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ABSTRACT

This critical assessment of the ThOZ-UO2 pellet fuel technology was
conducted in support of the Fuels Refabrication and Development Program
(FRAD). 1Included in this critical review are the following areas: powder
preparation; pellet fabrication; fuel chemical, physical, and mechanical
properties; and fuel irradiation performance. The authors identify 1) areas
where data are either deficient or lacking and 2) requirements for additional

development and experimental work.
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Th02-BASED PELLET FUELS - THEIR
PROPERTIES, METHODS OF FABRICATION,
AND IRRADIATION PERFORMANCE

A CRITICAL ASSESSMENT OF THE STATE
OF THE TECHNOLOGY AND RECOMMENDATIONS
FOR FURTHER WORK

1.0 INTRODUCTION

Since early 1977, a renewed interest has developed in Th02-based fuel
cycles for light water reactors. These fuel cycles are of interest because of
the need for development of a proliferation-resistant nuclear technology.

In this light, this critical assessment of Th02 pellet fuel technology
was sponsored by the Fuels Refabrication and Development (FRAD) Program to
serve as a technical basis for defining a development program that will ulti-
mately lead to licensable, pro]iferation-resisfant fuel form(s). Included in
this assessment are powder production and processing, pellet fabrication and
sintering, fuel mechanical, physical, and chemical properties, and irradiation
performance.

Much of the information reported in the literature relative to these areas
of interest was generated 10 to 20 years ago. While fuel property data have
been assembled previously, recent assessments relative to ThO,-based fuel
fabrication technology and irradiation performance have not been performed.

The purpose of the present document is to critically assess these areas and
to define deficiencies in the technology base.

Of primary interest to the FRAD program are Th02 fuels that contain 20
to 30 wt% U02. Prior experience with Th02-based fuels is primarily limited to
those systems that contain less than 10 wt% U02. Therefore either through
extrapolation or by additional experimental work, the Th02-based fuel techno-
logy must be extended to compositions containing more than 10 wt% U02. Prior
experience with powder processing and fuel fabrication will be judged in
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terms of establishing a fuel processing technology that is amenable to remote
fuel refabrication in hot cell facilities. On this basis, the appropriateness
of novel processing operations, such as freeze-drying of powders, which may
replace more commonly used processes like precipitation, will be analyzed in
terms of remote operations.

This review does not cite all references dealing with ThO2 fuels. The
references cited here are illustrative of the type of work that has been con-
ducted with ThO2 fuels.

R Some pages of this report are marked in the outside margin with a dot

ooooo
-----
-----

H: array to call attention to the most important summaries and conclusions.
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2.0 PRODUCTION OF Th02-BASED FUELS

This report section reviews the following topics: the occurrence and
beneficiation of thorium-bearing ores, the production of Th02 powder, and
the fabrication of Th02—based fuel pellets. The state of Th02 pellet
production technology is reviewed in terms of the FRAD goal of developing a
proliferation-resistant, remote refabrication process.

The discussion identifies some processes that have not previously been
used in the fabrication of Th02-based fuel pellets but which may aid in
reaching the FRAD refabrication goal.

2.1 THORIUM OCCURRENCE AND BENEFICIATION

Overall knowledge of world thorium resources is considerably less than the
knowledge of uranium resources. Reasonably assured resources recoverable at
costs less than $30/1b ThO2 are estimated at 630,000 metric tons (Foster
1978, p. 177). 1In the United States, low-grade resources such as the Conway
Granites of New Hampshire contain an estimated 15 million metric tons of
thorium recoverable at $60/1b ThO2 (Young 1979). Worldwide, many locations
have been identified as having the potential to contain thorium. Few attempts,
however, have been made to develop estimates of the world's undiscovered
resources (Foster 1978).

There are four major types of thorium deposits: 1) veins and lodes,
2) residual deposits and placers, 3) sedimentary deposits, and 4) igneous meta-
morphic concentrations (i.e., carbonatite fenite, alkalic dikes, plugs and
sills, granites, and pegmatites). Eijghty-seven percent of the total thorium
reserves and probable potential reserves are vein deposits location in Lemhi
Pass, Idaho and the Wet Mountains of Colorado (Staatz 1978, p. 109).

Since vein deposits are the highest-grade resource of thorium in the

United States, any large-scale production of thorium would result in their
exploitation. Mining and beneficiation facilities are presently nonexistent.

However, conceptual studies indicate the deposits would be mined by underground
methods and submitted directly to a dilute sulfuric acid leach (Young 1980).
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Monazite from placers is currently the world's primary source of thorium.
The deposits are mined by suction dredging or excavation and concentrated by
gravity and magnetic separation. The resulting monazite concentrate is then
processed by digestion with caustic soda or sulfuric acid and step-wise precip-
itation of thorium and rare earths using ammonium hydroxide (Enderlin 1978).

After thorium has been extracted and concentrated by a method appropriate
to the source of thorium, the concentrate is subjected to solvent extraction to
obtain a purified thorium nitrate solution. The nitrate is then converted to
the oxide, thoria, which can be used in the production of thoria fuel pellets.
Processes for conversion of the thorium nitrate solution to a thoria powder are
discussed in the following section.

2.2 CONVERSION OF THORIUM NITRATE TO THORIUM OXIDE POWDER

Since the ultimate goal of the Fuel Refabrication and Development Program
is the remote refabrication of reprocessed spent fuel, a fabrication process
must be developed that requires the fewest operations possible and the simplest
and most easily maintained equipment. In the fabrication of fuel pellets from
a powder, the most important task in achieving this goal is the production of
powder with properties that will minimize the difficulty of fabrication and sin-
tering operations. The ideal oxide powder production process would convert the
nitrate directly to a dustless, free-flowing, and highly sinterable press feed.
If the initial oxide product is unsuitable for use as press feed, a simple and
remotely operable process of feed preparation will be required. The oxide pro-
duction process will also need to be adaptable to remote operation and thus will
require the same operational simplicity as the pellet fabrication.

Five thoria (Th02) powder production methods are reported in the
literature:
1) thermal decomposition of oxalate precipitate
) formation and comminution of dried sol-gel shards
3) thermal decomposition of hydroxide precipitate
) hydrothermal denitration of the nitrate solution
) thermal decomposition of the nitrate solution in a fluidized bed.
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A11 of these production methods have one thing in common: they convert thorium
nitrate solution into ThO2 powder. Of the five methods, only the oxalate
precipitation process has been used extensively for commercial ThO2 produc-
tion. The thermal decomposition of the hydroxide precipitate and the hydrother-
mal denitration of the nitrate solution were used primarily in the preparation
of an oxide sol for the sol-gel process.

Two other oxide production methods described in the literature are worthy
of consideration for producing Th02; both methods produce oxides by direct
conversion of a salt solution:

6) the freeze-dry or cryochemical process (used primarily for the production
of alumina and ferrite powders)

7) the evaporative decomposition of solutions or “spray calcine" process
(used for the production of alumina, ferrite, and spinel powders).

Both processes could be adapted to the direct conversion of thorium nitrate
solution to the oxide. The following sections discuss the various thorium
nitrate conversion processes.

2.2.1 Thorium Oxalate Precipitation Process

The oxalate precipitation process consists of the following operations:

1) precipitation of thorium oxalate by reaction of the nitrate
with oxalic acid

2) digestion
3) filtration
4) thermal decomposition of the thorium oxalate to form the oxide.

The literature includes numerous reports on fabrication studies of oxalate-
derived ThQZ, both singly and combined With urania; however, these studies did
not include in their experimental design the precipitation and decomposition of
the oxalate. Investigations of thorium oxalate precipitation reported in the
literature have been directed towards developing oxide powder properties related
to catalysis or slurry formation, the latter as part of the development of the
slurry blanket for the Homogeneous Reactor Experiment at Oak Ridge National
Laboratory (Pearson et al. 1958).
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Control parameters for the process, all of which can affect the physical

properties of the product powder, are:

e molarity of the reactants

o H molarity of the nitrate solution

e rate and sequence of combining the reactants

e reaction temperature

e degree of agitation during precipitation

e digestion time

e decomposition temperature profile versus time

e decomposition atmosphere.

Oxide powder properties have been found to differ, depending on various
control parameters during the main steps of precipitation and decomposition.
Only one investigation of this process, Kantan et al. (1958) related precipi-
tation and decomposition parameters for oxalate to the sinterability of the
powder produced. They showed that the precipitation and decomposition temper-
atures had a great influence on the final sintered density of oxalate-derived
Th02. With a range of precipitation temperatures from 1° to 60°C and a range
of decomposition temperatures from 800°C to 1200°C, the density of the sintered
product varied from 86.7 to 94.7% of theoretical density. The maximum density
of 94.7% was accomplished using oxide powder derived from oxalate precipitated
at 20°C and decomposed at 900°C; compaction pressure was 414 MPa (60,000 psi)
for powder sintered at 1500°C in air.

Effects of Precipitation Parameters on Powder Properties

Breysse et al. (1965) investigated the effect of various oxalate precipita-
tion parameters on the surface area of the final oxide powder. Table 1 shows the
Breysse data, relating several precipitation parameters to oxide powder surface
area. The range of surface areas produced by the variation of a specific pre-
cipitation parameter suggests the significance of the parameter with respect to
surface area.

Allred and co-workers (1957) determined that oxide powder particles, which
are relics of the original oxalate particles, increased in size with increasing
oxalate precipitation temperature. The particles increased from 1-um cubes at
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TABLE 1. Effects of Oxalate Precipitation Parameters on ThO2
Powder Surface Area (oxalate decomposed at 3500C)

Precipitation Surface Area,
Parameter mé/gq

pH of initial nitrate solution
2.2 to 0.7 33 to 36

Rate of addition
2.5 mL/min to 0.833 mL/min 12 to 25

Sequence of addition

H2C204 to Th(N03)4 (direct strike) 40

Th(N03)4 to H2C204 (reverse strike) 34
Concentration of Th(N03)4 solution

1.0 M (570 g nitrate/liter) 40

0.1 M 27

0.2 M 18
Excess of oxalic acid

0 28

20% 24

100% 19
Precipitation temperature

34.C 17

75°C 24

boiling 33
Time of digestion 7

0 h 24

1h 28

4 h 30

a precipitation temperature of 10°C to platelets ranging from 4 to 7 pm
at 100°C. The cubes had an edge-to-depth ratio of 3:2, whereas the
platelets had a ratio of 6:1.

Effects of Decomposition Parameters on Powder Properties

The thermal decomposition mechanism for thorium oxalate has been exten-
sively investigated (Becket and Winfield 1951; D'Eye and Sellman 1955;
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Wendlandt et al. 1961; Moorehead and McCartney 1976). The amount of water, both
chemically combined and adsorbed, varies depending upon the age and storage con- Py
dition of the oxalate. However, upon heating in air the oxalate loses water and

forms the dihydrate below 200°C; the dihydrate decomposes at 270°C to form

the anhydrous oxalate. D'Eye and Sellman (1955) reported that their investiga-

tion showed that the anhydrous thorium oxalate decomposed to thoria either
simultaneously by two different reactions or solely by the carbonate route:

Th02 + 2C02 + 2C0 .
0 :i :
Th(C204)2 330°C
Th(C03)2 + 2C0
{
Th02 + 2C02

There was also evidence of CO disproportionating to form carbon and C02 in

Tho, formed below 400°C.

~ Allred et al. (1957) found that increasing the oxalate decomposition temper-
ature from 400°C to 900°C had practically no effect on the size or shape of

the oxide particles for poners from the same precipitation batch. However,

Th02 crystallite size was found to increase with increasing decomposition
temperature in all cases, as shown in Figure 1. At a decomposition temperature
of 900°C, the crystallite size was proportional to the final ThO2 particle

size, which increased with precipation temperature.

The effect of decomposition temperature on oxide powder surface area is
shown in Figure 2 for oxalates precipitated at four different temperatures.
Overall, powder surface area decreased with increasing decomposition temper- -
ature. Maximum rates of change in surface area occurred between 500° and 700°c.

With a decomposition temperature of 350°C, the results of Breysse et al.
(1965) showed that the larger the particle size of the ThO2 powder, the larger
the surface area. Although this result seems a paradox, it is compatible with
the oxalate decomposition work done by Becket and Winfield (1951) in which they
showed the larger Th02 particles to be composed of laminae of oxide crystallites
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with a central hole whose surface is not smooth 1ike the exterior but is broken .
by very thin projecting laminae. In the work of Allred et al. (1957), the

crystallite sizes measured by x-ray diffraction line broadening agreed closely

with the particle sjzes estimated from the specific surface areas. The inter-
pretation of the data is that the particles are porous and that the surface area
measured by the B.E.T. method is primarily the area of internal crystallite

surfaces. |

Foex (1949) investigated the rate of change of particle density as a func-
tion of decomposition temperature for thoria derived from the decomposition of
the hydrous oxide. He observed that no sintering between particles occurred

below 1000°C and from this inferred that crystal growth occurred only among
closely joined crystallites. This is in accord with the low heat of activation
for crystal growth, 4596 J/g-mole, determined by Allred et al. (1957) for ThO
derived from the oxalate.

2

Evaluation of the Thorium Oxalate Precipitation Process

For a more complete characterization of the oxalate precipitation process,
parameters of oxalate precipitation and decomposition should be correlated with
not only ThO2 pellet density, but also ease of powder fabrication and sintered
pellet microstructure. Although the as-received powders produced by this process
have had poor fabrication and sintering properties, it may be possible through
process modification to produce powders which do not require milling before
pellet fabrication.

Development of the oxalate precipitation process as a completely remote
operation is certainly feasible. A semi-remote facility for the production of
plutonium oxide by the oxalate precipitation process (Crocker and Hopkins 1963) .
has been operated for many years in Building 234-5, 200W Area, Hanford. However,
use of the process in a remote facility would depend upon the successful modifi- .
cation of the process to produce ThO2 powder with excellent fabrication and
sintering properties.

Depending on the recycle process used, coprecipitation of the mixed oxalates
to form mixed Th02-U02 powders may be desired. Therefore, coprecipitation work
should be done as part of the oxalate precipitation development. -
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2.2.2 Sol-Gel Process

The sol-gel process has been used for the fabrication of fuel particles for
gas~-cooled reactors and for vibratory compaction into fuel rods for LWRs. As
discussed in detail in section 2.2.3, the sol-gel process has also been consid-
ered as a conversion step to prepare feed material for pelletized fuel. A recent
review by Lackey and Selle (1978) describes the various sol-gel processes that
have been developed for Th02, U02, Pu02, and mixed-oxide sphere production.

The reviewers note only limited production experience with the high U/Th ratios
needed for denatured fuel cycles. To date, the sol-gel processes have been
designed to produce ultra-high-density spheres; modifications to these processes
will be needed to produce spheres with high UO2 content and with properties
suitable for fabricating pellet fuels.

2.2.3 Freeze-Dry Process

The freeze-dry method of producing an oxide powder directly from the salt
solution shows potential for the production of mixed Th02-U02 powders with
controlled physical and chemical properties. The primary investigative work on
this process has been done at Bell Laboratory on the production of aluminum
oxide powder from aluminum sulfate solution for use in the fabrication of
alumina substrates with carefully controlled microstructures (Johnson and
Schnettler 1970; Jaeger and Miller 1974). This application requires careful
control of the powder production process, and the freeze-dry process has
provided the necessary degree of control.

The freeze-drying process for powder production requires four basic
operations: mixing of salt solutions, flash freezing of the solution, subli-
mation of the ice phase, and decomposition of the anhydrous salt. Solution
chemistry assures mixing of two or more salt solutions on an atomic scale but
does require the components to be mutually soluble salts. The mixed nitrates
of thorium and uranium (iv) would be ideally suited for producing powders com-
posed of mixed Th02-U02 crystallites by the freeze-dry process. Absolute
control of the composition would be exercised since no material is added and no
material is lTost in the process. The composition of the final product would be
that of the starting mixture.
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The freezing and sublimation operations can best be explained using a
pressure-temperature diagram. Figure 3 1is an equilibrium diagram showing phase
regions as a function of pressure and temperature. At state A, the initially
prepared solution is present in liquid form. The solutjon is flash-frozen by
spraying the salt solution into an immiscible cryogenic liquid, thereby taking
the solution from state A to state B.

ICE
+
LIQuUID
T SOLUTION SOEﬁ#ION
=
w
w
& | SALT APOR
-9 + +
\CE SOLUTION
C [
SALT + VAPOR ,

TEMPERATURE —»

FIGURE 3. Pressure-Temperature Diagram Showing the Freeze-Drying Cycle

The solution freezes in the form of microspheres. The frozen micro-
spheres, separated from the cryogenic liquid, are placed in a vacuum chamber,
and the pressure is reduced in the transition from state B to state C below
the quadruple point, Q. The frozen microspheres may now be heated to state D,
where the ice sublimes, leaving the anhydrous salt. To greatly accelerate the
process, the water vapor is condensed out of the vacuum system continuously.

The anhydrous salt may now be heated in air or other suitable atmospheres
to form the oxide powder. The temperature, time, and atmosphere are chosen to
produce complete decomposition of the salt, but at the same time to leave a
residual oxide of high reactivity and sinterability.
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The process for making an oxide powder by the freeze-drying method con-
tains six positive control parameters for determining the physical properties
of the powder:

e nozzle orifice diameter for spraying solution
e feed rate of solution through orifice

e temperature of cryogenic liquid

e molarity of the salt solution

e decomposition temperature profile versus time
e decomposition atmosphere

The first four parameters determine the microsphere sizes and density and
the crystallite size of the salt. The last two parameters determine the oxide
surface area and crystallite size during decomposition of the salt.

Freeze-dried microspheres of aluminum oxide and ferric oxide have been
characterized with respect to crystallite size and aggregate structure (Johnson
and Schnettler 1970). The crystallites nucleated and grew in the form of
chainlike aggregates whose orientation was determined by the ice structure
formed during the freezing of the solution; in these instances the chains were
oriented radially. The crystallite size was relatively uniform and could be
controlled over an order of magnitude by proper decomposition heat treatment.
For alumina crystallites the size varied from less than 140 R (Y-A1203) at a
decomposition temperature of 860°C to 1000 A (a-A1203) for alumina formed
at 1200°C (Johnson and Schnettler 1970). After calcination, the spherical
particles were free-flowing and dust-free. The radial porosity was impregnated
with binder-lubricant, thus preparing a free-flowing press feed which was
pressed into shapes as required.

In sintering studies of freeze-dried alumina powders, isostatically pressed
specimens containing up to 0.65 wt% magnesia were heated at 1700°C for 1 hour
in a dynamic wet hydrogen atmosphere (Kim and Monforte 1971). The sulfate pre-
cursor had been calcined at 1100°C and 1400°C for 2 hours in air. At mag-
nesia additions of 0.25 wt%, specimens attained a density 99.9% of theoretical
with grain sizes ranging from 2 to 10 um.
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Evaluation of the Freeze-Dry Process

There are two aspects of the freeze-dry process that make it an attrac-
tive candidate for remote operation:

o The technology is already well developed with highly reliable compressor
and vacuum pumping systems.

e The powder product is granular, requiring only a small addition of binder/
lubricant to become a press feed.

Mechanization of the freeze-dry process for production of press feed should
not be difficult. If freeze-dried actinide oxide powders behave in a manner
similar to freeze-dried alumina and ferrite powders, they should be highly
sinterable and thus, amenable to a simple fabrication process.

2.2.4 Spray Calcine Process

The spray calcine process is the direct thermal conversion of a salt solu-
tion to an oxide powder by spraying the solution into a hot furnace with a
collector at the bottom; it is also referred to as evaporative decomposition
of solution. The process has been used in the laboratory (Roy et al. 1977;
0'Holleran et al. 1978) and to a limited extent industrially (Ruthner 1973) to
prepare reactive ceramic powders: Mg0, A]203, Fe203, MgA]204, MgCr204, and
CaA]204. Recently, the process has been used at the Pacific Northwest Lab-
oratory (Bonner et al. 1976) to prepare oxide powder from solutions containing
salts of nuclear waste elements for inclusion in the formulation and production
of glass for the nuclear waste vitrification program. Actinide oxide powders,
both singly and mixed, could be prepared in a similar manner using actinide
nitrate solutions as feed.

The spray calcine process is uncomplicated and requires rather simple
equipment. A laboratory-size conversion unit as described by Roy et al. (1977)
consisted of a vertical, two heat-zone furnace with an atomizer unit mounted
on top to introduce the salt solution into the heat zone as a fine mist mixed
with air.

This apparatus was used to study the production of powders of A1203, Fe203,
and CaA1204 using the nitrate solutions as feed. Powders had average particle
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sizes from 0.1um to 10 um when the feed solution concentration was varied from
0.05 M to saturation, respectively, at constant air-jet pressure 2 MPa (15 psi),
feed rate (4 mL/min), and temperature (900°C). High air-jet pressure caused
turbulence that resulted in particle agglomeration. The powder collection
method was considered inefficient, and the apparatus was subsequently equipped
with an electrostatic precipitator for more efficient powder collection.

Evaluation of the Spray Calcine Process

Conversion of the spray calcine process to a completely remote operation
would require some highly creative engineering. A closed system would be
required with provisions for recovering the very fine powder particles from
the exhaust. The system must be maintained remotely, also. Under the most
favorable conditions, the control of a production-size system for producing
ceramic-grade oxide power would be difficult. Remote operation would not make
it easier. Therefore, prospects for producing oxide powder remotely using the
spray calcine process are not considered promising.

2.2.5 CONVERSION PROCESSES SUMMARY

Several processes to convert thorium nitrate to ThO2 are described in
the process literature. The two principal processes are the thorium oxalate
precipitation process and the sol-gel process, which have been discussed here
in detail. Also included in this discussion were two processes for oxide pro-
duction, freeze drying and spray calcining, which have not been used to produce
thorium oxide. Each process was evaluated with respect to its adaptability to
remote operation and with respect to the ease of fabrication of pellets from
the product oxide. Of the processes reviewed, the sol-gel and freeze-dry pro-
cesses are judged to have the most potential for remote operation development.
This conclusion is based upon the desirability of producing a granular oxide
product, rather than a powder which would require granulation. Both the sol-
gel and freeze-dry processes may be used to produce spherical particles that
are free-flowing. If the particles can be produced having the necessary
compactibility and sinterability, the oxide product would make an excellent
press feed. These desirable oxide properties would permit the use of simpli-
fied pellet fabrication operations in a remotely operated facility.

2.13




2.3 PELLET FUEL FABRICATION

The ultimate goal of the FRAD program is to develop pellet fuel refabrica-
tion processes that can be used in a remotely operated facility. The Th02-
based pellet fuels under consideration in the FRAD program will contain more
than 20 wt¥% U02. Past experience with the fabrication of Th02-based fuels
has been with hands-on operations largely limited to compositions containing
less than 10 wt% U02. Early fabrication flow sheets included steps such as
extensive milling, binder additions, and lengthy sintering cycles, all of
which would be undesirable in a remotely operated facility. Nevertheless,
past experience can serve as a basis for defining the direction of future

Th02-based pellet fuel development.

Experience in the development of UO2 pellet fuels is also pertinent to
the development of ThO2 fuel technology. The UO2 fabrication technology in
the 1950s and early 1960s required wet powder processing with the addition of
organic binders at levels of 1 to 2 wt¥., With the development of free-flowing
UO2 powders, pellet production was greatly simplified by the elimination of wet
binder addition, powder drying, and binder removal steps. The ThO2 fabrica-
tion technology of today is much like the UO2 technology of 10 to 20 years
ago and is not amenable to fuel fabrication in a remotely operated facility.
As with UO2 fuels, the key to the development of an acceptable Th02-based
fuel technology is the production of a free-flowing, highly sinterable ThO2
powder. The powder when mixed with UO2 must result in a homogeneous fuel
with a theoretical density of 92 to 95%.

In the following discussion, major ThO2 and Th02-U02 pellet fabrication
campaigns and laboratory-scale studies are described and assessed from the
standpoint of simplifying the fabrication technology for Th02-based fuels.
Advances in UO2 fabrication technology will be cited when they may aid in
defining future ThO2 fuel development work.

