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SUMMARY

Transmutation of minor actinides such as Np, Am, and Cm in spent nuclear fuel is of
international interest because of its potential for reducing the long-term health and safety
hazards caused by the radioactivity of the spent fuel. One important approach to
transmutation (currently being pursued by the DOE Fuel Cycle Research & Development
Advanced Fuels Campaign) involves incorporating the minor actinides into U-Pu-Zr
alloys, which can be used as fuel in fast reactors. U-Pu-Zr alloys are well suited for
electrolytic refining, which leads to incorporation rare-earth fission products such as La,
Ce, Pr, and Nd. It is, therefore, important to understand not only the properties of
U-Pu-Zr alloys but also those of U-Pu-Zr alloys with concentrations of minor actinides
(particularly Np and Am) and rare-earth elements (particularly La, Ce, Pr, and Nd)
similar to those in reprocessed fuel.

In addition to requiring extensive safety precautions, alloys containing U, Pu, and
minor actinides are difficult to study for numerous reasons, including their complex
phase transformations, characteristically sluggish phase-transformation kinetics, tendency
to produce experimental results that vary depending on the histories of individual
samples, rapid oxidation, and sensitivity to contaminants such as oxygen in
concentrations below a hundred parts per million. Although less toxic, rare-earth
elements such as La, Ce, Pr, and Nd are also difficult to study for similar reasons. Many
of the experimental measurements were made before 1980, and the level of
documentation for experimental methods and results varies widely. It is therefore not
surprising that little is known with certainty about U-Pu-Zr alloys, particularly those that
also contain minor actinides and rare-earth elements. General acceptance of results
commonly indicates that there is only a single measurement for a particular property
rather than multiple measurements with similar results.

The Metallic Fuels Handbook summarizes currently available information about
phases and phase diagrams, heat capacity, thermal expansion, and thermal conductivity of
elements and alloys in the U-Pu-Zr-Np-Am-La-Ce-Pr-Nd system. Although many
sections are reviews and updates of material in previous versions of the Handbook [1, 2],
this revision is the first to include alloys with four or more elements. In addition to
presenting information about materials properties, the handbook attempts to provide
information about how well each property is known and how much variation exists
between measurements. Although it includes some results from models, its primary focus
is experimental data.

Because of its size, the Handbook has been split into two parts, which are presented
as separate documents. This (the first) part contains introductory material and information
about the U-Pu-Zr system (U-Zr, Pu-Zr, U-Pu, and U-Pu-Zr alloys, including those with
minor actinides, rare-earth elements, and Y). The second part contains information about
elements and the remaining alloys in the U-Np-Pu-Am-La-Ce-Pr-Nd-Zr system.
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Figure 82. Experimental X-ray diffraction patterns from Alloy AFC2-A2 [190 (Figure 2, Pattern
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Metallic Fuels Handbook, Part 1:
Alloys Based on U-Zr, Pu-Zr, U-Pu, or U-Pu-Zr, Including Those with Minor
Actinides (Np, Am, Cm), Rare-earth Elements (La, Ce, Pr, Nd, Gd), and Y

1. INTRODUCTION

Transmutation of minor actinides such as Np, Am, and Cm in spent nuclear fuel is of international
interest because of its potential for reducing the long-term health and safety hazards caused by the
radioactivity of the spent fuel. For this reason, the DOE Fuel Cycle Research & Development (FCRD)
Advanced Fuels Campaign (AFC) has been performing research on nuclear fuel technologies that could
be used in conjunction with a future actinide transmutation mission. One important approach to
transmutation involves incorporating the minor actinides into U-Pu-Zr alloys, which can be used as fuel
in fast reactors. U-Pu-Zr alloys are well suited for electrolytic refining, which leads to retention of
rare-earth fission products such as La, Ce, Pr, and Nd. It is, therefore, important to understand not only
the properties of U-Pu-Zr alloys but also those of U-Pu-Zr alloys with concentrations of minor actinides
(Np, Am) and rare-earth elements (La, Ce, Pr, and Nd) similar to those in reprocessed fuel.

The Metallic Fuels Handbook reviews and summarizes the available data on phases, heat capacities,
thermal expansion, and thermal conductivity of elements and alloys in the U-Pu-Zr-Np-Am-La-Ce-Pr-Nd
system. Although many sections are revisions and updates of material in previous versions of the
Handbook [1, 2], this revision includes new material about properties of alloys with four or more
elements. Some of these alloys include Cm, Gd, and Y, which are not considered elsewhere in the
Handbook because there is no evidence that they have significant consequences for alloy properties in the
low concentrations in which they are present in alloys of interest to FCRD. Data from the METAPHIX
Programme (a collaboration between the Central Research Institute of Electric Power (CRIEPI) in Japan
and the Joint Research Centre-Institute for Transuranium Elements of the European Commission
(JRC-I1TU)), has been included in this revision of the Handbook for the first time.

As in past years, the focus of the Handbook is the U-Pu-Zr system, which is defined for purposes of
this Handbook as consisting of U-Zr, Pu-Zr, and U-Pu-Zr alloys, including those with minor actinides
(Np, Am, and Cm), rare-earth elements (La, Ce, Pr, Nd, and Gd), and Y. To emphasize this focus, the first
elements to be listed for alloys that are part of this system are U, Pu, and Zr, followed by the minor
actinides, rare-earth elements, and Y. This scheme is generally consistent with that used by the
METAPHIX Programme.

Because of its size, the Handbook has been split into two parts. Part 1 (this document) contains
introductory material and information about the U-Pu-Zr system. Part 2 (reference [3]) contains
information about elements and about alloys that are part of the U-Pu-Zr-Np-Am-La-Ce-Pr-Nd system
but not the U-Pu-Zr system.

The organization of this revision differs from that of earlier versions of the Handbook, and presents
all of the available information about each material or group of related materials together. This
organization is intended to make it easier to compare materials with similar compositions (for example, to
assess whether addition of minor actinides significantly changes the properties of U-Pu-Zr alloys, or to
understand any changes caused by incorporation of rare-earth elements into these alloys). It also follows
the organization of many research papers.

In the longer term, the change in organization will facilitate incorporation of materials such as
irradiated fuels for which the current selection of properties may not be appropriate. In the shorter term,
the new organization may be confusing, so this revision of the Handbook includes three new tables
(Table 1, which is a organized by material group and represents the combined Table of Contents of both
parts of the Handbook, Table 2, which is organized by composition, and Table 3, which is organized by



alloy name) as well as numerous cross-references to make it easy to find information about a specific
alloy and property.

The Handbook is intended to serve three audiences. One audience is researchers, who may find it
useful to know what has been measured, where it has been published, and what kinds of information are
needed. A second audience is modelers, who need a concise summary of information about specific
properties and the accuracy with which they are known. The third audience is project managers, who need
information to help them identify gaps in knowledge. These audiences have different needs and interests,
and the Handbook is a compromise intended to be useful to all of them. It includes extensive references
and summaries of research results and needs, but is not intended to be a complete presentation of the
original data. The Handbook also includes numerous graphs and, where available, equations that provide
convenient approximations to materials properties for modelers. It is important to understand that many of
the equations provided in this handbook were developed by fitting polynomials to data and have no
physical basis; while they can be used with caution for design studies, fuel modelers will probably want
to use the original experimental data to develop or validate their own equations and/or models. Although
the handbook includes some citations to research involving development of models, its primary focus is
experimental data. All users of the Handbook are expected to consult the original references for details
not presented here.

The Handbook includes information about the phases, heat capacities, thermal expansion, and thermal
conductivity of elements and alloys of interest for FCRD fuels. It is not intended to be a comprehensive
guide to all properties and materials. In particular, this Handbook does not include fuel types not
specifically intended for transmutation in a fast neutron spectrum (e.g., fuels for light-water and
high-conversion water reactors), properties not relevant to fuels (e.g., measurements at high pressures),
issues involved in materials supplies and fuel fabrication, alloys that include elements other than U, Np,
Pu, Am, La, Ce, Pr, Nd and Zr (with the exception of low concentrations of Y, Cm, and Gd in alloys
investigated by the METAPHIX Programme) and (to the extent that they can be avoided) sample-specific
properties such as microstructures whose values depend on fabrication parameters, characteristics, or
histories of specific samples.

The metals and alloys in this edition of the Handbook are uniquely difficult to study for a number of
reasons. Experimental designs may be constrained by radioactive and other hazards of some of the
materials. Kinetics of phase transformations are commonly sluggish, and it is highly unlikely that all of
the samples in previous research had equilibrium phases and microstructures. Thermal cycling effects
(changes in sample characteristics during heating that are not fully reversed during cooling) are
commonly reported and may be significant. Careful control of impurities (particularly oxygen) during
sample fabrication and data collection is both crucial and difficult, and concentrations below 100 ppm in
samples may significantly affect thermophysical properties. Many of the measurements presented in this
Handbook were made before 1980, and documentation of sample compositions and experimental methods
may be incomplete. For all of these reasons, differences between measured values for similar alloys are
commonly far larger than the estimated errors for individual measurements. Further research on
well-characterized materials with careful control of impurities is needed for almost all of the alloys and
properties presented here.

Table 1. Contents organized by material group. References are to sections in this document unless
otherwise noted. Reference [3] is Part 2 of this Handbook.

Material Handbook Section
U-Pu-Zr system, including U-Pu, U-Zr, Pu, Zr, and U-Pu-Zr alloys with and
without minor actinides (Np, Am, Cm), rare-earth elements (La, Ce, Pr, Nd, Section 2
Gd) and Y

Alloys based on U-Zr, including U-Zr and U-Zr alloys with minor actinides

(Np, Am), rare-earth elements (La, Ce, Pr, Nd), and Y Section 2.1




Table 1. (continued).

Material Handbook Section
Alloys based on Pu-Zr, including Pu-Zr and Pu-Zr alloys with minor actinides Section 2.2
(Np, Am)
Alloys based on U-Pu, including U-Pu and U-Pu alloys with minor actinides Section 2.3
(Np, Am)
Alloys based on U-Pu-Zr, including those with minor actinides (Np, Am, Section 2.4

Cm), rare-earth elements (La, Ce, Pr, Nd, Gd), and Y

U-Pu-Zr Section 2.4.1

U-Pu-Zr alloys with minor actinides (Np, Am, Cm), sorted by increasing

weight percentage of Zr Section 2.4.2
U-Pu-Zr alloys with rare-earth elements (La, Ce, Pr, Nd) Section 2.4.3
U-Pu-Zr alloys with minor actinides (Np, Am) and rare-earth elements (La, Section 2.4.4
Ce, Pr, Nd), sorted by increasing weight percentage of Zr o
U-Pu-Zr alloys with minor actinides (Np, Am, Cm), rare-earth elements (La, .

Ce, Pr, Nd, Gd), and Y Section 2.4.5
Elements (U, Np, Pu, Am, La, Ce, Pr, Nd, and Zr) [3 (Section 2)]
Alloys containing only actinides (U, Np, Pu, Am), except those based on U- [3 (Section 3)]
Pu

Alloys containing only rare-earth elements (La, Ce, Pr, Nd) and mischmetal [3 (Section 4)]
Binary alloys of an actinide (U, Np, Pu, Am) and a rare-earth element (La, .

Ce, Pr, Nd) [3 (Section 5)]
Binary alloys of a minor actinide (Np, Am) and Zr [3 (Section 6)]
Binary alloys of a rare-earth element (La, Ce, Pr, Nd) and Zr [3 (Section 7)]

Table 2. Contents organized by composition. References are to sections in this document unless otherwise
noted. Reference [3] is Part 2 of this Handbook.

Element(s) Handbook Section
U [3 (Section 2.1)]
Np [3 (Section 2.2)]
Pu [3 (Section 2.3)]
Am [3 (Section 2.4)]
La [3 (Section 2.5)]
Ce [3 (Section 2.6)]
Pr [3 (Section 2.7)]
Nd [3 (Section 2.8)]
Zr [3 (Section 2.9)]
U-La [3 (Section 5.1)]
U-Ce [3 (Section 5.2)]
U-Pr [3 (Section 5.3)]




Table 2. (continued).

Element(s) Handbook Section

U-Nd [3 (Section 5.4)]
U-Np [3 (Section 3.1)]
U-Pu Section 2.3.1
U-Am [3 (Section 3.2)]
U-Zr Section 2.1.1
Np-La [3 (Section 5.5)]
Np-Ce [3 (Section 5.6)]
Np-Pr [3 (Section 5.7)]
Np-Nd [3 (Section 5.8)]
Np-Pu [3 (Section 3.3)]
Np-Am [3 (Section 3.4)]
Np-Zr [3 (Section 6.1)]
Pu-La [3 (Section 5.9)]
Pu-Ce [3 (Section 5.10)]
Pu-Pr [3 (Section 5.11)]
Pu-Nd [3 (Section 5.12)]
Pu-Am [3 (Section 3.5)]
Pu-Zr Section 2.2.1
Am-La [3 (Section 5.13)]
Am-Ce [3 (Section 5.14)]
Am-Zr [3 (Section 6.2)]
La-Ce [3 (Section 4.1)]
La-Pr [3 (Section 4.2)]
La-Nd [3 (Section 4.3)]
La-Zr [3 (Section 7.1)]
Ce-Pr [3 (Section 4.4)]
Ce-Nd [3 (Section 4.5)]
Ce-Zr [3 (Section 7.2)]
Pr-Nd [3 (Section 4.6)]
Pr-Zr [3 (Section 7.3)]
Nd-Zr [3 (Section 7.4)]
U-Pu-Np Section 2.3.2
U-Pu-Am Section 2.3.3
U-Pu-Zr Section 2.4.1
U-Zr-Ce Section 2.1.3
U-Zr-Np Section 2.1.2




Table 2. (continued).

Element(s) Handbook Section
Np-Pu-Am [3 (Section 3.6)]
Pu-Zr-Np Section 2.2.2
Pu-Zr-Am Section 2.2.3
U-Pu-Zr-Am Section 2.4.2.1
Pu-Zr-Np-Am Section 2.2.4
U-Pu-Zr-Np-Am gif_tzi?gns 2.4.2.2 through
U-Zr-Ce-Nd-Y Section 2.1.5
U-Pu-Zr-Np-Ce-Nd Section 2.4.4.3
U-Zr-La-Ce-Pr-Nd Section 2.1.4

U-Pu-Zr-La-Ce-Pr-Nd

Section 2.4.3.1

U-Pu-Zr-Np-Am-Ce-Nd

Sections 2.4.4.1 and 2.4.4.2

U-Pu-Zr-Np-Am-Ce-Nd-Y

Section 2.4.5.1

U-Pu-Zr-Np-Am-La-Ce-Pr-Nd

Sections 2.4.4.4 through
2.4.4.9

U-Pu-Zr-Np-Am-Cm-Ce-Nd-Gd-
Y

Sections 2.4.5.2 and 2.4.5.3

Mischmetal (rare-earth alloy that
includes La, Ce, Pr, and Nd)

[3 (Section 4.7)]

Table 3. Contents organized by alloy name. All references are to sections in this document.

Name Nominal composition (wt%b) Handbook Section
FCRD DOE1 U-29Pu-30Zr-2Np-4Am Section 2.4.2.7
FCRD DOE2 Pu-40Zr-12Am Section 2.2.3
FCRD AFC1-MB Pu-40Zr-10Np Section 2.2.2
FCRD AFC1-MC Pu-40Zr-12Am Section 2.2.3
FCRD AFC1-MD Pu-40Zr-10Np-10Am Section 2.2.4

FCRD AFC1-MF

U-28Pu-30Zr-7Am

Section 2.4.2.6

FCRD AFC1-MG

U-34Pu-20Zr-2Np-4Am

Section 2.4.2.5

FCRD-AFC1-MH

U-25Pu-40Zr-2Np-3Am

Section 2.4.2.8

FCRD AFC1-MI and MJ

U-29Pu-30Zr-2Np-4Am

Section 2.4.2.7

FCRD AFC2-Al

U-20Pu-15Zr-2Np-3Am

Section 2.4.2.3

FCRD AFC2-A2

U-20Pu-15Zr-2Np-3Am-1RE?

Section 2.4.4.4

FCRD AFC2-A3

U-20Pu-15Zr-2Np-3Am-1.5RE!

Section 2.4.4.5

FCRD AFC2-A4

U-30Pu-20Zr-3Np-5Am-1.5RE!

Section 2.4.4.8

FCRD AFC2-A5

U-30Pu-20Zr-3Np-5Am-1RE?

Section 2.4.4.7

FCRD AFC2-A6

U-30Pu-20Zr-3Np-5Am

Section 2.4.2.4




Table 3. (continued).

Name Nominal composition (wt%b) Handbook Section
FCRD AFC2-A7 U-20Pu-15Zr-2Np-3Am-8RE*! Section 2.4.4.6
FCRD AFC2-A8 U-30Pu-20Zr-3Np-5Am-8RE*! Section 2.4.4.9
FCRD AFC2-B1 U-30Pu-20Zr Section 2.4.1
FCRD AFC2-B2 U-55Pu-20Zr Section 2.4.1
FCRD AFC2-B3 U-20Pu-45Zr Section 2.4.1
FCRD AFC2-B4 U-20Pu-15Zr-1.5RE? Section 2.4.3.1
FCRD AFC2-B7 U-24Pu-15Zr Section 2.4.1
FCRD AFC2-B8 U-36.5Pu-20Zr Section 2.4.1
FCRD AFC2-E3 and E5 U-20Pu-10Zr-2Np-3Am Section 2.4.2.2
METAPHIX CR1 U-5.2Ce-16.1Nd-15.0Zr-1.0Y Section 2.1.5
METAPHIX CR6 U-19.3Pu-10.7Zr-9.7Np-3.7Ce-11.6Nd Section 2.4.4.3
METAPHIX CR10 U-18.3Pu-10.2Zr-9.3Np-4.7Am-3.2Ce- Section 2.4.4.2

10.2Nd

METAPHIX CR11 U-18Pu-10Zr-1.2Np-0.8Am-0.5Ce-1.4Nd Section 2.4.4.1
METAPHIX CR12 U-19Pu-10Zr-3Np-2Am-1.2Ce-3.6Nd-0.2Y Section 2.4.5.1
METAPHIX CR13 U-19.0Pu-10.0Zr Section 2.4.1
METAPHIX U-19Pu-10Zr- | U-19Pu-10Zr-3.0Np-1.6Am-0.4Cm Section 2.4.2.9
5MA
METAPHIX U-19Pu-10Zr- | U-19Pu-10Zr-1.2Np-0.6Am-0.2Cm-1.4Nd- Section 2.4.5.2
2MA-2RE 0.2Ce-0.2Gd-0.2Y
METAPHIX U-19Pu-10Zr- | U-19Pu-10Zr-3Np-1.6Am-0.4Cm-0.5Ce- Section 2.4.5.3
5MA-5RE 3.5Nd-0.5Gd-0.5Y
1. RE is a rare-earth alloy whose nominal composition (by weight) is 6La-16Pr-25Ce-53Nd

1.1 Basic Constants, Units, And Conversion Factors

Much of the experimental data on the U-Pu-Zr system was reported in the 1940s through 1970s,
before Sl units and the Kelvin temperature scale were generally adopted. Therefore, it is sometimes
necessary to convert between units.

Useful unit conversions include [4]:
e Temperature in Kelvin (K) = Temperature in Celsius (°C) + 273.15
e 1 calorie (cal) = 4.1868 Joules (J)
e 1 calorie/second (cal/sec) = 4.184 Watts (W)
e 1 Angstrom (A) = 1x10® cm = 10 nm
e 1 Angstrom (A) = 1.00202 kX [5]

Numerical values of properties that vary with temperature (e.g., heat capacities and thermal expansion
coefficients) generally do not change when temperatures are converted between °C and K. The Lorenz
number (Section 1.6.2) is an exception, and requires a temperature in K.



As used in this Handbook, the term “mole” is equivalent to “gram-atom.” Itrefers to a quantity of
material that contains Avogadro’s number of atoms, even if those atoms are of different elements. This
convention is followed by most of the references cited in the Handbook. Readers are cautioned that a
small number of the original references consider a mole to be a quantity containing Avogadro’s number
of formula units, so that a mole of UZr; has three times as many atoms as a mole of U.

Allotropic solid solutions may be indicated by parentheses. For example, (o -Zr) has the same
structure as pure a-Zr, but contains other elements such as U and Pu in solid solution.

Compositions of alloys are commonly expressed in one of four units: Weight fractions, weight
percentages, atomic fractions, and atomic percentages. Weight fractions can be converted to atomic
fractions and vice versa using Equation 1 and Equation 2.

Weight fractions can be converted to weight percent, and atomic fractions to atomic percent, by
multiplying by 100.
Equation 1. Conversion of weight fractions to mole fractions
wi
M;

(Wi
2 (3t)
where w; and x; are the weight and atomic fractions of element i and M; is the atomic weight of
the element

Xi =

Equation 2. Conversion of mole fractions to weight fractions
_ X X Mi
2i(x; X My)

where w; and x; are the weight and atomic fractions of element i and M; is the atomic weight of
the element

wi

These equations assume accurate knowledge of masses, and results of conversions may therefore vary
for materials with different isotopes. In most cases, these variations are negligible relative to other sources
of error. However, if high-precision conversions are required, calculations should be repeated with
isotope-dependent masses as appropriate for specific materials.

1.2 Relationships Between Masses, Volumes And Densities

Equation 3 defines the basic relationship between density, mass, and volume. Although each of these
guantities can be expressed in a variety of units, it is convenient to convert densities to a single unit
(e.g., g/cm3) to make comparisons easier. Equation 4 is particularly useful in comparisons involving the
original units in many publications by Soviet researchers, and Equation 5 is useful for calculating
densities from crystal structures determined by X-ray or neutron diffraction.

Densities calculated from lattice parameters or molar volumes depend on accurate knowledge of
masses, and may therefore vary for materials with different isotopes. In most cases, variations in density
due to differences in isotopic masses are negligible relative to other sources of error. However, if
high-precision calculated densities are required, calculations should be repeated with isotope-dependent
masses as appropriate for specific materials.

Equation 3. Basic relationship between density (p), mass (M), and volume (V)
p=m/\V

where p is density, m is mass, and V is volume



Equation 4. Converting densities from kg/m3 to g/cm?
p1=p2X 103
where p1 is the density in g/lcm® and p; is the same density in kg/m?®
Equation 5. Calculating the density in g/cm?® from crystallographic data
_ My _ Myot X Z'  1.66xMyqx2z
Ve NxV v
where p is the density of a unit cell in g/cm®, My and V. are the mass and volume of the unit
cell, Mo is the molar weight of the material in grams, Z is the number of atoms per unit cell (4 for

fcc materials, 2 for bce and hep materials, and other values provided in structure descriptions), N is
Avogadro’s number (6.022 x 10%), and V is the unit cell volume in A3

The unit cell volume can be calculated from the lattice parameters:
e For cubic unit cells (including fcc and bec), V = a%, where a is the lattice parameter
 For tetragonal unit cells, V = a? X ¢, where a and c are the lattice parameters
V3

e For hexagonal unit cells (including hcp and dhcp), V = - X a’ x c ~ 0.866 x a® x c,whereaand ¢

are the lattice parameters
e For orthorhombic unit cells, V = a x b x ¢, where a, b, and c are lattice parameters
e For monoclinic unit cells, V = ax b x ¢ x sinf, where a, b, and c, and p are lattice parameters

Formulas for calculating volumes of other unit cells can be found in standard crystallographic
references, e.g. [6 Appendix 9]

1.3 Relationships Between Densities, Volumes And Thermal
Expansion

Although relationships between densities, volumes, and thermal expansion can be derived from the
definitions of these quantities, Equation 6 and Equation 7 are convenient for calculating relationships
between volume changes and linear thermal expansion or density.

Equation 6: Relative volume as a function of linear thermal expansion [7 Equation 4]
V/Vo = (1+ AL/Lo)3

Where V is the volume at temperature T, Vo is the volume at temperature To, and AL/Ly is the
linear thermal expansion. Note that this equation involves V rather than AV, and that linear thermal
expansion is expressed as a fraction rather than a percent

Equation 7: Density as a function of relative volume
p = pol (V/Vo)

Where p is the density at temperature T, po is the density at temperature To, and V/Vq is the
relative volume (Equation 6)



1.4 Calculating Volumes And Densities From High-Pressure Data:
The Clausius-Clapeyron Relation
Although high-pressure experiments are outside the scope of this Handbook, some researchers have
used the Clausius-Clapeyron relation from classical thermodynamics (Equation 8) to determine volume
changes associated with atmospheric-pressure phase transitions from high-pressure experimental data and

atmospheric-pressure phase-transition enthalpies. If the volume of one of the phases is known, the volume
of the other can be calculated from the volume change determined using the Clausius-Clapeyron relation.

Equation 8. The Clausius-Clapeyron relation
aP _AS
dT AV

where P is pressure, T is temperature, dP/dT is the slope of the tangent to a phase boundary on a
pressure-temperature diagram, AS is the change in enthalpy due to the phase transition, and AV is the
change in volume due to the phase transition

1.5 Calculating Thermal Conductivity From Thermal Diffusivity,
Density, And Heat Capacity
Thermal conductivity can be calculated from thermal diffusivity, heat capacity, and density using
Equation 9. It is important to note that all of the terms in this equation are functions of temperature, and

that room-temperature values may not be appropriate for calculating thermal conductivity at other
temperatures.

Equation 9. Calculating thermal conductivity from thermal diffusivity, density, and heat capacity
k(T) = a(T) x p(T) x Cy(T)
where Kk is thermal conductivity, a is thermal diffusivity, p is density, and C, is constant-pressure
heat capacity

1.6 Common Approximations

Heat capacities and thermal conductivities or diffusivities for a number of alloys in this Handbook are
not available. In some cases, it is possible to estimate the values of these properties in terms of available
measurements by use of well-established relationships such as the Kopp-Neumann Law and the
Wiedemann-Franz (sometimes called Wiedemann-Franz-Lorenz) Law. Although the estimates provided
by these laws may be useful if no other information is available, neither should be considered a substitute
for experimental measurements. The use of either of these laws in this Handbook always indicates a need
for further research.

1.6.1 Approximate Heat Capacities: The Kopp-Neumann Law

The Kopp-Neumann Law (Equation 10) approximates the heat capacity of an alloy from its
composition and the heat capacities of its constituent elements. As noted by Tsuji [8], this law “should be
applied with caution for alloys especially near magnetic and phase transitions.”

Equation 10. Kopp-Neumann Law [8]

n
Cp = z XiCp,
i=1

where C,, is the heat capacity of the alloy and X; and C,, refer to the atomic fractions and atomic
heat capacities of each of the n elements in the alloy.



Comparison to measured heat capacities suggests that the Kopp-Neumann Law may be a reasonable
approximation for heat capacities of alloys where all of the materials have similar structures and heat
capacities, but is less reliable where phases in the alloys are significantly different from those in the
elements.

1.6.2 Approximate Thermal Conductivities: The Wiedemann-Franz Law

The Wiedemann-Franz (also called Wiedemann-Franz-Lorenz) Law states that the ratio of thermal
conductivity to electrical conductivity in metals is proportional to absolute temperature. The
proportionality constant is commonly called the “Lorenz number” or “Lorenz value” and is designated
by L. In practice, the Wiedemann-Franz law is commonly applied using electrical resistivity rather than
electrical conductivity (Equation 11).

Equation 11. Wiedemann-Franz Law
kxpr=LxT

where k is thermal conductivity, pr is electrical resistivity, L is the Lorenz number, and T is the
temperature in K

The theoretical (also called “Sommerfeld”) value of the Lorenz number calculated from quantum
statistics is 2.44 x 10 WQK 2. In practice, however, experimentally determined values of the Lorenz
number vary between different materials and temperatures. The reasons why the actual and theoretical
values differ are beyond the scope of this handbook, but are summarized in references [9] and [10].

Binkele measured the temperature dependence of the Lorenz number for several rare-earth elements
and found that it decreased with temperature, reaching the theoretical value of the Lorenz number at
~1000 K [11] (Figure 1). Although Binkele did not measure the temperature dependence of the Lorenz
number for La, Ce, or Pr, a decrease in Lorenz number with increasing temperature is consistent with the
difference in Lorenz numbers calculated from thermal conductivity and electrical resistivity data at room
temperature and melting temperature for La, Ce, Pr, and Nd in the CRC Handbook of Chemistry and
Physics [12 Tables 9 and 12].

30
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Figure 1. Comparison between the experimentally measured temperature dependence of the Lorenz
number for Nd (red curve) and the theoretical value (dashed black line) (re-drawn with selected data from
reference [11]).
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2. U-PU-ZR SYSTEM, INCLUDING U-PU, U-ZR, PU-ZR, AND U-PU-ZR
ALLOYS WITH AND WITHOUT MINOR ACTINIDES (Np, Am, Cm),
RARE-EARTH ELEMENTS (La, Ce, Pr, Nd, Gd), AND Y

2.1 Alloys Based on U-Zr, Including U-Zr and U-Zr Alloys with Minor
Actinides (Np, Am), Rare-Earth Elements (La, Ce, Pr, Nd), and Y

2.1.1 U-Zr
2.1.1.1 Introduction

Many features of the U-Zr phase diagram have been known since the 1950s, and a widely accepted
phase diagram was developed by Sheldon and Peterson in the late 1980s [13, 14]. Key features of U-Zr
phase diagrams include a high-temperature body-centered cubic solid solution between y-U and B-Zr that
separates into two body-centered cubic phases (y1 and y,) at lower temperatures, the existence of a single
intermediate phase (8-UZr) that is stable at room temperature, and limited solubility of U in a-Zr and of
Zr in a-U and B-U. However, more recent work suggests that a number of areas in this phase diagram
may require further investigation or modification of the phase diagram:

Recent research into phase-transition mechanisms has emphasized the importance of metastable
phases, which may explain many of the variations in experimental data.

