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OXYGEN POTENTIAL OF URANIUM-PLUTONIUM DIOXIDE

AS DETERMINED BY CONTROLLED-ATMOSPHERE THERMOGRAVI.T .Y*

Gerald C, Svanson

ABSTRACT

The oxygen-to-metal atom ratio, or 0/M, of solid solution uranium-

plutonium oxide reactor fuel is a measure of the concentration of crystal

defects in the oxide which affect many fuel properties, particularly, fuel

oxygen potential. Measurement of the oxygen potential of solid solution

uranium-plutonium oxide, O/.M reference material at 0/M ratios near 2.000

provides baseline 0/M values for thermogravimotric and gas equilibration

methods of 0/M analysis.

The oxygen potential of the atmosphere within a modified coKaercial

theniiobalance has been controlled by the ratio of H-0 and IL added to a

He carrier gas. The balance modifications include enclosure of the sample

chamber within a glovcbox for handling plutonium, redirection of gas flow

to ensure sample equilibration, and digital recording of data on paper

tape for off-line computer analysis. The !L0 is added to the He as H- and

O_ recombined at a Pt catalyst following production by H_O electrolysis

and drying by a liquid nitrogen trap. Hydrogen is metered into the He

cither as pure H., or as He-IL prcmixed gas. Fabrication of a high-

temperature oxygen electrode,employing an electro-active tip of oxygen-

deficient solid-state electrolyte, intended to confirm gaseous oxygen



potentials is described.

Uranium oxide and plutonium oxide 0/M reference materials were prepared

by in situ oxidation of high purity metals in the thermobalance. A solid

solution uranium-plutonium oxide 0/M reference material was prepared by

alloying the uranium and plutonium metals in a yttrium rxide crucible at

1200°C and oxidizing with moist He at 250°C. The individual and solid

solution oxides were isothermally equilibrated with controlled oxygen po-

tentials between 800°C and 1300°C and the equilibrated 0/M ratios calcu-

lated with corrections for impurities and buoyancy effects.

Oxygen potential-O/M relationships measured for the individual oxides

compare well with literature values. The relationships measured for the

solid solution oxide were biased due to wright gain of the yttrium oxide.

When corrected, the oxygen potential change occured at the expected 0/M=

2.000. The solid solution shows a much larger oxygen potential change at

0/M=2.000 than calculated for the sum of the uranium and plutonium oxide

relationships. The defect structure of the hypostoichiometric solid sol-

ution oxide appears to be fully ionized oxygen vacancies for the 0/M range

1.994 to 2.000. The high-temperature oxygen electrode produced a stable,

but non-theoretical, EMF when exposed to controlled oxygen potentials, but

the data was not applied to the 0/M equilibration studies.

Use ol reference oxygen potential of -100 kcal/mol to produce an 0/M

of 2.000 is confirmed by these results. However, because of the lengthy

equilibration times required for all oxides, use of the 0/M reference ma-

terials rather than a reference oxygen potential is recommended for 0/M

analysis methods calibrations.



INTRODUCTION

The i'nited Slates is rapidly depleting iis fossil fuel and recoverable fissionable uranium

resources. To ulilize the energy potentially availabie in the fertile isotopes JL'Th and - ' T and

reserve fossil fuel resources as a supply of feedstock chemicals, the Energy Research and Develop-

ment Administration's (Krdn's) development of breeder reactors is being accelerated. Breeder

reactors use the neutrons produced by fission to convert fertile isotopes to fissionable isotopes.

Kerlile isotopes comprise the majority of recoverable actinid:- resources, and because breeder

reactors produce more fissionable fuel than thev "burn", such fertile isotopes represent an exten-

sive energy supply.

The two major breeder cycles are -'-' Th - •MH1 and "Ms I" • -MilPu cycles. Breeder reactors

utilizing fertile -''"Th and fissionable - u l ' include the High Temperature (ias-cooled Reactor

< HTCH) and the Molten Salt Breeder Reactor I MSBRt. The principle reactor utilizing t he -:w I' -

-"Vu breeding cycle is she Liquid Metal cooled Fast Breeder Reactor <I,MKBRl. which utilizes a

mixed uraniuin-piutoniiim oxide fuel.

Breeder reactors use extremely energetic neutron fluxes to convert fertile to fissionable

isotopes. The high temperatures associated with such energetic fluxes require high-melting,

slable fuels for the reactor core. I'mnium-plutonuim oxide has been chosen as the prime can-

didate fuel for the LMKBR because it is a high-melting ceramic material and a large body of

knowledge exists about its ceramic properties.

An important characteristic of uranium-plutonium oxide is the extensive defect structure

whk-h readily occurs within its crystal lattice. A measure of the defect concentration is the devia-

tion of the oxide stoichiometry or oxygen-to-metal atom ratio (O/M) from 2.000. For the mixed

uranium-plutonium oxide fuel of the LMFBR, the O/M ratio can vary widely around the nominal

value.' The O/M is of concern because the defect structure which it measures affects many im-

portant fuel operating parameters including thermal conductivity," melting point.' heat rating.4

migration of fission products, and cladding-fuel interactions.'' The oxygen partial pressure (Po •_>)



and oxygen potential (-iGoa ) of the fuel both measure the oxidizing character oft lit' fuel and are

both directly related to the defect concentration, temperature, and to a lessor extent impurity

content of the fuel. Co/relation of 0/M and oxygen potential allows theoretical interpretation of

the fuel defect structures.

Analytical methods developed to determine either 0/M or oxygen potential of uratmim-

plutonium oxide are usually correlated by measurements on standard materials or t hrough use of

standard conditions. Development of 0/M and oxygen potential measurements and standards for

UOv . PuOj . and (U,Pu)O •> are briefly surveyed.

Measurement of O/M and Oxygen Potential of Uranium Oxide

Uranium oxide displays several stable phases between UO2 and I'.-iO* , and a hypo-

stoichiotnetric UO->.X phase (x<0.3) stable at temperatures over 1200°C.b Each phase is capable

of significant departure from nominal stoichiometry without phase change. Essentially every

procedure for determination of O/M in uranium.oxide is based upon some measurement of t.he ex-

tent of departure of the oxide from either UO2 orlI;iOs.

Florence' has prr vided an excellent review of the methods of determining O/M and M\o-> of

uranium oxide, classifying the methods generally as wet chemical or dry methods. The wet

chemical methods generally involve measurement of excess U(VII in the U(IV) matrix by use of

ptilarography.8 controlled potential coulometry,9 or titrimetrie methods10 following dissolution

in a non-oxidizing acid. In principle such methods are absolute as the l'(VI) measured is a direct

measure of the oxygen in excess of UOo. However, extreme caution must be used to prevent air

oxidation of the sample either before or after dissolution. The wet chemical methods do not re-

quire an O/M standard although appropriate uranium standards are employed to assure the ac-

curacy of the V measurements.

Dry measurements include thermogravimetric, gas equilibration, electrochemical, and
i

metallurgical techniques. In the thermogravunetric techniques the uranium oxide is oxidized or

reduced to a known 0/M, and the weight change between initial and final states is used to
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calculate O/M. The classical thermogravimetric determination of O/M for uranium oxide is igni-

tion to V-.i OH . "•"' However, the product of ignition shows variable O/M influenced by factors

such as history of the oxide" and moisture levels.1- Brouns and Mills showed that even pure

metal used as a starting material attained an O/M of 2.WJ7 with a reproducibility of only ±0.005

on ignition in air at I0O0°C.u O/M has also been determined by reduction of a

hypersloichiometric oxide to UOjoo and either gravimetrically measuring the weight change of

the oxidt'1 '-1H or gravimetrically or gasometrically measuring the H2O 1!l or CO •> IU"22 evolved in

the reduction. The reducing agents used are H;>.' '"ly CO.'|1H--1'-'-- o r C-! at temperatures from

HOOT to 1000T. Each of these different sets of reduct ant sand temperatures is claimed to reduce

the O/M to 2.00 exactly.

Other methods used to determine O/M are direct measurement of the oxygen content of the ox-

ide by inert gas fusion2'''"4 or reaction with BrF;i to liberate the oxygen,2" Both methods suffer

from insufficient precision for use in accurate O/M determinations.

Several studies of the oxygen potential of uranium oxide using high-temperature elec-

trochemical cells have been reported. 2(>''2 These cells employ a solid-state electrolyte responsive

to oxygen partial pressure or oxygen potential of the oxide in contact with the electrolyte. The

studies attempt to relate the oxygen potential of the uranium oxide to the O/M as a function of

temperature. In one study.29 uranium oxides with large departures from stoichiometry were

prepared by mixing and annealing "stoiehiometrie" UOj and UiiOs, without analytical

verification of starting material stoichiometry. In several studies2<>i-'"'°-:v- the O/M is referred to

nominal VQ> prepared by CO or H> reduction at 800 to 850°C. In only one study-* is the O/M

referred to a wet chemical determination of the stoichiometry.

Several other methods suggested for determination of O/M of uranium oxide are spec-

trophotometry of the solid uranium oxide.3''-''4 magnetic susceptability measurements,:'r'

electrical conductivity measurements,''B and neutron diffraction studies. '''

Several studies of the oxygen potential of uranium oxide have been made using gas equilibra-

tion techniques with concurrent or subsequent determination of equilibrated O/M values.:W1:1



Similar studies have also been made using X-ray crystallographic. met allographs, and mass

specirometric methods to determine the oxide phase composition. 44'4'r'

Many studies of the O/M or oxygen potential of uranium oxide have used as a reference point

the composition of the oxide in equilibrium with a 10:1 CO/CO:; gas mixture at 800 to

8fn)°C.17J9'-0-"' 26.27.30.:i8.:i9.42.4:t T h e b a s k . a s s u m p , i o n j s ,hat these conditions have been shown

to produce an O/M of exactly 2.000. Drummond and Sinclair1' stated the circumstances which

led to use of a 10:1 CO/COj gas mixture as a reference condition, "workers...proposed the es-

tablishment of a reference point close to the stoichiometric composition by reduction...under

defined conditions of temperature and atmosphere. Reduction...in a CO/CO•_> mixture at HOOT

was suggested. All oxygen-to-metal ratios calculated from this reference point would have the cor-

rect relative order and be close to the absolute value." Drummond and Sinclair found, however,

that reduction in H2 at temperatures as high as 1150 T was necessary to produce l'() HUM from

hyperstoichiometric uranium dioxide prepared from high purity II metal. The O/M >̂f uranium

oxide equilibrated with 10:1 CO/CO2 at 800 to 850T (an oxygen potential of-100 kcal/mol)has

not been established.

Measurement of O/M and Oxygen Potential of Plutonium Oxide

Plutonium dioxide is single phase over the O/M range 1.61 to 2.00 above 600T.46 For the

analysis of O/M of hypostoichiometric PuO2 the classical procedure is ignition to PuOj at 1050 to

1100°C in air.4' Despite an extensive study of ignition of various plutonium compounds which

showed that ignition in air at 1250T frequently produced hyperstoichiometric oxides,48 one

laboratory persists with ignition in air at 850°C.49

Several methods developed for analysis of O/M in UO •> or (U,Pu)O 2 have been adopted for

PuOi.18-20-24-50'51 The methods involve oxidation in air and reduction at 1000°C in H2,18 direct

equilibration with a H2O/H2 atmosphere at 850°C,50 direct measurement of the oxygen content

of the oxide,24'51 and oxidation of the oxide with a controlled excess of O2 with calculation of O/M

from the CO2 produced by a subsequent CO reduction.20



Oxygen potential of plutonium dioxide has been measured by solid-state electrochemical

cells1''2""4 and gas tensimetric and mass spectrometric techniques. •>1'')H In these measurements

the O/M's were referred either to equilibration in 10:1 CO/CO _r"">2"0'' c- to an oxidation to a

nominal O/M of 2.00 in air.••"'•i*.nH The O/»vI produced by either reference state is not well defined.

Measurement of O/M and Oxygen Potential of Solid Solution Uranium-Plutonium Oxides

The solid solution of uranium-plutonium oxide, abbreviated MO2. displays an O/M ranging

from extremely lypo- to extremely hyperstoichiometric. depending on the percent plutonium in

the oxide. Measurements of O/M or AGo^ for MO^ are referred to conditions believed to produce

stoichiometric dioxide. Methods of O/M measurement in MOj have been reviewed by Lyon.'>!)

Dahlby et.al..1H McGowan et.al.,60 and Gurumurthy.61 Only one wet chemical method has been

proposed to determine O/M in MO^.fi" In this method, the sample is partially dissolved in non-

oxidizing H3PO4 and the U(Vll. total U, Pu(IV>, and total Pu are determined by controlled

potential coulometrv. The O/M is calculated from the average valence departure from +4. The

method is extremely sensitive to air oxidation, and since only partial dissolution of the sample is

achieved only true solid-solution samples may be analyzed. A gravimetric study of air oxidation

of MOL> to :i mixture of Hi O* and PuO2 has been reported.bl! Oxidation at 7">0oC produced a

product of varying composition unless Pu content was <10'<.

Many thermogravimetric procedures have been developed to determine O/M of MO •>, all using

conditions claimed to produce a stoichiometric dioxide. l'-1's--tl-~--4!i-:>(l->9(>-<-(lf' The gas

compositions and temperatures claimed to produce MOmou include: 10:1 CO/CO L> at 800 to

900oC.av22.-i9 c<)ntr(,Hed HJ/HJO at 800°C:3" reduction in H2at 800°C.5iM;5 85O°C.(i7 900°C.lis

100()°C,18 11SO°C.17 and 1200°C:(ifi and reduction in CO at 80()°C.(i5 Drummond and Sinclair.'"

Dahlby et.al..18 McNiely and Chikalla.'1" and Metz et.al.fi4 used mixtures of 110 •> and PuO-

prepared from the respective metals as references. Maurice and Bujis49 referred their studies to

uranium oxide for which O/M was determined chemically, and plutonium oxide for which O/M

was determined by air oxidation. MacDougall et.al.-:4 reported the determination of O/M in MO_.

by carbon reduction of the oxide and titrimetric determination of uranium and plutoniuni.



Several studies of the oxygen potential of MO2 as a function of O/M and temperature have been

reported.52'69"'2 Oxygen responsive, solid-state electrochemical cells,5"1'1 gas equilibration

techniques,69''0 and an electron microprobe technique72 have been iised to determine oxygen

potential. Two reviews of the AG02 data are also available,46''4 as well as discussions of the effects

of the oxygen potential on reactor fuel characteristics. !)2i7'! With the exception of a

thermodynamic phase-structure study referred to metallographie data,59 all studies of AG02

versus 0/M are referred to an assumed O/M of 2.000. Conditions used to produce the reference

O/M include: equilibration with 10:1 CO/COj at 8OO°C52 and at 850°C7"'71 and equilibration to

an H2/Hz0 gas ratio setting AG02 to -100 kcal/mol at 800cC.'i9 The electron microprobe study

by Johnson et.al.'~ measured the fission product molybdenum in a MOj fuel pellet following

irradiation, and calculated AG02 from the ratio of Mo as metallic inclusions to Mo oxides in the

matrix. The calculated oxygen potential gradient is extremely dependent on the temperature

orofile assumed for the pellet cross section.

Two continuing studies of the thermodynamics of mixed oxide fuels and the thermodynamic

effects on reactor fuel properties are being performed at the Argonne National Laboratory ' ' and

the Vallecitos Nuclear Center of the General Electric Company.'''

