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OXYGEN POTENTIAL OF URANIUI-PLUTONIUM DIOXIDE

AS DETERMINED BY CONTROLLED-ATHMOSPHERE THERMOGRAVIIY Y*

Gerald C, Swanson

ABSTRACT

The oxygen-to-metal atom ratio, or O/M, of <olid solution uranium-
plutonium oxide reactor fuel is a measure of the concentration of crystal
defects in the oxidec which affect many fuel properties, particularly, fuel
oxygen potential. Measurement of the oxygen potential of sclid solution
uranium-plutonium oxide, 0/M rcference material at 0/M ratios near 2,000
provides baseline C/M values for thermogravimetric and gas equilibration
methods of O/M analysis,

The oxygen potential of the atmospherc within a modified commercial
thermobalance has been controlled by the ratio of “20 and H2 added to a
lie carrier gas. The balance modifications include enclosure of the sample
chamber within a glovehox for handling plutonium, redirection of gas flow
to ensure sample cquilibration, and digital rccording of data on paper
tape for off-line computer analysis. The l,0 is added to the Hc as H, and

2

0, recombined at a Pt catalyst following production by H20 electrolysis

2
and drying by a liquid nitrogen trap. Hydrogen is metered into the He

cither as pure H2 or as He-il2 premixed pas, Fabrication of a high-
temperaturc oxygeu elcctrode,employing an clectro-active tip of oxygen-

deficient solid-state electrolyte, intended to confirm gaseous oxygen

viii



potentials is described.

Uranium oxide and plutonium oxide O/M reference materials weie prepared
by in situ oxidation of high purity metals in the thermobalance. A solid
solution uranium-plutonium oxide O/M reference material was prepared by
alloying the uranium and plutonium metals in a yttrium ecxide 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 O/M ratios calcu-
lated with corrections for impurities and buoyancy effects.

Oxygen potential-0/M relationships mecasured for the individual oxides
compare well with literature values. The relationships measured for the
solid solution oxide were biased due to weight gain of the yttrium oxide,
wWhen 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 vacan:ies 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 ot = reference oxygen potential of -100 kcal/mol to produce an O/M
of 2,000 is confirmed by these results. However, because of the lengthy
cquilibration times required for all oxides, use of the 0/M reference ma-
terials rather than a reference oxygen potential is recommended for 0O/M

analysis methods calibrations.



INTRODUCTION

The United States is rapidly depleting its fossit tuel and recoverable fissionable uranium
resources. To utilize the energy potentially availabie in the fertile isotopes *Th and U and
reserve tossil fuel resources as a supply of feedstock chemicals. the Energy Rescarch and Develop-
ment Administration’s (Erda’s) development of breeder reactors is being accelerated. Breeder
reactors use the neutrons praduced by fission to convert fertile isotopes to fissionable isotopes.
Fertile isotopes comprise the majority of recoverable actinide: resources. and because breeder
reactors produce more fissionable fuel than thev “burn™. sueh fertile isotopes represent an exten-
SIVE energy supply.

The two major breeder eveles are ## Th - U and #™ U . 2Py eveles. Breeder reactors
utilizing fertile 22T and fissionable Z¥U include the High Temperature Gas-cooled Reactor
(HTGR) and the Molten Salt Breeder Reactor (MSBR). The prineiple reactor wilizing the =% U
¥y hreeding evele is the Liquid Metai cooled Fast Breeder Reactor tLMFBR). which utilizes a
mixed uranium-plutonium oxide tuel.

Breeder reactors use extremely energetic neutron fluxes to convert fertile to fissionable
isotopes, The high temperatures associated with such energetic fluxes require high-melting.
stable fuels for the reactor core. Uranium-plutomum oxide has been chasen as the prime can-
didate tuel for the LMFBR 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
which readily accurs within its erystal lattice. A measure of the defect concentration is the devia-
tion of the oxide stoichiometry or oxvgen-to-metal atom ratio (Q/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 becanse the defect structure which it nreasures affects many im-
portant fuel operating parameters including thermal conductivity.? melting point.” heat rating.?

- . e . . o . . bt .
migration of fission products, and cladding-fuel interactions.” The oxygen partial pressure (Po 1)



and oxygen potential (AGo » ) of the fuel both measure the oxidizing character of the fuel and are
both dirvectly related to the defect concentration, temperature, and to a lesser extent impurity
content of the fuel. Cosrelation of O/M and oxvgen potential allows theoretical interpretation of
the fuel defect structures.

Analvtical methods developed to determine either O/M or oxvgen potential of uranium-
plutonium oxide are usually eorrelated by measurements on standard materials or through use of
standard conditions. Development of O/M and oxygen potential measurements and standards for

UO0: . Pu0q . and (U,Pu)O ; are briefly surveyed.

Measurement of O/M and Oxygen Potential of Uranium Oxide

Uranium oxide displayvs several stable phases between UQ» and U0y , and a hypo-
stoichiometric UO »., phase (x<0.3) stable at temperatures over 1200°C.% Each phase is capable
of significant departure from nominal stoichiometry without phase change. Essentially every
procedure for determination of /M in uranium oxide is based upon some measurement of the ex-

tent of departure of the oxide from either UQ2 or U40s.

Florence’ has provided an excellent review of the methods of determining O/M and AGo » of

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

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

polarography.® controlled potential coulometry,? or titrimetric methods! following dissolution
in a non-oxidizing acid. In principle such methods are absolute as the U(V]} measured is a direct
measure of the oxyvgen in excess of UO2. 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 emploved to assure the ac-

curacy of the U measurements.

Drv measurements include thermogravimetric, gas equilibration, eleetrochemieal, and
metallurgical techniques. In the thermogravinetric techniques the uranium oxide is oxidized or

reduced to a known O/M, and the weight change between initial and final states is used to




calculate O/M. The classical thermogravimetric determination of /M for uranium oxide is igni-

tion to Uy Ox .'"1% However. the produet of ignition shows variable O/M influenced by factors
such as history of the oxide!! and moisture levels.!? Brouns and Mills showed that even pure
metal used as a starting material attained an Q/M of 2.667 with a reproducibility of only £0.005
on ignition in air at 1000°C."*  O/M has also been determined by reduction of a
hvperstoichiometric oxide to UQy 4 and either gravimetrically measuring the weight change of
19-22

the oxide!™!® or gravimetrically or gasometrically measuring the H20 ' or CO» evolved in

the reduction. The reducing agents used are Hy ,171¥ €O, 17192022 4, 2V ¢ temperatures from
800°C to 1000°C. Each of these ditferent sets of reductants and temperatures is claimed to reduce
the O/M to 2.00 exactlv,

Other methods used to determine O/M are direct measurement of the oxygen content of the ox-
ide by inert gas fusion®* or reaction with BrF to liberate the oxvgen.?® Both methods suffer
from insufficient precision for use in accurate O/M determinations.

Several studies of the oxvgen potential of uranium oxide using high-temperature elec-
trochemical cells have been reported. 2532 These cells employ a solid-state electrolvte 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.?® uranium oxides with large departures from stoichiometry were

prepared by mixing and annealing “stoichiometric” UQ. and U.Qs, without analvtical

verification of starting material stoichiometry. In several studies?27%-%2 the O/M is referred to
nominal UQ2 prepared by CO or Hy reduction at 800 to 850°C. In onty one studv® 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-

33.34

trophotometry of the solid uranium oxide, magnetic susceptability measurements,™

electrical conductivity measurements, % and neutron diffraction studies. 37
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, -+




Similar studies have also been made using X-ray crystallographic. metallographic. and mass

specirometric methods to determine the oxide phase composition. -4

Many studies of the O/M or oxvgen 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 1o
850°C. 17.19.20.22, 26.27,30.38.39.42.43 Phe basic assumption is that these conditions have been shown
to produce an O/M of exactly 2,000, Drummond and Sinclair!” stated the circumstances which
led to use of a 10:1 CO/CO; 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 C0O/CQ . mixture at 800°C
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 H: at temperatures as high as 1150 °C was necessarv to produce U0 . g0 from
hypersroichiometric uranium dioxide prepared from high purity U metal. The O/M of uranium
oxide equilibrated with 10:1 CO/CO. at 800 to 850°C (an oxvgen potential ot -100 kcal/molhas

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 600°C.%¢ For the
analysis of O/M of hypostoichiometric PuO. the classical procedure is ignition to PuQ, at 1050 to
1100°C in air.*” Despite an extensive study of ignition of various plutonium compounds which
showed that ignition in air at 1250°C frequently produced hyperstoichiometric oxides,*® one
laboratory persists with ignition in air at 850°C.%?

Several metheds developed for analysis of O/M in UO: or (U,Pu)O ; have been adopted for
Pu(,.18:20.24.50.51 The methods involve oxidation in air and reduction at 1000°C in Ha,'® direct
equilibration with a HaO/Hy atmosphere at 850°C,% direct measurement of the oxvgen content

of the oxide, 21" and oxidation of the oxide with a controlled excess of O, with calculation of O/M

from the CO. produced by a subsequent CO reduction.?®




Oxvgen potential of plutonium dioxide has been measured by solid-state electrochemical
cells">™ and gas tensimetric and mass spectrometric techniques.” ™ In these measurements
the O/M’s were referred either to equilibration in 10:1 CO/CO 225 ¢r 1o an oxidation to a

nominal O/M of 2.00 in air.?*%0%% The O/l 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 MOQ,. displavs an (/M ranging
from extremelv aypo- to extremely hyperstoichiometric, depending on the percent plutonium in
the oxide. Measurements of O/M or AGo tor MO are referred to conditions believed to produce
stoichiometric dioxide. Methods of O/M measurement in MO+ have been reviewed by Lyvon.™
Dahlby et.al.,!® McGowan et.al..® and Gurumurthy.®! Only one wet chemical method has been
proposed to determine O/M in MO3.%2 In this method, the sample is partially dissolved in non-
oxidizing H, PO, and the U(VI), total U, Pu(IV), and total Pu are determined by controlied
potential coulometry. 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 ix
achieved only true solid-solution samples may be analvzed. A gravimetric study of air oxidation
of MO: to a mixture of U, Ox and PuO: has been reported.®® Oxidation at 750°C produced a

product of varyving composition unless Pu content was <10¢..

Many thermogravimetric procedures have been developed to determine O/M of MO 4, all using

T AS202249.50.5964-68 'ha ogx
ga:

conditions claimed to produce a stoichiometric dioxide.
compositions and temperatures claimed to produce MOaan include: 10:1 CO/CO 2 at 800 to
900°C; 202249 controlled Ha/Hz0 at 800°C:™ reduction in Hz at 800°C. %% 850°C. %" g00°C. ™
1000°C. 18 1150°C.'7 and 1200°C:%% and reduction in CO at 800°C.% Drummond and Sinclair, !
Dahlby et.al..'® McNiely and Chikalla.™ and Metz et.al.% used mixtures of UQ»and PuQ.
prepared from the respective metals as references. Maurice and Bujis* 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.*! reported the determination of O/M in MO.,

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

g e e i s



Several studies of the oxygen potential of MO3 as a function of O/M and temperature have been
reported.®69-72 Oxygen responsive, solid-state electrochemical cells,5*"! gas equilibration
techniques, 7 and an electron microprobe technique™ have been used to determine oxvgen
potential. Two reviews of the AGo: data are also available, 6:7* a5 well as discussions of the effects
of the oxygen potential on reactor fuel characteristics.”>™ With the exception of a
thermodynamic phase-structure study referred to metallographic data,” all studies of AGo-
versus O/M are referred tc an assumed O/M of 2.000. Conditions used to produce the reference
O/M include: equilibration with 10:1 CO/CO: at 800°C>2 and at 850°C ™71 and equilibration to
an Hy/H;0 gas ratio setting AGoz to =100 kcal/mol at 800°C.% The electron microprobe study
by Johnson et.al.” measured the fission product molybdenum in a MO, fuel pellet following
irradiation, and calculated AGo: 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
nrofile assumed for the pellet cross section.

Two continuing studies of the thermodynamics of mixed oxide fuels and the thermodynamic
effects on reactor tuel properties are being performed at the Argonne National Laboratory™ and
the Vallecitos Nuclear Center of the General Electric Company. %

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

Ll
i

mogravimetric methods, Urie et.al.’* comparatively studied the three methods. They include:
oxidation in air at 1000°C, reduction in He-6"¢H2 at 1000°C for six hours; equilibration with a

~100 kcal/mol oxygen potential atmosphere at 800°C; and oxidation in air at 750°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. Dahiby et.al.!® found. however. that
application of the three conditions to blended UQ. and PuO . powders gave differences in product
0/M’s of £0.016. These results suggest that the only presently available standard for MO, , a

mixture of UQy and PuQ; 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 to O/M has been extensively studsed for UOp, PuQOg, and
MOQOs; none of these studies has definitively determined the oxvgen potential of these oxides at a
measured O/M of 2.000. The validity of use of mixed UQs and PuQ. as a standard for solid
solution mixed oxide has also not been shown. The purpose of this researeh i to prepare a solid
solution MO2zstandard for O/M determinations, to determine the oxvgen poter-tial at O/M=2.000
for UQy PuQa and MO, ; and provide baseline data for interpretation of previous studies.

A commercial themobalance has been modified to allow use of plutonium, it gas manitold has
been constructed to precisely control gaseous oxygen potentials within the thermobalance, a
solid-state oxygen electrode has been designed to measure gaseous oxygen poteatials in the ther-
mobalance. and UQ,, Pu0O:. and MO: O/M standards have been prepared from highly pure U and
Pu 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

produet 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 system. Since the

change in free energy. or AG, is the measure of the driving tforce for a chemical reaction, a svstem

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

ponent of a sysiem, the partial molar free energy is (0G/0n)r.pn= Gni The partial molar free

energy is the same as the chemical potential, u;.

The free energv of an ideal syvstem composed of n components is a function of the chemical

potential and mole fraction, n;, of each component:

G= U +un + B+ ese + Y 5. . 1
11 2 2 uaa u:‘l (D

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

dG. is given by:
di = pan + udn +pdn + «se + p.dn, . 2
Hpany R, TR, Hidty (2
and at equilibrium

dG

=2z “idni‘ (3
this Jatter relation can be shown to be equivalent to
d6 = v = £ dun, 0y

which is another form of the Gibbs-Duhem relationship.



In a chemical reaction:
ah + DB 5 cC + dD (5)

the free energy change is given hy the difference hbetween the total free energy of the final state

and the total free energy of the initial state,

dC = (eu. + ) - (am, + Lup) . (¢)
The chemical potential, g; , of the “'i"th constituent of a mixture is given by.
= ° 1
ui ui + I'"T 1n ai (7)

where 4; ° is the chemical potél'uial at a chosen standard state of unit activity and a ;is the activity

of the “i"th component in the mixture. For reaction (5) at equilibrium
dG = (cul + du®) - (apd + bul) + AT In [(3,) (20 (20" (&)
C D A B ¢ ) AT M
let.