Experimental work on U-Zr alloys is complicated by sluggish kinetics on a spatial scale large enough
for measurement by optical or microprobe techniques (but perhaps not on a scale of nanometers [15, 16]),
a high degree of sensitivity to impurities such as O and N in concentrations of a few hundred ppm (e.g.,
[13, 17]), and a tendency to form significant quantities of a high-Zr phase not expected from phase
diagrams. Phases, microstructures, and reaction enthalpies may differ between samples with the same
nominal composition and different thermal histories [18-21].

Models of U-Zr phases, phase segregation mechanisms and microstructure development, and the U-Zr
phase diagram have been developed using a variety of approaches (e.g., [19, 22-42]).

Although a number of researchers have measured heat capacities of U-Zr alloys at temperatures between
~300 and 850 K, measured heat capacities of alloys with similar compositions made by different research
groups may differ by 20-30%. When measurements of different compositions made by a single research group
are compared, heat capacities decrease with increasing concentration of Zr. Heat capacities between ~850 and
1000 K (~850 and 900 K for high-Zr compositions) are highly dependent on composition because of phase
transformations, and cannot be represented by smoothed values. Heat capacities of (y-U, B-Zr) solid solutions
are only slightly dependent on temperature. Experimental measurements of the low-temperature heat capacity
of splat-cooled U-Zr alloys with 30 at% Zr have recently become available [43].

Data on the thermal expansion of polycrystalline U-Zr alloys with up to ~20 wt% Zr is originally from one
of two publications (Saller et al. [44], which was the source of all of the data from this composition range in
the review of Touloukian et al. [45], and Basak et al. [46]). Both publications show similar thermal expansion
behavior for all alloys in this composition range at temperatures up to ~800 K. However, there is an important
gualitative difference: data reported by Saller et al. indicate that the thermal expansion of U-Zr alloys decreases
with increasing concentration of Zr. In contrast, data reported by Basak et al. indicate that, at least for alloys
with up to 10 wt% Zr, the thermal expansion increases with increasing concentration of Zr. This qualitative
difference becomes quantitatively important at higher temperatures, leading to differences in thermal
expansion of up to ~0.5% for similar alloys.

Data on the thermal expansion of U-Zr alloys with at least 50 wt% Zr is available in references [45] and
[47] but is not summarized here because of its limited relevance for FCRD fuels.
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Experimental determinations of the thermal conductivity of U-Zr alloys with Zr concentrations between 1
and 79 wt% Zr (~2.5 and 91 at% Zr) have been reported at temperatures up to 1200 K. Thermal conductivities
for U-Zr alloys increase with temperature. Conductivities for alloys with different compositions decrease with
increasing concentration of Zr to a minimum value at ~72.4 at% (possibly reflecting the very low conductivity
of 8-UZr,) [48] and may increase again in high-Zr compositions.

Three research groups have developed equations to predict the thermal conductivity of U-Zr alloys as
functions of composition and temperature. One of these equations is not considered because it was developed
before much of the data was available. The other two produce similar results for compositions of interest for
nuclear fuels (~10-15 wt% Zr).

The thermal conductivity of an alloy with 20 at% Zr determined from electrical resistivity using the
Wiedemann-Franz Law with the theoretical value of the Lorenz number is lower than the thermal
conductivity of the same alloy determined from heat capacity and thermal diffusivity [49].

2.1.1.2 Phases and Phase Transformations
21121 Phases
Stable phases in the U-Zr system are:

(a-U): Allotropic modification of o-U that can dissolve up to 0.5 at% Zr [13]. The maximum
concentration of Zr was determined from a single 1962 report based on optical examination of microstructures
in annealed alloys [17]. Although peaks in X-ray diffraction patterns from rapidly cooled alloys with 2-14 wt%
Zr are consistent with single phase (a-U) [16, 17, 46, 50, 51], peaks from 5-UZr, have been identified in X-ray
diffraction patterns from more slowly cooled samples with 7 wt% Zr [18]. Zhang et al. reported alternating
lamellae < 10 nm wide that they identified as a-U and 6-UZr, in TEM images of an as-cast alloy with 2 wt%
U. In the absence of further experimental data from annealed samples or high-resolution TEM data, it seems
reasonable to assume that the maximum concentration of Zr in the Sheldon and Peterson phase diagram is
approximately correct, although further experimental data from annealed or slowly cooled alloys with less than
2 Wt% Zr is needed to confirm this concentration.

All of the reported lattice parameters for (a-U) solid solutions [18, 46, 52, 53] are within a few
hundredths of an Angstrom of the corresponding lattice parameters for pure a-U [3 (Section 2.1.2.1)].
Comparisons of data from different compositions from several publications indicates that the a and ¢
lattice parameters increase with Zr content and the b lattice parameter decreases; however, this pattern is
not consistently reported and the changes that are reportedly related to Zr content are comparable in
magnitude to differences in lattice parameters for similar compositions reported in different references.
For most purposes, it seems appropriate to approximate the lattice parameters of (a-U) solid solutions by
those of o-U. If uncertainties of a few hundredths of an Angstrom are unacceptable, additional
measurements involving specific compositions and thermal histories of interest should be made.

e (o-Zr): Allotropic modification of a-Zr that can dissolve up to 1 at% U [13]. No information on
lattice parameters of (a-Zr) alloys is available; however, given the low maximum concentration of U
in this phase, it seems reasonable to assume that lattice parameters of (a-Zr) solid solutions can be
approximated by the lattice parameters of a-Zr [3 (Section 2.9.2.1)].

e (B-U): Allotropic modification of -U that can dissolve up to 1.1 at% Zr [13]. Lattice parameters have
not been reported. However, in view of the low maximum concentration of Zr, it seems reasonable to
approximate the lattice parameters of $-U solid solutions by those of pure 3-U [3 (Section 2.1.2.1)].

e v-(U,Zr): bee (space group Im3m) solid solution between y-U and B-Zr, which separates into y;
(U-rich) and vy, (Zr-rich) phases as a result of a miscibility gap whose maximum is at ~722°C and
30 at% Zr [13]. Early reports by Summers-Smith from a series of quenched samples whose Zr
feedstock probably contained several wt% Hf indicated that the room-temperature lattice parameters
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of quenched y-(U,Zr) alloys with 40-90 at% Zr varied linearly as a function of the concentration of Zr
[54]. A more recent study by Huber and Ansari [55] involved duplicate measurements of alloys with
25-80 at% Zr at two universities using samples of unspecified purity prepared by splat quenching
from a liquid. Krupska et al. reported the lattice parameter of an alloy with 30 at% Zr, but were
unable to retain y-(U,Zr) at lower concentrations of Zr even in splat-cooled samples [43]. All of these
results generally confirm the linear variation in lattice parameters reported by Summers-Smith
(Figure 2). Measurements of lattice parameters of y-U in samples that also contain 6-UZr by

Basak et al. [19, 20] are generally consistent with measurements from the splat-cooled samples and
suggest that lattice parameters may be relatively insensitive to variations in thermal and processing
history.

In general, it seems reasonable to approximate the room-temperature lattice parameter of y-(U,Zr)

solid solutions by interpolation between the room-temperature lattice parameters of y-U and B-Zr. New
measurements may be needed if high-precision lattice parameters from specific alloys are required.

Lattice parameter, y-(U,Zr) solid
solutions
3.6
3.58 R
o, O Huber and Ansari
'IjE
< 3.56 XD 0 Basak quench 635
- m]
® 354 " = A Basak quench 720
Lot ) . O Basak quench 875
3.52 +°
Krupska et al 2016
35 T T T T 1 = eeeeee U_Zr
0 20 40 60 80 100
at% Zr

Figure 2. Variations in the room-temperature value of the lattice parameter a in y-(U,Zr) solid solutions
[19, 20, 43, 55]. Dotted line connects the room-temperature densities of y-U and B-Zr [54].

8-UZr; (also called “epsilon” or “€* in some older references). This phase is currently believed to
have a hexagonal structure (space group P6/mmm, a = 5.03A, ¢ =3.09 for a sample with ~70.7 at% Zr
[56]), although some earlier references used a cubic unit cell with a lattice parameter of ~ 10.68 A
(e.g. [57]). The structure of 8-UZr is a modification of a C32 (AIB,)-type structure, with three atoms
per unit cell. It is generally believed to have a partially ordered structure in which the (0,0,0) position
is preferentially occupied by Zr and the (1/3, 2/3, 1/2) and (2/3, 1/3, %) positions have a random
distribution of U and Zr [56, 58-60]; however, no structure refinements that quantitatively address site
occupancies are available.

Akabori reported that lattice parameters increase with increasing temperature or concentration of Zr
[56, 59] based on samples whose compaositions were chosen to produce single-phase 6-UZr,. This
pattern is far less obvious if one also considers the data of Basak et al. [18, 20] (Figure 3 and

Figure 4). Basak et al. used multi-phase samples with complex thermal and processing histories, and
their data is based on a combination of compositions from SEM-EDX analyses and lattice parameters
determined from X-ray diffraction. Based on the currently available data, it seems likely that the
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trends identified by Akabori exist among samples with similar thermal histories, but may be obscured
in comparisons between samples with significantly different thermal and processing histories.

The stability range for 5-UZr, is commonly considered to be ~64-80 at% Zr [59]; however, phase
boundaries are strongly dependent on concentrations of impurities such as O and N [13]. The
presence of this phase in a specific sample may also be strongly dependent on thermal history (e.g.,
[19, 20]).

a lattice parameter, 6-UZr,

5.044
5.042 -

5.04
>038 @) O Akabori 1992
5.036 aborl

"< 5.034 o = A Akabori 1995

>.032 JAY O Basak 7% Zr alloy

5.03 =
5.028 B OBasak 35% Zr alloy
5.026 0 =Basak 50% Zr alloys
5.024 T T T )

60 65 70 75 80
At% Zr

Figure 3. Variations in the room-temperature value of the a lattice parameter in 5-UZr, [18, 20, 56, 59]).

c lattice parameter, 5-UZr,
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3.1 O Akabori 1992
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3.09 o =N & Basak 7% Zr alloy
3.085 o1 O Basak 35% Zr alloy
3.08 ; . . . =Basak 50% Zr alloys
60 65 70 75 80
At% Zr

Figure 4. Variations in the room-temperature value of the c lattice parameter, 3-UZr [18, 20, 56, 59].

U-Zr alloys with Zr concentrations that phase diagrams indicate are too low to allow formation of
stable a-Zr or B-Zr commonly have U-bearing high-Zr inclusions (e.g., [61]). These inclusions are
generally referred to as “oxygen-stabilized a-Zr”” because of early observations that the inclusions were
more common in U-Pu-Zr alloys in alloys cast with higher concentrations of oxygen [62]. Little is known
about these inclusions, although evidence from apparently similar inclusions in other actinide-Zr alloys
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suggests that they may not have the same structure as o-Zr and may have significant concentrations of
actinides (e.g., [31, 63, 64]). Further research is needed to determine what these inclusions are, why they
form, and whether they are stable.

A variety of metastable phases have been identified in U alloys. Nomenclature for identifying these
phases is complex and may vary between references, and complete characterizations of individual phases
are not available. In general, prime or double prime symbols indicate crystallographic variations, and
subscripts indicate variations in appearance in optical metallographs (e.g., acicular habit or banded
structure) [65]. Metastable U-Zr phases mentioned in this handbook include o' (crystallographically
similar to a-U), y*” (crystallographically similar to y-U), and o (crystallographically similar to o-Zr).

2.1.1.2.2 Solid-State Phase Transitions

Several metastable phases have been observed during transitions from y-(U,Zr) to (a-U) and 6-(UZry)
solid solutions during cooling. Although these phases do not appear in phase diagrams, their presence can
complicate experimental studies of equilibrium phenomena. Whether these phases occur in a given
sample depends on its cooling rate as well as its composition [52, 66-69]. For example, unless high-U
alloys are cooled very slowly (~0.1 K/min), the room-temperature assemblage is likely to include the non-
equilibrium o’ phase in addition to (0-U) and 6-UZr; [52].

Many details of phase transformations in U-Zr alloys are being actively investigated (e.g., [15, 16, 18-
20, 46, 51-53, 66, 70]). There is as yet no systematic understanding, and published experimental results
seem to be strongly dependent on the thermal histories of specific samples.

Table 4 lists measured phase-transformation temperatures and enthalpies from U-Zr alloys. It also
lists the reactions associated with each phase transformation, as identified in the individual references.
Data from references [21] and [71] demonstrates variations in phase-transformation temperatures as a
result of differences in thermal history, but was not included in Table 4 because it required correction for
changes in sample masses caused by oxidation during DSC/TGA measurements. Enthalpies of reactions
involving (a-U) or (a-Zr) are related to the proportions of the phases in the alloys [56].

Table 4. Transformation temperatures and enthalpies of solid U-Zr alloys [49 (Table 2), 52 (Table V), 56
(Table 2), 72, 73 (Table 4)]. a. and {3 refer to (a-U) and (B-U) solid solutions, and 6 refers to 6-(UZr,). For
each composition, phase transitions are reported in order of increasing temperature.

0,
(J(_:) a;f) 8/13) (K ?/gol) Reaction Reference
580 5 1.21 — @5 o o+ 72 [52]
584 5 — 0.32 — [56]
670 5 11.2 — (0 +72¢> B +72) [52]
696 5 14.9 — B+y2eB+711) [52]
715 5 11.1 — B+yioy [52]
582 12 1.85 — @5 o o+ 72 [52]
602 12 — 0.94 — [56]
680 12 10.7 — (0 +y2 B +72) [52]
695 12 12.3 — B+y2ePB+711) [52]
722 12 2.51 — Y1ty ey [52]
570 14 — — — [72]
614 14 — — 8—y(U,Zr) [73]
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Table 4. (continued).

(0]
(°-E:) a;(o S/I'gl) (K?/ﬁol) Reaction Reference
667 14 — — (a-U)—(B-V) [73]
670 14 — — B oty” [72]
691 14 — — (B-U)—>y(U,Zr) [73]
695 14 — — yepty” [72]
680.0 | 16.4 _ _ v phas(ecgglri‘f]g‘;rmation [50]
606 20 — 1.57 atd o oty [49]
684 20 — 1.43 Aty pry [49]
698 20 — 0.19 B+y o v+ [49]
738 20 — 0.10 VYo y [49]
585 22.5 3.71 — S o at ) [52]
683 22.5 10.26 — (0 +72 o B +72) [52]
696 22.5 8.01 — (B+720 B +71) [52]
722 22.5 151 — YTy oy [52]
601 30 — 2.63 — [56]
619 35 — — 5—y(U,Zr) [73]
665 35 — — (a-U)—(B-V) [73]
686 35 — — (B-U)—8(U,Zr) [73]
606 51 — 3.95 — [56]
612 62 — 5.35 — [56]
609 67 — 5.56 — [56]
606 71 — 5.17 — [56]
619 72 — — §—y(U,Zr) [73]
584 81 — 4.41 — [56]
594 85 — 3.98 — [56]
598 90 — 2.51 — [56]
601 91 — — 5—y(U,Zr) [73]
597 95 — 1.04 — [56]
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211221 Formation of 5&~UZr2

According to the phase diagram of Sheldon and Peterson, 6-UZr, forms during cooling by one of two
reactions: the peritectoid reaction (o-U) + y2 <> 8 at ~615°C or the eutectoid reaction y, <> (a-Zr) + 6 at
~606°C [13, 59]. It is generally agreed that the transformation from vy, to 3-UZr; is an w-transformation
analogous to that in Ti, Zr, and Hf, which involves ordering of Zr atoms in the vy, crystal structure to form
the metastable o structure followed by collapse of the y lattice planes to form §-UZr; [19, 20, 66]. This
transformation leads to well-defined orientation relationships between the phases [15, 16, 19, 20, 66].

The commonly reported absence of peaks from 5-UZr, in X-ray diffraction patterns with up to ~ 15-
20 wt% Zr has been interpreted as evidence that the reactions leading to formation of 8-UZr are
“sluggish;” however, recent TEM studies in which narrow lamellae of 5-UZr;, have been observed in
as-cast alloys with 2-10 wt% Zr suggest that the nucleation of 3-UZr; is faster than has been previously
believed [15, 16, 52]. Identifying distinctive peaks from 5-UZr in X-ray diffraction patterns is
complicated by multiple peak overlaps with a-U and structural similarities between 8-UZr; and the
metastable o phase (e.g., [15, 16, 52, 66]), and it seems likely that 5-UZr, occurs in some samples in
which its presence has not been detected.

211222 Relationships between a-U, g-U, and »(U,Zr)

Ahn and colleagues have recently suggested that the Sheldon and Peterson phase diagram does not
represent phase transitions in high-U compositions correctly, and that an earlier phase diagram proposed
by Rough and Bauer [74, 75] may be more accurate [21, 71]. The two phase diagrams represent the
relationship between a-U, B-U and y-(U,Zr) differently: in the Rough and Bauer phase diagram
(Figure 5), this relationship is (B-U) + y1 < (a-U) (peritectoid); in the Sheldon and Peterson phase
diagram (Figure 6), it is reaction is (B-U) < (a-U)+ v2 (eutectoid). Although the transformation occurs
only in alloys with less than ~1 at% Zr, it has implications for phase relationships in all alloys with more
than ~40 at% U. If the Sheldon and Peterson phase diagram is correct, there is a broad (B-U) + - field,
and the transformation at 684°C corresponds to the (o + y2 <> B + v2) reaction; if the Rough and Bauer
phase diagram is correct, there is no (B-U) + v field and the transformation at 684°C corresponds to the
(o + y2 & o + y1) reaction.
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Figure 5. Partial U-Zr phase diagram based on Rough and Bauer [76].

Another consequence of the difference between phase diagrams is that alloys with 10-20 wt%
(~22-40 at%) Zr will undergo three phase transformations at temperatures below ~700°C if the Sheldon
and Peterson phase diagrams are correct, but only two if the Rough and Bauer phase diagram is correct
[21, 71]. The experimental data are inconclusive. TGA traces from two of the three samples whose
nominal compositions have 10 wt% Zr measured by Ahn et al. [21] show two peaks, and one shows three.
Measurements by Ahn et al. of an alloy with 20 wt% Zr show only two peaks, but a measurement of an
alloy with the same nominal composition by Matsui et al. [49] shows three. Takahashi et al. [73] found
only two peaks at temperatures below 700°C in their work on an alloy with 35 at% (~17 wt%)

Zr. Kaity et al. [72] found three peaks below 700°C in a sample with 6 wt% Zr, but attributed one of them
(at 570°C) to a martensitic transformation in (a-U). Rai et al. observed four transitions in DSC data from
alloys with 2, 5, and 10 wt% Zr in DSC data collected with a heating rate of 3K/minute, but not in alloys
with 5 and 10 wt% Zr in data collected with a heating rate of 10 K/minute [52].

Further work is clearly needed to understand solid-state phase transitions in U-Zr alloys. Recent
research emphasizing the importance of thermal history and metastable phases suggests that simply
counting phase transitions may not be enough to determine which phase diagram best represents the U-Zr
system.

2.1.1.2.3 Liquidus and Solidus

Solidus and liquidus temperatures in the original Sheldon and Peterson phase diagram [13] and the
Rough and Bauer phase diagram [74, 75] were both based on experimental data from Summers-Smith
[54]. More recent measurements involving a small number of compositions [31, 72, 77, 78] suggested that
these solidus and liquidus temperatures were approximately correct, but might be too high by a few tens
of °C for intermediate compositions. Measurements by Kaity et al. [72] from an alloy with 6 wt% Zr were
consistent with the solidus temperature in the Sheldon and Peterson phase diagram but suggested that the
liquidus temperature was too high by several tens of degrees.
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Balakrishnan et al. [79] reported the first experimental measurements of solidus and liquidus
temperatures spanning the entire U-Zr composition range in 2016. These measurements were obtained
from Zr and eighteen U-Zr alloys using a technique that involved melting a small spot of each alloy using
RF induction in a Knudsen cell and measuring the liquidus and solidus temperatures by changes in optical
reflectivity. The alloys were cast in yttria crucibles with strenuous attempts to minimize oxidation. The Zr
feedstock contained ~0.48 wt% Hf, with a few tens of ppm of other metallic impurities, and the U
feedstock was 99.9% wt% U. Errors in alloy compositions were estimated to be at most £1.3%. The
melting temperature of Zr in the data from Balakrishnan et al. is the same as the ITS-90 value [80] to
within the stated errors.

The data of Balakrishnan et al. (Table 5) appear to provide an accurate representation of the liquidus
and solidus for all proportions of U and Zr, and should be used in preference to earlier measurements.

The remaining liquidus and solidus temperatures in Table 5 were obtained using DSC or DTA.
Reported impurity concentrations in the as-cast alloys ranged from ~70 to ~1650 ppm. The actual
concentrations of impurities may be significantly higher than reported in some cases, as some of the
analyses did not include common impurities such as C, O, and Si. In particular, Hf is a common impurity
in Zr, but only Balakrishnan et al. [79] reported it.

The solidus temperatures measured by Rai et al. are consistent with the results of Balakrishnan et al.
for alloys with 5 and 12 at% Zr. However, the solidus temperature measured by Rai et al. for the alloy
with 22.5 at% Zr seems anomalously high, possibly because of reported difficulties in obtaining an
accurate baseline [52]. The solidus temperatures measured by Kaity et al. [72] are consistent with the
solidus measurements of Balakrishnan et al.; however, the single liquidus measurement by Kaity et al. is
significantly below the measurements of Balakrishnan et al. Balakrishnan et al. suggested that this
difference was due to a high-temperature reaction between liquid U and the alumina crucibles used by
Kaity et al. [79].

The enthalpies of melting from Rai et al. in Table 2 are the only available values for U-Zr alloys;
however, it seems likely that they are significantly too high because the enthalpy of melting for pure U
from the same source (88.2 J/g =~ 23.18 kJ/mol) is well above the highest previously reported value of
12.1 kdJ/mol [3 (Section 2.1.2.2)]. Further investigation is clearly required.

Table 5. Solidus and liquidus measurements of U-Zr alloys [52 (Table V), 72, 79 (Table 6)]. Data from
Balakrishnan et al. (reference [79], in bold type) is preferred, and has an estimated maximum composition
error of +1.3%.

Azt(;A) SOIE?(L;S T Enr:;?tlie])g o qulz:g)us T Reference
(J/9)
1.9 1411+4 — 142945 [79]
2.1 141345 — — [79]
4.9 1418+4 — 14655 [79]
5 1426 97.4 — [52]
10 1433-1473 — — [54]
10.1 1452+1 — 1525+2 [79]
11.8 1441+6 — — [79]
12 1446 1129 — [52]
14 1448 — 1488 [72]
14.2 1468+3 — 1550+7 [79]
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Table 5. (continued).

A;;/O SOIEdKl;S T Enr;r;?tli% o L'qL(J;g)us T Reference
(J/g)
16.4 1488 — — [50]
19.3 1489+7 — 1631+10 [31]
22.5 1521+7 — 1628+7 [79]
22,5 1644 128.8 — [52]
29.9 1576+3 — 1690+9 [79]
30 1523-1573 — — [54]
39.9 1659+6 — 1776x7 [79]
40 1693-1783 — — [54]
50 1673-1723 — 1733-1833 [54]
50 1744+7 — 184345 [79]
59.9 1832+1 — 191445 [79]
60 — — 1803-1913 [54]
69 1900+2 — 1975+2 [79]
70 — — 1873-1998 [54]
74.5 1937+10 — — [79]
75 19566 — 2003+4 [79]
80 — — 1943-2083 [54]
82.9 2002+1 — — [79]
84.9 2031+1 — 2060+2 [79]
89.9 2067+2 — 2088+1 [79]
94.9 208414 — 2109+4 [79]
100 — — 1973-2113 [54]
100 2128+3 — 2128+3 [79]

21124 Phase Diagrams

Important features of the U-Zr phase diagram have been known since the 1950s (e.g., [17, 74]).
Chiotti [81] and Sheldon and Peterson [13] suggested phase diagrams based on reviews of the available
data. Okamoto modified the 1989 Sheldon and Peterson phase diagram by substituting the calculated
liquidus and solidus from Leibowitz et al. [32] for the original experimentally determined curves to
produce the 1990 “Sheldon and Peterson” phase diagram [14]. The 1989 and 1990 versions of the
Sheldon and Peterson phase diagrams are sufficiently similar that they are rarely distinguished, and both
have been widely accepted for many years. However, more recent research suggests that several features
of the Sheldon and Peterson phase diagram(s) may require modification:

e Solidus and liquidus temperatures. The liquidus and solidus of the Sheldon and Peterson phase

diagram should be replaced by the new measurements of Balakrishnan et al. [79], which are shown in

red in Figure 6.
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o The range of compositions in 3-UZr; solid solutions, for which a more detailed investigation has been
carried out [59]. Incorporation of the newer data leads to small changes in the phase diagram for
alloys with ~80-85 at% Zr. These changes are shown near the large arrow in Figure 6.

e Anongoing disagreement regarding the nature of the relationship between (a-U), (B-U), and y-(U,Zr)
solid solutions (Section 2.1.1.2.2.2). Although this transformation occurs only in alloys with up to
~1 at% Zr, resolution of the disagreement has implications for phase transformations in alloys with Zr
concentrations up to ~60 at%. Depending on the resolution of this issue, phase-diagram modifications
needed to accommodate more recent work may be required.

Wt % Zr
0 10 20 30 40 50 60 70 8090100
2000 1 | 1 1 1 1 1 1 1
1855
1800- =~ |
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© 1200 -
_ 1135
1000' (B_U) B
663
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1 YZ \ J
p—— 606
600' *(a_u) 617 /' s T L
662 : 5 ' (azr)”
400 . [ . . . . : \ : |
0 10 20 30 40 50 60 70 80 90 100

At % Zr

Figure 6. U-Zr phase diagram according to Sheldon and Peterson [13], with changes suggested by
Akabori et al. 1992 [59] near large arrow. The liquidus and solidus measured by Balakrishnan et al. [79]
are shown in red.

2.1.1.3 Heat Capacity and Related Properties
2.1.1.3.1 Heat Capacities between 300 and 850 K

Heat capacities of U-Zr alloys reported by Fedorov and Smirnov [82] were generally accepted until
the late 1980s (e.g., [13, 81]). Later experimental work by Matsui et al. [49] and Takahashi et al. [73]
suggested that these heat capacities were too high. More recent heat-capacity measurements of alloys with
6 and 7 wt% Zr (~14 and 16.4 at% Zr) [72, 83] are higher than those from Matsui et al. and
Takahashi et al. [49, 73], and are higher than those of Federov and Smirnov [82] for alloys with similar
compositions at some temperatures. Comparisons of heat capacity values from different compositions
measured by the same research groups [73, 82] indicate that heat capacities of U-Zr alloys decrease with
increasing proportions of Zr.

Figure 7 shows measured heat capacities for U-Zr alloys with 13-41 at% Zr at temperatures between
300 and 850 K. Values for alloys with similar compositions measured by different research groups
(e.g., 14 at% Zr [73], 14.28 at% Zr [72], and 16.4 at% Zr [83]) differ by 20 - 30%. Further data are clearly
needed to obtain reliable heat-capacity values.
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A recent review by Ogata [37] reported that the data of Matsui et al. [49] are in good agreement with
a thermodynamic analysis by Kurata et al. [26] for temperatures below 850 K. In the absence of further
high-quality measurements, it seems appropriate to use the data of Matsui et al. for U-Zr alloys with less
than ~40 at% (~20 wt%) Zr.

Tabulated data values for the data from Matsui et al. can be found in reference [49]. However, a more
convenient approach may be to use a polynomial that Kaity et al. [72] fitted to these data (Equation 12),
noting that Matsui expressed heat capacities in J/mol-K and Kaity et al. expressed them in J/gram-K.

Heat capacities of U-Zr alloys with 13-41
at% Zr from 300-850 K

60
U-13 at% Zr Fedorov
55 and Smirnov
50 == = |J-14 at% Zr Takahashi
-4
45

7 = o «U-14.28 at% Zr Kaity
pa /

U-16.4 at% Zr Dash

C,, J/mol-K

U-20 at% Zr Matsui

U- 35 at% Zr Takahashi

300 500 700 900 U-41 at% Zr Fedorov
T(K) and Smirnov

Figure 7. Measured heat capacities for U-Zr alloys with 13-41 at% Zr (~5.5-21 wt% Zr) at temperatures
from 300-850 K [49, 72, 73, 82, 83]. Different styles of line (solid, dashed, etc.) line indicate data from
different references.