2.3.1 Major ThO, and ThO,-UO, Pellet Fabrication Experience

Major ThO2 and Th02-U02 pellet fuel fabrication campaigns were carried
out in the Tate 1950s and early 1970s. Two of the larger efforts were
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conducted by Nuclear Materials and Equipment Corporation (NUMEC) and the Bettis
Atomic Power Laboratory. The Bettis work culminated in a mixed Th02-U02

core loading for the Shippingport Light Water Breeding Reactor (LWBR). Other
major efforts included the fabrication of Th02-U02 core loadings for the

Borax IV, Elk River, and Indian Point reactors.

ThO, Experience

. In 1965 NUMEC fabricated 13,000 kg of ThO2 pellets for a critical mass
facility (Beltram et al. 1965). The NUMEC flow sheet used the oxalate pre-
cipitation process to convert thorium nitrate to Th02. The oxalate precip-
itate was calcined at 800 to 900°C to achieve a specified residual carbon
impurity level of less than 300 ppm in the ThO2 powder. An attempt to use a
dry binderless method for pellet fabrication was unsuccessful because of exces-
sive pellet cracking. Wet binder additions of 1-, 2-, 3-, and 4-wt% Carbowax
6000(D resulted in satisfactory pellets. In addition, 0.2-wt% Sterotex® was dry
blended with the powder as a lubricant. Although Jarious pretreatments for
binder removal were investigated, the binder was found to be satisfactorily
removed from the pellets during the normal sintering cycle.

Green pellets with densities of about 6.1 Mg/m3 were pressed at moderate
pressures of about 172 MPa (25,000 psi). Pellet densities of 95% TD were
achieved when pellets were sintered at temperatures of 1650 to 1750°C for 4
to 8 h in a wet hydrogen atmosphere. The presence of water in the hydrogen
ajided in hydrocarbon removal.

Bettis researchers, who were working in support of the Large Seed Blanket
Reactor (LSBR) Program, determined that ThO2 powder made by direct denitra-
tion of thorium nitrate tetrahydrate could not be pressed and sintered to
greater than 90% TD, even with a lengthy sintering cycle of 12 h at 1700°C
(Johnson 1966) unless the powders were either wet ball milled for 24 h or

®was used in the fabrication

fluid energy milled. Two to three wt% Carbowax
of these pellets. Pellets made by direct denitration appeared to be more
sensitive to thermally induced cracking than those made with oxalate-derived

powder.,
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Th0,-U0, Experience

The major Th02-U02 fabrication campaigns produced pellet fuels for four
reactors: the Borax IV reactor, the Elk River reactor, the Indian Point I
reactor, and the LWBR.

Borax IV Reactor. The Borax IV reactor had the first large-scale loading
of Th02-U02 fuel (Handwerk and Nolan 1959). The core contained 166,000
Th02-6.35 wt% UO2 pellets made by Argonne National Laboratory (ANL). An
additional 23,000 ThO2 pellets were located in the blanket.

The fabrication process started with ThO2 and U308 powders, which were
mixed (not milled) in a ball mill with 2.5 wt% polyvinyl alcohol for 3 h. A
small amount of water-containing aerosol was added to moisten the powder. The
powder then was granulated through a 16-mesh screen. After drying, the granules
were lubricated with 1 wt% of a 1:1 mixture of oleic acid in kerosene and pressed
at 103 MPa (15,000 psi). Some of the organic materials were removed by pretreat-
ment at 260°C before firing at 1700 to 1750°C for 2 h in air. Based on lattice
parameter measurements, complete solid solution was judged to have formed
during sintering.

Because of the lack of milling, the low forming pressure, and the short
sintering time, sintered pellet densities determined by geometrical measure-
ments were quite low, e.g., 83% TD. Water immersion densities of 98% TD indi-
cated a high proportion of open porosity in the pellet microstructure.

ETlk River Reactor. The Th02-4.3% UO2 and Th02-5.2% UO2 fuel pellets
for the E1k River Reactor were fabricated by the Martin Company. Reactor

startup was in 1962. The pellet specifications issued by the reactor manufac-
turer, Allis-Chalmers Manufacturing Company, permitted up to 0.4 wt¥ of sintering
aid (TiO2 or Ca0) in the pellets (Allis-Chalmers Manufacturing Company, 1960).

Minimum pellet density was specified to be 94% TD. Details of the actual pellet
fabrication procedure and fuel characteristics were not published.

Indian Point I Reactor. In 1959-60 Babcock & Wilcox Company fabricated

the Th02-U02 fuel core for the Indian Point I pressurized water reactor (Kerr
et al. 1978). The stainless steel clad fuel rods were loaded with fuel pellets
having nominal densities of 93% TD. Six compositions ranging from O to about
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9 wt% UO2 were fabricated from UO2 and ThO2 powders prepared by the Mallinkrodt
Chemical Company and the Davison Chemical Company, respectively. The UO2 was

fully enriched in 239y,

The batches, containing Th02, U02, and recycled fuel pellet scrap,
were dry ball milled for 16 h, and then blended with 1 wt% polyvinyl alcohol
binder and water in a planetary mixer. After thorough blending, semi-dry
granules were formed by heating the blender while mixing. Drying of powder
was completed in shallow trays under infrared heat lamps. sterotex® die
Tubricant (0.5 wt%) was then blended with the powder in a twin-shell blender.
Pellets were sintered in pusher furnaces in a cracked ammonia atmosphere at
1550 to 1650°C for approximately 6 h. A nominal sintered density of 93% TD
was achieved.

The recycled scrap included in the powder batches consisted of both
off-specification pellets from the fabrication campaign, and approximately
85% TD fuel pellets from the critical mass experiments used for the reactor
core design. Reprocessed scrap pellets accounted for about 30% of the Indian
Point I core A fuel loading. The sintered scrap reprocessing consisted of jaw
crushing, followed by roll crushing, screening to a particle size less than
325 mesh, and then ball milling as part of the normal fabrication process.
Scrap content and firing time and temperature were used in controlling final
pellet density. Scrap recycle was also used to adjust 235U content.

Light Water Breeder Reactor. During the 1960s, Bettis (Weinreich et al.

1977) developed a process for fabricating high-density, thoria-based fuel
pellets for the LWBR, which achieved criticality in 1977. Ammonium diuranate-
derived 233UO2 powder, containing less than 10 ppm 232, (Leitnaker et al. 1972)
and oxalate-derived ThO2 powder (Clayton 1976) were used to fabricate pellets
with nominal densities of 97% TD. This exceptionally high pellet density was
required to achieve a breeding ratio greater than one. The core comprises a
seed-blanket-reflector arrangement of eight different Th02-U02 compositions
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(as well as hure Th02) in four different pellet diameters. The maximum UO2
content of the Th02-U02 pellets is less than 6 wt%¥. The core contains about
42,000 kg of thorium and 500 kg of uranium in 1.6 million Th02-U02 pellets
and 1.3 million ThO, pellets. ‘4

A rather complex flowsheet was needed to fabricate the high-density Bettis
Th02-U02 pellets. The ThO2 and UO2 powders were blended in a twin-shell
blender and then activated and homogenized by double jet milling to give a
powder specific surface area of more than 7.5 m2/g. The milled powders were
agglomerated during blending in a twin-shell blender (with intensifier bar) by
an addition of 1.25 wt% Carbowax 60002 in oxylene solution. The agglomerated
material was granulated through a 25-mesh screen and air dried in trays at
45°C. Sterotex® powder was added as a die lubricant (0.15 wt¥) to the gran-
ules. Pellets were pressed in an automatic mechanical press to approximately
63% TD and were presintered in a CO2 atmosphere for 4 h at 450°C, followed
by a 3-h hold at 925°C, Sintering was performed in another furnace in a wet
hydrogen-nitrogen atmosphere for a minimum of 12 h at 1790°C.

Several references describe the Bettis development of the fabrication
process of pure ThO2 as well as Th02-U02 pellets (Busby and Clayton 1976;
Clayton 1976; Smid 1976). As would be anticipated, a number of powder
processing steps, including calcining, milling, granulation, and binder
additions, affect the quality of the sintered pellets.

The complex process needed to fabricate the high-density Bettis Th02-
based pellets is not adaptable to remote fabrication. For example, the double
jet milling required to achieve a sinterable powder is a very dusty operation
and would be difficult to control and maintain in a remotely operated
facility. The addition of binder to the powder and the debinding step are
undesirable, and the high sintering temperatures would lead to furnace
maintenance problems.

2.3.2 Laboratory-Scale Experience

Laboratory-scale experiments suggest that the processes used in major
ThO2 pellet fabrication campaigns can be simplified. Process steps that
have potential for simplification are identified in the following review of
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lTaboratory-scale fabrication studies relevant to Th02—based fuels. This
discussion is divided into two parts: conventional pellet fabrication, and
nonconventional pellet fabrication techniques, followed by a section on pellet
fuel dissolution considerations.

Conventional Pellet Fabrication

The conventional pellet fabrication procedures that are relevant to
Th02-based pellet fabrication are powder conversion, milling, blending,
pellet pressing, and sintering.

Powder Conversion, Milling, and Blending Processes. Thoria powder derived

from the oxalate process has been used in major Th02-based fuel production
efforts and in most of the ThO2 pellet fabrication studies. Even so, the
literature includes only one report relating oxalate precipitation conditions
to the fabrication and sintering behavior of the oxide (Kantan et al. 1958).

Thorium oxide powders have also been produced in the laboratory by the
direct conversion of the nitrate (Harada et al. 1962; Pope and Radford 1974)
and by the precipitation and decomposition of oxide precursors such as thorium
benzoate, tannate, chloride, oxycarbonate, and carbonate (Harada et al. 1962;
Moorthy et al. 1964). None of this latter work correlated precipitation para-
meters with the oxide fabrication and sintering characteristics.

The particles of oxalate-derived ThO2 powder available in large quanti-
ties are typically flat, square platelets. In order to activate powder of
this type and achieve sintered densities greater than 90% TD, these powders
were jet milled at Bettis Atomic Power Laboratory (Weinreich et al. 1977) and
high-energy wet milled at Atomic Energy of Canada Limited (AECL)(Jones et al.
1977). Both these milling processes are undesirable for a remotely operated
fuel fabrication line.

By optimizing precipitation conditions, Lee and coworkers (1978) produced,
on a laboratory scale, an oxalate-derived ThO2 powder that sintered to
greater than 95% TD without milling. Whether highly sinterable ThO2 powders
can be produced in large-scale production compaigns and whether more than
20 wt% UO2 can be incorporated in this powder was not demonstrated.
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Direct denitration of hydrated thorium nitrate produces a ThO2 powder
that is less sinterable than oxalate-derived powder. Powders produced by this
method have had low surface areas and contained large, well-formed oxide crys-
tallites. These powder characteristics may have resulted from the melting of
the hydrated nitrate during decomposition of the nitrate. By decomposing
anhydrous nitrate and thus preventing melting, it may be possible to produce a
more highly sinterable powder.

Only limited work has been reported on the sintering behavior of coprecip-
itated Th02-U02 materials. Pope and Radford (1974) sintered Th02-66 wt%
UO2 coprecipitated powders and found that the sintering rate was slow: den-
sities increased from 81 to 95% TD over 84 h at 1650°C. No attempt was made
to improve the sinterability of this material by modifying precipitation or
sintering conditions. Whether the slow sintering rate is inherent to coprecip-
itated Th02-U02 powders or whether it reflects the morphology of this par-
ticular precipitate was not determined.

Pellet Pressing and Sintering. The methods necessary to press acceptable

pellets from ThO2 powders can vary widely, depending on powder properties.
Some powders require binders, lubricants, and high compacting pressures to
achieve specified green density; these requirements are undesirable for a
remotely operated process.

It may be possible to press Th02-based pellets without binders, but
binders were needed in all the major fabrication campaigns. The most commonly
used binder appears to have been Carbowax 6000% at additions of 1 to 4.5 wt¥.
The amount of binder used affects the compactibility of green powders and the
porosity, density, and microstructure of sintered pellets (Burke 1969). Powder
sources and fabrication processes that eliminate the need for binder additions
are desirable.

The hard and abrasive nature of UO2 and ThO2 powders require that die
wall lubrication be used during pellet pressing operations. Poor Tubrication,
poor die design, and rough die finish can cause stresses which are sufficient
to crack the pellet. Die lubrication is usually achieved by adding a dry pow-
der Tubricant, normally one of the stearates, to the press feed. The blending
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action not only mixes in the lubricant but can round off particles, which
improves powder flow efficiency. Small lubricant additions of 0.2 to 0.3 wt%
are usually sufficient; these amounts of lubricant are easily removed during
early stages of sintering. Lubricant effects on pellet microstructure are
minor, and any induced porosity is usually in the form of large, stable pores.

Compacting pressures as high as 965 MPa (140,000 psi) and as low as 172
MPa (25,000 psi) have been used to press variable powders to sintered densities
greater than 90% TD (Beltram et al. 1965). Pressing problems are caused by
variations in powder particle size, bulk density, and flow characteristics.
These variations can result in nonuniform die fill and variable green and sin-
tered densities. Hydraulic presses can be used to compensate for variable die
fill caused by poorly flowing powders; however, such complex presses are not
desirable in remotely operated facilities. Free-flowing powders that would
fill the die cavity uniformly can be pressed in simple, single-acting mechani-
cal presses to a constant density. Pellets pressed in a mechanical press with
a properly designed, tapered die should sinter to right circular cylinders and
thereby eliminate the need for centerless grinding. Development of such free-
flowing powders would be highly advantageous for pellet fabrication in a remote
operation because the grinding step and sludge recycle would be avoided.

Most Th02 sintering has been carried out in reducing atmospheres at about
1700°C for 4 to 8 h; however, sintering temperatures as low as 1550°C (Mohan
and Moorthy 1971) and as high as 1790°C (Weinreich et al. 1977) have been
reported as necessary to achieve required densities. Mohan and Moorthy (1971)
looked at sintering times and temperatures for Th02-U02 compositions; temper-
atures greater than 1550°C were needed to get densities greater than 90% TD.
Thoria has been sintered in both oxidizing and reducing atmospheres. Lynch
(1965) showed that Th02-U308 mixtures can be sintered in air to form a solid
solution of Th02-U02. A dilatometer study evaluating Th02-U02 mixture
densification kinetics would help identify optimum sintering conditions,

i.e., heating rates, temperature, and atmosphere.

Effect of Composition on Sintering of Th0,-U0 Pellets. Although ThO2 and

UO2 form a continuous series of solid solutions (Lambertson et al. 1953),
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several investigators, including Handwerk, Abermathy, and Bach (1957) and Lynch
(1965), found that pellet density decreased markedly with increasing UO2
content with a minimum density occurring at a composition of about 50 wt%

UOZ' Lee et al. (1978) found that pellets with densities greater than 95% TD
could be achieved by a high-energy, wet milling process wherein a master mix of
Th02-U02 was milled and blended with separately milled Th02. In an exten-

sive investigation, Mohan and Moorthy (1971) found that pellets sintered at a
temperature below 1400°C in H2 had a minimum density at the middle of the
composition range. However, at 1550°C, densities of 98% TD were reached in
pellets containing 50 wt% UOZ' They also demonstrated that the minimum in

the density-composition curve could be reduced by calcining the powders at
1200°C, but the final sintered density over the whole composition range was

lowered.

The density decreases observed by various investigators varied consider-
ably over the composition range because of different starting materials and
variations in process steps such as mixing methods, compacting pressures, and
sintering conditions. However, these studies clearly indicate that the densi-
ties of sintered Th02-U02 mixtures can be less than that of the single oxides.
The mechanisms which lead to the reduced densities have not been identified.
Berman (1972) observed the formation of large pores associated with 150-um
particles in a Th02 matrix. Although he did not measure diffusion coeffi-
cients for Th in UO2 and U in Th02, he suggested that the large pores were due
to the Kirkendall effect.

Based on Pu02-U02 light water reactor (LWR) experience, compiete solid
solution formation may not be a prerequisite for Th02-U02 LWR pellet fuels.
A uniform distribution of the fissile U02 phase will be required, but the
presence of small, discrete U02 particles or U02-rich zones in the fuel will
probably be acceptable. In the Bettis process, powders were co-jet milled
in order to achieve required homogeneity and to increase powder activity
(Weinreich et al. 1977). Control of process parameters may allow the produc-
tion of powders that do not require high-energy milling to achieve required
activity.
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In addition to mechanical blending, powders may be coprecipitated to
achieve homogeneity. However, the high degree of homogeneity achieved by
coprecipitation may not be desirable or required.

Density and Microstructural Control In Fuels. The microstructure of pellet
fuels is controlled to meet performance criteria such as densification behavior
(Freshley et al. 1976) and gas release (Turnbull 1974). Although the densifi-
cation and gas release behavior of Th02-based pellet fuels are not well known,
control of fuel microstructures and densities will be required. The experience
in controlling these parameters in UO2 fuels is pertinent to Th02-based fuels.

The preparation of oxalate-derived ThO2 powder today is similar to the
early production of UO2 powders in that intensive milling, high sintering
temperatures, and long sintering times are often required to achieve pellet
densities of 95% TD. As UO2 powder production methods became more sophis-
ticated, powder properties were improved to the extent that powders routinely
sintered to higher densities. In order to reduce pellet densities to the
required 93%- to 95%-TD range, lower sintering temperatures and/or times were
used, resulting in fuel structures that could densify as much as 3 to 4% during
irradiation. Pellet densification led to fuel column shortening, axial fuel
gaps, and cladding collapse, which resulted in the imposition of operating
constraints on several reactors.

Densification-resistant fuels can be achieved through control of pellet
microstructure. Several approaches have been developed which result in the fuels
containing relatively large pores in a high-density (98% TD) fuel matrix.

One approach to obtaining densification-resistant UO2 fuels is to preslug
powders at higher pressures than the final pelleting pressure, which results in
microstructures containing large, open pores. Another approach is to add high-
density green granules or granules of sintered UOZ; this approach can result in
a microstructure with large fissure-like pores and a high degree of open porosity
(Davis and Ferrell 1977). If UO2 scrap pellets are oxidized to U308 and
added to the press feed, the induced porosity can vary from clusters of pores to
pores surrounding individual U02 granules. Fuel fabricators have also achieved
stable densities by controlling the temperature used to produce the oxide powder
during the calcining process.

2.23



Pore formers, materials which volatilize or burn out and leave pores behind,
have been used successfully for porosity control in UO2 and Th02-UO2 systems
(Hutchison and Johnson 1966; Williams et al. 1968). Ideally the pore former should
be a hard, crystalline material that can be properly sized, is not affected by
powder processing, does not enter into reactions with the fuel, and does not leave
behind a carbonaceous residue.

Because large grain size increases diffusion distances for fission gas and
vacancy migration, large grain sizes are specified in fuels to improve densifi-
cation resistance and fission gas retention. Additives like Ca0 have been used to
increase the grain size of oxides, including ThO2 (Smid 1976). However, from the
viewpoint of remotely operated fuel fabrication, the addition of a compound to
enhance grain growth in Th02-based fuels is undesirable because of the additional
process steps that would be required to fabricate the fuel.

Bettis investigators found that large, uniform grain size may not always be
readily achieved in Th02-based fuels (Hutchison and Johnson 1966; Smid 1976).
A picture-frame grain growth pattern has been noted with grains of 22 to 64 um
around the pellet periphery and grains of 11 um or finer within the pellet.
Observations of the coarser grain sizes surrounding surface cracks and holes
drilled into pellets support the theory that a grain growth inhibitor which
volatilizes during sintering may be present in ThO2 fuels. Extensive grain
growth work at Bettis showed that higher-than-normal powder calcining tempera-
tures eliminated the tendency toward nonuniform grain growth in ThO2 (Smid 1976).
However, the powders formed at the higher calcination temperature were more
difficult to process further. Higher-purity ThO2 powders that did not exhibit
this tendency were produced in the laboratory. The impurities or other factors
that were the cause of the grain growth inhibition were not identified.

Nonconventional Pellet Fabrication

Extruded sol-gel fuels, pelletized sol-gel fuels, and impregnated fuels
are examples of nonconventional pellet fabrication processes that have been
considered by investigators as alternatives to pellet fuels produced by pressing
of precipitated powders. These processes have potential for the fabrication of
fuels in a remotely operated facility.

2.24



Extruded Sol-Gel Fuels. The feasibility of preparing ThO2 and Th02-U02
fuels by extrusion and sintering of sol-gel clays was demonstrated by Fitts

et al. (1968). The extrusion process requires the preparation of a ThO2 or

a Th02-U02 sol, which is concentrated by evaporation and filtered to form

a clay. The clay is then extruded, cut to length, dried, and sintered. The
results of the ORNL investigation showed that ThO2 rods, which could be cut
into typical pellet lengths if required, could be produced with stable densi-
ties between 70 and 98% TD by blending crushed, 325-mesh sintered ThO2 with
the clay before extrusion and then firing at 1150%C for 1 h in air.
Subsequent resintering at temperatures up to 2000°C caused no significant
changes in density or microstructure.

AECL is evaluating extrusion of sol-gel clays as part of a thorium recycle
fuel program, and Th02-3 wt¥% UO2 extruded rods have been sintered to 95% TD
(Lane et al. 1978); however, high-density, crack-free rods are difficult to
achieve.

Pelletized Sol-Gel Fuels. In addition to extruding fuels from sol-gel

clays, fuels can be pelletized from sol-gel derived powders. A ThO2 or
Th02-U02 sol is prepared by one of the sol-gel processes, dried, and granu-
lated into shard. The dried shard can be calcined, milled, and pressed into
pellets. This approach offers the potential advantages of homogeneous mixtures,
active powders, and low sintering temperatures. Crain and Hutchison (1966) were
the first to report this method of pellet fabrication; they found that

Th02-8 wt% UO2 sol-gel powders could be pressed and sintered to 94% TD

at 1350°c. However, the powders were difficult to compact: compacting
pressures greater than 1 GPa (145,000 psi) were required, and the powders
abraded die materials. Robbins and Stradley (1969) showed that high-density
Th02-6.5 wt¥% pellets could be formed from sol-gel shard at the significantly
lower compacting pressure of 414 MPa (60,000 psi). Pellets with sintered
densities up to 95% TD could be readily fabricated by varying calcining temper-
ature, moisture content, forming pressure, and sintering atmosphere. Burkhardt
et al. (1969) used dried ThO2 gel, which was calcined and milled to produce
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pellets that sintered to 98% TD at 1700°C. They also added organic plas-
ticizers to the milled shard and successfully extruded pellets. Although these
studies are far from complete, they do demonstrate the feasibility of using
sol-gel powders as a press feed material.

The potential also exists for fabricating pellet fuels using sol-gel
spheres as the pellet press feed material. Combined efforts are currently
underway at Oak Ridge National Laboratory (Tiegs 1978) and the Pacific North-
west Laboratory (Hart et al. 1979) to develop this approach for UO2 and
Th02 fuels. The advantages of using sol-gel spheres as a press feed material
in remotely operated pellet fuel fabrication are: 1) limited dust generation
during powder production and transport, 2) the free flowing characteristics of
the spheres, which will ease material transport and improve die filling during
pressing, and 3) the potential for reduced sintering temperature.

Impregnated Fuels. Another pellet fabrication technique being studied by
(AECL) is an impregnation process in which fertile, low-density pellets pre-
pared in a conventional fabrication plant are transferred to a shielded

facility, where they are impregnated with a solution containing the fissile
component (Lane et al. 1978). The pellets are subsequently rinsed, dried,
sintered, and ground if necessary. This technique is not applicable to
denatured fuel compositions because the amount of open porosity in the green
ThO2 pellets and the solubility of uranium in HNO3 limits the concentration
of the fissile component to less than 5 wt%.