-0= -] o_ (-] .’D —
a6 (cuC + d“D) (auA + luB) ")

and r2cognize at equilibrium the activities of A, B, C. and D are constant.
therefore:
. . c d a b
= H )
K= 12%)Y @) )" . (10)
Since the reaction is at equilibrium dG = 0, and

dG = AG® + RT 1In K. (11)

46° = U7 In K . (12)



Oxide Defect Structures

The nonstoichiometry of UQs, PuQ.., and (U.PWO . are indicative of defect structures within

. . ;o 46 .
nominally perfect crystal structures. The treatment of such defects used by Kofstad 1 using the

notation of Kroger and Vink™ will be considered.

The perfect MO cryvstal (M= U, Pu, or solid-solution U'+Pu) contains metal ions and oxide
ions accupying normal metal and oxygen sites within the ervstal. A metal ion occupying a normal
metal site is indicated by M. where M is the symbol for the ion or defect and the subacript
represents the site within the crystal lattice. Thus, an oxide ion occupying a normal oxygen site is
designated by 0q,. Valence charges of the ions are designated by svmbols denoting departure from
the valence charge within the perfect ervstal. A valence defect which is negative compared to the
perfect crvstal is denoted by a “prime”(*). a defect positive compared to the perfect cryvstal is
denoted by a “dot” (7). and non-departure from the perfect cryvstal charge is denoted by a
superseript *x” (Y). A metal ion on a metal site. which is negative compared to the normal site
charge. is denoted Maj . an example would be a Pu*® jom on a normal Pu™?! site in PuQ ...
Similarly, a U*% jon on a normal U *site would be designated M. In addition 1o normal sites
and ions there are vacancies which can oceur on a normal site (V1 and there are interstitial sites
1. A non-exhaustive list of defects which can appear in an MO ervstal, ignoring impurities and
alene defects, include: My, a metal ion on a metal site; O . an oxide jon on an oxveen site; V oy
avaeaney at a metal site; M, . a metal ion on an interstitial site: Vo, a vacaney at an oxvgen site:
andd O, an interstitial oxide ion. Besides the electron (valenced defects which occur at ervstal
defects, intrinsie defects occur by innization of valence eleetrons to the conduction hand leaving
an electoon hale in the valence and and denoted respectively by o oand p.

T axidation af U0y ta UQu.y. it is generally agreed that the predominating resultant defect is
interstitial oxvgen ions (07155 The relationship of oxygen intepditials to Py, the oxygen

partial pressure, may be derived from mass action considerations as follows.

10



X
MM + 00 +1/2 O2 Y MM + C‘O + 0i (13)
o*so0r +p (14)
i i
o' 30!+ p (15)
1 1

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

K = [4,] {01 (071/ [, [04] Po,'® = [07}/Po, "2 (13a)
K, = [011(p]/[0;] (14a)
K, = log'}p)/10]] (15a)

Assuming electroneutrality, that |0’} » |O;l, and therefore, 2|07'| = {p|. Equations (13a). t14a),

(15a). and the latter relationship lead to:
[Oi'] = (KbKaK /4)1/3 pozlls (16)
1

Thus the concentration of tully jonized oxygen interstitials, 7, is proportional to Po »V/8 if 07
is the predominant defect in UQu4y. A plot of log x for UQ .4 versus log Po . should have a slope of
+1/6 in the region where fully ionized oxvgen interstitials piedominate. Similar sets of equations
can be solved for all other crvstal defects if each is independently assumed to predominate, and
relations to Poz developed for each. Tallan et.al.” have performed computer solutions of
equations similar to the ahove taking into account all possible crystal defects and also the effect
of one major impurity. When relationships of the MO defect concentrations to Po ., have heen
determined, reference to the table will provide the neutrality relation of the predominating
defect. Analysis of the possible neutrality conditions (several mav have the same Poo
dependence), and knowledge of other erystal hehaviour will allow prediction of the predominant

crvstal defect structure.
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Kofstad has also considered the case of an MO» which predominantly has oxvgen interstitials
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 for x in MO., are:

vl n? pqzl’z = K, (17a)
[0;"1 p? po;“2 = K, (17b)
np=k (18a)
;"1 vyl = Kg (18b)
For large oxvgen deficit or excess, the relationships are respectively,
(Vo] = -x = (K /4)71 3 po 3/ 6 (19)
[0]'} = +x = (K;/8)V 3 po, V& (20)

At stoichiometry, with intrinsie ionization predominating. p = n, and both are independent of Po.

and
[Vo 1 = =x = (K /K) Pop ' (21)
[0'] = »x = (xi/ub) ro,'/? (22)

At stoichiometry, with internal disorder predominating, {Vo ' | = [O7Jand both ar independent

of Pog n @ Poy ~V4 and p « Pos * 4 respectively.

The two possible extreme results for these two cases are presented schematically in Figs. 1 and
2, which are plots of log x versus log Poa. For predominant intrinsic ionization (¥ig 1), the
stoichiometrie composition is seen to be at the midpoint of a curve proportional to Po.!2, For
predominant internal disorder (Fig 2), the stoichiometric composition occurs at the midpoint ol a

curve independent of Poa. For measuring O/M as a function of Po3 this latter case is more

desireable, for in this case a very sharp change in the Puaswill oceur 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-
vgen 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 oxvgen ion
gradient through the lattice as each surface equilibrates to the oxvgen potential it experiences.
The &)7 developed by the oxygen gradient is a measure of the difference betweer: the oxvgen

potentials at the two surfaces, viz:
E = [(£8o} - AGoj) - (AGoj' - AToj)}/al . (23)

E is the measured & 17 between cell interior and exterior, AGo% and AGo’ are respectively the
partial molar free energies of oxygen at the tube interior and exterior, and AGo§ is the standard
molar free energy of oxygen. Because, AGo: = RT In Poband AGoy = RT In Po5, the &7 also

relates the oxygen pressure between interior and exterior,
E = (RT/4F) In (Poj/Po}'). (21)

Use of a reference with a known oxygen pressure at one side of the cell, allows determination of
the Poz of a gas or solid at the other cell surface. Such cells constitute the oxygen responsive
electrodes used to measure AEO;: for UQs, Pu0y, and (U,Pu)Q:discussed in the introduction.

The preceeding relation of cell E to AGogz and Pos assumes that the sole electrolyte transporting
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 &1 7is partially short circuited. Patterson®! and Hardaway et.al.%? have determined the
electrolytic conduction regions for the two electrolyte systems Ca0-Zr0 4, (CSZ), and Y 20 4-ThQ:,

{(YDT). 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 electrolvtic domains shown in Fig 3. will
cause a non-Nernstian &7 to develop due to the electronic or hole conduction, As shown in Fig 3
the YDT electrolyte is usable at higher temperatures and lower oxvgen potentials than the CSZ

electrotyvie. Unfortunatelyv, YDT is not usable with an air oxyvgen reference while CSZ is.

1200 1000 800  ron
1701300 1100900

R R L L D B B

2

A 60 (kcalZ/mol)

10

5 [ 7 8 9 10 {1 12 13 4 IS
10° /T (K)

Figure 3.
Electrolytic conduction domains for YDT and CSZ.

15



Control of Gaseous Oxygen Potential

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

hvdrogen gas. For the reaction:
H, + 1/2 0, ¥ H,0 (25)
an equilibrium constant may be determined,

K

/2 .
(®, /P, )P, )} (26)
1.2() Ixz 02
Solving for Poy:

Po

2 = (tho)”/(rnz)zx2 (27)

Because K is a function only of temperature, the oxygen pressure is uniquely determined at
constant temperature by the ratio H:O/H.. The equilibrium constant for this reaction has been

determined by Wagman et.al.?? from room temperature to 1500°K. The very low oxvgen pressure
determined by a given HaO/H; ratio (2x107!7 atmospheres for a HyO/Ha ratio of 107%) allows
direct calculation of Po: without correction for the negligible amount of H,O which dissociates to
form the 0. . Any O: or other impurities present in the gas will be buffered by the H >0 and H.

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

e AT TR

Apparatus, standards, and procedures have been developed to measure the O/M of UQ,, Pu0,,

and (U,Puj0: equilibrated with gases of known oxvgen potential.

Apparatus

The apparatus used for the study of oxygen potential of oxides of varving O/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 hoth analog and computer-reducible digital for-
mats. The controlled-atmosphere system produces oxvgen partial pressures spanning fourteen
orders of magnitude. The oxygen potential measurement system independently measures the ox-
vgen potentials of the atmospheres generated.

1. Thermobalance

The thermobalance system consists of a Mettler Recording Vacuum Thermoanalvzer attached
to an alpha containment glove-box and interfaced to a digital data logging system (Fig. 4). The
Mettler thermoanalyzer is composed of an electronic readout balance and control panel, a 1600°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, electromagnetically compensated, substitution balance housed in a
vacuum-tight stainless steel tank thermostatted at 25°C. Balance capacity is 16 grams, readabili-
ty is +5 ug,yielding a sensitivity at maximum load of 3 x 108, Vibrations. repeatability of release
point, and other effects, however, reduce the precision to ~20 pg (s). 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
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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 full scale output on the “1x” signal of 10 mg, 100 mg, and

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

The furnace which uses **Super-Kanthal” elements has a maximum temperature rating of
1600°C. Temperature is measured by a Pt/Pt-10¢<Rh 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 Als0; 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 H2O and H; gases to the sample. A stainless steel line enters the side of the sample
chamber and carries the gases up an Al:03 tube and vents them above the sample. The
configuration inside the furnace tube is shown in Fig. 5. An Al,0;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 muliti-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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an extra switch plase and sensing switches to provide source switehing and timing sigoals lor the
digital data Jogging svstem. The medifications do e atffect the analug sigpal recording. The
digital datn logging svstem emplovs o Hewlett Packand 34508 awtoranging dizgitel volimeter to
convert analog voltages to o BCTY signal fod theough a Hewlets Packord 2575 idirectional inter-
faew 1o o mchificd ASIES teletype. The teletype prints the doto and punches a prgoer tpe which
is subseyuently processed by an ofl -line computer. The malti geint recarder has 2 27 see. data
recording exvele. Po climinate unnecessary cedundaney of digital data and reduce the ameant of

paper tape punched. a timing interval beard allows a continunmsly varishie time delay up voim

hours between eack: digital data revord,

The clectronie rack, shown in Fig. b oontamns the Mettler contral paneds, multi-paant reconder,
the digital valtimeter, bidirectional interface, and digitol delay timer. It is monmted on wheels aned
comnecied 1o the theemotitlonce by a 2.m ambilical cord, wineh atlows free movement for access
io the panel and other compunents,

Fo contain the o-ctive materiais handled in the thermoebalanee, o madified §13. 100 glovehox
has been attached 1o the thermobalonee. Maditications to the glovebox and thermobalance were
necessary to scal the glovebox ta the thermebalance and provide sufficiens filtered airflow 1o dis.
sipate the furmace heat. Rubber gaskets seal the glovebox Qoor te the thermohalance sample com.
partment, furnace elevator, furnace gaide, and eold trap, The fusnace elevator is also enclosed in
o pleated sleeve of polyvinyt chloride to contain any radisaciive materinls which might peneteate
the sliding seal. Two B-in square ahsalute air filters in the glovebox inlet and exhaust provide ab-
sulute air filtration at a flow rate sufficient to dissipate the furmace heat. A round airbock attached
1 2he side of the glovebox conserves interior and exterior space and allows free passage of the ab-
sefute air filters and the furnave elements. The glovebox is supported by the heavy steel frome in
which the thermobalance is mounted. Penetrations of the glovebox provide o vent inside the
glovebox for the thermobalance gas flow and vacuum pump exhaust.

2 Controlled Atmosphere Apparatus
The oxygen potential of the atmosphere at the thermobalance sample crucible is controlled by

mixing hvdzogen gas and water vapor in s#n inert carrier gas and delivering the mixture to the
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sample through the reactive gas inlet. The gas {ivw and blending apparatus is shown in Figs. 6
and 7. The hydrogen is added by flow mixing oi tank gases, water vapor is produced by combina-
tion a1 a catalyst of H: and O2 produced by elecirolysis of water.

Inert carrier and purge gases are He and Ar purified by passing through U-metal turnings at
700°C tollowed by molecular sieve. The Ar purges the balance tank and the He carries the Haand
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 Ha-He gases are purified by p;issing through copper wool at 750°C or 350°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 thermobalance oxygen potential. the gas fluw rates are
carefully controlled. The He. H.. and H.-He gas flows are controlled by micrometer needle valves.
The He tlow is measured by a conventional flowmeter and the H, and H;-He gas flows are
measured by a Hastings Model DLF-100X thermal mass flowmeter. The Ar balance purge flow is
cantrolled by the thermobalance needle valve and tlowmeter. All gas flow measuring devices were
cilibrated at ambient conditions (380 torr. 25°C) with a soap bubble flowmeter. The flow calibra-
tion curves are shown in Figs 8, 9, and 10,

Controlled H.0 levels are added to the He carrier gas by electrolysis of water from IN HyS04.
The H: and O: produced by electrolysis are swept past a liquid nitrogen-cooled trap which
removes residual water vapor. and are recombined at a platinized-asbestos catalyst prior to enter-
ing the thermohalance. All gas llow lines between the electrolysis cell and the thermobalance are
stainless steel and are heated to >100°C ta 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 Pt 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 H. and 02 produced. The liguid 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 5-gal liquid nitrogen reservoir insulated by polvurethane 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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Diagram of controlled-atmosphere gas flow system.
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Calibration curve for balance-purge argon gas flow.
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Figure 11.
Electrolysis cell and liquid-nitrogen trap.
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trap is wound with copper wire 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 200-mA or a Hewlett Packard 500-mA
constant current power supply. The 500-mA supply is manually controfled, the 200-mA supply is
controlled by an external resistance network. The resistance network is programmed by a step-
ping switeh and a 24-hr clock switch (shown partially in Fig. 7). allowing 24 hr control of the
current levels as required by the experiment.

J. Oxvgen Potential Measurement Systems

Two independent systems measure the oxygen potential of the thermobalance atmosphere,
Flow of H; and H. O into the thermobalance 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 ;and H,0 in
the He carrier gas. The moisture level of the exit gas is measured by a Panametries Model 2000
Moisture Monitor probe inserted into the eold trap cavity of the thermobalance. The oxygen
potential at the sample is calculated from the sample temperature and the H sand H20 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. ['he electrode is fabricated from the ThO 2-15 mol“:
Y203 (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
0.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 weve in a thermal gradient.