Equation 12. Heat capacity of U-20 at% Zr (U-9 wt% Zr) alloy from 289 to 852 K (Polynomial from
reference [72], fitting data from reference [49]).
Cp=37.99+0.2xT+273x10%T?

where C,, is constant-pressure heat capacity in J/gram-K, T is temperature in K, and T is between
289 and 852 K

21132 Heat Capacities between 850 and 1000 K

Heat capacities are highly dependent on composition and temperature between ~850 and 1000 K for
samples with high concentrations of U (~850 and 900 K for samples with high concentrations of Zr)
because of phase transformations involved in the formation of y-(U,Zr). Heat-capacity measurements for
specific samples and temperatures can be found in the original references [49, 72, 73].

2.1.1.33 Heat Capacities of »(U,Zr) Solid Solutions
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Heat capacities of y-(U,Zr) solid solutions at 1000 K are summarized in Table 6. Experimental
measurements [49, 73, 82] and thermodynamic models [37] show only a limited dependence on
temperature. Data from reference [49] appear anomalously high relative to data from reference [73].
Ogata [37] notes that the data of Takahashi et al. [73] are in good agreement with the thermodynamic
analysis of Kurata et al. [26] for temperatures above 900K. Although further investigation is required, it
seems reasonable to use the data of [73] at this point. It also seems likely that heat capacities in y-(U,Zr)
decrease slightly with increasing concentrations of Zr.

Table 6. Heat capacities of y-(U,Zr) solid solutions at 1000 K.

At% Zr Wit% Zr Cp (I/mol-K) Reference
14 6 35.8 [73]
20 9 44.45 [49]
35 17 34.3 [73]
72 50 311 [73]
91 80 31.0 [73]

2.1.1.4  Thermal Expansion and Eensity
21141 Thermal Expansion of 5UZr2

The only available data about the temperature dependence of lattice parameters of 5-UZr; is from a
sample with 70.7 at% Zr. Akabori et al. [56] determined the lattice parameters of this alloy from room
temperature to 880 K using Rietveld refinement of high-temperature neutron-diffraction data and fitted
their results with polynomials (Equation 13 and Equation 14). They are shown in Figure 8.

Equation 13. a lattice parameter of 8-UZr, in U-70.7 at% Zr, in A (from [56 (Equation 1)])
a=(0.530 — 1.67x10°°xT + 7.22x10°xT?) x 10

Equation 14. c lattice parameter of 8-UZr, in U-70.7 at% Zr, in A (from [56 (Equation 2)])
¢ = (0.3081 + 2.95x10°°xT — 1.31x10°xT?) x 10

where a and c are lattice parameters in A, T is a temperature in Kelvin, and T is between room
temperature and 880 K
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Lattice parameters of 8-UZr, in an alloy with
70.2 at% Zr
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Figure 8. Variations in lattice parameters of 5-UZr; in U-70.7 at% Zr as a function of temperature
(Equation 13 and Equation 14)

2.1.14.2 Thermal Expansion of »(U,Zr)

The only available data about the temperature dependence of the lattice parameter of y-(U,Zr) is from
a sample with 70.7 at% Zr. Akabori et al. [56] determined the lattice parameters of this alloy as 3.589 A at
925 K and 3.592 A at 975 K using Rietveld refinement of high-temperature neutron-diffraction data.

2.1.1.43 Thermal Expansion of Polycrystalline U-Zr alloys with up to 20 wt% Zr

Data on the thermal expansion of polycrystalline U-Zr alloys with up to ~20 wt% Zr are originally
from one of two publications (Saller et al. [44], which was the source of all of the data from this
composition range in the review of Touloukian et al. [45]), and Basak et al. [46]. Both publications show
similar thermal expansion behavior for all alloys in this composition range at temperatures up to ~800 K.

Figure 9 shows linear thermal expansion measurements from polycrystalline U-Zr alloys with up to
~15.5 wt% Zr [45]. The figure also shows polynomial fits for alloys with 10 and 20% Zr (Equation 15
and Equation 16), which Touloukian et al. considered accurate to within £7% for the entire temperature
range. Thermal expansion curves for U and Zr [3 (Sections 2.1.4 and 2.9.4)] are shown for comparison.
Although individual measurements vary slightly, the curves in Figure 9 show a strong tendency for
thermal expansion to decrease with increasing proportion of Zr. This tendency is consistent with the
relative thermal expansion of U and Zr and the existence of a continuous solid solution between y-U and
B-Zr (Section 2.1.1.2).
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Thermal expansion of polycrystalline U-Zr alloys
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Figure 9. Thermal expansion of U-Zr alloys according to Saller et al. and Touloukian et al. [44, 45], with
thermal expansion of U and Zr [45, 84] for comparison. Values for 10 wt% and 20 wt% Zr are
polynomial fits to tabulated data from Touloukian et al. [45].

Figure 10 shows results of recent dilatometry experiments by Basak et al. [46] (Equation 17 through
Equation 24), which show higher values for thermal expansion than the data in Figure 9. The curves in
Figure 10 show that thermal expansion increases in alloys with up to 10 wt% Zr. This relationship is
reversed in another paper by Basak and colleagues, in which the thermal expansion of an alloy with
2 wt% Zr is below that of U [53 (Figure 2)]. The reason for the variations in the thermal expansion of
alloys with 2 wt% Zr relative to that of U is unknown.

In the absence of new experiments, it seems reasonable to assume that the thermal expansion of U-Zr
alloys with up to ~20 wt% Zr is consistent with the range of variation shown in Figure 9 and Figure 10. If
greater precision is required, new measurements of specific alloys of interest may be appropriate.
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Thermal expansion of polycrystalline U-Zr alloys
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Figure 10. Thermal expansion of U and U-Zr alloys according to Basak et al. [46]

Equation 15 and Equation 16 express the recommended thermal expansion values for (a-U) in
well-annealed alloys with 10 and 20 wt% Zr from reference [45]. Both equations are reported as accurate
to within + 7% over the entire temperature range.

Equation 15. Thermal expansion of U-10 wt%-Zr from 293 to 900 K according to Touloukian et al. [45]
(L-Lo)/Lo=-0.424 + 1.658 x 103 x T -1.052 x 10% x T2+ 1.115x 10° x T*

where (L-Lo)/Lo is thermal expansion in %, T is temperature in K, T is between 293 and 900 K,
L is the length at temperature T, and Lo is length at 293 K

Equation 16. Thermal expansion of U-20 wt%-Zr from 293 to 900 K according to Touloukian et al. [45]
(L-Lo)/Lo=-0.301 +1.160 x 103 x T —7.790 x 107" x T+ 1.080 x 10° x T3

where (L-Lo)/Lo is thermal expansion in %, T is temperature in K, T is between 293 and 900 K,
L is the length at temperature T, and Lo is length at 293 K

Basak et al. [46] also fitted their data with polynomials (Equation 17 through Equation 24):
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Equation 17. Thermal expansion of (a-U) in U-2 wt%-Zr from 323 to 923 K according to
Basak et al. [46]

(L-Lo)/Lo=-0.381+12.238 x 10* x T—2.793 x 107 x T?+9.904 x 101% x T3

where (L-Lo)/Lo is thermal expansion in %, T is temperature in K, T is between 323 and 923 K, L is
the length at temperature T, and Lo is length at 323 K

Equation 18. Thermal expansion of (y-U) in U-2 wt%-Zr from 998 to 1173 K according to Basak et al [46]
(L-Lo)/Lo=-7.775+2.405x 102 x T —2.105 x 10° x T2+ 0.669 x 108 x T3
where (L-Lo)/Lo is thermal expansion in %, T is temperature in K, and T is between 998 and 1173 K
Equation 19. Thermal expansion of (a-U) in U-5 wt%-Zr from 323 to 923 K according to Basak et al. [46]
(L-Lo)/Lo=-0539+2.181 x 103 x T—-2.1x 10°x T2+ 2,087 x 10° x T®

where (L-Lo)/Lo is thermal expansion in %, T is temperature in K, T is between 323 and 923 K, L is
the length at temperature T, and Ly is length at 323 K

Equation 20. Thermal expansion of (y-U) in U-5 wt%-Zr from 998 to 1173 K according to Basak et al. [46]
(L-Lo)/Lo=-55.041 + 14.778 x 102 x T —12.804 x 10° x T?+ 3,737 x 108 x T3
where (L-Lo)/Lo is thermal expansion in %, T is temperature in K, and T is between 998 and 1173 K
Equation 21. Thermal expansion of (a-U) in U-7 wt%-Zr from 323 to 923 K according to Basak et al. [46]
(L-Lo)/Lo=-0.62+2.732 x 10 x T —3.386 x 10® x T2+ 3.055 x 10° x T*

where (L-Lo)/Lo is thermal expansion in %, T is temperature in K, T is between 323 and 923 K, L is
the length at temperature T, and Ly is length at 323 K

Equation 22. Thermal expansion of (y-U) in U-7 wt%-Zr from 998 to 1173 K according to Basak et al. [46]
(L-Lo)/Lo=-42.52 +11.369 x 102 x T —9.709 x 10° x T?+2.804 x 108 x T3
where (L-Lo)/Lo is thermal expansion in %, T is temperature in K, and T is between 998 and 1173 K
Equation 23. Thermal expansion of (a-U) in U-10 wt%-Zr from 323 to 923 K according to Basak et al. [46]
(L-Lo)/Lo=-0.73+3.489 x 103 x T -5.154 x 10° x T2+ 4.39 x 10°x T

where (L-Lo)/Lo is thermal expansion in %, T is temperature in K, T is between 323 and 923 K, L is
the length at temperature T, and Ly is length at 323 K

Equation 24. Thermal expansion of (y-U) in U-10 wt%-Zr from 998 to 1173 K according to Basak et al. [46]
(L-Lo)/Lo=-25.252 + 6.669 x 102 x T —~5.441 x 10°x T2+ 1518 x 108 x T3
where (L-Lo)/Lo is thermal expansion in %, T is temperature in K, and T is between 998 and 1173 K
21.1.4.4 Coefficients of Thermal Expansion

Thermal expansion coefficients corresponding to Equation 15and Equation 16 (which approximate the thermal
conductivity of alloys with 10 and 20 wt% Zr) can be found in reference [45]. Basak et al. published thermal
expansion coefficients for an alloy with 50 wt% Zr [18], and Rough published single values expressing coefficients
of thermal expansion across relatively wide temperature ranges for U-59 wt% Zr and U-78 wt% Zr [74]. In view of
the inconsistencies in the thermal expansion data and the relative lack of interest in high-Zr alloys for fuels, it seems
appropriate to postpone summaries of thermal expansion coefficients until further high-quality measurements are
available.
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2.1.1.45 Densities
211451 Room-temperature Density of 5UZr2

Measurements of the room-temperature densities of single-phase samples of 5-UZr, are not available. However,
Equation 5 can be used to calculate densities from crystal structures and lattice parameters, which have been
published in a number of references (e.g., [18-20, 56-60, 85]. Data in reference [19] is apparently repeated from
reference [18], and lattice parameters in reference [60] were determined by re-indexing data from reference [57]).
Some early references (e.g., [57] and [85]) used a large cubic unit cell with 54 atoms; however, a hexagonal unit cell
with 3 atoms has generally been accepted since it was proposed in 1957 [58, 60]. Densities calculated from the cubic
and hexagonal unit cells are equivalent.

Table 7 and Figure 11 show the densities of 5-UZr; in samples for which compositions and lattice parameters
were published, calculated using Equation 5. Densities from references [58, 85] are generally consistent with those
in Table 7 and Figure 11 but were not included because these references did not specify compositions.

Despite the absence of obvious systematic relationships between lattice parameters and compositions (Section
2.1.1.2.1), densities of 8-UZr, decrease approximately linearly as a function of composition. However, all of the
calculated densities are smaller than would be predicted from a linear relationship between densities of a-U and a-
Zr by a few tenths of a gram per cubic centimeter (Figure 11).

The alloys considered in Table 7 and Figure 11 have a variety of thermal histories. In particular, data from
references [18] and [20] are from samples with complex processing histories that may have included hot rolling,
several cycles of quenching and heating, or lengthy holds at intermediate temperatures. None of these variations in
thermal and processing history caused significant changes in the density of the 5-UZr.

If a single value for the density of 5-UZr; is needed, the value of 9.87 g/cm? [56] appears to be the best possible
value. In addition to representing an intermediate composition (70.7 at% Zr), this density was calculated from lattice
parameters from high-resolution neutron-diffraction data, which the authors believed were more accurate than lattice
parameters from their X-ray diffraction data [56].

Table 7. Room-temperature lattice parameters and densities of 5-UZr,.

Wi% W% At% At% Density
21 U 21 U a (A c(A) (g/em?) Reference
40.0 60.0 635 365 | 50369 | 3.0851 | 10.64 | [18], Sample 35Zr240h
40.0 60.0 635 365 | 50342 | 3.0013 | 10.63 | [18], Sample 7Zr2880h
437 56.4 66.9 331 5025 | 3086 | 1032 | [59]—
475 526 702 298 5028 | 3.09 9.94 | [59]—
48.1 52.0 707 293 | 50317 | 3.0888 | 9.87 | [56]—
50 50 723 277 | 50429 | 31052 | 9.60 5705] Csamp'e quenched from
50 50 72.3 277 | 50429 | 3.1043 | 961 522%],; Csamp'e quenched from
50 50 72.3 277 | 50419 | 3.0038 | o964 | [20]: Sampleagedat550°C and
quenched
50 50 723 277 | 50343 | 30038 | 967 | [20) Sample aged at300°C and
quenched
53.6 46.4 751 24.9 503 | 3097 | 938 |[59]—
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Figure 11. Room-temperature density of 3-UZr, calculated lattice parameters in references [18, 20, 56,
57, 59]

211452 Room-Temperature Densities of («-U) Solid Solutions:

Measurements of the room-temperature densities of single-phase samples of U-Zr solid solution
phases with the a-U structure have apparently not been published. However, Equation 5 can be used to
calculate densities from compositions and lattice parameters. Lattice parameters were published
numerically by Basak et al. [18] and Rai et al. [52] and presented graphically by Basak et al. [53] and
Zhang et al. [16].

Table 8 and Figure 12 show the densities of (a-U) solid solutions in U-Zr alloys with lattice
parameters published numerically, calculated using Equation 5 with 4 atoms per unit cell [86]. The
densities decrease approximately linearly as a function of composition. Despite differences in crystal
structure between o-U and a-Zr, densities of (c-U) solid solutions can be approximated by interpolation
between the room-temperature densities of a-U and a-Zr [3 (Sections 2.1.4.3 and 2.9.4.3)] , following the
dotted line in Figure 12. This somewhat surprising result is apparently a consequence of the large
differences in the atomic masses of U and Zr, which means that differences in density due to variations in
lattice parameters are insignificant relative to differences caused by variations in composition.

The densities in Table 8 and Figure 12 are from samples with a variety of thermal and processing
histories, some of which include hot rolling, several cycles of quenching and heating, or lengthy holds at
intermediate temperatures Although Basak et al. determined that unit-cell volumes of samples with
2 wt% Zr increased with the rate at which samples were cooled, the corresponding variation in density
was only ~0.1 g/cm? (0.5%). All of these data suggest that any differences in room-temperature densities
of (a-U) solid solutions in U-Zr alloys as a result of variations in thermal or processing history are
insignificant relative to differences caused by variations in composition.
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Table 8. Room-temperature lattice parameters and densities of (a-U) solid solutions in U-Zr alloys,
calculated from lattice parameters in specified references using Equation 5.

Wt % Wt % At% At% Density
Zr U Zr U a(A) b (A) c(A) (glcm3) Reference
[18], Sample
1.1 0.989 | 2.820415 | 97.17958 | 2.8535 | 5.8629 | 4.9579 | 18.72 7712880
0.98 5.056066 | 94.94393 | 2.8616 | 5.8565 | 4.9648 18.40 | [52]
0.95 12.07532 | 87.92468 | 2.8652 | 5.8548 | 4.9688 1755 | [52]
10 0.9 22.47665 | 77.52335 | 2.8702 | 5.8503 | 4.9702 | 16.31 | [52]
[18], Sample
11.6 0.884 | 25.50715 | 74.49285 | 2.8539 | 5.8656 | 4.9681 16.01 3571240h
Room-temperature densities of a-U
solid solutions in U-Zr alloys
25
20 ry @ Basak 7 wt% Zr alloy
A15 oono-ooo.... ...'..'.
L B Basak 35 wt% Zr
S 10 alloy
5 Rai et al.
0 ! ! ' eeeees Uand Zr
0 10 20 30
At% Zr

Figure 12. Room-temperature densities of (a-U) solid solutions in U-Zr alloys, calculated from data in
references [18, 52] using Equation 5. Dotted line connects densities of a-U and a-Zr
211453 Room-Temperature Densities of »(U,Zr) Solid Solutions:

Room-temperature densities of y-(U,Zr) solid solutions have apparently not been measured directly,
but can be calculated from lattice parameters from splat-cooled samples [43, 55] and samples that also
contain 8-UZr, (Section 2.1.1.4.1).
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Table 9 and Figure 13 show room-temperature densities of y-(U,Zr) solid solutions in alloys with
25-80 at% Zr (11.3-60.5 wt% Zr), calculated from lattice parameters from X-ray diffraction using
Equation 5 with two atoms per unit cell. Despite differences in crystal structure between y-U and o-Zr,
densities of y-(U,Zr) solid solutions can be approximated by interpolation between the density of y-U at
1060 K and the room-temperature density of a-Zr [3 (Sections 2.1.4.3 and 2.9.4.3)], as shown by the
dotted line in Figure 13. This somewhat surprising result is apparently a consequence of the large
differences in the atomic masses of U and Zr, which means that differences in density due to variations in
lattice parameters are insignificant relative to differences caused by variations in composition.
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Table 9. Room-temperature molar masses, lattice parameters, unit cell volumes, and densities of y-(U,Zr)
solid solutions.

2| man@ | 2 | volume &) | (gom) Reference

25 201.33 3.55 44.74 14.94 [55]

30 193.99 3.543 44.47 14.48 [55]

30 193.99 3.543 44.47 14.48 [43]

40 179.31 3.533 44.10 13.50 [55]

50 164.63 3.546 44.59 12.26 [55]

50 164.63 3.546 44.59 12.60 [55]

60 149.94 3.546 44.50 11.16 [55]

70 135.26 3.563 45.23 9.93 [55]
72.29 131.89 3.5765 45.75 9.57 [19, 20], Sample quenched from 635°C
72.29 131.89 3.5817 45.95 9.53 [20], Sample quenched from 875°C
72.29 131.89 3.5784 45.82 9.56 [20], Sample quenched from 720°C
74.9 128.07 3.57 45.50 9.34 [55]

80 120.58 3.572 45.58 8.78 [55]

Room-temperature densities of
v-(U, Zr) solid solutions

20.00
18.00 - '
"’g 16.00 e - <& Huber and Ansari
® 14.00 Ou o O Basak quench 635
> ®e
& 12.00 A-.Q A Basak quench 720
$ 10.00 LN
o ) ‘ﬁ}o O Basak quench 875
8.00 -
e Krupska et al
6-00 T T T T 1
0 20 40 60 80 100  *ccecc Uandzr

At% Zr

Figure 13. Room-temperature lattice parameters and densities of y-(U,Zr) solid solutions calculated from
lattice parameters in references [19, 20, 43, 55]. Dotted line connects the density of y-U at 1060 K and the
room-temperature density of a-Zr.
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211454 Room-Temperature Densities of As-cast U-Zr Alloys

Figure 14 shows the published measurements of the room-temperature densities of as-cast U-Zr
alloys. The dotted line shows a curve fitted to more than 20 measured densities [74]. The “theoretical”
density (a linear function between the room-temperature densities of o-U and a-Zr) is provided for
comparison. Many of the measured densities from U-Zr alloys are smaller than the theoretical densities,
with a maximum difference of ~ 1 g/cm?®. These differences are commonly attributed to casting flaws such
as porosity and inclusions of low-density impurity phases.

20

194

181

174

Density, g/cm3

6 I 1 1 1 1 1 1 1 1

T
0 10 20 30 40 50 60 70 80 90 100

Zr at% U U

Figure 14. Room-temperature densities of as-cast U-Zr alloys. Blue circles and dotted line: Data from
reference [74]. Red “+” symbols: Data from [46 (Figure 6d)]. Green vertical bar: Range of densities of U-
10Zr alloys produced using different casting methods [87-89]. Solid black line: Theoretical density.

2.1.1.5 Thermal Conductivity and Related Properties

Experimentally determined thermal conductivity values have been reported for U-Zr alloys with ~1-2,
5,6,9, 11,17, 20, 29, 40, 52, and 79 wt% Zr [48, 49, 72, 90, 91]. Thermal conductivity was measured
directly by ANL [91] and Kaity et al. [72], while thermal conductivity measurements reported by
Takahashi et al. [48] and Matsui et al. [49] were calculated from density, thermal diffusivity, and heat
capacity. Other researchers have attempted to use the Wiedemann-Franz law to estimate thermal
conductivity from the Lorenz number and electrical resistivity; however, it appears that the actual Lorenz
number of the sample material may not be known well enough for this approach to be successful [49, 74,
76].
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Figure 15 summarizes published thermal conductivity data for U-Zr alloys. It shows that thermal
conductivity decreases with increasing concentration of Zr for samples with less than ~40-50 at% Zr and
is essentially independent of composition for samples with ~50-90 at% Zr. Takahashi et al. suggested that
the thermal conductivity of U-Zr alloys had a minimum at ~72.4 at%, which was due to the low thermal
conductivity of 8-(UZr). In the absence of reported thermal conductivity measurements of
well-characterized single-phase samples of 3-(UZr,), the suggestion of Takahashi et al. cannot be verified.

The thermal conductivity of each alloy increases with temperature within the measurement range. The
thermal conductivities of most compositions are smaller than that of Zr at relatively low temperatures
(below ~300 K for alloys with~4 at% Zr, and below ~675 K for alloys with ~ 40 at% Zr).

Thermal conductivity of U-Zr alloys
60

¢ Touloukian 4 at% Zr

U1
o

B Touloukian 12 at% Zr
X  Takahashi 14 at% Zr

B
o

Kaity et al. 14 at% Zr

ANL 25 at% Zr
Takahashi 35 at% Zr

20 - Takahashi 52 at% Zr

[
A Touloukian 40 at% Zr
+
X

Touloukian 64 at% Zr

Thermal conductivity, W/(m-K)
w
o

= Takahashi 72 at% Zr

10 Takahashi 91 at% Zr
------ KimetalU
0 T T T T T T T T ! === Kim et al Zr
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T(K)

Figure 15. Thermal conductivity of U-Zr alloys, with conductivity of U and Zr for comparison [48, 72,
90-92]

Billone et al. [93], Ogata [38], and Kim et al. [92] developed equations to represent the thermal
conductivities of arbitrary U-Zr alloys as functions of temperature and composition. (The Ogata equation
is reprinted in [37] with a change in sign of one of the terms. Comparison to the data suggests that the
equation in reference [38] is correct.) The Billone et al. equation is not considered further because it was
developed too early to consider the extensive measurements made by Takahashi et al. [48].
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The equations proposed by Kim et al. and Ogata produce similar results for alloys with concentrations
of interest for nuclear fuels (~10 wt% Zr) (Figure 16), and both are plausible approximations to the actual
thermal conductivity of alloys with this composition. The Ogata equation (Equation 25) [38] is far
simpler, and, therefore, is preferred based on the currently available data for compositions with relatively
low concentrations of Zr. However, the non-linear shape and built-in adjustment factor of the Kim et al.
equation may make it worth considering if adjustments to accommodate new data are required.

Predicted and measured thermal conductivity, U-
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Figure 16. Measured and predicted thermal conductivity for U-Zr alloys with 6-17 wt% Zr. Ogata’s
predicted value is from Equation 25
Equation 25. Estimated thermal conductivity of U-Zr alloys according to Ogata [38]

k =16.309 + 0.02713 x T -46.27 x Cz + 22.985 x Cz?

where k is thermal conductivity in W/m-K, Cz is atomic fraction of Zr, Cz is < 0.72, T is
temperature in K, and T is < 1173 K

2.1.2 U-Zr-Np
2.1.2.1 Introduction

Rodriguez et al. published tentative isothermal sections of the U-Zr-Np phase diagram at
temperatures of 520, 595, and 700°C based on data from eleven alloys, all but two of which had 67-88
wit% U [94]. The alloys were characterized using dilatometry, metallography, and microprobe analysis.
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No diffraction data was used, and some of the microprobe analyses of fine-grained phases were described
as “relatively inaccurate.”

The U-Zr-Np system has apparently not been modeled, and no calculated phase diagrams or
isothermal sections have been published. No information about heat capacity, density, or thermal
conductivity of U-Zr-Np alloys is available.

Information on thermal expansion is limited to a single figure showing a dilatometric curve with
39.9 wt% U, 20.4 wt% Zr, and 39.7 wt% Np [94 (Figure 2)]. This figure is presented as an example of
data used to investigate the U-Zr-Np phase diagram and does not have a quantitative thermal-expansion
axis.

2.1.2.2 Phases and Phase Transformations

In the absence of diffraction data, Rodriguez et al. tentatively identified the phases in their samples
using a combination of metallography, microprobe analyses, and information about phases in binary
systems. They presented both observed compositions and tentative isothermal phase diagrams on which
measurements from individual alloys were identified, but did not otherwise address the properties of
individual phases.

Rodriguez et al. used dilatometry to identify temperatures of phase transitions, and reported that all of
their alloys had solid-state phase transitions at temperatures of 567-598 and 614-655 °C. Solidus
temperatures were between 955 and 1170 degrees. No clear systematic correlations between alloy
compositions and phase transition or liquidus temperatures were apparent.

Researchers are encouraged to refer to the original paper [94] for data on compositions of alloys and
phases, phase-transformation temperatures, and tentative phase identifications.

2.1.2.3 Phase Diagrams

Rodriguez et al. presented tentative partial isothermal sections at temperatures of 520, 595, and 700°C
(Figure 17, Figure 18, and Figure 19). Phase designations correspond to those in the U-Zr, U-Np, and
Np-Zr binary phase diagrams (Section 2.1.1.2.4 and reference [3 (Sections 3.1.2.1 and 6.1.2.3)].

The designation “y” refers to a body-centered cubic solid solution between y-U, y-Np, and B-Zr.
Although Rodriguez et al. believed that y-Np and -Zr form a continuous solid solution, more recent data
indicates that these phases are not miscible [3 (Section 6.1.2)]. Thus, the boundaries of the “y” field in
Figure 19 need revision.

The isothermal sections at 520 and 595°C (Figure 18 and Figure 19) show a single phase identified as
“d,” which appears to be a solid solution between 5-UZr,, 5-NpZr,, and 8-(U,Np). 6-UZr, and 3-NpZr»
have similar crystal structures and lattice parameters (Section 2.1.1.2.1 and [3 (Section 6.1.2)]) and a solid
solution between them is plausible. Although the structure of 5-(U,Np) has not been determined, it is
apparently not like that of 6-UZr, and 8-NpZr, but instead probably resembles the structure of £-(U,Pu)
(Section 2.3.1). A solid solution between 6-(U,Np) and 6-UZr; or 8-NpZr, seems implausible, and it is
likely that the ““6” field includes at least two distinct phases.
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Figure 17. Tentative partial isothermal section of the U-Np-Zr system at 700°C suggested by
Rodriguez et al. [94]
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Np 20 40 60 80 Zr

Figure 18. Tentative partial isothermal section of the U-Np-Zr system at 595°C suggested by Rodriguez et
al. [94]
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Figure 19. Tentative partial isothermal section of the U-Np-Zr system at 520°C suggested by Rodriguez et
al. [94]

213 U-Zr-Ce

Most of the information about properties of U-Zr-Ce alloys was obtained during research on diffusion
of rare-earth elements in U-Zr alloys [95, 96], although a limited amount of information addressing the
specific heat and thermal expansion of U-Zr-Ce alloys is available in a conference paper. All of the
available information is from alloys with less than 6 wt% Ce.

Phases in the U-Zr-Ce alloys were not studied in detail; however, the available information indicates
that the Ce occurred in small precipitates in a U-Zr matrix [95-97]. Phase-transition temperatures in the
U-Ce-Zr alloys were similar to those in U-Zr alloys.

Although small differences in heat capacity between U-10Zr alloys with 0, 4, and 6 wt% Ce have
been reported [97], further work is needed to determine whether the reported differences are significant
and indicate systematic trends.

No differences in thermal expansion were observed in comparisons between U-10Zr alloys with 2 and
6 wt% Ce [97].
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No information about U-Zr-Ce phase diagrams is available, although the data suggest very limited
miscibility between Ce and U-Zr phases. No information about the thermal conductivities of U-Zr-Ce
alloys is available.

214 U-Zr-La-Ce-Pr-Nd
2.1.4.1 Introduction

A number of recent papers have presented limited characterization data from U-10Zr alloys that also
contain up to 10 wt% of a RE alloy consisting of 53 wt% Nd, 25 wt% Ce, 16% wt% Pr, and 6 wt% La
[88, 89, 98, 99]. The primary emphasis of these papers is development and evaluation of casting
techniques. Because all of the techniques resulted in significant loss of rare-earth elements during casting,
actual and nominal compositions of these alloys differ.

No information about heat capacities, thermal expansion, or thermal conductivity of these alloys is
available.