Dissolution Considerations of ThO,-UO2 Fuels

In a complete fuel cycle, the irradiated fuel must be amenable to repro-
cessing. A number of wet and dry processing routes have been suggested,
including the THOREX process, in which the spent fuel is dissolved in nitric
acid, precipitated as a salt, and calcined to yield the oxide.

Additions of MgO, ZnO, or Ca0 to sintered ThO2 sol-gel particles have
been shown to improve the dissolution rates in nitric acid (Russell et al.
1967a, 1967b). In contrast, dissolution studies indicate that 1-wt% Mg0 addi-
tions to unirradiated Th02-U02 pellets do not result in enhanced dissolu-
tion rates (Pickett and Foule 1979). Additional work is required to determine
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the need for dissolution aids in Th02-U02 pellet fuels. If dissolution

aids are required in the fuel, these additions must be compatible with the
fabrication method used to produce the fuel and must have no adverse effect on
irradiation performance.

2.3.3 Summary and Evaluation of Pellet Fuel Fabrication

Results of large-scale pellet fabrication compaigns, as well as
laboratory-scale experience, indicate that Th02-UO2 fuels can be success-
fully manufactured using conventional pellet-forming techniques. However, in
many cases, extensive powder milling, large binder additions, high pellet-
forming pressures, and severe sintering conditions were required to achieve
high-density pellets. Through improvements in powder quality or by use of
materials like sol-gel-derived press feed, the potential exists for a pellet

fuel fabrication process that can be employed in a remotely operated fabric-
ation facility to produce Th02-based fuels containing greater than 20 wt%
uo

2-
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3.0 PROPERTIES OF THO,-BASED NUCLEAR FUELS

A thorough understanding of the thermo-physical properties of nuclear
fuels is necessary to predict the behavior of fuels in a reactor. Petersen
and Curtis (1970) have reviewed the fuel properties data compiled prior to
1970. More recently, Fink et al. (1977) and Kittel et al. (1977) reviewed the
thermophysical properties of ThO2 and Th02-U02. Petersen and Curtis
tabulated the existing data but made no critical evaluations to determine the
best data. Fink et al. and Kittel et al. identified the best data and
descriptions for some properties, but they did not specify the reasons for
their choices nor indicate what other data they considered. "

This review of the properties of Th02-based fuels critically evaluates
the data and attempts to identify by comparison the best data and descriptions
for the properties considered.

To aid the reader, the fuel properties are discussed in three subsections:
Thermophysical Properties, Chemical and Thermodynamic Properties, and Mechani-
cal Properties. Properties are divided among these sections as shown here:

Chemical and
Thermophysical Properties Thermodynamic Properties Mechanical Properties

e Thermal Expansion e Crystal Structure and e Elastic Moduli
Lattice Parameter

e Thermal Conductivity e Density e Creep Behavior
Solid Solution Formation e Fracture Strength
e Stoichiometry
Thermodynamic Properties

Heat Capacity

Vapor Pressure

e Diffusion

Other Properties

3.1 THERMOPHYSICAL PROPERTIES

These discussions cover thermal expansion, thermal conductivity, and
diffusion. Each discussion identifies techniques for measuring the particular
property and summarizes investigations relevant to Th02-based fuels.
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3.1.1 Thermal Expansion

Accurate thermal expansion values for nuclear fuels are necessary so that
fuel/cladding mechanical interactions can be minimized.

Techniques for Measuring Thermal Expansion

Thermal expansion can be measured by the change in length of a bulk specimen
during heating using a dilatometer, telemicroscope, or interferometer. A
detailed description of each of these procedures is given by Kingery (1959a).
The thermal expansion is expressed as:

% expansion = gfﬁo x 100% (1
0
where 20 and £ are the specimen lengths at a reference temperature and a
temperature T, respectively.

The thermal expansion can also be determined on the atomic scale by
measuring the change in lattice parameter by x-ray diffraction. The thermal
expansion determined by x-ray diffraction will be equal to the bulk measure-
ments if the crystal structure of the material is isotropic. Since Th02
and U02 both crystallize in a cubic isotropic lattice, the bulk and x-ray
measurements should be comparable.

The coefficient of thermal expansion can be defined in several ways. The
average coefficient of thermal expansion (@) determined over the entire temper-
ature range is expressed:

- 0 1
& = (2)
J1 T- To

and the instantaneous coefficient of thermal expansion (ai) determined at a
specific temperature is expressed:

o, = %_ 84 (3)
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Many times the method of calculating thermal expansion coefficients reported
in the literature is not identified. Therefore, it is best to compare the
reported percent linear expansion of samples, rather than the coefficient.

Impurities can affect the thermal expansion measurements, but generally
only at temperatures approaching the melting point where the vacancy concen-
tration, which is affected by impurities, increases rapidly as the melting
point is approached. If sufficient amounts of impurities are present in the
lattice, the bond strength, which is inversely proportional to thermal expan-
sion, could be affected. However, the materials used in the studies reviewed
here were at least 99.0% pure and the effect of impurities on thermal expansion
should be negligible.

Porosity concentrations of 10% or less have little influence on thermal
expansion. The effect of radiation on the thermal expansion of (Thl-xe)OZ
has not been studied.

Thermal Expansion of ThO,

The thermal expansion of ThOé has been investigated by a number of
investigators under the conditions given in Table 2. The different thermal
expansion determinations are in godd agreement as shown in Figure 4 with
increased scatter for temperatures above 1200°C. Since the scatter for all
data was small, a regression analysis was used to fit the data to the
equation:

% expansion = (-9.61 x 10'6) + (7.94 x 10'4)T +

(4

(1.54 x 10°)T2 - (2.29 x 1071h)73

where T is temperature (OC). One standard deviation for Equation 4 is 0.057.

Three studies were not included in this analysis although they were con-
sidered. Eisenstein (1946) did not report any data points, only the average
thermal expansion coefficient. Valentich (1969) presented his data in graphi-
cal form, and individual data points could not be determined from his figures.
The data of Lang and Knudsen (1956) was not included because 0.5 wt% Ca0 was
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TABLE 2.

Reference

Geller and Yavorsky (1945)
Grain and Campbell (1976)
Whittemore and Ault (1956)
Brown and Chitty (1960)
Hirata et al. (1977)

Wacthman et al. (1962)
Ohnysty and Rose {1964)
Aronson et al. (1967)
Hock and Momin (1969)

Richardson (1935)
Kempter and Elliot (1959)

Lang and Knudsen (1956)
Springer et al (1967)

(a)NR = Not reported

(b)Th02-1/2 wt¥ Ca0 99.9

Experimental Conditions and Results of ThOp Thermal Expansion Measurements

X in

(Th1-xUx)0p

o O O O o

o O O o

0.1

0.2

Method
dilatometer
x-ray diffr,
telemicroscope
x-ray diffr
x-ray diffr.

interferometer
dilatometer
x-ray diffr.
x-ray diffr.

interferometer
x-ray diffr.
x-ray diffr.

dilatometer
dilatometer

dilatometer

dilatometer

Sample
Purity,
%

w3

NR

9.
99.

99.

NR

99.
99.

99.
99.
99.

99

Yo}

99.9
99.9

99.

99.

Temp. Average Coefficient
Range, of Linear Thermal
ocC Percent Expansion (T = 9C) Expansion, 10-6/0(C
200-1700 MR 10.21
25-1100 MR 9.1
25-500 MR 10.4
0-1100 MR 9.07
800-1800  7.589 x 107°T + 1.552 x 107972 10.36
27-827 W 9.28
25-2465 AR 10.89
850-2100 MR 11.2
850-2100  -2.106 x 1072 + 8.383 x 1077 + 10.62
9.995 x 107872
100-600 MR .6
26-1000  8.1950 x 107 + 1.121 x 10797 9.32
26-1000  8.8553 x 10™% + 1.329 x 10771 10.18
100-1400 AR 9.9
200-2000  -6.33 x 1072 + 8.86 x 1077 + 10.83
9.47 x 107872
200-2000  -2.68 x 1072 + 9.50 x 10747 + 10.94
6.72 x 10-8y2
200-2000  -2.90 x 1072 + 8.99 x 10747 + 11.56
1.19 x 107272
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added as a sintering aid.

H - HOCH AND MOMIN (1969)

Y - GELLER AND YAVORSKY (1945)

K - KEMPTER AND ELLIOTT {1959) M
A - WHITTEMORE AND AULT {1956 -
B - BROWN AND CHITTY (1960)

W - WACHTMAN, et al. (1962)

0 - OHNYSTY AND ROSE (1964)

C - ARONSON, et al. (1967}

R - GRAIN AND CAMPBELL {1976) P.R
M - HIRATA et al. (1977)
P - SPRINGER et al. (1967)
L - LANG AND KNUDSEN (1956) A
| -RICHARDSON (1935

L | 1 L ] L . { 1 ] J

L
200 400 600 800 1000 1200 1400 1600 1800 2000 2200
TEMPERATURE, 9C

Percent Linear Expansion of ThO» as a Function

FIGURE 4.
of Temperature (from various studies)

However, Equation 4 and the data of Lang and Knudsen

as shown in Figure 5 are in good agreement, indicating that this Ca0 addition
had little effect on thermal expansion.
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FIGURE 5. Comparison of Equation 4 for Thermal Expansion to the
ThO2 Thermal Expansion Data of Lang and Knudsen

Thermal Expansion of Th0,-U0, Solid Solutions

Springer et al. (1967) measured the thermal expansion of pure Th02,
Th02-10 wt% U02, and Th02-20 wt% uo, solid solutions. Figure 6 shows that
the thermal expansion of pure ThO2 is lower than that of pure UO2 as reported
by Touloukian et al. (1977). The data for the two ThOg and U02 solid solutions
falls between the curves for ThO2 and U02. Below 1000°C, there is little sep-
aration between the four sets of data, whereas above 1000°C the curves show
increasing separation with increasing temperature. At 2000°C, the data for
pure U02 is about 20% higher than that for pure Th02.

Kempter and Elliott (1959) measured the thermal expansions of pure ThO2 and
(Thy 5Ug.5)0, to 1000°C. As shown in Figure 7, the data for (Thy cUy 5)0,
lies along the pure UO2 curve of Touloukian et al. (1977), and their data
for pure ThO2 is not discernably different from the data of Springer et al.
(1967) below 1000°C. Above 1000°C, the data of Springer et al. show that
thermal expansion of Th02-U02 solid solutions increases with UO2 content.
However, this increase in expansion coefficient with UO2 content is not

described by the simple summing of the contribution of the pure components.
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Berman et al. (1972)(3) analyzed the data of Springer et al. (1967) and
derived the equation:

6 -9.2

T+2.5x 107972 + (6.83 x 1073

5

L =0.9983 +5.13 x 10° + 2.5 x 107°T)U  (5)

to express the relative expansion (L =1 + Al/ﬁo) as a function of tempera-
ture (T) in kelvins and the mole fraction UO2 (U). Berman et al. (1972)
used Equation 5 to describe the thermal conductivity of Th02-U02 solid
solutions as a function of temperature and composition.

Equation 5 predicts thermal expansions that are higher than the actual
data measured by Springer et al. (1967), Figures 8, 9, and 10. The difference
between the actual and predicted values increases as temperature and UO2
content increases. Although Equation 5 does not fit the data, there does
appear to be sufficient data to derive an equation that accurately describes
the thermal expansion of Th02—U02 as a function of temperature (200 to 2000°C)
and composition (0 to 20 wt% U02).

Thermal Expansion - Summary and Evaluation

The thermal expansion of ThO2 has been studied by numerous investigators
and may be described by:

-6 -4

% expansion = -9.61 x 10™% + 7.94 x 107%T + 1.54 x 107772 -

2.29 x 1071173, (4)

where T is temperature (°C).

(a) The coefficients of Equation 5 were obtained in a private communication
from R. M. Berman and are not the same as those reported in Berman et al.
(1972) because of an error in temperature conversion.
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FIGURE 8. Thermal Expansion of ThO» (Data of Springer et al.
and Equation 5 from Berman et al.)
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FIGURE 9. Thermal Expansion of Th0>-10 wt¥% UO» (Data of Springer et al.
and Equation 5 from Berman et al.)
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FIGURE 10. Thermal Expansion of Th02-20 wt% U0, (Data of Springer et al.
and Equation 5 from Berman et al.)

The thermal expansion of Th02~UO2 compositions has not been studied
in as great detail as the thermal expansion of Th02. There is some evidence
to show that below 1000°C the linear thermal expansion of compositions up to
50 wt% UO2 are approximately equal to the expansions of pure Th02 and U02.
Above 1000°C the thermal expansion is a function of the UO2 content. Sufficient
data is available in the literature to describe quantitatively the effect of UO2
on thermal expansion for compositions containing up to 20 wt% U02.

3.1.2 Thermal Conductivity

Techniques for Measuring Thermal Conductivity

Two experimental techniques are used to measure the thermal conductivity
of nuclear fuels. The conductivity of unirradiated and irradiated specimens
has been based on thermal diffusivity measurement made by the flash laser
method described by Parker et al. (1961). With this technique, the front face
of a thin specimen, which is maintained in an isothermal environment, is
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subjected to a short-duration laser pulse. The temperature rise of the back
face of the specimen is recorded versus time and the thermal diffusivity (a)
is calculated from: '

. 0.11;39;12 | (6)
3

where ¢ is the specimen thickness, and tli is the time required for the back

face to reach one-half the maximum temperature increase following the thermal

pulse. Thermal conductivity () is calculated as the product of the thermal

diffusivity, density (p), and heat capacity (Cp).

A=aC_p (7)

Thermal conductivity of in-pile fuels can be measured by the radial heat
flow technigue (Jacobs 1969). In this procedure the thermal conductivity is
inferred from the heat input, determined by the fission and gamma heating pro-
cesses, and the temperature gradients within the fuel, determined by thermo-
couples. This method can lead to large errors because the heat input cannot be
measured directly and because of variations in crack patterns within the fuel.

Effects of Temperature on Thermal Conductivity

In most polycrystalline materials, the thermal conductivity decreases as
temperature increases. Generally, the reiationship of thermal conductivity to
temperature (T) is described by

‘ (8)

where A and B are empirically determined constants. The constant A describes
the scattering of phonons by lattice impurities and imperfections, and B
describes the phonon-phonon interaction. The effect of temperature by itself
will not be discussed here because this data is typically examined in conjunc-
tion with the effects of composition and porosity on thermal conductivity.
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Effects of Composition on Thermal Conductivity

The thermal conductivity of a solid solution is generally found to lie
between the conductivities of the pure components. An estimate of the thermal
conductivity of a solid solution may be obtained by summing the mole fraction
contribution of each component (Kingery 1959b). Therefore, the thermal conduc-

_tivjty of a Th02-U02 mixture would be expected to fall between that of U02,

as a lower bound, and that of Th02, as an upper bound. Because impurities
and microstructure strongly influence conductivity, thermal conductivity must
be determined experimentally when data with a high degree of precision is
required for fuel performance modeling.

Springer et al. (1967) and Springer and Lagedrost (1968) calculated the
thermal conductivity from the measured thermal diffusivity, density, and heat
capacity of compositions containing 0 to 30 wt% UO2 between 300 and 1900°C.
These investigators found that the thermal conductivity lay between thermal
conductivities of pure U0, and pure ThO,. The experimental conditions for
the studies reviewed here are given in Table 3. Springer et al. measured the
lattice parameters of their specimens and found them to fall within 5% of
Vegard's law, indicating the formation of solid solutions. Springer and
Lagedrost did not determine the degree of solid solution formation. However,
their specimens came from the same source and procedure as those of

Springer et al. and were probably solid solutions.

Springer et al. describe the effect of UO2 content on the thermal
conductivity (W/cm-°C) of 100%-dense Th0,-U0, solid solutions (A ) by:

1

A, = [0.79(1 + 0.00W) + 0.0185T]"‘(1 + 0.29TW)(1 + 0.4W)"1  (9)

where W is the weight percent UO2 and T is the absolute temperature.

Berman et al. (1972) analyzed the data of Springer et al. and Springer
and Lagedrost for the effect of composition on the thermal conductivity of
(Th]_xe)Oz. Berman et al. found the thermal conductivity of 100%-dense
Th02-U02 solid solutions varied with composition and temperature as:
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TABLE 3. Experimental Conditions for Thermal Conductivity Measurements for Unirradiated Fuels

Thoria Fuel Firing Percent
(a) Composition, TempeBature, Firing Theoretical Temperatgre
Reference % ng C Time, h Atmosphere Density Range, C
Springer et al. (1967) 0 wt% 1725 12 H, 75, 85, 95 300 to 1900
10 75, 85, 95
20 75, 85, 95
Springer and 3 to 30 wt¥ 1725 12 H2 75 to 98 300 to 1900
Lagedrost (1968)
Murabayashi (1970) 0 moleX 1700 5 H nR (D) 20 to 800
1
3
5
10
Ferro et al. (1969) 1 mole% 1700 3 H, 87 800 to 1400
4 95
10 96
Ferro et al. (1972) 6 mole% 1700 3 H2 95 800 to 2200
10 91
Murabayashi et al. (1969) 0 1700 5 H, 90 to 94 20

(a) A11 researchers used the flash laser method of measuring thermal conductivity.

(b) NR - not reported.



r 2 2] -1
ho = [Ag + AU+ A%+ (Bg + ByU + BAP)]T (10)

where U is the mole fraction U02, T is the absolute temperature, and A
A1, BO, etc., vary with composition as given in Table 4.

0’

TABLE 4. Values for the Constants A and B of Thermal Conductivity Equation 5
Fuel

Composition Range, Constants for Ao = [AO + AU+ A2U2 + (B0 + B1U + BZUZ)]T'1
x in (Th,_U.)0, Ag A A, By B B,
0 to 0.1 0.9314 20.830 -281.018 0.01822 0.03414 0.1043
0.1 to 0.3 6.5219 -78,628 213.518 0.01158 0.14715 -0.3605
0.3 to 1.0 5.6964 -33.613 30.556 0.01310 0.07457 -0.0672

Figures 11a and 11b show that the thermal conductivities calculated with
Equations 9 and 10(3) are within 5% of the actual data of Springer et al.
(1967) over the entire range of compositions and temperatures studied and are
within 10% of the actual thermal conductivity data of Springer and Lagedrost
(1968), as indicated in Figures 12a and 12b. The difference between values
predicted by Equations 9 and 10 is very small; however, because of the larger
quantity of data used to derive it, Equation 10 is identified as the best
estimate of the thermal conductivity of (Th]_xe)O2 up to 30 mole% U02. The
lack of data above 30 mole% UO2 precludes the use of either Equation 9 or 10
to describe the thermal conductivity of compositions containing greater than
30 mole% U02.

In deriving Equation 10, Berman et al. (1972) corrected the specimen den-
sity for thermal expansion using an equation that yields expansions that are
40 to 50% higher than measured values for compositions containing 10 to 20
mole% UOZ.(b) The use of this equation resulted in an error of only 3% in the
calculated thermal conductivity for the Th02-20 wt% UO2 composition at 1800°C.

(a) Appropriate corrections for specimen density were made using correction
factors provided by Springer et al. for Equation 9 and Berman et al. for
Equation 10.

(b)The preceding section discusses thermal expansion.
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Above 500°C, Springer and Lagedrost (1968) found the conductivity of the
30-wt%-U02 composition to be greater than the 20-wt%—U02 composition as
shown in Figure 13. These curves in theory should be parallel, and the conduc-
tivity of the 30-wt%-U02 composition should be Tower than the conductivity of
the 20-wt%-U02 composition. Springer and Lagedrost could not offer an explan-
ation for this behavior. Consistent with the experimental data of Spinger and
Lagedrost, Equation 10 predicts that the conductivity of a 30-wt%-U02 composi-
tion will be greater than that of a 20-wt%-U02 composition above 500°c.

Equation 10. ijs based on thermal conductivity measurements made parallel to
the pellet axis on pressed and sintered pellets. Springer and Lagedrost found
that the conductivities were approximately equal for axially and radially
measured specimens. However, Berman et al. (1972) found that Equation 10 could
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A I ] ] | I | 1 ;
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FIGURE 13. Thermal Conductivity of ThO2-UO2 Solid Solutions Calculated
from Equation 10 as a Function of Temperature (corrected to
5% porosity by Equation 12)
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not predict radial conductivities. Berman et al. did not attempt to explain
this discrepancy in their analysis.

The thermal conductivity of Th02-U02 solid solutions as measured by
Murabayashi (1970) is shown in Figure 14. The experimental conditions are
given in Table 3. Murabayashi only presented his data in graphical form and
did not do an analysis of the data in forms of Equation 8. Murabayashi confirmed
the complete formation of the solid solution through lattice parameter
measurements.

Murabayashi corrected his data to 95% TD. In Figure 15, the Murabayashi
data are compared with the curve generated with Equation 10 corrected to 95% TD
using Equation 12. The use of Equation 12 is discussed later in this report
under the effects of porosity on thermal conductivity. The Murabayashi data
fall 10 to 15% below the Equation 10 curve. The slopes of the two sets of data
are approximately equal, indicating that the difference is caused by a change
in the A term of Equation 10 which has been related to the impurity level of
the specimen.
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FIGURE 14. Thermal Conductivity of ThO»-UO» Solid Solutions Determined
by Murabayashi as a Function of Temperature (corrected to
5% porosity by Equations 14 and 15 where n was determined
from the data)
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FIGURE 15. Comparison of the Data of Murabayashi and the
Thermal Conductivity Calculated from Equation 10
for 95%-Dense Fuel Specimens

Ferro et al. (1969) measured the thermal conductivity of 1-, 4-, and
1O-mo1e%-UO2 compositions of ThOz-UOZ. Ferro et al. (1969) did not determine
the degree of solid solution formation. Two different 10-mo]e%-U02 specimens
were measured and yielded thermal conductivities consistently differing by 15
to 20% across the temperature range from 800° to 1200°C; this may have been
due to different impurity levels in the two specimens.

Figure 16 compares the data of Ferro et al. (1969) with the curves deter-
mined by Equation 14. The calculated and experimental curves are parallel for
the 4 mo1e%-UO2 compositions, but the data of Ferro et al. is approximately
10% less than Equation 10 would predict. The curves for 1- and 1O-m01e%—U02

compositions do not agree in either slope or intercept.
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FIGURE 16. Comparison of the Data of Ferro et al. and the Thermal Conductivity
Calculated from Equation 10 (corrected to 5% porosity by Equation 12)

Ferro et al. (1972) also measured the thermal diffusivity of Th02-6 mole%
UO2 and Th02-10 mole% U02, but did not calculate the thermal conductivity. For
both compositions, the thermal diffusivity was at least 10% higher (and as much
as 30% higher at temperatures >1200°C) than the Springer and Lagedrost (1968)
data used by Berman et al. (1972). This would translate into an equal differ-
ence in thermal conductivity when calculated from equal heat capacity and
density data.

The data of Springer et al. (1967) and Springer and Lagerost (1968) appear
to be the most extensive and should be sufficient to describe the thermal con-
ductivity of (Thl_xe)O2 as a function of temperature from 300 to 1900°¢C
and compositions ThO2 to Th02—30wt%-U02. At present, Equation 10, derived
from the data of Springer et al. and Springer and Lagedrost, gives the thermal
conductivity within 10% for compositions containing 0 to 30 wt¥% UO2 between
300 to 1900°C.
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Effect of Porosity on Thermal Conductivity

The thermal conductivity of a porous material (Ap) is generally found to
be a fraction of the conductivity of a 1004 dense material (xo). There are two
major theories used to relate the effect of porosity on thermal conductivity.
These are the modified Loeb equation (Loeb 1954)

°>J lcy

L =1 - ap (11)

and the Maxwell-Eucken equation (Belle et al. 1967).

s, 2

where p is the pore fraction and a and B are porosity correction factors that

Sk
1]

depend on the pore shape, size, and distribution.

Springer et al. (1967) used the Maxwell-Eucken equation to describe the
effect of porosity on their data. The porosity correction factor (8) was
found to vary as a function of composition:

g 1+ 0.000M
0.67 + 0.282W

(13)
where W is the composition in terms of wt% U02. The thermal conductivities
calculated using Equations 9, 12 and 13 are within 5% of the measured data
shown in Figures 11a and 11b, Springer and Lagedrost (1968) found that their
data was in good agreement with B determined by Equation 13.