The electrode was fabricated in twe sections from YDT and pure ThO ; prepared by the Los
Alamos Scientific Laboratory (LASL) ceramics fabrication group using a slip cast process,
Sour-es and purities of the ThO. and Y20 used are listed in TABLE 2. The ends of the two tube
secticns 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 ThQ. used to prepare the tube body. Sintering at 1600°C produced a
gas-tight joint between the two sections in two of four tubes fabricated.

The tubes were coated with a continuous Ir metal film by painting the interior and exterior sur-
faces with an iridium resinate solution (Engethard No.A-1123). The Ir was reduced to metal by
heating to 9X0°C in an Ar - 8¢ H. atmosphere. A tube fabricated from Al,O ;sthermccouple sheath
carried the gas into the YDT tube end to ensure reduction to metal on the interior surface. When
a continuous {ilm was formed on interior and exterior the open end of the tube was ground flat on
No. 400 carborundum paper to remove Ir metai bridging the two surfaces.

A Ni - NiQ axvgen potential reference mixture was prepared by blending equi-molar amounts
of Ni and NiO and combining on an equal weight basis with ThO ., The ThO .prevents sintering
of the Ni and the NiQ). assuring a large surface area for setting the reference oxygen potential. The
YT section of the electrode was packed with the Ni - NiO reference and the remainder of the
tube was packed with pure ThO:. The base of the tube was sealed with Silastic compound and a
Pt wire contact is placed in the end. The electrode fits within a special holder at the base of the
thermobalance sample area, and the potential developed is measured by the digital voltmeter (in-

put impedance = 10" @) and recorded digitally.

Uranium and Plutonium Standavd Materials

The O/M of uranium. plutonium, and mixed uranium-plutonium oxides was determined with
reference to highly pure uranium and plutonium metals as starting materials. The two Ul metals

used were NBS SRM-960 natural U metal and a highly-pure depleted ingot U metai prepared and
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TABLE 2

IMPURITIES CONTENT OF Y,0, AND ThO, SOUPRCE “ATLRIALS

Determined Content, ug/g, As Received

ThG, Y,0,
Element Norton 900F Michigan Chem, Ken r460

Li <U,5 <3
Be <0,5 <3
B 0.8 <3
Na 6 20
Mg 20 3
Al <200, est 100 <10
Si 80 30
Ca 200 <10
Sc - <10
Ti - <10
v <100 <1C¢
Cr 20 <3
iln <2 <3
Fe 150 <10
Co <5 <10
Ni <5 ~10
Cu <2 - <3
Zn - <100
Pb <2 <10
Sr - <3
Nb - <100
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TABLE 2 (cont.)

Nb - <100

Mo - <10
cd - <3

Sn - <10
Ba - <30
La - <30
Ce - <100
Pr - <100
Nd - <100
sm - <20
Eu - <3
Gd - <30
To - 200
Dy - 20
to - <30
Er - <10
Tm - <20
Yb - 3

Lu - <100
Bi - <10
™ - <300
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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 analvses. Impurity content in-
formation for NBS SRM-960 was obtained from the National Bureau of Standards.™ Impurity
data for the three metals are listed in TABLES 3, 4, and 5.

The U0, and PuQO: 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 HNO:; followed by distilled water and acetone rinses. The Pu metal is received

as 500-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 250°C in an atmosphere of

He saturated with H:O. The oxide produced by this low temperature oxidation was a compaet
oxide scale with a very large surface area which should allow rapid equilibration of the oxide with
the gas atmosphere.

The solid solution mixed oxide standard was to be prepared by melting together weighed por-
tions of U and Pu in the thermobalance to form a U.Pu allov. The melting is performed in the He
carrier gas with the flow diverte.d around the electrolysis cell and trap. The alloy is then oxidized
in the thermobalance to solid-solution oxide. Pu melts near 600°C. U melts near 1200°C, and the
A1 U-Pu alloy melts at 1000°C.% The initial attempt to form the alloy by melting the metals in
the AL O3 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 Y ;0 zcups placed within
the AlOy crucible, by heating initially to 1200°C then holding several hours at 1050°C.

Oxidation of the alloy and measurements of the O/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 O/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 3

URANTU.! AND IMPURTITY CONTENTS OF NBS SRM-960

Impurity Element Content (ugp/g U)
Fe 42
Al 20
Ba <10
C 11
Iz 9
N1 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 Calculated from Material bBalance = 250 ug/g U

bifference Between ‘easured and Calculated Impurities = 113 ug/g U
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TABLE 4
URANIUM AND IMPURITY CONTENTS OF LOT UR-1261 U METAL

Impurity Element Content (ug/p U)
Mp 30
Al 5
Si 10
Ca 5
Cr 2
Mn 3
Fe 15
Ni 20
Cu 4
Ag 2
Pb 2
C 120
N 20

Sum of ieasured Impuritics = 238 ug/g U

Uranium Content Calculated from Material Balance = 99,9762 wt%
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TABLE 5

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

Impurity Element Content (pg/g Pu)
Ni 3
Cr 2
Fe 2
Ta 10
Th 1
Np 12
C 16
H 10
o] 10
Cl1 3
F 0.5
u? 5
An® 7.8

Sum of reasured Impurities = 76,3 ug/g Pu

Calculated ?“'Am added by decay of 2*'Pu = 61.6 ug/g Pu
Calculated U added by decay of 2%°Pu and 2“°pu = 117,9 ug/g Pu
Calculated Sum of Impurities = 255.8 ug/g Pu

Plutonium Content Calculatedc from Material Balance = 99,9744 wt%

3pate of analysis 2/7/73, *“Am is produced at Vv 28.5 ppm/yr.
bDate of analysis 3/14/73, U is produced at v 54.6 ppm/yr,
®plutonium content of this lot has not yet been certified.
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The Al,O; sample crucible was cleaned in 8M HNO3 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 H,O 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 800°C
with oxygen potentials determined by the HyO-H s-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?/min. 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 AlO ;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 impuritv 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 syvstem
KRONOS on a CDC 6600 computer. This program (see Appendix) calculates the time of day.
temperature, weight, electrolysis current, H,O partial pressure, H, partial pressure, moisture
monitor reading, oxygen potential, and O, 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 hy a
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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 Fe0 54 19 3

Al A1203 38 9 -

Ba Ba0 11 - -

Ca CaQ - 7 -

Cr Crzo3 - 3 3

Mn MnO2 - 5 -

Mg g0 15 50 -

Ni Ni 13 20 3

Cu Cu - 4 -

Ag Ag - 2 -

Si sio, 60 21 -

Pb PbO - 2 -

Vv \/205 7 - -

Ta Ta,0, - - 13

Th ThO2 - - 1

Np NpO, - - 13

U U02 - - 139.4
An Anm,0, - - 76.3 ‘
c Cco 0] 0 0 j
N N, - 0 - g
H H_0 - - 0

0 PuO, - - 0 :




TABLE 6 (cont.)

Cl HOC1 - - 0
E HF - - 0
Total Impurities ug/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.

1. Temperature Calculation

To convert the Pt/Pt-105.Rh thermocouple potential to temperature a relationship was developed
relating the data of the International Practical Temperature Scale-1968 (IPTS-68)%® calculated
for this thermocouple :eferred to a 25°C cold junction.®” An equation relating temperature to
thermocouple &4 7 was developed using an iterative approximation program on a CDC 7600 com-

puter. The relation of absolute temperature to thermocouple M7 in millivolts is

T (°K) = [ 1 - exp(-1.908 mv?*?78) ] + 298,51 + 119,38 mv

- 2,573 mv2 + 0,05965 mv? (28)

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

39




2 H:0 - H» - O, Equilibrium
The relationship to temperature of the equilibrium constant, K., for water, hyvdrogen, and
].83

oxvgen was calculated from the data of Wagman et.a A least squares fit of a second order

curve, vielded

log = 3,037 + (13 242./7) - (144 575./72) 29

;K
10 €

where T is the absolute temperature in degrees Kelvin.

3. Oxygen Potential from Oxygen Electrode EMF

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

£Go, (N1/Ni0) = -111 708, + 140,58(T"K) cal/mol (30)

Combining this relationship with Eq. 23 and solving for AGo?, the oxygen potential of the

exterior surface gives,
A(So;' = <111 705, + 40,58 T = depek (31)

where T is the absolute temperature, E is the measured &M7 in volts and F is the Faraday

equal 10 96,485 Coul/mol™ or 23,060 cal/volt equiv.
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RESULTS

Apparatus

The modifications to the thermobalance, made to allow handling of a-radioactive materials,
had no discernable effect on its operation. The gas flow deflector, added to the reactive gas inlet
svstem (Fig. 5), would be expected to affect the apparent weight by momentum transfer from the
gas impinging directly onto the Al.O; crucible. To determine the gas flow effects, the AlOy
crucihle was weighed with the deflector in place with only He carrier and Ar purge gas tlowing:
He-0.7 H., 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 pg for a flow

increase of nearly 100, .

TABLL 7
EFFECT OF THE REACTIVE GAS-CARRIER GAS FLOW RATE

ON THE Al,0, CRUCIBLE WEIGHT

Reactive Carrier Flow* % Flow Weight

Gas, Flow (cm®/min) (cm®/min) Increase Weight (g)  Change (ug)

None 60 0 3.148763 0
lle-O.7‘%H2 12 60 20 3,148790 27 j
He-1,8%1, 13 60 22 3.148796 33

Hz 58 60 95 3.148852 89

H2 12 60 20 3.148797 34

None 60 0 3.148772 9

*Arpon balance-purge flow = 26 cn®/min.
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Tests of the controlled-at mosphere apparatus and thermobalance for leaks were conducted on a
semi-routine basis. When first assembled. most of the gas tlow components were tested by
evacuating with a mass spectrometer leak detector while being sprayed with He. The ther-
nmobalance 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 atm over ambiant. isolating from
the He pressurization source for 2 hr, and repressurizing with He. A leak would be indicated by
the He gas bubbling into the electrolvsis solution when the cell was re-pressurized. As each test
was performed any indicated leaks were resolved before additional data was taken.

A gas chromatographic-frontal analysis effect was observed for the H o and O s gases produced
by the electrolysis cell. When electrolyvsis was initiated. a front of H.enriched gas veached the
thermobalance. followed by the expected H.O level. finally followed by an O senriched peak
when electrolysis was stopped. This effect was first observed when a UQ .4, sumple 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 H» 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 UQ 24 ,sample was exposed
to the products of the electrolysis cell with no Hz gas flowing. When electrolysis was hegun the
oxide reduced sharply followed by slow oxidation as the H: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 eftect of this phenomenon was to increase the time required to equilibrate samples to a
constant oxygen potential, The time for a changed electrolysis rate to produce the changed H,0

level at the sample (from .5 to 1 hr) was directly added to the time required for equilibration. The

42

M2 SN e £

p: SR X




sample also sees an initial component which is opposite to the change desired. and thus the sam-
ple is alwavs displaced away from the desired equilibration point, requiring more time to reach

equilibrium,

Uranium Dioxide

The data for all of the oxides were obtained hy equilibrating the samples isothermally 1o coni-
trolled oxveen potentials, a methudology based on initial non-isothermal studies on uranium ox-
ide. A uranium oxide sample was programmed for a temperature ramp from 800°C to 1:300°C
haek 10 300°C with constant Ha0/Hz ratio. Such data would allow evaluation of oxvgen potentials
and O/M ratios at any desired temperature between 800°C and 1300°C. The data are only useful,
however. if the sample maintains an instantaneous equilibrium with the constantly changing
remperature. Two curves run at 1°C/min and at 10°C/min with a constant H20/Hz ratio are
shown in Figs. 13 and 14. Neither curve indicates the desired attainment of instantancous
equilibrium. The 10°C/min curve shows O/M data vaiues which. while appearing to be
svmmetrical with the temperature curve. changes much less than the 1°C/min (/M data. The
1°C/min (/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 oxvgen potential of the gas must be constant. Since oxvgen
potential is caleulated from measured H20 electrolvsis and H . flow 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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Figure 13.
O/M of uranium oxide for a 1°C/min temperature ramp.
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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 daa has
heen computer processed for plotting on a Zetaplotter. The calculated oxvgen potential, /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 satistving 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 dissertation are included in
the appendices.

Two uranium oxide samples have been prepared fromn NBS SRM-960 17 metal and LASE Lot
UR-1261 U metal. The isothermal data for the oxygen potential, oxvgen partial pressure, and
(/M’s of the two oxides are presented respectively in TABLEs 8 and 9. Also listed in’the tables
are references to the Zetaplot produced curves used in evaluating equilibrium, The reference eode
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 SKM 960 and UL is oxide
prepared from LASL U metal. The two digits are the nominal temperature at which the data was
taken in hundreds of degrees C. ie. 08 = 800°C. The number and letter signify respectively the
particular plot (1, 2, or 3) and the plot segment (a. b, ¢. ete.) which is assumed to demonstrate
equilibrium

Examination of the data in TABLEs 8 and 9 shows that the values for the UN oxide are ~0.002
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 3. the information availabie for NBS SRM-
960 does not account for 113 ug/g of impurities in the metal. The data are caleulated assuming
that the metal assav value assigned by the NBS is correct. and the oxide value is corrected only
for the impurities known 10 be present, as listed in TABLE 6. This ix equivalent to assuming tha
the unaccounted for impurities volatalize from the sample in the conversion from metal to oxide,

This assumption may be in significant error,
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TABLE 8

OXYGEN PGTENTIAL, OXYGEN PARTIAL PRESSURE, AND O/i OF URANIUM OXIDE

PREPARED FROM NBS SRM-360 U METAL

Aﬁbz (kcal/mel) Oxygen Pressure (atm) 0/M Ratio
1569°K  1296°C
-68,5 3.0 x 1070 1.9999
~70.5 1.5 x 10°!° 1.9993
-73.5 5.5 x 107! 1.9990
-78.0 1.5 x 107! 1.9985
1469°K  1196°C
-73.0 1.5 x 1071 1.9984
-77.5 3.0 x 1072 1.9980
1371°K  1098°C
-62.0 1.5 x 10710 1.9999
-64.5 5.0 x 107!} 2,0000
-68.5 1.0 x 1071} 1,9996
-70.5 5.5 x 10712 1.9980
-72.0 3.5 x 10712 1.9979
-83.5 4.5 x 107" 1.9975
1272°K  999°C
-63.0 1.5 x 10711 1.9992
~65,5 5.0 x 10712 1.9982
-66,0 4.5 x 10712 1.9994
~67,0 3.0 x 10712 1.9981
-68.0 2.0 x 10712 1.9994
-69.0 1.5 x 10712 1.9980
-72.0 4.5 x 10713 1.9980
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Reference*

UN-13-1a
UN-13-1b
UN-13-1c

UN-13-1d

UN-12-1a

UN=-12-1b

UN-11-2a
UN-11-2b
UN-11=-2¢
UN-11l-la
UN=11-1b

UN=-11-1c

UN-10-22
UN=~10-1a
UN=10-2Db
UN-10-1b
UN=10-2¢
UN-10-1c

UN-10-1d



-70.0
-70.5
=72.0
-75.0
-80.0
-80.0

-74,0
=75.0
~77.0

-80.0

9.0
7.5
4.0
9.0
1.0

1.0

8.5
5.0
2,0

5.0

*Refer to coded data plots

TABLE 8-cont.