2.1.4.2 Phases and Phase Transformations

All of the U-Zr-La-Ce-Pr-Nd alloys had globular or irregularly shaped particles with high
concentrations of rare earth elements [88, 89, 98, 99]. The number and size of these precipitates increased
with increasing concentrations of the rare-earth alloy in the starting composition. High-Zr inclusions were
also commonly reported.

No detailed identification or characterization of the matrix and rare-earth phases is available, and no
experimental data that could be used to determine whether rare-earth elements were present in the matrix
has been reported.

No information about phase transitions in these alloys is available.
2.1.4.3 Density

Table 10 summarizes the available data on densities of as-cast U-Zr-La-Ce-Pr-Nd alloys. Differences
between theoretical and as-cast densities are attributed primarily to loss of rare-earth elements during
casting.

Table 10. As-cast and theoretical densities of U-Zr-La-Ce-Pr-Nd alloys with 0-7 wt% of a rare-earth alloy
consisting of 53% Nd, 25% Ce, 16% Pr, and 6% La by weight.

COTM%Z;'On As (Egi[:r?ﬁ;] ity (g);w]g)rﬁ:;?: rde?‘g?:etri/ce Casting method Reference
U-10Zr-3RE 15.2 15.1 Injection [89]
U-10Zr-3RE 15.1 15.1 Gravity [88]
U-10Zr-5RE 14.7 — Low-pressure gravity [98]
U-10Zr-7RE 15.0 14.4 Injection [89]

2.15 U-Zr-Ce-Nd-Y

The only available information about the U-Zr-RE-Y system is from METAPHIX Alloy CR1. This
alloy was cast as part of a study intended to examine effects of rare-earth elements in U-Pu-Zr fuel alloys
that also contain minor actinides. It has 62.7 wt% U, 5.2 wt% Ce, 16.1 wt% Nd, 15.0 wt% Zr, and 1.0
wt% Y (corresponding to ~44.8% U, 28% Zr, 6.3% Ce, 19% Nd, and 1.9% Y in atomic percentages)
[100].
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The matrix of an arc-melted sample of Alloy CR1 separated into distinct regions, one of which had a
high concentration of rare-earth elements and one of which had a high concentration of uranium [100].
No further details about the compositions of the regions are available.

No information about phases, heat capacity, thermal expansion, or thermal conductivity of this alloy is
available.

2.2 Alloys Based on Pu-Zr, Including Pu-Zr and Pu-Zr Alloys with
Minor Actinides (Np, Am)

2.2.1 Pu-Zr

22.1.1 Introduction

Pu-Zr alloys have been investigated for almost 60 years, with much of the currently available experimental
data collected during the 1950s and 1960s. The data were synthesized by Okamoto [101, 102] to produce a
single phase diagram whose key features include continuous solubility between the body-centered cubic
phases B-Zr and &-Pu, extensive solubility of Zr in the fcc phase 6-Pu, limited solubility of Zr in a-Pu, -Pu,
v-Pu, and &’-Pu, and the existence of the intermediate phase 6-(Pu,Zr). However, many details of the phase
diagram remain poorly known, particularly those involving temperatures below ~400°C or concentrations of
Zr below ~30 at% or above ~65 at%.

A calculated Pu-Zr phase diagram by Kurata [22, 27] is in reasonable agreement with the experimentally
determined data for temperatures above ~500°C.

The only available data on heat capacities of Pu-Zr alloys was measured at INL and initially reported in
Revision 1 of this Handbook [2 (Section 3.2.5)]. These preliminary measurements indicate that specific heats
of alloys with 30 and 40 wt% Zr are similar and that the specific heat of the alloy with 30% Zr is slightly
smaller than that of the alloy with 40 wt% Zr.

The thermal expansion of 5-(Pu, Zr) solid solutions varies with composition: thermal expansion is
negative for compositions with less than ~7.5 at% Zr and positive for compositions with ~12 at% Zr. 5-(Pu,
Zr) solid solutions with ~8-10 at% Zr show relatively little thermal expansion. The available data on e-(Pu, Zr)
solid solutions suggest that their thermal expansion is positive. No experimental data about the thermal
expansion of other Pu-Zr phases is available.

The only available data on the thermal conductivity or diffusivity of Pu-Zr alloys was measured at INL
and initially reported in Revision 1 of this Handbook [2 (Section 3.4.5)]. Preliminary measurements of alloys
with 10 and 30 wt% Zr indicate that the thermal diffusivity of both alloys increases with temperature (although
perhaps not smoothly), and that the diffusivity of the alloy with 30% Zr is lower than that of the alloy with
10% Zr.

Experimental work on Pu-Zr alloys is complicated by sluggish kinetics, high sensitivity to low
concentrations of oxygen and other impurities, possible formation of oxygen-stabilized Pu-Zr phases, and the
metallurgical complexity and unique characteristics of Pu. As a result of these difficulties, the existence of
some Pu-Zr phases is controversial, and there is little published data on phase transformations.

2.2.1.2 Phases and Phase Transformations
22121 Phases
The generally accepted Pu-Zr phases are:

e (a-Pu): Allotropic modification of a-Pu with a maximum Zr concentration of ~0.25 at% at room
temperature [103]. Marples reported a maximum concentration of 1.5-2 at% Zr but described this
value as “very approximate” [104]. The maximum concentration determined by Taylor seems more
likely to be accurate because it was based on a larger number of low-Zr compositions and used
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material of higher purity. No information about the lattice parameters of (c.-Pu) solid solutions with
Zr is available; however, in view of the low concentration of Zr in this phase, it seems reasonable to
assume that its lattice parameters are similar to those of a-Pu.

(B-Pu): Allotropic modification of B-Pu with a maximum Zr concentration below 1 at% [103].
(Marples reported a maximum concentration of ~7 at% Zr but described this value as “somewhat
uncertain” [104].) The maximum concentration determined by Taylor is preferred because it was
based on larger number of low-Zr compositions and used material of higher purity.) No information
about the lattice parameters of ($-Pu) solid solutions with Zr is available; however, in view of the low
concentration of Zr in this phase, it seems reasonable to assume that its lattice parameters are similar
to those of B-Pu.

(y-Pu): Allotropic modification of y-Pu with a maximum Zr concentration below 1 at% [103]. No
information about the lattice parameters of (y-Pu) solid solutions with Zr is available; however, in
view of the low maximum concentration of Zr, it seems reasonable to assume that they are similar to
those of y-Pu.

3-(Pu,Zr): Allotropic modification of 8-Pu with an extensive solubility for Zr. The crystal structure is
fce (space group Fm3m). Lattice parameters decrease with increasing concentrations of Zr from a ~
4,637 A for an alloy with 4 at% Zr to a ~ 4.558 A for an alloy with 70 at% Zr (Figure 20). According
to Ellinger and Land, this phase can be retained at room temperature in quenched samples with ~4-40
at% Zr and is stable at room temperature in samples with more than 40 at% Zr. The maximum
concentration of Zr in 6-(Pu,Zr) is at least ~70 at% [104-106].

Lattice parameter of 6-(Pu,Zr)
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Figure 20. Variations in the room-temperature value of the lattice parameter, 3-(Pu,Zr). Data is from
Marples [104] and Ellinger and Land [105].

(6°-Pu): Allotropic modification of &'-Pu with a low solubility (probably ~1.5 at%) for Zr [104, 105].
No information about lattice parameters is available; however, in view of the low maximum
concentration of Zr, it seems reasonable to assume that the lattice parameters of (6’-Pu) solid
solutions with Zr are similar to those of 6’-Pu.

42



e (o-Zr): Allotropic modification of a-Zr with a maximum solubility of ~13 at% Pu at ~620°C [104,
105]. The c lattice parameter decreases linearly with composition (Figure 21). The a lattice parameter
also decreases (Figure 22), although the decrease is small enough that differences between samples
with different thermal histories are comparable to differences between samples with different
compositions. Orientation relationships between (a.-Zr) crystals formed from (3-Zr) that contains 0.3
to 3 wt% Pu are like those in pure Zr [107].
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Figure 21. Variations in the room-temperature value of the c lattice parameter, (a-Zr) solid solutions with
Pu. Data is from Marples [104] and Ellinger and Land [105]. Multiple data points with the same
composition in data from Marples are from samples with different thermal histories.
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Figure 22. Variations in the room-temperature value of the a lattice parameter, (a-Zr) solid solutions with
Pu. Data is from Marples [104] and Ellinger and Land [105]. Multiple data points with the same
composition in data from Marples are from samples with different thermal histories.
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e-(Pu,Zr): Body-centered cubic (space group Im3m) solid solution between e-Pu and B-Zr. Data from
alloys with less than ~14 at% Zr at 500, 600, and 700°C shows that lattice parameters increase with
increasing concentration of Zr, contrary to predictions from Vegard’s law [108 Figure 8].

0-(Pu,Zr): Intermediate solid-solution phase sometimes called PusZr or PusZr. Different phase
diagrams show different composition ranges: Marples lists the composition of this phase as ~10-30
at% Zr [104], the phase diagram of Bochvar et al. shows it as ~12-21 at%, and Ellinger and Land list
it as 6-14 at%. The unit cell was originally indexed as orthorhombic with 56 atoms (8 formula units of
PueZr) per unit cell [109] based on X-ray diffraction data from a sample with 21 at% Zr [104]. A later
study indicated that the same data could be better represented by tetragonal unit cell (space group
Pa/ncc) with lattice parameters a = 10.89 A and ¢ = 14.89 A and 80 atoms (16 formula units of PusZr)
per unit cell [110]. Positions of individual atoms have not been refined.

Other phases that have been suggested but generally do not appear in Pu-Zr phase diagrams include:

C-PuagZr, which has reported compositions between ~2.5 and 5 at% Zr [103, 105, 111]. The unit cell
is body-centered tetragonal (space group 141/a) with a = 18.1899 A, ¢ = 7.8576 A, and four formula
units (116 atoms) per unit cell [112]. A careful study by Taylor [103] indicated that the compositional
range of this phase is ~2.5-3 at% Zr, and that it decomposes peritectoidally to (y-Pu) and (6-Pu) at
~270-275°C [103, 105] rather than to (6-Pu) and 6-(Pu,Zr) as reported by Kutaitsev et al. [111];
however, phase relationships in this part of the phase diagram are poorly understood and further
experimental confirmation is recommended. Taylor stated that this phase is stable at room
temperature [103], while Kutsaitsev et al. [111] indicated that occurs only within a limited
temperature range and decomposes to (B-Pu) and 6-(Pu,Zr) at ~220°C but is likely to be present as a
metastable phase in room-temperature samples.

C-PuasZr does not appear in the phase diagrams of Marples et al. [104] and Bochvar et al. [109],
possibly because of a complex series of peak overlaps with other phases likely to be present in the
same alloys in X-ray diffraction data [103]. This phase also does not appear in the phase diagrams of
Okamoto, which follow the phase diagram of Bochvar et al. for solids with less than 50 at% Zr [101,
102].

«-PuZr,: Hexagonal intermediate phase with ~75 at% Zr (space group Pe/mmm, a = 5.055 A, ¢ =
3.123 A [104, 113]). This phase is isostructural with 8-UZr, (Section 2.1.1.2). Marples, who
synthesized k-PuZr, from filings, reported that it was slow to form and decomposed peritectoidally to
o-Zr and 3-(Pu,Zr) at 380°C [104]. Although k-PuZr, appears in early phase diagrams [104, 109],
later researchers have been unable to synthesize it and have suggested that it is oxygen-stabilized
[105, 106, 114-116].

1-(Pu,Zr) (structure unknown). Ellinger and Land [105] reported that this phase has ~19-24 at% Zr,
occupying part of the composition range of 6-(Pu,Zr) in other phase diagrams, and that it decomposes
congruently into &-(Pu, Zr) at ~335°C. They reported X-ray diffraction data from this phase. There
are apparently no other published reports of this phase.

Pu-Zr alloys commonly have Pu-bearing high-Zr inclusions in alloys that phase diagrams indicate

have too little Zr to form o-Zr or B-Zr (e.g., [117]). These inclusions are commonly referred to as
“oxygen-stabilized a-Zr.” Little is known about them, and further research is needed to determine why
they form and whether they are stable.

22122 Phase Transitions

Preliminary INL measurements of phase-transition temperatures in alloys with 10, 30, and 40 wt% Zr

from DSC data were first reported in Revision 1 of this Handbook [2 (Section 3.2.5)]. These temperatures
are reportedly consistent with predictions from Pu-Zr phase diagrams (Section 2.2.1.2.3). The enthalpy
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determined from peaks at ~900-910 K, which were interpreted as representing the transition from
8-(Pu,Zr) to &-(Pu,Zr), is 8.19 J/g for Pu-30Zr and 10.37 J/g for Pu-40Zr.

2.2.1.2.3 Phase Diagrams

Experimental phase diagrams of the entire Pu-Zr system were proposed by Bochvar et al. [109],
Marples [104, 113], Kutaitsev et al. [111, 118], and Ellinger and Land [105] based on original research.
Although no later experimentally based phase diagrams of the entire system have been published, later
research addressing specific aspects of the phase diagram indicated that none of the available phase
diagrams was accurate. Changes required as a result of this later research include:

o Eliminating k-PuZr; from the phase diagrams because of evidence indicating that it is
oxygen-stabilized (Section 2.2.1.2.1).

e Incorporating new measurements of solidus and liquidus temperatures [103, 119]

e Incorporating new results from investigations of compositions with 0-10 and 50-100 at% Zr [103,
106]

No information about the purity of the materials used by Bochvar et al. [109] and Kutaitsev et al. is
available. Kutaitsev et al. annealed some alloys at high pressure to establish equilibrium conditions [111,
118]. The Zr feedstock used by Marples contained about 2% Hf, and the Pu feedstock had been
previously cast in graphite molds [104]. Ellinger and Land used electrorefined Pu with less than 300 ppm
impurities and Zr with less than 0.1 wt% total impurities including 105 ppm oxygen and less than
1000 ppm Hf [105]. The alloys studied by Taylor had less than ~575 ppm impurities, of which 230 ppm
were Am. Samples used by Maeda, Suzuki and colleagues were prepared using powder metallurgy from
zirconium hydride and plutonium. Their zirconium feedstock was 99.2% pure, with several thousand ppm
of Fe and Mg, and the plutonium feedstock had 725 ppm impurities, primarily C and N [106, 119].

In 1993, Okamoto compared the phase diagrams of Bochvar et al. [109] and Marples [104] and
determined that the primary differences involved the relationship between &-(Pu,Zr) and e-(Pu,Zr), which
Bochvar et al. considered congruent and Marples considered eutectoid, and the relationships between
k-PuZr,, 5-(Pu,Zr), and (a.-Zr), which Okamoto considered irrelevant as a criterion for deciding which
phase diagram was more accurate because of accumulated evidence that k-PuZr. is an oxygen-stabilized
phase. Okamoto suggested a composite phase diagram [101] in which the liquidus and solidus are from
thermodynamic calculations by Leibowitz et al. [31], solid-state reactions in compositions with at least
50 at% Zr are from the experimental work of Suzuki et al. [106], and solid-state reactions in compositions
with less than 50 at% Zr are from the experimental work of Bochvar et al. [109]. The calculated liquidus
and solidus are consistent with the experimental solidus measurements of Marples, which include only
compositions with up to ~35 at% Zr. Maximum concentrations of Zr in (a.-Pu), (B-Pu), and (y-Pu) in the
1993 Okamoto phase diagram are considered uncertain, but are higher than those determined in a careful
study by Taylor [103]. £-(PuzsZr) does not appear in the Okamoto phase diagram.

In 1995, Okamoto revised the liquidus and solidus to accommodate new research by Maeda et al.
[119], who identified the liquidus and solidus temperatures from small changes in plots of vapor pressures
for Pu and three alloys with 60-94 at% Zr and developed a new thermodynamic model to match their
data. The model of Maeda et al. assumes ideal behavior of the liquid phase and regular solid solution
behavior for the solid phase. The liquidus determined by Maeda et al. is comparable to that in the model
of Leibowitz et al., but the solidus temperature is about 100 K higher for compositions with ~30-60 at%
Zr.

Despite several areas of uncertainty (particularly involving low-Zr phases), the 1995 Okamoto phase
diagram [102] (Figure 23 and Figure 24) is probably the best available approximation to the entire Pu-Zr
phase diagram. Further research is needed to determine the liquidus temperature and phase boundaries
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indicated by dotted lines, and to resolve disagreements with the more detailed work of Taylor [103]
involving low-Zr phases (Figure 25).
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Figure 23. Pu-Zr phase diagram simplified from Okamoto 1995 [102]. See Figure 24 for details of
high-Pu phases.
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Figure 24. Identities and boundaries of high-Pu phases according to the 1995 Okamoto phase diagram
[102]. a, B, v, 8, &°, &, and O refer to (a-Pu), (B-Pu), (y-Pu), (8-Pu), (8’-Pu), (e-Pu), and 6-(Pu,Zr)
respectively. C-PusZr is not shown.
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Figure 25. Identities and boundaries of high-Pu phases according to Taylor [103]. a, 8,7, 8, 8’, &, 6, and
refer to (a-Pu), (B-Pu), (y-Pu), (6-Pu), (8’-Pu), (e-Pu), 6-(Pu,Zr), and {-PusZr, respectively. Maximum
concentrations of Zr in (a-Pu), (B-Pu), and (y-Pu) are smaller than in Figure 24, and there are additional
two-phase fields involving C-PussZr.

2.2.1.3 Heat Capacity and Related Properties

The only available information on heat capacities of Pu-Zr alloys is from preliminary measurements
at INL, which were first reported in Revision 1 of this Handbook [2 (Section 3.2.5)]. Figure 26 and
Figure 27 show the specific heat data measured upon heating and cooling of Pu-Zr alloys with 30 and
40 wt% Zr (~55 and 65 at%) for temperatures between room temperature and ~880 K. Heat capacities at
higher temperatures could not be represented by equations because of phase transitions.

Equation 26 and Equation 27 give second-order polynomial fits to approximate the temperature-
dependent specific heat upon heating.

Equation 26. Specific heat of Pu-30Zr alloy from 355-879 K
Cp = -9x108xT? + 2x10°xT + 0.1821

Where C, is the specific heat in J/g-K, T is temperature in K, and T is between 355 and 879 K. The
correlation coefficient (R?) for this equation is 0.964.

Equation 27. Specific heat of Pu-40Zr alloy from 355-879 K
Cp = -5x108xT? — 9x105xT + 0.2468

Where C, is the specific heat in J/g-K, T is temperature in K, and T is between 355 and 879 K. The
correlation coefficient (R?) for this equation is 0.960.
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Figure 26. Specific heat (J/g K) of Pu-30 wt% Zr and Pu-40 wt% Zr from 300-980 K upon heating at

10 K/min.
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Figure 27. Specific heat (J/g K) of Pu-30 wt% Zr and Pu-40 wt% Zr from 356-962 K upon cooling at

10 K/min.
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2214 Thermal Expansion and Density
22141 Thermal Expansion

Reference [120] is the primary source for experimental data on thermal expansion of 8-(Pu,Zr) alloys
with Zr concentrations from ~5-12 at% (~2-5 wt%). It includes measurements of thermal expansion
calculated from high-temperature X-ray diffraction data and from dilatometry. Results obtained using the
two kinds of data appear consistent. Reference [121] appears to be an earlier publication of results of
some of the experiments in reference [120].

Gschneidner et al. [120] developed polynomial equations that expressed the lengths of samples (for
dilatometer data) or lattice parameters (for X-ray data) as functions of temperature (Table 11). Figure 28
shows thermal expansion calculated from these equations, using a reference temperature of 400°C for
convenience. The figure shows a consistent pattern in which thermal expansion of &-(Pu-Zr) solid
solutions increases with increasing concentration of Zr. Alloys with less than 10 at% Zr show negative
thermal expansion. Alloys with ~8 at% Zr show relatively little expansion, and may change between
negative and positive expansion depending on temperature. Alloys with 10 or 12 at% Zr show positive
expansion that increases with the concentration of Zr.

Thermal expansion data from high-temperature X-ray diffraction of nine Pu-Zr alloys are plotted in
[108 Table 6], but are not tabulated in the reference. These results appear qualitatively consistent with
results from reference [120], but suggest that positive thermal expansion occurs only in alloys with at
least ~15 at% Zr.
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Figure 28. Thermal expansion of Pu-Zr alloys, calculated from data in Table 11 [120] using a reference
temperature of 400°C.
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Table 11. Coefficients for equations expressing lengths of U-Pu alloys, L=a+b x T + ¢ x T2, where L is
a length (for dilatometer data) or lattice parameter in A(for X-ray data) and T is a temperature in °C
[120]. The authors emphasize that these coefficients should only be used within the stated temperature
ranges.

Composition (at% Measurement a b c T Range
Zr) Type (°C)

5 X-ray 4.6495 | -3.656 x 10° -- 259-410

7.5 X-ray 4.6379 | 1.986 x 10° | -4.98 x 108 260-425

8.0 Dilatometer 0.98598 | 0.460 x 10° - 380-440

10.0 X-ray 4.6459 | -4.634 x 10° | 6.39 x 108 275-462

10.0 Dilatometer 0.97372 | 2.284 x 10°® - 391-440

12.0 Dilatometer 1.00776 | 2.284 x 10°® - 401-499

The only available data on solid solutions between g-Pu and B-Zr indicate that the thermal expansion
of this phase is positive, like that of both e-Pu and -Zr [108].

2.2.14.2 Thermal Expansion Coefficients

Table 12 has thermal expansion coefficients for 5-(Pu, Zr) corresponding to the data in Table 11 and
Figure 28. A thermal expansion coefficient for 3-Pu is included for comparison. The thermal expansion
coefficients are negative for compositions with less than ~8 at% Zr, small for samples with ~8-10 at% Zr,
and positive for samples with 12 at% Zr.

Table 12. Coefficients of thermal expansion for 6-(Pu, Zr). Data for Pu are from reference [122]; other
data are from reference [120]. Coefficients should not be used outside the listed temperature ranges.

Composition Temperature
a x 105°C? Range Measurement Type
(at% Zr) %
Fora (°C)
0 -8.6 320-440 —
5.0 -7.88 300-401 X-ray diffraction
7.5 -3.50 300-425 X-ray diffraction
8.0 0.47 380-440 Dilatometer
10.0 0.21 300-440 X-ray diffraction
10.0 2.34 391-440 Dilatometer
12.0 6.28 401-440 Dilatometer

Thermal expansion coefficients for e-Pu/B-Zr solid solutions were reported by Marples [108]. The
data show considerable scatter, but suggest that the thermal expansion coefficient decreases from
27 x 10 per °C for pure &-Pu to ~20.5 x 10 per °C for alloys with 20 at% Zr. This value for the thermal
expansion coefficient of e-Pu is significantly lower than the commonly accepted value of 36.5 x 1076 per
°C [122], suggesting that coefficients for Pu-Zr alloys may be too low.
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2.2.14.3 Density

Figure 29 shows densities of (a-Zr) solid solutions with Pu, calculated from the lattice parameters in
Figure 21 and Figure 22. Although the densities appear to follow a linear trend with composition, the
decrease in density with increasing concentration of Pu is smaller than would be predicted by linear
interpolation between the room-temperature densities of o-Pu (19.84 g/cm?®, [3 (Section 2.3.4.3)]) and
o—Zr (6.52 g/cm?3, [3 (Section 2.9.4.3)]).
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Figure 29. Densities of (a-Zr) solid solutions with Pu [104, 105]. Dotted line shows values that would be
predicted by linear interpolation from the room-temperature densities of a.-Pu and a-Zr.

Figure 30 shows densities of 8-(Pu,Zr) solid solutions, calculated from the lattice parameters in
Figure 20. The densities follow a linear trend with composition between the density of 6-Pu at 593 K
(15.92 g/ecm?®, [3 (Section 2.3.4.3)]) and a-Zr (6.52 g/cm?, [3 (Section 2.9.4.3)]).
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Figure 30. Densities of 5-(Pu,Zr) solid solutions [104, 105].
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The calculated density of 0-(Pu-Zr) with 17.9 at% Zr is 15.76 g/cm?® based on the structure refinement
of Berndt [110]. This density is slightly lower than the measured values, which indicated that the density
is at least 15.86 g/cm?® [104]. As it is not clear that the experimental data was from a single-phase
material, the calculated density is probably more accurate.

The calculated density of {-PuysZr with 2.8 at% Zr is 17.39 g/cm?® based on the structure refinement
of Cromer [112].

2.2.1.4.4 Changes in Length Due to Phase Transitions

Marples [104] reported that dilatometer data showed a contraction of ~0.5% during the
transformation from &-(Pu-Zr) to e-(Pu,Zr). The amount of contraction appears to be independent of
composition; however, the data show “considerable” scatter, which Marples attributed to creep.

2.2.15 Thermal conductivity and related properties

INL researchers have made three preliminary laser-flash diffusivity measurements of Pu-Zr alloys:
two measurements of an alloy with 10 wt% (23 at%) Zr and one of an alloy with 30 wt% (53 at%) Zr [2
(Section 3.4.5)]. The data suggest that thermal diffusivity increases with temperature for both
compositions, and that the diffusivity of the alloy with 30 wt% is smaller than that of the alloy with
10 wt% Zr by up to ~0.005 cm?/s (Figure 31).

Consideration of the Pu-Zr phase diagram (Section 2.2.1.2.3) suggests that the “hump” in the Pu-30Zr
data at about 200°C may be due to formation of the 3-(Pu-Zr) phase. The upward curve in data for this
alloy at ~650°C does not correspond to an obvious phase transformation in Pu-Zr alloys but is
approximately the melting temperature of pure Pu.

Lee et al. measured the electrical resistivity of U-Pu alloys with 4 and 50 at% Zr [123]. In the absence
of accurate information about the Lorenz number, it is not currently possible to compare the INL data to
thermal conductivities calculated using the Wiedemann-Franz Law (Section 1.6.2).

Elliott and Hill [124] studied the low-temperature electrical resistivity of Pu-Zr alloys with hcp
structures and up to 16 at% Pu that had been annealed at 600°C for at least a week and quenched. They
reported that alloys with 5, 7.5, 10, and 12.5 at% Pu exhibited the Kondo effect (a low-temperature
minimum in the electrical resistivity), while alloys with 0 and 16 at% Zr did not.
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Figure 31. Thermal diffusivity of Pu-10 wt% Zr and Pu-30 wt% Zr alloys (INL preliminary data). Data
for Pu-10 wt% alloy are the average of two measurements.

2.2.2 Pu-Zr-Np

2221 Introduction

All of the available data on Pu-Zr-Np alloys is from Alloy AFC1-MB, whose nominal composition is
50 wt% Pu, 40 wt% Zr, and 10 wt% Np (corresponding to ~30 at% Pu, 64 at% Zr, and 6 at% Np). This
alloy was cast and characterized at Idaho National Laboratory as part of a study of non-fertile fuel forms
for accelerator transmutation of plutonium and minor actinides [125-129].

The actual composition of alloy Alloy AFC1-MB based on two analyses was ~8.3 wt% Np, 50 wt%
Pu, and 41 wt% Zr [125, 126]. The alloy also contained ~0.24 wt% Am and up to ~1000 ppm O [126].

No information about phase diagrams, heat capacities, thermal expansion, or thermal conductivity of
the Pu-Zr-Np system is available.

2.2.2.2 Phases

X-ray diffraction patterns from as-cast samples of Alloy AFC1-MB show peaks consistent with a
mixture of two solid-solution phases [126 Figure 1]:

e 3-(Np,Pu,Zr): Face-centered cubic solid solution similar to 8-Pu, with lattice parameter a = 4.57 A
[125]. The lattice parameter of 45.5 pm in reference [126] is smaller than the atomic radii of Np, Pu,
and Zr [130], and is not plausible.
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e 3-(Np,Pu)Zr,: Hexagonal solid solution phase similar to 3-UZr,, -NpZr; and k-PuZr,, with lattice
parameters a = 5.07 A and ¢ = 3.10 A [125]. Lattice parameters of 50.6 and 31.2 pm in reference
[126] are smaller than the atomic radii of Np, Pu, and Zr [130], and are not plausible.

SEM images such as [126 Figure 2] suggest that crystallites of individual phases in the matrix may be
smaller than the analytical volumes of individual SEM microchemical analyses (typically a few pm
across and deep). The SEM images also suggest that the sample contains a precipitate phase whose
composition is unknown. Thus, the SEM data should not be interpreted as providing information about
compositions of individual phases, and interpretations involving associations between specific matrix
phases and areas with different contrast in SEM images should be treated with caution.

8-NpZr, and k-PuZr, are isostructural phases ([3 (Section 6.1.2)] and Section 2.2.1.2, respectively),
and Pu-Zr phase diagrams show a -Pu solid solution that can contain up to ~70 at% Zr (Section 2.2.1.2).
However, the Np-Pu phase diagram shows very limited miscibility between 8-Pu and Np [3 (Section
3.3.2)], and neither of the proposed Np-Zr phase diagrams indicates the possibility of a fcc solid solution
between Np and Zr [3 (Section 6.1.2)].

In the absence of new experimental information, it seems reasonable to assume that the reported
structures and lattice parameters of the two phases in this sample are approximately correct, and that one
of the phases is a 6-NpZr- solid solution that contains a significant fraction of Pu. A 5-Pu solid solution
phase with a significant fraction of Zr is also likely, although it is less certain that this phase also contains
Np.

