranium conversion factor used in the ASTM G34tandard based on the literature
and updated thermodynamic representation L) presented in this work.
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1. Introduction

UsOg is an important phase used in the production afiar(UQ) nuclear fuel pellets as a majority of
yellowcake consists of 0" 2 and UOs can be used to verify the oxygen composition, U is well
understood, U@exhibits oxygen homogeneity and is more correetpresented by the formula LQ* *
The ASTM C 1453 standard (C148®)r determining x, or the oxygen to uranium rg@UV) in nuclear
grade UQ.y calls for the material to be calcined in air in @rdo use YOg as a reference. The O/U is
then calculated from the weight gdifrlowever, YO; has been shown to exhibit hypostoichionfef§**
and should be expressed agOkl. Like UO..,, it alsohas a complex relationship with the oxygen
potential of the atmosphere. Hence, having an ateuunderstanding of {Qg, phase behavior at
equilibrium is necessary to ensure that converiiotors using LOg., are correct.

As noted, experimental studfe§®'* have indicated that 4D, has a range of hypostoichiometric
solubility at > 850 K, however previous modelindoefs have treated the phase stoichiometricafly.
Similarly, C1453 established the test method to determine the wmamiontent in nuclear grade YO
power and pellets assumes stoichiometri®©d) at 1173 K for the kDg to uranium conversion factor.
Accounting for the nonstoichiometry of;0s, will improve the characterization of the equilior
behavior of WOg in the U-O system and provide a conversion fadtmr more accurate O/U
determinations for UQ,.

Accordingly, this work reports on modeling theQJ., phase as a solid solution using the compound
energy formalisrtt?® (CEF), which is optimized to experimental datacading to the calculation of
phase diagrams (CALPHAD) methodol8bysing the FactSage softwafeCalculations with the ¥Dg.,
model are performed and compared to experimental tdaverify accuracy, and the U-O phase diagram
was recalculated with the;0g, solid solution phase. The updated model allowsi&iermining x in the
UsOg 4 reference phases a function of temperature and oxygen partiadgane in order to more correctly

calculate the O/U in U@, nuclear grade fuel powder and pellets.



2. Literaturereview

2.1. U3Ogcrystalline structure

Four U;Og polymorphs were experimentally identified by Nagtoal** ** Studie$>?® have established
that the highest temperature polymorph, which éllmodeled in this work, has a hexagonal crystallin
structure.

Loopstra® employed neutron diffraction to resolve discrepaesicbetween experimental ;O;
crystalline structure results reported by Zachand$Chodura & Maly** and Andreseff in which it was
determined that at room temperature two uraniummat@abeled as U(1) and U(2) are each surrounded by
six oxygen atoms at distances between 2.07 to R.88th seventh oxygen atoms bonded to U(1) and
U(2) at distances of 2.44 and 2.71 A, respectiVedyer, Loopstr® established that the room temperature
orthorhombic and high temperature hexagonal strestare very similar with the main difference as
observed by Ball & Dickerf$ being that the hexagonal form has one uranium itereas the
orthorhombic structure has two. However, the sumding oxygens are approximately equivalent for both
lattice types® 3

It was also postulated by Loopgftthat U(1) and U(2) could be identified as the& Bhd U® cations,
respectively. As summarized by Brincat et‘akhile some early experimental investigations caditted
this assumption by indicating U(1) and U(2) valemstates of +6 and +4, more recent experimental
studies conducted by Kvashnina ef @nd Teterin & Teteriff clarified that +6 and +5 were the most
stable arrangement. Additionally, ab initio DFT +cOmputation¥ determined that 4D with U™/U*®
yielded the most stable crystalline structure.