Marino (1970; 1971) attempted to estimate the porosity correction factor
B of Equation 12 by using the Fricke (1924) analysis for the thermal conduc-
tivity of a material containing a random distribution of isolated ellipsoids,
i.e., pores. The porosity correction factor B was described as a function of
the conductivity of the pores, the axial ratio of the pores, and temperature.
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Assuming a constant pore gas composition, Marino (1970; 1971) analyzed the
Th02-10 wt% UO2 data of Springer et al. (1967) at three different porosities.
The axial ratio of the pores was varied to seek the best fit for g8 that would
give consistent Ao values, i.e., all ko calculated for each measured Ap at
a constant temperature would be within 9% (experimental error of the data) of
each other. A unique solution for B could not be found for the data; instead,
a wide range of 8 values as shown in Figure 17 gave satisfactory results.

Marino (1970; 1971) measured the axial ratio of the pores from the photo-
micrographs of a 93% dense Th02-10 mole% UO2 specimen and found a unique
solution for the porosity correction factor. As a function of temperature,

B ranged from 0.47 at 300°C to 0.31 at 1600°C. The axial ratio, and
therefore B, could not be determined for densities less than 90% TD because of
interconnecting pores.

Berman et al. (1972) applied the method outlined by Marino to the data from
Springer et al. (1967) and Springer and Lagedrost (1968). This analysis yielded
unique porosity correction factors (g) ranging from 1.25 at 400°C to 1.10
at 2200°C.
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FIGURE 17. Porosity Correction Factor (B) Range for 93%-, 82%-, and
72%-Dense Th0,-10 wt% U0, Versus Temperature
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Murabayashi et al. (1969) found that their data for the thermal
conductivity of ThO2 best fit a modified Maxwell equation of the form

Ay (2 -3pe)(1 - p)
75 vy (14)

where p is the pore fraction and

pe=1-(1-p)" (15)

where n is an empirical constant equal to 2.4 for this data. A more detailed
analysis of this paper is not warranted because: 1) these experiments were
carried out at a composition (pure thoria) and temperature (20°C) that have
1ittle value for nuclear fuel applications, and 2) the small test sample

(11 data points) and a narrow porosity range (<5%) may have biased the results.

Although the porosity correction factors for Equation 12 determined by
Springer et al. (1967) (1.5, 0.55, and 0.45 for 0-, 10-, and 20-wt% U02, respec-
tively), Marino (1970, 1971) (0.3 to 0.5), and Berman et al. (1972) (1.1 to
1.25) differ markedly, these values represent a difference of only 3 to 4% in
kp's calculated from Ao for porosities of less than 10%. Differences in
thermal conductivity of 3 to 4% are considered small; however, because of the
larger quantity of data analyzed, the effect of porosity is probably best
described by Berman et al. (1972), but only for the data analyzed.

Effect of Radiation on Thermal Conductivity

In general, the thermal conductivity is expected to decrease as a material
is irradiated. This decrease is attributed to radiation damage to the Tattice,
and pellet cracking. The thermal conductivity measurements of irradiated and
unirradiated materials can be approximately equal when the lattice damage is
annealed during irradiation at high temperatures or thermal cycling as would
occur during out-of-pile thermal conductivity measurements.

Jacobs (1970) compared the unirradiated and in-pile-irradiated thermal
conductivities of Th02-10 wt% UO2 in Figure 18 under the conditions shown
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in Table 5. The data were fitted to EqUation 8 and the thermal conductivity of
the unirradiated specimen (Aun) varied with temperature, 7(°C), as shown in

Equation 16:

-1
Ayp = (8.4703 + 0.02551T) (16)
TABLE 5. Experimental Conditions for Thermal Conductivity
Measurements for Irradiated Fuels
Average
Irradiation Conductivity
Fuel Composition, Burnup, Temperature, Measurement Temperature
Reference mole% UO» 1018 fission/cm3 oC Method Range, OC
Jacobs (1970} 10 0.26 600 in-pile, radial 300 to 900
heat flow method
Matolich and 3 2.3 900 out-of-pile 300 to 1200
Storhok (1970) 7 2.3 725 flash laser method 300 to 1200
10 27.4 1260 300 to 1100
15 400.0 nR{2) 300 to 1200
(a) Not reported
0.08 F°

FIGURE 18.
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The thermal conductivity of the irradiated specimen (A varied with

o irr‘)
temperature, T(°C), as shown in Equation 17:

) -1
Ajpp = (10.5181 + 0.02003T) (17)

Jacobs concluded that there is no statistical difference at the 0.99 confidence
level between the thermal conductivity of unirradiated Th02-10 wt% UO2 and

ThO,-10 wt% U0, irradiated to 0.26 x 10" fissions/cms.

Matolich and Storhok (1970) measured the thermal conductivities of three
irradiated Th02-U02 compositions by the flash laser technique. These
measurements were made out-of-pile under the conditions given in Table 5. No
significant difference between the unirradiated and irrradiated measurements was
observed for the Th02-3 wt% UO2 compositions. Matolich and Storhok concluded
that this was due to the high irradiation temperature, where the lattice damage
was annealed.

In contrast, the post-irradiation conductivity of Th02-15 wt% UO2 was
lower than the unirradiated conductivity. Even after thermal cycling between
300 and 1200°C, the A, was still approximately 55% below A . The lack of
an annealing effect was attributed to the high burnup (400 x 1018 fissions/cm3).

The thermal conductivity of irradiated Th02-10 wt% UO2 was higher than
that of the unirradiated material. Matolich and Storhok (1970) attributed
this anomalous result to the presence of large columnar grains, which are
believed to increase the thermal conductivity of the material. Annealing
during measurement had no effect on the thermal conductivity, but this was
expected because of the high irradiation temperature. These results indicate
that the effect of irradiation on thermal conductivity is not well understood
and requires further evaluation.

Berman et al. (1972) attempted to fit the data of Jacobs (1969, 1970) and
Matolich and Storhok to
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where T is the temperature (K), F is the burnup x 10'20

in fissions per cubic
centimeter, and C and D are empirically determined constants. The analysis was
complicated by variations in fission product content and in pore gas content
within the sample. Berman et al. could only suggest using 17.3 and 5.92 as

estimates for the constants C and D, respectively.

Effects of Stoichiometry on Thermal Conductivity

In general, as the deviation from stoichiometry increases, the thermal
conductivity of polycrystalline materials decreases. This decrease is attri-
buted to a decrease in the lattice periodicity which reduces the phonon mean
free path.

Kingery (1959b) measured the thermal conductivity of stoichiometric and
non-stoichiometric composition containing 26 mole% U02. The non-stoichiometric
composition was prepared by heating sintered specimens in air at 500°C for
an unspecified period of time. The stoichiometry of this sample was not
evaluated. Kingery found the thermal conductivity of the stoichiometric compo-
sitions was higher then the nonstoichiometric compositions. The difference
between the two data sets was at least 10% and varies with temperature. From
these data, thermal conductivity as a function of stoichiometry cannot be
determined.

No other data describing the effect of stoichiometry on the thermal
conductivity of Th02-U02 compositions has been reported.

Thermal Conductivity - Summary and Evaluation

At present, the equations

= 2 2 -1
Ao —[AO + A1U + A2U + (B0 + B1U + BZU )] T (same as 10)
and
N L.
Xp Ao T+ Ep (same as 12)

most accurately describe the effect of absolute temperature (T), composition (U),

and pore fraction (p) on the thermal conductivity of Th02—U02 solid solutions.
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The values for the constants AO, BO, etc., are listed in Table 4, and an

average porosity correction factor (B) was found to lie between 1.25 at 400°c
and 1.10 at 2200°C. These equations describe the thermal conductivity of solid
solutions up to 30 wt% U02, but are only within 10% of the experimentally deter-
mined data. Sufficient data are not available to describe the effect of UO2
above 30 wt%.

Although there are not enough data to determine the effect of radiation
on conductivity, there is some evidence to suggest that at high irradiation
temperatures the radiation damage is annealed, and the thermal conductivities
of irradiated and unirradiated materials are approximately equal. The effect
of radiation on thermal conductivity should be studied in greater detail.

The effect of stoichiometry on thermal conductivity has not been
adequately described for Th02-U02 compositions.

Thermal conductivity is affected by such material characteristics as
porosity (including pore fraction, shape, and distribution) and impurity
level. These variables are generally determined by the fabrication procedure
and are unique to a given specimen. Therefore, once a standard fabrication
procedure is adopted, a limited study of the thermal conductivity of
Th02-U02 compositions containing up to 30 wt% UO2 should be made to
determine if the data vary from the equations derived from the literature data.
Additional data will have to be generated if the thermal conductivity of compo-
sitions containing more than 30 wt% UO2 are of interest.

3.1.3 Diffusion

From the viewpoint of fuel swelling, densification and thermal migration
of cation and anion species, diffusion properties of fuel components are
important to fuel performance. In this section, the diffusion of Th, U, and 0
in (Thy_,U,)0, will be discussed.

There are two major diffusion paths in polycrystalline materials. Diffu-
sion taking place through the individual grains is defined as lattice diffusion,
while faster, short-circuit diffusion will occur along grain boundaries and dis-
locations. Diffusion through single crystals is usually equated with lattice
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diffusion unless a substructure is present. When a reported diffusion coeffici-
ent includes the contributions of more than one path, it is called the apparent
diffusion coefficient. An attempt is made in this review to indicate when more
than one process may have contributed to the reported diffusion coefficient.

Measured diffusion rates are dependent on material properties such as
defect concentration, impurities (not only the amount but the physical proper-
ties of each, such as ionic radius and valency), grain size, grain boundary
size, and dislocation concentration. Calculated diffusion coefficients may be
accurate only for the specimen on which it is measured, making it difficult to
compare the results of various investigators. In this section the "best data"
will not be identified; instead, the data will be displayed graphically.

Techniques For Measuring Diffusion

Diffusion is measured by determining the concentration of the diffusing
species as a function of time, temperature, and diffusion distance. For ThO2
and U02, cation diffusion is measured by depositing a radioactive tracer
isotope of the cation on the surface of the bulk specimen. The specimen is
annealed and the concentration of the diffusion species is measured by
sectioning, alpha-ray spectrometry, or surface activity decrease. These
techniques are described by Kingery (1959a) and Alcock et al. (1966).

The diffusion of oxygen is generally measured by the gas-solid isotopic
exchange method, whereby the rate of exchange of an oxygen isotope with the
solid is used to determine the oxygen diffusion coefficient.

Diffusion of Thorium in ThO,

Poteat and Morgan (1968) measured the diffusion coefficient of 230Th in
single and polycrystalline ThO2 by alpha-ray spectrometry. Table 6 gives the
experimental conditions for diffusion measurements made by Poteat and Morgan and
other researchers.

Poteat and Morgan report that, because of the grain boundary contribution,
the diffusion coefficient in the polycrystalline specimens is slightly greater
than in the single crystals. Figure 19 shows the Poteat and Morgan data. The
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TABLE 6. Experimental Conditions for the Diffusion of Various Atoms in (Thj.xUx)02+y

Diffusing
Reference Atom Host Lattice Method Type of Diffusion Measured
Poteat and Th Tho, (2] 2307, tracer, apparent
Morgan (1968) a-ray spectrometry
Poteat and Th Thoz(b) 230Th tracer, apparent
Morgan (1968) a-ray spectrometry
Hawk ins and Th Thoz(b) 230Th tracer, apparent
Alcock (1968) » a-ray spectrometry
King (1971) Th Thoz(a) 2287 tracer, lattice
sectioning
. (a) 228 : X : R
King (1971) Th Th02 Th tracer, dislocation via subgrains
sectioning
Furuya (1968) ] ThOZ(b) 237U tracer, lattice
a-ray spectrometry
Furuya (1968) U ThOZ(b) 237U tracer, grain boundary
a-ray spectrometry
Furuya (1968) U (Th0 sU0 S)Oz(b) 237U tracer, lattice
: ) a-ray spectrometry
(b) 237 .
Furuya (1968) U {(Thy cUn )0 U tracer, grain boundary
0.5°0.5'72
a-ray spectrometry
Matzke (1967) ] ThOZ(b) 233U apparent
a-ray spectrometry
Edwards 0 ThOZ(b) BO, lattice
et al. (1963) gas-solid exchange
Ando et al. (1976) 0 tho,, (2 18, Jattice
gas-solid
exchange
Lee and Alcock (1971) Th and U (Th U )0 (v) 230Th and 233U tracers, apparent
0.25°0.757 2+y
a-ray spectrometry
(b) 230 233
Lee and Alcock (1971) Th and U (Th0.5U0'5)02+y Th and U tracers, apparent

(a) Single crystal
(b) Polycrystalline

a-ray spectrometry
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TABLE 6. (contd)

Diffusion Coefficient (Do).(a) Activation Energy (Q)

Reference Temperature Rangeoc Atmosphere cm /s kcal/mol
Poteat and 1300 to 2300 air (<1800%C) 2.0 x 107 74.0
Morgan (1968) argon (>1800°C)

Poteat and 1300 to 2200 air (<1800°C& 2.6 x 10_7 69.0
Morgan (1968) argon (>1800°C)
Hawkins and 1600 to 2100 20, 2 05 1.25 x 107/ 58.8
Alcock (1968) (100" "to 107" atm PO,)
King (1971) 1850 to 2050 w(®) 0.35 149.5
King (19/1) 1850 to 2050 R 8 x 10714(c) 37.3
Furuya (1968) 1800 to 2000 AR 1.1 x 107¢ 76.4
Furuya (1968) 1800 to 2000 R 2.35 x 1079(¢) 47.9
Furuya (1968) 1800 to 2300 NR /.59 x 10'4 85.9
Furuya (1968) 1800 to 2300 AR 1.04 x 1077(¢) 64.2
Matzke (1967) 1400 to 1550 H, D=2 x 107 (1400°%)
D =2 x 1071 (1550%) NR
Edwards 850 to 1550 AR 4.4 65.8
et al. (1963)
Ando et al. (1976) 845 to 1646 AR 1 x 10°% ( 1100%) 17.6
5.73 x 1072 ( 1100°C) 49.9
Lee and Alcock (19/1) 1400 co/co, NR NR
Lee and Alcock (19/1) 1400 C()/CO2 NR NR

{3a) D = Dgre-URT

(b) NR = not reported

(c) For grain boundary diffusion the grain boundary width (in cm) is included in the diffusion coefficient and the
units become cm3/s.
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microstructure of the single crystals was not examined to determine if a sub-
structure had developed that could have affected the diffusion rate. They also
observed that at constant temperature, as the diffusion distance increased, the
diffusion coefficient increased for both polycrystalline and single-crystal
specimens. Although Poteat and Morgan did not attempt to explain this behavior,
it may be concluded that they observed lattice diffusion near the surface and
some type of short circuit diffusion as the diffusion distance increased.
Therefore their diffusion coefficients should be considered to be apparent
rather than lattice values. '

Hawkins and Alcock (1968) measured the diffusion of 230Th in polycrystal-
line thoria by a1pha—ray spectrometry. Their data is within one order of mag-
nitude of the data of Poteat and Morgan shown in Figure 19. Hawkins and Alcock
also found that thorium diffusion is independent of oxygen pressure, indicating
that ThO2 does not deviate from stoichiometry. Hawkins and Alcock felt that
they measured lattice diffusion coefficients. They reasoned that the grain
boundary contribution was a very small portion of the total diffusion due to the
large grain size (100 um) of the specimens. However, they did not attempt to
quantify the grain boundary contribution; therefore, these data are interpreted
as apparent diffusion coefficients.

King (1971) found the lattice diffusion of thorium in single crystal ThO2
to be one to two orders of magnitude below the data of Poteat and Morgan (1968)
and Hawkins and Alcock (1968). King attributes this difference to the section-
ing technique he used and the failure of Poteat and Morgan and Hawkins and
Alcock to sufficiently analyze their data for the contributions of grain boundary
and dislocation diffusion. Most sectioning techniques are only accurate to
0.5 um; however, King states that using his technique he is able to obtain
sections of 0.04 um (400 A), enabling him to differentiate between lattice
diffusion at small diffusion distance (x) and short circuit diffusion through
the dislocation substructure as x increases. King considers his data to
represent lattice diffusion.

The wide range of diffusion coefficients reported for thorium in ThO2
(Figure 19) occurs because of the different physical characteristics of each
specimen studied, various measuring techniques, and the varying contributions of
lattice, surface, and grain boundary diffusion.
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Diffusion of Uranium in ThO,

f 237U by alpha-ray spectrometry

Furuya (1968) measured the diffusion o
in polycrystalline Th02. His results were one to four orders of magnitude
greater than the diffusion of thorium in thoria as shown in Figure 19. Furuya
observed that the concentration versus diffusion distance (x) exhibits a tail
at large x which, Furuya reasoned, was caused by grain boundary diffusion. By
extrapolating the tail of the curve to smaller x, the grain boundary portion
of the apparent diffusion coefficient could be subtracted to give the lattice
diffusion coefficient. Furuya found that, depending on the grain boundary
size, the grain boundary diffusion of uranium was one to two orders of magni-

tude greater than lattice diffusion.

Matzke (1967) measured the apparent diffusion of 233U in polycrystalline
ThO2 as a part of a study of Xe gas migration. At 1600°C Matzke's data
intersect the extrapolated data of Furuya (Figure 19); however, the two data
sets have different slopes.

At present, reported diffusion coefficients for cations in ThO2 cover a
wide range of values. Additional experimental work is required for a more
accurate definition of the diffusion coefficient of Th and U in Th02.

Diffusion of Oxygen in ThO,

Edwards et al. (1963) measured the apparent diffusion of 180 by the
gas-solid exchange method in polycrystalline thoria under the experimental
conditions given in Table 6. Their results (Figure 19) reveal that the
diffusion coefficient of oxygen is six to eight orders of magnitude greater
than the diffusion of thorium. Edwards et al. made no attempt to separate
lattice and grain boundary diffusion. They believe the diffusion of oxygen is
controlled by intrinsic defects with a large concentration of anion defects
resulting in the greater oxygen diffusion rate relative to cation diffusion.

Ando et al. (1976) measured the lattice diffusion of oxygen by the gas
exchange method in single-crystal ThO2 and observed that oxygen diffusion
was not affected by either annealing the specimen at 1550°C before the
diffusion experiment or by the specimen size. Ando et al. found a change in
slope (activation energy) between 1100°C and 1200° as shown in Figure 19,
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Below 1100°C, they concluded that the diffusion is controlled by extrinsic
defects and above 1100°C by intrinsic defects, especially Frenkel-type
defects.

Above 1100°C the data of Edwards et al. (1963) and Ando et al. (1976)
are in good agreement (Figure 19). However, below 1100°C the difference in
the data increases as temperature decreases. This difference could be due to
different impurity levels of the diffusion specimens, whereby the impurities
would affect the extrinsic defect concentration, which Ando et al. believe
controls diffusion below 1100°C.

Based on these data, the diffusion coefficient of oxygen in ThO2 was
judged to be six or more orders of magnitude greater than the diffusion
coefficients of either thorium or uranium.

Diffusion of Uranium in ThO,-UO, Solid Solutions .

The lattice diffusion coefficient of uranium in polycrystalline
(ThO.SUO.S)OZ measured by Furuya (1968) is shown in Figure 19. As
described previously, Furuya separated grain boundary diffusion from lattice
diffusion. The lattice diffusion coefficients Furuya reported for uranium in
(Th0.5U0.5)02 are approximately equal to the ones he measured for uranium in
Th02; however, to conclude that the diffusion coefficients of uranium in all
Th02-U02 solid solutions are equal would be premature. Furuya found that
the grain boundary diffusion was one to two orders of magnitude greater than
the lattice diffusion, depending on the grain boundary size.

Lee and Alcock (1971) measured the diffusion of uranium and thorium in
Th02-U02 solid solutions at 1400°C as a function of ThO2 content (50 and
25 mole% Th02) and stoichiometrics of 2.01 to 2.19. The experimental details
are given in Table 6. They found the diffusion coefficients of thorium and
uranium in the solid solution specimens to be approximately equal. Although
there is considerable scatter in their data shown in Figure 20, they deter-
mined that the diffusion coefficient (D) of thorium or uranijum in (Thl-xux)02+y
can be described by

-2 Y
log D = 5 log 270 + c(T) (19)
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FIGURE 20. Diffusion Coefficient of Th and U as a Function of Composition
and Stoichiometry at 14000C for (Thy_xUx)0p+y

where C(T) is a constant for a given temperature and y is the deviation from
stoichiometry. Although Lee and Alcock did not give the C(T) values for the two
compositions tested, the value of C(T) estimated from Figure 20 is approxi-

mately -13.8 for (Th0.25U0.75)02+y and -13.7 for (Th0.5U0_5)02+y.

Lee and Alcock (1971) attributed the observed increase in D as y increased
and x decreased (shown in Figure 20) to the formation of a U5+-01—U5+ defect
complex. The increase in interstitial oxygen (01) concentration leads to
increased cation vacancies and cation diffusion coefficients.

For near-stoichiometric compositions (y = 0.01), Equation 19 predicts a
diffusion coefficient for (Th0.5U0.5)02.01 that is within an order of
magnitude of the data of Furuya extrapolated to 1400°C. No other data are
available to check the accuracy of Equation 19.
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It should be kept in mind that Equation 19 was determined at one tempera-
ture from only two solid solution compositions (Th0.25U0.75)02+y and
(Th0.5U0.5)02+y and may not accurately describe the entire range of solid
solutions.

Equation 19 is also limited mathematically and should only be used within
the experimental limits (x 20.5, 0.01 < y < 0.19) for which it was determined. -
For stoichiometric compositions, the diffusion coefficient cannot be determined
by Equation 19. .

Diffusion of Oxygen and Thorium in Th0,-U0, Solid Solutions

No studies have been made concerning the diffusion of oxygen in Th02-U02
solid solutions. Other than Lee and Alcock (1971), discussed in the section on
uranium diffusion in solid solutions, no researchers have spudied thorium
diffusion in solid solutions of Th02-U02.

Diffusion - Summary and Evaluation

The self-diffusion of oxygen is six to seven orders of magnitude greater
than the diffusion of thorium or uranium in Th02. Therefore, diffusionally
controlled processes such as sintering in Th02—based systems will be rate
limited by the diffusion of the cation.

Data concerning the diffusion properties of thoria-urania solid solutions
are very limited. Limited evidence exists to show that the rates of diffusion
of uranium and thorium in solid solutions are approximately equal. The dif-
fusion of oxygen in Th02-UO2 solid solutions has not been studied. A large
body of data is available to describe cation diffusion in Th02, but as with
many oxide systems, these data exhibit a large amount of scatter. Cation
diffusion of Th02-UO2 should be studied in greater detail. This would be
helpful in understanding the sintering and fission gas release properties of
Th02-U02 solid solutions.

3.2 CHEMICAL AND THERMODYNAMIC PROPERTIES .

This report section reviews studies of the lattice parameter, density,
solid solution formation, and stoichiometry of Th02-based fuels. This .
section also discusses various thermodynamic properties, including heat
capacity and vapor pressure.
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3.2.1 Crystal Structure and Lattice Parameter

It is well documented that both ThO2 and stoichiometric UO2 crystallize in
the cubic fluorite crystal structure. The unit cell consists of a face-centered
cubic array of thorium (or uranium) jons with oxygen occupying one-half of the
available tetrahedral sites. There are four molecules of ThO2 (or U02)
per unit cell.

Kempter and Elliott (1959), Mauer and Bolz (1955), and Brown and Chitty
(1960) all found the ThO, Tattice parameter at 259C to be 5.5971 A. Cohen
and Berman (1966) and Swanson and Tatge (1953) report values of 5.5975 & and
5.5997 A, respectively. A lattice parameter of 5.5971 A appears to be the best
value for Th02.