1173°K 900°C

x 107*
x 1074
x 107
x 10718
x 1071%
x 10718

1073°K 800°C

x 10716
x 1071
x 10716

x 16717

in the Appendices.

47

1.9980
1,9995
1.9979
1.,9978
1.9999
1.9978

1,9979
1,9982
1.9981

1.9980

UN-09-1a
UN-09-2a
UN=-09-1b
UN=-09-1c
UN-09-2b

UN-09-1d

UN-08-1a
UN=-08-1b
UN-08-1c

UN-08-1d



TABLE 9

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

4Go, (kcal/mol)

PREPARED FROM LASL LOT UR-1261 U METAL

Oxygen Pressure (atm)

=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

5.0

3.5

5.0
3.5
1.5
7.0
2.0
6.0

4.0

9.5

3.0

1569°K  1296°C

1078

107

107°

10'10
10'10
10'11
10'11
10'12
10‘!3
10'!7

1469°K  1196°C

10'!1
10'!1
10'!1
10'12
10'!2
10'1“
10'10

1371°K  1098°C

10'12

10'12
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0/M Ratio

2,0101
2,0058
2.0028
2,0023
2.,0016
2,0011
2,0006
2,0001
1,9993

1,9988

2.0006
2.0006
2.0004
2,0003
2.0001
1,9991

1.9988

2.0003

1.9994

Reference*

UL=13-2a
UL-13-2b
UL-13-3d
UL-13-3¢
UL-13-1a
UL-13-1b
UL-13-1c
UL-13-1d
UL-13~3Db

UL-13-3a

UL-12-1c
UL-12-2a
UL-12-2b
UL-12-2c
UL-12-2d
UL-12-1b

UL-12-1a

UL-11-3b

UL-=11-2c



=74.5
-76.5
=79.0
-94.0
-117.5

-120,0

-68.5
-72.0
-72.5
=73.5
76,0
-77.0
-80,5
-95.0

-96,5

-73.5
-76.5
-77.0
=77.5
-82.0
~96.5

-117,0

1.5
6.0
2,5
1.0
2.0

8.5

2,0
4.5
3.5
2,5
8.0
6.0
1.5
4.5

2,5

1.0
2.5
2.0

1.5

2.0 :

2,0

1.5

*Refer to coded data plots

TABLE 9-cont.

1371°K  1098°C

10'12
10‘13
10'13
10'15
10'19
10'20

1272°K 999°C

10'12
10'13
10‘13
10'13
10'1“
lo'lk
lo'lb
10‘17
10'17

1073°K 800°C

10'15
10'16
10‘15
10'16

10.16

. 10729

10-2"0

in the Appendices,
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1.9998
1.9995
1.9995
1,9989
1.9996

1,9991

1.9995
1.€993
1.9999
1,9993
2,0002
1,9994
1,9995
1,9995

1.9989

2.0024
2,0019
1,9994
1,9996
1.9994
1,9994

1.9994

UL-11-1la
UL-11-1b
UL-11l-1c
UL-11-2h
UL-11-3a

UL-11-2a

UL-10-2c
UL-10-2b
UL-10-1b
UL-10-24d
UL-10-1¢c
UL-10-2e
UL-10-2f
UL-10-1a

UL-10-2a

UL-08~1a
UL~08«1Db
UL=-08=-2d
UL-08-2e¢
UL-08-2c¢
UL-08-2b

UL-08-2a



The 1300°C and 1200°C oxvgen potential data for the UL oxide are plotted in Fig. 15, 1t is ap-
parent {rom the plot and the tabulated data for both oxides that conditions sutficient to produce
significant departure from stoichiometry were only attained at 1300°C, Also, the data indicates
that anv method of analysis of O/M of UO. involving equilibration with a controlled oxyvgen
potential will produce the stoichiometric dioxide in the oxvgen potential range -70 to -120
kcal/mol between 800 and 1300°C,

A log-log plot of the 1300°C UL oxide data shows x in UQ s+ is proportional to Pog! ™"V (I%ig.
16). The uranium oxide data compilation of Kofstad (Ref. 46, p304) shows x in UO .. to be
proportional to Po,2 which changes to Po,'® as temperature and defect concentration decrease.
The defect structure close to stoichiometry is probably a variably ionized oxvgen interstitial

which becomes an ordered structure incorporating both oxygen interstitials and oxvgen vacancies

at higher defect concentrations.

Plutonium Oxide

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

varving oxvgen potentials at temperatures from 800 to 1300°C, The aperational definition of

equilibrium applied to the uranium oxide was also applied to the plutonium oxide. The plots used
to evaluate equilibration are in Appendix 3, and the values of oxvgen potential, oxvgen partial
pressure, and O/M are listed in TABLE 10. The oxygen potentials and O/M’s are plotted in Fig.
17 tor the temperature range 800 to 1300°C.

The defect concentration of plutonium oxide, as reflected by the O/M, is strongly dependent on
both oxvgen potential and temperature. At 1300°C the O/M deviates significantly from
stoichiometry even at -70 kcal/mol. The nominal reference potential of -100 keal/mol does
produce a stoichiometric oxide at 800°C, however, significant reduction begins at that oxvgen
potential between 900 and 1000°C.

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

and O/M of PuOs, however, they do not fully agree with the results of those previous studies.
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Figure 15.

Oxygen potential of uranium oxide (UL) at 1200°C and 1300°C.
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Figure 16.
Relationship of defect concentration in UO 1., to oxygen pressure at 1300°C.

Atlas and Schlehman™" determined the AGos for PuQ g to he ~-97 keal/mol ar t300°¢
whereas the present data indicate a much lower value of -84.5 keal/mol. Markin et. al.™
measured an oxyvgen potential of -114.3 keal/mol for PuO gus at 962°C using an electrochemical
oxvzen concentration cell. The present data extrapolates to an oxvgen potential near -1
keal/mol for this O/M at 960°C. Possible causes of these diserepancies are the reference con-
ditions used in the previous studies. Markin et. al. referred their measurements to PuQ.
equilibrated in 10:1 CO/CO. at 850°C (an oxvgen potential of -100 keal/mol). The present data
indicate this will produce a stoichiometric dioxide at equilibrium. Either equilihrium was not at-
tained or the electrode system was non-Nernstian in its response. Atlas and Schlehman deter-
mined O/M by a gas reduction analvsis. an error of ~0.005 in such an analvsis would account for

the diserepancy 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 [LOT 7)

Aﬁbz (kcal/mol) Oxygern Pressure (atm) 0/M Ratio Reference*

1569°K  1296°C

-89.5 3.0 x 10713 1.9857 Pu-13-2f
-89.5 3.5 x 10712 1.9859 Pu-13-1c
-85.5 1.5 x 10712 1.9894 Pu-13-2e
-85.0 1.5 x 10712 1.9896 Pu-13-1b
-79.5 8.5 x 10712 1.9931 Pu-13-1d
-79.5 8.0 x 10712 1.9929 Pu-13-2d
<75.0 3.5 x 107! 1.9948 Pu-13-2¢
~72.5 8.0 x 107! 1.9956 Pu-13-2b
-70.5 1.5 x 10710 1.9962 Pu-13-1a
-70.5 1.5 x 1071° 1.9960 Pu-13-2a

1469°K  1196°C

-94.5 8.5 x 10715 1.9905 Pu-12-1b
-90,0 4.0 x 107" 1,9928 Pu-12-la
-88,5 7.0 x 107" 1.9946 Pu-12-2e
-84.0 3.0 x 10713 1,9957 Pu-12-2d
-79.0 1.5 x 10712 1.9969 Pu-12-2¢
-74.5 8.5 x 10712 1.9978 Pu-12-2b
-73.5 1,0 x 10712 1.9978 Pu-12-1c
-70.5 3.0 x 107! 1.9982 Pu-12-2a
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TABLE 10-cont,

1370°K  1097°C

-115.5 3.5 x 1071° 1.9839 Pu-11-le .o
-111.5 1.5 x 10712 1,9839 Pu-11-1d :
-107.5 7.5 x 10718 1.9884 Pu-11-1c )
-103.0 3.5 x 10717 1.9919 Pu-11-1b

-99.5 1.5 x 1071¢ 1.9955 Pu-11-2d

-95.5 5.5 x 1071¢ 1.9951 Pu-1l-1la %
-87.0 1.5 x 107 1.9979 Pu-11-2c g
-82.0 8.5 x 1071 1,9983 Pu-11-2b %
-74.5 1,5 x 10712 1.9992 Pu-11-2e f
-74.5 1.5 x 10712 1.9988 Pu-11-2a 5

1273°K  1000°C

»120.5 2.0 x 10721 1.9873 Pu-10-1d i

-115.5 1.5 x 1072° 1.9918 Pu-10-1¢ ?

-112.0 5.5 x 1072° 1.9939 Pu-10-1b

-109.0 2.0 x 107%° 1,9951 Pu-10-1a

-108.5 2.5 x 10719 1.9960 Pu-10-2d

-103,0 2.0 x 10718 1.9974 Pu-10-2c %
-96.5 2.5 x 10717 1.9983 Pu-10-2b ;
<95.5 4.0 x 10717 1.9985 Pu-10-2a f

1173°K 900°C

-125,0 4,5 x 10°2* 1.9953 Pu-09-2f :
-123.0 1.0 x 10723 1,9952 Pu-09-1c

-120.0 4,5 x 10723 1.9963 Pu-09-1b ;

- |

~117.5 1.5 x 10722 1,9976 - Pu-09-2e !

-116.0 2.0 x 10722 1,9972 Pu-09-1a |

I

|

!
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TABLE 10-cont,

1173°K 900°C

-114.0 5.0 x 10722 1.9982 Pu-08-2d
-110.5 3.0 x 1072 1.9987 Pu-09-2¢
-99.0 2.5 x 107!° 1.9995 Pu-09-2b
-78.5 2.5 x 1071° 1.9999 Pu-09-2a

1073°K 800°C

-131.0 1.5 x 10727 1.9985 Pu-08-3f
-125,5 2.5 x 10728 1.9992 Pu-08-3e
-123.0 9,0 x 10726 1.9996 Pu-08-3d
-123.0 9.0 x 10725 1.9983 Pu-08-2¢
-120.5 3.0 x 10728 1,9987 Pu-08-2b
~119.0 5.0 x 10728 1.9999 Pu-08-3c
-116.5 2,0 x 1072" 1,9989 Pu-08-2a
-114,5 4,0 x 107%* 1,9984 Pu-08-la
-113.0 9,0 x 107%* 2,0001 Pu-08-3b

-84.,0 7.0 x 10718 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 800°C to 1300°C.




The log of defect concentration in PuQ;_, is plotted in Fig. 18 versus log Po »for 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°0 1300°C are most nearly proportional to
Po; V3 The data at 800°C are proportional to Poy 13", Possible defect structures which would
display this relationship taken from the coinpilation of Tallan et. al.® are: a combination of V
and Vo which respectively are proportional to Po,~6 and Po g“‘/f‘, or M {""which is proportional
to Poz~ 1, or a combination of M; “and M;{"* which are proportional respectively to Po;~ ' and
Po,~ 4. Atlas and Schlehman considered the most likely defect structure to be M ™", since the
fully ionized interstitial metal ions would satisfy the Poz '3 relationship. A combination of
oxygen vacancies (partially ionized) and metal ingerstitials has been suggested by Kofstad (Ref.

46, p320) as the defect structures best accounting for the Po,~ /8 relationship which changes to

-1/ 3 .
Poy 1 ai lower defect concentrations and temperatures,

-1.5 LI
-1/4,
Po 1/4.85
-20F 2 -~
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Figure 18,
Relationship of defect concentration in PuOga_y to oxygen pressure, 800°C to 1300°C.
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Solid Solution Uranium-Plutonium Oxide

L Allov Preparation

The initial effort to prepare the U-Pu alloy by melting the metals together in the Al,O:
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.
The 17 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 A1,0, $ 3 Pu0, + 4 Al (32)

e . . . . . 57 ¢ ' . 8 .
I'he free energies of formation of Bu0,®" and ALO3™ at 1300°C gives a calculated free energy for

reaction 32 of -200 cal/mol. The negative free energy for the reaction explains the corrosive attack

of the AL ; by the Pu.

A MO0 liner was placed in the AlO; erucible to prepare the U-Pu alloy at 1200°C based on the
free energy of the reaction,

Pu + 2 Mg0 ¥ Pu02 + 2 Mg (33)

The calculated free energy for reaction 33 is +1:3.6 kcal/mol. This energy barrier was assumed suf-
ficient 10 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 the
MuO had oceurred followed by volatilization of the Mg metal. Since Mg hoils at 1107°C any
metal formed at 1200°C would readily volatilize and provide a strong driving force for further

decompositiondespite the energy barrier. Further consideration also suggested the following reac-

tion for the decomposition.

2 Pu + 3 MgO % Pu,0, + 3 Mg (34)

Combining the data for the free energies of formation of Pus0 5" and MgO%, the calculated free

energy for reaction 34 is —4.4 keal/mol.
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Since Y204 is an oxide having one of the highest free energies of formation®, its use for a

crucible liner was considered. For the reaction,

2 Pu + Y,0, ¥ Pu,0, + 2Y (35)

the calculated free energy change at 1200°C is +16.3 kcal/mol. This energy barrier should pre-
vent reaction 35 from occuring 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 Y20y crucible was obtained from the LASL ceramics-fabrication group and trimmed to fit
within the AL, Oy crucible. The Y:0; crucible was fabricated from a Y;O ;batch similar in purity
to the material listed in TABLE 2. Uranium and plutonium metals (LLASL lot UR-1261 and NBS
SRM-949 lot 7) were weighed successively into the pre-tared Al ;crucible plus Y, O sliner. The
metals were alloved together by heating in the highly purified He to 1200°C for 2hefollowed by a
soak at 1050°C for 6hr. The weight trace gave no indication of reaction between the molten metals

and the Y0, liner.

2 Solid Solution Oxide

The U-Pu alloy (weight ratio, 77.5% U-22.5 Pu) was oxidized in the Y20 ;liner by heating
~30krin He saturated with H20 at 25°C. When the oxide reached constant weight. it was heated
to 1300°C for equilibration with controlled oxygen-potential atmospheres.