2.2. U30g, solubility

The solubility range of D5, has been experimentally established as approxin2s6® < O/U < 2.67% ¥
Studies have postulated that the nonstoichiometechamnism of WOs, consists of only oxygen
vacancie¥ * or vacancies and interstitiafs.*° Ackerman & Chanfnoted that vacancy formation may
drive nonstoichiometry at lower temperatures bat th more complex mechanism may occur at higher

temperatures although this mechanism was not hgpizéd. Ball & Dicken§ used atomistic simulation



techniques to analyze defect energetics to conchateuranium interstitial ions are unstable witspgect

to their movement onto normal lattice sites and tbsulting formation of oxygen vacancies, and
consequently concluded that the most favorablectiefiechanism is oxygen vacancy formation.

2.3. U30g, experimental data

Many experimental studi&< ®** have conducted measurements to determine the toygtismetric
solubility of U;Og,. Of these, Caneiro & Abria‘l‘hreported the existence of a®}1.x phase that formed a
two phase region with 4Ds. in the range of 2.655 < O/U < 2.67. Labroche & hbwever, rejected the
observation that the d0,;.x phase is stable at equilibrium citing kinetic fiations in the Caneiro &
Abriata' study. For this work, the conclusion of Labroche that UO,;., is metastable is assumed.
Therefore, the results of Caneiro & Abridttas well as Dharwadkar et‘athat also reported observation
of the W0O,.x phase was neglected. Similarly, the thermobalameasurements of Fujino et'@l
exhibited the same non-reversible hysteresis agittag Abriatd® and Dharwadkar et &,hence these
measurements were also disregarded. All other empatal solubility data were consistent except for
measurements of by Gronvalavhich had too high uncertainty for use in optimigthe adjustable model
parameters.

Ackerman & Changdetermined solubility limits of ¥Ds, by measuring partial pressures of &
different isotherms of ¥Ds,, hence this partial pressure data was also camsidehen developing the
U30gx model. An earlier study conducted by Kotlar ef aimilarly measured Opartial pressure,
however their results significantly differed frontikerman & Chanfgat comparable temperatures. As the
data of Ackerman & Changere consistent with other studfed, ™ *'the Kotlar et df measurements
have been neglected.

Inaba et & measured the heat capacity of 44 up to 970 K and reported a second order phase
transition at 850 K. This phase transition tempgets well as the measured heat capacity data were

both incorporated into the;s.« model assessment.



3. Thermodynamic modeling and optimization

3.1. U-O system

Guéneau et al” previously assessed the U-O system while tredtlg@s as four stoichiometric
compounds, hence all compounds, gas species, antqthid were adopted from those assessments
except for the highest temperature polymorph ¢ddJwhich was replaced with the;Os, CEF model
developed in this work.

3.2. CEF model

The U,Og solid solution was modeled using the CEF withttiree sublattice structure:
(U5, U0)§5[072]54{0%, Va}}

The first and second sublattices represent thawraand oxygen lattice sites in the@} crystalline
structure as described in Section 2.1 whereas hivel taccounts for the mechanism of;Q4d.,
nonstoichiometry in which a vacancy substitutesaioiO? species. As discussed in Section 2.1° and
U*® result in the most stable;Os crystalline arrangement, thus these are the catietected to occupy
the first sublattice.

The sublattice stoichiometric coefficients accodiot the complete Dg, solubility range of
2.60 < O/U < 2.67.

3.21. Optimization

To limit a degree of freedom during the optimizatiprocedure of the {Ds, model, the Gibbs
energies of the two valence states of thedgh and U0, endmembers were set as equivalent (Table 1).

The U,0s, CEF model was initially optimized to the heat adpadata of Inaba et ¥l through
adjustment of the ‘b’ term of the heat capacityypolmial of the two W03 endmembers (Table 2).
Redlich-Kister interaction parameters as well as #tandard enthalpy and entropy of aliOkl,
endmembers were then optimized to thep@rtial pressure data reported by Ackerman & Chand UOsg.

solubility data measured by multiple studiés'**’



The resulting CEF Gibbs energy function is showedn (1) with parameter values listed in Table 1.