Christensen (1963) found that as the UO2 content increased, the lattice
parameter decreased and closely approximated Vegard's law up to 95 wt% UO2
(Figure 21). Christensen observed anomalous behavior in the lattice parameter
above 95 wt% uo,.

Cohen and Berman (1966) measured the lattice parameter over the entire
range of Th02-U02 solid solutions after quenching specimens from 1200°C to
room temperature. They found the lattice parameter (ao) for (Th]_xe)02+y
to vary with U0, content (x) and deviation from stoichiometry (y) as

a, = 5.5975 - 0.127x - 0.09y - 0.1xy (20)

for compositions containing less than 50 mol1% UO2 and

a, = 5.5975 - 0.127x - 0.140y (21)

for compositions containing between 50 mo1% and 95 mo1% U02. These equations
fit Cohen's and Berman's data to 0.2% for single-phase cubic solid solutions.
For stoichijometric compositions, the equations derived by Cohen and Berman are
in good agreement with the data of Christensen. Christensen only presented his
data graphically; therefore, a statistical comparison of his work with Cohen's
and Berman's was not made. Above 95 mol1% U02, Cohen and Berman observed
anomalous behavior similar to Christensen (1963).
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FIGURE 21. Lattice Parameter as a Function of UO2 Content at 250C

3.2.2 Density

The theoretical density (po) of a material may be calculated from a
knowledge of its crystal structure, composition, and lattice parameters using

the equation:

N(ZF.M,)

o VA (22)
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where N is the number of atoms per unit cell, Fi is the atom fraction of each
constituent, M is the atomic weight of each constituent, A is Avogardo's

number (6.02 x 1023), and V is the volume of the unit cell in cm3
cubic structures V = a3 where a is the lattice parameter. Based on a lattice

For

parameter of 5. 5971 A the theoretical density of ThO2 calculated by Equation 22
is 10.002 g/cm

The variation of density with temperature of a solid can be determined by:

oL = —Po 3 (23)
(1 + a8/2,)

where o and pr are the densities at a reference temperature and some
temperature, T, respectively, and Al/zo is the linear thermal expansion. For
Th02, Az/zo can be determined by Equation 4.

Cohen and Berman (1966) measured the lattice parameter of (Th 1 xe)OZ
at 25°C and calculated the. theoret1ca1 density as a function of UO2 content
using Equat1on 22; Figure 22 shows their data. The anomalous lattice para-
meters at compositions above 95 wt% UO2 were not considered in these

calculations.

The effect of temperature on the density of Th02-U02 solid solutions
cannot be determined until the effect of composition on thermal expansion data
is reanalyzed. When this analysis is complete, Equation 23 can be used to
determine the density as a function of composition and temperature.

3.2.3 Solid Solution Formation

Thoria and urania meet all of the criteria to form complete series of
solid solutions:
e identical crystal structure
e cation radii within 10% of being equal
e equal valence.
A number of investigators have shown that ThO2 and UO2 form solid solutions
of the substitutional type where uranium is substituted for thorium.
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With an exception of anomalous behavior at compositions containing more
than 95 wt¥% U0,, Christensen (1963) and Cohen and Berman (1966) found that
ThO2 and UO2 form a complete series of solid solutions. Although this
anomalous behavior has not been explained, Cohen and Berman maintain that it is
due to the formation of U409.

Anderson et al. (1954) studied the x-ray diffraction patterns of a wide
range of compositions as a function of temperature. Table 7 lists the prepara-
tion and experimental conditions for this solid solution study as well as the
other studies discussed earlier. Anderson et al. found that the fluorite
“structure was the stable phase for all compositions below 200°C regardless of
the experimental conditions. Above 200°C, stoichiometric compositions were
stable in the fluorite structure; however, with compositions above 50 mo1%

UOZ’ oxidizing conditions resulted in other crystalline phases. These
conditions produced nonstoichiometric compositions and will be discussed in
the section on stoichiometry.
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TABLE 7. Preparation and Experimental Conditions for Solid Solution Formation Studies

Composition, Sintering Conditions Oxidation Conditions
Reference mole % UO» Temp,°C Time, h  Atmosphere Temp, 9C Time, h Atmosphere Comments o
Cohen and Berman 0 to 100 1750 48 to 100 Hp 500 to 1320 0.5 to 72 Steam and air Homogenized in argon at
(1966} 1200°C for 72 to 240 h
Anderson et al. 1 to 100 1700 to 2100  NR(2) vacuum 100 to 900 NR 0.07 to 120 atm
(1954) of oxygen
Lynch (1965) 2.5 1200 to 1650 18 Hy 0 to 1200 48 Air Sintered samples were
10.0 crushed, reduced in Hy
30.0 atmosphere to the stoichiometric
50.0 composition, and then oxidized.
70.0
90.0

(a)NR = Not reported



3.2.4 Stoichiometry of ThO2 and (T U)o

h]-x—x-—2+y

In contrast to U02, thoria does not deviate measurably from the
stoichiometric composition of Th02. Hawkins and Alcock (1968) measured the
cation diffusion in Th02 and found it to be independent of oxygen pressure.
From this they concluded that Th02 does not deviate from stoichiometry.

Cohen and Berman (1966) determined thermogravimetrically that the
solubility of oxygen in Th02 at 1200°C is zero; i.e., y = 0. The lack of
oxygen solubility was attributed to the inability of the thorium ions to change
from a 4+ to a higher valency in order to balance the charge of the excess
oxygen.

Lynch (1965) measured by weight change the deviation from stoichiometry in
air as a function of the oxidation temperature (0 to 1200°C) for various

stoichiometric compositions of (Th]_xU )02; Table 7 lists the experimental

conditions. In general Lynch found thgt the deviation from stoichiometry (y)
increased as the UO2 content (x) increased, approaching a maximum at 400°C as
shown in Figure 23. The oxygen solubility decreased as the oxidation tempera-
ture increased above 400°C. No explanation was offered for this decrease in
solubility. Lynch's data indicate that the maximum oxygen solubility increases
as the sintering temperature decreases. The samples sintered at 1650°C may
have had less free UO2 than those sintered at 1200°C. The amount of free
UO2 could have affected the oxygen solubility.

Cohen and Berman (1966) showed that when compositions containing less
than 50 mol1% U02 are heated in air to 1200°C (see Table 7 for the experi-
mental conditions) the oxygen solubility is limited by the UO2 content as

shown in Figure 24.

Cohen and Berman observed that when compositions containing greater than
50 mol1% UO2
structural change is 2.25. When this limit is exceeded, an orthorhombic phase,

were heated in air to 1200°C the maximum 0/M ratio without

identified as U308’ accommodates the excess oxygen. Gilpatrick and Secoy
(1966) did not observe an orthorhombic phase at 1200°C until the U02 content

reached 60 mole%. The difference in observations has not been explained.
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Cohen and Berman (1966) found a second cubic phase when compositions
containing more than 60 mol1% U02 with 0/M ratio between 2.18 and 2.25 were
heated below 1200°C for 200 plus hours. They identified this phase
as U409; it was not found in equilibrium with the orthorhombic phase and
sometimes disappeared after additional annealing. They concluded that this
was a metastable phase for which the stable phase was U3O8'

Cohen and Berman concluded that the oxygen enters the lattice intersti-
tially. The number of available interstitial sites is limited by the UO2
content, reaching a maximum number of sites at 50 mol% U02. Above the oxygen
solubility limit in compositions containing greater than 50 mol% U02,
orthorhombic U308 accommodates the excess oxygen, while compositions below
50 mo1% UO2 remain a single cubic phase in equilibrium with the atmosphere.
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Anderson et al. (1954) agree that the oxygen solubility is dependent on
the geometry of the structure and the number of interstitial sites available
for oxygen occupation. However, the oxygen solubility of compositions con-
taining greater than 50 mol1% UO2 without a phase change was found to lie
between y = 0.32 and 0.34 when oxidized in air at 400°C. The difference in
oxygen solubility limits found by Anderson et al. and Cohen and Berman (1966)
is probably due to different preparation and experimental conditions. Above
600°C, Anderson et al. found the fluorite structure replaced by a new single-
phase structure when the oxygen solubility was exceeded in compositions
containing greater than 70 mol1% U02. Anderson et al. believed this phase to
be orthorhombic, but they could not completely identify it.

3.2.5 Melting Temperature

The melting temperature of ThO, is 3300°C + 100°C as noted by Benz (1969)
and Lambertson et al. (1953).
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The melting temperature of Th02-U02 solid solutions has been studied
by Christensen (1963). He found that the melting point increases as the
UO2 content decreases as shown in Figure 25.

3.2.6 Heat Capacity

Several thermodynamic functions, such as entropy and free energy, can be
calculated from the heat capacity (Cp); it is also used to calculate the
thermal conductivity of a material.

The heat capacity is determined from enthalpy data. A material at some
high temperature is dropped into a calorimeter maintained at a low tempera-
ture (0 to 35°C). The heat absorbed by the calorimeter is equal to the
difference in the enthalpy of the material between the high and Tow tempera-
tures. The heat capacity is the first derivative of the enthalpy with respect
to temperature.
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FIGURE 25. Melting Point for Th02-UO» Solid Solutions
as a Function of ThO, Content
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Godfrey et al. (1966) analyzed the ThO, heat capacity data of Southard
(1941), Victor and Douglas (1961), and Hock and Johnston (1961). Southard
determined data for the temperature range from 150 to 900 K; Hock and
Johnston's data covered the range from 1183 to 2480 K; Victor and Douglas mea-
sured heat capacity from 123 to 927°C. The heat capacity in all of these
studies was determined by the calorimeter method. Godfrey et al. found that -

Cp = 6.27 x 1072 + 8.46 x 10°°T - 8.31 x 10272 (24)

can best describe the heat capacity data for ThO2 where T is the absolute
temperature and Cp has the units calories per gram degree celsius Equation 24
gives a good approximation (within 2 to 3%) of the data as shown in Figure 26.
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FIGURE 26. Comparison of the Th0, Heat Capacity Data of
Several Researchers with the Heat Capacity
Equation 24
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Springer et al. (1967) measured the enthalpy of sintered solid solutions
containing 0, 10, and 20 wt% UO2 between 0 and 2060°C by the calorimeter
method. The heat capacity determined from the enthalpy data can be expressed
as a function of temperature T (K) by:

2

Cp = A+ BT +CT (25)

where A, B, and C are constants (given in Table 8) for the three compositions
tested, and Cp has the units calories per gram-degree celsius. The ThO2

heat capacity curves determined from the data of Springer et al. (1967) and
from Equation 24 of Godfrey et al. (1966) are in good agreement as shown in
Figure 27. The maximum difference between the curves is 3% at 2000°C.
Therefore, either equation will suffice to describe the heat capacity of Th02.

TABLE 8. Heat Capacity Equation Constants (Springer et al. 1967)
Constants for Cp = A + BT + CT-2

wt% U0, A B C
0 6.027 x 1072 9.124 x 1070 -416.9
10 6.319 x 1072 6.490 x 107  _628.4
20 6.465 x 1072 6.266 x 1070  -767.7
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FIGURE 27. Comparison of ThOp Heat Capacity Data of Springer et al.
with the Heat Capacity Equation 24 -

3.47



Below 800°C, the heat capacity curves of Springer et al. (1967) for
solid solution compositions lie between the ThO2 and UO2 curves as shown
in Figure 28. Above 900 and 1200°C, however, the heat capacity curves for
solid solutions of 10 and 20 wt¥ U02, respectively, fall below the Th02
curve. No explanation was given by Springer et al. for this behavior.

Generally, the Neumann-Kopp rule applies to solid solutions, where the
heat capacity of the solid solution is equal to the mole fraction sum of the
individual compounds making up the solid solution. The heat capacity
in Figure 28 is not simply related to composition, and summing the mole
fraction contributions would not yield the measured values.

The heat capacity over the entire range of Th02-U02 solid solutions
should be investigated to confirm the results of Springer et al. and to extend
the data for compositions containing greater than 20 wt% U02.
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FIGURE 28. The Effect of U0p on the Heat Capacity of ThOs
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Berman et al. (1972) analyzed the 0-and 10-wt%-U02 data of Springer et al.
(1967) to derive an equation for the heat capacity of Th02-U02 solid solutions
as a function of temperature T (K) and composition U (mole fraction U02) in
terms of calories per gram-degree celsius:

Cp = (6.034 + 2.984U)10°2 + (9.134 - 26.910)1070T- (4.174 - 21.6U)10°T™2 (26)

Equation 26 is within 1% of the ThOé and Th02-10 wt% UO2 data of
Springer et al. (1967) as shown in Figures 29 and 30. Below 800°C,
Equation 26 is in excellent agreement with the Th02-20 wt% UO2 data of
Springer et al.; however, the difference between Equation 26 and the data
increases above 800°C, reaching a maximum of 5% at 2000°C as shown in
Figure 31. For compositions of more than 20 wt% U02, the slope of the heat
capacity curve decreases above 800°C, approaching zero at 35 wt% U02.

Above 35 wt% U02, the slope of the heat capacity curve above 1000°C calcu-
lated with Equation 26 is negative. Between 0 and 10 wt% U02, Equation 26

fits the data well; however, additional work is needed to confirm the results
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of Springer et al. (1967) and to extend the data base to compositions contain-
ing more than 20 wt% U02.

3.2.7 Vapor Pressure of (Ib1-xgx192

The vapor pressure reported in all of the studies reviewed was determined
from the rate of evaporation or weight loss. Two methods employed to
determine the vapor pressure of a specimen in vacuum are the Langmuir and
Knudsen effusion techniques. In each, the vapor pressure (P) is calculated
from the rate of evaporation by:

P = 2.256 x 1072 W/(At)(T/M)% (27)

where M is the molecular weight of the vapor, W is the weiéht Toss of the
specimen in grams, A is the area in square centimeters, t is the time
in seconds, and T is the absolute temperature.

The Langmuir method involves the sublimation of molecules from a free
surface, whereas the Knudsen effusion method measures the amount of vapor
escaping through a small hole of known area. The minimum pressure detectable
10 atm, while the Knudsen method is most

to 107> atm (Kingery 1959a).

by the Langmuir method is 10~

accurate in the range of 1077

The number of subliming molecules must equal the number of molecules
condensing on the solid if the equilibrium vapor pressure is to be determined.
The use of a properly designed closed container for Knudsen measurement can
insure equilibrium conditions; however, using the Langmuir method, a portion
of the vapor molecules that strike the solid may not condense, resulting in
calculated pressures that are less than equilibrium pressures. To account for
this, Equation 27 is divided by an accommodation coefficient (a), i.e., the
fraction of gaseous molecules that strike the solid, but do not condense. The
accommodation coefficient is determined from the ratio of the pressures
determined by the Langmuir method to the Knudsen method.

In a third technique, the transpirational method, an inert gas is passed
over the specimen, removing the vapor at a rate dependent on the rate of
vaporization and the flow rate of inert gas. The volume fraction of the vapor
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contained in the inert gas is measured and the partial pressure (P) of the
vapor determined from:

Vs

P =T+ vg

?\,-
where Vs is the volume of transported substance and Vg is the volume of

transporting gas. The transpirational method is only accurate at pressures
greater than 1073 atm.

A more detailed description of each of these methods is contained in
Kubaschewski et al. (1967), Kingery (1959a), and Margrave (1969).

The experimental conditions and results of relevant vapor pressure studﬁes
are given in Table 9. Alexander et al. (1967), Shapiro (1952), and Wolff and
Alcock (1962) all assumed the vapor species above ThO2 was composed of
Th02(g). After comparing the x-ray diffraction patterns of condensed vapor,
Hock and Johnston (1954) concluded that 2 to 10% of the vapor was ThO(g) and
the remainder Th02(g); however, the dissociation of ThO2 to Tho(g) was not
taken into account when they derived the vapor pressure equation in Table 9.

Shapiro (1952) and Wolff and Alcock (1962) both assumed the accommodation
coefficient equaled one. The good agreement of the vapor pressure data
obtained by the Langmuir method (Shapiro 1952 and Wolff and Alcock 1962) and
Knudsen method (Ackermann et al. 1963) as shown in Figure 32 indicate that the
accommodation coefficient was indeed one. The ThO2 vapor pressure data of
Shapiro (1952), Wolff and Alcock (1962), and Ackermann et al. (1963) are all in
good agreement as shown in Figure 32. Therefore, the individual data points
of these three studies were combined into a single regression analysis. The
vapor pressure of ThO2 between 2000 and 3000 K is_best described by:

Tog Prpo = 8.19 - 3.5919 x 0%/ (29)
2
where T is the absolute temperature and P is the vapor pressure in atmospheres.
The fit of Equation 29 to the data is good as shown in Figure 33. Equation 29
has a standard deviation of 0.101.

o~
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TABLE 9. Vapor Pressure Studies
Equation Relating Vapor
Temperature Pressure as a Function Pressure
Reference Vapor Range, K Method of Measurement of Absolute Temperature Units
Ackermann et al. (1963) Th02 and ThOQ 2000 to 3000 Knudsen effusion log PThO = 7.64 - 3.44 x 104/T atm
log Prpo’ = 8.70 - 3.79 x 10%/7
Aitken et al. (1966) U03 over 1500 to 1900 transpiration log PUO = 8,32 - 3.3198 «x 104/T atm
3
(Tho. 94%.06)%2.03
UO3 over 1500 to 1900 transpiration log PUO = 11.43 - 3.7313 x 104/T atm
(Thy Uy ,)0 3
0.870.2772.1
UO3 over 1500 to 1900 transpiration log PUO = 13.02 - 3.9808 «x 104/T atm
3
(Thy. 75%.25)%2.13
UO3 over 1500 to 1900 transpiration log PUO = 15.20 - 4.2568 «x 104/T atm
(Thy Uy )0 3
0.5°0.5/72.24
Alexander et al. (1967) Tho, 2000 to 3000 transpiration log PThO = 7.13 - 3.4041 x 104/T atm
2
UO2 over 2000 to 3000 transpiration log PUO =7.29 - 3.2863 x 104/T atm
2
ThO,-8 wtx U0,
UO2 over 2000 to 3000 transpiration log PUO =7.79 - 3.2468 «x 104/T atm
2
Tho,-20 wt¥X U02
U02 2000 to 3000 transpiration log PUO =7.54 - 2.9389 x 104/T atm
. 2
Shapiro (1952) Tho, 2050 to 2250 Langmuir method log Pro = 11.53 - 3.71 x 104/T mmHg
(assumed accommodation 2
coefficient = 1)
Wolff and Alcock (1962) Tho, 2100 to 2500 Langmuir method log Pro = 9.07 - 3.7988 x 104/T atm
(assumed accommodation 2
coefficient = 1)
Hock and Johnston (1961) Th02 2400 to 2700 Knudsen effusion log PThO = 12.145 - 7.82 x 10'4T atm
2
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FIGURE 32. Vapor Pressure Curves for ThOp as a Function of Temperature
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FIGURE 33. Comparison of Various Vapor Pressure Data with the
Curve Predicted by Equation 29 for ThO7
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Alexander et al. (1967) and Hock and Johnston (1954) found vapor pressure
curves that are respectively one-half and one order of magnitude different from
what most others (Ackermann et al. 1963; Shapiro 1952; Wolff and Alcock 1962)
have observed. The different vapor pressures observed by Hock and Johnston
cannot be explained. The low vapor pressures measured by Alexander et al.
(1967) could have been caused by using the transpirational method which is
inaccurate below 10 3atm.

Alexander et al. (1967) determined the UO2 vapor pressure of 8- and
20-wt%-U02 solid solutions. The vapor pressure is shown as a function of
temperature in Figure 34. Assuming the experimental error of Alexander et al.
is systematic for U02, Th02—U02, and Th02, the important conclusion to
be drawn from Figure 34 is that the vapor pressure of UO2 will be higher than
the vapor pressure of ThO2 above Th02-U02 solid solutions containing
8 wt% or more U02, leading to the preferential loss of UO2 from solid
solutions at elevated temperatures.

Aitken et al. (1966) measured the volatilization of uranium oxide from
various Th02-U02 compositions. The results are summarized in Table 9 and
Figure 35. Aitken et al. believe that the major vaporizing species was U03,
although experimental evidence was not given to support this assumption.

Although there are experimental differences, the vapor pressure curves of
Aitken et al. and Alexander et al. are within an order of magnitude when the
Th02-20 wt% UO2 data of Aitken et al. is extrapolated into the temperature
range of Alexander et al. and vice versa as shown in Figure 36. This indicates
that the vapor species could have been of the same composition in each study.

3.2.8 Other Thermodynamic Properties of Interest

Godfrey et al. (1966) have tabulated various thermodynamic data for
ThO2 between 298 and 3000 K from several studies (Southard 1941; Victor and
Douglas 1961; and Hock and Johnston 1961) as shown in Table 10. Peterson and
Curtis (1970) completed the low-temperature (10 to 300 K) region of Table 10
using the heat capacity data of Osborne and Westrum (1953).
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Peterson and Curtis (1970) determined the heat and free energy of
formation for ThO2 (Table 11) from the data in Table 10 and other studies
(Huber et al. 1952; Hultgren et al. 1963; and Stull and Sinke 1956).

TEMPERATURE, K
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ALEXADER et al. (1967)
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FIGURE 34. Experimentally Measured Vapor Pressure Data over Various
Th0o-U0» Compositions
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FIGURE 35. UO3 Vapor Pressure Above (Th1_XUX)02+y
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FIGURE 36. Comparison of the Vapor Pressure Data of Alexander et al.
and Aitken et al.

Kubaschewski et al. {1967) describe the free energy of formation
of ThO2 by:

AGf = -293,400 - 1.61T log T + 47.77 (30)
where T is the absolute temperature and AGf has the units calories per mole

(cal/mo1). The data used to determine Equation 30 was not referenced by

Kubaschewski et al.
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TABLE 10. Thermodynamic Functions of ThO

Temggrature, Heat Capacity (Cp), Enthalpy (HO-HO), Entropy (S°), -(GO-HO)/T,

2

K cal/mol-K cal/mol cal/mol-K cal/mol-K
10 0.032 0.08 0.011 0.003
50 2.430 38.60 1.068 0.296
100 6.246 257.3 3.948 1.375
150 ‘9,546 655.1 7.129 2.762
200 11.97 1196.5 10.227 4,244
250 13.64 1839.1 13.088 5.732
298 14.76 2524.4 15.593 7.126
300 14.79 2551 15.68 7.18
400 16.08 4103 20.14 9.88
500 16.80 5750 23.81 12.31
600 17.29 7456 26.92 14.49
700 17.68 9205 29.61 16.46
800 18.01 10990 32.00 18.26
900 18.30 12806 34.13 19.91
1000 18.58 14650 36.08 21.43
1100 18.84 16521 37.86 22.85
1200 19.09 18417 39.51 24.17
1300 19.34 20338 41.05 25.40
1400 19.58 22284 42.49 26 .58
1500 19.81 24254 43.85 27.68
1600 20.05 26247 45,13 28.73
1700 20.28 28264 46.36 29.74
1800 20.51 30304 47 .52 30.69
1900 20.74 32366 48.64 31.60
2000 20.97 34452 49.71 32.48
2100 21.20 36561 50.74 33.33
2200 21.43 38693 51.73 34,14
2300 21.66 40847 52.69 34.92
2400 21.88 43024 53.61 35.69
2500 22.11 45224 54.51 36.42
2600 22.34 47446 55.38 37.13
2700 22.56 49691 56.23 37.83
2800 22.79 51958 57.05 38.50
2900 23.01 54248 57.86 39.19
3000 23.24 56560 58.64 39.79

Sources: Godfrey et al. 1966; Peterson and Curtis 1970
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TABLE 11. Heat and Free Energy of Formation of ThOp

Heat of Formation Free Energy of Formation

Temperature, (-AHg), (-48Gg),
oK kcaﬁ/mo1 kcal/mol
298.15 293.2 279.4
400 293.0 274.7
500 292.8 270.2
600 292.6 265.7
700 292.4 261.2
800 292.2 ~ 256.8
900 292.0 252.4

1000 291.8 248.0
1100 291.7 243.6
1200 291.6 239.0
1300 291.4 234.9
1400 291.3 230.6
1500 291.2 226.0
1600 291.1 221.9
1700 291.7 217.5
1800 291.6 | 213.2
1900 291.6 208.8
2000 296.0 204.3
2500 295.4 181.5
3000 2942 158.8

Source: Peterson and Curtis 1970
Ackermann et al., (1963) using the data from a number of studies,
(Southard 1941; Hock and Johnston 1961; Osborne and Westrum 1953; Huber et al.
1952; Stull and Sinke 1956) describe the free energy of formation (cal/mol) of
ThO2 by:

AGe = -296,000 + 46.38T (31)
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where T, the absolute temperature, is limited to between 2000 and 3000 K.
Above 2000 K, Equation 31 is within 1 kcal/mo1 of Peterson and Curtis (1970)
and between 5 to 8 kcal/mol more positive than Kubaschewski et al. (1967) as
shown in Figure 37. Extrapolating below 2000 K, the agreement of Equation 31
with Peterson and Curtis and Kubaschewski et al. is within 5 kcal/mol. Since
the data used to determine Equation 30 were not given, Equation 31 should be
used to calculate the free energy of formation of Th02.