2.2.2.3 Phase Transformations

TMA and DSC/DTA data from Alloy AFC1-MB suggest phase transitions at ~500, 550-580, and
possibly ~910 C [125]. These transformations have been tentatively interpreted as indicating reactions
leading to the disappearance of the 6-(Np,Pu)Zr. phase and the formation of a high-temperature bcc
phase.

The identification of the lower-temperature transition as the disappearance of a (Np,Pu)Zr; solid
solution phase is generally consistent with both of the proposed Np-Zr phase diagrams [3 (Section 6.1.2)]
and with older Pu-Zr phase diagrams that show k-PuZr, [104, 109], although these phase diagrams show
the reaction leading to the disappearance of pure k-PuZr; at a significantly lower temperature than the
reported phase transitions in Alloy AFC1-MB. The interpretation of the higher-temperature reaction as
formation of a bcc solid solution is consistent with the Np-Pu and Pu-Zr phase diagrams ([3 (Section
3.3.2)] and Section 2.2.1.2.3, respectively) and with the tentative Np-Zr phase diagram of Rodriguez et al.
[94], but not with the tentative Np-Zr phase diagram of Gibson et al. [131], which shows limited
miscibility between the bcc phases y-Np and B-Zr [3 (Section 6.1.2)]. The identity and structure of the
phase(s) between the transformations in Alloy AFC1-MB is unknown.

2.2.3 Pu-Zr-Am
2.2.3.1 Introduction

All of the published data on phases in Pu-Zr-Am alloys is from Alloys AFC1-MC and DOE2. These
alloys have the same nominal composition, which consists of 48% wt% Pu, 40 wt% Zr, and
12% wt% Am (corresponding to ~29.1 at% Pu, 63.7 at% Zr, and 7.2 at% Am). Both alloys were cast and
characterized by researchers at Argonne National Laboratory and Idaho National Laboratory [132-134].
Alloy AFC1-MC was part of a study of non-fertile transmutation fuels intended to allow rapid destruction
of minor actinides in an accelerator-driven transmutation system [129]. Alloy DOE2 was included in the
FUTURIX-FTA experiment. Although all of the Pu-40Zr-12Am alloys were arc-melted and cast in silica
glass tubes, several casting techniques were used. It is generally not clear which casting method was used
to produce the samples from which results were reported.
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No information on the Pu-Zr-Am phase diagram or the heat capacities and thermal conductivity of
Alloys AFC1-MC and DOEZ2 is available.

2.2.3.2 Phases and Phase Transformations

X-ray diffraction data from Alloy DOE2 suggest that it consists primarily of a single fcc phase with
lattice parameter a = 4.57 A [134]. (The lattice parameter of 45.7 pm in references [129, 132] is smaller
than the atomic radii of Np, Pu, and Zr [130], and is not plausible.) This phase has been tentatively
identified as a ternary solid solution between 6-(Pu,Zr) and (3-Am).

DSC/DTA and TMA data showed a reversible phase transformation at ~700°C, which was tentatively
interpreted as a transition between the fcc solid solution and a bcc solid solution [128, 132].
Transformations at 1319 and 1361 °C were tentatively identified as the solidus and liquidus.

Although it seems plausible that the single phase in Alloys AFC1-MC and DOE?2 is an fcc solid
solution that transforms to a bcc solid solution at ~700°C, further work is required to understand the
relationships between the ternary solid solutions suggested by the Pu-Am-Zr data and the reported limited
miscibility of Am with Zr and perhaps Pu [3 (Sections 3.5.2 and 6.2)].

2.2.3.3 Thermal Expansion and Density
22331 Coefficients of Thermal Expansion

TMA data during heating of as-cast Pu-40Zr-12Am shows two temperature ranges with
approximately linear thermal expansion: one from room temperature to the onset of the phase transition at
~700°C and one between the phase transition and ~900°C. The average linear coefficient of thermal
expansion has been reported as 8x10 /K or 8.73x10%/K (reference [132] and INL internal data) below the
phase transition and as 5x10%/K or 15.6x10°/K above it (reference [132] and INL internal data).
Examination of the TMA curves (e.g., [132 Figure 1] indicates that the coefficient of thermal expansion is
somewhat smaller above the phase transition than below it, and the value of 15.6x107%/K above the phase
transition should be disregarded.

22332 Densities

Densities of five rods of Alloy AFC1-MC were measured by immersion. Values ranged from 9.732 to
9.952 g/cm?, with an average value of ~9.88 g/cm?.

2.2.3.3.3 Changes Due to Phase Transitions

TMA data indicates that the phase transition at ~700°C involves a pronounced contraction. The
amount of the contraction has not been quantified; however, consideration of TMA curves (e.g., [132
Figure 1] suggest that the sample length after the transition is only ~80% of the length before the
transition.

2.2.4  Pu-Zr-Np-Am
2241 Introduction

All of the available data on Pu-Zr-Np-Am alloys is from Alloy AFC1-MD, whose nominal
composition consists of 50 wt% Pu, 40 wt% Zr, 10 wt% Np and 10 wt% Am (corresponding to ~24.2 at%
Pu, 63.65 at% Zr, 6 at% Np, and 6 at% Am). This alloy was part of a study of non-fertile transmutation
fuels intended to allow rapid destruction of minor actinides in an accelerator-driven transmutation system
[129]. It was cast and characterized at Idaho National Laboratory [125-128].

Samples of this alloy were fabricated by a procedure involving arc-melting the material several times
on a copper hearth to homogenize it, then melting it a final time and casting it in a quartz mold to produce
a cylinder ~4 mm in diameter.
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No information about the heat capacity, thermal expansion, density, or thermal conductivity of any
Pu-Zr-Np-Am alloy is available.

2.2.4.2 Phases and Phase Transformations

Microstructures in Alloy AFC1-MD resemble those in Pu-40Zr-10Np [128], with a fine-grained
matrix surrounding small dark precipitates. X-ray diffraction patterns are consistent with a combination of
two phases: a major phase with a face-centered cubic structure and lattice parameter a = 4.57A and a
minor phase with a hexagonal structure similar to that of 5-UZr, and lattice parameters a = 5.06A and
¢ = 3.10A. Consideration of the sample composition and binary phase diagrams suggests that the fcc
material is a 6-Pu solid solution and the hexagonal material is an actinide-Zr solid solution with a
structure similar to that of 3-UZr,, 3-NpZr», and k-PuZr, (Section 2.1.1.2.1, [3 (Section 6.1)], and Section
2.2.1.2.1, respectively).

Compositions of phases have not been identified, and the available images suggest that the sample is
too fine-grained to allow measurements of individual phases using SEM.

2.3 Alloys Based on U-Pu, Including U-Pu and U-Pu Alloys with
Minor Actinides (Np, Am)

2.3.1 U-Pu
2.3.1.1 Introduction

A phase diagram proposed by Peterson and Foltyn [135] is generally accepted despite inconsistencies
with phase diagrams based on thermodynamic models [136-138]. The phase diagram of Peterson and
Foltyn is supported by later measurements of solid-state phase transition temperatures [139, 140]. DTA
measurements [139] suggest that relatively minor revisions in the liquidus and solidus may be needed for
compositions with more than ~20 at% U.

The U-Pu system has two intermediate phases: ¢-(U,Pu), which can have ~25-74 at% U and is stable
at room temperature, and n-(Pu-Zr), which can have between ~3 and 70 at% U and is stable at
temperatures between 278 and 705°C. With the exception of a continuous solid solution between y-U and
¢-Pu, no Pu phase can incorporate more than a few at% U, and no U phase can incorporate more than
~20 at% Pu. The solidus and liquidus have minima at the same composition and temperature (~9-12
at% U and ~610-620°C) [135].

Almost all of the published experimental data about the heat capacity of U-Pu alloys is from a single
paper in which specific heats were calculated from incremental enthalpies measured with drop
calorimetry for an alloy with 10 wt% Pu. Although a small number of other values have been published, it
is not clear whether they are based on independent measurements.

Kinetics of phase transformations are sluggish, and experimental results are likely to vary between
samples with different thermal histories (e.g., [114, 141]). Samples of U-Pu alloys may exhibit marked
changes as a result of thermal cycling. For example, one sample of an alloy with 10 wt% Pu that was
cycled between 450 and 700°C experienced a 25% increase in length and 30% decrease in density, even
though the sample was held at temperature for long enough to assure completion of phase transformations
between cycles [142].

Published data on thermal expansion of U-Pu alloys is limited to a single report with information
about an alloy with 15 wt% (~15 at%) Pu, early reports of average coefficients of thermal expansion for
alloys with 10 and 20 at% Pu, and measurements of changes in lattice parameters in £-(U,Pu) in an alloy
with 60 at% Pu. No data about the thermal expansion of n-(U,Pu) or any alloy with more than 60 at% Pu
is available.
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Data on the thermal conductivity of U-Pu alloys is limited to a small number of measurements of the
thermal conductivity of an alloy with 10 wt% (10 at%) Pu.

Models of the U-Pu phase diagram based on thermodynamic properties include those of Leibowitz et
al. [31, 143], Ogawa [144], Chan et al. [145], and Y. Okamoto et al. [139]. Kurata [22, 25, 27] developed
an internally consistent database of thermodynamic properties and used the CALPHAD approach to
calculate a phase diagram that agrees well with the experimental data. Landa and colleagues modeled
U-Pu alloys using ab initio and density functional theory approaches [146-148].

2312 Phases and phase transformations
2.3.1.21 Phases

U-Pu phases include a continuous solid solution between y-U and e-Pu, allotropic modifications of
other U and Pu phases, and the intermediate phases -(U,Pu) and n-(U,Pu).

The U-Pu phases are:
e (a-Pu): Allotropic modification of o-Pu with a maximum solubility of ~0.2 at% U [135].

e (B-Pu): Allotropic modification of 3-Pu with a maximum solubility of 2 at% U [135]. Lattice
parameters of an alloy with 2 at% U at 186 °C are a=9.264 A, b=10.439 A ,c=7.841 A ,and
B=92.22° [149].

e (y-Pu): Allotropic modification of y-Pu with a maximum solubility of 0.7 at% U [135]
e (8-Pu): Allotropic modification of 3-Pu with a maximum solubility of 0.3 at% U [135]
e (8'-Pu): Allotropic modification of &’-Pu with a maximum solubility of 1.5 at% U [135]

e (a-U): Allotropic modification of a-U with a maximum solubility of 15 at% Pu [114, 135, 150].
Berndt measured the lattice parameters of a-U and eight alloys with Pu concentrations between
~2 and 15% in samples that had been furnace-cooled from 400 °C. The a and c lattice parameters
increased, and the b lattice parameter decreased, with increasing concentration of Pu [150]. However,
values of each lattice parameter varied by at most ~0.01 A, suggesting that both variations in the
lattice parameters of (a-U) solid solutions in U-Pu alloys and differences from the lattice parameters
of pure a-U can be neglected for most purposes.

e (B-U): Allotropic modification of 3-U with a maximum solubility of 20 at% Pu [135]. Ellinger et al.
[141] reported the room-temperature lattice parameters of a (B-U) alloy with 15 at% Pu as a =
10.61 A and ¢ = 5.605 A, suggesting that incorporation of Pu may decrease both lattice parameters of
(B-V) solid solutions. They also reported that U-Pu alloys with at least 10 at% Pu retained the p—U
structure if they were water-quenched from the temperature range in which -U is stable but had the
o-U structure if they were quenched from temperatures where y-U is stable.

e v-(U,Pu): A continuous bcc solid solution between y-U and ¢-Pu [135]

e (-(U,Pu): This phase has 25-74 at% U and is stable at room temperature [135]. Although some early
researchers (e.g., [75] indexed it with a primitive cubic unit cell, a neutron-diffraction structure
refinement indicates that -(U,Pu) has a primitive rhombohedral unit cell with a lattice angle close to
90 degrees (space group R3m, a = 10.6583 A, o, = 89.736° at 29 °C for a sample with 60 at% Pu)
[151]. The room-temperature value of the lattice parameter a decreases with increasing concentration
of U (Figure 32).
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Figure 32. Variations in the room-temperature lattice parameter of £-(U,Pu) [141 (Figure 7), 151].
Although Ellinger et al. indexed their data based on a cubic unit cell and Lawson et al. used a
rhombohedral unit cell, lattice parameters from these references can be compared because the
rhombohedral lattice angle o is approximately 90 degrees.

e 1n-(U,Pu), a high-temperature phase with 4 to 70 at% U [135]. The crystal structure of this phase has
not been determined, although Ellinger et al. [141] suggested that it might be tetragonal with
a=10.57 and ¢ = 10.76 A for a sample with 25 at% U that had been quenched from 500°C.

2.3.1.2.2 Phase Transformations

Although numerous phase-transition temperatures have been measured as part of phase-diagram
determination, most have not been presented numerically [135( Figure 1), 139 (Figure 1), 141 ( Figure
1)]. Kaity et al. reported phase-transition temperatures of ~840, 991, and 1248 K in an alloy with 15
wt% Pu based on DTA and dilatometer data [140]. All of the available data are consistent with the phase
diagram of Peterson and Foltyn (Figure 33) for solid-state transformations, although the data of .
Okamoto et al. suggest that the actual liquidus may be lower and the solidus may be higher for
compositions with more than ~20 at% U [139].

Direct measurements of phase-transition enthalpies are lacking. However, differences between
incremental enthalpies for a sample with 10 wt% (~10 at%) Pu and those for pure U are negligible [81],
suggesting that phase-transition enthalpies for this alloy are similar to those for pure U [3 (Section
2.1.2.2)].

Savage [152] reported that the heat of fusion of a U-10Pu alloy is 2.4 kcal/g-atom (~10 kJ/mol), as
compared to his measurement of 2.9 kcal/g-atom (~12.1 kJ/mol) for pure U. This value for the heat of
fusion of pure U is at the maximum of the range of experimental values [3 (Section 2.1.2.2)], and it seems
likely that the heat of fusion of U-10Pu in the same publication is also high. In the absence of new
experimental data, it seems reasonable to assume that the difference between the heats of fusion of U and
U-10Pu (a decrease of ~2 kiJ/mol) is accurate.
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2.3.1.2.3 Phase Diagrams

Numerous researchers have suggested U-Pu phase diagrams (e.g., [75, 109, 114, 139-141, 153-155]). The
basic topology of these phase diagrams is similar, although the phase diagram of Bochvar et al. [109] shows far
lower minimum concentrations of U in £-(U,Pu) and $-U and higher concentrations of U in a-Pu and 3-Pu than
other phase diagrams.

In 1989, Peterson and Foltyn [135] assessed the available data and suggested a phase diagram based
primarily on the work of Ellinger et al. [141]. This phase diagram (Figure 33) is widely accepted. More recent
measurements by Y. Okamoto et al. [139] are consistent with sub-solidus phase-transition temperatures in the
Peterson and Foltyn phase diagram, but suggest that the solidus may be slightly higher and the liquidus may be
lower by ~30°C or more than the temperatures shown in the phase diagram. It has been suggested that the
Peterson and Foltyn phase diagram should be modified as a result of these measurements and to obtain better
agreements with the results of thermodynamic models [136, 137]; however, no modified phase diagram has been
published and recent publications (e.g., [27, 140, 156]) continue to use the phase diagram of Peterson and Foltyn.

Wt% U
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Figure 33. 1989 U-Pu phase diagram of Peterson and Foltyn [135], with more recent measurements from Y.

Okamoto et al. [139] (red dots) and Kaity et al. [140] (green dots). a., B, v, 8, and &’ refer to solid solutions of the

corresponding Pu phases, ¢ is £-(U,Pu), and n is n-(U,Pu).

2313 Heat capacity and Related Properties
2.3.131 Incremental Enthalpy of U-10Pu

Almost all of the published experimental data about the heat capacity of U-Pu alloys is from a single paper
by Savage [152], who calculated specific heats from incremental enthalpies measured with drop calorimetry.
Savage concluded that the heat capacity of an alloy with 10 wt% Pu was similar to that of pure U. He presented
quadratic equations representing heat capacities of individual phases as functions of temperature. Chiotti et al.
[81] proposed Equation 28 through Equation 31 as alternative equations matching the same data. These equations
were accepted by Peterson and Foltyn (with modifications to express heat capacity in J/mol-K rather than
cal/mol-K) in their presentation of the currently accepted phase diagram [135].

59



Figure 34 shows the incremental enthalpy of U-10Pu, as represented by Peterson and Foltyn’s
polynomial fit to Savage’s experimental results [135, 152]. The incremental enthalpies of (B-U), (y-U),
and liquid are linear functions of temperature.
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Figure 34. Incremental enthalpy (H(T) — H(298)) of U-10Pu, calculated from Equation 28, Equation 29,
Equation 30, and Equation 31.
Equation 28. Incremental enthalpy of (a-U) phase in U-10Pu between 298 and 865 K [135]

H(T) - H(298) = -3948+12.196 x T+3.774 x 10-2 x T2/2-4.074 x 105 x T-1

where H is enthalpy at temperature T in J/mol, H(298) is enthalpy at 298 K in J/mol, T is
temperature in K, and T is between 298 and 865 K

Equation 29. Incremental enthalpy of (3-U) phase in U-10Pu between 875 and 1000 K [135]
H(T) - H(298) =-9517.3+37.572 x T

where H is enthalpy at temperature T in J/mol, H(298) is enthalpy at 298 K in J/mol, T is
temperature in K, and T is between 875 and 1000 K

Equation 30. Incremental enthalpy of (y-U) phase in U-10Pu between 1020 and 1310 K [135]
H(T) - H(298) =-5189.4+38.116 x T

where H is enthalpy at temperature T in J/mol, H(298) is enthalpy at 298 K in J/mol, T is
temperature in K, and T is between 1020 and 1310 K
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Equation 31. Incremental enthalpy of U-10Pu liquid between 1365 and 1500 K [135]
H(T) - H(298) = -11867+49.371 x T

where H is enthalpy at temperature T in J/mol, H(298) is enthalpy at 298 K in J/mol, T is
temperature in K, and T is between 1365 and 1500 K

A slightly earlier paper by Kelman et al. [142 Table VII] reported the enthalpy difference between
25°C and melting for a U-10Pu alloys as 46 cal/g (~45.8 kd/mol, consistent with the results published by
Savage [152]). These data were repeated by Kittel [157]. Because Savage was an author of the
Kelman et al. paper, the enthalpies in all three publications [142, 152, 157] may represent the same
experimental results.

2.3.1.3.2 Heat Capacity of U-10Pu

Although Savage presented quadratic equations representing heat capacities of individual phases as
functions of temperature [152], Chiotti et al. [81] noted that these equations did not produce “sensible”
heat capacities for -U and y-U solid solutions and could not be extrapolated to 298 K. Chiotti et al.
therefore proposed alternative equations to fit the data of Savage’s data. These equations were accepted
by Peterson and Foltyn (with modifications to express heat capacity in J/mol-K rather than cal/mol K) in
their presentation of the currently accepted phase diagram [135].

It is important to note that Savage’s conclusion that the heat capacities of U and U-10 Pu are similar
was based on measurements of U that were available at the time of his research. Savage’s measurements
for the heat capacity of a-U and the average heat capacity of y-U are similar to the recommended values
for pure U in reference [3 (Section 2.1.3)], but his values for 3-U and liquid U are not. In the absence of
new experimental data, it seems reasonable to qualitatively accept Savage’s conclusion that heat
capacities of U and U-10 Pu are similar even when this leads to disagreement with his quantitative values.
Further research is needed to test this suggestion, and to investigate thermophysical properties of other
U-Pu alloys.

Figure 35 shows the heat capacity of U-10Pu, as represented by Peterson and Foltyn’s polynomial fit
to Savage’s experimental results [135, 152] (Equation 32 through Equation 35). Recommended values for
the heat capacity of pure U from Konings and Benes [3 (Section 2.1.3), 158] are shown for comparison.
The heat capacities of (a-U) in U-10Pu and pure a-U are similar, and the average heat capacity for (y-U)
in U-10Pu is slightly smaller than that for pure y-U. Heat capacities of (3-U) in U-10 Pu and of liquid
U-10Pu are independent of temperature, as they are for U. However, the reported values of the heat
capacities of (B-U) and liquid U-10Pu differ significantly from those for pure U. Further research is
needed to understand why these differences occur, and to measure the heat capacities of other U-Pu
alloys.
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Figure 35. Heat capacity of U-10Pu (calculated from Equation 32, Equation 33, Equation 34, and
Equation 35), with the heat capacity of U [158] for comparison.

Equation 32. Heat capacity of (a-U) phase in U-10Pu between 298 and 865 K [135]
Cp=12.196 +3.774 x 102 x T + 4.074 x 105 x T2

where C,, is constant-pressure heat capacity in J/mol-K, T is temperature in K, and T is between
298 and 865 K

Equation 33. Heat capacity of (3-U) phase in U-10Pu between 875 and 1000 K [135]
C,=137.572
where C, is constant-pressure heat capacity in J/mol-K

Equation 34. Heat capacity of (y-U) phase in U-10Pu between 1020 and 1310 K [135]
C,=38.116

where C, is constant-pressure heat capacity in J/mol-K

Equation 35. Heat capacity of U-10Pu liquid between 1365 and 1500 K [135]
Cp=49.371

where C, is constant-pressure heat capacity in J/mol-K
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2314 Thermal Expansion and Density
23141 Thermal Expansion
231411 Thermal Expansion of U-15Pu

Kaity et al. [140] measured changes in length of a sample of a U-15wt% Pu alloy with a
high-temperature dilatometer. They divided their thermal expansion data into three temperature ranges,
separated by two phase transformations: the transformation from (a-U) to (B-U) beginning at 842K and
the transformation from (B-U) to (y-U) between 992 and 1009K. Kaity et al. fitted their data using three
polynomials (Equation 36, Equation 37, and Equation 38), which are shown in Figure 36.
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Figure 36. Thermal expansion of U-15 wt% (15 at%) Pu, calculated using Equation 36, Equation 37, and
Equation 38.

Equation 36. Thermal expansion of (a-U) in U-15 wt%-Pu from 393 to 823 K according to
Kaity et al. [140]
(L-Lo)/Lo =-0.431 +1.000 x 103 x T + 8.509 x 107 x T2

where (L-Lo)/Lo is thermal expansion in %, T is temperature in K, T is between 393 and 893 K,
L is the length at temperature T, and Lo is length at 300 K
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Equation 37. Thermal expansion of (3-U) in U-15 wt%-Pu from 863 to 973 K according to
Kaity et al. [140]

(L-Lo)/Lo = -0.976 + 2.790 x 103 x T — 1.562 x 107 x T2

where (L-Lo)/Lo is thermal expansion in %, T is temperature in K, T is between 863 and 973 K,
L is the length at temperature T, and Lo is length at 300 K

Equation 38. Thermal expansion of (y-U) in U-15 wt%-Pu from 1023 to 1163 K according to
Kaity et al. [140]

(L-Lo)/Lo = 2.249 - 2.710 x 103 x T + 22.204 x 107 x T2

where (L-Lo)/Lo is thermal expansion in %, T is temperature in K, T is between 393 and 893 K, L is
the length at temperature T, and Lo is length at 300 K

231412 Thermal Expansion of £-(U,Pu)

Lattice parameters of £-(U,Pu) in a sample with composition PugsoUo.40 Were measured at
temperatures between ~302 and 650 K using high-resolution neutron diffraction [151 Figure 8]. The
lattice parameter a increased with temperature, and the rhombohedral angle o decreased, changing the
shape of the unit cell and increasing its volume slightly (Table 13).

Table 13. Lattice parameters and unit-cell volumes for £-(U,Pu) as a function of temperature, based on
data read from [151 Figure 8].

T (K) a(A) a (degrees) Volume (A3
302 10.684 89.74 1220
430 10.704 89.71 1226
580 10.756 89.53 1244
630 10.772 89.45 1250
675 10.783 89.33 1254

Based on this table, the mean volumetric coefficient of expansion AV/(VoxAT) is ~7.5 x 10~°/K for
temperatures between 302 and 675 K.

2.3.14.2 Coefficients of Thermal Expansion

The corresponding mean coefficient of thermal expansion for the U-15Pu alloy between 300 and
823 K is 18.58 x 10 °K™* [140]. This value is smaller than those reported for U-10 Pu by Kelman et al.
(19.4 x 10°® per °C from 25°C to the first phase transformation, and 25.6 x 10° per °C from the end of
the transformation to 720°C) [142, 157] and for U-20 Pu by Boucher et al. (21 x 10°® per °C from
20-500°C) [159, 160]. However, all of the determinations of the thermal expansion coefficient agree
closely enough that it seems reasonable to consider the average coefficient of thermal expansion
determined by Kaity et al. [140] to be a reasonable estimate for U-Pu alloys with up to ~20% Pu.

2.3.14.3 Density

231431 Densities of (e-Pu) Solid Solutions In U-Pu Alloys

No measurements of the density of this phase are available. Kittel et al. report that the addition of
2 at% U decreases the lattice parameters by 0.1 to 0.3% without significantly changing the lattice angle p.
Decreasing the a, b, and c lattice parameters by 0.3% relative to the lattice parameters of pure o-Pu from
[3 (Section 2.3.2)] decreases the unit-cell volume by ~0.9%, which increases the density of the alloy to
~20.03g/cm?® (as compared to the density of 19.84 g/cm? for a.-Pu from [3 (Section 2.3.4.3)]).
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231432 Densities of (B-Pu), (»Pu), (&Pu), and (6’-Pu) solid solutions in U-Pu alloys

No information about the densities of these phases is available. Because maximum concentrations of
U are low, it seems reasonable to approximate the densities of these solid-solution phases by the densities
of the corresponding phases in pure Pu [3 (Section 2.3.4.3)].

2.3.14.33 Densities of (a-U) Solid Solutions in U-Pu Alloys

Densities of (a-U) solid solutions in U-Pu alloys can be calculated from lattice parameters measured
by Berndt [150]. Although the densities decrease slightly with increasing concentrations of Pu, the
maximum difference in densities is only ~0.05 g/cm?. Thus, it seems reasonable to approximate the room-
temperature densities of a-U solid solutions in U-Pu alloys by the density of o-U [3 (Section 2.1.4.3)].

231434 Densities of (#-U) Solid Solutions in U-Pu alloys

No measurements of the densities of (3-U) solid solutions with Pu are available. However,
Ellinger et al. calculated the room-temperature density of B-U with 15 at% Pu as 18.78 g/cm?® [141] based
on crystallographic data. As pure B-U is not retained at room temperature in quenched samples, no data
on its room-temperature density is available for comparison.

2.3.1.4.35 Density of £-(U,Pu)

Data on the densities of U-Pu alloys with the £-(U,Pu) structure are limited and somewhat
contradictory. Ellinger et al. [141] reported that densities of this phase measured by liquid displacement
were 18.5-18.8 g/cm?. However, densities calculated from their lattice parameters using Equation 5 with
58 atoms per unit cell and assuming that the isotopes in the alloy were U-238 and Pu-239 are somewhat
higher: 18.8 g/cm?® for an alloy with 35 at% U and lattice parameter a = 10.692 A and 19.0 g/cm? for an
alloy with 70 at% U and a = 10.651 A. (Figure 37).

Lawson et al. [151] refined the structure of £-(U,Pu) in an alloy with 40 at% U using neutron
diffraction. They determined that this phase has a rhombohedral unit cell with lattice parameters
a=10.6853 A and o = 89.736 ° at room temperature and confirmed that there are 58 atoms in a unit cell.
Based on these lattice parameters, the unit-cell volume is 1219.96 A3 and the density is 18.83 g/cm? for an
alloy of U-238 and Pu-239. This density is consistent with values calculated from Ellinger’s X-ray
diffraction data (Figure 37). (The actual density of the alloy used by Lawson et al. was higher than this
value because 95% of the Pu in their sample was Pu-242. The isotopes in Ellinger’s samples are not
specified.)

Based on this comparison, it seems likely that the densities calculated from the X-ray data of
Ellinger et al. [141] represent the actual density of C-(U,Pu) better than the densities determined from the
liquid immersion measurements reported in the same paper. As Ellinger et al. did not present details of
their immersion measurements, it seems likely that these measurements were intended primarily to
constrain possible crystal structures.
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Figure 37. Calculated densities of £-(U,Pu) alloys assuming isotopes present are U-238 and Pu-239 based
on structure data from references [141, 151].

2.3.1.4.3.6 Density of 7-(U,Pu)

Data on the density of n-(U,Pu) is limited, and calculating densities from crystallographic information
is complicated by the unknown crystal structure and variety of unit cells that have been suggested to
describe it. Bochvar et al. [109] and Ellinger et al. [141] both suggested tetragonal unit cells with
comparable volumes for alloys with 20-25 at% U; however, Bochvar et al. thought there were 56 atoms
per unit cell, and Ellinger et al. thought there were 52 based on a density of 17.3 g/cm?® deduced from
dilatometer data.

As a result of this difference in the number of atoms per unit cell, the calculated density for an alloy
with 25 at% U based on the unit cell of Ellinger et al. and assuming U-238 and Pu-239 is 17.14 g/cm?,
and the calculated density for an alloy with 20 at% U based on the unit cell of Bochvar et al. and the same
isotopes is 18.47 g/cm?. Further measurements of the density of this phase are clearly needed.