U305«
G’ *7" = }’S+53’g—zOGU150;§ + J’SHYS-ZOGUEOL}O + yg+5y\§aOGU150;93 + yg+6y\§aoGU150;32 Eq. (1)
+ RT [15(y§+slnyf,‘+s + yf]‘+slnyff+e) + yg-z lnyg-Z + y\[;alny\[;a]
+ y{}‘+sy§+ey§—z (OLy+s yro.0-2:02 + M Lys yro.o-z.0-2 + 2Lys yrs.o-2.0-2

+ yf]‘+sy§+6y£a(OLU+sIU+6:0-z:V3 + lLU+5,U+6:O‘Z:Va + 2LU+5_U+6:0—2:Va)

4, Resultsand discussion

4.1. U30g4 heat capacity

Heat capacity measurements were conducted by ol for UO, 46~ It was necessary, however,
to calculate the corresponding heat capacity cshawvn in Fig. 1 at U&ssss as the computed upper
U30s. solubility limit at the maximum temperature coresied by Inaba et Hlof 970 K lies at an O/U of
2.6638 (Fig. 2). The difference in stoichiometriss minimal, thus experimental data and model
calculations could be compared for validation ofelooptimization accuracy.

Inaba et df observed U@, heat capacityi-type phase transitions at temperatures of 483,568
850 K. As the lower temperatures;@t polymorphs are treated as stoichiometric compaguritis
computed UQgg35 heat capacity behavior at < 760 K in Fig. 1 iseyoed by the &Dg compound heat
capacity polynomials derived by Guéneau &t*dlhese polynomials have been developed to represent
smooth curve, hence o transitions are calculated at < 760 K. The smatkease in U@kgss heat
capacity and entropy at 654 K is a result of ihitigOg, phase formation (Fig. 2), however as this is a
two-phase region, phase transformation heat capbehtavior is appropriately absent from Fig. 124 6
K. At approximately 760 K, model calculations ingFil indicate the start of a peak formation
representing the initiation of the phase transititom U;Og(y) to the high-temperature ;05 solid
solution. Behavior of this peak is characterisfi@a. transitiorf® agreeing with the observation of Inaba
et af’ As noted by Dorogokupefd ) transitions can be approximated as first-ordemsitins, which
aligns with the UQgg35 €ntropic behavior at ~ 850 K that approximatearag discontinuity associated
with the phase transition latent heat (Fig*3Jhis entropic jump discontinuity results in a sitagity of

the derivative heat capacity at 850 K (Fig. 1) ic@dance with the theory of first-order phase



transitions’* Thus, while Inaba et Hldid not conclude the nature of the 850 K phasesitian, the
calculated UQgg3gheat capacity indicates that theQd(y) to UsOg phase transition is first-order.

The UQ g6 heat capacity predicted by Guéneau &f &lom four stoichiometric 4Dg polymorphs is
superimposed in Fig. 1 for comparison with the hegdacity calculated using the@}, model. Both
calculated heat capacities are less than the leabaf’ measurements at > 850 K (Fig .1). The
experimental data is elevated likely due to thespnee of gaseous species in addition §0g) in the
Inaba et & measurements a0k, is hypostoichiometric at an O/U of 2.667 and terapges > 850 K
(Fig. 2). Hence, as the computed heat capacitieagell (Fig. 1), it can be concluded that th@©}J, C,
has been successfully optimized.

4.2. U30g4 solubility

Fig. 2 shows the calculated solubility range of th#s, model with experimental phase data
superimposed for comparison. The computed 850 Kdtion temperature of the;0g, phase at the O/U
of 2.667 agrees well with the experimentally meaduemperatures of 843 K and 850 K reported by
Ackerman & Changand Inaba et &f, respectively. A similar good agreement was obthinetween the
calculated and experimentally measure®4 ) lower solubility limit of approximately 2.605 O/t 1325
K. The calculated kDs upper solubility limit shows some discrepancy watblubility measurements
from 1160 to 1445 K, which was the best obtaineg@ment when optimizing the;0g, model to both
solubility data as well as the partial pressur®gpfmeasurements reported by Ackerman & Chiang.