Aitken et al. (1966), assuming the solid solution behavior of Th0,-U0,
was ideal, describe the free energy of formation of (Th]_xe) 02 as a function
of composition by:

AGf(x) = (1 - x) AGf(ThOZ) + X AGf(UOZ) +RT xIn [x + (1 - x)In(1 - x)] (32)

where x is the mole fraction U02, R is the gas constant, T is temperature (K),
and AGf(ThOZ) and AGf(UOZ) are the free energy of formation of ThO, and UO,,
respectively. Equation 32 is the sum of the heat of mixing and the free energy
contributions of the pure components. Experimental data are not available to
compare with the free energies predicted by Equation 32.

Aronson and Clayton (1960) measured the electromotive force (emf) in an
electrochemical cell containing (Th]_xe)02+y with x from 0.29 to 1.0 and y
from 0.02 to 0.16. The partial molar free energies, enthalpies, and entropies
of the solution of oxygen in solid solutions of Th02-U02 were calculated from

the emf measurements.(a)

Aronson and Clayton found that the partial molar
entropy became more negative as the oxygen or thorium content increased

(Table 12). Between 71 and 100 mo1% U02, the partial molar free energies are
approximately equal for equal values of y. Below 70 mo1% UO2 (at constant y)
the partial molar free energy became less negative as the UO2 content decreased.
At compositions containing less than 70 mo1% U02, the free energy became Tless

negative as the oxygen content increased.

(a) The partial molar properties are the changes in properties that occur when
a mole of oxygen gas is transferred to the solid.
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FIGURE 37. Free Energy of Formation of Th02

In a review paper, Roberts et al. (1958) reported the partial molar heat
of solution of oxygen in Th02-U02 compositﬁons.(a) In support of the
findings of Aronson and Clayton, Roberts et al. showed a decreasing heat of
solution with increasing U02 content (Table 13). No data were given on the
stoichiometry, free energy, or entropy of the compositions tested.

(a) The data, reviewed by Roberts et al. (1958), was not referenced and could
not be checked for accuracy.
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TABLE 12. Partial Molar Free Energies, Entropies, and Enthalpies
of Solution of Oxygen in (Thy_yxUx)02+y

Partial Molar Partial Molar

Free Energy(-G0 ), Partial Molar Enthalpy of
Mole Fraction Composition kcal/mol at 2 Entropy(-s0 )s Solution (—H0 )y
of (Th, UJ0,,., 1250 K eu/mol 2 kcal/mol 2

. a J

X -y
1 0.013 54.2 6.3 62
1 0.018 53.2 6.4 61
1 0.044 51.2 12.8 67
1 0.044 51.1 6.8 60
1 0.051 50.3 12.2 66
1 0.075 49.5 13.6 66
1 0.078 49 .4 12.7 65
1 0.087 47.3 16.7 67
1 0.112 45.8 18.3 69
1 0.128 44.0 22.5 72
1 0.142 42.1 25.3 74
1 0.143 42.0 24.3 72
1 0.160 39.8 27.1 74
1 0.164 40.1 27.0 74
1 0.181 37.6 28.0 73
1 0.184 37.7 27.6 72
1 0.198 35.1 27.9 70
1 0.203 35.2 29.4 72
0.90 0.042 51.8 8 62
0.90 0.042 52.4 13 69
0.90 0.076 48.7 17 70
0.90 0.081 48.4 17 70
0.9 0.123 44.7 23 73
0.90 0.126 44.7 21 71
0.9 0.157 40.7 29 77
0.71 0.046 50.9 14 68
0.71 0.049 50.9 14 68
0.71 0.084 47 .2 21 74
0.71 0.092 46.9 28 82
0.71 0.121 44.0 34 : 85
0.71 0.133 42.9 29 80
0.71 0.152 40.3 34 83
0.71 0.154 40.2 35 84
0.52 0.044 47.5 20 72
0.52 0.045 46.8 22 74
0.52 0.079 43.4 22 72
0.52 0.087 44.4 31 83
0.52 0.119 39.8 35 84
0.52 0.122 39.5 34 82
0.52 0.152 35.7 40 85
0.52 0.152 35.2 35 78
0.29 0.019 45.4 22 72
0.29 0.027 43,2 19 67
0.29 0.046 37.3 24 67
0.29 0.053 36.2 26 69
0.29 0.053 36.8 30 74
0.29 0.069 33.5 30 71
0.29 0.073 33.1 34 76

(a)The data for x values of 1 are taken from the work of S. Aronson and J. Belle. (1958)
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TABLE 13. Effect of Fuel Composition on Oxygen Pressure
and the Partial Molar Heat of Solution of Oxygen

U0z Content Partial Molar Heat 02 Pressure

in {Thy.xUx)02, of Solution of Oxygen, at 8500,
X kcal/mol cm
1.0 69 --
0.25 60 to 70 --

0.0597 44 0.013
0.033 39 0.1
0.018 33 0.5
0.012 25 1.6
0.0076 17.5 2.0
0.0053 14.5 3.0

Source: Roberts et al. 1958

3.2.9 Chemical and Thermodynamic Properties - Summary and Evaluation

Both ThO2 and UO2 crystallize in the fluorite crystal structure and
are capable of forming a complete series of solid solutions up
to 95 mol% U02. As the UO2 content increases the lattice parameter
decreases, closely following Vegard's law. Compositions containing greater
than 95 mol% UO2 depart from ideal solid solution behavior, possibly due to
the formation of U409.

The theoretical density of thoria at room temperature (:%) is
10.002 g/cm’
effect of composition and temperature on the density of Th02-UO2 solid

and increases as the UO2 content increases. Although the

solutions has not been described, data are available to do so.

Pure ThO2 does not deviate measurably from stoichiometry. The deviation
from stoichiometry of Th02-U02 solid solutions is a function of the UO2
concentration, sintering conditions, and oxidation conditions (time, tempera-
ture, and atmosphere). In general, compositions containing less than

50 mol% U02 can be oxidized to some maximum value, dependent on the UO2 :

content. Above this maximum value, the solid solutions are in equilibrium
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with the atmosphere. Compositions containing greater than 50 mol% UO2
oxidize to a maximum value independent of the UO2 concentration. Above the
maximum, a two-phase region of cubic and orthorhombic structures exists.
Below the solubility Timit all compositions are single cubic phase.

The heat capacity (Cp) for ThO2 is described by:

Cp=7.14 x 1072 + 9.62 x 10°%T - 9.46 x 10272 (same as Eq. 24)

where T is the absolute temperature, and Cp has the units calories per gram
degree celsius.

For Th02-U02 solid solutions containing between O and 10 wt% U02,
the heat capacity may best be described by:

Cp = (6.034 + 2.988U)1072 + (9.134 - 26.91U)10707

+ (4.174 + 21.60)10%T°2  (same as Eq. 26)

where U is the mole fraction U02 and Cp has the units calories per gram-

- degree celsius. Above 10 wt% U02, Equation 26 is unreliable and should not
be used. Equation 25 can be used to describe the heat capacity of a
20-wt%-U02 composition. Additional data are needed before heat capacity can
be described over the entire range of Th02-U02 compositions.

The vapor pressure of ThO2 above pure Th02 can be determined from:

log P = 8.19 - 3.5919 x 104/T (same as Eq. 29)
ThO2 .

where T is the absolute temperature and P is the vapor pressure in
atmospheres. A similar equation to describe the ThO2 vapor pressure above
ThOZ-UO2 solid solutions does not exist. The U02 vapor pressure above
Th02-U02 solid solutions increases with the U02 content.
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where T is the absolute temperature. A number of useful thermodynamic i

properties of ThO2 are tabulated in Table 10.

The thermodynamic functions of Th02-U02 have not been tabulated.
When the relationship between heat capacity and composition is better
understood, these functions can be derived.

3.3 MECHANICAL PROPERTIES OF ThO,

This discussion of ThO2 mechanical properties includes sections on
elastic moduli, creep behavior, and fracture strength.

3.3.1 Elastic Moduli

Comprehensive studies by Spinner et al. (1962, 1963) provide a solid data
base for the elastic properties of polycrystalline ThO2 as measured by the
dynamic resonance technique. Wolfe and Kaufman (1967) have carefully analyzed
the elastic properties data in the Titerature. Most of this discussion is
based on their analysis. No information on the elastic moduli of Th02-U02
mixed oxides is available.

Elastic Constants

Macedo et al. (1964) measured the elastic constants of sing]e-crysta]l
ThO, at 250°C and found the following:

011 = 367 MPa,
C]2 106 MPa,
C44 = 79.7 MPa.

The elastic moduli of theoretically dense polycrystalline materials can
be derived from the single-crystal elastic constants with the Voigt-Reuss-Hill
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(Voigt 1910; Reuss 1929; Hil1l 1952) approximation and the general relationships
of elementary elasticity theory. Table 14 compares the moduli calculated from
the data of Macedo with those measured on porous ThO2 and extrapolated to
theoretical density by Spinner et al. (1962) and by Wolfe and Kaufman (1967).
The results in Table 14 form an accurate set of data for the elastic constants
of fully dense, polycrystalline Th02. Wolfe and Kaufman suggest that their
data and the data of Macedo et al. are best because of the agreement. However,
the differences could be due to unknown pore shape, distribution, and orienta-
tion, so unless the material is fully characterized, a 3% uncertainty can be
expected between various data sets.

Effect of Porosity on Elastic Moduli

The elastic properties of ceramics are sensitive to pore concentration,
size, shape and distribution. Spinner et al. (1962) established porosity-
dynamic moduli relationships for polycrystalline Th02, and their Young's
modulus data are plotted in Figure 38 along with other relevant data. Wolfe
and Kaufman (1967) analyzed these data and proposed a linear relationship
between Young's modulus and porosity:

E =249.1 (1 - 2.21p) (33)
where E is Young's modulus in MPa and p is the volume fraction of porosity.

TABLE 14. Room Temperature Elastic Moduli for Fully Dense
Polycrystalline ThO2

Young's Shear Bulk
Modulus (E), Modulus (G), Modulus (K), Poisson's
MPa MPa MPa Ratio Reference
249.1 97.2 193.0 0.284 Calculated by
Macedo et al. (1964)
261.0 100.6 215.3 0.297 Extrapolated by
Spinner et al. (1962)
249.1 9.9 192.8 0.285 Extrapolated by

Wolfe and Kaufman (1967)
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Spinner et al. (1962) found that their data could be divided into two
distinct groups; they suggested that the pore shape of the samples having the
Tow modulus (closed circles in Figure 38) deviated to a greater degree from
perfect spheres than the pores in the other samples. The low-modulus data set
was ignored in deriving Equation 33. However, no ceramographic evidence was
offered, so none of the data can be ignored, and the use of Equation 33 'beyound
10% porosity is not justified. Material with greater porosity requires detailed
structural characterization. Similar data have been generated for the shear
modulus (Spinner et al. 1962), and the following equation (Wolfe and Kaufman
1967) should be accurate to 10% porosity:

SPINNER etal. (19%62) (USED IN EQUATION 33)

SPINNER et al. (1962) (IGNORED IN EQUATION 33)
CURTIS AND JOHNSON {1957)

ThQy + (0.5 TO 1 wt%) Ca0; CURTIS AND JOHNSON (1957)
WACHTMAN etal. (1951)

ThOp + 0.5 wt% Ca0; LANG AND KNUDSEN (1956)

ThO2 + 0.5 wi% Ca0; WACHTMAN AND LAM (1959)
MACEDO et al. (1964)
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Young's Modulus for ThO;
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G =96.9(1 - 2.12p) (34)

where G is the shear modulus in MPa.

Effect of Temperature on Elastic Moduli

Several investigators have studied the effect of temperature on the
elastic moduli of polycrystalline ThO2 (Spinner et al. 1963; Lang and
Knudsen 1956; Wachtman and Lam 1959) and their results are fairly consistent.
Differences can be attributed to minor deviations in technique and sample
characteristics. A compilation of data is plotted in Figure 39. The relative
modulus decreases linearly with temperature up to 1000°C. At higher temper-
atures the modulus drops off more rapidly with temperature. Spinner et al.
(1963) fitted their data to the type of temperature dependence relationship
suggested by Wachtman et al. (1961) in the following equation:

O ThOy + 0.5 wt% Ca0; LANG AND KNUDSEN (1956}

100 {QQ_ A ThOp + 0.5 wt% Ca0; WACHTMAN AND LAM (1959)
N —— SPINNER et al. (1963)
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FIGURE 39. Relationship Between Temperature and Relative Modulus
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E/Epy = 1.023 - 1.405 x 1077 exp(-181/T) (35)

where ERT is Young's modulus at room temperature and T is the absolute tem-
perature. At temperatures greater than 800°C the relative modulus drops off
faster than Equation 35 predicts. Equation 35 can also be used to predict the
effect of temperature on the relative shear modulus (G/GRT), which means

that Poisson's ratio is independent of temperature.

Wachtman and Lam (1959) attribute the deviation from linearity to viscous
s1ip at grain boundaries. This suggests that any additives that form a glassy
phase at grain boundaries will reduce the high-temperature mechanical
properties of Th02.

A single study by Marlowe and Kaznoff (1969) indicated that elastic moduli
for UO2 are about 12% lower than elastic moduli for ThO
porosity, and similar in temperature dependence.

9 less sensitive to

3.3.2 Creep Behavior

The creep properties of ThO2 have been reviewed (Wolfe and Kaufman 1967;
Petersen and Curtis 1970; Kittel et al. 1977; Seltzer et al. 1971) more times
than they have been measured (Morgan and Hall 1966; Poteat and Yust 1966;

Wolfe 1970). Empirical expressions relating the creep rate of polycrystalline
materials to the parameters that influence creep can be estimated over restric-
ted ranges using the classical creep equation:

Q
g = Ad exp - o= (36)

where

¢. is the steady state creep rate,

is the activation energy for creep,
is the gas constant,

is the absolute temperature,

is the stress,

is the stress exponent, and

» 3 g A WO wn

is a material-dependent parameter.
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The parameter A is a function of composition, grain size, porosity and
impurities. Seltzer et al. (1971) reviewed some of these dependencies for

U02, and a considerable amount of UO2 creep data has been generated since

then. Olsen (1975) has proposed a steady state creep equation which takes into
account all of the available U02 data; no such generalized relationship

exists for ThO2 or Th02-U02 creep.

Morgan and Hall (1966) showed that ThO2 creep rate in compression is
initially enhanced by small additions of Ca0, but after several hundred hours
the creep rate approaches that for pure Th02. Table 15 summarizes the
available creep data for Th02, which allows estimation of some of the
parameters in Equation 36.

The stress dependence of creep rate is plotted in Figure 40. The stress-
dependent exponent is 1 for fine-grained ThO2 at Tow stresses, indicating
diffusion-controlled creep. At higher stresses the stress exponent increases,
suggesting a change in mechanism. The coarse-grained material has a stress
exponent of about 4, indicating dislocation creep. Arrhenius plots for the

TABLE 15. Creep Properties of ThOp and ThOp-10 wt% UO»

Stress Activation
Grain Volume of Exponent Energy (Q¢),

Material Size, um Pores, % (n) kJ/mol Reference
ThO2 10 2.5 1-1.6 469 Poteat and Yust

(1966)

ThO2 15 1.5 1 - Wolfe (1970)

ThO2 220 1.5 4 682 Wolfe (1970)

ThO -10 wt% UO2 30 3.0 1 -- Wolfe (1970)

ThO -10 wt% U02 120 3.0 4 502 Wolfe (1970)

ThO2 creep data are shown in Figure 41, and the activation energy in the Tow
stress region varies from about 470 kJ/mol for the fine-grained material to
680 kJ/mol for coarse-grained material. Wolfe (1970) carried out some creep
tests on Th02-10 wt% U02 samples, and the stress exponents, grain size
dependency, and activation energies are similar to pure Th02. Unfortunately,

there are not sufficient data on similar grain size samples to indicate the
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FIGURE 40. Steady-State Creep Rate for ThO2 in Compression
as a Function of Applied Stress

effect of U02 on concentration creep rates. Kittel et al. (1977) compared
ThO2 and U02 creep behavior and show that, in general, stress dependencies,
activation energies, and creep rates are similar. However, much more informa-
tion is needed before a reliable creep equation can be estimate for ThOZ.

Creep rates of UO2 are significantly enhanced during irradiation, and
the temperature dependency can be totally masked by fission-induced creep at
témperatures below 850°C. The creep behavior of ThO2 will also be strongly
influenced by irradiation, but no data have been generated.
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3.3.3 Fracture Strength

The fracture strength of polycrystalline ceramics is very sensitive to
microstructural features. Knudsen (1959) attempted to relate the effect of
porosity and grain size on the flexural strength of porous polycrystalline
ceramics and used ThO2 as a model material. Knudsen fitted his results to an
equation of the form

S = kG2 PP (37)
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where

S is fracture strength, MPa

G is grain size, um

p is the pore volume fraction, and

k, a, and b are empirical constants.
Although there seems to be some conffoversy about interpretation of
Equation 37, the data accurately fit the relationship, and Knudsen's results
below describe the fracture behavior of ThO2 sintered at 1800°C:

Room Temperature Flexural Strength, MPa
S = 542 G'0.40e'4o2p

1000°C Flexural Strength, MPa
S = 782 G-O.46e-6.6p

Room Temperature Compressive Strength, MPa
s = 1149 G0-50,76-6p

As expected, strength decreases with increasing porosity and grain size. The
1000°C strength was lower than the room-temperature strength. Lang and
Knudsen (1956) and Curtis and Johnson (1957) published some fracture strength
data for ThO2 containing Ca0, and the results are reasonably consistent with
pure ThO2 but not complete enough to establish any trends. Lang and Knudsen
noted that flexural strength of small specimens was significantly greater than
for large specimens. This is due to the decreased probability of finding a
large critical flaw and must always be considered when comparing fracture
strength data of ceramic materials.

Both Ryshkewitch (1960) and Yust and Poteat (1965) noted a decrease in

ThO2 compressive strength with temperature from 1500 MPa at 20°C to 100 MPa
at 1900°C, and a transformation from brittle to ductile failure occurred at
1500°C (Yust and Poteat 1965). Gilbert (1965) observed extensive plastic
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deformation in ThO2 at 1600°C and suggested that slip occurs on (111) planes
at high temperatures.

3.3.4 Mechanical Properties of ThO2 - Summary and Evaluation

With the exception of elastic moduli and flexural strength, the mechanical
properties of ThO2 have not been completely characterized. The limited creep
data indicate close similarities with UO2 behavior, and a few more well defined
studies might be sufficient to allow ThO2 creep equations to be based on those
developed for U02. Only limited information is available on high-temperature
fracture and plastic deformation in Th02, and the important area of fracture
mechanics and cracking behavior is virtually unexplored.

Limited data show that Ca0 additions to ThO2 do not significantly change
room temperature strength but can modify creep properties at elevated tempera-
tures. If additives are needed to enhance dissolution rates of Th02-based
fuels, the influence of these additives on mechanical properties should be
understood.

The effect of UO2 on the mechanical properties of ThO2 is unknown. The
few creep tests with Th02-10 wt% UO2 could not be compared directly with
similar ThO2 tests. Since the properties and structure of ThO2 and UO2
are similar, it is tempting to predict that the mechanical properties of mixed
oxides will be similar to those of the pure oxides. This might be a good
assumption if homogeneous mixing and complete solid solution after sintering
could be guaranteed. However, fabrication experience suggests that a
homogeneous structure might be difficult to achieve with high UO2 loadings,
and the grain size and porosity will probably be modified by UO2 additions.

Finally, the influence of neutron irradiation on the mechanical properties
of ThO2 is unknown. Creep results on UO2 indicate that fission effects can
completely swamp other factors such as temperature.
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4.0 IRRADIATION BEHAVIOR CF ThO,-UQ., FUELS

4.1 IRRADIATION EXPERIENCE

Early studies of the irradiation behavior of Th02-UO2 fuels were initiated
because of expected advantages of Th02-UO2 fuels over UO2 fuels. Thorium
dioxide crystallizes in the same stable cubic fluorite lattice as uranium diox-
ide, but has a melting point about 500°C higher. The higher melting point
indicates the potential for higher-temperature operation, increased power
ratings, and good structural stability of the thoria-based fuels. Another
“advantage of the Th02-U02 fuels is that thorium atoms in the fuel can improve
the conversion ratio of thermal reactors by converting natural thorium to fis-

sionable 233U.

Although several isolated irradiation experiments on ThO2 and Th02-U02
materials have been conducted, the bulk of the irradiation data generated in
the U.S. has come from four goal-oriented programs:

1) the Boiling Water Reactor (BWR) Program, which culminated in the
irradiations performed in the BORAX-IV and Elk River reactors

2) the Thorium Utilization Program, which included the irradiation of
vibratorily compacted and pelletized fuels

3) the Babcock and Wilcox developmental work on pressurized water reactor
(PWR) fuels, which led to the first core loading of the Indian Point
Reactor owned by Consolidated Edison

4) the Light Water Breeder Reactor (LWBR) Program at Bettis Atomic Labora-
tory, which resulted in the core loading of the Shippingport Reactor.

Other countries that have conducted research in Th02-UO2 fuels include
Canada, India, and Italy. Irradiation experiments in Canada and India were
carried out in CANDU-type (Canadian Deuterium-Uranium) heavy water reactors,
while those carried out by Italian researchers were conducted mainly in the
Halden Boiling Water Reactor at Halden, Norway.
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4,1.1 BORAX-IV BWR Program

Early irradiation experiments of Th02-U02 fuels were performed at Argonne
National Laboratory (Handwerk and Noland 1957, 1959; Hoenig et al. 1958; Kittel
and Paine 1958, 1959, 1961; Kittel and Handwerk 1958; Neimark and Kittel 1959).
These experiments were carried out in the Chicago Pile No. 5 (CP-5), located at
Lemont, ITlinois, and the Materials Test Reactor (MTR), located in Idaho Falls,
Idaho. Fuel samples in both reactors contained 2.5 and 10.0 wt% U02. Data
from the CP-5 and MTR irradiation tests were used to determine the fuel design
for the later BORAX-IV reactor tests.

Irradiation tests in CP-5 (Hoenig et al. 1958) were performed on 5 pellets
(0.64 cm diameter and 1.27 cm long). The uranium was 93% enriched in 235U,
and various types of bonding and cladding materials were used. The irradiation
periods ranged from 1100 to 1190 h; during this time the specimens received

13 n/cmz-s) with little resulting damage. The bare speci-

mild irradiation (10
men did not crack, and the remaining specimens with 2.5 wt% U02 showed little
reaction between the oxide and cladding. Specimens containing 10 wt% U02 did
not receive postirradiation examination. A summary of the fuel characteristics

and test conditions for the CP-5 experiments is given in Table 16.