The caleulation used to compute O/M was changed to compensate the room temperature tare
of the Y.04 liner plus the added buovancy effect. The data calculated in this manner for the solid
solution oxide appeared to be biased by ~+0.005. A second Y203 crucible from the same
fabrication bateh as the first was equilibrated with extremes of oxvgen potentials at 1300°C in the
thermobalance. The second crucible showed an irreversible weight gain (~700 ug) whet exposed
to an oxidizing atmosphere and showed no additional weight changes when cveled through ex-
tremes of oxidizing and reducing atmospheres. A proportionate (but unmeasured) weight change

was assumed to have oceurred in the first Y203 liner containing the solid solution oxide, and a

correction was applied to the O/M calculation. The oxygen potential, oxvgen partial pressure,
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and corrected O/M of the equilibrated solid solution oxide are listed in TABLE 1. The computer-
generated plots of the oxide thermograms are contained in the Appendices.

The O/M data at 1300°C show scatter which is easily seen in the plot of O/M vs. AGo .in Fig.
19. Since the data at 1300°C were the first data accumulated. thev probably reflect the effect of
incomplete equilibration of the Y,0x liner to the oxidizing atmospheres. This incomplete weizht
gain would cause a scatter among the data towards a lower O/M. which appears to be true for the
1300°C data. The data at 1200°C 1o 800°C appear to accurately reflect the behaviour ol solid solu-
tion (U525, Puoas b oxide.

Also plotted in Fig. 19 are curves for the calculated oxyvgen potential-O/M relationships of o
T UQy - 22.5% PuOs mixture at 1300°C, 1200°C, and 1100°C. The curves were calculated by
a weighted combination of the UQ. and PuO: properties interpolated from Figs. 15 and 17. T'he
experimental data at 1200°C and 1100°C are significantly displaced above the calculated curves,
implving the solid solution oxide displays a wider oxvgen potential range at stoichiometry than
oxide mixtures.

The plot of the log of the defect concentration vs. the log of the oxvgen 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 ta Pos~ Y59, This data disagrees with the
evaluation by Kofstad (Ref 46, p322) of the data of Markin and Mclver®?, which developed a
relationship proportional to Pos~ 3. Markin and Meclvers data only contains one puint below
x=0.05 for (U.Pu)Os,, 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
oxvgen vacancies (Vo ') at these small deviations from stoichiometry. The defect structure
probablv changes as significant defect concentrations are formed to produce the —1/3 relationship
above values of X20.05,

The solid solution oxide was examined by x-ray crystallography and emmission spectrography.
Thke x-ray crystallographic results indicated the material was single‘ phase (indicative of solid
solution) with a lattice parameter between those of UQ. and PuO.s The emmission
spectrographic analysis of impurities in the oxide did not detect Y at the 100 pg/g limit of detec-

tion. indicating no significant contamination of the oxide had occurred from the liner, The Y20
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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

AGoz (kcal/mol) Oxygen Pressure (atm) 0/M Ratio Reference*

1569°K  1296°C

-105.5 2.0 x 10715 1.9948 U-Pu-13-2d
-101.0 8.5 x 10715 1.9948 U-Pu-13-2b
-95.0 6.0 x 107" 1.9974 U-Pu-13-2¢
-88.5 4.5 x 10713 1.9968 U-Pu-13-2a
-78.5 1.0 x 1073} 1.9974 U-Pu-13-3¢c
-70.0 2.0 x 1071° 1.9976 U-Pu-13-3b
-67.5 4,0 x 1071° 1.9994 U-Pu-13-le
-64.5 9.0 x 1071° 1.9994 U-Pu-13-1d f
-64.0 1.5 x 107° 1.9983 U-Pu-13-3a '
-63.0 1.5 x 107° 1.9993 U-Pu-13-1c
-60.5 4.0 x 107° 1.9994 U-Pu-13-1b
-58.5 7.5 x 107°? 1.9995 U-Pu-13-1a

1469°K 1196°C

-111.0 3.0 x 1077 | 1.9967 U-Pu-12-1d

-101.5 8.0 x 1071€ 1.9984 U-Pu-12-1c g
-94,5 9.5 x 10715 1.9986 U-Pu-12-1e |
-92.5 1,5 x 107" 1.9990 U-Pu-12-1b
-63.5 3.5 x 10719 1.9998 U-Pu-12-1a
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-122.0
-115.5
-106.0

-68.5

-65.0

-122,0
-119.0
-11200

-122.5
-101.0
-100.5

'7105

-117,5
-108.0
-101,0

3.5
3.5
1.5
1.0

4.5

1.0
3.5
6.0

1.0
1.5
2'0

5.0

1.0
1.0
2,0

*Refer to coded data plots

TABLE ll-cont.
1371°K  1098°C

x 1072°
x 10749
x 10717
x 10710
x 10710

1273°K  1000°C

x 10721
x 10°%!
x 10720

1173°K 900°C

x 10723
x 10719
x 10749
x 107

1073°K 800°C

x 107%*
x 10722

x 1072}

in the Appendices.
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1.9961
1,9985
2.0002
2.0009

2,0006

1.,9993
1,9996

1,9999

1,9999
2,0000
2.0003

2,0002

2,0004
2.0003

2,0007

U-Pu-11-le
U-Pu-11-1d
U-Pu-11-1¢
U-Pu-11-1b

U-Pu-ll1-1a

U-Pu-10-1c
U=-Pu-10-1b

U-Pu-10-1a

U=Pu~09-1c
U-Pu-09-1d
U=Pu-09-1b

U-Pu-~09-1a

U«Pu-08-1b
U-Pu-08-1c

U-Pu-08-1a
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liner surface which had been in contact with the molten alloy was discolored, probably due to
(U,Pu)O; attached where the alloy melt had “wet” the Y0 3surface.
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 ThQ; powders in
air and then sealed with “*Silastic”. The electrode failed to develop a stable &7 when placed in
the balance and heated to 800°C. The varving & U7 produced was more indicative of an air
reference than the Ni/NiO. Heating the electrode at 1200°C reduced the still unstable & 47 nearer
to that expected of the Ni/NiO. Apparently the air entrapped within the powders in the interior
set ihe initial reference. and at 1200°C the Ni gradually consumed the air.

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

to the electrode base was ~104Q. 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 cemented the base;
causing fracture when removal was attempted.

The second electrode fabrication was modified to avoid the problems displaved by the first
electrode. The process for Ir metal coating the ceramic interior was modified to torce the Ar-
6« Ha firing gas to ilow 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 tormed on the second
t»he interior had a resistance of only 2002, To avoid entrapment of air in the electrode the
Ni/NiQ and ThQ.: powders were added to the tube in an Ar-filled inert-atmosphere glovebox. The
hase of the electrode was then sealed, while in the inert atmosphere, by a high-vacuum. high-
temperature epoxy (‘““Torr-Seal”),

Betore placing the electrode in the thermobalance a preliminary calibration using a tuhe fur-
nace and controlled H-O/H. gases was performed. The H O/H sratio was controlled by saturating
one of two premixed Ar-H. gas mixtures with H.O at either 0°C or 20°C and by varving the tube
turnace temperature. The & HJ was converted o oxvgen potential using Kqy. 31 and compared to
the oxygen potential calculated from the H.O/H 2 ratio and temperature. The oxvgen potential
calculated from the electrode &4 7 was in general 10 to 15 kcal/mol more positive than the oxvgen
potential calculated from the HyO/H, ratio and temperature. The &MJ developed was, however.
very stable.

When placed in the thermobalance and equilibrated to varving oxygen potentials at 800°C and
at 1100°C the & M7 produced by the oxvgen electrode was again very stable. The oxvgen potentials
caleulated from the electrode £HJ were again, however, 5 to 30 keal/mol more positive than the
oxvgen potentials calculated from the H.O/H» ratios and temperature. Because of the lack of

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

measurements.
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DISCUSSION

Error Analysis

The random error of the O/M and oxyvgen potential measurements was readily estimated from
the computerized data listings, The O/M random error was constant for all oxides, the pooled
standard deviation for a single measurement is £0.0001. The oxvgen potential random error is
also constant. The pooled standard deviation for a single measurement is £40.5 keal/mol,

The systematie error is more difficult to estimate. The O/M and oxyvgen potential caleulations
involve many parameters. the statistical distributions of which are unknown and can only be ap-
proximated. The estimated systematic error components of the (/M caleulation for the two
uranium and one plutonium oxide are listed in TABLE 12. Each error component has two values
(expressed as O/M) associated with it. a maximum error and a probable error,

The maximum error is calculated assuming the error component is making its maximuim con-
tribution to tota! error and is totally uncompensated. The interpretation attached 1o these values
is that for the materials used in this study these errors would be present it the etfect., of buovan-
cv corrections, hundred part-per-million impurity levels, and balance release errors were not
calculated and corrected. Manyv of the studies referred to in the introduction do not iadicate
whether corrections were calculated for these or similar error sources. Lack of prover 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
measured random error level for these O/M measurements.

The solid solution uranium-plutonium oxide has an additiomal error component to he con-
sidered beyond those listed in TABLE 12. The weight gain of the Y20: crucible, when
uncorrected, contributed a systematic error of +0.005 to the calculated O/M. Because the caorrec-
tion is based on a measurement of another Y03 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

Exror Component

Maximum Error*

Probable Error*

UN UL Pu

UN UL Pu

Purity- Source Metal
Weight- Source Metal**
Buoyancy- Source Metal
Factor- Oxide Grav.
Purity~- Metal Oxide
Weight- Metal Oxide**

Buoyancy- Metal Oxide

Propogated Total

0.0037 0.0035 0.0038
0.0005 0,0005 0,0005
0.0014 10,0014 40,0015
nil nil nil

0.0092 0,0020 0,0038
0.0005 0.0005 0.0005

0.0027 0.0027 0.0027

0.0104 0,0051 0.0062

*Error is expressed as effect on O/M ratio.
**Maximum weighing error is the range found for seven balance releases.

0.0008 0.0004 0,0003
0.0002 0,0002 ¢©,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

The error components of the calculated oxygen potentials are listed in TABLE 13. The major

source is the error in the analysis of the premixed He-H 2 gases for H yconcentration. The precision

of these analyses was +5 "/ RSD, however, since the lowest gas concentration used. 0.15¢ ¢ H2, was

near the limit of detection for the gas mass spectrometer. the maximum error was calculated

assuming a 50 rel‘, error at that H, concentration. The probable error was caleulated assuming

the stated precision for the 0.7¢% H. gas analysis. The estimated standard deviation of a single

measurement of the oxygen poteatial including random and systematic errors is +£0.7 keal/mol.
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TABLE 13

SYSTEMATIC ERROR COMPONENTS OF THE CALCULATED OXYGEN POTENTIALS*

Error Component Maximum Error** Probable Error**
Calibration- H, Flow 0.6 0.3
DVM Error- H, Flow 0.4 0.2
Barometric Pressure nil nil
Electrolysis Current 0.3 nil
Sample Temperature nil nil
Analysis- H, -He Gases 4.0 0.5
Calculation H,0 Equil. Const. 0.7 0.2
Flow- He Carrier Gas nil nil

*Calculated for nominal 1300°C.
**Error is 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 hyperstoichiometrv, The isother-
mal data plots in the Appendices show that lengthy exposure to such conditions is necessary to
achieve constant (/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 verv
large H,O/H: ratio which is extremely sensitive to the amount of Hsformed by H,0 oxidation of

the oxide. T'he amount of H. formed by oxidation of UQ4 ano to UQ sy is equal to the total amount

of Hx flowing into the balance in 10 min. for He-0.15% H flowing at 10 em®/min. Slow kinetics of
hulk diffusion of the oxygen through the oxide may account for the longer equilibration times
observed at the lower temperatures.

Such lengthy equilibration times suggest the desireability of using a UO . reference material to
calibrate O/M methods for U rather than known oxygen potentials, since the conditions necessary

to assure sample equilibration to the known oxygen potential cannot be predicted. A highly pure
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U 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 buovaney effects must be applied.

Plutonium Oxide

The plutonium oxide data validate the use of a reference oxygen potential of —100 kcal/mol at
800°C for O/M analyses, subject to the same constraints applied to the uranium oxides. T'he
reduction of PuQ. appeared to occur much more readily than the oxidation of UO.-_», This may be
due to the more balanced H:O/H. ratios used for equilibration or it may be due to faster kinetics
oi diffusion of the defect species in PuQ2. In addition to correction for impurities present in Pu

U 3 . 5 . . . '):
metal used to prepare an O/M reference oxide, correction for the radionuclide daughters of = #pu,

2, . N .
29py. and 2*'Pu may be necessary as well as the normally corrected **!Pu.

Uranium-Plutonium Oxide

Preparation of solid solution uranium-plutonium oxide O/M reference material from highlv
pure U 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.!®, Since the three methods
equilibrate to three different oxvgen potentials the mixture would be expected to show a range of
stoichiometries whereas the solid solution mayv not,

Ulse of the — 100 keal/mol reference nxygen potential for mixéd oxide is validated by the presen
results for the solid solution oxide, subject to the same precautions as for UO, and Pu0;.
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 oxygen potential range of the solid solution oxide even at high temperatures suguests
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 analvses.
Solid State Oxygen Electrode

The lack of theoretical response from the oxygen electrode reflects the practical problems of

construction of such a device. The &7 at any given oxygen potential and temperature was very
stable and moderately reproducible. The cause of the non-theoretical nature of the respomse was
not investigated. Construction of an independent system to calibrate the electrode E1F to gas-

cous oxygen potential would allow use of the electrode despite its lack of theovetical resporse.

70




ACKNOWLEUGEMENTS

I wish to express my gratitude to Glenn R, Waterbury and Nicholas E,
Vanderborgh of tiie Los Alamos Scientific Laboratory, Analytical Chemistry
Group, for their continued interest, advice, and encouragement throughout
the course of this research, I also wish to thank Edward A, Walters of
the University of New Mexico for nis interest and support during the
later stages of this work.

Excellent advice and materials were obtained from the Los Alamos
Scientific Laboratory's Ceramics Fabrication Group, and I wish to
particularly thank Steve Stoddard of that group for his interest and help.
The uranium metal used in this research was obtained from the Los Alamos
Scientific Laboratory's Uranium Metallurgy Group, whose contribution is
gratefully acknowledged.

The text of this dissertation was prepared using the computer-
phototypesetting facilities of tiie Los Alamos Scientific Laboratory's
fecinical Information Group, whose advice and assistance are very

greatly appreciated and acknowledged.

71




REFERENCES

1. C. Sari, U. Benedict, and H. Blank, A Study of the Ternary System UO » - Pu0 »- Pu203,").
Nucl. Mat. 35. 267-277 (1970).

2. J. C. VanCraeynenst and J. C. Weilbacher, “Etude de la Conductibilite Thermique des Ox-

vdes Mixtes d’Uranium et de Plutonium,” J. Nucl. Mat. 26, 132-136 (1968).