In an effort to clarify the differences in the product O/M produced by three different ther-

mogravimetric methods, Urie et.al." comparatively studied the three methods. They include:

oxidation in air at 1000°C, reduction in He-6'r H2 at 1000°C for six hours; equilibration with a

-100 kcal/mol oxygen potential atmosphere at 800°C; and oxidation in air at 75()°C, reduction in

He-6' / H;> to constant weight at 750°C. When the three methods were simultaneously applied to a

large batch of sintered mixed oxide pellets, the O/M's determined for the pellets by the three

methods agreed to within a difference in O/M of ±0.003. Dahlby et.al.18 found, however, thai

application of the three conditions to blended UO2 and PuO •> powders gave differences in product

O/M's of ±0.016. These results suggest that the only presently available standard for MO* . a

mixture of UO2 and PuO2 prepared from the respective highly pure metals, reacts differently in

O/M determinations than solid-solution mixed oxide.



Summary

Although the relation of oxygen potential toO/M has been extensively studied for I TC>2, i'ulh. an< '

M(V>; none of these studies has definitively determined the oxygen potential if these oxides at a

measured 0/M of 2.001). The validity of use of mixed UO-j and Pu()L>as a standard for solid

solution mixed oxide has also not been shown. The purpose of this research i.\ to prepare a solid

solution MO2 standard for O/M determinations, to determine the oxygen poteiiial at O/M = 2.000

for r(>2. PuC>2, and MO2; and provide baseline data for interpretation of previous studies.

A commercial themobalance has been modified to allow use of plutonium. a gas manifold has

been constructed to precisely control gaseous oxygen potentials within the thermobalance. a

solid-state oxygen electrode has been designed to measure gaseous oxygen potentials in the ther-

mobalance. and UOv, PuO2. and MO2 O/M standards have been prepared from highly pure I' and

I'u metals. The oxygen potentials of the three oxides at and near stoichiometr.' have been cor-

related to the conditions in reported O/M determination methods to define the espective oxide

product stoichiometries.



THEORETICAL

Thermodynamics of Chemical Reactions

The free energy of a system, G, is given by the equation: G= H-TS; where G is the Gibb's free

energy H is the enthalpy. S the entropy, and T the absolute temperature of the svstem. Since the

change in free energy, or AG, is the measure of the driving force for a chemical reaction, a system

at equilibrium has AG=0.

The partial molar free energy of a constituent of a system is a measure of the energy change of

the system when one mole of the constituent is added to such a large quantity of the system that

the composition, temperature, and pressure of the system remain unchanged. For the "i"th com-

ponent of a system, the partial molar free energy is (()G/{)ni)T.i\n= Gin The partial molar free

energy is the same as the chemical potential, m.

The free energy of an ideal system composed of n components is a function of the chemical

potential and mo'.e fraction, ni, of each component:

(J = v n + |J n + \i n + ••• + \i.u. • (I)
1 1 2 2 3 3 1 1

For an open system at constant temperature and pressure the free energy change of the system,

dG. is given by:

dG = \i Un + v dn + y dn + • • • + y . d n . . f2)
1 1 2 2 3 3 1 1

and at equilibrium

dC = <; = I yt.dn.. (3)

this latter relation can be shown to be equivalent to

dG = u a z dy.n. CO

which is another form of the Gibbs-Duhem relationship.



In a chemical reaction:

aA + hB X cC + cilJ (5)

the free energy change is given by the difference between the total free energy of the final state

and the total free energy of the initial state,

dC = (cu c + iiyu) - (apA + LUC) . (Q

The chemical potential, m , ofthe"i"th constituent ofa mixture is given by.

ut = y° + !'T m a. (7)

where n\° is the chemical potential at a chosen standard slate of unit activity and a i is the activity

of the **i**th component in the mixture. For reaction (5) at equilibrium

JG = (cy* + d u p - (ap» + by") + RT in [ ( a ( . ) c C a n ) d / ( n A ) a ( a r ) b ] (R)

lei.

AG° = (cu° + JM") - (ap* + bp ' ) (9)

and r?cdgni/.e at equilibrium the activities ol' A. B. C. and I) are constant,

therefore:

k = L ( a c ) C ( a u ) t l / ( a A ) a ( a B ) 1 ' ] . (10)

Since the reaction is at equilibrium dfi = 0. and

dG = AC" + RT In K. (11)

AC," = -!'.T In K • (12)



Oxide Defect Structures

The nonstoichiometry of VO>. PuOL.. and (ll.Pu)O.. are indicative of delect structures within

nominally perfect crystal structures. The treatment of such defects used by Kofstad "' using the

not at ion of Kroner and Vink<!) will he considered.

The perfect MO^ crystal (M= 11. Pu, or solid-solution I'+Pu) contains metal ions and oxide

ions occupying normal metal and oxygen sites within the crystal. A metal ion occupying a normal

metal site is indicated by MM, where M is the symbol for the ion or defect and the subscript

represents t he site within the crystal lattice. Thus, an oxide ion occupying a normal oxygen site is

designated by O<>. Valence charges of the ions are designated by symbols denoting departure from

the valence charge within the perfect crystal- A valence ilelect which is negative compared to the

perfect crystal is denoted by a "prime"(N. a defect positive compared to the perfect crystal is

denoted by a "dot" (' I. and non-departure from the perfect crystal charge is demited by a

superscript "x" <">. A metal ion on a metal site, which is negative compared to the normal site

charge, is denoted M\j . an example would be a P u + f ion on a normal Pu + I site in Pu() •>.„•

Similarly, a I"*"'1 inn on a normal V + 'site would he designated M M " . In addition to normal sites

and ions there are vacancies which can occur on a normal site (Vi and ihere are interstitial sites

i,). A non-exhaustive list of defects which can appear in an MO j crystal, ignoring impurities and

valenc defects, include: MM . a metal ion cm a melal site; On. an oxide ion on an oxvgen site; V \\

a vacancy at a metal site; \1,. a metal ion on an interstitial site: V,,. a vacancy at an oxygen site:

and O;. an interstitial oxide ion. Besides the electron I valence I defects which occur at crystal

defects, intrinsic defects occur by ionization of valence electrons to (he conduction band leaving

an electron hole in the valence hand and denoted res|x.>clively hy n and p.

In oxidation of I'O-.. to UO..,». it is generally agreed that the ftreibininaling resultant delect is

interstitial oxygen urns (O,"I.:WI11 The relationship of oxygen intent it ials lo Poz, the oxygen

partial pressure, nuiy Iw derived from mass action considerations as follows.

10
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The mass action relations for equations (13) to (15) are written as follows:

r o 2
1 / 2 = [ 0 * ] / P o 2

1 / 2 (13a)

(14a)

! ) [ p ] / [ O ] (15a)

Assumingelectroneutrality, that |0 i ' | » |0 i | , and therefore, 2|0Y| = |p | . Equations (13a). (14a).

(l'>a). and the latter relationship lead to:

10! •] = (K, K K / 4 ) 1 / 3 P o 2
w 6 (16)

Thus the concentration of fully ionized oxygen interstitials. Of, is proportional to P<> >Uii UO'i

is the predominant defect in UO-.'+x. A plot of log x for UCK+x versus log Poj should have a slope of

+ l/(> in the region where fully ioniiLed oxygen interstitials p-.edominate. Similar sets of equations

can be solved for all other crystal delects if each is independently assumed to predominate, and

relations to Po2 developed for each. Tallan et.al.'9 have performed computer solutions of

equations similar to the ahove taking into account all possible crystal delects and also the effect

of one major impurity. When relationships of the MO., defect concentrations to Po^have been

determined, reference to the table will provide the neutrality relation of the predominating

defect. Analysis of the possible neutrality conditions (several may have the same Poj

dependence), and knowledge of other crystal behaviour will allow prediction of the predominant

crvstal defect structure.

II



Kofstad has also considered the case of an M0L> which predominantlv has oxygen interstiiiuls

at high oxygen pressures and oxygen vacancies at low oxygen pressures. Two conditions are con-

sidered at stoichiometry: intrinsic ionization predominates or internal disorder predominates.

The relationships developed forx in MOi t s are:

[V;*] n2 Po 2
1 ' 2 = Kv ( 1 7 a )

[OJ'j p* Pcf1 '2 = K. ( ! v b 3

a I' = Kb (18a)

to?'] [v»j = K f ( 1 8 b )

For large oxygen deficit or excess, the relationships are respectively,

[V;*J = -x = (K v /4 )" 1 / 3 1\T1/6 (19)

[0!1] = +x = CI^/4) 1 ' 3 Po.,1 '6 (20)

At stoichiometry, with intrinsic ionization predominating, p = n, and both are independent oflV

and

[VQ'J = -x = (KyK,) P o / 1 ' 2 (21)

[0!'] = +x = (K./kb) Po2
1/2 (22)

Ai stoichiometry. with internal disorder predominating, | V'o'' | = |()VJand both ar • independent

ot lJ«)j. n « Puj "1 / l and p « Poo + I/1 respectively.

The two possible extreme results Cor these two oases are presented schematically in Figs. I and

2. which arc plots of log x versus log Po^. For predominant intrinsic ioni/.ation (Fig 1). the

stoichiometric composition is seen to be at the midpoint of a curve proportional to Po •_."-. For

predominant internal disorder (Fig 2), the stoichiometric composition occurs at the midpoint oi a

curve independent of Po2. For measuring O/M as a function of Poj this latter case is more

desireable, for in this case a very sharp change in the Vu> will occur at stoichiometry.

12
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Solid-State Oxygen Electrochemical Cells

When doped with lower valence oxides, some high temperature oxides develop extensive ox-

ygen ion defects within their crystal structures. Zirconium oxide stabilized with calcium oxide

and thorium oxide doped with yttrium oxide are two such "oxygen-defective" oxides. The large

concentration of oxygen vacancies in either oxide allows ionic conduction through the oxide lat-

tice by jumping of oxide ions from vacancy to vacancy. A tube of such an oxide exposed to

different oxygen partial pressures on the exterior and the interior surfaces develops an oxygen ion

gradient through the lattice as each surface equilibrates to the oxygen poiential it experiences.

The i'Jl3developed by the oxygen gradient is a measure of the difference between the oxygen

potentials at the two surfaces, viz:

E = [(£Go£ - AGo°) - (AGo^1 - AG"o°)]/4I , (23)

E is the measured SM?between cell interior and exterior, AGo'2 and AGo'i are respectively the

partial molar free energies of oxygen at the tube interior and exterior, and AG02 is the standard

molar free energy of oxygen. Because, AG02 = RT In Poland AGo'i = RT In Po'j, the £tf Jalso

relates the oxygen pressure between interior and exterior,

E = (RT/4P) In ( P o ' / P o ^ ' ) . (24)

Use of a reference with a known oxygen pressure at one side of the cell, allows determination of

the Po2 of a gas or solid at the other cell surface. Such cells constitute the oxygen responsive

electrodes used to measure AG02 for UO2, P11O2, and (U,Pu)O .discussed in the introduction.

The preceeding relation of cell E to AGo2 and Po2 assumes that the sole electrolyte transport ing

charge was oxygen ions. In all cases, however, electrons and holes in the crystal are available to

transport charge also. If the charge transported by either electrons or holes becomes significant

the cell <f,,l/7is partially short circuited. Patterson81 and Hardaway et.al.82 have determined the

electrolytic conduction regions for the two electrolyte systems CaO-ZrO •<, (CSZ), and Y >O i-ThOi,

(YI)T). These regions are defined as those conditions of T and Po^for which the ionic transport

14



number. t,,,,, .>99'<. Use of either electrolyte outside the electrolyt'c domains shown in Fig :i. will

cause a non-Nernstian t'JtJU) develop due to the electronic or hole conduction. As shown in Fig M

the YDT electrolyte is usable at higher temperatures and lower oxygen potentials than the CSZ

electrolyte. Cnfortunately. YDT is not usable with an air oxygen reference while CSZ is.

1200 1000 800
1300 1100 900

o

I IT

CSZ

6 7 8 9 10 II 12 13 14 15

Figure 3.
Electrolytic conduction domains for YDT and CS2
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Control of Gaseous Oxygen Potential

Experimentally the gaseous oxygen potential is determined by the rotio of water vapor to

hydrogen gas. For the reaction:

ll2 + 1/2 02 $ H20 (25)

an equilibrium constant may be determined.

Solving for P(w:

P° , = (p. n ) 2 / (P , , )2K2 (27)
2 2

Because K is a function only of temperature, the oxygen pressure is uniquely determined at

constant temperature by the ratio H2O/H2. The equilibrium constant for this reaction has been

determined by Wagman et.al.8- from room temperature to 1500°K. The very low oxygen pressure

determined by a given H2O/H2 ratio (2x10"'' atmospheres for a H2O/H2 ratio of I0~;!) allows

direct calculation of P02 without correction for the negligible amount of H2O which dissociates to

form the O*. Any Oj or other impurities present in the gas will be buffered by the H >O and H^

gases as long as the impurity level is small compared to those two gases.

16



EXPERIMENTAL

Apparatus, standards, and procedures have been developed to measure the 0/M of UO4,

and (U.PuiOj equilibrated with gases of known oxygen potential.

Apparatus

The apparatus used for the study of oxygen potential of oxides of varying 0/M and temperatures

consists of the thermobalance, the controiled-atmosphere generation system, and the oxygen

potential measurement system. The thermobalance measures sample weight, measures and con-

trols sample temperature, and records data in both analog and computer-reducible digital for-

mats. The controiled-atmosphere system produces oxygen partial pressures spanning fourteen

orders of magnitude. The oxygen potential measurement system independently measures the ox-

ygen potentials of the atmospheres generated.

/. Thermobalance

The thermobalance system consists of a Mettler Recording Vacuum Thermoanalyzer attached

to an alpha containment glove-box and interfaced to a digital data logging system (Fig. 4). Tlv

Mettler thermoanalyzer is composed of an electronic readout balance and control panel, a 16()()°C

furnace, temperature measurement and control panel, high vacuum system, vacuum measure-

ment panel, six-channel multi-point recorder, power supply, and associated interconnections.

The balance is a rugged, eiectromagnetically compensated, substitution balance housed in a

vacuum-tight stainless steel tank thermostatted at 25°C. Balance capacity is 16 grams, readabili-

ty is ±5 jug.yielding a sensitivity at maximum load of 3 x 106. Vibrations, repeatability of release

point, and other effects, however, reduce the precision to ~20 ^g (si). The sample is weighed

above the balance, supported on the thermocouple stick which also measures sample

temperature. A set of mechanical compensation weights from 0.01 to 15 g are switched by vacuum

tight controls, allowing mechanical weight changes under operating conditions.

The electronic output from the balance is amplified by the weight control panel which sends a 0

17



Figure 4.
Thermabalance for 0/M measurements on uranium-plutonium oxides.
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to 10 mv and a 0 to 100 mv signal to the multi-point recorder. The latter signal is automatically

compensated by a precision voltage source so that both signals remain within the 10 mv recorder

range. Three amplification ranges allow Cull scale output on the " lx" signal of 10 mg, 100 mg, and

1 g. An electronic tare allows uncalibrated adjustment of the weight signal.

The furnace which uses "Super-Kanthal" elements has a maximum temperature rating of

lfi()0oC. Temperature is measured by a Pt/Pt-10'VRh thermocouple in contact with the sample

crucible, and referred to a cold junction at 25°C. The thermocouple output is compared to a set

point potential by the furnace controller. Temperature control is fully proportional and the con-

troller has ten linear heating rates between 100°C/min and 0.5°C/min as well as controlled

isothermal heating. The thermocouple signal is also fed to the multi-point recorder through an

automatic 10 mv bucking potential which keeps the thermocouple signal on scale. The ther-

mobalance furnace tube is AI2O3 as are all other components exposed to high temperature.