TABLE 16. Fuel Characteristics and Irradiation Data From CP-5 Experiments

uo

Contéent, Cladding Bonding Burnup, Fuel Temperature, % Linear Heat

wt% Type Type at.% Surface Centerline Rate, kW/m
2.5 None Air 0.02 270 435 1.8
2.5 304 SS Air 0.05 270 465 2.1
2.5 Zircaloy-2 Air 0.05 270 465 2.1
10.0 AT-Ni Lead 0.31 270 955 9.2
10.0 A1-Ni Lead 0.32 270 955 9.2
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The same types of specimens were irradiated in the MTR during the same
period (Kittel and Handwerk 1958). A summary of the MTR irradiations is shown
in Table 17. The major differences between the two experiments were in

e maximum neutron flux (CP-5: 1013 n/cmz-s; MTR: 4 x 1014
e thermal shock caused by reactor scrams (CP-5: 250 scrams; MTR: 50 scrams)
e burnup (CP-5: < 0.32 at.%; MTR: <1.25 at.%).

n/cm2-s)

Results from the MTR experiment indicated that although no dimensional
changes in the specimens outside of experimental error resulted from irradia-
tion, lead-bonded specimens appeared to outperform gas-bonded ones: assemblies
of fuel pellets lead-bonded to aluminum alloy cladding experienced higher heat
fluxes without damage than similar assemblies with helium-argon bonding. This
led to the decision to use lead-bonded, aluminum-alloy-clad fuel pellets for
the BORAX-IV experiment. BORAX-IV was the fourth in a series of boiling water
reactor experiments conducted at the National Reactor Testing Station at Idaho
Falls (Walker et al. 1958; Handwerk and Noland 1959; Simnad 1971a). Table 18
describes the BORAX-IV reactor.

Experiments conducted at the BORAX-IV reactor (Maxon et al. 1959) included
control blade ejection (to obtain information on the self-1imiting capabilities
of the reactor), steady-state boiling (at 0.1 to 2.2 MPa) and reactor stability
(obtained from rod oscillator measurement). As a result of intermittent exper-
imental operation for one year, about 300 MWd of energy was generated, and an
estimated 71 g of 233U were produced. Because of the successful operating
experience, the core was expanded from 59 to 69 fuel elements. Some fuel ele-
ments were found to be defective after restart at higher power, but the defects
were attributed to a weakness in the mechanical design of the cladding
(Robertson and Hall 1959; Reinke et al. 1961); furthermore, the increase in
activity in the reactor water was not substantially above that obtained during
normal operating conditions.

To determine the burnup limitations of the BORAX-IV fuel assembly and
gather more irradiation data on the Th02-U02 fuel, investigators at Argonne
National Laboratory (Neimark and Kittel 1964) took small sections of the
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'TABLE 17. Fuel Characteristics and Irradiation Data from the

Materials Test Reactor (MTR) Experiment

uoy Linear Pellet

Content, Number of Cladding Bonding Burnup, Fuel Temperature, OC Heat Rate, Dimensional Changes, %
wt% Specimens Type Type at.% Surface CenterTine kW/m Length Diameter
2.5 2 None None 0.16 to 0.75 80 to 220 110 to 480 3 to 18 0.0 0.0
2.5 4 Zircaloy-2 NaK 0.30 to 0.69 120 to 230 290 to 480 8 to 20 0.0 to -0.1 0.0 to -0.7
2.5 4 Zircaloy-2 Air 0.25 to 0.74 380 to 820 470 to 1210 7 to 22 0.0 to 0.3 0.0 to -0.1
2.5 1 304 SS NaK 0.57 200 380 16 -0.1 0.0
2.5 1 304 SS Air 0.74 810 1200 21 -0.1 -0.2
10.0 4 Al-1 wt% Ni  Lead 0.34 to 1.25 150 to 440 310 to 2200 7 to 25 -0.2 to -0.3 0.3 to 0.9
10.0 4 Al-1 wt% Ni Gas(a) 0.34 to 1.25 260 to 860 420 to 2740 6 to 24 0.3 to 2.2 0.3 to 0.2

(a) A welding gas mixture of 80% helium and 20% argon



TABLE 18.

Conditions
Owner
Designer/operator
Location

Reactor type
Moderator and coolant

Description of the BORAX-IV Reactor and Experimental

U.S. Atomic Energy Commission

Argonne National Laboratory

National Reactor Testing Station, Idaho
BWR, natural circulation, direct cycle
Water

Power 2.4 Mde; 14.5 MWt (initial); 20 MWt (final)
-Power density 36 kW/Titer

Neutron flux (thermal) 5 X 1013 n/cm2—s

Fuel composition 93.64 wt% Th02; 6.36 wt% UO2
Enrichment 7% 235U

Pellet diameter 0.58 cm

Pellet length 0.95 - 1.91 cm

Cladding type A1-Ni

Bonding type Lead

Core diameter 100 cm

Core height 60 cm

Coolant temperature 215°C

Coolant pressure 2 MPa

standard aluminum alloy BORAX-IV tube plate containing fuel pellets and
irradiated them directly in the MTR and the Engineering Test Reactor (ETR).
The chosen UO2 content for use in the BORAX-IV experiment was 6.36 wt%;
however, samples of 12.7 and 25.6 wt% UO2 were also tested because they
allowed higher heat ratings and burnups. Results of the irradiation tests
in the MTR and ETR, summarized in Table 19, indicated higher burnup and
fractional fission gas release from the 25.6 wt% UO2 specimens than from
specimens with Tower UO2 content. The two specimens containing 25.6 wt%
UO2 also experienced cladding failure, which was attributed to excessive
internal pressure (presumably caused by fuel thermal expansion and fission

gas release) in areas of weak cladding. During postirradiation examination,
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TABLE 19. MTR-ETR Irradiation Data

uo, Effective Fuel Surface Fission
Content  Number of Full Power Burnup, Temperature, Linear Heat Diameter Volume Gas

wt% Specimens Days at.% OC Rate, kW/m Change, ¥ Change, ¥ Release, %

6.36 14 121 to 266 0.7 to 3.7 60 to 200 10 to 67 -7 to +6 0 to 2 0 to 51

12.7 2 143 to 266 3.1 to 3.2 145 to 240 24 to 85 0 to4d 1to?2 22 to 49

25.6 2 143 to 266 3.7 to 4.4 190 to 240° 64 to 85 1to38 -- 48 to 81



Neimark and Kittel (1964) found the specimens that received a high heat flux
(>200 W/cm2 at cladding surface) during their last reactor cycle released
abnormally large amounts of fission gas. Burnup in these specimens was in the
range from 3.7 to 4.4 at.%. Metallographic examination of these specimens
showed extensive columnar recrystallization below the melting point. Because
this type of recrystallization was accompanied by oxygen release (through oxide
sublimation and condensation), the fuel thermal conductivity was reduced. Con-
sequently, an increase in fission gas release occurred.

Some additional tests (Robertson 1960; Simnad 1971b) were carried out in
the Experimental Boiling Water Reactor (EBWR), with defected fuel rods in order
to confirm the low leachability of fission products from Th02—U02. During
these tests, no increase in gross activity of the reactor water was observed.
However, analysis of the air ejector gases did show that the quantity of fis-
sion product gases had increased and that the fractional gas releases were con-
sistent with calculated results obtained from models that describe fission gas
release from oxide fuels by a diffusion-controlled release mechanism.

In an attempt to improve the thermal conductivity and thermal shock resis
tance of Th02-U02 fuels, investigators at ANL (Neimark et al. 1961) irradiated
Th02-U02 fuels containing fibers of molybdenum or niobium in the Engineering
Test Reactor (ETR). Fuel samples containing 10 to 50 wt% UO2 were examined.
Although the test results showed several advantages for the metal-fiber-reinforced
fuels (increased thermal conductivity and heat rating of the fuel, reduced central
void formation, and maintained integrity of the pellets), no further research was
done after the conclusion of these initial tests.

4.1.2 Elk River BWR Program

The Elk River Reactor (ERR), described in Table 20, was an indirect-cycle,
natural-circulation boiling water reactor owned by the U.S. Atomic Energy Com-
mission (AEC). It pioneered the use of Th02-U02 fuel with 0.06% boron-304SS
cladding to demonstrate the thorium fuel cycle (Simnad 1971c). The reactor
was started up in 1963. At the end of the first cycle, the core achieved an
average burnup of 0.7 at.%. Examination of the rod positions as a function of
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irradiation time indicated excellent agreement between predicted and observed
fuel performance throughout the core 1ife (Fisher and Kendrick 1968).

Because data on the thorium fuel cycle had been of interest to the AEC
and the reactor industry, some of the prototype ERR fuel elements were also
irradiated in the Experimental Boiling Water Reactor (EBWR). Neimark (1961)
examined a prototype ERR fuel assembly irradiated in the EBWR to a maximum
burnup of 0.1 at.%. This assembly, consisting of an array of Type 304 stain-
less steel tubes with pellets containing 3 wt% U02, showed insignificant
thermal effects and cracking. Within the ranges of heat rating and burnup,
the Th02-U02 fuel pellets showed no signs of central melting, recrystalli-
zation, or heat-affected zones. They also exhibited good gas retention charac-
teristics and excellent dimensional stability. A summary of the irradiation
experiment is presented in Table 21.

TABLE 20. Description of the Elk River Reactor (ERR) and Initial
Operating Characteristics

Owner U.S. Atomic Energy Commission

Designer/operator Allis-Chalmers Rural Cooperative Power Assoc.

Location Elk River, Minnesota

Reactor type BWR, natural circulation, indirect cycle

Moderator and coolant Water

Power 22 Mie; 64 MWt; efficiency 34%

Specific power 341 kW/kg 235U

Power density 25.6 kW/1liter

Neutron flux Thermal average: 1.55 x 1013 n/cm2-s;
Fast avegage: 4.8 x 1013 n/cm2-s

Heat flux 27 kW/cm

Coolant temperatures Inlet 230°C; outlet 280°C

Coolant pressure 6 MPa
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TABLE 21. Irradiation Experiment on an ERR Fuel Assembly

Design Parameter
or Experimental

Characteristic Data
Number of fuel rods 25
Fuel composition 97 wt% Th02; 3 wt¥% UO2
Fuel density 94% TD
Pellet diameter 1.0 cm
Pellet length 1.3 cm
Enrichment 93% 235U
Cladding type 304 SS
Cladding outside diameter 1.15 cm
Cladding thickness 0.05 cm
Maximum burnup 0.1 at.%
Maximum increase in 1.2%
assembly width \
Maximum increase in 2.0%
corner rod diameter
Fission gas re]ease(a) 0.3% and 0.7%

(a) Fission gas release was measured for two rods only.
Burnup Tlevels in these rods were 0.04 and 0.05% at.%,
respectively.

4.1.3 Thorium Utilization Program

In order to study the potential application of thorium-based com-
pounds (oxide and carbides) in power reactors, the Atomic Energy Commission
sponsored a Thorium Utilization Program to investigate the irradiation
behavior of thorium-uranium alloys and compounds. The objectives of this
irradiation program were to compare the characteristics of the chemically
produced sol-gel Th02-U02 fuel with those of arc-fused material, and to
compare the performance of vibratorily compacted rods with rods containing
pressed and sintered pellets. Olsen et al. (1965, 1966) at the Oak Ridge
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National Laboratory conducted a series of tests (Wymer and Douglas, 1965,
1966a, 1966b; Wymer and Lotts, 1969a, 1969b) in the Materials Test Reactor
(MTR). Engineering Test Reactor (ETR), the Chalk River National Research
Experimental Reactor (NRX), and the Oak Ridge Research Reactor (ORR).
Fifty-eight arc-fused and sol-gel

rods, having smear densities of 74 to 90% TD, were irradiated at linear heat
rates of 16 to 96 kW/m to various burnup levels (maximum 10 at.%). Among the
test rods, 18 sol-gel rods had Zircaloy-2 cladding, while the remainders were
clad in Type 304 stainless steel.

To compare test results, Olsen et al. (1966) selected a group of tests
conducted at linear heat rates (30 to 46 kW/m) that are similar to those of
current water-reactor elements using UO2 as a fuel. Over 80% of the rods
selected for comparision had experienced high burnups (>5 at.%). The opera-
ting conditions of these tests are shown in Table 22. Upon examination of the
irradiated rods, Olsen et al. (1966) concluded that sol-gel and sintered pellet
Th02-U02 behaved nearly the same under similar experimental conditions, and
that both pellet and sol-gel fuel had the basic performance characteristics for
a power reactor fuel up to 10 at.% burnup. In addition, they found that for
all three fuel forms (arc-fused, sol-gel and sintered) at up to 10 at.% burnup:

o The fractional fission gas release was generally less than 20%.

e The change in volume was less than 0.5% for each atom percent of
burnup.

e There was very little difference in macroscopic appearance of the cross
sections between vibratorily compacted and pellet fuels.

One of the earliest attempts to extensively analyze irradiation behavior
of ThO2-U02 fuels at high burnup was made by researchers at ORNL (Rabin et al.
1965). A series of unencapsulated fuel rods, Th02-4.45 wt% UO2 pellets clad
with Type 304 stainless steel, were successfully irradiated in MIR or ETR. The
fuel rods achieved burnups that ranged from 4 to 10 at.% at linear heat rates
up to 46 kW/m. Three fuel rods were selected from this series of irradiation
tests and given a thorough postirradiation examination.
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TABLE 22. Irradiation Conditions for ThOp-UO2 Fuels Examined in
the Thorium Utilization Program
Time Averaged
uo Number  Fuel Maximum  Peak Linear 85\
Cont%nt, Fuel of Density, Burnup, Heat Rate, Release,
Form wt% Type Rods % TD - at.% kW/m %
Arc Fused 4.45 Vibratorily 11 85 to 87 1.5 30 2.4
Compacted 5.2 30 7.2
8.6 27 6.4
Sol-Gel 4.45 Vibratorily 47 85 to 87 1.7 34 0.5
Compacted 4.9 29 13.2
10.0 31 17.0
Pressed and 4.45 Pellet 4 93 15.8 42 22.8
Sintered 12.7 46 12.4
4.9 27 - -
6.6 39 - -




Basic design parameters for the fission gas release experiment are summarized
in Table 23, and irradiation data are presented in Table 24.

Although the dimensional data were not completely documented for the indi-
vidual rods before irradiation, Rabin et al. (1965) deduced from the limited
data that no appreciable fuel rod swelling occurred. Stress analyses also
indicatedthat fuel pellet swelling was limited to about 0.8% change in volume
for each atom percent of burnup. The dimensional stability exhibited in these
experiments is shown in Table 25.

Fission gas release data are available only for the rod that experienced
the highest burnup (10 at%). The release was 14%, which indicated that
fission-gas retention in the Th02-UO2 system was comparable to other oxide fuel
systems when irradiated under similar conditions (Rabin et al. 1965). There
were no major changes reported in the microstructural details of the fuel pel-
lets or the cladding after irradiation. Analysis of the fuel by x-ray diffrac-
tion showed evidence of lattice strain, but a relatively crystalline struc-
ture was maintained.

TABLE 23. Design Parameters for High-Burnup
Fission Gas Release Experiment

Design Parameters Data

Fuel Composition 95.55 wt% Th02; 4.45 wt% UO2
Fuel density 93% TD
Enrichment 93.2% 235U
Pellets per tube 7
Pellet diameter 0.65 cm
Pellet length 1.25 cm
Weight of fuel material per tube 31 g oxide
Active length of tube (less ceramic 8.90 cm

end spacers, if required)
Cladding type 304 SS
Cladding outside diameter 0.80 cm
Cladding thickness 0.064 cm
End spacer length (each of two) 1.10 cm
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TABLE 24. Irradiation Data for High-Burnup Fission Gas Release Experiment
Maximum Peak Linear Peak Surface Fuel
Fuel Rod Irradiation Reactor Full Power Cladding Surface Burnup, Heat Rate,@) Heat Flux,(3) Centerline
Number Period, Days Power, Mid Days Temperature, °C at.¥ kW/m kW/m Temperature,(a oc
1 855 26,400 660 ~95 10 46 1850 1410
2 650 19,874 497 ~05 4 27 1080 850
3 900 71,078 - 406 ~95 5 39 1580 1190

{a) Calculated, time-averaged value (peak refers to maximum burnup area); gamma heating not included.



TABLE 25.

Comparison of Dimensional Data on Unirradiated and

Irradiated ThOp-UOp Pellet Rods

Diameter, cm Length, cm
Fuel Rod Preirradiation Postirradiation Preirradiation
Number (Specification) (Average) (Max) (Specification) Postirradiation
1 0.80 + 0.0025 0.77 0.78 11.43 + 0.04 11.41
2 0.80 + 0.0025 0.80 0.81 11.43 + 0.04 11.38
3 0.80 + 0.0025 0.77 0.78 11.43 + 0.04 11.63
4.1.4 1Indian Point PWR Program

The Indian Point Nuclear Power Station, located north of New York City on
the Hudson River, has been producing power for the Consolidated Edison system
since September 1962 (Ward 1958; Simnad 1971d). This PWR pioneered the use of
fertile Th0, and highly enriched (93% 23°U) fissile U0, mixtures for the con-

2321, 10 233y, 4 description of the initial characteristics of the
Indian Point Reactor is given in Table 26.

version of

To study the effects of irradiation on the design, fabrication techniques,
and materials used for the Indian Point Reactor, Babcock & Wilcox (the
designer) carried out the Indian Point Reactor Irradiation Program, which
consisted of a series of in-pile tests. The mixed-oxide fuels, ThO2 with
6.5 wt¥% or 9.1 wt% UOZ’ were irradiated under conditions that equalled or
exceeded the initial design conditions indicated in Table 26. Specimens were
jrradiated at linear heat ratings ranging from 7 to 41 kW/m and burnups up to
3 at.% with little change observed except for cracking of the fuel (DeBoskey

1963).

Core 1 (the initial core) of the Indian Point Reactor operated satisfac-
torily for over 3 years (442 effective full-power days) and attained a burnup
of 4 at.% (Deddens and Freyberg 1965; Prestile and Edlund 1966; Baroch and
Bishop 1968).
detailed examination (Baroch et al. 1969).

After the discharge of Core 1, 13 fuel rods were selected for
The lack of pellet distortion and
cladding strains indicated that irradiation-induced fuel swelling was minimal.

The release of fission gas was also analyzed for four of the fuel rods
(Table 27). Results indicated that the amount of fission gas release was less
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TABLE 26.

Owner

Designer

Operator

Location

Reactor type
Moderator and coolant
Power

Power density

Neutron flux

Heat flux

Fuel composition
Enrichment

Pellet diameter
Pellet length
Cladding type
Cladding outside diameter
Cladding thickness
Maximum burnup
Coolant temperatures
Coolant pressure

Description of the Indian Point Reactor and Core-1 Design

Consolidated Edison Company
Babcock and Wilcox

Consolidated Edison Company
Buchanan, Indian Point, New York
PWR, thorium-uranium converter
Water

151 MWe; 585 MWt; efficiency 26%
76 kW/liter )
Thermal average: 2 x 1013 n/cm2-s
Fast average: 1.5 x 1014 n/cmz-s
390 ku/m?
94.72g§% Th02;
93% U

0.66 cm

1.91 cm

304 ss

0.76 cm

0.05 cm

4 at.%

Inlet 250%; outlet 300°C
10 MPa

5.3 wt% UO2

than 2%, regardless of fuel enrichment or burnup. Baroch et al. (1969) pointed
out that approximately the same amount would be released from UO2 operated
under similar conditions.

4.1.5 LWBR Development Program

The Atomic Energy Commission in 1965 undertook a research and development
program to design and build a Light Water Breeder Reactor (LWBR) core for oper-
ation in the Shippingport Station. A large amount of technical information has

been generated under the LWBR program since the late 1960s. The majority of
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TABLE 27. Analysis of Fission Gas Release from Indian Point
Core 1 (Baroch et al. 1969)

Experimental
Characteristic Data
Number of rods examined 4
Gas content in rod 5.5 to 9.5 cm3
Calculated rod pressure 185 to 315 kPa
Measured composition
of fission gases Xe 18 to 52%
Kr 5 to 25%
Xe/Kr 5.1 to 7.2
Average rod burnup 0.66 to 2.03 at.%
Total amount of fission 1.0 to 2.4%

gas released

experiments were carried out at the Bettis Atomic Power Laboratory in
Pittsburgh, Pennsylvania. These experiments include in-pile studies of

thermal conductivity (Jacobs 1969 and 1970), creep behavior (Germann 1967),
fission product distribution (Berman 1976), dimensional changes (Giovengo
1970), and fission gas release (Goldberg et al. 1977 and 1978) of Th02—U02 fuel
rods with various UO2 contents.

Results obtained from thermal conductivity studies of Th02-U02 fuels con-
taining up to 10 wt¥% UO2 irradiated at a low burnup (<1 at.¥) indicated that
the thermal stability of Th02—U02 fuels are superior to UO2 fuels. Within
the same irradiation temperature range (600 to 1000°C), there was no signif-
icant difference between the thermal conductivities of irradiated and unirradi-
ated UO2 fuels up to a burnup of 0.03 at.%. This same characteristic was
observed for Th02-10 wt% UO2 fuels up to a burnup of 0.1 at.% (Jacobs 1969).

Germann (1967) examined the in-pile creep properties of zircaloy-clad
ceramic fuels including U02, Th02-2 wt% UO2 and Th08-10 wt% UOZ' These fuel
samples were irradiated at low temperature (315-760°C) under compressive load
for one test reactor cycle to determine the fission-dependent creep. The data
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indicated that UO2 fuel had lower fission induced creep than Th02-U02 fuels.
Increasing the UO2 content in Th02-U02 fuels from 2 to 10 wt% reduced the
creep by 20%.

Giovengo (1970) evaluated the data on in-pile dimensional changes of
Th02-U02 fuel rods obtained at Bettis Atomic Power Laboratory. The major
emphasis of this study was to assess the effects of geometric and environ-
mental test variables on observed axial ratcheting, which is the progressive
elongation of a fuel rod resulting from irradiation.

Three irradiation test series (identified as C7, NRX, and Bl) comprising
29 fuel rods (2 to 30 wt% U02) with non-free-standing cladding were performed
with the following test variables:

e Fuel burnup: up to 2.1 at.%

e Zircaloy cladding heat treatment: stress-relieved for 4 h at 510°C and
recrystallization annealed for 4 h at 680°C

e Fast flux environment: 0.1 x 1014 to 1.2 x 1014 n/cm2-s, >1 MeV
e Pellet configuration: flat and dished end

e Fuel centerline temperature: 815 to 2205°¢C

e (ladding diameter to thickness ratio: 20 to 25

e Fuel-cladding diametral gap: 0.005 to 0.03 cm

e Accelerated power cycling: 20 to 100% power at 2.5%/min

e Number of pressure cycles: maximum of 36.

Tables 28 and 29 provide a physical description of the test specimens and
a summary of the operation and test results. Giovengo (1970) concluded that

e (Cladding heat treatment and the fast flux environment produce the greatest
effect on axial ratcheting of fuel rods.

e Test specimens fabricated with flat-ended pellets elongated substantially
more than comparable specimens with dished-end pellets.

e An increase in fuel centerline temperature from less than 11009 to above

1370°C caused the rod elongation to increase by two to three times.
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e Pressure cycling appeared to be the predominant mechanism that induced
rod elongation from fuel-cladding interaction.

e Accelerated power cycling showed no effect on the observed ratcheting:
Four fuel rods with various cladding gap sizes (0.004 to 0.03 cm) were
cycled from 20 to 100% power at a rate of 2.5% per minute. Comparison
between the length and diameter changes of these rods indicated essen-
tially equivalent values.