3.E. L. Zebroski, W. L. Lyon, and W. E. Baily, “Effect of Stoichiometry on the Properties of Mix-
ed Oxide U-Pu Fuel,” in Proceedings of the Conference on Safety, Fuels, and Core Design in
Large Fast Power Reactors , David Okrent, Chairman, Argonne National Laboratory report ANL-
7120, 374-389 (1965).

4. d. A. Christensen, ‘‘Non-Stoichiometry Effects on the Melting Heat Rating for UO ., -25wt,
PuQ: Fast Fuels - Interim Report,” Batelle Northwest Laboratories report BNWL-CC-1490
(1968).

5. C. E. Johnson and G. E. Stahl, “Fission Product Distribution in Mixed Oxide Fuels,” in
Chemical Engineering Division Fuels and Materials Chemistry Semiannual Report, January-
June 1971 , Argonne National Laboratory report ANL-7822, 25 (1971).

6. H. R. Hoekstra and J. J. Katz, “The Chemistry of Uranium,” in The Actinide Elements, G.T.
Seaborg and J. J. Katz, Eds. (McGraw Hill, Inc., New York, 1954) pp. 130-188.

7. T. M. Florence, “A Review and Comparison of Methods for the Determination of Ox-
ygen/Uranium Ratios in Uranium Oxides,” in Analytical Methods in the Nuclear Fuel Cycle,
Proc. Symp. Anal. Meth. in Nucl. Fuel Cycle, Vienna, November 29-December 3, 1971, pp. 45-56.

8. H. Kubota, “Determination of the Stoichiometry of Uranium Dioxide - Polarographic Deter-
mination of Uranium(VI) in Uranium Dioxide,” Anal. Chem. 32, 610-612 (1960).

9. R. W. Stromatt and R. E. Connally, “Determination of the Stoichiometry of Uranium Dicxide
by Controlled Potential Coulometry,” Anal. Chem. 33, 345-346 (1961).

10. S. R. Dharwadkar and M. S. Chandrasekharaiah, **An Improved Titrimetric Method for the
Determination of Uranium:Oxygen Ratios,” Anal. Chim. Acta. 45, 545-546 (1969).

11. E. A. Schaefer and J. O. Hibbits, “The Determination of Oxygen-to-Uranium Ratios in Hypo-
and Hyperstoichiometric Uranium Dioxide and Tungsten-Uranium Dioxide,” Anal. Chem. 41,
254-259 (1969).

12. M. S. Chandrasekharaiah and S. R. Dharwadkar, “The Phase Equilibrium Composition of
UaOs and the O/U Analysis of the Urania Sample,” Bhabna Atomic Research Center report
B.A.R.C.-416 (1969).

13. R. J. Brouns and W. W. Mills, “The Preparation of Primary Sfandard U;Os,* U.S. AEC
report HW-39767 (1955).

14 E. A. Schaefer, M. R. Menke, and J. O. Hibkbits, “The Determination of O/U Ratios in
U214, General Electric Co. report GE-TM 66-4-0 (1966).

72



15. N. F. H. Bright, L. G. Ripley, and R. H. Lake, “The Determination of the Oxygen-Uranium
Atomic Ratio in Non-Stoichiometric Uranium Dioxide and Other Oxides of Uranium,” Canadian
Department of Mines report MD-207 (1956).

16. K. T. Scott and K. T. Harrison, “Some Studies of the Oxidation of Uranium Dioxide,” .J.
Nucl. Mat, 8, 307-319 (1963).

17. J. L.. Drummond and V. M. Sinclair, **Some Aspects of the Measurement of the Oxvgen-to-
Metal Ratio in Solid Solutions of Uranium and Plutonium Dioxides,” Proc. 6th Conf. Anal.
Chem. in Nuecl. Reactor Tech., Gatlinburg, Tenn, October 9-11, 19562, U.S. AEC report TID-7655,
pp. 217-239,

18. J. W. Dahlby, T. K. Marshall, G. R. Waterbury. and G. C. Swanson, *Measurement of
Oxygen-to-Metal Atom Ratios in Uranium and Plutonium Oxides ” Los Alamos Scientific
Laboratory report LA-5329 (1973).

19. L. E. J. Roberts and E. A. Harper, “The Determination of Oxygen in Uranium Oxides,”
Atomic Energy Research Establishment report A E.R.E. C/R 885 (1952).

20. T. L.. Marken, A. J. Walter, and R. J. Bones, *The Determination of Oxvgen/Metal Ratios for
Uranium, Plutonium, and (U,Pu) Oxides,” Atomic Energy Research Establishment report
AERE-R 4608 (1964).

21. H. Nickel, "Die Bestimmung des O/U-Verhaltnis in uberstoichimetrischem UQ...."
Nukleonik 8. 366-372 (1966).

22, 1. Gi. Jones, *The Determination of Oxygen-Metal Ratios in Uranium and Uranium-Plutonium
Dioxides.” Atomic Energy Research Establishment report AERE-R-6962 (1973).

23. B. D. Holt. *Rapid Macrodetermination of Oxygen in Uranium Oxides by Graphite Reduc-
tion,” Anal. Chem. 45, 648-654 (1972).

24, C. S. MacDougall. M. E. Smith, and G. R. Waterbury, *'Determination of Oxvgen in Refrac-
tory Oxides,”” Anal. Chem. 41, 372-374 (1969).

25. H. R. Hoekstra and J. J. Katz, “Direct Determination of Oxvgen in Less Familiar Metal Ox.
ides,”” Anal. Chem. 25. 1608-1612 (1953).

26. T. L. Markin and R. J. Bones, *The Determination of Changes in Free Energy for Uranium
Oxides Using a High Temperature Galvanic Cell-Part 1.”" Atomic Energy Research Establish-
ment report AERE-R 4042 (1962).

27. T. L. Markin and R. J. Bones, **The Determination of Some Thermodynamic Pr.perties of
Uranium Oxides With O/U Ratios Between 2.00 and 2.03 Using a High Temperature Galvanic
Cell-Part I1,”" Atoinic Energy Research Establishment report AERE-R 4178 (1962).

28. C. Ferro, S. Moretti, and C. Patimo. **Nondestructive Method for the Determination of the
Ratio O/U in Sintered Pellets,” Los Alamos Scientific Laboratory translation LA-4160-TR (1970),
Translation of Comitato Nazionale Energia Nucleare report CNEN Report RT/ING (67)7 (1967).

29. K. Kiukkola, “High Temperature Electrochemical Study of Uranium Oxides in the UQ o~
Uy Ok Region,” Acta. Chemica. Scandanavia. 16, 327-345 (1962).

30. T. L. Markin and L. E. J. Roberts, *Thermodynamic Data for Uranium Qxides Between UQ)-
and U4 Ox,” in Thermodynamics of Nuclear Materials , (IAEA. Vienna, 1962) pp 693-711.

73




31. D. 1. Marchidan and S. Matei, “Thermodynamic Data for Some Uranium Oxides with
Nonstoichiometric Compositions,” Rev. Rom. Chem. 17, 1487-1491 (1972).

32. 8. Aronson and .JJ. Belle. *Nonstoichiometry in Uranium Dioxide.” J. Chem. Phys. 29, 151-158
(1938).

3. A. Companion and G. H. Winslow, “Diffuse Reflectance Measurements on Bulk Uranium

Qe
.

Dioxide.” J. Opt. Soc. Amer. 50, 1043-1045 (1960).

34. R. ). Ackerman, R. J. Thorn, and G. H. Winslow, *Visible and Ultraviolet Absorption Proper-
ties of Uranium Dioxide Films,” J, Opt. Soc. Amer. 49, 1107-1112 (1959),

35. A, Arrott and J. E. Goldman, “Magnetic Analysis of the Uranium-Oxygen Syvstem,” Phys.
Rev. 108, 948-953 (1957).

36. P. Nagels, M. Denayer, and J. Devreese, " Electrical Properties of S‘ingle Crystals of Uranium
Dioxide,” Solid State Comm. 1, 35-40 (1963).

37. 8. Ligenza. A. Murasik. J. Leciejewicz, and K. Solnicka, “On the Possibility of O/U Ratio
Determination in UQ..x Powder Samples by Neutron Diffraction.” J. Nucl. Mat. 44, 345-346
(1972).

38. E. Aukrust, T. Forland. and K. Hagemark, *Equilibrium Measurements and Interpretation of
Non-Staichiometry in UOu..” in Thermodynamics of Nuclear Materials (IAEA. \ienna, 1962)
pp T13-722,

39. T. L.. Markin, V. J. Wheeler. and R. .J. Bones, **High Temperature Thermodvnamic Data for
UOus.” . Inorg. Nucl. Chem. 30, 807-817 (1968).

40. M. Tetenbaum and P. D. Hunt, *High Temperature Thermodynamic Properties of Oxveen
Deficient Urania,” J. Chem. Phys. 49, 4739-4744 (1968).

41. N. A. Javed, “Thermodynamic Study of Hypostoichiometric Urania,” J. Nucl. Mat. 43, 219-
224 (1992).

42. V. JJ. Wheeler and 1. G. Jones, “Thermodynamic and Composition Changes in UQ =4
{(x<0.005) at 1950 K.” J. Nucl. Mat. 42, 117-121 (1972).

43, K. Hagemark and M. Broli, *Equilibrium Oxvgen Pressures over the Nonstoichivinetric
Uraniium Oxides UQu+ and U30sx-, at Higher Temperatures,” J. Inorg. Nuel. Chem. 28 2837-
2850 (12366).

. R. J. Ackermann. E. G. Rauh, and M. S. Chandrasekharaiah, “A Thermodynamic Study of
the Urania-Uranium System,” J. Phys. Chem. 73 762-769 (1969).

45 A. Pattoret, J. Droward, and S. Smoes, “*Etudes Thermodynamiques Par Spectrometrie de
Masse sur le Systemne Uranium-Oxygene,” in Thermodynamics of Nuclear Materials 1967 .

(IAEA. Vienna, 1968) pp 613-636.

46. P. Kofstad. Nonstoichiometry, Diffusion, and Electrical Conductivity in Binary Metal
Oxides , (Wiley-Interscience, New York, 1972) p 319,

47. W. W. Mills, “Standardization of Plutonium Solutions by Ignition to the Oxide,” U.S, AEC
report HW-51822 (1957).

74



48. G. R. Waterbury, R. M. Douglas, and C. F. Metz, “*Thermogravimetric Behaviour of
Plutonium Metal, Nitrate, Sulfate, and Oxalate,” Anal. Chem. 33, 1018-1023 (1961).

49. M. J. Maurice and K. Bujis, “*Some Considerations on the Gravimetric Determination of the
Oxvgen to Metal Ratio in Plutonium Oxides and Mixed Uranium-Plutonium Oxides,” European
Atomic Energy Community report EUR-4296-e (1969).

50. C. E. McNeilly and T. D. Chikalla, “Determination of Oxygen/Metal Ratios for Uranium,
Plutonium. and (U,Pu) Mixed Oxides,” J. Nucl. Mat. 39, 77-83 (1971).

51. B. D. Holt and J. E. Stoessel, *Microdetermination of Oxygen in Metal Oxides by Inert Gas
Fusion.” Anal. Chem. 36, 1320-1324 (1964).

52. T. L.. Markin and E. J. Mclver, “Thermodynamic and Phase Studies for Plutonium and
Uranium-Plutonium Oxides with Application to Compatability Calculations.” in Plutonium,
1965, A. E. Kay and W. B. Waldron, Eds.. (Chapman and Hall, London. 1967) pp 845-857.

53. T. L. Markin and M. H. Rand, “Thermodynamic Data for Plutonium Oxi.des.” in The_r-
modynamics I, Proc. Symp. Thermod. with Emphasis Nucl. Mat’l. and Atomic Transp’t. in

Solids, (IAEA, Vienna, 1966) pp 145-156.

5. T. L. Markin, R..J. Bones, and E. R. Gardner. “Thermodynamic Data for Plutonium Oxides,”
Atomic Energy Research Establishment report AERE-R4724 (1964).

5h. L. M. Atlas and G. J. Schlehman. "Defect Equilibria of PuO.-, 1100 to 1600°C." in
Fhermodynamics 11, Proc. Symp. Thermo. with Emphasis Nuel. Mat. and Atomic Transp. in
Solids. (IAEA, Vienna, 1966) pp 407-421,

56. 1.. M. Atlas and G. .J. Schlehman, “Defect Equilibria of PuQ .- 1945°C 1o 1545°C." in
Plutonium, 1963, A. E. Kay and M. B. Waldcon, Eds., (Chapman Hall, London, 1967) pp 838-
844.

57. M. H. Rand. "Thermochemical Praperties,” in Plutonium: Physico-Chemical Properties of its
Compounds and Alloys . Atomic Energy Review. 4, 7-52 (1966).

. C. Sari. U. Benedict, and H. Blank, “Metallographic and X-Ray Investigations in the Pu-0
and U-Pu-O Systems.” in Thermodynamics of Nuclear Materials, 1967 . (JAFA, Vienna, 1968) pp
aR7-611,

59. W. L. Lyon, “The Measurement of Oxygen ta Metal Ratio in Solid Solutions of Uranium and
Plutonium Oxides,” General Electric Co. report GEAFP-4271 (1963).

60. 1. R. McGowan, C. R. Johnson, and K. A. Swinburn, “QOxvgen/Metal Rativs in
Plutonium/Uranium Oxide Fuels A Study of Gravimetric Methads.” in Analvtical Methods in
the Nuclear Fuel Cyele. Proc. Symp. Anal. Meth. Nucl. Fuel Cycle, (IAEA, Vienna. 1972) pp 3-
21.

61. G. V. Gurumurthy, “Determination of Oxygen-to-Metal Ratios in Metal Oxide Nuclear
Fuels,” JJ. Appl. Chem. Biotechnol. 23, 725-731 (1973).

62. N. E. Barring and G. Jonsson, “Controlled-Potential Coulometric Determination of the

Oxygen-Metal Ratio in Mixed Uranium-Plutonium Oxides.” Ana. Chim. Acta. 59. 229-236
(1970).

75

4



63. N. H. Brett and A. C. Fox, "Oxidation Products of Plutonium Fioxide-Uranium Dioxide Solid
Solutions in Air at 750°C.” Atomic Energy Research Establishmen. report AERE-R 3937 (196:3).

64. C. F. Metz, J. W. Dahlby, and G. R. Waterbury, ""Measurement of the Oxvgen to Heavy
Metal Atom Ratio in Unirradiated Mixed-Oxide Fuels,” in Analytical Methods in the Nuclear
Fuel Cvele . Proc. Symp. Anal. Meth, in Nucl. Fuel Cycle. (IAEA. Vienna. 1972) pp 35-14,

65. N. Mostin and G. Valentini. **Gravimetric Determination of the Oxvgen Content of Uranium-
Plutonium Mixed Oxides,” Euratom report EURAEC-818 (196:3).