The vacuum system consists of a mechanical pump, two diffusion pumps, and a cold trap. The

mechanical pump, which evacuates through the balance tank, is used to rapidly change the

system atmosphere by evacuation and backfill. A differential manometer and a thermocouple

gauge measure the system vacuum. A constant temperature bath provides the thermostatted

25°C water for circulation through the balance tank jacket and also maintains the thermocouple

cold junction at 25°C. An immersion-type refrigerated coil provides the cooling to maintain the

thermostat at 25°C.

The Mettler reactive gas inlet system is installed on the balance which allows direct introduc-

tion of the HoO and H2 gases to the sample. A stainless steel line enters the side of the sample

chamber and carries the gases up an AI2O3 tube and vents them above the sample. The

configuration inside the furnace tube is shown in Fig. 5. An Al/):)gas deflector on the end of the

reactive gas inlet tube diverts the gas flow directly into the sample crucible. The inner flow tube

extending from the balance to just below the sample crucible, vents the Ar balance tank purge gas

and prevents the reactive gas from entering the balance tank.

The six-channel multi-point recorder records the analog signals from all the thermobalance

data-producing components. The source-signal stepping switch has been modified by addition of
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Gas flow deflector

Figure 5.
Thermobafance reactive /{as inlet system.
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an exir.i switch plsiie and .-eiifinc Mviu-hi'* to provide source •.multiim and Iitning signal* lor Ihe

digital "Jjitn logging »vrf««. '!'!«• in««iitiriiitf»i» d<> n>d nfffci I he ai»»|t»« »igmil fw'nliiitf. '!'!»••

digital daia logging -v-u-ru employ* a Hewlett Packard :S|«tK autnritnpng digital voltmeter (••

convert analog voltage* id« IK'!)Mgniil fwl ihr«tij!haliitvk-tt I'acknrdir»T'»AbidiriTiMmnt eni«r-

tMf in it ttt**<ltfiv«i ASK-.t:5iclfiyjH'."Yha U-li'lV|H- printstitt*d;tt« ami punriu^si pajx-rI;S|K>wlixh

i* Milisttjui'itlly imnx-j^wl t»y an "H-HIH- oMitinilcr. Tin*

n-ti'^'inj; cyctf. T» t'liiuuiuJo nntHH«-.'.>iiry a'tlutidttncy <•

|I;.|HT !n|K' jitiiuiiwi. a itmiitg inifrvtil U>ard all»n> « iiiniimu>ti»ly varitihU' linw delsty up i>> •»•

hiiiir* hcuvt'cit f.-irh digital <ia!ti rtT«fd.

Tin'cli'<-tr«»ir f;ick. -hinvn in Fij:. 1.1"litam*liti' Mtidrrrntitrtit |MIU>I>. undii-p>iint n<"r<itr.

I hi- diuiinl voltmeter. liidircctinUid inJ«Tl;Hf. nitd dtyiUil dt'lny t inter, tt i» in«iintcd <m uhccU ami

riinntrlt'd i» tlu- tluTii)nt>al;MHT by n 'A-m umbiliral o>rd. which atl«>vv> Ut-«- t!t"\ftnti;i !>ir arn-.>

!•> tlif panel and other roinpuiieni*.

|'<i (••i)i;ii)i ilu- ii-iiriivr inittiTtai." hiindlt'd in the tlH-rmoiialami*. .1 mudififd t)B-MHi giovflinx

has lit-cn attiiclu'd !•• tin1 ihenntihaliiiu'i'. MtKiillratinns to lhi> j"|i>vt"iH>x unil ilifrin»ltatame uvrc

ni-ces-iiirv to >f;d the yinvtlms to tin* ihcnnnnalmicv tint) pmvtdf KufTirivnt ftlivrt-d nirllnw mdi>-

sipate tin- furnace htai. UUIIIHT jiai-kfis seal the glovt'txK Ii««»r to the tlu-rtnohalancf sample i<>m<

IKirtnicii!. liin»a«t> flt-v^inr. iuriiiHt- siuiilf. and cold tnip. The furnacec!i>valor is aU» end»»ed in

a pit'au'd slei-ve of polvvinyl chloride t«> contain tiny nidintu-live materials which midii pvnelrate

1 he slidinj; M?al. Two 8-in st|tiiiri> atistilute nir filters in the gUivebttx inlet and exhaust provide ab-

solute air filtration at a flow rate sufficient tt> dissipate the furnace hent. A round airlock attached

to ".he side of the glovelxw conserves interior and exterior space and allows free passage <>f) he ab-

solute air filters and the furnace elements. The glovebox is sup|»»rted by the heavy steel frame in

which the thermobalance is mounted. Penetrations of the glovob:>x provide a vent inside the

lilovcboit for the thermobalance gas flow »nd vacuum pump exhaust.

2. Controlled Atmosphere Apparatus

The oxygen potential of the atmosphere at the thcrmtibalance sample crtu-ible is controlled by

mixing hydsogen gas and water va|H>r in an inert carrier gas and deiiverin;: the mixture 10 the
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sample through the reactive gas inlet. The gas iUnv and blending apparatus is shown in Figs. 6

and T. The hydrogen is added by flow mixing oi'tank gases, water vapor is produced by combina-

tion at a catalyst of H? and O.> produced by electrolysis of water.

Inert carrier and purge gases are He and Ar purified by passing through U-metal turnings at

7<MST followed by molecular sieve. The Ar purges the balance tank and the He carries the Hjand

the H-O. The H_> is added to the He either as pure gas or as premixed 1.8, 0.7, or 0.15' < blends in

He. The H;- and H-.>-He gases are purified by passing through copper wool at 750°C or Uf>O°C

followed by molecular sieve (Fig. 6). The hydrogen and impurities content of the gases prior to

purification are listed in TABLE 1.

To assure accurate control of the thermobulance oxygen potential, the gas flow rates are

carefully controlled. The He. Hj. and H_>-He gas flows are controlled by micrometer needle valves.

The He flow is measured by a conventional flowmeter and the Hj. and Hj-He gas flows are

measured by a Hastings Model DLF-1(X)X thermal mass flowmeter. The Ar balance purge flow is

controlled by the I hermobalance needle valve and flowmeter. All gas flow measuring devices were

calibrated at ambient conditions (580 torr. 25TI with a soap bubble flowmeter. The flow calibra-

tion curves are shown in Figs 8. 9. and 10.

Controlled H-_>O levels are added to the He carrier gas by electrolysis of water from IN HjS()4.

The Hi and O> produced by electrolysis are; swept past a liquid nitrogen-cooled trap which

removes residual water vapor, and are recombined at a platinized-ashestos catalyst prior to enter-

ing the thermobalance. All gas flow lines between the electrolysis cell and the thermobalance are

stainless steel and are heated to >100°C to prevent surface water sorption.

The electrolysis cell and trap (Fig. 11) are fabricated from borosilicate glass. The cell is

fabricated from a gas-washing bottle with two Pi gauze semi-circular electrodes sealed in the

base. The He carrier enters at the bottom of the solution through a coarse frit, sweeping from the

solution the Hj and O> produced. The liquid nitrogen-cooled trap is a 500-ml round bottom flask

sealed within a 1000-ml round bottom flask. The trap is insulated by polyurethane foam and is

gravity fed from a ">-j;al liquid nitrogen reservoir insulated by polyurethane and polystyrene

foams (shown on the side of the glovebox. Fig. 4) The glass neck connecting the cell and the cold
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Figure 6.
Diagram of controlled-atmosphere gas flow system.
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Figure 7.
Gas flow-control apparatus.
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Figure 10.
Calibration curves for Hastings Mass Flowmeter, hydrogen and premixed hydrogen-helium gases.
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Figure 11.
Electrolysis cell and liquid-nitrogen trap.
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trap is wound with copper wiz-e and heated by heating tape to prevent plugging by ice formation.

A 24-hr clock timer shuts off the heating tape each morning to cool the neck before liquid nitrogen

is added.

The electrolysis current is supplied by either a Keithly 2lM)-mA or a Hewlett Packard JiOD-mA

constant current power supply. The ftOO-mA supply is manually controlled, the 200-mA supply is

controlled by an external resistance network. The resistance network is programmed by a step-

ping switch and a 24-hr clock switch (shown partially in Fig. 7), allowing 24 hr control of the

current levels as required by the experiment.

•). (ixyjfen Potential Measurement Systems

Two independent systems measure the oxygen potential of the thermobalance atmosphere.

Flow of H2 and HjO into the thermohalance and moisture in the exiting gas are measured by one

system. The other system is an oxygen potential electrode which measures the oxygen potential of

the gas at the sample.

The digitally recorded output of the Hastings mass flowmeter and the electrolysis current

measured across a precision resistor are used to calculate the partial pressures of H 2 and H2O in

the He carrier gas. The moisture level of the exit gas is measured by a Panametrics Model 2000

Moisture Monitor probe inserted into the cold trap cavity of the thermohalance. The oxygen

potential at the sample is calculated from the sample temperature and the H jand H2O partial

pressures. Because the moisture monitor calibration is unstable, the moisture reading is only used

to determine when the water level of the exit gas has equilibrated to changes in the electrolysis

level.

A solid-state oxygen potential electrode was designed and fabricated for in situ measurement

of gaseous oxygen potential at the sample. The electrode is fabricated from the ThO 2-15 mol'';

Y.Q, (YDT) discussed in the THEORETICAL chapter. The design (Fig. 12) incorporates several

unique features necessitated by its use. The ceramic tube is fabricated to dimensions (6.3-mm

o.d. x 250-mm long x 1-mm wall thickness) to allow fit between the thermobalance inner-flow

tube and the furnace tube. The oxygen responsive area of the electrode is restricted to the tip,
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Figure 12.
Diagram of solid-state oxygen electrode.
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because only the tip is in an isothermal region of the thermobalance. Non-Nernstian response

may result if the oxygen responsive surface were in a thermal gradient.

The electrode was fabricated in tw« sections from YDT and pure ThOj prepared by the Los

Alamos Scientific Laboratory (LASL) ceramics fabrication group using a slip cast process.

Smir-es and purities of the ThOi and YjO;i used are listed in TABLE 2. The ends of the two tube

sectii '.s to be joined (the YDT was ~35-mm long) were ground to a common taper and were join-

ed by a paste of the same ThO^ used to prepare the tube body. Sintering at 16()()°C produced a

gas-light joint between the two sections in two of four tubes fabricated.

The t ubes were coated with a continuous Ir metal film by painting the interior and exterior sur-

faces with an iridium resinate solution (Engelhard No.A-112!i). The Ir was reduced to metal by

heating to 1MX)°C in an Ar - 8' < H> atmosphere. A tube fabricated from AljO ^thermocouple sheat h

carried the gas into the YDT tube end to ensure reduction to metal on the interior surface. When

a continuous film was formed on interior and exterior the open end of the tube was ground Hat on

Xo.JOO carborundum paper to remove Ir metai bridging the two surfaces.

A Xi - XiO oxygen potential reference mixture was prepared by blending equi-molar amounts

of Xi and Xt'O and combining on an equal weight basis with ThOj. The ThO j prevents sintering

of the Ni and the XiO. assuring a large surface area i'or setting the reference oxygen potential. The

YDT section of the electrode was packed with the Ni - NtO reference and the remainder of the

tube was packed with pure ThO 2. The base of the tube was sealed with Silastic compound and a

l't wire contact is placed in (he end. The electrode fits within a special holder at (he base of (he

thermobaiance sample area, and the potential developed is measured by the digital volt meter (in-

put impedance = !<>'- !!> and recorded digitally.

Uranium and Plutonium Standard Materials

The O/M of uranium, plutonium, and mixed uranium-plutomum oxides was determined with

reference to highly pure uranium and plutonium metals as starting materials. The two U metals

used were XBS SRM-9C0 natural V metal and a highly-pure depleted ingot U metal prepared and



TABLE 2

IMPURITIES CONTENT OF Y2O3 AND ThO2 SOUP.Cn VATfcRIALS

Determined

ThO2

Norton 900F

<0.5

<0.5

0.8

6

20

<200, est 100

80

200

Content, ug/£, As Received

Y2O3

Michigan Their:, Ke^ i?4G0

<3

<3

<3

20

3

<10

30

<10

Element

Li

Be

B

.\'a

M K

Al

Si

Ca

Sc

Ti

V <100 <1CO

Cr 20 <3

Iln <2 <3

Fe 150

Co <5

Ni <5 '10

Cu <2 <3

Zn - <10C

Pb <2 <10

Sr - <3

Nb - <100
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TABLE 2 (cont.)

Nb "

MO - < 1 0

ca

Sn
<30

Ba

<30
La

Ce

Pr

Nd -

<20
Sm

<3
£u

Cd

200
Tb

Dy

<30
Ho

<20
Tm

Yb

<100
Lu

<10
Bi

<300
Tn
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characterized at LASL. The Pu metal was NBS SRM-949 Pu metal which is also prepared and

characterized at LASL for the NBS. Impurity contents of the LASL-prepared metals were deter-

mined by emmission spectrographic, radiochemical. and chemical analyses. Impurity content in-

formation for NBS SRM-960 was obtained from the National Bureau of Standards.hl Impurity

data for the three metals are listed in TABLES 3, 4, and 5.

The V0> and PuOj standards were prepared by direct oxidation of the metals in the

thermobalance. The U metals were cleaned by filing with a new file surface or were chemically

polished in ~8M HNOu followed by distilled water and acetone rinses. The Pu metal is received

as .r>0()-mg chunks sealed in an inert atmosphere and was used as received. After the metals were

weighed into the thermobalance (see Procedure), they were heated to 2M°C in an atmosphere of

He saturated with H^O. The oxide produced by this low temperature oxidation was a compact

oxide scale with a very large surface area which should allow rapid equilibration of the oxide with

She gas atmosphere.

The solid solution mixed oxide standard was to be prepared by melting together weighed por-

tions of II and Pu in the thermobalance to form a I'-Pu alloy. The melting is performed in the He

carrier gas with the flow diverteJ around the electrolysis cell and trap. The alloy is then oxidized

in the thermobalance to solid-solution oxide. Pu melts near <iOO°C. U melts near l'200°(\ and the

•\:\ I'-Pu alloy melts at 1000oC.8r> The initial attempt to form the alloy by melting the metals in

the AL.Oi crucible at 1300°C for 72 hr resulted in dissolution of the crucible (see RESULTS).

Subsequent efforts to melt the metals together involved use of MgO and Y20 scups placed within

the AlL>O.i crucible, by heating initially to 1200°C then holding several hours at 10r>()°C.

Oxidation of the alloy and measurements of the 0/M were performed with the additional cup pre-

sent.

Procedure

The basic experimental procedure involves weighing a metal into the thermobalance, conver-

ting it to oxide, weighing the oxide equilibrated with a series of determined gaseous oxygen poten-

tials, and calculating the 0/M for each equilibrated oxide weight. The O/M calculation includes

corrections for buoyancy effects, impurity effects, and thermobalance drift.
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TABLE 5

URANIUM AND IMPUNITY CONTENTS OF NBS SRf'-y<>0

Impurity Element Content (un/fi U)

Fc 42

Al 20

Ba <1O

C 11

•Ig 9

Si 13

Si 28

V 4

Sun of Measured Impurities = 137 ug/g U

NBS Certified Uranium Content = 99.975 ± 0.017 wt%

Sum of Impurities Calculateu from Material Balance = 250 ug/g U

Difference Between Measured and Calculated Impurities =113 ug/g
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TABLE 4

UKANIUM AND IMPURITY CONTENTS OF LOT UR-1261 U .METAL

Impurity Element

MS

Al

Si

Ca

Cr

Mn

Fe

Ni

Cu

Ag

Pb

C

N

Sum of Measured Impurities = 238 ug/g U

Content (ug/fl U)

30

5

10

S

2

5

15

20

4

2

120

20

Uranium Content Calculated from Material Balance = 99.9762 wt p.