A U3Og, peritectoid point was computed to form at 2.628 @hd 2236 K, which was an increase in
temperature from the stoichiometric,@ to UO., + gas invariant transition temperature of
approximately 2004 K calculated by Guéneau étNb experimental data has been reported for this
invariant point, hence the increase is acceptaidenaay be an improved prediction as the model seda
on more physics compared to a purely stoichiométigh temperature 4Ds.

The calculated kDg eutectoid point at 2.623 O/U and 656 K also rempligstimation due to lack of
experimental data. It is likely that thes@b, lower solubility boundary would continue at < 686and

extend to the lower temperatureQ@d polymorphs, hence it may be of interest for a meitwork to



develop solid solution models for these polymorphiis effort would likely first require additional
experimental measurements similar to those condunyeAckerman & Charlgfor use in assessing the
U30s lower temperature solubility behavior.
4.3. Partial pressure of O, for isotherms of U;Og

In addition to solubility experimental data, thetjz pressure of ©for different isotherms of ¥Dg,
measured by Ackerman & Chdngas also included in the;0s., model optimization. Comparison of the
model calculations and corresponding experimentth dshown in Fig. 4 indicates overall good
agreement. Certain computed curves such as atk3h@wed a minor increase in discrepancy with data
in comparison to the curve at 965 K, however aflezimental data is sufficiently predicted by thgOk),
CEF model.
4.4, Recalculation of U-O phase diagram

Fig. 5 shows a recalculation of the U-O phase diagwith the WOs., solid solution phase assessed
in this work; all other compounds, gas species, tardiquid phase were adopted from Guéneau &f al.
Visualizing the WYOg, phase within the U-O system provides perspectivéhe relatively narrow phase
solubility region. Fig. 2 indicates, however, thatspite this small solubility range, theQd., model well
predicts experimental upper and lower solubilityits while maintaining consistency with the phase
equilibria presented by Gueneau ét*and the experimental work on which it is based.
4.5. Revison of ASTM C 1453 standard

C1453 establishes a calculation procedure to deterntireutanium content in nuclear grade JO
powder and pellets, which involves the use of:®@dto uranium conversion factor for natural uranium

defined by eq. 2:

Conversion Factor = Eq. (2)

3A+80
where A and O are the atomic weights of uranium axglyen, respectively. The value of 8 in the

denominator is based on stoichiometrigOs] however, as indicated by Figs. 2 & 5:Q4, is



hypostoichiometric at 1173 K. According to C145the process of converting Y@ U;Os occurs by
ignition at 1173 + 25 K in air.

This reaction can be written as:

X-UOq(s) +0.21-Q(g) — Y-UsOg.(s) + Z-Q(g)

where X, Y, and Z are the molar amounts of reacsaat products, respectively. The moles of the O
reactant is equivalent to 0.21 as ignition of Atf@curs in aif. Other elemental gaseous species iff air
were neglected as these are not likely to react Wb, ***

C1453 recommends transferring 2 to 12 grams of,U@wder or pellets to a platinum crucible,
which convert to 7.407-20and 0.044 mol U§) respectively, and are the values of X in the abov
reaction. Hence, the reactant amounts including al O,g) equate to O mole fractions of 0.983 and
0.92, respectively, which lie in the region ofQd + Gas in Fig. 5. Consequently, the molar amount of
UsOs, yielded from the reaction will be given by the ephkOs.« phase boundary (Figs. 2 & 5).

As the standardndicates an ignition temperature uncertainty eaofj+ 25 K, Table 3 shows results
of calculated O stoichiometry for the Ug(phase at temperatures of 1148, 1173, and 1198/&rafjing
the computed O stoichiometries at the three igmiteamperatures provides a reasonable estimatitimeof
UsOsg hypostoichiometry and is equivalent to 7.9469.aAssult of this revision, if it is assumed tha th

uranium isotopic abundance does not deviate frainrakuranium, the C14583J,0, uranium conversion

factor should be revised from 0.8480 to 0.8489.