2.3.1.4.3.7 Densities of Liquids

Researchers at Mound Laboratory measured the liquid densities of four U-Pu alloys with 77.6 to 94.5
at% Pu at temperatures from slightly above the liquidus to at least 845°C and provided least-squares fits
to their experimental data [153]. Table 14 shows the lowest-temperature data for each alloy, the liquidus
temperature, and the results of extrapolating the least-squares equations to the liquidus temperature
determined by the Mound Laboratory researchers.

Table 14. Room-temperature densities of U-Pu liquids at the liquidus based on extrapolation of higher-
temperature data from the specified temperature downwards to the liquidus

At% Pu T (°C) Density (g/cm?)
77.6 651 17.2
83.4 632 17.2
89.2 621 17.0
94.5 627 16.8
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2.3.1.4.3.8 Densities of U-Pu alloys

Densities of a number of U-Pu alloys were reported by Ellinger et al. [141], by Boucher and
colleagues [159, 160], and by Kittel et al. [142] (Figure 38). Ellinger et al. attributed the minimum in their
data at ~10-15 at% U as due to retention of a relatively large fraction of (3-Pu), whose density is low
relative to those of C-(U-Pu) and of other Pu phases. They also noted that the density of alloys with
10 at% U varied markedly as a result of thermal history: an alloy quenched from 300°C consisted of
(a-Pu) and ¢-(U,Pu) and had a measured density of 18.55 g/cm?, while an alloy with the same

composition quenched from 250°C consisted of (3-Pu) and £-(U,Pu) and had a measured density of
17.94 g/lcm?,

Ellinger et al. described the samples used to determine their curve in Figure 38 as ““as cast,” which
apparently means the samples were induction melted in a vacuum and allowed to solidify in the crucible.
Weights of individual ingots varied between 3 and 40 g, and cooling rates were not specified.
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Figure 38. As-cast densities of U-Pu alloys. Red symbols and dotted line are from Ellinger et al. [141],

blue “+” symbol is from Boucher and colleagues [159, 160], and green “+” symbol is from
Kelman et al. [142].

2.3.1.4.4 Changes in length due to phase transitions

The (a-U) to (B-U) transformation was associated with a length increase (AL/Lo) of 0.275%, and the
(B-V) to (y-U) transformation was associated with a length increase of 0.14%.

2.3.15 Thermal Conductivity and Related Properties

The only available thermal conductivity data for any U-Pu alloy was reported by Kelman et al. [142,
161 (Figure 7)]. Kittel et al. [157 (Table 17)] repeated these data except for the thermal conductivity at
200°C, which they appear to have erroneously carried over from an adjacent column of the same table.

According to Kelman et al., the thermal conductivity of an alloy with 10 wt% (10 at%) Pu is
~15% below that of the thermal conductivity of pure U. Since the thermal conductivity of pure U reported
by Kelman et al. [142] is in good agreement with recent publications [72, 92], it seems likely that the
thermal conductivity values for U-10Pu in Table 15 represent the actual behavior of U-10Pu.
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Table 15. Thermal conductivity of U-10Pu [142].

T Thermal
°C) Conductivity
(W/m-K)
200 23.43
400 28.86
600 36.39
800 41.83

2.3.2 U-Pu-Np
2.3.2.1 Introduction

U-Pu-Np alloys have been proposed as nuclear fuels for long-life reactor cores and for production of 2¥Pu
as part of a Np-burning fuel cycle (e.g., [162, 163]). Despite this interest, the only available information about
properties of these alloys considered in this Handbook is a calculated isothermal section at 923K.

23.211 Phases and Phase Transformations

Kurata [27 Figure 29] published a calculated isothermal section of the U-Pu-Np system at 923 K, based in
part on unpublished data showing compositions of phases in an alloy whose bulk composition included ~10
at% Np, 25% Pu, and 65% U (Figure 39). The phase identifications in Figure 39 are tentative, and were added
to the figure based on comparison to binary phase diagrams. The identification of B-U is particularly tentative,
as the temperature of Figure 39 is close to the phase-transformation temperature between a-U and -U.

Pu

I 1 1 T T
U 20 | 40 60 \80 Np
8-(U,Np) 7-(U.Np)
Figure 39. Calculated U-Np-Pu phase diagram [27], with phase identifications suggested by comparison
to binary phase diagrams. B refers to f-U solid solutions, & refers to 8-(U,Np) solid solutions, and y refers
to y-(U,Np) or y-(U,Pu) depending on composition.
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2.3.3 U-Pu-Am
2.3.3.1 Introduction

Although some information on the U-Pu, U-Am, and Pu-Am binary systems is presented in
Section 2.3.1 and [3 (Sections 3.2 and 3.5)], there is apparently no published experimental data on ternary
phases in the U-Pu-Am system. The system was modeled by Ogawa [144], Kurata [164], and Perron et al.
[147]. All three models agree that incorporation of Pu increases the mutual solubility of high-U and
high-Am liguids. However, there are significant differences between the isothermal sections produced by
the models at lower temperatures. Some of these differences probably reflect underlying differences in the
phase diagrams for the U-Am and Pu-Am binary systems, neither of which is well known. In the almost
total absence of experimental data, the isothermal sections of Perron et al. may be the best available
representation of the U-Pu-Am system.

No information about heat capacity, thermal expansion, or thermal conductivity of U-Pu-Am alloys is
available.

23.3.1.1 Phases and Phase Transformations

No experimentally determined phase diagrams of the U-Pu-Am system are available. Ogawa used “a
regular solution model with interaction parameters derived from the Brewer valence bond theory” to
calculate a liquidus projection and an isothermal section at 1200 K [144]. This model considered only the
liquid, fcc, and bcc phases.

Kurata developed a CALPHAD model for the U-Pu-Am system using a consistent database of
thermodynamic properties for the U-Np-Pu-Am-Fe-Zr system [22, 164]. This model included
low-temperature phases not considered in Ogawa’s model. Kurata published an isothermal section at
897 K (624°C) calculated using this model [27 (Figure 30), 164 (Figure 8)]. Perron et al. calculated
additional isothermal sections at 1500, 1200, 900, 600, and 300 K using the thermodynamic data
published by Kurata [147 (Figure 7)].

Perron et al. developed a model using CALPHAD for thermodynamic calculations, supplemented by
ab initio electronic-structure calculations to determine needed parameters in the absence of experimental
data. They used this model to calculate isothermal sections at 1500, 1200, 900, 600, and 300 K. In view of
uncertainties about the existence of a continuous solid solution between y-Am and e-Pu [3 (Section 3.5)],
Perron et al. included two variations: a preferred model with a solid solution and an alternate model with
a miscibility gap. Comparison of the isothermal sections from these variations shows little difference
except in high-Pu compositions, and only the model preferred by Perron et al. is presented here.

Figure 40 shows isothermal sections at 1200 K calculated from the three models. Comparison with
binary phase diagrams indicates that the fcc phase is a solid solution that includes $-Am and that the bcc
phase(s) are ternary modifications of the (y-U, &-Pu) solid solution from the U-Pu binary system and (in
the sections from the models of Ogawa and of Perron et al.) the (y-Am, &-Pu) solid solution from the Pu-
Am binary system. The Ogawa model shows far more miscibility in ternary compositions than the models
of Kurata and Perron et al., and also suggests that addition of Pu increases miscibility in the bcc phase.
The isothermal sections from the models of Kurata and Perron et al. are topologically similar, although
specific phase boundaries vary significantly.
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Figure 40. Calculated isothermal sections at 1200 K based on the models of Ogawa [144], Kurata [164]

(as calculated by Perron et al. [147 (Figure 7)]), and the preferred model of Perron et al. [147 (Figure 8)].

Figure 41 shows isothermal sections at 900 K calculated from the models of Kurata and Perron et al.
(The Ogawa model cannot be used at this temperature because it considers only liquid, fcc, and bce
phases.) Comparison with binary phase diagrams indicates that the fcc phase is the (B-Am, 6-Pu) solid
solution with a low concentration of Pu, the bece phase is the (y-U, g-Pu) solid solution with a low
concentration of Am, and n is the n-(U,Pu) solid solution with a negligible concentration of Am. The
isothermal sections in Figure 41 are generally similar to one another except in high-Pu compositions,
where the phase diagram calculated by Perron et al. from Kurata’s model does not match the phase
diagram published by Kurata [164 Figure 8] and neither of the isothermal sections published by Perron et
al. is entirely consistent with the commonly accepted U-Pu phase diagram (Handbook Section 2.3.1).

Kurata Perron

FCC

1020 30 40 50 60 70 80 90 10 20 30 40 50 60 70 aoTso
FCC+o-U+p-U At% Pu L At% Pu

Figure 41. Calculated isothermal sections at 900 K based on the model of Kurata [164] (as calculated by

Perron et al. [147 (Figure 7)]) and the preferred model of Perron et al. [147 (Figure 8)].

Figure 42 shows isothermal sections at 600 K calculated from the Kurata and Perron models.
Comparison with binary phase diagrams indicates that the fcc phase is the (B-Am, 3-Pu) solid solution
with a low concentration of Pu, the dhcp phase is a-Am with low concentrations of U and of Pu, n is the
n-(U,Pu) solid solution with a negligible concentration of Am, and C is the £-(U,Pu) solid solution with a
negligible concentration of Am. Although the isothermal sections from the Kurata and Perron models
both indicate very limited miscibility in this system, definitions of two- and three-phase fields differ
significantly between the two models.

70



Am Am DHCP+FCC+,

Kurata 10 90 Perron

20
FCC+DHCP+a-U
30

S 40
N

T 50

60

FCC+a-U DHCP+a-U

90 20 10 _FCC
Ve
U FCC+(+a-U U /]
10 20 30 40 50 60 70 80| 90 Pu 10 20 30/ 40 50 60 70f 80 90 T Pu
0, 0,
At% Pu FCC+C+n FCC+n DHCP+¢ At’% Pu FCC+Zn FCC

Figure 42. Calculated isothermal sections at 600 K based on the model of Kurata [164] (as calculated by
Perron et al. [147 (Figure 7)]) and the preferred model of Perron et al. [147 (Figure 8)].

Figure 43 shows isothermal sections at 300 K calculated from the models of Kurata and Perron et al.
Comparison with binary phase diagrams indicates that the fcc phase is the (B-Am, 3-Pu) solid solution
with a low concentration of Pu, the dhcp phase is a-Am with low concentrations of U and Pu, and ¢ is the
C-(U, Pu) solid solution with a negligible concentration of Am. Although the isothermal sections both

indicate very low miscibility in this system, definitions of two- and three-phase fields differ significantly
between the two models.
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Figure 43. Calculated isothermal sections at 300 K based on the model of Kurata [164] (as calculated by
Perron et al. [147 (Figure 7)]) and the preferred model of Perron et al. [147 (Figure 8)].
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2.4 Alloys Based On U-Pu-Zr, including U-Pu-Zr and U-Pu-Zr Alloys
with Minor Actinides (Np, Am, Cm), Rare-Earth Elements (La, Ce,
Pr, Nd, Gd), and Y

24.1 U-Pu-Zr
24.1.1 Introduction

U-Pu-Zr alloys have been investigated extensively. At least 50 measurements of sub-solidus phase
transformation temperatures [100, 115, 153, 165-167] and 75 determinations of phases in annealed
samples [62, 159, 160, 168] have been reported, although many of these measurements are described as
“preliminary.”

Only two partial phase diagrams based on experimental data have been published. Researchers at
Mound Laboratory suggested a sequence of possible solid-state transformations and presented a single
figure showing transformations from a the high-temperature bcc solid solution to lower temperature
phases [115, 169]. Slightly later, O’Boyle and Dwight considered all of the available data (including that
from Mound Laboratory) and suggested an alternate sequence of possible transformations and a series of
isothermal sections at temperatures between 500 and 700°C [62]. The isothermal sections of O’Boyle and
Dwight remain the most complete experimentally based depiction of the U-Pu-Zr phase diagram.

Experimental research since the publication of the O’Boyle and Dwight phase diagram is limited, but
includes phase analyses from high-temperature neutron diffraction of U-8Pu-10Zr and U-19Pu-10Zr
(wt%) [168, 170], measurements of the liquidus and solidus of U-13Pu-16Zr and U-12Pu-29Zr (at%)
[31], measurements of phase transition temperatures in seven alloys [1, 2, 100, 171], observations of
constituent redistribution in samples of U-19Pu-10Zr (wt%) as a result of thermal gradients [166, 172],
identification of phases in annealed U-23Pu-9Zr (wt%) from electron-diffraction data [173], and
comparison of microstructures in as-cast and annealed samples [174].

There is general agreement that all of the phases in the U-Pu-Zr system at temperatures above ~500°C
are allotropic modifications of phases in the U-Pu, U-Zr, and Pu-Zr systems. The first phase to crystallize
for all U-Pu-Zr ternary compositions is a bcc solid solution between y-U, g-Pu, and -Zr, which
transforms to a number of lower-temperature phases by solid-state reactions. These reactions are
characteristically slow, and annealing times of 25 days at 700°C and five months at 590°C were required
to obtain grains large enough for microprobe analyses [62]. Thus, it is likely that none of the samples
were at equilibrium and that characterization results are influenced by the thermal histories of specific
samples.

Most of the available data on heat capacities of U-Pu-Zr alloys is from DSC data collected by
researchers at INL from six alloys (Figure 44, Figure 45, Table 16, and Table 17). The incremental
enthalpy and heat capacity of a U-15Pu-10Zr (wt%) alloy based on drop-calorimetry data have also been
reported by other researchers. Although the reported heat capacities show some variability, there are no
obvious systematic relationships between heat capacities and compositions, and all of the reported heat
capacities are generally similar to the heat capacity of U.

Only two measurements of thermal expansion coefficients for U-Pu-Zr alloys have been reported,
although both have been widely repeated. Densities of as-cast U-Pu-Zr alloys vary, but tend to decrease
with increasing concentrations of Zr.

Despite reports of “catastrophic” events (including density losses of almost 0.7 g/cm?® and samples
catching fire) during thermal cycling experiments at temperatures as low as ~650-750°C [159, 165],
systematic investigations indicate that thermal cycling does not cause a significant change in density.
Thermal cycling phenomena are strongly dependent on the starting microstructure, particularly centerline
porosity and preferred orientation [165], which were not specified in the thermal-cycling experiments.
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Data on thermal conductivity of U-Pu-Zr alloys is limited to compositions with ~15-20 wt% Pu and
~3.4-14 wt% Zr. All of the available quantitative data was originally reported before ~1970. Although the
original measurements show significant variation, they indicate that thermal conductivity increases with
temperature for a given composition and suggest that increasing the concentration of Pu may lower the
thermal conductivity. The thermal conductivity of any given sample is microstructure-dependent because
of temperature drops at phase boundaries [175], and attempts to determine unique values for the thermal
conductivities of U-Pu-Zr alloys as functions of composition and temperature alone may be unsuccessful.

None of the available empirical equations is an accurate representation of all of the experimental
measurements of thermal conductivity of U-Pu-Zr alloys with 15-20 wt% Pu and 10-15 wt% Zr.
Although it has been suggested that the thermal conductivity of U-Pu-Zr alloys can be modeled using a
modification of the Bruggeman method [92], the large number of empirical fitting parameters make it
difficult to use this model and it may be appropriate to develop new empirical equation to fit thermal
conductivity values selected for specific applications.

Recent research on the U-Pu-Zr system has emphasized modeling. Landa and colleagues developed
density functional theory models [176], Wenzhong and Unal [177] and Galloway et al. [178] addressed
ways to incorporate U-Pu-Zr phase diagrams into the Moose-Bison fuel performance code, and Kurata
[22, 25] compiled a thermodynamic database and used it to calculate isothermal diagrams that are in
reasonably good agreement with the isothermal sections of O’Boyle and Dwight.

2.4.1.2 Phases and Phase Transformations
24121 Phases

All of the known phases in the U-Pu-Zr ternary system are allotropic modifications of phases in the
U-Pu, U-Zr, or Pu-Zr system. These phases include:

e (a-U): Allotropic modification of a-U [3 (Section 2.1.2.1)] that can incorporate up to ~15 at% Pu and
0.5 at% Zr (reference [62] and Sections 2.1.1 and 2.3.1). (a-U) solid solutions with higher
concentrations of Zr (commonly called “supersaturated o-U” or “o’-U”’) have been reported in as-cast
alloys, but are not considered to represent equilibrium (e.g., [168, 170, 179]).

e (B-U): Allotropic modification of 3-U [3 (Section 2.1.2.1)] that can incorporate up to ~20 at% Pu and
1.1 at% Zr (reference [62] and Sections 2.1.1 and 2.3.1).

e (y-U): Body-centered cubic solid solution between y-U, B-Zr, and g-Pu.

e (a-Zr): Allotropic modification of a-Zr [3 (Section 2.9.2.1)] that can incorporate up to 1 at% U and
also has a low solubility for Pu (Sections 2.1.1and 2.2.1).

e (a-Pu), (B-Pu), (y-Pu), and (8'-Pu): Allotropic modifications of Pu phases [3 (Section 2.3.2.1)] with
low solubilities for both U and Zr. Aitkaliyeva et al. identified -Pu as a major constituent of U-23Pu-
9Zr (Wt%) based on electron diffraction [173]. If it is assumed that the area analyzed by TEM is
typical, mass balance considerations suggest that the concentrations of U and Zr in -Pu must be
significantly higher than the maximum values indicated by the U-Pu and Pu-Zr phase diagrams
(Sections 2.2.1 and 2.3.1).

e (8-Pu): Allotropic modification of 3-Pu [3 (Section 2.3.2.1)], which has extensive solubility with Zr
but can dissolve at most ~0.3 at% U (Sections 2.2.1 and 2.3.1).

e n-(U,Pu,Zr): Modification of n-(U,Pu) (Section 2.3.1.2.1), with a limited solubility for Zr [62].
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e (C-(U,Pu,Zr): Allotropic modification of £-(U,Pu) (Section 2.3.1.2.1). O’Boyle and Dwight indicate
that £-(U,Pu,Zr) can contain up to ~5 at% Zr, and that the solubility of Zr decreases at lower
temperatures. In contrast, researchers from Mound Laboratory [115, 169] found that this phase can
contain up to 9 at% Zr at 675°C and that the solubility of Zr increases at lower temperatures to a
maximum of ~20 at% at 640°C. The unit cell size increases by ~0.02% as a result of the incorporation
of Zr [62].

o 3-(U,Pu)Zrz: Allotropic modification of 3-UZr, (Section 2.1.1.2.1) with extensive solubility for Pu. It
has been suggested that there is a continuous solid solution between 3-(U,Pu)Zr, and k-PuZr, [62,
180]; however this possibility requires further investigation because k-PuZr, does not appear in recent
Pu-Zr phase diagrams (Section 2.2.1.2). O’Boyle and Dwight [62] report that comparisons of lattice
parameters of 3-UZr; in alloys with 0, 10, or 20 at% Pu show an increase with increasing
concentrations of Pu.

e (C-PugsZr) and (6): Allotropic modifications of C-PussZr and 0-(Pu,Zr) (Section 2.2.1.2.1). These
phases occur only at temperatures below the isothermal sections of O’Boyle and Dwight [62], and no
information is available about their existence, composition ranges, and lattice parameters in ternary
alloys.

High-Zr inclusions with a few percent of U and Pu are commonly observed in U-Pu-Zr alloys with
compositions that phase diagrams indicate have too little Zr to form o-Zr or B-Zr (e.g., [31, 62, 172, 179,
181]). The high-Zr inclusions are generally described as “globular,” and may contain high-actinide
sub-inclusions [31]. These inclusions are commonly referred to as “oxygen-stabilized o-Zr” because
O’Boyle and Dwight [62] noted that the quantity of inclusions increased with increases in the partial
pressure of oxygen in the atmosphere in which the samples were cast. However, Leibowitz et al. believed
that they represented a “previously unknown multi-component phase, which is liquid below 1500°C and
is immiscible in the U-Pu-Zr matrix alloy” [31 (p. 151)]. Further research is needed to understand these
inclusions.

24122 Phase Transformations

Numerous measurements of phase-transition temperatures and phase assemblages in samples with
known thermal histories are available [62, 100, 115, 153, 159, 160, 165-168]. Identifying specific phase
transitions associated with each transition temperature is difficult because shapes of peaks in DSC data
suggest that many of the transitions represent more than one transition. Determining phase-transition
temperatures from phase assemblages in annealed and quenched samples is also difficult because of
possibly sluggish phase-transition Kinetics.

Although many details of the U-Pu-Zr phase diagram remain poorly understood, the isothermal
sections of O’Boyle and Dwight are generally considered to be the best available experimentally
determined representation of equilibrium phase relationships in the U-Pu-Zr system at temperatures
between 500 and 700°C.

Data on phase-transformation enthalpies are generally lacking. However, researchers at Idaho
National Laboratory (INL) recently measured phase-transition temperatures and enthalpies for six alloys.
The measurements were made in an air-atmosphere glovebox. Despite a flowing cover gas with oxygen
concentration below the parts per billion range, the samples developed visible oxide layers during data
collection. Because of peak overlaps in the DSC curves, it was not possible to separate peaks from
individual transformations, and total enthalpies were calculated from the areas under all of the peaks
corresponding to temperatures between 400 and 800°C (Table 17).
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INL sample compositions, at%
+U-17Pu-23Zr (E1)
+U-19Pu-32Zr (B7)
U-22Pu-40Zr (B1)
+U-27Pu-40Zr (B8)
U-12Pu-687Zr (B3)
U-41Pu-40Zr (B2)

Figure 44. Compositions (in at%) of alloys whose phase-transition temperatures and enthalpies were
measured at INL.

INL sample compositions, wt%
+U-20Pu-10Zr (E1)
+U-24Pu-15Zr (B7)
U-30Pu-20Zr (B1)
+U-36.5Pu-20Zr (B8)
U-20Pu-45Zr (B3)
U-55Pu-20Zr (B2)

Figure 45. Compositions (in wt%) of alloys whose phase-transition temperatures and enthalpies were
measured at INL.
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Table 16. Onset temperatures for peaks at temperatures above 400°C in INL data, measured during

heating.
Alloy name Composition Composition First tEansition Second ;cransition
(Wt%) (at%) (°C) (°C)
AFC2-E1 U-20Pu-10Zr U-17Pu-23Zr 580 654
AFC2-B7 U-24Pu-15Zr U-19Pu-32Zr 574 637
AFC2-B1 U-30Pu-20Zr U-22Pu-40Zr 570 598
AFC2-B8 U-36.5Pu-20Zr U-27Pu-40Zr 551 570
AFC2-B2 U-55Pu-20Zr U-41Pu-40Zr 502 518
AFC2-B3 U-20Pu-45Zr U-12Pu-68Zr 591
Table 17. Combined enthalpies for all transformations at temperatures between 400 and 800°C.
Alloy name Composition (wWt%o) AHrr (J/9)
AFC2-E1 U-20Pu-10Zr 30.54+0.3
AFC2-B7 U-24Pu-15Zr 29.07+0.36
AFC2-B1 U-30Pu-20Zr 32.28+0.71
AFC2-B8 U-36.5Pu-20Zr 27.760.1
AFC2-B2 U-55Pu-20Zr 35.75+0.57
AFC2-B3 U-20Pu-45Zr 32.37+0.07
24.1.2.3 Phase Diagrams

241231

Several research groups have measured the solidus and liquidus temperatures of U-Pu-Zr alloys with
high concentrations of U or Pu [31, 78, 142, 153, 165] (Figure 46 and Figure 47). A cursory examination
of the figures shows that drawing smooth temperature contours requires either assuming very large error
bars for individual measurements or discounting some of the data.

Liquidus and Solidus

Leibowitz et al. [31] suggested that data from reference [153], which includes all of the high-Pu data,
should be discounted because its liquidus temperature for a Pu-15 at% Zr alloy is ~200°C higher than the
values accepted by other researchers (e.g., [102, 103]). However, determining the liquidus temperature for
this alloy from reference [153] requires extrapolating temperatures beyond the isothermal contours
suggested by the authors. Solidus temperatures for Pu-Zr alloys and both solidus and liquidus
temperatures for U-Pu alloys in reference [153] are within ~30°C of those accepted by other researchers
[102, 103]. Given the relatively poor knowledge of all of the systems involved, it seems reasonable to
accept the data from ternary U-Pu-Zr alloys in reference [153] pending further investigation.
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Figure 46. Experimentally determined liquidus temperatures in °C, with melting temperatures of U, Pu,
and Zr for comparison [31, 78, 142, 153, 165].
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Figure 47. Experimentally determined solidus temperatures in °C, with melting temperatures of U, Pu,
and Zr for comparison [31, 142, 153, 165].

Measurements of liquidus and solidus temperatures in alloys with other compositions are lacking.
Three approaches to estimating solidus and liquidus temperatures have been suggested. In the earliest
approach, Leibowitz et al. [31] developed thermodynamic models for the liquidus and solidus. Later
analyses by Kurata [25] made it possible to for Ogata [37, 38] to derive analytical expressions for liquidus
and solidus temperatures for compositions with less than 80 at% Zr and more U than Pu. These
expressions match experimental data on the U-Zr and U-Pu-Zr systems [31, 78, 142, 165] to within 60°C
for the solidus and 130°C for the liquidus. Somewhat later, Kurata [22, 27] calculated liquid and solidus
temperatures using CALPHAD, and obtained agreement with the experimental data in references [165]
and [31] to within £20°C.

Figure 48, Figure 49, Table 18, and Table 19 compare liquidus and solidus temperatures calculated
using the three models. Data from the Ogata model are selected points calculated after algebraic
manipulation to obtain a quadratic equation for the concentration of Pu corresponding to a given
temperature and concentration of Zr. Solidus and liquidus temperatures from the three models generally
agree with each other better than they do with the data for compositions with more than ~50 at% U, but
differ by up to ~100°C for some compositions. The currently available data are not adequate to determine
which model is best.

78



1135

1240 1050

S

1360 80 \ A\ | X, 20

_ ) . +800
1425 a: | i N +900
)| +1000
60 . E 40 +1100
: \ "3_5_
S 3 + B £ % 2
o FC 3 . <
& 40, S IR R W Y +1400
P I L I R +1500
. S I EO +1600
+ AN +1700
202 : : 80
S S 8} S S] S|i) 8 \e\e\e
N b/ B X:mf Nl O] L\ \e\@
Zr ™~ ™~ N w)iwi] w)iv] ] 2\ \R N\ Py
A A A A A A A A A
1855 20 40 60 80 640
At% Pu

Figure 48. Liquidus temperatures (°C) from models of Leibowitz et al. [31] (solid lines), Kurata [27]
(dotted lines), and Ogata [37] (colored symbols showing examples of calculated points, with each color
indicating a different temperature). Melting temperatures of U, Pu, and Zr are shown for comparison.
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Figure 49. Solidus temperatures (°C) from models of Leibowitz et al. [31] (solid lines), Kurata [27]
(dotted lines), and Ogata [37] (colored symbols showing examples of calculated points).

Table 18. Experimental and calculated liquidus temperatures (°C) for U-Zr and U-Pu-Zr alloys.

Composition Composition - o
(Wi%%) (at%) Liquidus temperature (°C)
Experimental Ogata Leibowitz et al.
[reference] [37] Kurata [27] [31]

U-15Pu-7Zr U-13Pu-16Zr 1240 [165] 1281 ~1250 1268

U-15Pu-13.5Zr | U-12Pu-29Zr 1425 [165] 1413 ~1390 1394

U-8.4Zr U-19.3Zr 1358 [31] 1353 ~1350 1371

U-20Pu-1Zr ;J-3129r.spu- 1050 [31] 1063 ~1060 1060
U-19.3Pu-

U-22Pu-6Zr 1457¢ 1321 [31] 1246 ~1230 1216

U-11.1Pu-6.3Zr | U-10Pu-15Zr 1200 [142] 1280 ~1250 ~1225
U-12.9Pu-

U-15Pu-10Zr 99 57¢ 1250 [142] 1353 ~1330 ~1310

U-18.5Pu-

14.17r U-15Pu-30Zr 1290 [142] 1413 ~1380 ~1350

U-11Zr U-24.4Zr 1427 [78] 1400 ~1400 ~1390

U-20Zr U-39.3Zr 1520 [78] 1520 >1425 ~1500
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Table 19. Experimental and calculated solidus temperatures (°C) for U-Zr and U-Pu-Zr alloys.

Composition Composition . R
(W12%) (at%) Solidus Temperature (°C)
Experimental Leibowitz et al.
[reference] Ogata [37] | Kurata [27] [31]
U-15Pu-7Zr U-13Pu-16Zr 1105 [165] 1098 ~1105 1121
U-15Pu-13.5Zr U-12Pu-29Zr 1195 [165] 1213 ~1195 1187
U-8.4Zr U-19.3Zr 1216 [31] 1268 >1195 1221
U-20Pu-12r U-19.5Pu- 996 [31] 961 <996 1012
3.3Zr
U-22Pu-6Zr U-19.3Pu-
14.57¢ 1093 [31] 1038 1040 1071
U-11.1Pu-6.3Zr | U-10Pu-15Zr 1120 [142] 1124 ~1110 ~1095
U-15Pu-10Zr U-12.9Pu-
29 57¢ 1155 [142] 1154 ~1150 ~1115
U-18.5Pu-14.1Zr | U-15Pu-30Zr 1170 [142] 1195 ~1190 ~1140

241232 Sub-solidus Reactions

In the 1960s, several groups of researchers attempted to determine the U-Pu-Zr phase diagram by
combining data on phase-transition temperatures with phases in annealed samples. Researchers at Mound
Laboratory identified possible sub-solidus reactions and constructed a diagram showing the “gamma
solvus” (which represents the temperatures of the solid-state reactions at which the high-temprature (y-U)
solid solution transforms to lower-temperature phases) [115, 169]. The Mound Laboratory researchers
also compiled a tentative table of reactions [115] but did not use their results to suggest phase diagrams or
isothermal sections.