TABLE 5

PLUTONIUM AND IMPURITY CONTENTS OF NBS SRM-949 (LOT 7)

Impurity Element Content (up/g Pu)

Ni 3

Cr 2

Fc 2

Ta 10

Th 1

Np 12

C 10

H 10

0 10

Cl 5

F 0.5

Ua 5

Amb 7.8

Sum of rieasured Impurities = 76.3 yg/g Pu

Calculated 2"1Am added by decay of 2<tlPu = 61.6 yg/g Pu

Calculated U added by decay of 239Pu and 21*°Pu = 117.9 ug/g Pu

Calculated Sum of Impurities = 255.8 ug/p Pu

Plutonium Content Calculated0 from Material Balance = 99.9744 w

aDate of analysis 2/7/73, 21tlAm is produced at ^ 28.5 ppm/yr.

Date of analysis 3/14/73, U is produced at ^ 54.6 ppm/yr.

Plutonium content of this lot has not yet been certified.
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The AlaO:i sample crucible was cleaned in 8M HNOs and heated to 1300°C in vacuum before a

metal sample was loaded. The tare weight of the crucible is obtained after backfilling with Ar at

25°C.in Ar flowing at 27 cm'/min. The metal is added to the balance, the balance is evacuated

and backfilled with Ar, and the metal is weighed under the same conditions as the crucible tare.

The metal is heated to 250°C in He saturated with HjO obtained by passing the He through the

electrolysis cell with the liquid nitrogen trap warm. The metal is held at 250°C until oxidation is

complete. The oxide is then equilibrated isothermally at 1300, 1200. 1100. 1000, 900, and 8(X)°C

with oxygen potentials determined by the H'iO-Ha-He flowing gas. Equilibration at a maximum

of six different oxygen potentials is achieved per 24 hr isothermal "run". The oxide weight is

recorded in the flowing gases at nominal total flow rate of 140 cm'Vmin. The oxide weights are

calculated with correction for buoyancy and thermal effects and thermobalance drift by com-

parison to a blank data file obtained under similar conditions with an empty A^O:! crucible.

Additional corrections are applied to convert all weights to in vacuo values calibrated against

NBS weights. The metal and oxide weights are both corrected for impurities, different corrections

are applied to the oxides than are applied to the metals to compensate chemical changes in the

impurities. The impurity corrections applied to the oxides from the three metal sources are listed

in TABLE 6.

The digital voltages recorded on paper tape are converted to scientific units using the

FORTRAN program PTAPE which is run under the Control Data Corporation time share system

KRONOS on a CDC 6600 computer. This program (see Appendix) calculates the time of day,

temperature, weight, electrolysis current, HoO partial pressure, Hj partial pressure, moisture

monitor reading, oxygen potential, and Oo partial pressure for each recorded line of data. Further

data reduction is performed by combining the oxide data file with the blank data file under con-

trol of the FORTRAN program OMDATA. The oxide weight is calculated, corrected for

impurities and buoyancy, and the O/M is calculated. The O/M ratio is calculated from the

measured oxygen content of the oxide and the theoretical oxygen content of the stoichiometric

dioxide, calculated from the initial metal weight. The output from OMDATA is plotted by a



TABLE 6

IMPURITY CORRECTIONS APPLIED TO OXIDES PREPARED FROM U AND Pu

Calculated Impurity Content (ug/g metal)
Impurity Oxidation
Element Product NBS SRM-960 U Lot UR-1261 U NBS SRM-949 Pu

Fe FeO

Al A12O3

Ba BaO

Ca CaO

Cr Cr2O3

Mn MnO2

Mg MgO

4\ii Ni

Cu Cu

Ag Ag

Si SiO2

Pb PbO

V V2O5 7

Ta Ta2O5 - - 13

Th ThO2 1

Np NpO2 - - 13

U U02 - - 139.4

Am Am2O3 - - 76.3

C CO 0 0 0

N N2 - 0 -

H H2O - - 0

0 PuO2 0

54

38

11

-

-

-

15

13

-

-

60

19

9

-

7

3

5

50

20

4

2

21

2



TABLE 6 (cont.)

Cl HOC1 0

V HF 0

Total Impurities yg/g metal 198 142 251.7

Zetaplotter to aid in interpreting equilibration data. Average O/M's at each equilibrated level

and further data reduction for defect structure interpretation are performed by desk calculator.

Usually two or more 24-hr isothermal data runs were made at each temperature. The schedule

for filling the liquid nitrogen reservoir was adjusted to allow the trap to defrost each morning

before beginning another run. Oxygen potential was changed by step changes in electrolysis level

and/or by change of the hydrogen gas source. Equilibrium was assumed after attainment of a con-

stant weight following a change in the gaseous oxygen potential. Equilibration was generally at-

tained by reduction from higher to lower O/M.

Calculations

The FORTRAN program PTAPE converts digital voltages to scientific units using several

relationships developed specifically for this study, which are briefly presented here.

/. Temperature Calculation

To convert the Pt/Pt-lOTrRh thermocouple potential to temperature a relationship was developed

relating the data of the International Practical Temperature Scale-1968 (IPTS-68)8'' calculated

for this thermocouple leferred to a 25°C cold junction.87 An equation relating temperature to

thermocouple £1/7 was developed using an iterative approximation program on a CDC 7600 com-

puter. The relation of absolute temperature to thermocouple £M3 in millivolts is

T (°K) = [ 1 - exp(-1.908 mvlt078) ] + 298.51 + 119.38 mv

- 2.573 mv2 + 0.05965 mv3 (28)

The temperatures calculated agree with the IPTS-68 to within ±0.5°K.



•2. HjO - H> • (h Equilibrium

The relationship to temperature of the equilibrium constant, K«, for water, hydrogen, and

oxygen was calculated from the data of Wagmari et.al.8'* A least squares fit of a second order

curve, yielded

loj; K = -3.037 + (13 242./T) - (144 575./T2) (21.))

where T is the absolute temperature in degrees Kelvin.

."*. Oxygen Potential from Oxygen Electrode SJH3

The oxygen potential of equi-molar Ni/NiO can be calculated from,88

&Jo2(Ni/Xi0) = -111 7o8, + 40.58(T°K) c.il/mol (30)

Combining this relationship with Eq. 23 and solving for SGo'i, the oxygen potential of the

exterior surface gives,

AGo'1 = -111 70b. + 40.58 T - 4TM- (31)

where T is the absolute temperature, E is the measured &M? in volts and F is the Faraday

equal to 96.485 Coul/mol89 or 23.060 cal/volt equiv.
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RESULTS

Apparatus

The modifications to the thermobalance. made to allow handling of rt-radioactive materials.

had no discernable effect on its operation. The gas flow deflector, added to the reactive gas inlet

system (Fig. 51, would be expected to affect the apparent weight by momentum transfer from the

gas impinging directly onto the AlL>O:i crucible. To determine the gas flow effects, the AljO:t

crucible was weighed with the deflector in place with only He carrier and Ar purge gas flowing;

He-O.T'.Hj. He-1.8'<H:>, and H:> gases were then added to the He carrier gas and the weight

recorded. The data, listed in TABLE 7. show an apparent weight increase of only 89 A<g for a How

increase of nearlv 100'/.

TABLE 7

LFFhCT OF Tilt REACTIVE GAS-CARRIER GAS FLOW RATE

ON Till- A12O3 CRLCIBLI3 WEIGHT

Reactive
Gas, Flow Ccm

None

lle-0.7%H2

Ile-1.8%H2

H2

H2

None

Vmin)

12

13

58

12

Carrier Flow*
(cmVmin)

60

60

60

60

60

60

% Flow

Increase

0

20

22

95

20

0

Weight (g)

3.148763

3.148790

3.148796

3.148852

3.148797

3.148772

Weight
Change (ug)

0

27

33

89

34

9

*Argon balance-purge flow = 26 cnVrain.
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Tests of the controlled-atmosphere apparatus and thermobalance for leaks were conducted on a

semi-routine basis. When first assembled, most of the gas How components were tested by

evacuating with a mass spectrometer leak detector while being sprayed with He. The ther-

mobalance was routinely leak tested by evacuating with the high vacuum system and comparing

the high vacuum attained with thermobalance specifications. The electrolysis cell-cold trap was

leak tested by pressurizing the isolated cell-trap with He to 0.2 afm over ;imbi;mt. isolating from

the He pressurization source for '2 hr. and repressurizing with He. A leak would l>e indicated bv

the He gas bubbling into the electrolysis solution when the cell was re-pressurized. As each tost

was performed any indicated leaks were resolved before additional data was taken.

A gas ^'hromatographic-frontal analysis effect was observed for the H L> and ()^gases produced

by the electrolysis cell. When electrolysis was initiated, a front of H ̂ -enriched gas reached the

thermohalance, followed by the expected H-.>0 level, finally followed by an 0 .--enriched peak

when electrolysis was stopped. This effect was first observed when a I'O j+x sample equilibrated

to a constant oxygen potential was to be oxidized to a higher stoichiometry by an increase in the

H>O electrolysis current. Instead of the expected oxidation, a rapid reduction occured indicative

of a rather pure Hi> component in the gas, followed by the slow oxidation expected of the higher

H,O level.

That this was indeed a frontal analysis effect was confirmed when a UO ̂ sample was exposed

to the products of the electrolysis cell with no Hj gas flowing. When electrolysis was begun the

oxide reduced sharply followed by slow oxidation as the Ĥ >0 level became constant. When

electrolysis was stopped the oxide oxidized sharply then leveled to constant weight which was in-

dicative of an overall oxidation of the sample. Repeating the experiment with the He carrier flow

rate doubled produced the same qualitative effect with the reduction and oxidation occuring

twice as rapidly.

The net effect of this phenomenon was to increase the time required to equilibrate sample-; to a

constant oxygen potential. The time for a changed electrolysis rate to produce the ch.mged H2O

level at the sample (from .5 to 1 hr) was directly added to the time required for equilibration. The
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sample also sees an initial component which is opposite to the change desired, and thus the sam-

ple is always displaced away from the desired equil ibration point, requiring more t ime i<> reach

equi l ibr ium.

Uranium Dioxide

The data lor all of the oxides were obtained by equilibrating the samples isothennally to con-

trolled oxygen potentials, a methodology based on initial non-isothermal studies on uranium ox-

ide. A uranium oxide sample was programmed lor a temperature ramp from 800°C to ]:!00T

back I o,SOOT with constant H2O/H2 ratio. Such data would allow evaluation of oxygen potentials

and O/M ratios at any desired temperature between SOOT and MOOT. The data are only useful,

however, it the sample maintains an instantaneous equilibrium with 1 he constantly changing

'•emperalure. Two curves run at iT/min and at l()T/min with a constant HJO/HJ ratio are

shown in Figs. II? and 14. Neither curve indicates the desired attainment of instantaneous

equilibrium. The lOT/min curve shows 0/M data vaiues which, while appearing to he

symmetrical with the temperature curve, changes much less than the IT/min O/M data. The

lT/min O/M data is non-symmetric with the temperature curve, again indicating non-

equilibration.

The generation of isothermal oxygen potential and O/M data for uranium and other oxides re-

quired the adoption of an operational definition of equilibrium, as it was impractical to approach

equilibrium from both an oxidized and a reduced state. The operational definition of equilibrium

comprises a set of three conditions which must be met before equilibrium is assumed. The first

requirement is that the calculated oxygen potential of the gas must be constant. Since oxygen

potential is calculated from measured H2O electrolysis and H ̂  How rates, this condition requires

both as well as sample temperature to be constant. The second condition is that the moisture

level of the gas exiting the thermobalance (as measured by the Panametrics Moisture Monitor)

must be relatively constant. This condition is subject to some leeway as a large amount of un-

heated surface is present between the sample and the moisture monitor which for large changes in
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moisture levels may delay equilibration at the moisture sensor. The third and most obvious con-

dition is that the sample weight, as reflected in the calculated O/M. must also be constant for a

significant period of time.

To aid in applying these conditions to the data generated in these studies, all of the data has

been computer processed for plotting on a Zetaplotter. The calculated oxygen potential. O/M.

and moisture monitor reading have been plotted as a function of time for each isothermal data file

produced. The plots were examined visually for regions satisfying the above three conditions, the

regions were marked and labeled, and the corresponding data were then averaged using a desk

calculator. The plots used to evaluate all of the data presented in this dissert <»t ion are included in

the appendices.

Two uranium oxide samples have been prepared from NBS SRM-9W) U metal and LASL L<>t

UR-12(>1 U metal. The isothermal data for the oxygen potential, oxygen partial pressure, and

O/M's of the two oxides are presented respectively in TABLEs S and 9. Also listed in the tables

are references to the Zetaplot produced curves used in evaluating equilibrium. The reference code

consists of two letters, two numbers, and a number and a letter. The initial letters designate the

source metal used to prepare the oxide. UN is oxide prepared from SHM Witt and I'L is oxide

prepared from LASL U metal. The twodigits are the nominal temperature at which (he data was

taken in hundreds of degrees C. ie. 08 = SOOT. The number and letter signify respectively the

particular plot (1, 2. or :l) and the plot segment (a. b. c. etc.) which is assumed to demonstrate

equilibrium

Examination of the data in TABLEs 8 and 9 shows that the values for the I'N oxide are -0.ti»2

lower in O/M ratio than for the UL oxide. The difference may be attributable to the impurity cor-

rection applied to the UN oxide. As shown in TABLE.'{. the information available for NBS SKM-

960 does not account for IK? ng/g of impurities in the metal. The data are calculated assuming

that the metal assay value assigned by the NBS is correct, and the oxide value is corrected only

for the impurities known to be present, as listed in TABLE (>. This is equivalent to assuming that

the unaccounted for impurities volatalize from the sample in the conversion from metal i<> oxide.

This assumption may be in significant error.
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TABLE 8

OXYGEN POTENTIAL, OXYGEN PARTIAL PRESSURE, AND O/M OF URANIUM OXIDE

PREPARED FROM NBS SRM-960 U METAL

(kcal/mol) Oxygen Pressure (atm) O/M Ratio Reference*

-68.5

-70.5

-73.5

-78.0

-73.0

-77.5

-62.0

-64.5

-68.5

-70.5

-72.0

-83.5

-63.0

-65.5

-66.0

-67.0

-68.0

-69.0

-72.0

3.0

1.5

5.5

1.5

1.5

3.0

1.5

5.0

1.0

5.5

3.5

4.5

1.5

5.0

4.5

3.0

2.0

1.5

4.5

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

1569°K

1O"10

10"10

1O*11

lO"11

1469°K

10" n

io-J2

1371°K

10"10

10"11

10"11

10"12

10"12

10"1*

12728K

10"11

10~12

10"12

10~12

10"12

10"l2

10" n

1296C

1196°

1098°

999°

'C

C

C

C

1

1

1

1

1

1

1

2

1

1

1

1

1

1

1

1

1,

1

1,

.9999

.9993

.9990

.9985

.9984

.9980

.9999

.0000

.9996

.9980

.9979

.9975

.9992

.9982

.9994

.9981

.9994

.9980

.9980

UN-13-la

UN-13-lb

UN-13-lc

UN-13-ld

UN-12-la

UN-12-lb

UN-ll-2a

UN-ll-2b

UN-11-2C

UN-ll-la

UN-ll-lb

UN-ll-lc

UN-10-2a

UN-10-la

UN-10-2b

UN-10-lb

UN-10-2c

UN-10-lc

UN-10-ld
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-70

-70

-72,

-75,

-80.