66. .. [.. Drummond and H. Chapman, *Analvtical Method for the Thermogravimetric Deter-
mination of the Oxvgern/Metal Ratio of Uranium-Plutonium Oxides,” United Kingdom Atomic
Energy Authority report TRG Report 963(D) (1965).

67. R. H. Dodd. D. H. Schmitt, and R. C. Kochel, "Oxygen-to-Metal Ratio Measurement in
Nuclear Fuels Using a Microthermogravimetric Technigue.” Presented at ‘Thirteenth Conterence
on Analvtical Chemistry in Nuclear Technology. Gatlinburg, ‘TN, (October 1. 1969,

68. M. Ganivet and A. Benhamou, “Comparaison De Denx Methades Du Rapport Ox-
veenne/Metal Dans Les Oxvdes Mixtes D'Uranium Et De Plutonium.” in Analvtical Methods in
the Nuctear Fuet Cyvele . Proe. Svmp. Anal. Meth. in Nucl. Fuel Cyele, (TAEA, Vienna, 19720 pp
23-133.

69. R. E. Wandley., “Equilibrinm  Oxygen  Potential-Composition  Relationships  in
Uo P 030027 Hanford Engineering Development Laboratory report HEDLTME 72.85
(1972),

0. N, Al Javed, “Thermodynamic Behaviour of (U.Pu) Mixed Oxide Fuels.” J. Nuel. M. 7.
$36-344 (1973,

71. R. J. Bones and R. F. Carney. A Galvanic Cell Technique tor the Rapid Measurement of /U
Ratio in Oxide Fuel Pellets,” Atomic Enérgy Research Establishment report AFRRE-R-6301

(1969).

72. 1. Johnson, C. E. Johnson, C. E. Crouthamel, and C. A. Seils. **Oxygen Potential of Irradiated
Urania-Plutonia Fuel Pins,” J. Nucl. Mat. 48, 21-34 (1973).

73. M. H. Rand and T. L.. Markin, “*Some Thermodynamic Aspects of (U,P1)0 ;& lid Solutions
and Their Use as Nuclear Fuels,” in Thermodynamics of Nuclear Materials 1967, Proc. Svimp.
Thermo. Nucl. Mat. with Emphasis on Sol. Systems, (IAEA, Vienna. 1968} pp 637-650.

4. L. Jakesova, “Thermodvnamic and Transport Properties in UQ>PuO. and Related
Systems,” Czechoslovakia Nuclear Research Institute report PKP 19a/71 (1971, In
Czechuoslovakian.,

75. "Chemical Engineering Division and Materials Chemistry Annual Report July 1973-June
1974." Argonne National Laboratory report ANL-8122 (1975). Other reports in this series include:
ANL-8022, ANL-7977, ANL-7922, ANL-7877. and ANL-7822.

76. “A Thermodyvnamic Data Program Involving Plutonia and Urania at High Temperatures,

Quarterly Report No. 23 February 1, 1973-April 30, 1973."" General Eleetric Company report
GEAP-12418 (1973), and preceeding reports,

76

i et SRV



77. M. W. Urie, M. C. Bert, and W. L. Delvin, “A Comparison of Thermogravimetric Methods
Used to Determine Oxygen-to-Metal Ratios in Mixed Oxide Fuels,” Hanford Engineering
Development Laboratory report HEDL-TME- 72-56 (1972).

78. G. M. Barrow, Physical Chemistry , Second Ed, (McGraw Hill, New York, 1966) pp 211-229,

79. F. A. Kroger and H. J. Vink, *“Relations Between the Concentrations of Imperfections in
Crvstalline Solids,” in Solid State Physics , 3, (Academic Press, New York, 1956) pp 310-438.

80. N. M. Tallan, H. C. Graham, R. W, Vest, and W. C. Tripp, **Relations Between Point Defects
in the Compound MXa,” Aerospace Research Laboratories report ARL 68-0188 (1963).

81. J. W, Patterson, “Conduction Domains for Snlid Electrolytes,” J. Electrochem. Soc. 118,
1033-1039 (1971).

82. J. B. Hardaway. III, J. W. Patterson, D. R. Wilder, and J. D. Schieltz, **lonic Domain for
Y204 -Doped ThO; at Low Oxygen Activities,” J. Amer. Ceram. Soc. 54, 94-98 (1971).

83. D. D. Wagman, J. E. Kilpatrick, W. J. Tavlor, K. S. Pitzer, and F. D. Rossini, ‘‘Heats. Free
Energies, and Equilibrium Constants of Some Reactions Involving Oz, Hp, H20. C, CO, CQ,, and
CHas, " 4. Res. Nat'l. Bur. Standards, 34, 143-161 (1945).

84. W. P. Reed. National Bureau of Standards, Personal Communication, Mayv, 1975.

83. F.H Ellinger, C. C. Land, and K. A. Gschneidner., Jr., **Alloyving Behaviour of Plutonium.”
in Plutonium Handbook, A guide to the Techrolagy . O. J. Wick, Ed. (Gordon and Breach, New

York, 1967) pp. 223-224.
86. The International Practical Temperature Scale of 1968,” Metrologia, 5, 35-44 (1969).

87. The & WJ for a Pt/Pt-10"¢Rh therrocouple with a 25°C cold junction was calculated by the
Primary Standards Laboratory at Sandia Laboratories, Albuquerque. NM. using a National
Bureau of Standards supplied computer program.

88. R. W. Headrick. “Design Criteria for Solid Electrolyte Electrochemical Cells,” Lawrence
Berkeley Laboratory report LBL.-839 (1972),

89. E. R. Cohen. “Fundamental Constants Today,” Research and Development. 32-38 (March.
1974),

9. C. k. Wicks and F. E. Block, “Thermodynamic Properties of 65 Elements Their Oxides.
Halides, Carbides. and Nitrides.,” Bureau of Mines Bulletin 605 (U.8. Gov. Printing OIF.,
Washington D.C.. 1963).

77



DI
O310G:n
CAITOR
[ale A tehd
03100

Y0239

[ S3i
Qo230
CoLLom

[ZINL 3
GO0+
OlT00
G310+
GoOUZIe
GO0+
[ialoRde

",
G330

0070G:

APPENDIX A

FORTRAN Computer Program PTAPE

PROGRAM PTAPE ( INPUT, OUTPUT, TAPES, TAPED)

THIZ PREGTIAN IINADS A KRONOS F'ILE (TAPES)
CREATED FROW 7THE THERNOSALANCE PULCIED
PAPER TAPE, IT CONVERTS THE RIGITAL VOLTAGE
DATA T SCIENTIFIC UNITS AND WRIITES THR
COLVERTED DATA OHTO ANOTIIEDR ITOHES FILE
(TAPES) FOR FURTLER REDUCTICN BY Tila
PROGRAM GIDATA.

DILTHS IO CRALN 16), DGRAI 10), CGRANM 102
L0 PRALL

VALUES UQED 7O CORNECT IMCTANICAL VEIGHTS TO
HLC3 CALIDDATION AUE CREATED.

DATA (SR D). I=1, 16)70.0,0.999003], 1.009922, 2,999830,4.060195,
5.027103,6.092117,7,000023, 5.600225,9.0092144, 10.000153,
11.030056, 12,6074 1, 13.000239, 14.0523858, 13.0060261/,
¢DERINJIYI=1, 10)/0.0,0.100553,0.200545,0.309111,0, 400093
0.4920%56,0,600039,0.700044,0.000107,0.£ 08004/,

(CENAINTD ,K=1,10),¢.0,0.010012,0.015552, 9.029996,0. 040018,
0.0C80043,0.050035,0.020027,0.03C0392, 0. L3061/

TEL DATA QOULTER J IS INITVALIZLED

J=1
THE BATA FILE IDERTIFICATICH IS READ,
REZD (3,870 FHAMN, A, A2, AZ, A2, AT, 45

TIE TAPUT FILE i35 TESTILD FOX AN EHE-OF-FILE,
WVIICHO TERMINATES THR PROGRAM.

iF (E97,3) £690,20

COUTIRUR

THE FILE I2ENTIFICATION IS VWRITTEN U

TOE TIME~SOAR: TELETYPE AND THE GUTPUT FILE.

PRENT <30, FHATL AY.A2,A3,A%,A0,A6
WMATE (6,210 FHAL, A1, A2, A3, A%, AT, A6

THE FILE IRITIAL DATA PADAITETERS ARE READ.

TNE PADANETERS All: DALANCE DARGE (uB),
TUERIDCSYPLE TENPLRATHRE RANGE. DATA START
TIIE, DATA RECODDINS TIMNE INTERVAL, BAROHETRIC
2RESSUNE, RISH TEIZERATURE, IDISTURE HONITOR
SCALL FACTOR, ARGCH FLOWIRTER [ELDING,
JIE-CATTIIER GAS FLOVKETER READILG, H2-IIASS
FLOWZTER IORIRAL READING, DVDIOCEH il

THE DEGUCING GAS, AID BALANCE HECIANICAL
WEIGHT SET JALUES.

READ €3,220)LNG, ISENSE, TSTAQT, DT, PRESS, TGAS, PPSK, ARP, ARCGT, AZFLOW
» ICGN, TARE

INITIAL CALCULATICI OF PARAMETERS IS PERFOIMED.

78




B AR v T

20710
00720
06730:x
90720k
00730
00760
00770%
99730
00290:x
00CC0
66310+
00220k
GO230%
0G3240%
Qcaho
6Ccaa0
9ca70
COCo!

QLS00
CA000:
G210
Q02
G030
G320
G50
GTO60
00920
[Hlvistle
08990
0:000
0:010
O I000%
Q1020
Q1020
Qi03Cx
0:050
Q10T0%
Q1020
Q020
01109
C113C+
01130
Qi
01140
Q1180
0'!":("

b e

.».n”
R ERIFE
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i
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40

110
129

100

120

G0 TO 270
THE REPETITIVE DVH DATA IS READ.

IDENT=-1
READ (8,400) TEMP, WT, H201, [I20R, EXWT, H2MFM

THE REPETITIVE DATA 1S TESTED FOR A CHARGE IN PARAMETERS.

IF (TEMR?.EQ,0.0.AND, WT.EQ.0.0. AND.11201.EQ.0.0. AND. H20R. EQ. 0. 0. AND.
EXWT.E2.0.0.AND. I2IFFM.EQ. 0.0 GO TO i20

TENPERATURE IS COMPUTED FROM THE THERMOCCUPLE EMF.

IF (IGENSE.LES.0) ADV=0,000
IF (ISENSE.EQ. 1) ADV=0.010
IF (J.LE. 1) GO TO 50

GO TO €90

INGERTICH OF 10 MV BUCKING PGTENTIAL IS TESTED.

IF (TEIP.LT.0.002. 4ND. TILGT.0.608. AlID. ISENSE.F9.0) GO TO 60
IT (TE!R.6T,0.003. AHD. TH.LT.0.602. AliD. ISENSE.EQ. 1) GO TO T0
GO THO 0D

ADV=0.010

IGELSE=1

GO TVJ C9

ADVY=0.000

ISEISE=0

THsTEND?

V= (THFADV) 21060,

IF {MEJNJCOUPLE QUTPUT 1S NEGATIVE
TEIPCIATURE IS OET TD 223.!5 DEGREES X.

IF (TIV.LE.0.0) C&% TO 90
TEIRPERATURE 13 CALCULATED FROH THERNOCOUPLE EMF.

TENP225, 8048 1.0~ (LIP(~1, 0083 ( THV:%1,028) ) ) 14223, 13+( 119, 38=TIV) +(~-
2.5700TIRS3. ) »{ 0. U] ')6 "'I"I-ZV**S.J

bO TO 100

TEI?=209,2

CONTINUE

TUE DATA TINZ IS COMPUTED FROM START TIIE, TIME INTERVAL, ARD
TIE BATA POINT 'Ju:"_‘,.lll.

If (J.IZ. 1) 60 TO 120
THIZ2T5T. m.T

[Ho IO |
KT='I"!"(T111)
TS
TRETII=TH
Th={ ") TR +DTT

IP /0. 6R.60.) €0 TO 120
TIW=T" (T 800,)

CO T 129

TP-"‘ =060,

ViR L,

(P OTH.GR.23.) TI'=T£C-34-.
TIHE=TIZ (TR 100,
THETIND

IiF (IDCNT.EQ.2Y) GO TO CO

NS YRICHT 15 GALCULATED FPO“I DIGITAL VOLTAGES
LND CONDIECTED IECHANICAL VEIGHTS,

AA= 100D, uUT
= IT AN
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B=K
AA=AA-D
P CANGT.0.75. AL EXWT. LT 0.0602) B=h+1

IF 42N LT, Q.05 AID,. EYWT.GT.0.002) D=D-1
LR L5001

| DN RN wONGH0.01

=0T LT

20 ATD 112 PALTIAL PREESYRES ARE COMDPUTED
FLRCII 120 BLLCSTRCLYSIS CHRRENT AND B2 FLOW.
DU PANTIAL PRESSUNE AND QHYGEW
POTETIAL ARE ALCO CALUULATED.

Noor=I130110,

'F "R221.LT.0.3 [201=~[201

I {(B201.E0.0.) I20i=0.001

120 TLOV IS CALCULATED FRel FELECTRCLYSIS CURRENT.
IZ0IE=0.032000mI1201

3 TIUG3 FLOWIEITER OUTPUT 1S TESTED TO
IEANINCTUL VALUES,

ILLT.D.00303.OR. E2ITIL GT. 0. 66500 GO TO 160

IT ¢3!

113 FEOW SALIERATION EQUATICH IS BRETERMIKED BY
WZERIZED CAS CONCINTRATION.

I (OGSO, LT.0.) GO TO 150
OoF==1.529:053, 61541000, wII2ITID
GO TO 1V)

150 GIF={(70.27:1000. 2L ulFIiD -0, 31
GO TO 170

GAD FLOAVS ARE SIS0,
GAGI L= TROIM WIS

LT AT O ARPF) ¢ PRESS/520. Y 2( (273, 13+TGAS) /298, 15}

D3F={LICH2100, sl

1120 PARTIAL PRETCUIE 10 CALCULATED.

B20ATI= (0. 260 #1I201.L) Z/GASIIL
2 PARTIAL PRESGULE 15 CALCYLATED.

MRATIE= |- 0, 26051127+ ( PRESS/589. ) #( (273, 15+TGAS) 7293, 15) )~ (GASIL)
T

G20 LAVILIDRIUN €CU5TANT IS CALCULATED.