TABLE 28. Description of Test Rods in the LWBR Experiment on
Dimensional Changes

Fuel-
Cladding Cladding OD
Test  Number UO2 Content, Density, Diametral Cladding to Thickness
Series of Rods wt% % 1D Gap, um 0D, mm Ratio
c7 14 6 to 30 93 to 95 50 to 300 17.9 to 18.2 20.7 to 28.2
NRX 6 3.10 to 3.42 95 to 98 100 to 280 15.2 to 15.5 20.4 to 25.0
B1 9 1.98 to 2.84 93 to 98 100 to 250 14.5 to 15.5 19.6 to 25.0

TABLE 29. Irradiation Test Data from the LWBR Experiment on
Dimensional Changes

Fuel Peak Linear
Test Burnup, Centerline 0 Heat Rate, Elongation, Diameter
Series at.% Temperature, °C kW/m % Change, %

c7 0.03 to 0.77 720 to 2480 4 to 23 0.04 to 0.99 -0.53 to +0.50
NRX 0.01 to 1.37 1160 to 2425 13 to 33 0.07 to 0.88 -0.95 to +0.28
Bl 0.07 to 0.48 1200 to 2050 13 to 17 0.09 to 0.57 -0.63 to -0.03

The mechanism of fuel swelling and fission gas release in oxide fuel rods

was studied earlier in the LWBR Development Program by Nichols and Warner (1970).

They reviewed the various concepts describing the fission gas release mechanism,
and developed a model that took into account the recoil and knock-out mechanisms
at low temperatures (<1200°C for U02), and the bubble migration mechanism at
higher temperatures (21200°C for U02). Based on this model, a computer code
(BUBL) was developed to predict fission gas release behavior in oxide fuels.
Following the study of Nichols and Warner, Goldberg et al. (1978) investigated
the fission gas release from ThO2 and Th02-U02 fuels. The purpose of
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Goldberg's fission gas release study was to collect experimental data from 51
irradiated fuel rods and to compare them to calculated results from a model
used in performance assessment. This model combined the high-temperature model
of Warner (1969) and a modified 1ow-temperature model derived from that of
Bellamy and Rich (1969). The major mechanisms of fission gas release described
in this model included gas bubble coalescence and release from grain boundaries
and dislocations.

A summary of the design data for the experiment is given in Table 30.
Fuel rod operating parameters and fission gas release measurements are pre-
sented in Table 31. Because of the scatter in the fission gas release data,
fractional gas release was calculated by the use of a correction factor which
accounted for the effect of pellet density on fission gas release. Measured
gas release and initial pellet density were used to determine the magnitude of
the normalized (corrected) gas release.

To compare experimental data with calculated results, Goldberg et al.
(1978) plotted the measured and normalized fission gas release data against
rod average burnup for two fuel centerline temperature regimes--temperatures
above and below the ThO2 dislocation release region (1440 to 1610°C), where
fission gas bubbles were released from dislocations. The authors concluded
that, within the range of parameters tested for the 51 fuel rods,

e Fission gas release was higher at higher temperatures and burnups.

e Higher initial fuel density resulted in significantly less fission gas
release. ‘

e No sensitivity to UO2 content or fuel rod diameter was observed.

e Calculated results bound experimental data; hence the model was
conservative for use in performance assessments.

4.1.6 Canadian Experience

The known thorium resources in Canada are quite significant: the recover-
able ThO2 was estimated to be 1000 tons (Griffith and Roscoe 1964). To eval-
uate the potential of Th02—U02 as a nuclear fuel, experiments have been
carried out by Chalk River Nuclear Laboratories, Chalk River, Canada, in their
reactors NRU and NRX. 1Initially the irradiation experiments were carried out
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TABLE 30.

Summary of Fuel Rod Design Data for

the LWBR Fission Gas Analysis

Design Parameter

Data

Number of rods examined
Fuel type
Fuel composition

Pellet density

Pellet diameter

Pellet length/diameter
Active pellet stack length

Cladding type

Cladding outside diameter
Cladding 0D/thickness

Gap size

Pressurized

Coolant temperature
Coolant pressure

51

ThOZ, ThOZ—UOZ

Th02, Th02-2 wt¥ U02 to
Th02-24.7 wt¥ UO2

77.8 to 98.7% TD

0.5 to 1.7 cm

1.0 to 3.0

7.6 to 17.8 cm (short)
76.2 to 213.4 cm (long)
Zircaloy-4

0.6 to 1.8 cm

12 to 25

0.01 to 0.06 cm

No

288°C

67 MPa

TABLE 31. Summary of Irradiation Test Data from the LWBR
Experiment on Fission Gas Release
U02 Linear Heat Measured
Number of Content, Rate, kW/m Burnup, at.% Fission
Fuel Type Rods wt¥ Peak Average Peak Average Gas Release, %
Tho, 7 0 7t037 7to37 0.1to3.5 0.1 to 3.5 0.1 to 1.2
Tho,, - #3uo, 7 6.6 to 8.5 271034 23to27 2.2to4.7 1.5t04.7 0.4 to 2.8
Tho, - 235uo2 37 2.0t0 24.7 19to 74 16 to 54 0.4 to 5.1 0.3 to 4.6  <0.1 to 5.2
at low linear heat rates (<3 kW/m) and low burnups (<0.4 at.%). Bain (1960)

conducted irradiation tests on three Th02-U02 pellet specimens containing
8.8 to 9.0 wt% UO2 in the NRX reactor, and reported that at up to 3 kW/m and
0.4 at.% burnup, the performance of zircaloy-clad Th02-U02pe11ets was
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similar to that of the UO2 pellets. In a later irradiation experiment on
seven Th02—2 wt% UO2 pellets containing pre-formed cracks and holes, Bain
(1967) observed that at up to 6 kW/m, the crack healing and void movement
behavior mechanism in these pellets were similar to those of UO2 fuels. At
similar power ratings, however, structural changes and fission product relo-
cation were less in Th02~2 wt% UO2 pellets than in UO2 pellets.

Rao (1964) examined the thermal properties of Th02—U02 pellet fuel
specimens containing up to 20 wt% UO2 as a function of composition. By
measuring the power output necessary to produce central melting in the fuel
pellets, he derived the fuel thermal conductivity during irradiation. Calcu-
lated thermal conductivities for fuels containing up to 20 wt% UO2 were then
compared to that of UO2 to investigate the limitations of Th02-U02 as a
nuclear fuel. Rao's results indicated that up to 10 wt% UO2 the thermal
expansion behaviors of Th02-U02 and UO2 fuels were essentially the same.

As the UO2 content was raised from 10 to 20 wt%, the thermal conductivity of
Th02-U02 decreased. He attributed this behavior to the increase in pore
fraction of the fuel caused by the increasing UO2 content.

MacEwan and Stoute (1969) studied the irradiation induced thermal
conductivity changes in Th02-1.3 wt% UO2 pellets at low temperatures
(<156°C) and burnups (<3 x 10'3 at.%), and the annealing behavior of the
irradiated fuel. Sixteen irradiated pellets having densities of 93.2 to 94 %TD
and enrichment of 93% 235U were examined. MacEwan and Stoute reported that
irradiation at Tow temperatures caused a significant reduction in fuel thermal
conductivity for burnups above 7 x 10'6 at.%. As burnup proceeded to above
5 x 107 at.%, this reduction in thermal conductivity tended to "saturate"
and to remain constant at about 50%. Increasing the irradiation temperature

into the range of 330 to 4200; yeqyced the change in thermal conductivity by
10%. This result indicated the annealing of damage during irradiation at
higher temperatures.

More recently Bain et al. (1977) conducted an experiment on Th02-U02
fuels irradiated in the NRU reactor. The fuel elements again contained
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1.3 wt% U02. Two types of assemblies (a "fast-flux peaking" assembly and a
"fast-neutron" assembly) were irradiated to maximum burnups of 4 and 6 at.% to
study the Th02-U02 fuel performance under fast-flux conditions. A description
of the experiment is given in Table 32.

As a result of the fast-flux irradiation, failures occurred in five "fast-
flux peaking" assemblies and ten "fast-neutron" assemblies. Examination of
both the intact and failed elements indicated that the causes of failure could
include excessive localized strain, preferential cracking in the cladding at
the location of the brittle hydrides, and pitting on the cladding inner sur-
faces caused by corrosive fission products.

TABLE 32. Irradiation Experiment of Th0p-1.3 wt% UO;
Fuel Elements in the NRU Reactor

Design Parameter or

Experimental "Fast Flux "Fast Neutron"
Characteristic Peaking" Assembly Assembly

Number of assemblies 13 >10

Number of fuel elements 19 15

per assembly

Enrichment 93% 235U 93% 235U
Fuel length 300 cm 50 cm
Cladding type zircaloy zircaloy
Cladding outside diameter 1.25 cm 1.52 cm
Cladding thickness 0.04 cm 0.035 cm
Fuel grain size 5um 5 um
Maximum burnup 6 at.% 4 at.%
Maximum linear heat rate 37 kW/m 68 kW/m
Number of assemblies 5 10

failed

Number of assemblies 6 (3 intact, 3 failed) 5 (failed)
examined

Fission gas release <1% < 25%
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Twenty zircaloy-clad UO2 rods were also irradiated in the fast neutron
assembly to 1 at.% burnup. No failure of the UO2 rods was observed. Bain
et al. examined the difference in irradiation behavior between the Th02-1.3
wt% UO2 and UO2 fuels, and concluded that the observed differences between
Th02-U02 and UO2 were due to:

1) Burnup level - the Th02-U02 rods were irradiated to relatively high
burnup levels (4 to 6 at.%), while the UO2 rods were irradiated to
1 at.%. At 1 at.%, no Th02-U02 rod would have failed either.

2) Hydriding - Hydrogen present in the Th02-UO2 rods formed brittle
hydrides at low operating temperatures (<100°C). When the cladding
was under excessive localized strain (caused by cyclic loading, fuel
swelling, etc.), preferential cracking occurred at the locations of the
hydrides. The UO2 rods, operated at lower burnups, contained no
moisture and experienced negligible swelling. Consequently, no excessive
localized strain or cracking in the cladding was expected to occur.

The Chalk River and Whiteshell Research Laboratories conducted irradiation
tests on over 30 bundles of Th02-UO2 fuels containing 1.5 to 4.7 wt% UO2
(Jones et al. 1977). At low burnups (<0.4 at.%) the fission gas release rate
was 1 to 2 orders of magnitude lower than that of the UO2 fuel at the same
power rating (30 kW/m). As burnup levels increased to about 1 at.%, fission
gas release from both types of fuel were of the same order of magnitude.

Large-scale nuclear energy production from the thorium fuel cycle using
CANDU-type reactors has also been considered (Lewis et al. 1971). Economic
analysis and conceptual designs have been made (Banerjee et al. 1975). Recent
developments in the thorium cycle include the economic analysis of CANDU reac-
tors cooled by pressurized heavy water (PHW) (Critoph et al. 1975), boiling
light water (Hatcher et al. 1975), and organic liquids (Hatcher et al. 1975).
The effect of various design parameters, such as channel power and lattice
pitch, was studied.

4.1.7 1Indian Experience

Thorium reserves in India are substantially larger than uranium reserves.
Most of the published literature on Th02-U02 fuels was related to the
analysis of fission gas release’ from pellet or powder fuels having Tow UO2
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contents (<1 wt% U02), low temperatures (<1000°C) and burnups (<0.01
at.%) (Chawla et al. 1971; Naik et al. 1972 and 1974).

In an analysis of the release behavior of 133Xe as a function of pellet
density, Naik et al. (1974) studied two parameters (the apparent diffusity D'

and the initial burst release f ) for sintered Th0,-0.1 wt% 2350, and
Th02-0.1 wt% 233UO2 pellets at various fuel densities and operating tem-
13 2

n/cm®-s for 10
to 15 minutes. A comparison of the results is shown in Table 33. As indicated
in this table, the parameters D' and fo are of the same order of magnitude
for both 235U and 233
with increasing fuel density at varying rates. This phenomenon was explained

peratures. These pellets were irradiated at a flux of 10

U containing pellet fuels. Moreover, D' and f0 decrease

by an increase in the number of closed pores and a sharp decrease in the number
of open pores with increasing fuel density. Naik et al. (1977) also studied
the effect of Y203 doping (0.25 mole %) on 133Xe release from the same

Th02—0.1 wt% UO2 pellets, and attributed the decrease in D' (50 to 75%) in
doped pellets to the absence of gas atom migration through cation or anion
vacancies in the fuel lattice.

Release of 133Xe at Tow burnups (<0.02 at.%) from Th02-1 wt% UO2
pellets and powders were compared by Naik et al. (1975). Again the comparison
was made in terms of D' and fO: Both parameters were dose independent below
1070 at.%. As burnup increased, both D' and f  decreased sharply. This
effect was more pronounced in powder than pellet fuel. For example, at
10'5 at.% the D's for both powder and pellet were the same and f0 for
powder was one third that for pellet. As burnup increased to 0.02 at.%, D'
for powder decreased to one-twelfth that for the pellet fuel and fO for
powder decreased to one-eighth that for pellet fuel.

4,1.8 Italian Experience

The Italian uranium-thorium fuel cycle program began in 1960 with the
design and construction of the ITREC pilot plant for remote reprocessing and
refabrication of irradiated fuel elements for water reactors. Aiming at the
effective use of available energy resources, economic evaluations were made on
several reactor systems that use thorium as the fertile material (Cardosi
et al. 1968). As a result of this study, a comparison of the economic costs of
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TABLE 33. Comparison_of Release Behavior of 133Xe from Th0--0.1% 233U0» and
Th02-0.1% 23500, Sintered Pellets ‘ ?

Fuel ThO -0.1 wty 233y, ThO -0.1 wt% 23540,
Density, Tempepature, Initial Burst Release Apparent DiffTsivity Initial Burst Release Apparent le'fTSlvlty Variation
% 1D c (fo)s % (D'),s (% (D'),sT inD', %
67 850 - - 10.00 8.73 x 1072 -
66 850 10.21 1 x 1078 - _ -
79 1000 3.95 7.2 x 1072 4,08 6.82 x 1077 +5.3
79 1000 4.1 7.1 x 10_9 4.08 6.82 x 10'9 +3.9
90 1000 8.5 x 1072 7.44 x 107} 8.7 x 1072 7.75 x 10712 4.2



uranijum-thorium, enriched uranium, and natural uranium cycles was made.
Cardosi et al. (1968) concluded that "although the enriched uranium cycle is
the cheapest one, the uranium-thorium cycle offers the biggest saving in fuel
reserves." The Comitato Nazionale per 1'Energia Nucleare (CNEN) therefore
decided to undertake an experimental program (Baldetti et al. 1971) to verify
the design hypotheses and the results of the economic evaluation.

A series of irradiation experiments on zircaloy-clad fuel rods containing
Th02-U02 pellets were carried out in the Halden Boiling Water Reactor in
Halden, Norway. Test fuels in these experiments were divided into two groups.
The first group, consisting of 7 fuel rods (Th02-2.4 wt% U02), was irradi-
ated in the central zone of the reactor. These fuel rods were produced by the
extrusion and sintering methods adopted in the ITREC pilot plant. The objec-
tive of the experiment was to test the in-pile behavior of Th02—U02 fuels
made with the ITREC fabrication process. The fuel rods, irradiated at linear
heat rates less than 30 kW/m, reached an average burnup of 0.55 at.% without
any detectable fajlure (Baldetti et al. 1971).

A second group, consisting of five test assemblies that contained cold
pressed and sintered Th02-U02 peliets, was irradiated at high linear heat
rates and to high burnups to obtain information on the behavior of the test
fuel and the effects of certain parameters, such as pellet length and pellet
fabrication method. A description of the irradiation tests on the second group
is given in Table 34 (Baldetti et al. 1971). Fission gas release data for four
test assemblies (Doria 1971) are presented in Table 35.

Some observations made during the above experiments were:

e No significant structural changes took place below a fuel centerline
temperature of 1400°c.

e Columnar grain growth in the fuel did not occur below 1800°C, but was
evident around 2800°C.

These observations led to the conclusion that the fuel performance of
Th02-U02 was superior to U02.
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Summary of CNEN Thorium Fuel Cycle Program:

»
TABLE 34.
Test uo, Fuel
Assembly  Number Content, Density,

Number of Rods  wt% % 1D Length
IFA 125 6 10(a) 94 77
IFA 126 3 10(a) 94 77
IFA 127 3 10(a) 94 77
IFA 175 8 3.3(b) 90 to 95 30
IFA 176 8 3.3(b) 90 to 95 30

Uranium enriched in 235y to 93 wt%

Uranium enriched in

235y to 90 wt%

Bundle
Fuel Rod Dimensions, cm Average
CTadding Burn-up,
0D  Thickness Gap Size at.% Objective ,
1.4 0.06 0.018 to 0.030 0.2{c) Obtain high heat rating and
examine the influence of
diametral clearance on fuel
centerline temperature
and cladding elongation
1.4 0.06 0.018 to 0.030 2.5(d) Study Th02-U0, at
high heat rating and high
burnup
1.4 0.06 0.018 to 0.030 1.4 Same as for IFA 126;
unloaded because of
instrumentation failure
2.5  0.10 0.016 to 0.024 0.1(c) Study thorium fuel
: material for the Cirene
reactor
2.5  0.10 0.016 to 0.024 0.1(c) Same as for IFA 175

Irradiation of Cold-Pressed
and Sintered Pellet Zircaloy-2-Clad Rods (Baldetti et al. 1971)

(a)

(b) . o
(c) Based on post-irradiation examinations (Nd-method) and on 200 MeV/fission
(d)

Based on calorimentry



TABLE 35. Fission Gas Analysis on Four Halden Test Assemblies

Assembly  Number of Fuel Density, Fission Gas Release, %
Number Rods % TD Xe Kr

IFA 125 3 94 2.4 to 4.5 2.1 to 3.6
IFA 127 2 94 4.1 to 4.2 2.5 to 3.7
IFA 175 2 90 and 95 1 1

IFA 176 2 90 and 95 1 1

4.1.9 Irradiation Experience Summary

Since the ANL irradiation experiments in the late 1950s, various aspects
of the behavior and performance of Th02-U02 fuels have been investigated.
These include thermal conductivity, fuel swelling, fission gas release, dimen-
sional stability, corrosion resistance, and burnup and fuel composition effects.
Analyses of experimental results have enhanced both the understanding of
Th02-U02 fuel behavior and the possibility of correlating the existing UO2
data with Th02-U02 data by direct comparison.

To provide a general overview and a quick comparison of Th02-U02

irradiation experience, Table 36 reviews the various experimental programs.
This review allows the following observations:

e« The majority of experiments (86%) were performed on fuels with less than
10 wt% U02. On the basis of the number of samples (rods, pellets, or
specimens) examined, only 3% of the fuels had UO2 contents above 20 wt%.

e The burnup ranges of the experiments were generally low.

e« Zircaloy replaced stainless steel as the cladding material in recent
experiments.

Upon reviewing the irradiation experience, an evaluation of the perform-
ance of Th02-U02 is made in terms of the following properties:

1) Fission gas release behavior

The magnitUde Of re]ease from ThOZ-UOZ fue] 'is Comparab]e to that

from UO2 fuels within the range of burnup (3 to 6 at.%) and heat rating
(25 to 45 kW/m) that are typical of commercial reactors using U0, fuels
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TABLE 36. Summary of Irradiation Experience
Number of Rods (R)/
Pellets (P)/ Fuel Burnup
Specimens (S)/ Composition, Bonding Cladding Range,
Program Reactor Name(s) Examined wt% U02 Material Type at.%
United States
BWR Borax 1V 14S 6 Lead Al-1 wt¥ Ni 0.7 to 3.7
Elk River 25R 3, -- 304 SS <0.15
Thorjum MTR, ETR, NRX 62R ¥ 3to5 -- 304 §§ and 1.5 to 15.8
Utilization _ ircaloy-2
PWR Indian Point 13R 0to9 - 304 SS <4.0
LWBR
Fission Gas ETR, ATR, NRX 51R 2 to 25 -- Zircaloy-4 <5.1
Release
Experiment
Dimensional  ETR, ATR, NRX 29R 2 to 30 -- Zirca]oy-4 0.01 to 1.4
Change
Experiment
Canada, HWR NRU 189R 1.3 -— Zircaloy-2 4.0 to 6.0
NRX 31P 9 -- -- <0.4
India, HWR CIRUS 16P 0.1 and 1 - -- " (a)
Italy, BWR Halden 28R 3 to 10 -- Zircaloy-2 0.2 to 3.6

(a) Thermal neutron flux of 1013 n/cm2-s for 10-15 minutes for the Th02-0.1 wt¥% U0, fuel,
. wt% U0y fuel.

and 0.02 a

t.% for the Th0p-1




(Rabin et al. 1965; Baroch et al. 1969; Jones et al. 1977). Increasing
the UO2 content has 1ittle or no effect on the release behavior (Neimark
and Kittel 1964; Goldberg et al. 1978).

2) Dimensional Stability

Very Tittle irradiation-induced swelling occurs in Th02-UO2 fuels
up to 4 at.% burnup (Baroch et al. 1969; Giovengo 1970). In general the
volume change is less than 1% for each at.% burnup (Rabin et al. 1965;
Olsen et al. 1966). This relationship holds up to 10 at.% (Olsen et al.
1966).

3) Thermal Properties
The thermal conductivity of ThOZ-UO2 fuel remains unchanged under
jrradiation to 0.1 at.% burnup, as compared to UO2 at 0.03 at.% (Jacobs _
1969). As UO2 content increases to above 10 wt%,the thermal conductivity of
Th02-U02 fuel decreases (Rao 1964). Thermal expansion behavior of both
UO2 and Th02-U02 are essentially the same at Tow UO2 contents.

4) Structural Stability

Th02-U02 fuel has good structural stability at low burnups. For
burnup range 0.1 to 3 at.% and UO2 content range from 2 to 9 wt%, the
structural changes of Th02-U02 fuel are minimal (Bain 1960 and 1967;
Neimark 1961; Deboskey 1963). Several investigators (Bain 1967; Doria
1971; Baldetti 1977) showed that at similar power ratings and fuel temp;
eratures, Th02-U02 fuel experienced less structural changes and fis-
sion product relocation than UO2 fuel.

In summary, evidence indicates that the performance of Th02-U02 fuel
is comparable to, or in some cases better than, that of the UO2 fuel.

4.2 NEEDS FOR FURTHER DATA

In order to qualify denatured Th02-U02 fuels for commercial LWR utili-
zation, a comprehensive data base is required. As summarized in the previous
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sections, there are indications of superior irradiation performance in Th02-U02
fuel when compared to UO2 fuels. However, the currently available results

are hardly comprehensive when compared to the information required for the
licensing of commercial fuels.

In addition to data on cracking, swelling, microstructural changes, and
densification, Th02-U02 data are needed for the following fuel character-
istics during normal or steady-state operations:

e fission gas (product) release to predict internal rod pressure and gas
conductivity, and propensity for stress-corrosion cracking of the cladding

e stored energy and fuel temperature distributions to define differential
thermal expansion and mechanical interaction with the cladding, as well
as, the starting point for areas of concern during off-normal operation,
e.g., margin to fuel melting,

e propensity for rod failure during normal operating conditions.

Information for both pressurized- and boiling-water reactor types at sel-
ected points over the normal range of steady-state operating conditions will
be required. Due to the similarities between Th02-U02 and UO2 fuels,
spot-check irradiations of the alternative fuel with correlation to the exten-
sive UO2 data base may be all that is needed to generate a normalized opera-
tional data base for the licensing of Th02-U02.

Data are also required for off-normal and safety-related operations.
Information on the comparative behavior of Th02-U02 to UO2 fuel during
reactivity insertion accidents, departure from nucleate boiling, transient
overpower operation and loss-of-coolant conditions will be necessary for the
licensing of reload quantities of alternative fuels.

In conclusion, a comprehensive data base for denatured Th02-U02 which is
similar to the existing extensive data base for UO2 needs to be generated. Due
to the similarities between Th02—U02 and U02, significantly fewer data points
than those for UO2 need to be generated for Th02-U02, because a "normalized"
UO2 data base may be all that is required for licensing of Th02-U02 fuels.
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