-80.

-74.

-75 .

-77.

-80.

.0

.5

.0

.0

.0

,0

0

0

0

0

TABLE 8-cont.

1173°K 9Q0°C

9.0 x 10"1" 1.9980 UN-09-la

7.5 x 10"1* 1.9995 UN-09-2a

4.0 x 10"l<f 1.9979 UN-09-lb

9.0 x 10"15 1.9978 UN-09-lc

1.0 x 10"15 1.9999 lJN-09-2b

1.0 x 10"ls 1.9978 UN-09-ld

1073°K 800°C

8.5 x 10"16 1.9979 UN-08-la

5.0 x 10"16 1.9982 UN-08-lb

2.0 x 10~X6 1.9981 UN-08-lc

5.0 x 10~17 1.9980 UN-08-ld

*Refer to coded data plots in the Appendices.
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TABLE 9

OXYGEN POTENTIAL, OXYGEN PARTIAL PRESSURE, AND O/M OF URANIUM OXIDE

PREPARED FROM LASL LOT UR-1261 U METAL

AGio, (kcal/mol) Oxygen Pressure (atm) O/M Ratio Reference*

-56.0

-60.5

-63.5

-65.0

-71.0

-74.0

-78.5

-84.0

-88.0

-118.0

-69.0

-70.0

-72.5

-75.0

-79.5

-89.0

-116.5

-69.0

-72.5

1569°K

1.5 x 10~8

4.0 x 10"9

1.5 x 10"9

8.5 x 10"10

1.5 x 10"10

5.0 x 10"11

1.0 x 10"11

2.0 x 10"12

5.0 x 10"13

3.5 x 10"17

1469°K

5.0 x 10"11

3.5 x 10"11

1.5 x 10"11

7.0 x 10"12

2.0 x 10"12

6.0 x 10"x*

4.0 x 10"18

1371°K

9.5 x 10"12

3.0 x 10"12

1296°C

2.0101

2.0058

2.0028

2.0023

2.0016

2.0011

2.0006

2.0001

1.9993

1.9988

1196°C

2.0006

2.0006

2.0004

2.0003

2.0001

1.9991

1.9988

1098°C

2o0003

1.9994

UL-13-2a

UL-13-2b

UL-13-3d

UL-13-3C

UL-13-la

UL-13-lb

UL-13-lc

UL-13-ld

UL-13-3b

UL-13-3a

UL-12-lc

UL-12-2a

UL-12-2b

UL-12-2c

UL-12-2d

UL-12-lb

UL-12-la

UL-ll-3b

UL-11-2C
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-74

-76

-79

-94

-117

-120

-68,

-72,

-72,

-73.

-76,

-77.

-80.

-95.

-96,

-73.

-76.

-77.

-77.

-82.

-96.

-117.

.5

.5

.0

.0

.5

.0

.5

.0

.5

.5

,0

,0

5

,0

5

5

5

0

5

0

5

0

TABLE 9-cont.

1371°K 1098°C

1.5 x 10"12

6.0 x 10"13

2.5 x 10"13

1.0 x 10"15

2.0 x 10"19

8.5 x 10"20

1272°K 999°C

2.0 x 10"12

4.5 x 10"13

3.5 x 10"13

2.5 x 10~13

8.0 x 10"1*

6.0 x 10"1"

1.5 x 10"1H

4.5 x 10"17

2.5 x 10" 1 7

1073°K 800°C

1.0 x 10"IS

2.5 x 10"16

2.0 x 10"16

1.5 x 10"16

2.0 x 10"18

2.0 x 10"20

1.5 x lO"2*

1

1

1

1

1

1

1

1

1

1

2

1

1

1

1

2

2

1

1

1

1

1,

.9998

.9995

.9995

.9989

.9996

.9991

.9995

.£993

.9999

.9993

.0002

.9994

.9995

.9995

.9989

.0024

.0019

.9994

.9996

.9994

.9994

.9994

UL-ll-la

UL-ll-lb

UL-ll-lc

UL-ll-2b

UL-ll-3a

UL-ll-2a

UL-10-2c

UL-10-2b

UL-10-lb

UL-10-2d

UL-10-lc

UL-10-2e

UL-10-2f

UL-10-la

UL-10-2a

UL-08-la

UL-08-lb

UL-08-2d

UL-08-2e

UL-08-2c

UL-08-2b

UL-08-2a

•Refer to coded data plots in the Appendices.
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The l.SOOT and 12()O°C oxygen potential data for the UL oxide are plotted in Fig. 15. li is ap-

parent from the plot and the tabulated data for both oxides thai conditions sufficient to produce

significant departure from stoichiometry were only attained at lHOOT. Also, the data indicates

that any method of analysis of O/M of VO-> involving equilibration with a controlled oxygen

potential will produce the stoiehiometric dioxide in the oxygen potential range -70 to -120

kcal/mol between 800 and 1300°C.

A log-log plot of the l.'!00°C UL oxide data shows x in UOj+s is proportional to lit)2
1'- (1 (Fig.

Kit. The uranium oxide data compilation of Kofstad (Ref. 4(5, p.'i()4( shows x in I ' O j ^ t o be

proportional to P I H " " which changes to PooI/(l as temperature and defect concentration decrease.

The defect structure close to stoichiometry is probably a variably ionized oxygen interstitial

which becomes an ordered structure incorporating both oxygen interstitial* and oxygen vacancies

at higher defect concentrations.

Plutonium Oxide

The plutonium oxide produced by from NBS SRM-949 Fu metal (lot 7) was equilibrated with

varying oxygen potentials at temperatures from 800 to K!00°C. The operational definition of

equilibrium applied to the uranium oxide was also applied to the plutonium oxide. The plots used

to evaluate equilibration are in Appendix I?, and the values of oxygen potential, oxygen partial

pressure, and 0/M are listed in TABLE 10. The oxygen potentials and O/M's are plotted in Fig.

17 for the temperature range 800 to 1300°C.

The delect concentration of plutonium oxide, as reflected by the O/M. is strongly dependent on

both oxygen potential and temperature. At i:!00°C the O/M deviates significantly from

stoichiometry even at -70 kcal/mol. The nominal reference potential of -100 kcal/mol does

produce a stoichiometric oxide at 800°C, however, significant reduction begins at that oxygen

potential between 900 and 1000°C.

These plutonium data greatly expand and complement previous studies on oxygen potential

and O/M of PuO2. however, they do not fully agree with the results of those previous studies.
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Oxygen potential of uranium oxide (UL) at 1200°C and 1300°C.
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Log

Figure 16.
Relationship of defect concentration in UOi+x to oxygen pressure at 13(){)°C.

Atlas and Schlehman56"'7 determined the Mh>-> for PIIOI.<»> to ln> --97 kcal/m<>l at i:i<>i)°C

whereas the present data indicate a much lower value of -84."> kcal/mol. Mark in i't. a l . "

measured an oxygen potential of-114.3 kcal/mol for PuOnwna! 962°f' using an electrochemical

oxygen concentration cell. The present data extrapolates to an oxygen potential near -I."Ml

kcal/mol for this 0/M at 960°C. Possible causes of these discrepancies arc the reference con-

ditions used in the previous studies. Markin et. al. referred their measurements to PuO..

equilibrated in 10:1 CO/CO;, at 85O°C (an oxygen potential of -100 kcal/mol). The present data

indicate this will produce a stoichiometric dioxide at equilibrium. Kilher equilibrium was not at -

tained or the electrode system was non-Nerastian in its response. Atlas and Schlehman deter-

mined O/M by a jjas reduction analysis, an error of ~0.(H)5 in such an analysis would account for

the discrepancy observed.
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TABLE 10

OXYGEN POTENTIAL, OXYGEN PARTIAL PRESSURE, AND O/M OF PLUTONIUM OXIDE

PREPARED FROM NBS SRM-949 Pu METAL C-OT 7)

AGo2 (kcal/mol) Oxygen Pressure (atm) O/M Ratio Reference*

-89.5

-89.5

-85.5

-85.0

-79.5

-79.5

-75.0

-72.5

-70.5

-70.5

-94.5

-90.0

-88.5

-84.0

-79.0

-74.5

-73.5

-70.5

3

3

1

1

8

8

3,

8.

1,

1.

8.

4.

7.

3.

1.

8.

1.

3.

.0 x

.5 x

.5 x

.5 x

.5 x

.0 x

.5 x

.0 x

,5 x

.5 x

5 x

0 x

0 x

0 x

5 x

5 x

0 x

0 x

1569°K

10"13

10"13

10"12

10"12

10"12

10"12

10"11

10"ll

lO"10

10"10

1469°K

10"15

10"1"

10"1-

10"»»

10"12

10 - 1 2

10" u

10" "

1296°C

1

1

1

1

1

1

1

1

1

1

1196°C

1,

1,

1.

1.

1.

1.

1.

1.

.9857

.9859

.9894

.9896

.9931

.9929

.9948

.9956

.9962

.9960

.9905

,9928

,9946

,9957

,9969

9978

9978

9982

Pu-13-2f

Pu-13-lc

Pu-13-2e

Pu-13-lb

Pu-13-ld

Pu-13-2d

Pu-13-2c

Pu-13-2b

Pu-13-la

Pu-13-2a

Pu-12-lb

Pu-12-la

Pu-12-2e

Pu-12-2d

Pu-12-2c

Pu-12-2b

Pu-12-lc

Pu-12-2a



TABLE 10-cont.

1370°K 1097°C

-115.5

-111.5

-107.5

-103.0

-99.5

-95.5

-87.0

-82.0

-74.5

-74. S

•120.5

115.S

-112.0

•109.0

• 108.5

103.0

-96.5

-95.5

3.5

1.5

7.5

3.5

1.5

5.5

1.5

8.5

1.5

1.5

2.0

1.5

5.5

2.0

2.5

2.0

2.5

4.0

X 10"19

x 10"ia

x 10"18

x 10"17

x 10"16

X 10"16

x 10"1"

X 10"1"

x 10~12

x 10"12

1273°K

X 10'21

x 10"20

x 10"20

x 10"19

x 10"19

x 10"18

x 10"17

x 10"17

1173°K

1

1

1

1

1

1

1

1

1

1

1000°C

1

1

1

1

1

1

1,

1,

900°C

.9839

.9839

.9884

.9919

.9955

.9951

.9979

.9983

.9992

.9988

.9873

.9918

.9939

.9951

.9960

.9974

.9983

.9985

Pu-ll-le

Pu-ll-ld

Pu-ll-lc

Pu-ll-lb

Pu-ll-2d

Pu-ll-la

Pu-ll-2c

Pu-ll-2b

Pu-ll-2e

Pu-ll-2a

Pu-10-ld

Pu-10-lc

Pu-10-lb

Pu-10-la

Pu-10-2d

Pu-10-2c

Pu-10-2b

Pu-10-2a

.125.0 4.5 X 10"2* 1.9953 Pu-09-2f

-123.0 1.0 x 10"23 1.9952 Pu-09-lc

-120.0 4.5 x 10"23 1.9963 Pu-09-lb

-117.5 1.5 x 10"22 1.9976 Pu-09-2e

-116.0 2.0 x 10"22 1.9972 Pu-09-la
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-114

-110

-99

-78

-131,

-125,

-123,

-123.

-120.

-119.

-116.

-114.

-113.

-84.

.0

.5

.0

.5

.0

.5

.0

,0

5

.0

5

5

0

0

TABLE 10-cont.

1173°K 900°C

5.0 x 10"22 1.9982 Pu-09-2d

3.0 x 10"21 1.9987 Pu-09-2c

2.5 x 10~19 1.9995 Pu-09-2b

2.5 x 10"15 1.9999 Pu-09-2a

1073°K 800°C

1.5 x 10"27 1.9985 Pu-08-3f

2.5 x 10"26 1.9992 Pu-08-3e

9.0 x 10"26 1.9996 Pu-08-3d

9.0 x 10"" 1.9983 Pu-08-2c

3.0 x 10"25 1.9987 Pu-08-2b

5.0 x 10"25 1.9999 Pu-08-3c

2.0 x 10"2" 1.9989 Pu-08-2a

4.0 x 10"2" 1.9984 Pu-08-la

9.0 x 10"21* 2.0001 Pu-08-3b

7.0 x 10"18 2.0002 Pu-08-3a

•Refer to coded data plots in the Appendices.
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Figure 17.
Oxygen potential of plutonium oxide from 8Q0°C to 1300°C.
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The log of defect concentration in PuO^-x is plotted in Fig. 18 versus log Poofor the 800°C to

1300°C data. The slope of the lines drawn through the data were calculated with a linear regres-

sion analysis. The relationship for the data from 900°to 1300°C are most nearly proportional to

Poj"1''11. The data at 800°C are proportional to Po-jT1^-''. Possible defect structures which would

display this relationship taken from the compilation of Tallan et. al.80 are: a combination of V <;'

and Vo' which respectively are proportional to Poo"1^6 and Poo~1/4, or M ""which is proportional

to Poj~1/r>, or a combination of M""and Mi"' which are proportional respectively to Po2~
l/:> and

Poj~1/4. Atlas and Schlehman considered the most likely defect structure to be M "". since the

fully ionized interstitial metal ions would satisfy the Poj""" relationship. A combination of

oxygen vacancies (partially ionized) and metal inteistitials has been suggested by Kofstad (Ref.

46. p.'52O) as the defect structures best accounting for the Poj"1'''1 relationship which changes to

Poj"1/4 at lower delect concentrations and temperatures.
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Figure 18.
Relationship of defect concentration in PuOz-x to oxygen pressure, 800°C to 1300°C.
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Solid Solution Uranium-Plutonium Oxide

/. Alloy {"reparation

The initial effort to prepare the U-Pu alloy by melting the metals together in the AI2O:,

crucible resulted in the dissolution of the crucible by the molten Pu. That the Pu had dissolved

the crucible was confirmed by an electron microprobe examination of the metal ingot remaining.

'I'he V and Pu were uniformly distributed throughout the alloy, except for a few regions of high Pu

content which also contained high Al levels. The probable reaction for the decomposition was.

3 Pu + 2 A12O3 $ 3 PuO2 + 4 Al (32)

The free energies of formation of BuO/7 and AljOn90 at 13O()°C gives a calculated free energy for

reaction :t2of-2(H>ral/moI. The negative free energy for the reaction explains the corrosive attack

ofttu-AL-OibythePu.

A MgO liner was placed in the Al.'Ot crucible to prepare the U-Pu alloy at I2(K)°C based on the

free energy of the reaction.

Pu + 2 MgO $ PuO2 + 2 Mg (33)

'I'he calculated free energy for reaction .'):? is +13.6 keal/mol. This energy barrier was assumed suf-

ficient to preclude reduction of the MgO by Pu. When the alloy preparation was attempted, a

weight loss occurred. Visual examination of the liner and contents indicated decomposition of 1 he

MgO had occurred followed by volatilization of the Mg metal. Since Mg boils at 11()7°C any

metal formed at 1200T would readily volatilize and provide a strong driving force for further

decomposition despite the energy barrier. Further consideration also suggested the following reac-

tion for the decomposition.

2 Pu + 3 MgO $ Pu2O3 + 3 Mg (34)

Combining the data for the free energies of formation of Pu/):!57 and MgO90, the calculated free

energy for reaction 34 is -4.4 kcal/mol.
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Since YjQi is an oxide having one of the highest free energies of formation90, its use for a

crucible liner was considered. For the reaction,

2 Pu + Y203 * Pu2O3 + 2Y (35)

the calculated free energy change at 1200°C is +16.3 kcal/mol. This energy barrier should pre-

vent reaction 35 from oecuring to any significant extent. Also Y metal is rather refractory, having

a melting point of 1400°C, so no volatilization of any Y metal formed should occur.