Q1900

03040 EIIEQ=-3.03060+( 10021 . 73/ THEL) ~( 1445375, &4/ (TKEL#22.3)
Q12G3 B0z 10, OussRITO

@100

0ioV0: OXVCEN PANTIAL PRESGURE IS5 CALCULATED.
[ FO Ry

0io306 PO2= (TI20ATIEN S, ) A CCI2ATIONS, Y EDRER. D))
(iaivlelol]

QLO10 DEFAULT GMYGEH PARTIAL PIESSURE IS ASSIGRED.
L2020k

©20C IF (0201.L7.06.035. 7R U2FL.EA.0.) P0220.0
Q2040 PG=1.0

@030 IF (PG2.1IS.0.0) FG=202

Dpslelelor

Q2070 JIVGEN POTENTIAL 15 COIRPUIED,
Q2000 (KCAL/IIOL AND KJOUL/TIOL) .
02020

02100 GO3=( 1.98070 1:4TKEL) 2 ALGG(PD))
02ti0 SIBGO2=(3, 3144 12 TREL) *( ALOG(POY )




€0
Clilo%
Qa0
Q21309
22169
[d 3 ege i

‘.’ N,l\ﬂ/":l:
-y s Y
[Spaars 14
G200
S0
T
£Iain
D204
QU730
25750
oo
Ay
073
[\t

Sl

QoS0
Q253
OZG2N
¢T3N
eLTI0
2530
©2Go0
bt
0320
2570
QOADE
029510
T30k

€2320

0237
02550%
02570x
026720
02590
02700
02?2 10:%
02720
o270
oITI0
275Gk
027560
02?20
02720
92790
2E00%
02010%

190

EDISTURE wHEWITOR I'EZADING 18 COIPUTED.

PROE=FLOAT(PIST)
HODN=2r5IIni20n=10.0

ALL COTDITATIONS ATE UDW COTPLETE,
DyTA IS5 YRITTIN OHTO TIIE KRONS OUTPUT FILE,
MDA U7 LI OF TATA 13 READ.

I (6,420 TN, TUHP, WT, 1201, H20ATH, B2ATH, I20R, BGO2, P02

PARANSTERS,
CHANGTED PARAMITER IS READ.

READ (0,220 IBENY
1P AT, ER. Q) €9 TO 190

w CTIT.EQ, 0 €0 TO S00
W (WmIe R, 6O TH 210
T CINTNT.ER,3) CO TO 20
I (IRRNTE0.4) GO TH 83
I (InENT.EA,.3) RIAD (0,429)PDBGK
I mEnT.EA,6) READ (5,300 TGAS

e CIRTIT EG,?) RELD (3,320)PRESS
W CINENT.REG.G)Y BRI (3,39005TH
R OInTHT,ER, 0 G T 200

e innT, Ea, 1) D (3,430) IGENSE
IF CICERT.ED, 11D D (3,39 ING
IF (IDENT.EQ. 12 ¢ TO 230

AN EUD ¢F FILE '8 GIGNIFIED BY IDRNT=99.

17 (IDPTT.RR,99) GO TD 099
GO TO <D

ALPIANTILINIC GOMITNTS ARE PTAD AND "NINTED ON
T2 THE-GUANE TELLTYRL.
CREAD (0,450)C1.60.0),64,83,55
PRIGT 239, C1,82,u:3,04,C38,05,
GO TO 42

A NEW MECUANICAL VLIGHT SET VALUE IS READ.

€7
c?

DEAD (D.270)TARNE
GO To 2o

A NEY ROMINAL M2 FLOW VYALUE IS READ.

READ (83,300)112FLOW
GO TO 2920

A NEY UE-CARRIER FLOW YALUE IS READ.

READ (3,320)ANCG]
GO To 220

A NEW ARGON FLOW VALUE IS READ.

READ (3,3%0) AR
GO TO 520

A NEW DATA NESTART TIME IS NEAD.

READ (0,390) TSTART
CO TO 110

A NEW PREMIX NYDROGEN CONCENTRATION IS READ.
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3
§
QRT20:k
0223 250 READ (3,5920)IICON
02240 GO TD 220
2250%
@2E50:% AN EIND OF FILE .8 VRITTEN.

2370% A TEST 15 MABE FOR AN ADDITIONAL DATA FILE.
RS0 -
2200 2560 END FILE 6
{5 2estels ] GO Td 10
[tJa 3 Lu) a70 CCHuTInU:S
Q22208
Q2DI0% RCNNEPETITIVE CALCULATIONS TFROM IWITIAL (J=D) -
2240 AWD CUOANGED (J>1) PARANMETERS ARE PERFOIUIED.
2250
22060 IRCOANICAL WEIGIT CORRECTIONS ARE NADE BASED
QZO7Ox O HUS CALIDRATIURS.
0200k
02¢%C 289 1G5 IF LI TAREY
oco00 Gz IGY
02010 IGH= IGT -}

[3 Jogs Joie) DGl= TARE~-GIH
[$ plarols] BOli={DGITx10,)+.02
02040 TDGH= ITU(BGID

S030 BGIS= 1DGH
0350 IDGi= 106k
02070 GG=2CI~-DGNS
[sF2eles] CGI=CGMR10,
0Co20 1CGI= IFTIUCGID
©3100 1CS= GG+
02110 TARE=GRANC IGID +PETAM( 1RGN +CGRAM( 1CCHD
03122 I ¢J.BRE. 1) GD TO <0
031302

2140 2 PARANETENS (FLOW AND PPREMNIX CONCENTRATION)
P15k ARE CALCULATED,

S160=
Go Y0 290 IF (QCCH.LT.23.) [5IGH=-1.0
021C0%®
9T 100% N2SIGH SELECTS THE FLOW CALIDRATION USED.

O3I200

0332140 [RF 241,962 2F1LOYW

QUan I (IICONILGE.33.) ¢0 TO 399
0733y G0 TO 510

el 300 tL3IGN=1,0

Qoa%) 1P (NOFLOY, E0,0,00 H2FL=0.0
Qo250 I ([IDFLOW,EN,0.0) GO TD 310
Qo270 o0 Le= 1, 500+ 1. GO7USFLO™Y

02T 310 COLTIRTE

S270 IFP (J.IE. 1) €9 TO 49
QL0

G CANMMIER GAS FLCW 13 CALCULATED.

I (ANCGT.EQ.0.0) ARNCF=0.0

IF CARLCGILER.O0.0) €O TO 22D

ARLF=(=11,07)-2( 1, 045 ARCC D) +( 2, 097 ALCG(APCGI)))

IF (J.HE. 1) GO TO <0

ARCCI PUNGE GAS IFLOW 18 CALCULATEW.

IFP (AND.EN,0,0) ADDNF=0.0

I (ARD.E2.0.9) GO TO 330

ADPPRE(34,037) + (=10, 737EANP) +{ 1, 05Ok ( ARPX%2.))

IFT (J.NE, 1) 69 TO 49 K
ALY, RON-DEPETITIVE CALCULATIONS ARZ COMPLETED. ’ i
Go TO 40

GIgP

FORM..T {2X,18,6A10)
FORMAT (¥9.0,/,13,4(/,F9.9),/,13,%(/,F9.0))
FORMAT (F9.0)
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62530
03340
25D
[ephric]
QCG7a
C2GTh

@L320

400
410
L0eds
430
A5
<50

FORMAT (GE11.0)
FORMAT * 18,/,6A10)
FOLOIETO)
FORIAT (10X, 13, *,6A10)
FQRIZAT QR4 7)

d (7A10)
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APPENDIX B

FORTRAN Computer Program OMDATA

ot PLOGRAN QIRATA | INPYUT, QUTRUT, TAPED, TAPLE:, TAPEG)
(o
(X THES DPROSTAT SALOULATIS 07 JALITES TRAM A KI0T0S
[s3e O/l DATA TILE o Ay AND A IDONES B ?
GO WILE (9APED) . TE oI DATA ADS GUIPUT T KRONOS
S8 DATA FILE TAPES.
Gl
O TEIGHT, QIVEEN WRIGOT 1N TIE
Rt L7, CORDRECTICH FOR ORUSILLE TARE,
$ it (TERVAL, AND A COMUSTINI FOR
Pt JPORITY EFFECTS ART REQULGTED
[T IR-SNANG TENTIRAL,
on2
OO PRENT, sIOTER IRTAL WP, TUEG 02 U, DTARS , BELTA TIME, DYEIGHT:
[ed DPRIGT, 4 g /7 Idd
[+1 LD U297, WD, o277, BPARE, BLTIL, BWT
g8 i

TIPICATION i85 READ RS DLANY AND DATA
[OEAN AUD WACTTRN GNTO THR TELETYPR AND
THE GUTLTUT FILE,

READ 0, 7003 THAML, A, AS, A, AL, A, RO
LEAD {4, 103) DAL T, DB, 03,05,05,1L0
WMITE 76, 1460YITALT, Biial

PR 150, JLI, 1T

URITE + 5,100304,27,03,04,05,05
PRine 169, bDI,03,03,84,85,06

10 oWt

LIS ARNT NEAD RO EACH FILE.

{ FILEL 15 70 DE SVITOHONIZED T

v FILE Y TIHR ©F DAY. SYNCITCIY

D, ALUD TOZ DLANK FILE IS POSITIQHED
CSARNY TON SYHCIDSilITATIGH.

€450
AT G

COAC PEAD <2, 310971, B1,WE,02,53,D4,B3, 85, D7

65430 IF <E2,0) 109,29

€363 00 LRAD (<, :1C0)TIN,TEMR,WIZ2,VI,WA,HA, VR, G2, PO2

v 310 IF (E2F,4) 120,83
[V sts ) S0 CONTINYD
[egetets) DTE=ADND TII=TID)

GOGA0 IF {DTILGT. (.05uDLTI/1CD.) )Y €0 TD 6O

CTEo0m s

QTG VRN TLICL FILEG ANE SYNCIMDNIZED, TR

(Telerdend VEIGHT CF THE OXIDE IS CQALCULATED IFROM . .

CLgoo THE BATA FILE SAIDLE UEIGHT, BLARK VRIGHT, ...

QOGoCk AlID GUOTANCY PLUS 1IDURITY CORRECTICN. o

GOeO0:

64510 UOMH=WT2+BWT-~( WT1+3TARE)

GOe20m

GO3E0 THE ITASTRED OIVGER VEIGHT IS THE DIFFERENCE

0352(5:?: DETVEEN THE QIHIDE VZIGLT ATD TR IETAL WRIGHT.
ST

90560 O=UOH-UWT

Q087w

[s]elcTera b THE €/ RATIO 15 CALCLHLATED AS TWIGE TOE

gg;ggn RATIO OF HEASURED TO TOEORETICAL OXYSEN WEIGHTS.

1
06710 OHM=2.%{0Ir02VWD)
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Q0720
Q0730:x
80740:%
[elergrie]
0760
96770
8o760
476} g3 [4]
GoIZ00
e 160
00820
89330
00240%
GACOG
[etolslend
[s]ager{#:]
GCZTox
6ok
Gu280
[<[oDX1¢]
Q0020
GGOoC:
[ ¥l
00750
[+ I prvies
G270
Qo229

65000

Q1000
G100
01620
Q1020
01040
01050
[s 3Tok1¢]
QiQ7On
Q1020
QoG

01200
01210
01220
€1230
01240

R T T v}

TOE CHOANGE I O-11 IS ALSO CALCULATED.

IF (J.E®. 1) GO TO 40
DOI=OU-CIPST
OIPST=CT]
€9 TO 50

.40 DON=0.0
OIPST=Gl

THE DATA VRITTER ONTO THE KRONOS OUTPUT FILE
FOR FURTOEN PROCESSING INCLUDE:

TINE OF DAY, TEMPERATURE, O-I, OXVGEN
FOTENTIAL, GHVEEN PANTIAL PRESSURE, O/M
CHNANCE, CLECTROLYSIS CUNRENT, AND MOISTURE
ONITOR READIRG; ALL CALCULATED FROHM TER
OXIDE DATA FILE. . )

50 x’mgrr‘ {6, 120) TII1, TEIR, 6M, BGL2, PO2, BOM, Wi, WR
J=deg

GO TO 10

TNIS SECTION PSITIONT TAPIZ2 AS NECTESARY
TO SYRCERONIZE IT TO TAPE4.

60 IF (THLLT.TID €9 TO &9
IF {TIN.GT.8.15.AUH.TH.LT. 8. 13) €0 TO 90
T0 nEAD (2, 1395 Ti,D1,WT1,B2,03,04,85,D05,07
IF ¢0gF,2) 109,30
&9 IF (TINLLT.3.15.AUD, Ti1.6T.8.153) GD TO 79
20 DACITIPACE 2 .
DACTEPACE 2
6o TO 20
100 REVIRD O

¥

IF TAPEZ IS5 DEVOUED 8 TIIES T AN GFFORT
TO SYLCEOONUIZE 1T TO TAPR4, TAPES IS5
ENBFILET ARD TIE PROGRAI 18 TERMINATED.

IF (IL,CE.Q) GO TO 110

LEAD (O, 100K, A1, A0, AD A4, AT, A6
$O TOH V0
PRINT 210, TII

2

136 FORMAT (18,/,6A10)

140 FORMAT (2X, 18,2¥, 18)

150 FORHAT « 4, 18H EVALUATED VERSUS , 18)

160 FORMAT (2H,6A10) :
170 FCPMAT (200 153 EVALUATED VERSUS,/,2X,6A108)
180 FORMAT (ORi4.7)

L) POLONE COET0, 7

€20l BLAIN? FILE DREWOUND THREE TIMES,

Q20 FORUAT (CF12.00

END

(20 AT A DATA FILE TIME GF »F7.3)

o W




APPENDIX C

Uranium Oxide O/M Zetaplots

The data plotted are:
0/M Ratio, Solid Line, Unmarked
Oxygen Potential, Solid Line, Marked by "X"

_ Mois.ture 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 UR-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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APPENDIX D

Plutonium Oxide O/M Zetaplots

The data plottad 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 E

Solid Solution Uranium-Plutorium Oxide 9/! Zetaplots

The data plotted are:
0/M Ratio, Solid Line, Unmarked
Oxygen Potential, Solid Line, Marked by "X"

Moisture Monitor Reading*, Solid Lire, tarked 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,
08 = 800°C ctc.,

One digit signifying a plot sequence number at cach temperature,

The bracketed regions of the O/M curves, labeled with lower case letters,

delineate regions used to calculate the data listed in TABLE 11,

*Mcisture monitor data are ommitted from plots U-Pu-ll-l, U-Pu-09-1,
and U-Pu-08-1,
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1.74+6747 G- U+PU, L300 IEG, 1.8 PCNT H2
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1.746747 G U+PU, 1200 IEG, 0.7, 180 PCNT HZ
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1.7%6747 G U+PU, 1000 JEG, O.7-100 PCNT H2
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