5. Conclusion

A thermodynamic model of the;0g, solid solution phase has been developed usingEfe and
optimized in accordance with the CALPHAD methodgldg experimental measurements ofdgl, heat
capacity and phase solubility as well as the daptisssure of @in the U-O system. Calculations with the
assessed model agreed well with experimental daththe U-O phase diagram was recalculated with the
U3Os4 solid solution phase. While the high temperatug®dJ polymorph has now been modeled as a
solid solution, future work should focus on invgating determining if the lower temperaturgQg
polymorphs exist as solid solutions requiring ekpental measurements.

Based on the experimental studies reviewed inwloik as well as the development of a physics-
based WOs, thermodynamic model that agrees well with thoga,d&is recommended that C149%
revised to account for the hypostoichiometric sibilylof U :Og,. While the current conversion factor for
O/U in C1458 uses a value of 0.8480 based on stoichiometi@s.\Jit is recommended that, assuming
the uranium isotopic abundance does not deviata fratural uranium, the value be revised to 0.8489 t
account for the oxygen hypostoichiometry afdd, at 1173 K.
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6. Figures& captions
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Fig. 1. Heat capacities of U@sgand UQ g5y computed with inclusion of, respectively, theQd,, model
and four U0 stoichiometric polymorphs derived by Guenuea &t*&xperimental UQ@gs; heat capacity
data shown as points was obtained from Inaba®t al.
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7. Tables
Table 1. Model parameters fog@k., solid solution (alPG andL parameter units are J/nfbl)

Us0sx (U+5, U+6)15[O_2] 3O _Z,Va}l
°Gy,.055 = °Gy, 0810 = 5°Gu,04s) T+ 7719 + 18T

°Gy,058 = °Gu, 0132 = 5°Gu,04(s) — 0.5°Go,(g) +-° Gc, opt + 417234 — 268T
OLy+s yre.052.02 = 299521 — 112.6T

lLU"’S,U"’G:OEZ:OEZ = —58424 — 32.5T

2Lyts yre.oz.052 = 198764 +43.1T

= —523128 + 126.2T

= —156283 + 70.7T

2Ly y+o.052va = —312004 — 11.5T

0
LU+5,U+6;052;Va

1
LU+5,U+6:052:Va

@ Thermodynamic values for the compound and gasespeontributing to endmember Gibbs energies
are listed in Table 2



Table 2. Enthalpy, entropy, and heat capacity emstalues of specified compound, gas speciespptiighization parameter

a (]
Compounc T range (K) (AJI;IFZT'?gi;S K fj?r%losl .KK) ;:p constantt - - - Reference
UsOg(s) 29€.1E< T <600C -3576818.4 285.02:05% 276.74775 27.32883. -40.73334 Guéneau et ¢
04(9) 298.15 < T < 1000 205.033 22.271 20.3955 1.53460 -7942.14999¢Guéneau et ¢
1000 < T < 3300 33.6276  2.38319 -10.51620 -81.372
3300 < T < 6000 37.9072  1.700972 -175.328 -128.652
C,opt  298.15<T < 2000 0 -133.6 Optimizatior?

®C, (J/mol-K) =a+b-10°T +c- 10T % +d- 10°T?

®Value obtained by optimizing to U, heat capacity data(Section 3.2.1)



Table 3. Oxygen stoichiometry 00« at specified temperatures in U-O system (Figs.®) &
T (K) O stoichiometry of GOg.

1148 7.9530
1173 7.9468
1198 7.9408
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Highlights

*  U30gy phase was thermodynamically model ed as a solid solution for the first time
»  The U-O binary phase diagram was cal cul ated/plotted with the U;O0g, phase
*  Revised ASTM C 1453 U30g to U conversion factor computed using UsOg model
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