A Y^O.j crucible was obtained from the LASL ceramics-fabrication group and trimmed to fit

within the Al̂ Oi crucible. The YjO.-t crucible was fabricated from a Y2O.;batch similar in purity

to the material listed in TABLE 2. Uranium and plutonium metals (LASL lot UR-126I and NBS

SRM-949 lot 7) were weighed successively into the pre-tared Al̂ On crucible plus Y2O :lliner. The

metals were alloyed together by heating in the highly purified He to 1200°C for 2hrfollowed by a

soak at 1050T for (ihr. The weight trace gave no indication of reaction between the molten metals

and the Y2Q1 liner.

2. Siilid Solution Oxide

The I'-Pu alloy (weight ratio. 77.5r;U-22.5'VPu) was oxidized in the Y2O:iliner by heating

-:{(>krin He saturated with H^O at 25°C. When the oxide reached constant weight, it was heated

to MOOT lor equilibration with controlled oxygen-potential atmospheres.

The calculation used to compute O/M was changed to compensate the room temperature tare

of the YJO:I liner plus the added buoyancy effect. The data calculated in this manner for the solid

solution oxide appeared to be biased by ~+0.005. A second Y2O:i crucible from the same

fabrication batch as the first was equilibrated with extremes of oxygen potentials at 130()oO in the

t hermobalance. The second crucible showed an irreversible weight gain (~700//g) when exposed

to an oxidizing atmosphere and showed no additional weight changes when cycled through ex-

tremes of oxidizing and reducing atmospheres. A proportionate (but unmeasured) weight change

was assumed to have occurred in the first YJO:I liner containing the solid solution oxide, and a

correction was applied to the O/M calculation. The oxygen potential, oxygen partial pressure.
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and corrected 0/M of the equilibrated solid solution oxide are listed inTAHLK 11. The computer-

generated plots of the oxide thermograms are contained in the Appendices.

The O/M data at 1IH)O°C show scatter which is easily seen in the plot of O/M vs. A<~;.• jin Fig.

19. Since the data at l.'WN)°C were the first data accumulated, they probably reflect the effect nf

incomplete equilibration of the \'->O-.\ liner to the oxidizing atmospheres. This incomplete weight

gain would cause a scatter among the data towards a lower O/M. which appears to be triii' for ihv

i:i(K)°C data. The data at 1200°C to800°C appear to accurately reflect the behaviour of solid solu-

t ion (I' 77-,, Pu.-2-i-i) oxide.

Also plotted in Fig. 19 are curves for the calculated oxygen potential-O/M ivlniionshipK of a

7T.;V. UOj - 22.5'; PuOa mixture at i:U)0°C. 1200°C. and 11(M)°C. The curves were calculated by

a weighted combination of the UO2 and PuO-̂  properties interpolated from Figs. 15 and 17. The

experimental data at 1200°C and 1100°C are significantly displaced above the calculated curves,

implying the solid solution oxide displays a wider oxygen potential range at stoichiometiy than

oxide mixtures.

The plot of the log of the defect concentration vs. the log of the oxygen partial pressure for the

substoichiometric solid solution oxide at 1200°C is shown in Fig. 20. The linear regression analysis

of the data gave a slope for the data proportional to Po-r1/r>-9. This data disagrees with the

evaluation by Kofstad (Ref 46, p322) of the data of Markin and Mclver0-. which developed a

relationship proportional to Po->~'^. Markin and Mclvers data only contains one point below

x=0.05 for (U.Pu)O».x, and extrapolation to this point from data above x=0.05 is of doubtful

validity. The —1/6 relationship found for the present data suggests the presence of fully ionized

oxygen vacancies (Vo") at these small deviations from stoichiometry. The defect structure

probably changes as significant defect concentrations are formed to produce the —!/;( relationship

above values of X50.05.

The solid solution oxide was examined by x-ray crystallography and emmission spectrography.

The x-ray crystallographic results indicated the material was single phase (indicative of solid

solution) with a lattice parameter between those of UOj and PuO-i The emmission

spectrographic analysis of impurities in the oxide did not detect Y at the 100 Mg/g limit of detec-

tion, indicating no significant contamination of the oxide had occurred from the liner. The YzO;*
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TABLE 11

OXYGEN POTENTIAL, OXYGEN PARTIAL PRESSURE, AND O/M

OF (77.5% URANIUM - 22.5% PLUTONIUM) OXIDE

PREPARED FROM LASL LOT UR-1261 U AND NBS SRM-949 Pu METALS

AGo2 (kcal/mol) Oxygen Pressure (atm) O/M Ratio Reference*

-105.5

-101.0

-95.0

-88.5

-78.5

-70.0

-67.5

-64.5

-64.0

-63.0

-60.5

-58.5

-111.0

-101.5

-94,5

-92.5

-63.5

1569°K

2.0 x 10"15

8.5 x 10"ls

6.0 x 10"1H

4.5 x 10'13

1.0 x 10" n

2.0 x 10"10

4.0 x 10"10

9.0 x 10"10

1.5 x 10"9

1.5 x 10"9

4.0 x 10"9

7.5 x 10"9

1469°K

3.0 x 10"17

8.0 x 10"lfi

9.5 x 10"ls

1.5 x 10"^

3.5 x 10"10

1296°C

1.9948

x.9948

1.9974

1.9968

1.9974

1.9976

1.9994

1.9994

1.9983

1.9993

1.9994

1.9995

1196°C

1.9967

1.9984

1.9986

1.9990

1.9998

U-Pu-13-2d

U-Pu-13-2b

U-Pu-13-2c

U-Pu-13-2a

U-Pu-13-3c

U-Pu-13-3b

U-Pu-13-le

U-Pu-13-ld

U-Pu-13-3a

U-Pu-13-lc

U-Pu-13-lb

U-Pu-13-la

U-Pu-12-ld

U-Pu-12-lc

U-Pu-12-le

U-Pu-12-lb

U-Pu-12-la
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-122

-115

-106

-68,

-65,

-122.

-119.

-112.

-122.

-101.

-100.

-71.

-117.

-108.

-101.

.0

.5

.0

.5

.0

,0

,0

,0

5

0

5

5

5

0

0

3

3

1

1

4

1,

3,

6,

1.

1.

2.

5.

1.

1.

2.

.5

.5

.5

.0

.5

.0

.5

,0

,0

,5

0

0

0

0

0

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

TABLE

1371°K

10"20

10" "

10"17

10"10

10"10

1273°K

10"2X

10"21

10'20

1173°K

10"23

10"19

10"19

10"l"

1073°K

10"2"

10"22

10"21

11-cont.

1098°C

1000°C

900°C

800°C

1

1

2

2

2

1

1

1

1

2

2

2

2

2,

2,

.9961

.9985

.0002

.0009

.0006

.9993

.9996

.9999

.9999

.0000

.0003

.0002

.0004

.0003

.0007

U-Pu-11-le

U-Pu-11-ld

U-Pu-11-lc

U-Pu-11-lb

U-Pu-11-la

U-Pu-10-lc

U-Pu-10-lb

U-Pu-10-la

U-Pu-09-lc

U-Pu-09-ld

U-Pu-09-lb

U-Pu-09-la

U-Pu-08-lb

U-Pu-08-lc

U-Pu-08-la

•Refer to coded data plots in the Appendices.
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Figure 19.
Oxygen potential of(U.77s,Pu.22s) oxide from 800°C to 1300°C.
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Figure 20.
Relationship of defect concentration in (U.ns^Pu s-x to oxygen pressure at 1200°C.

liner surface which had been in contact with the molten alloy was discolored, probably due to

(U,Pu)Oa attached where the alloy melt had "wet" the Y20,i surface.

Solid State Oxygen Electrode

Two oxygen electrodes were fabricated. The first was fabricated as described in the

EXPERIMENTAL chapter, the electrolyte tube was filled with the Ni/NiO and ThO2 powders in

air and then sealed with "Silastic". The electrode failed to develop a stable £4/7when placed in

the balance and heated to 800°C. The varying £M3 produced was more indicative of an air

reference than the Ni/NiO. Heating the electrode at 1200°C reduced the still unstable £l/7nearer

to that expected of the Ni/NiO. Apparently the air entrapped within the powders in the interior

set the initial reference, and at 1200°C the Ni gradually consumed the air.

The resistance of the internal Ir metal film which serves as both the sensing surface and contact

to the electrode base was ~1O4S2. This high internal resistance may have led to pickup of stray
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signals from the thermobalance furnace elements which would have caused the instability in the

electrode signal.

When the electrode was to be removed from the thermobalance for further study, the ceramic

tube broke at the base. The silastic seal had apparently softened, flowed, and cemenled the base:

causing fracture when removal was attempted.

The second electrode fabrication was modified to avoid the problems displayed by the first

electrode. The process for Ir metal coating the ceramic interior was modified to force the Ar-

6' (H> firing gas to slow the entire length of the tube interior. The firing furnace was also changed

to allow more even heating of the ceramic tube length. The Ir metal film formed on the second

t"be interior had a resistance of only 2(X)S2. To avoid entrapment of air in the electrode the

Ni/NiO and ThO^ powders were added to the tube in an Ar-filled inert-atmosphere glovebox. The

base of the electrode was then sealed, while in fhe inert atmosphere, by a high-vacuum, high-

temperature epoxy ("Torr-Seal").

Before placing the electrode in the thermobalance a preliminary calibration using a tube fur-

nace and controlled H2O/H2 gases was performed. The H /)/H •> ratio was controlled by saturating

one of two premixed Ar-Hj gas mixtures with HjQ at either 0°C or 20°C and by varying the tube

furnace temperature. The t\UJv/as converted to oxygen potential using Kq. :U and compared !o

the oxygen potential calculated from the H2O/H2 ratio and temperature. The oxygen potential

calculated from the elect rode £J/7 was in general 10 to I ft kcal/mol more positive than the oxygen

potential calculated from the H2O/H2 ratio and temperature. The SJilJdeveloped was. however,

very stable.

When placed in the thermobalfliice and equilibrated to varying oxygen potentials at SOOT and

at 1 l()0°C the £1/.? produced by the oxygen elect rode was again very stable. The oxygen potent ials

calculated from the electrode <!vlf7were again, however. 5 to :i() kcal/mol more positive thnn the

oxygen potentials calculated from the H2O/H2 ratios and temperature. Because of the lack of

theoretical response, none of the electrode data was applied to the O/M - oxygon potential

measurements.
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DISCUSSION

Error Analysis

The random error of the O/M and oxygen potential measurements was readily cst imated from

the computerized data listings. The O/M random error was constant lor all oxides, the pooled

standard deviation for a single measurement is ±O.(KM)1. The oxygen potential random error is

also constant. The pooled standard deviation for a single measurement is ±<).."> kcal/nml,

The systematic error is more difficult to estimate. The O/M and oxygen potential calculations

involve many parameters, the statistical distributions of which are unknown and can only be ap-

proximated. The estimated systematic error components of the O/M calculation for the two

uranium and one plutonium oxide are listed in TABLE 12. Each error component has two values

(expressed as O/Mi associated with it. a maximum error and a probable error.

The maximum error is calculated assuming the error component is making its maximum con-

tribution to total error and is totally uncompensated. The interpretation attached to these values

is that for the materials used in this study these errors would be present if the effect-, of buoyan-

cy corrections, hundred part-per-million impurity levels, and balance release errors were not

calculated and corrected. Many of the studies referred to in the introduction do not indicate

whether corrections were calculated for these or similar error sources. Lack of proper compensa-

tion may explain some of the discrepancies between these studies.

The probable errors listed are assumed standard deviations for the various error sources listed.

The propogated total for the probable error values is an estimated standard deviation for the O/M

ratio determined for each of the oxide sources. Because of the large number of parameters used in |

the O/M calculation the propogated systematic error contribution is much larger than the jj

ji
measured random error level for these O/M measurements. i|

I
The solid solution uranium-plutonium oxide has an additional error component to be con- |

sidered beyond those listed in TABLE 12. The weight gain of the Y2O:! crucible, when jf

unconnected, contributed a systematic error of +0.005 to the calculated O/M. Because the correc- |

tion is based on a measurement of another Y2O3 crucible, rather than the liner used, the standard

deviation of the solid solution oxide O/M is estimated to be ±0.001.
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TABLE 12

SYSTEMATIC ERROR COMPONENTS OF CALCULATED O/M

OF URANIUM AND PLUTONIUM OXIDES

Error Component

Maximum Error*

UN UL Pu

0.0037 0.0035 0.0038Purity- Source Metal

Weight- Source Metal** 0.0005 0.0005 0.0005

Buoyancy- Source Metal 0.0014 0.0014 0.0015

Factor- Oxide Grav. nil nil nil

Purity- Metal Oxide 0.0092 0.0020 0.0038

Weight- Metal Oxide** 0.0005 0.0005 0.0005

Buoyancy- Metal Oxide 0.0027 0.0027 0.0027

Propogated Total 0.0104 0.0051 0.0062

Probable Error*

UN UL Pu

0.0008 0.0004 0.0003

0.0002 0.0002 0.0002

nil nil nil

nil nil nil

0.0006 0.0002 0.0003

0.0002 0.0002 0.0002

0.0002 0.0002 0.0002

0.0011 0.0006 0.0005

*Error is expressed as effect on O/M ratio.
**Maximuia weighing error is the range found for seven balance releases.

The error components of the calculated oxygen potentials ar* listed in TABLK V\. The major

source is the error in the analysis of the premixed He-H •> gases for ^concentration. The precision

of t hese analyses was ±5 f7 RSD, however, since the lowest gas concentration used. 0.1.V» Hi, was

near the limit of detection for the gas mass spectrometer, the maximum error was calculated

assuming a .50 relf < error at that H2 concentration. The probahle error was calculated assuming

the stated precision for the 0.T< H2 gas analysis. The estimated standard deviation of a single

measurement of the oxygen potential including random and systematic errors is ±0.7 kcal/mol.
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TABLE 13

SYSTEMATIC ERROR COMPONENTS OF THE CALCULATED OXYGEN POTENTIALS*

Error Component Maximum Error** Probable Error**

Calibration- H2 Flow

DVM Error- H2 Flow

Barometric Pressure

Electrolysis Current

Sample Temperature

Analysis- H2 -He Gases

Calculation H2O Equil. Const.

Flow- He Carrier Gas

0.6

0.4

nil

0.3

nil

4.0

0.7

nil

0.3

0.2

nil

nil

nil

0.5

0.2

nil

•Calculated for nominal 1300°C.
**Error i s calculated as kcal/mol.

Uranium Oxide

The data for the uranium oxides from both metal sources indicate high temperature and

significantly oxidizing atmospheres are necessary for obtaining hyperstoichiometry. The isother-

mal data plots in the Appendices show that lengthy exposure to such conditions is necessarv to

achieve constant O/M. Cause of the extensive time required for equilibration may be a system ar-

tifact or slow kinetics or both. The highly oxidizing atmosphere required is obtained by a very

large H2O/H2 ratio which is extremely sensitive to the amount of H 2 formed by FfeO oxidation of

the oxide. The amount of H> formed by oxidation of UO> dim to UO* o<u is equal to the total amount §

of H2 flowing into the balance in 10 min. for He-0.15f'< H2 flowing at 10 cm;7min. Slow kinetics of . $

bulk diffusion of the oxygen through the oxide may account for the longer equilibration times j

observed at the lower temperatures. ' i •;

Such lengthy equilibration times suggest the desireability of using a UO2 reference material to j ;

il
calibrate O/M methods for U rather than known oxygen potentials, since the conditions necessarv

to assure sample equilibration to the known oxygen potential cannot be predicted. A highly pure
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V metal may be preferable as the metal source if it has been extensively characterized, since the

data calculated for the oxide prepared from NBS SRM-960 indicate a bias probably due to the in-

sufficient information available about its impurity contents. Whichever source is used, ap-

propriate corrections for impurities and buoyancy effects must be applied.