In 1970, O’Boyle and Dwight considered all of the data available at the time (including the data used
by Mound Laboratory and their own new measurements) and published a series of isothermal sections at
temperatures between 500 and 700°C [62].

Figure 50 compares the temperatures of the “gamma solvus” according to O’Boyle and Dwight and
researchers from Mound Laboratory. The two sources used much of the same data and should not be
considered independent. However, both suggest that compositions of interest for fuels are likely to
transform between the (y-U) solid solution and some combination of (-U), n-(U,Pu), and £-(U,Pu) at
temperatures between 650 and 700°C.
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Figure 50. Ternary projection of low-temperature limit of (y-U) solid solution from Mound Laboratory

[115, 169] (solid lines) with corresponding temperature contours from O’Boyle and Dwight [62] (dotted
lines).

Figure 51 through Figure 59 show the isothermal sections of O’Boyle and Dwight [62]. The diagrams
show numerous phases with narrow composition ranges, which are probably not known to the accuracy
implied by the diagrams. There are also several areas where four-phase reactions are indicated. Further
research on the U-Pu-Zr phase diagram is clearly needed, particularly at relatively low temperatures.
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Figure 51. Isothermal section of the U-Pu-Zr phase diagram at 700°C [62]. Colored symbols show
compositions of the INL samples (Figure 44).
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Figure 52. Isothermal section of the U-Pu-Zr phase diagram at 670°C [62]. Colored symbols show
compositions of the INL samples (Figure 44).
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Figure 53. Isothermal section of the U-Pu-Zr phase diagram at 660°C [62]. Colored symbols show
compositions of the INL samples (Figure 44).
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Figure 54. Isothermal section of the U-Pu-Zr phase diagram at 650°C [62]. Colored symbols show
compositions of the INL samples (Figure 44).
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Figure 55. Isothermal section of the U-Pu-Zr phase diagram at 640°C [62]. Colored symbols show
compositions of the INL samples (Figure 44).
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Figure 56. Isothermal section of the U-Pu-Zr phase diagram at 595°C [62]. Colored symbols show
compositions of the INL samples (Figure 44).
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Figure 57. Isothermal section of the U-Pu-Zr phase diagram at 580°C [62]. Colored symbols show
compositions of the INL samples (Figure 44).
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Figure 58. Isothermal section of the U-Pu-Zr phase diagram at 550°C [62]. Colored symbols show
compositions of the INL samples (Figure 44).
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Figure 59. Isothermal section of the U-Pu-Zr phase diagram at 500°C [62]. Colored symbols show
compositions of the INL samples (Figure 44).
24.1.3 Heat Capacity and Related Properties

Most of the available data on heat capacities of U-Pu-Zr alloys is from DSC measurements of the
alloys in Table 16 and Table 17 by researchers at INL. These measurements were made in an
air-atmosphere glovebox. Despite a flowing cover gas of high-purity argon with oxygen concentration
below the parts per billion range, some samples developed visible oxide layers during data collection.
Heat-capacity measurements above the highest-temperature phase transition for each alloy (Table 16)
were attempted but are considered unreliable.

Equation 39 through Equation 44 express the specific heats of the U-Pu-Zr alloys measured at INL.
Note that the units for C, are J/g-K. Temperatures are in °C for all equations. The temperature range of
applicability for each equation is in the caption for that equation.

Equation 39. Heat capacity (in J/g-K) of Alloy AFC2-E1 (U-20Pu-10Zr) for temperatures between room
temperature and 550°C

Cp = -9x108xT? + 0.0001xT + 0.1368

Equation 40. Specific heat (in J/g-K) of Alloy AFC2-B7 (U-24Pu-15Zr) for temperatures between 100
and 540°C

Cp =-3.54x108xT?+ 1.18x10* xT + 0.130

Equation 41. Specific heat (in J/g-K) of Alloy AFC2-B1 (U-30Pu-20Zr) for temperatures between 100
and 540°C

Cp = -8.48x108xT?+ 2.22x10*xT + 0.135

Equation 42. Specific heat (in J/g-K) of Alloy AFC2-B8 (U-36.5Pu-20Zr) for temperatures between 100
and 540 °C

Cp = -5x108T?+ 0.0001xT + 0.1285
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Equation 43. Specific heat (in J/g-K) of Alloy AFC2-B2 (U-55Pu-20Zr) for temperatures between 100
and 460°C

Cp = -6.61x108xT? + 1.17x10*xT + 0.127

Equation 44. Specific heat (in J/g-K) of Alloy AFC2-B3 (U-20Pu-45Zr) for temperatures between 100
and 575°C

Cp = -4.69x108T?+ 1.74x10*XT + 0.177

The only other source of data on heat capacities of U-Pu-Zr alloys is from drop-calorimetry
measurements of incremental enthalpy and heat capacity of an alloy with 15 wt% Pu and 10 wt% Zr
[152]. Figure 60, Equation 45, and Equation 46 express the incremental enthalpy data. The abrupt rise in
the incremental enthalpy between 600 and 650°C is attributed to the transformation from (a.-U) to (y-U)
and disappearance of (5-UZr,) [152].
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Figure 60. Incremental enthalpy (H(T) — H(25)) of U-15Pu-10Zr [152]. Triangles are measured data
points, and the polynomial fit is calculated from Equation 45 and Equation 46.

Equation 45. Incremental enthalpy of U-15Pu-10Zr between 25 and 600 °C [152]
H(T) - H(25) = -0.185+0.00636 x T+0.00000318 x T?

where H is enthalpy at temperature T in kcal/mol, H(25) is enthalpy at 25 °C in kcal/mol, T is
temperature in °C, and T is between 25 and 600 °C

Equation 46. Incremental enthalpy of U-15Pu-10Zr between 650 and 1150 °C [152]
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H(T) - H(25) = 2.91+0.00379 x T+0.00000312 x T2

where H is enthalpy at temperature T in kcal/mol, H(25) is enthalpy at 25 °C in kcal/mol, T is
temperature in °C, and T is between 650 and 1150 °C

Equation 47 and Equation 48 express the corresponding heat capacities. Both equations are linear
functions of temperature. Note that units for heat capacities are cal/mol-°C.

Equation 47. Heat capacity of U-15Pu-10Zr between 25 and 600 °C [152]
Cp = 6.36+0.00636 x T

where C,, is constant-pressure heat capacity in cal/ mol-°C, T is temperature in °C, and T is
between 25 and 600 °C

Equation 48. Heat capacity of U-15Pu-10Zr between 650 and 1150°C [152]
Cp =3.79+0.00623 x T

where C,, is constant-pressure heat capacity in cal/ mol-°C, T is temperature in °C, and T is
between 650 and 1150°C

Heat capacities of U-Pu-Zr alloys
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Figure 61. Heat capacities of U-Pu-Zr alloys, calculated from Equation 39 through Equation 44,

Equation 47, and Equation 48 and converted to J/mol-K. The heat capacity of pure U [158]) is provided for
comparison.

Although there is some variation in heat capacities, there is no obvious relationship between heat
capacities and compositions. In the absence of high-quality data for specific compositions of interest, it

seems reasonable to approximate the heat capacities of these U-Pu-Zr alloys by that of U (as suggested by
Savage [152]).
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24.1.4 Thermal Expansion and Density
24141 Thermal Expansion Coefficients

Published measurements of thermal expansion coefficients for U-Pu-Zr alloys were originally reported
by researchers at CEA and Argonne National Laboratory [159, 161]. Other publications (e.g., [37, 142,
157, 160, 182]) repeat these data. All of the available data are from alloys with 11-20 wt% Pu and
6-15 wt% Zr. Within this composition range, there is generally good agreement about thermal expansion
coefficients.

The published measurements generally fall within two temperature ranges separated by phase
transformations: room temperature to ~600°C, and above ~660°C (Table 20, Table 21). Reported
coefficients of thermal expansion below the phase transformations range from 16.3 x 10%/°C to
18.3 x 10°%/°C, and reported coefficients of thermal expansion above the phase transformations range from
18.1 x 10%/°C to 20.1 x 10°%/°C. In view of the relatively small variation in the reported values and the lack
of an obvious correlation between thermal expansion coefficients and compositions, it seems reasonable to
estimate the thermal expansion coefficients of alloys with ~10-20 wt% Pu and 5-15 wt% Zr by using the
average values of the reported data (17.4 x 10°%/°C below the phase transformations and 19.4 x 10%/°C
above).

Table 20. Thermal expansion coefficients for U-Pu-Zr alloys between room temperature and 600°C.

Coefficient of Temperature
Composition Composition Thermal RF;n e References
(Wt%) (at%o) Expansion R Cg)l

x 106 (per °C)
U-11.1Pu-6.3Zr U-10Pu-15Zr 18.3 25-595 [37, 142, 157, 161]
U-15Pu-10Zr U-13Pu-22.5Zr 17.6 25-595 [37, 142, 157, 161]
U-15Pu-10Zr U-13Pu-22.5Zr 16.3 20-600 [37, 157, 159, 160]
U-20Pu-10Zr U-17Pu-23Zr 17.3 20-586 [37, 157, 159, 160, 182]
U-18.5Pu-14.1Zr U-15Pu-30Zr 17.5 25-595 [37, 142, 157, 161]
U-17.1Pu-3.4Zr* U-15Zr-15Pu 21.2 25-570 [161]
Average 17.4 20-600 —

1. Weight and atomic percentages are inconsistent. Assuming atomic percentages are correct, this alloy contains ~6.3 wt%
Zr. This alloy is not included in the average value because the range of measured temperatures does not include a gap for
phase transformations.

Table 21. Thermal expansion coefficients for U-Pu-Zr alloys at higher temperatures.

Coefficient
Composition Composition of Thermal T Range References
(Wt%) (at%o) Expansion (°C)
x 10° (per °C)
U-11.1Pu-6.3Zr U-10Pu-15Zr 18.1 680-950 [142, 157, 161]
U-15Pu-10Zr U-12.9Pu-22.5Zr 20.1 665-950 [37, 142, 157, 161]
U-18.5Pu-14.17Zr U-15Pu-30Zr 20.0 660-950 [37,142, 157, 161]
U-Pul7.1-Zr3.4} U-15Zr-15Pu 16.4 570-860 [161]
Average 194 660-950 —
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1. Weight and atomic percentages are inconsistent. Assuming atomic percentages are correct, this alloy contains ~6.3 wt%
Zr. This alloy is not included in the average value because the range of measured temperatures does not include a gap for
phase transformations.

24.1.4.2

Experimental measurements of room-temperature densities of U-Pu-Zr alloys were originally
published in several reports [159, 161, 165] and summarized in a recent review [37]. Table 22 and
Figure 62 present the experimental data.

Density

All of the measured densities are below the theoretical density (Figure 62). Some differences between
measured and actual densities may be explained by differences between nominal and actual compositions.
The data from Harbur et al. (red lines in Figure 62) suggests that alloys produced using different methods
may have different densities, and that extruded alloys may have slightly higher densities than cast alloys
with the same composition. If it is assumed that differences between actual and theoretical densities are
related to porosity and low-density inclusions of impurity phases, it seems reasonable to expect a strong
relationship between processing techniques and as-cast densities.

Data from references [159, 165], and [161] suggest that thermal cycling has little effect on density.
Some researchers have suggested that the concentrations of impurities such as carbon and oxygen is
important, and that alloys with ~500 ppm impurities are ~3-5% lower than in alloys without impurities
[161]. Both of these results are unexpected and require verification.

The ““as cast” line from Harbur et al. appears to be the best available representation of the as-cast
density measurements. In the absence of experimental data, it may be appropriate to use this line to
estimate compositions of other alloys.

Table 22. Room-temperature densities of U-Pu-Zr alloys, listed in order of increasing atomic fraction

of Zr.

Cor(nv\rlatgz;lon Cor(r;;t)é}s;lon %e/r;;;?)/ (°-E:) Comments Reference
U-17.1Pu-3.4Zr | U-16Pu-8Zr 17.0 25 As-cast [161 Table 1]
U-15Pu-6Zr U-13.4Pu-14.3Zr | 16.5 Ambient | Extruded [165]
U-11.1Pu-6.3Zr | U-10Pu-15Zr 17.0 25 As-cast [161 Table 1]
U-15Pu-10Zr U-12.6Pu-22.6Zr | 16.0 25 As-cast [161 Table 1]
U-15Pu-10Zr U-12.6Pu-22.6Zr 15.67 20 As-cast [159]
U-15Pu-10Zr U-12.6Pu-22.6Zr | 15.74 20 Quenched from 500°C | [159]
U-15Pu-10Zr U-12.6Pu-22.6Zr | 15.79 20 Quenched from 900°C | [159]
U-19Pu-10Zr U-16Pu-22.6Zr 15.80 As-cast [100]
U-20Pu-10Zr U-16.9Pu-22.6Zr | 15.73 20 As-cast [159]
U-20Pu-10Zr U-16.9Pu-22.6Zr 15.64 |20 Quenched from 500 °C | [159, 160]
U-20Pu-10Zr U-16.9Pu-22.6Zr 1565 |20 Quenched from 900 °C | [159]
U-20Pu-10Zr | U-16.9Pu-22.6Zr | 1531 | RoomT | As-cast pr_ublishe ’
U-15Pu-13.5Zr | U-12Pu-29Zr 15.0 Ambient | Extruded [165]
llJ‘;.1182.?Pu- U-15Pu-302Zr 15.1 25 As-cast [161 Table 1]
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Composition Composition Density T
(Wt%) (at%)l (g/cm3) (oC) Comments Reference
U-24Pu-15Zr U-19Pu-327Zr 13.3 Room T | As-cast INL _
unpublished
U-30Pu-20Zr U-22Pu-40Zr 13.15 Room T | As-cast INL
unpublished
U-36.5Pu-20Zr | U-27Pu-40Zr 13.15 | Room T | As-cast INL
unpublished
U-55Pu-20Zr U-41Pu-40Zr 13.43 Room T | As-cast INL _
unpublished
U-20Pu-45Zr U-11Pu-682Zr 987 Room T | As-cast INL _
unpublished

1. Calculated from wt%.
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Figure 62. Room-temperature densities of U-Pu-Zr alloys (references [159, 161, 165]). Theoretical value
was calculated assuming equal concentrations of U and Pu, with room-temperature densities of a-U,
a-Pu, and a-Zr from reference [3 (Sections 2.1.4.3, 2.3.4.3, and 2.9.4.3)].

24143

Changes In Length Due to Phase Transitions

Table 23 shows reported changes in length associated with phase transformations in U-Pu-Zr alloys.
The total thermal expansion associated with phase transformations between ~585 and 680°C is generally
reported as ~0.5% in data originally published by ANL [161] and ~0.3% in data originally published by
CEA [159]. However, reference [159] recognizes two phase transformations within this temperature range
and only reports expansion due to the larger of the two, while reference [161] reported only one
transformation. Thus, it seems reasonable to assume that the total thermal expansion (AL/Lo) related to all
of the phase transformations between ~585 and 680°C is ~0.5% for alloys with ~10-20 wt% Pu and 5-15

wt% Zr.

92




Table 23. Length changes (in %) from phase transformations in U-Pu-Zr alloys.

Composition Length Change Temperature Range
(Wi%%) (AL/LO, %) °C) References

U-11.1Pu-6.3Zr 0.51 595-680 [142, 157, 161]

U-15Pu-10Zr 0.52 595-665 [142, 157, 161]

U-15Pu-10Zr 0.31 6451 [159]

U-20Pu-10Zr 0.31 650" [159]

U-18.5Pu-14.1Zr 0.50 595-660 [142, 157, 161]

U-Pul7.1-Zr3.42 0.93 570-780 [161]

1. Refers to only one of two transformations.

2. Weight and atomic percentages are inconsistent. Assuming atomic percentages are correct, this alloy contains ~6.3 wt%
Zr. Its length change is not included in discussion, as data do not report thermal expansion from phase transformations
separately.

2415 Thermal Conductivity and Related Properties

Figure 63 shows the published measurements of thermal conductivity of U-Pu-Zr alloys [159, 161,
165, 183]. Conductivity increases with temperature for each of the materials studied. Although there are
exceptions, conductivity tends to be lower in materials with higher concentrations of Pu.
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Figure 63. Thermal conductivity of U-Pu-Zr alloys. [159, 161, 165, 183].
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Billone et al. [93], Kim et al. [92], and Ogata [37, 38] developed equations to predict the thermal
conductivity of U-Pu-Zr alloys. The Billone et al. model was developed to allow the LIFE-METAL fuel
performance code to be used for U-Pu-Zr alloys, and represents the thermal conductivity of an alloy as a
guadratic equation in T. The Kim et al. model incorporates “fitting factors” to extend the Bruggeman
model for thermal conductivity of two-phase materials to solid solutions, which makes it possible to
calculate an approximate thermal conductivity for an alloy based on temperature, composition, and the
thermal conductivities of the elements involved. The Ogata model is purely empirical, and represents the
thermal conductivities of compositions with less than 72 at% Zr and 16 at% Pu as linear functions of
temperature.

Figure 64 compares the Billone et al. and Ogata models to measured thermal conductivity for alloys
with compositions close to U-15Zr-10Pu (green) and U-18Pu-20Zr (turquoise). The Kim et al. model is
not included because the practical difficulties involved in calculating it do not seem justified without a
better knowledge of the required elemental thermal conductivity values. The Billone et al. model is a
reasonable representation of the available data for U-15Zr-10Pu, but neither model is a good
approximation for the U-18.4-14.1Zr data. Given the widespread availability of curve-fitting software, the
best approach is probably to fit a curve to the desired thermal conductivity values rather than using a
previously published model.

Measured vs predicted thermal conductivity of
U-Pu-Zr alloys
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Figure 64. Comparison of measured and predicted thermal conductivity of U-Pu-Zr alloys.

There are no measurements of thermal conductivities of individual U-Pu-Zr phases. However,
R.J. Dunworth suggested that the thermal conductivity of a-(U,Pu) and &-(U,Pu)Zr is about twice that
of £-(U,Pu) based on a comparison between thermal conductivity measurements and volume fractions of
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phases determined from an isothermal section of the U-Pu-Zr phase diagram at 500°C [161 page 19].
Since he believed that increasing the concentration of Pu should increase the proportion of {-(U,Pu) and
decrease that of o-(U,Pu), Dunworth inferred that alloys with higher proportions of Pu would have lower
thermal conductivities. This suggestion is qualitatively consistent with the data in Figure 63.

2.4.2  U-Pu-Zr Alloys with Minor Actinides (Np, Am, Cm), Sorted by Increasing
Weight Percentage of Zr

2421 U-20Pu-10Zr-2Am
24211 Introduction

Nishi and colleagues [184] recently reported the heat capacity, thermal diffusivity, and thermal
conductivity of two pieces of an alloy whose nominal composition has 68 wt% U, 20 wt% Pu, 2 wt% Am,
and 10 wt% Zr (corresponding to 59 at% U, 17 at% Pu, 22.4 at% Zr, and 1.7 at% Am). The actual
compositions had 67.3-68.3 wt% U, 20.0-20.5% Pu, 1.6-1.9% Am, and 10.1-10.4% Zr.

Two examples of this alloy were fabricated by injection-casting into a zirconia-coated quartz glass
tube to form cylinders ~3 mm in diameter. The examples hand identical nominal compositions, but used
Am feedstocks produced using different refinement techniques. Samples for thermal diffusivity
measurements, microstructural analysis, and chemical analysis were produced by slicing discs from the
as-cast cylinders.

These measurements provide the only available data on the heat capacity, thermal diffusivity, and
thermal conductivity of any U-Pu-Zr-Am alloy. No information about the thermal expansion or as-cast
density of this alloy is available.

24212 Phases and Phase Transformations

SEM data indicated that the as-cast alloys consisted of two phases. The phases were not identified or
characterized in detail, but were assumed to be similar to 5-UZr, and £-(U,Pu). The data suggested that
Am was present in both phases; however, it is not clear that the spatial resolution of the SEM data was
high enough to provide reliable single-phase measurements.

Although no specific phase-transition temperatures were reported, a phase transition between ~773
and 923 K was suggested by the heat-capacity and thermal-diffusivity data.

24.2.1.3 Heat Capacity and Related Properties

Nishi et al. [184] measured the incremental enthalpies of both 68U-20Pu-10Zr-2Am alloys at
temperatures from 335 to 827 K using drop calorimetry and calculated the corresponding heat capacities.

Equation 49 and Equation 50 express the incremental enthalpies of the individual alloys.
Equation 49. Incremental enthalpy of U-20Pu-2Am-10Zr Alloy 1 from 335 to 827 K [184]
Ht-Hzs15=7.966 X 10° x T2+ 2.649 x 102 x T —9.528 + 2.752 x 10 x T**
Equation 50. Incremental enthalpy of U-20Pu-2Am-10Zr Alloy 2 from 335 to 827 K [184]
Hr-Hags.15= 9.442 X 10° x T2+ 2.661 x 102 x T —9.536 + 2.276 x 10> x T

Where Hr is the enthalpy at temperature T in kd/mol, Hags 15 is the incremental enthalpy at
298.15K, and T is a temperature in K, 335 < T < 827. Note that the reference [184] lists the first term
in Equation 50 as 9.442 x 10° x T2, which is inconsistent with tabulated values of enthalpies at
specific temperatures [184].
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Figure 65. Incremental enthalpies of U-20Pu-10Zr-2Am alloys (Equation 49 and Equation 50).

Equation 51, Equation 52, and Figure 66 express the heat capacities of the individual alloys.

Equation 51. Heat capacity of U-20Pu-2Am-10Zr Alloy 1 [184]

Cp = 1.593x102XT + 26.49 — 2.752x10°XT 2
Equation 52. Heat capacity of U-20Pu-2Am-10Zr Alloy 2 [184]

Cp = 1.888x10°XT + 26.61 — 2.276x10°XT 2

Where Cp is the heat capacity at temperature T in J/mol-K and T is a temperature in K, 335 <T

<827
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Figure 66. Heat capacities of U-20Pu-10Zr-2Am alloys from Equation 51 and Equation 52.
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24.2.1.4 Thermal conductivity and related properties

Nishi et al. determined the thermal conductivity of two alloys with the same nominal composition and
slightly different bulk compositions at temperatures from 300 to 773 K and from 923 to 1073 K. Thermal
conductivities between 773 and 973 K were not determined. Thermal conductivities were determined
from new measurements of heat capacity and thermal diffusivity and from a previously published bulk
density value of 15.8 x 10°kg/m? for U-20Pu-10Zr (by weight). Heat capacities were based on
measurements of incremental enthalpies made using drop calorimetry for temperatures below 773 K and
were extrapolated at higher temperatures. Thermal diffusivities were measured with a laser-flash
instrument. Thermal conductivities above 773 K were based on extrapolation of lower-temperature
heat-capacity values.

Equation 53 and Equation 54 represent the measured thermal conductivities of the individual alloys
for temperatures between 300 and 773 K and between 973 and 1073 K. Thermal conductivities between
773 and 973 K were not determined. Thermal conductivities were determined from heat capacities from
new measurements of incremental enthalpies made using drop calorimetry, new measurements of thermal
diffusivity made with a laser-flash instrument, and a previously published bulk density value of
15.8 x 10°® kg/m? for U-20Pu-10Zr (by weight). Thermal conductivities above 773 K were based on
extrapolation of lower-temperature heat-capacity values. Estimated errors are + 11% for Equation 53 and
+ 12% for Equation 54.

Although the differences in thermal conductivities of the samples were within the estimated errors of
the conductivities, Nishi et al. speculated that the difference in the thermal conductivities of their alloys
was due to differences in the concentration of oxygen (0.277 wt% in Alloy 1, 0.484 wt% in Alloy 2).
They assumed a linear relationship between thermal conductivity and oxygen content, and developed
Equation 55 to represent the speculative thermal conductivity of an “oxygen-free” 68U-20Pu-2Am-10Zr
alloy. The estimated error for this equation is + 17%.

Equation 53. Thermal conductivity of 68U-20Pu-2Am-10Zr Alloy 1 [184 Equation 8]
A=1.07x10-5x T2 +0.0204 x T + 0.707

Where A is thermal conductivity in W/(m-K), T is a temperature in K, and either 300 <T<773 or
923<K<1073

Equation 54. Thermal conductivity of 68U-20Pu-2Am-10Zr Alloy 2 [184 Equation 9]
A=1.00x 10-5x T2+ 0.0195x T + 0.637

Where A is thermal conductivity in W/(m-K), T is a temperature in K, and either 300 <T<773 or
923<K<1073

Equation 55. Speculative thermal conductivity of oxygen-free 68U-20Pu-2Am-10Zr [184 Equation 10]
A=1.15x10-5xT2+0.0226 x T + 0.459

Where A is thermal conductivity in W/(m-K), T is a temperature in K, and either 300 <T<773 or
923<K<1073

Figure 67 shows thermal conductivities and estimated errors from all three equations. Thermal
conductivities from Alloys 1 and 2 are the same to within the estimated errors, and the speculative
thermal conductivity for the oxygen-free alloy is only slightly outside the estimated errors for the
experimental measurements.
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Figure 67. Thermal conductivity of U-20Pu-10Zr-2Am alloys with varying concentrations of oxygen
(Equation 53, Equation 54, and Equation 55). Dotted lines indicate upper and lower boundaries for each
equation based on errors of £11% for Equation 53, £12% for Equation 54, and +17% for Equation 55
[184]. Conductivities at temperatures above 923K are based on heat capacities extrapolated from lower
temperatures.

2.4.22  U-20Pu-10Zr-2Np-3Am (Alloys AFC2-E3, AFC2-E5, X501, and Historical EBR-II)
24221 Introduction

Alloys AFC2-E3 and AFC2-E5 were cast and characterized at Idaho National Laboratory as part of a
series of experiments that also included U-20Pu-10Zr rodlets. The experiments were intended to provide
guantitative information about the benefits of minor actinides on fuel performance [185]. The nominal
compositions of Alloys AFC2-E3 and AFC2-E5 are identical except for the isotopic makeup of the
uranium, and are similar to the compositions of EBR-II fuels and of fuels that were irradiated as part of
the X501 minor actinide burning experiment [186, 187].

The nominal composition of Alloys AFC2-E3 and AFC2-E5 consists of 65 wt% U, 20 wt%Pu,
10 wt% Zr, 2 wt% Np, and 3 wt% Am, corresponding to approximately 56 at% U, 17.2 at% Pu, 22.5 at%
Zr, 1.7 at% Np, and 2.6 at% Am.

No information about the thermal conductivity of these alloys is available.
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2.4.2.2.2 Phases and phase transformations
242221 Phases

SEM images from Alloy E3 show dark high-Zr inclusions in a light-colored matrix (Figure 68). Some
of the high-Zr dark inclusions also contain detectable concentrations of Si, which is not present in the
nominal composition of the alloy. The SEM images show polygonal boundaries that commonly surround
areas 10-20 um across. The areas inside the boundaries contain parallel lamellae, which sometimes occur
in two nearly perpendicular directions. It is not possible to determine the nature of the lamellae from the
available data, although it seems likely that the polygonal boundaries are derived from the original grain
boundaries formed when the alloy first crystallized from a liquid.

In the absence of diffraction data, it is not possible to identify the phases in this material.

iyt - s WS o 7 a.

Figure 68. SEM BSE images of U-20Pu-2Np-3Am-10Zr (FCRD alloy AFC2-E3). Black areas are high-Zr
inclusions. Arrows indicate examples of polygonal boundaries.

2422272 Phase Transitions

DSC data from this alloy show two peaks between room temperature and ~800°C (Table 24).
Changes in slope during the onset of the higher-temperature peak during cooling suggest that it represents
at least three phase transitions, which have not been deconvoluted. The total enthalpy represented by all
of the phase transitions is 31.14+0.8 J/g measured during heating, and -31.17+0.2 J/g measured during
cooling.
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Table 24. Phase-transformation temperatures and enthalpies in Alloy AFC2-E3 (U-20Pu-10Zr-2Np-
3Am).

Lower-T peak ‘ Higher-T peak
Heating Cooling Heating Cooling
(Peak A) (Peak D) (Peak B) (Peak C)
Onset temperature (K) 837 835 933 906

2.4.2.2.3 Heat Capacity and Related Properties

The heat capacity of Alloy AFC2-E3 was determined as the average of heat capacities from three
DSC/TGA cycles. Each cycle involved heating and cooling the sample between room temperature and
~B800°C at a rate of 10°C per minute. Heat capacities from temperatures above the onset of the lower-
temperature phase transition at ~ 564°C (Handbook Section 2.4.2.2.2.2) should be disregarded.