Plutonium Oxide

The plutonium oxide data validate the use of a reference oxygen potential of - KM) kcal/mol at

800°C for O/M analyses, subject to the same constraints applied to the uranium oxides. The

reduction of PuO^ appeared to occur much more readily than the oxidation of VO i This may be

due to the more balanced HJO/HJ ratios used for equilibration or it may be due to faster kinetics

of diffusion of the defect species in PuO^. In addition to correction for impurities present in Pu

metal used to prepare an O/M reference oxide, correction for the radionuclide daughters of -lWPu.

-:!9Pu, and -40Pn may be necessary as well as the normally corrected 24lPu.

Uranium-Plutonium Oxide

Preparation of solid solution uranium-plutonium oxide O/M reference material from highly

pure V and Pu metals has been demonstrated. The solid solution has been shown to display a

much broader oxygen potential range at stoichiometry than the calculated range for a mixture of

oxides. This broader oxygen potential range explains the discrepancy earlier discussed between

the results of O/M studies for three different methods on solid solution oxides by Urie et. al.~".

and results for the same methods on oxide mixtures by Dahlby et. al. i s . Since the three methods

equilibrate to three different oxygen potentials the mixture would be expected to show a range of

stoichiometries whereas the solid solution may not.

Use of the —100 kcal/m"! reference oxygen potential for mixed oxide is validated by t he present

results for the solid solution oxide, subject to the same precautions as for UO^and PuOj.

Preparation of a solid solution oxide O/M reference material is recommended for calibration of

those methods to be applied to solid solution oxides. Additional studies on the effects of

parameters such as particle size, U/Pu ratio, gas composition, and temperature on the kinetics of

equilibration are also recommended using such material.
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The broad oxysen potential range of the solid solution oxide even at high temperatures suggests

the use of higher temperatures (1100°C to 1200°C) to speed sample analysis. Use of low mass fur-

naces and high precision balances at such temperatures may significantly increase sample

throughput by speeding both analyses and deadtime between analyses.

Solid State Oxygen Electrode

The lack of theoretical response from the oxygen electrode reflects the practical problems of

construction of such a device. The £4f7at any given oxygen potential and temperature was very

stable and moderately reproducible. The cause of the non-theoretical nature of the response was

not investigated. Construction of an independent system to calibrate the electrode t\UJu\ gas-

eous oxygen potential would allow use of the electrode despite its lack of theoretical respopse.
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APPENDIX A

FORTRAN Computer Program PTAPE

00 2
CO 1

PROStliiH PTAPE ( IHPUT.0DTPUT,TAPE6,TAPE3)

CO57O-

00230*

00230:.':
C0200-S
G:-2?O
G02-0+
00290+
0C300+
00010+
00020+
00330+

cos :.o«
C-.'CSO*
OC'3-30*
003S0-S
C3S00*
CO-'OQ*
G04IO
GXCG:3
CO-iCO*
00440:!:
GG430*
00-CoO
004VO

00320
COGviO
00340S

€0390=;:
GOOOO*

00020*
00630*
©SG-iOW

GGG60
C3Q70+
006G0S
00690*
0070CS

T I i ' 0 PP^OGa/ill 11SADS A KROKOS FILE <TAPE3)
CKSATSO FROM TEE THEHKOdALAHCE POKGIIED
l'APEa TAPS. I T C0HVEIIT3 THE DIGITAL VOLTAGE
DATA TO SGIEIiTIFIC OTTITS AilD ^KllTES TIIE
COKVEaTED DATA OIITO AKOTHEn. 10101103 FILE
<TAPES) FOR FURTHER REDUCTION BV TEE
PROGRAM GlffiATA.

DGRAIK >
REAL XEd

VALUES USED TO CGPJJSCT IEGHA1TICAL HEIGHTS TO
UC3 CALICUA7I0H Alui CREATED.

DATA (GRASt £) .1=!, :<5)A>.0,0.09900a, 1.990922,2.099030,*.000193,
G.OJ0103.0.000117,V.000023,G.C00285,9.C00144,10.000153,
11.000000,12.00.KC1.13.000309,14.0003GC,15.000261/,
< DSr-*.!l( J)J=i, 10) /0.0,0.100033,0.20094Q, 0.309111,0.100093
0.099093,0.600030,0.700044,0.GOO10?,0.C08094/,
<CGriA!:<K>,IO=l, tO)/0.0,0.010013,0.019904,0.029996,0.040018,

0. OGOO -iO, 0.050035,0.070027,0.030039,0. C. >30G 3 /

TEE DATA COUK7E51 J IS INITIALIZED

!0 J=l

THE DATA FILE IDENTIFICATION IS READ.

RE&O <a,870}FIfA!I, A3, Aa,A0,A4,A3,AS
TI12 F1A:P'JT FILE I3 TESTED FO?.. AH EKB-OF-FILE,
TmiCn TERHIHATE3 THE PRUSPclH.

iF <EO?,a> 300,20
£0 COHTIEUE

TIIE FILE IDEIJTIFICATIOa IS ^THTTEII Oil
THE T US-SOAR'S TELETYPE AND TII3 OUTPUT F I L E .

PR5HT 4 3 0 , Fr : .1 t I ,A! .A2,A3,A' l ,A3,A'3
VRXITE <6,<M0>FtIAn,Al ,A2,A3,A<l ,Aa,AG

THE F I L E IHITIAL DATA PAHAIETER3 ARE READ.
TI32 PATJUSTERS l&Si DAL/iIICE GAKGE i i l S ) ,
TIIERI-2JC0UPLE TEKPD?,AT»JRE RATJGE, DATA START
TIT-2, DATA REGOrJ)Ilva T H E IliTEIlV.'.L, EA?.OfIETRIC
PRESSURE, R^DII TEI??2nATURE, I.'OIG'iVRS IIGUITOR
CCALE FACTOR, ARGCil FLOWiSTEIl PJSA31HG,
nE-0A2niEI t GAS FLO^ffSETEH READIKO, E2- : i4SS
FLOTOSTEtt KOniKAL READING. nVBCtOC-EU IH
THE REDTJCSNG GAS, AHD GALAIICE KEiiUAiriCAL
VEIGOT CET /ALUEG.

READ (3,320)RKG,ISENSE,TSTART,DTII,PRESS,TGAS,PPSK,AHP ,ARCGI,H2FL0W
,nCON,TARE

INITIAL CALCULAT!C;J OF PARiMETERS IS PERFORKED.

78



^

00710
60720*
©0730*
00740*
00730
00760
00770*
80730*
007903
00CG0
60310+
00320*
C03G0*
0GS40*
0C330
ecaao
0C370
GOCSO

oc-soo*

0002O
G09S0
000-iO
00050
0G960
00970
009C0
00990
otooo
01010
o:coo*
010C0.-S
01010;:;
0J03C*
02000
01070«

0' 0-2QS
01100
01IJ0+
o: '-20
01130
01 MO
01150*
0'. lGOa
01 '?'..•::
Oi iCv:::
01100
0" £00

c :.:':•)
o i s •.•.:
o i £ ..'•.•*

012.J0
0" i?1"1
0 •.:.:•")

OJ200
o;c:.)
0:f5'0
O-iiCO
01SC0
O'C'.O
01 GOO'
OlCCOtt

0 iOO
0 1 •..•:.)

30
40

GO TO 270

THE REPETITIVE DVH DATA IS READ.

IDE!IT=-1
READ <Q,400>TEKP,WT,H20I,H20R,EXKT,H2HFM

THE REPETITIVE DATA IS TESTED FOR A CHAHCE IK PARAMETERS.

IF (TEfIP.E0..0.0.AIW.Tinr.Ea.0.0.A!}D.II20I.E».0.0.AWD.H20a.EQ.0.0.AnD.
EXt<T.EO.0.0.AND.n2ri?M.Ea.0.0) GO TO 180

TEI3?EnATUItE IS COKPUTED FROM THE THERMOCOUPLE EMF.

30

60

70

co

IF (ICEnSE.EQ.O) ADV0.000
IF ('SEIJ3E.E0.. I) ADV»O.OIO
IF (.l.fiE. 1> GO TO 50
GO TO CO

INSISKTiON OF 10 MV BUCKING POTEHTIAL IS TESTED.

?F <TEr^.LT.0.002.AMD.TO.GT.O.OCS.AIID.ISEHSE.Ea.O) GO TO 60
IF <Ti£u?.GT,0.©03.AHD.TH.LT.0.GG2.AHD.ISERSE.Ea.I) GO TO 70
GO TO CO
ADV=O.O1O
ias:;3E= i
GO TO CO
ADV=0.000
ISEI:SE=O
'n:=TErc
1TIV= (TK+ADV) :••: 1003.
IF THErJK)COUPLE OUTPUT X3 NEGATIVE

IS GET TO 293.10 DEGREES K.

00
100

IF (TIIV.LS.O.O) GO TO 9 0

TEKPERATURE IS CALCULATED FUOII TOEnriOCOUPLE EMF.

TEr:?»20.G3^{ 1.0~(E:?(-1.00S»(TIW«*1.07S))))+2'30.
2.0?a«rnwa«2.) *< 0.
GO TO tOO

TI?E DATA TiriS IS COMPUTED FP-OII STACT T H E , TIME INTERVAL, AND
TCii DATA POJHT HuJUiat.

IF ? J . i : 3 . 1 ) GO TO 120
TII3*TJTAKT
kJO TO !-:3

110

SF ' T P . . G 3 . 6 3 . ) GO TO 130
Turs-Trx Tn/ IOO. >
CO TO KO

ICO TIi=TU-&0.

•F (TK.GS.S3.; T&TK-S4.
YH2S=TiOK TiV JOO. >
Tn:=Tim
IF < IKHT.EQ.O) G» TO 30

TOE VEIGOT I{3 CALCULATED FROIl DIGITAL VOLTAGES
AKD'COKaflTED 1EGJI4HICAL HEIGHTS,'

AA=!OOO.:::WT
K'IFl.'KAA)

79



Oi-JIO
oi-yzo
Oi-lOO

01-COO

AA-AA-G
IF ( A . \ . G T . 0 . ? O . A I ; T » . E I S » T . L T . 0 . G 0 2 )
IF (.lA.T.T.O.Cj.AKU.Kinri'.GT.O.OO?) D=D-1

E!,i;i'= ^rwrasKG-so. o i

013C0

0 .000

0I6C0W

01030
Oi^ijOa
OIu'JO*
O-GCO":
016^0:::
0 .VOJ
Ol'.'lO

017G0
01700
01VS0
OJ7C3O
0i?7o-s
01VC/S
O.'J'i'v1-''!
O.C^O
c:aio
0; c îos

0 ! w TC«

019-10
01030

OlOCJ-s
01000
CCOOOa

020JO*
C20C0
C20<.0
02000

32020*
02090*
02100
02110

FKOII r?20 ELECTnpi,vsu crjnnanT AIID ra FLOW.
Tcs o:n."cai PARTIAL PRSSSTOS AHD oiri'OEH

iiriAL ARE ALCO CALCULATE.

!F n23t . ! .T.O.)
IF <n2OI.EQ.O.)

H20 FLOW IS CALCULATED FROM ELECTROLYSIS CimRENT.

O2CI5L=O. OOOOOC^ISOI

H2 T'V'3 FLOW;3TEn OUTPUT !G TESTED 70H
I2EAHIIIC7UL. VALUES.

IF <l-J!^'II.LT.O.OC30a.on.n2!-3?1!l.GT-0.00SO0) GO TO 160

1!2 FLO''.' C:*i!DnATIOIi EQ'-'ATJOH !S BETEMIIKED BY
ir/E;;jj-:::: C

130

soo
I'.'O

!F <niiCJT-"TI.LT.O.) GO TO !C
n 2 F = - 1 . .7J>!.{ s : j . G13:.: iOO
GO TO 1V0
H2F= < 7 0 . a?•:: 1000. K^ilfflD - 0 . 3 1
GO TO 1V0

CAS FLO (3 ARE S!'C—5.

a( PRESS/530. )*< ( 273.13+TGAS>/29a.

G20 r'.MiTIAL I'nCCCwia 10 CALCULATED.

H2QAT!:= < 0.76C :;II2C'r̂ .) /GASIIL

I!3 P/>HTIAL PREJSl'IiE IS CALCULATED.

< 2 7 3 . 15+TGAS)/29«J.

1323 EayiLismuii CCT::,TA!IT IS CALCULATSD.

E:nsa--.'i.O0'33i-< JCCO1.72^TICiL)-( 144S?
1320= 10. OftsEIESO

0KVCE1I P<"JITIAL PRESSURE IS CALCULATED.

P02= ( E2OATII*«a. > •< < a2ATII«*2. >*« KE2#'S2. > >

DEFAULT Oir/GEIi PARTIAL PRESSURE IS ASSIGNED.

'a.O.) P02«0.0IF
P0=1.0
IF (PO2.IJ3 .0 .0) F0=?02

Oir/GSII PCTEJCFIAL 13 COIIP'JTSD.
(KCAL/1'OL AHD ICJOfL/HOL) .

BG02=(1.00701STKEL)«C ALOG(PO))
SIBG02=<0.0144lftTiffiL) *( ALOG(PO) )
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02iCOS S!*. HOM'TOn 1-.EA9IB0 IS COIIPOTED.

3 2 ICO
02100
02!70*
02'CO*
e o i y >••:••

0 î ? ;'"'"«

172^

PH3"C= VLOXTi PF3K)
V20tt> ?ri5:c::I!2Ort-:: S 0 . 0

ALL C'^OTATlOnS '""3 HOW COTI?LSTE.
•STCi D.i'f'A IS miTTZr. OHTO TH3 SEOIIOS OUTPUT FILE,

*iriD A r--f M I I E OF ::ATA I S HSAQ.

l.1i» T2 ( 6 , •:• 10) T ? !E , T^!i?, TiT, 2201 , H20ATM, H2ATH, II20R, BCO2 ,P02

GO TO 40

FQ!i CHATC^S in TltlT'AL PAP-METERS,
TEE IDSTITIS'IEII OF TlIS CHAIIGSD PAPvftrSTEa IS BEAD.

!G0 KEAt) ' 0 . 4 2 0 ) IQSTIT
!F '. >f>'';rIT.SG.O) GO TO 100
in- / i OTIT. EC n G O T 0 J ; J 0

!F 1 ITTS'TT.R'i.2) GO TO 210
»F < lnrr"T.''"">.3) CO TO 220
W < R^iT.EQ.A) GO TO 200
!F < IOSIJT.Ea.3) R3A!) (3,'120>?PSK
ttf < ^ ^ T . E o . Q ) U3AD <0,'2'JO)TGAS

»:.C.'."> (O.C9O)DTt'I

C J t-CO-.':

02300:.".

02570*

02090
©2700^
027Ioa
02720*
O27C0
027^0
02750*
02700*
02770*
02730
02790
©2S00*
02010*

IF < ir vrJT. E Q . 11) 53..D (O,090)niJ0
IF <lD3TJT.Ea. 12) GO TO 2S0

AH E!!!> OF FILE IB L'ZGHIFIED DY IDSHT»99.

IF (H??.'1T.EO.')'J) GO TO 200
GO TO '.0

A U T I W H S W C ao»nra-iTs ARE P^AJ) AITD °UIHTED ON
T£J2 TlfiZ-SUARE TE'^uTVP'i.

190 RSAO <O,'5t30)<:!,02.r:0,C':<,C3,*:'5.C7
I'ttlKT C
GO TO 4

SET VALUE IS HEAD.A TIE;/ IECUAIMC.VL ^mi

2?0 READ <O..T)0)TARS
CO TO 220

A HEW r:o:i!WAL 112 FLOW VALUE I S IVEAD.

3!0 READ <a,390>I!2FL0V/
CO TO 290

A HEW IE-CARR1En FLOW VALUE IS READ.

220 T.EAD (O.C5O)AnCGl
GO TO 020

A HEW ARGON FLOW VALUE IS IffiAD.

2 3 0 REAO ( 0 , 3 0 0 ) AIIP
GO TO GC-0

A IfEW DATA IlESTART TINE IS READ.

2 4 0 BEAD < 0 , 3 9 0 ) TSTAIIT
CO TO 110

A HEW PREMIX nYDRCGEN COnCEHTRATIjOlf IS READ.
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02320*
02330
©234Q
02250*
00350*
C2370*
02G20*
C2E90
02900
029X0
02020*
02030*
02940*
C2350*
02060*
02070*

02590
©0000
ocoio
0C320
03020
00040
03030
OCOSO
0C070
osoco
00020
03100
OS 110
0312?
03!CO*
03-30:!:
G0160-S
GO '.70
001C0*

03200*
00210
0C2:!0

c'-^c :>
CC2' >

0CO70

0C010-S

0CC30

03030:*
00390a
OG-JOO

03420

oc-:-co

OC070

00490*
03509
00510
03320

250 READ (O,G90)KC0N
GO TO 230

AM EOT) OF FILE ;S WUTTEH.
A TEST IS HABE FOB AH ADDITIONAL DATA FILE.

2S0 EHD FILE 6
GO TO !0

270

CALCULATIONS ?mn INITIAL <J=D
AHD caAHGED (J>1> PARAKSTERS Alffi PERFOHIED.

EECHAIIIGAL V E I G H T CORBECTIOrS ABE MADS SASED
OH HC3 G*L!BBATIOIJS.

2C3

DGII'TAHS-Gn

IBGU-IFIXdJGH)
DG1I3= !DGH

nE=GR.A-!K IG!J>+PGPAIK !0GM)+CGHAM( ICGM)
IF (J.IHS. I) GO TO 'JO

K2 PAnArETEKS (FLOW AHD PEEMIX COHCEriTHATIOM)
AT.E CALCULATED.

290 IF (QCC"J.LT.23.) E23IGH=-!.O

GELECT3 THE FLOW CALIBRATION USED.

coo

».F <r:rc?].GE.23.) c-o T O O O O
GO TO 010
irs!Gn=!.o
!F <f!2FLOW.EC4.0.0) H2FL=0.0
IF (II2FLOW.EG.O-0> GO TO 010
LT2F'-=-«. 520K 1. SC7AH2FL0V)
COIiTKTOE
!F <J.II2. 1) GO TO 40

HE GAmiEIl GAS FLOW 19 CALCULATED.

CSO

040

CDO

coo
370
389
390

TF (AKCGI.S2.0.0> AIICF»O.O
IF {ARGGl.E'a.O.O) GO TO 000
A!ICP= (-11.97)•>( i. 005WARCGI) +< 7.007;« ALOG( AP.CGI) ) )
!F (J.IlE.l) GO TO 40

Arson FLOW IS CALCULATE**.

IF <An?.EO..O.O) AT^FaO.O
IF <ATw3.E1.0.0> GO TO 300

IF M.'iE. 1) (JO TO 40

ALL tI0:i-RSPETITIV3 CALCOLATIOIJS ARS COMPLETED.

GO TO <iO

srcp
FORH.iT (2X, I8.6A10)
FORMAT <F9.9,/'1I3,4(/,F9.9),•,I3,5(/.F9.e>)
FORMAT (F9.0)
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03530 400 FOIWAT ( 6 E U . 0 )
03540 410 FOIULYT UQ,/ ,6A10>

V

CCGC"' <-C0 FOHKAT (7A10)
0C330 EHD



APPENDIX B

FORTRAN Computer Program OMDATA

001CO*

00 ICO*

0 •J4oa

0C2CO

OIDATA i !KPUT,Oai?0T, VAP3S2,TAPE'i,TAPE6)

.CG?.*ir! OAV-r/JLATE-jJ 0/T.1 7ALTJES VVSr\ A ICiONOS
O/-I1 DATA IHLE <TA?KX11 AH3 A :C.t5KC3 Fil.Ati?' DATA
KILE <VA?£2) . TL1Z O/II DATA AiT3 OUTPUT TO IOIOUO3
DATA F i L 2 TAPE'J.

TTCE Ttl'.TT.M. PCTA?. WSiGTiT, Oin'GEH VIEiGHT IM TiiE
TfiEer:ET.i<::\L »?o::?E'T5, conrsEcnon ron. cn.:;aibLE T A R E ,
r.sjor.yiir.G TII^: I N T E R V A L . A K S A coaEsoTion F O R
SUOYZZZ? AH3 iH 'On iTY EFFECTS AHE nEG^JCSTED
T131KJ0II THE T i lS -SnAKE TfinillHAL.

R\ rJT,:?Z:iTEa I2TAL WT, TI5E0 0 2 OT, D7AT.S , DELTA TIKE, DTJEIGHTtf

unT / *s

coIoa

CC-C-10
00.1 'JO
GOC-iO
00 370

c<c-:oo

OO-'GOS

00-170*

cc-tco
GC-WO
£•'310
G0320
CC3C0
0C1M0
C^SCOS
0 0 3 3 0 *

CG3C08
00S9C*
GQGOOa
00510

JDTiIITIF<CAT!C:i JS H3AQ FP.OIJ r.LAKK ATfD DATA
FVJE3 M;D U'ilsTTEH OIJTO TIIE TSLETYP2 AIID
TDS >"/JT?Ul" F I L E .

READ i. 2 , ' C0> 1 Hi J I , A 1 , A3, A3 , A-l, A3, A3
KEAD <«!, aCO

io

PUUiT !C'3, J l i . . n , IfA!I
\IIIITE • >. '-005 T5 <, Ef., DO, E 4 , E 5 , D
PRHJT '.CO, D ! , D 3 , H O , U 4 , C 3 . B 0

THE 1ATA H r . S S AH3 IlEAB FP.O'I EACH F I L E .
T E DL'>~rC FILE 13 TO DS SVnsnilOIHZED TO
TOE BATA FILE DV TIKE OF DAV. SYHCJEIOTIV
IS TET-T.'O. AIIO TG2 BLAI1K ? ! L S IS POSITIONED

FEAQ «2, ?Cy)Tl!,J>I,i
IF ':E0?,2) 300,20

20 IKAO <•!, -CO)Tir2,TCII?,Tn2,WI,WA,nA,;(il,BGO3,PO2
IF ':E0F,4> 120,00

BO coriTnma
DTi;sAr! '̂TT!»-TH)
IF (DTn.GT.(.7S*DLTIVlC0.)> €0 TO 60

7 I L E 3 ATJ2 SYIJCmiOIIT2ED, TEIS
OF THE O:JIDS I S CALCULATED FROM .

T I E DATA F I L E JAIIPLE TFLSIGETT, 3LAKIC TEIGHTV -...
AKD nUOYAIlOY PLU3 U<2>miTJ CO '

G03S0W
ess-1'0*
cosco*

• oooso

THE ISASURED Orr/GEH HEIGHT IS TOE 0IF7EBEH0E
THE OIIIDE V/3IGET ATID TDK IHTAL

0C690*
00700*
00710

THE 0/M RATIO IS CALCULATED A3 TT7I0E THE
RATIO OF KEA3URED TO THEORETICAL OlfyGEN TOIGHTS.
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00720*
00700*

007S0
00700
00770
0O7GO
00790
00300
GS31O*
03S20*
00830%
00840*
GOCCOtt
&8C5O*
0OG7Q*
OCS20*
GG300*
00900
©C910
00920

009'lOtt
OOOGO*
00900*
G0970
009 CO
OOOOO '
01000
OiQiO
OS 020

oioao
010-10
01030
01050
01070*
0 i

on
011JO«
OH 20
onco
oi»4O
01160
01170
0 1 lOO:lt
01200
01210
01220
©1230
01240
012.10
0,2-iO
01270

01200
013»»

THE CHATTSS IN O/II IS ALSO CALCULATED.

IF (.J.EQ. 1) GO TO 40
BOK=OK-OKPST

GO TO CO
• 40 DOT:=O.O

THE DATA VIRITTEK ONTO TOE KROHOS OUTPUT FILE
FOR FUHTUEn PROCESSIHG INCLUDE:
THIS OF DAY, TEIIPERATUHE, O/II, OXYGEW
POTENTIAL, o:r/GEIJ PARTIAL PlffiSSURE, 0/M
CHARGE, ELECTKOLVSIS CUimENT, AND KOISTUHE

r:o::»Toa READHIGS ALL CALCULATED FRO:I TEE
OXIDE DATA F I L E .

so
CO TO 10

TH13 SECTION P0SITI0F3 TAP22 AS NECESSARY
TO SYNCHRONIZE IT TO TAPE4.

60 IF (TIM.LT.TH) GO TO CO
IF mn.GT.Q.i5.AnO.TfI.LT.G.lS) GO TO 90

70 READ <2, lC'3>TH,Dl,Tim,02,DS,^,l)S,DS,D7
IF <E05",3) 100,30

CO !F (TIII.LT.Q. 13.AND.Til.GT.3. 15) GO TO 70
00 BACKSPACE 2

DACI23PACE 2
GO TO 70

100 REWIND 2
K=K*1

IF TAPE2 IS nSTOOT.9 3 TJISSS ITT AH EFFORT

TO SYiicnao'-nss JT TO TAPES, TAPES IS
SUBFILES AND THE PROGRAM IS TERHIUATED.
IF (K.C-S.4) GO TO 110
READ ( 2 , 1 SO) K, A 1 , Ad, A 3 , A<3, UTi. A3
CO TO 70
PRINT 2 1 0 , TIIJ

120 END FILE 6

100 FORMAT ( 18,.
140 FORMAT <2K,18,2X,IB)
150 FORMAT t 3, 1EH EVALUATED VERSUS , 18)
100 FORHAT (2X.6A10)
170 FGRHAT (20H IS EVALUATED VERSUS,/.2X.6AIO)
iao FORMAT <<HRt4.7)

iico Fohiia? coOT^OLrJi:: F ILE REWOUND THREE TIHES,
210 FOKriAT (SOU AT A DATA FIL3 T2HE OF ,F7 .3 )
220 FGUIIAT <CF12.3)

END
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APPENDIX C

Uranium Oxide O/M Zetaplots

The data plotted are:

0/M Ratio, Solid Line, Unmarked

Oxygen Potential, Solid Line, Marked by "X"

Moifiure Monitor Reading, Solid Line, Marked by "+"

The plots are coded in the lower right corner as follows:

Two letters specifying U metal source used,

UN = Uranium oxide prepared from NBS SRM-960 U metal.

UL = Uranium oxide prepared from LASL Lot UK-1261 U metal.

Two digits specifying nominal temperature x 100°C.

08 = 800°C etc.

One digit signifying a plot sequence number at each temperature.

The bracketed regions of the O/M curves, labeled with lower case letters,

delineate regions used to calculate the data listed in TABLES 8 and 9.
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D
D

DD-'ST DD'DT DD ' S DD'D DO ' S- DD ' DI- DD ' S I - C

dCTD-hT DD-"52t DD•S6 DD'DS OP'S9 DD'DS
2E3 a

D2 ' T DD " X DS'D D^ ' D D+" D DZ'D DD'D
H3y MBIINQW S
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88

D P
M0I5TURE ME3NITG1R RERI ING-+
D.2D D.+D P.6.D D.HD l . D D 1 . 2D

-JIELTR E 02 <CHLCULRTE3J- KCP1_5/MC3LE>-X-
an. an 9S. DD I I D . DD 12s .aa .QD

3EX.TR B/Oi =:innn<c3/M-3vnan>
- lo .aa -s.an •.pa sr.-aa iD.-ao i g . a a

•



D
D

DO "ST. DDQT DD'S DD ' D DD " 5 - DD * DT~ DD ' ST~D

<DDD ' S-W/B>aDDt=

PD " D-hT DP • SZ I DD • DTT DO ' 56 OD " Ctrl DO ' S9 DD '
3

D2 • X DD •' T DS ' D D9"D D+ ' D UZ ' D DD " D
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D
O

D O S T O Q D T DD"S DO - • DO • S- DD • DI- • • " ST.-1

DO ' D4,T DO • SSI OD • DIt DD'DS DD"S9 DD'DS

DS " T DD'I DB " • •+ ' 'D DD'U
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D
G

DO ' ST OD • DT. DO 5
<DDD

DD"D an*5- an 'a t - an -5T-D

QD" D-hT OO ' S2T DO ' D I I OD ' S6, DD" DS
/ E 3 y n y

HO " D5

as. DD'T O S ' D D9'a D + ' D DQ'D
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aa • ST. aa • O T aa's
<aaa

aa • a aa • s- aa • O T - aa • sx-[

aa ' aa • 5 Z T aa • axx aa'as go's? aa'us
3ny3> S B EJ yi-isa:

ae ' aa •' as' a a^•a a+•a ae•a aa•a
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D
C

DD * ST DD ' QT D O S
<DDD' i

D D D DD # 5- DD"DT- DD' S T - C

W/E3>aODT= W/0 y-13[E

OD ' D-hX DD * S£T DD - DTT OD'S6 DQ'DS DD ' S9 OD ' DS

D 2 T D D ' T D B D W9 ' D ' • as ' a DD • a
3dnjLSiEiw



MHI5TLIRE MBNITGIR RER3JING-+
.op • .an n. +• a. 6O a. SD i . oo X . 2 D
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APPENDIX D

Plutonium Oxide O/M Zetaplots

The data plotted are:

0/M Ratio, Solid Line, Unmarked

Oxygen Potential, Solid Line, Marked by "X"

Moisture Monitor Reading, Solid Line, Marked by "+"

The plots are coded in the lower right corner as follows:

Two Letters, Pu, specifying plutonium oxide prepared from

NBS SRM-949 Pu metal (lot 7).

Two digits specifying nominal temperature x 100°C.

08 » 800°C etc.

One digit signifying a plot sequence number at each temperature.

The bracketed regions of the 0/M curves, labeled with lower case letters,

delineate regions used to calculate the data listed in TABLE 10.
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APPENDIX C

Solid Solution Uranium-Plutoniuia Oxide 0/M Zetaplots

The data plotted are:

0/M Ratio, Solid Line, Unmarked

Oxygen Potential, Solid Line, Marked by "X"

Moisture Monitor Reading*, Solid Line, Marked by "•••

The plots are coded in the lower right corner as follows:

Three letters, U-Pu, specifying solid solution (U,Pu) oxide prepared

from LASL lot UR-1261 U and NBS SRM-949 (lot 7) Pu metals.

Two digits specifying nominal temperature x 100*C.

OS = 800'C etc.

One digit signifying a plot sequence number at each temperature.

The bracketed regions of the 0/M curves, labeled with lower case letters,

delineate regions used to calculate the data listed in TABLE 11.

•Moisture monitor data are ommitted from plots U-Pu-11-1, U-Pu-09-1,
and U-Pu-08-1.
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