Heat capacities below ~550°C can be approximated by Equation 56 (Figure 69).
Equation 56. Heat capacity of Alloy AFC2-E3
Cp,=0.0179 + 0.0001XT — 2 x 10 8xT?
Where C, is a heat capacity in J/g-K and T is a temperature in °C, room temperature < T < 550
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Figure 69. Heat capacity of Alloy AFC2-E3 (Equation 56).

24.2.2.4 Thermal Expansion and Density

No information about the thermal expansion of this alloy is available.

The room-temperature density of as-cast Alloy AFC2-E3 is 15.11 g/cm?.
2.4.2.3 U-20Pu-15Zr-2Np-3Am (Alloy AFC2-A1)

24231 Introduction

Alloy AFC2-Al, whose nominal composition is 60 wt% U, 2% Np, 20% Pu, 3% Am, and 15% Zr
(~48.5 at% U, 1.6 at% Np, 16 at% Pu, 2.4 at% Am, and 31.5 at% Zr) was cast and characterized at Idaho
National Laboratory. It is part of a series of related alloys with differing concentrations of uranium and
rare-earth elements that was intended to investigate properties of fuels recycled using a pyrochemical
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process that did not completely remove the rare-earth elements. Other alloys in the series are Alloy
AFC2-A2 (1% rare-earth elements, Section 2.4.4.4), AFC2-A3 (1.5% rare-earth elements,
Section 2.4.4.5), and AFC2-AT7 (8% rare-earth elements, Section 2.4.4.6).

Samples of Alloy AFC2-Al were produced by mixing feedstock materials in appropriate proportions,
arc-melting three times to homogenize the alloy, then melting the alloy a final time and drawing it into a
silica glass (“‘quartz”) tube using a suction-casting process. This process produced a cylinder with an
approximate diameter of ~4 mm. Analyses of as-cast alloys showed differences between actual and
nominal concentrations of several wt% for U and Zr, 1 wt% for Np, 1.5-2 wt% for Pu, and 0.15 wt% for
Am, [188, 189].

No information about the thermal conductivity of this alloy is available.
2.4.2.3.2 Phases and Phase Transformations
242321 Phases

SEM images of Alloy AFC2-A1 show high-Zr inclusions, a small fraction of which also contain Si,
surrounded by a matrix with a lower concentration of Zr (Figure 70) [7, 180 (Figure 1b), 188, 190 (Figure
1)]. Contrast variations in the matrix can be correlated to local variations in the proportions of U and Zr
[188], and suggest either a single-phase matrix with a wide range of compositions or a fine-grained matrix
consisting of several phases with significantly different compositions and locally varying proportions.
Concentrations of Np, Pu, and Am in the matrix generally appear uniform at the spatial scale of the SEM
data, although a few small high-Am inclusions (possibly oxides) were observed [188].
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Figure 70. BSE SEM images of Alloy AFC2-Al. Black spots are high-Zr inclusions, light areas are
relatively high in U and low in Zr, and dark areas are relatively high in Zr and low in U. Concentrations
of other actinides show little variation in the matrix. Image b was also published by Janney and Kennedy
[188], and image ¢ was also published in references [7, 180, 190].

X-ray diffraction patterns from this alloy have low peak-to-background ratios and are dominated by
peaks from the LaBs (NIST SRM 660a) used as an internal standard [180 (Figure 2 Pattern A), 190
(Figure 2 Pattern A)].

All of the published information about phases and lattice parameters in this alloy is apparently based
on two Rietveld refinement analyses of a single X-ray diffraction pattern. One of the analyses indicated
that the alloy consisted primarily of a phase with a structure similar to that of 3-UZr; and lattice
parameters a = 5.060 A and ¢ = 3.088 A [191 (Alloy A1)]. The second analysis showed results of a
Rietveld refinement in which it was assumed that the phases present were LaBs (the internal standard),
€-(U,Pu), 6-(U,Pu)Zr,, a-U, and y-U. This refinement indicated that ~29.4% of the material represented
by the diffraction pattern was the LaBs internal standard. When proportions of other phases in the
refinement were re-normalized without the LaBs, the analysis results showed that the sample contained
~86% ¢-(U,Pu) with lattice parameters a = 10.718 A and a. = 89.42°, ~6% &-(U,Pu)Zr2 with a = 5.057 A
and ¢ = 3.102 A, ~8% y-U with a = 3.592 A, and no o-U [180 (Alloy A; Figure 5, Tables 3 and 4), 190
(Alloy A; Figures 2 and 3, Tables 2 and 3)].
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In attempting to understand why two Rietveld refinements of the same data are consistent with two
different primary phases, it is important to recognize that Rietveld refinements are based on adjusting
parameters to minimize differences between experimental and calculated diffraction patterns, and that a
close match between the experimental and calculated diffraction patterns does not guarantee a result that
accurately represents the actual properties of the material [192]. The Rietveld refinement algorithm
assumes that all of the phases in the material have been identified correctly, and that all of the phases in
the refinement are actually present in the material. Violations of these assumptions are likely to lead to
erroneous results.

The only available X-ray diffraction data from -(U,Pu) indicates that X-ray diffraction patterns from
this phase shows one strong peak corresponding to a d-spacing of 2.496 A, one moderate-intensity peak
corresponding to a d-spacing of 1.446 A, and a large number of weak, moderately weak, or very weak
peaks [141]. d-spacings of the strong and moderate peaks are similar to those of the strongest and second-
strongest peaks from 5-UZr, (at ~2.51 and ~1.45 A, respectively) [59], making it difficult to qualitatively
confirm the presence of £-(U,Pu) in samples that also have 8-UZr,. Further complications in analysis of
the present data arise because the X-ray patterns show only a few, relatively small, peaks from the
sample.

In interpreting the X-ray diffraction results, it is also important to consider that the data were obtained
from slices of as-cast alloys rather than powders, that the number of phases and lattice parameters
included in the refinement is large relative to the number of peaks from the sample, that some of the
phases might be solid solutions with lattice parameters that vary as a result of variations in composition,
and that the identification of phases for the Rietveld refinement was qualitatively incorrect because it did
not include phases corresponding to the high-Zr inclusions shown in the SEM data.

Despite these considerations, the conclusion that the major phases in Alloy AFC2-Al are structurally
similar to -(U,Pu) and 8-UZr, seem plausible based on phase identifications from electron-diffraction
data from as-cast Alloy AFC2-A7 [193], although errors in phase proportions and lattice parameters are
likely to be significantly larger than the published values. Inferences about compositions of individual
phases should be treated with caution, as they are not supported by single-phase chemical measurements
or high-quality lattice parameter measurements.

2423272 Phase Transitions

DSC/DTA measurements of Alloy AFC2-A1 between room temperature and ~800°C show two peaks
[7 (Figure 86), 180 (Figure 6), 190 (Figure 4)]. Shapes of both peaks during cooling suggest that each
peak includes more than one reaction. Deconvolution of the higher-temperature peak showed that it
represents two reactions whose onset temperatures differ by ~13 degrees [180, 190]. The reactions
represented by the lower-temperature peak have apparently not been deconvoluted.

TMA data from Alloy AFC2-A1 shows two phase transitions [7]. Onset temperatures of both
transitions are higher than indicated by the DSC/DTA data.
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Table 25 and Table 26 summarize the reported phase-transformation temperatures and enthalpies for
Alloy AFC2-Al. In the absence of data in which possible multiple reactions in the lower-temperature
peak have been deconvoluted, the results of Burkes et al. [180, 190] are probably the most accurate values
available.
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Table 25. Phase-transformation temperatures in U-20Pu-3Am-2Np-15Zr (Alloy AFC2-Al).

Reaction 1 Reaction 2 Reaction 3
Heating | Cooling | Heating | Cooling | Heating | Cooling Method Reference
T (K) T(K) T(K) T(K) T(K) T (K)
DSC/TGA with
833 829 920 894 933 912 deconvolution of [180, 190]
higher-T peak
830 821 927 909 — — DSC/TGA [191]
860 848 953 913 — — TMA [7]
Table 26. Phase-transformation enthalpies in U-20Pu-3Am-2Np-15Zr (Alloy AFC2-Al).
Reaction 1 Reaction 2 Reaction 3
Enthalpy Enthalpy Enthalpy | Enthalpy
Enthalpy duri : ; ; i i Reference
during uring durl.ng Enthalpy during cooling durl_ng durl_ng
heating (J/g) cooling heating Jg) heating cooling
(J/9) (J/9) (J/9) (J/9)
6.0 +0.31 -5.940.24 8.6+0.55 -7.940.35 10.1+0.50 | -10.9+0.24 | [180, 190]
4.27+0.34 -4.80+£0.41 | 20.54+2.95 -22.58+3.36 — — [191]
2.4.2.3.3 Heat Capacity and Related Properties

The specific heat of Alloy AFC2-A1 was determined as the average of heat capacities from three
DSC/TGA cycles. Each cycle involved heating and cooling the sample between room temperature and
~1100°C at a rate of 10°C per minute. The sample lost approximately 1.76% of its mass during the
experiment and showed evidence of oxidation and reaction with the alumina crucible liner, and the
baseline appeared unstable at higher temperatures [194]. Thus, heat capacities from temperatures above
the onset of the lower-temperature phase transition at ~ 830 K (557°C) (Section 2.4.2.3.2) should be

disregarded.

The specific heat of Alloy AFC2-A1 below ~550°C can be approximated by Equation 57 (Figure 71)
Equation 57. Heat capacity of Alloy AFC2-A1 [191]
Cp =0.21 - 0.23x103xT — 0.05x10°%0.05T 2+ 0.23x10°xT?

Where C, is a heat capacity in J/g-K and T is a temperature in K, 323 <T < 823
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Figure 71. Specific heat of Alloy AFC3-Al (Equation 56).

24.2.3.4 Thermal Expansion and Density
24.23.4.1 Thermal Expansion

The linear thermal expansion of Alloy AFC2-A1 was measured using a TMA instrument.
Measurements from three cycles during which the samples were heated and cooled between room
temperature and 800°C showed lower reproducibility than measurements from other alloys in the
AFC2-A series. Some probe movement was observed during measurements, and surface oxidation was
observed after the third cycle [7].

Despite these problems, the data show that thermal expansion of Alloy AFC2-Al is similar to that of
Alloys AFC2-A2, AFC2-A3, AFC2-A4, AFC2-A5, and AFC2-A6 [7 (Figure 54)]. This thermal
expansion can be represented by Equation 58.

Equation 58. Linear thermal expansion of Alloys AFC2-Al, AFC2-A2, AFC2-A3, AFC2-A4, AFC2-A5,
and AFC2-A6 between 20 and 550°C in percent [7 (Equation 3)]

AL/Lo = 0.0015019xT — 0.03003

where AL/Ly is the linear thermal expansion of the sample in percent, AL is the difference in
sample length as a result of differences in temperature, Lo is the length of the sample at 20°C, L is the
length of the sample at temperature T, T is a temperature in °C, and 20 < T < 550

242342 Coefficients of Thermal Expansion

The coefficient of linear thermal expansion corresponding to Equation 58 is approximately
1.5 x 107%/°C for temperatures between 20 and 550°C. Assuming isotropic thermal expansion, the
corresponding coefficient of volumetric thermal expansion is approximately 4.5 x 10°/°C.

24.2.3.4.3 Density

Room-temperature densities of four pieces of as-cast Alloy AFC2-A1 were measured using the
Archimedes method. The densities varied between 13.74 and 14.50 g/cm?, with an average value of
~14.05 g/cm? [189 (Table 3)]. Volumes and densities at temperatures between 20 and 550°C can be
approximated using Equation 6, Equation 7, and Equation 58.
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2424 U-30Pu-20Zr-3Np-5Am (Alloy AFC2-A6)
24241 Introduction

Alloy AFC2-A6, whose nominal composition is 42 wt% U, 3% Np, 30% Pu, 5% Am, and 20% Zr
(corresponding to approximately 32 at% U, 2.3 at% Np, 22.6 at% Pu, 3.7 at% Am, and 39.5 at% Zr) was
cast and characterized at Idaho National Laboratory. It is part of a series of related alloys with differing
concentrations of uranium and rare-earth elements that were intended to investigate properties of fuels
recycled using a pyrochemical process that did not completely remove the rare-earth elements. Other
alloys in the series are Alloy AFC2-A5 (1% rare-earth elements, Section 2.4.4.7), AFC2-A4 (1.5% rare-
earth elements, Section 2.4.4.8), and AFC2-A8 (8% rare-earth elements, Section 2.4.4.9).

Samples of Alloy AFC2-A6 were produced by mixing feedstock materials in appropriate proportions,
arc-melting three times to homogenize the alloy, then melting the alloy a final time and casting it into a
silica glass (“‘quartz”) tube to produce a cylinder with an approximate diameter of ~4 mm. Analyses of
as-cast alloys showed differences between actual and nominal concentrations of several wt% for U,

0.3 wt% for Np, 1.5wt% for Pu, 0.4 wt% for Am, and 1 wt% for Zr [188, 189].

No information about the heat capacity or thermal conductivity of this alloy is available.
24.24.2 Phases and Phase Transformations
242421 Phases

SEM images of alloy AFC2-A6 show high-Zr inclusions, a small fraction of which also contain Si,
surrounded by a matrix with a lower concentration of Zr (Figure 72) [7, 180 (Figure 1B), 188, 195 (Figure
1)]. Some images also show pores, two of which have been mistakenly identified as high-Zr inclusions in
previously published images [180 (Figure 1B), 195 (Figure 1)]. Contrast variations in BSE images of the
matrix can be correlated to local variations in the proportions of U and Zr [188], and suggest either a
single-phase matrix with a wide range of compositions or a fine-grained matrix consisting of several
phases with significantly different compositions and locally varying proportions. Concentrations of Np,
Pu, and Am in the matrix appear uniform at the scale of the SEM data.

Figure 72. BSE (left) and SE (right) SEM images of U-30Pu-5Am-3Np-20Zr (FCRD alloy AFC2-A6).
Black arrows show clusters of high-Zr inclusions; white arrows indicate pores that have been mistakenly
identified as inclusions in other publications.

107



X-ray diffraction patterns from this alloy have low peak-to-background ratios and are dominated by
sharp peaks from the LaBs used as an internal standard [180 (Figure 4, Pattern B), 195 ( Figure 2, Pattern
F)]. A Rietveld refinement in which it was assumed that the phases present were LaBs, C-(U,Pu),
8-(U,Pu)Zr,, a-U, and y-U indicated that almost 75% of the material represented by the diffraction pattern
is LaBe [195 (Figure 3)]. When proportions of other phases in the refinement were re-normalized to a
total of 100%, the results showed that the sample consists of ~57% -(U,Pu) with lattice parameters a =
10.744 A and a = ~89.4°, ~28% §-(U,Pu)Zr, with a = 5.057 A and ¢ = 3.113 A, 2.2% a-U with a = 2.844
A, b=5861A, and c =5.136 A, and ~13% y-U with a = 3.596 A [180 (Alloy B)].

In assessing the Rietveld refinement results, it is important to recognize that the number of phases and
lattice parameters included in the Rietveld refinement is large relative to the number of peaks in the data.
The refinement did not include the high-Zr phase identified in the SEM data. Based on these
considerations, it seems likely that errors in the phase proportions and lattice parameters from the
Rietveld refinement are significantly larger than the published uncertainties [180], which appear to be
based on counting statistics. Detailed interpretations of the Rietveld-refinement results, including
inferences about compositions of individual phases from lattice parameters, should be treated with caution
unless verified by further experiments.

The identification of the major phases in as-cast Alloy AFC2-A6 as similar to 3-(U,Pu) and 3-UZr; is
nonetheless plausible based on U-Pu-Zr phase diagrams and phases identified by electron diffraction in
as-cast Alloy AFC2-A7 [193].

242422

DSC/DTA measurements at temperatures up to ~800 °C show two peaks [195 Figure 6].
Deconvolution of the higher-temperature peak showed that it represents two reactions whose onset
temperatures differ by ~20-30 degrees (Table 27).

TMA data from Alloy AFC2-A6 shows two phase transitions [7]. The onset temperatures of the
lower-temperature reaction in the TGA and DSC/DTA data are similar, as are the onset temperatures of
the higher-temperature reaction during cooling.

Phase Transitions

Table 27 and Table 28Table 28 summarize reported phase-transformation temperatures and enthalpies
for Alloy AFC2-A6. The deconvoluted phase-transformation temperatures are probably the more accurate
of the two values currently available.

Table 27. Phase-transformation temperatures in U-3Np-30Pu-5Am-20Zr (Alloy AFC2-A6).

Reaction 1 Reaction 2 Reaction 3
Heating | Cooling | Heating | Cooling | Heating | Cooling
T (K) T (K) T (K) T (K) T (K) T (K) Method References
826426 | 819+06 | 879+72 | 877+12 | 912+125 | 896x0.2 | DSC/IDTAWIth |10y qey
deconvolution
823 848 943 893 — — TMA [7]
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Table 28 Phase-transformation enthalpies in U-3Np-30Pu-5Am-20Zr (Alloy AFC2-A6).

Reaction 1 Reaction 2 Reaction 3
Enthalpy Enthalpy Enthalpy Enthalpy ESH;?ADV ESS??r:py
during during during during heating cooling Reference
heating (J/g) | cooling (J/g) | heating (J/g) | cooling (J/g) R /g)g R /g)g
15.3£1.08 -16.0£0.14 7.5+1.98 -8.9+0.34 4.2+1.67 -5.9+0.29 | [180, 195]
2.4.24.3 Thermal Expansion and Density
242431 Thermal Expansion

The linear thermal expansion of Alloy AFC2-A6 was measured using a TMA instrument. The sample
was cycled three times between room temperature and 800°C. Data from all three cycles were similar
during heating and cooling [7].

The thermal expansion of Alloy AFC2-A6 is similar to that of Alloys AFC2-Al, AFC2-A2,
AFC2-A3, AFC2-A4, and AFC2-A5 [7 (Figure 54)]. This thermal expansion can be represented by
Equation 58 (Section 2.4.2.3.4.1).

242432

The coefficient of linear thermal expansion corresponding to Equation 58 is approximately
1.5 x 1075/°C for temperatures between 20 and 550°C. Assuming isotropic thermal expansion, the
corresponding coefficient of volumetric thermal expansion is approximately 4.5 x 107°/°C. These
coefficients are like those of Alloy AFC2-Al (Section 2.4.2.3.4.2).

242433

Room-temperature densities of as-cast material from four castings of as-cast Alloy AFC2-A6 were
determined using the Archimedes method. These densities ranged from 12.83 to 12.93 g/cm?, with an
average value of ~12.88 g/cm?®. Volumes and densities at temperatures between 20 and 550°C can be
approximated using Equation 6, Equation 7, and Equation 58.

2425  U-34Pu-20Zr-2Np-4Am (Alloy AFC1-MG)
2.4.251

Phases and microstructures in Alloy AFC1-MG (nominal composition 40U-2Np-34Pu-4Am-20Zr in
weight percentages, ~30.4U-1.5Np-25.6Pu-3.0Am-39.6Zr in atomic percentages) were investigated by
researchers at Argonne and Idaho National Laboratories as part of a study of low-U fuels for
transmutation of minor actinides. Key results from SEM and XRD analyses were summarized in review
papers by Keiser et al. [128] and Burkes et al. [180]. In reading these papers, it is important to note that
the image of this alloy in the review by Burkes et al. [180 (Figure 1c)] is from a sample that had been
repeatedly heated in a DSC experiment.

Coefficients of Thermal Expansion

Density

Introduction

Samples of Alloy AFC1-MG were prepared by a procedure that involved arc-melting the material
several times on a copper hearth to homogenize it, followed by gravity drop casting to produce cylinders
~4 mm in diameter. Transverse slices were cut and ground to produce flat surfaces for analysis [128,
180].

No information about the heat capacity, thermal expansion, or thermal conductivity of this alloy is
available.
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24.25.2 Phases and Phase Transformations
242521 Phases

SEM images of an as-cast sample of this alloy show small, dark-contrast, globular inclusions of a
high-Zr phase surrounded by a matrix with contrast variations on a scale of a few tens of micrometers.
The high-Zr inclusions occur preferentially in darker areas of the matrix. Contrast is correlated with Pu
content: brighter areas have higher concentrations of Pu, and darker areas have lower ones.
Concentrations of other actinides have the same pattern as Pu, although differences between areas with
relatively high and relatively low concentrations appear smaller than for Pu. Bright-contrast linear or
curved features (arrows in Figure 73 parts b and c) appear preferentially in lighter-contrast areas of the
matrix, bounding irregularly shaped areas a few tens of micrometers across. These curved features have
been described as ““grain boundaries,” although they may be retained from early stages of crystallization

features that may have originated as grain boundaries in higher-temperature phases.

SEM data were also collected from a sample that had been cycled three times between room
temperature and 1000°C in a DSC experiment. Images of this sample show a network of bright-contrast
features bounding polygons a few tens of micrometers across [180 (Figure 1C)]. X-ray maps show that
the polygonal boundaries are enriched in U and depleted in Am relative to adjacent areas, and suggest that
darker areas in the interiors of the polygons may be higher in Am and lower in U than lighter areas.
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X-ray diffraction patterns from as-cast samples of this alloy show small, broad peaks corresponding
to d-spacings similar to those of 5-UZr, (Figure 74). A Rietveld refinement based on the assumption that
the phases in the sample are 5-UZr», £-(U,Pu), a-U, and y-U indicated that about 50% of the sample had a
structure similar to that of 8-UZr, with lattice parameters a = 5.085 A and ¢ = 3.110 A and about 50% of
the sample had a structure similar to that of ¢-(U,Pu) with lattice parameters a = 10.723 A and a. = 90.28°.
v-U was included in the refinement because it was believed that it might be retained in the sample and -
U was apparently included for consistency with other alloys in the same publication. Neither of these
phases produced qualitatively identifiable peaks, and the Rietveld refinement did not indicate a significant
concentration of either a-U or y-U [180 (Tables 3 and 4, Alloy C)].

Intensity —

] I: I ] : I : | :I :I | : I: | : I .
25 30 35 40 45 50 55 60 65 70 75 80 85
Two-theta, degrees

Figure 74. Experimental X-ray diffraction patterns from U-2Np-34Pu-4Am-20Zr (Alloy AFC1-MG) with
simulated pattern from 3-UZr, for comparison. a: Experimental pattern. b: Experimental pattern [180
(Figure 4, Pattern C)]. c. Simulated pattern from d-UZr,. Dashed red lines indicate positions of peaks
from 6-UZr»; blue arrows indicate positions of peaks from the aluminum sample holder, which was used
as an internal standard. Patterns were measured with Cu K, X-rays.

In assessing the Rietveld refinement results, it is important to recognize that the number of phases and
lattice parameters included in the Rietveld refinement is large relative to the number of peaks in the data.
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The refinement included two phases that were not present in significant quantities and did not include the
high-Zr phase identified in the SEM data. Based on these considerations, it seems likely that errors in the
phase proportions and lattice parameters from the Rietveld refinement are significantly larger than the
published uncertainties, which appear to be based on counting statistics [180]. Detailed interpretations of
the Rietveld refinement results should be treated with caution unless verified by further experiments.
Inferences about compositions of individual phases should be regarded as speculative in the absence of
single-phase chemical measurements.

The identification of the major phases in as-cast Alloy AFC1-MG as structurally similar to 8-(U,Pu)
and 6-UZr2 is plausible based on U-Pu-Zr phase diagrams and phases identified by electron diffraction in
as-cast Alloy AFC2-A7 [193].

242522

The only available data on phase-transition temperatures and enthalpies were obtained by
deconvolution of peaks in DTA data [180, Alloy C]. These data show three phase transitions whose onset
temperatures and enthalpies are summarized in Table 29. As no high-temperature diffraction or
microchemical data to support phase identifications are available, attempts to identify the reactions
responsible for the transitions shown by the DSC data should be treated with caution.

Table 29. Phase-transformation temperatures and enthalpies in Alloy AFC1-MG (U-2Np-34Pu-
4Am-20Zr) [180 (Table 7)].

Phase Transitions

Transformation 1 Transformation 2 Transformation 3
Heating Cooling Heating Cooling Heating Cooling
Onset temperature (K) 815+2.2 804+1.2 837+10.9 | 866+10.3 889+3.6 883+0.5
Enthalpy (J/g) 7.2+1.70 | -9.2+0.19 | 2.4+156 | -4.0+1.57 3.6+0.41 -2.9+1.60
2.4.2.6 U-28Pu-30Zr-7Am (Alloy AFC1-MF)

24.26.1 Introduction

Alloy AFC1-MF was investigated at Idaho National Laboratory as part of a research program that
investigated alloys with relatively low concentrations of uranium as fast-reactor fuels intended for
transmutation of minor actinides. The nominal composition of this alloy is 35 wt% U, 28 wt% Pu, 7 wt%
Am, and 30 wt% Zr (corresponding to 23.7 at% U, 18.8 at% Pu, 4.7 at% Am, and 52.9 at% Zr).

Key characterization results from Alloy AFC1-MF were published in review papers by Burkes et al.
[180 (Alloy E)] and Keiser et al. [128].

Samples of Alloy AFC1-MF were prepared by a procedure that involved arc-melting the material
several times on a copper hearth to homogenize it, followed by gravity drop casting to produce cylinders
~4 mm in diameter Transverse slices were cut and ground to produce flat surfaces for analysis using
scanning electron microscopy, X-ray diffraction, and DSC/TGA.

X-ray diffraction results suggest that this alloy consist primarily of a phase with a structure similar to
that of 5-UZr, and also contains a significant fraction of a phase with a structure similar to that of
C-(U,Pu). Phase transition temperatures and enthalpies are not available, but are reported to be similar to
those of Alloy AFC1-MI (Section 2.4.2.7).

No information about the heat capacity, thermal expansion, density, or thermal conductivity of this
alloy is available.
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24.26.2 Phases and Phase Transformations
24.26.2.1 Phases

SEM images of as-cast alloy AFC1-MF show uniform microstructures with numerous small high-Zr
precipitates. Contrast variations in the matrix suggest that it consists of more than one phase [128, 180
Figure 1E]. However, there are no SEM measurements of the compositions of individual phases in this
alloy.

The obvious peaks in X-ray diffraction patterns of this alloy are similar to those of 5-UZr,. A
Rietveld refinement based on the assumption that the phases in the alloy are £-(U,Pu), 8-(U, Pu) Zr, a-U,
and y-U indicated that the sample consists primarily of two phases: one similar to £-(U,Pu) with lattice
parameters a = 10.692 A and o = 90.52° (~27% of the sample) and one similar to -UZr, with lattice
parameters a = 5.062 and ¢ = 3.092 A (~70% of the sample). The Rietveld refinement showed small
amounts of a—U (which was apparently included in the refinement for consistency with other alloys in the
paper) and y—U (a possible retained phase stable at higher temperatures). The refinement did not include a
high-Zr phase corresponding to the precipitates in the SEM data [180 (Tables 3 and 4)]

Because the number of phases and lattice parameters in the Rietveld refinement is large relative to the
number of peaks in the data, it is likely that errors in phase proportions and lattice parameters are larger
than the published estimated errors [180], which appear to be based on counting statistics. In particular,
the identification and lattice parameters of a-U and y-U require further verification.

The identification of the major phases in as-cast U-29Pu-30Zr-7Am as similar to 6-(U,Pu) and 5-UZr»
is nonetheless plausible based on consideration of U-Pu-Zr phase diagrams. It is also consistent with
phases identified by electron diffraction in the matrix of an as-cast sample of Alloy AFC2-A7 (nominal
composition 52U-20Pu-15Zr-3Am-2Np-8.0RE, Section 2.4.4.6).

24.26.2.2 Phase Transitions

Measured phase transition temperatures and enthalpies for this alloy are not available, but are
reportedly similar to those from U-29Pu-2Np-4Am-30Zr (Alloy AFC1-MI, Section 2.4.2.7).

2427 U-29Pu-30Zr-2Np-4Am (Alloys AFC1-MI, AFC1-MJ, and DOE1)
24271 Introduction

Alloys with nominal composition 35U-2Np-29Pu-4Am-30Zr (where numbers represent weight
percentages of each element) were cast and characterized at Idaho National Laboratory. Alloy AFC1-MI
was part of a study of transmutation fuels with low concentrations of U. Alloy AFC1-MJ, which has the
same nominal composition, is also known as Alloy DOE1, and was intended for irradiation in the Phénix
reactor as part of the FUTURIX-FTA project. Because properties of Alloys AFC1-MI and AFC1-MJ are
similar, it is sometimes not possible to tell which alloy is represented in reported experimental results.

Alloy AFC1-MI was cast into cylinders ~4 mm diameter by arc-melting and homogenizing the alloy,
then melting it a final time and pouring it into zirconia-coated quartz tubes. Alloy AFC1-MJ was cast into
cylinders ~5 mm diameter by arc-melting and homogenizing the alloy, then melting it a final time and
sucking it up into a quartz tube with a syringe [128, 134]. The average composition of this alloy
determined from two castings is ~ 34.8 wt% U, 2.2% Np, 28.9% Pu, 3.6% Am, and 30.7% Zr [133].

No reliable information about the heat capacity or thermal conductivity of this alloy is available.
24.2.7.2 Phases and Phase Transformations
24.2.7.2.1 Phases

SEM images of the interior portions of as-cast samples of Alloys AFC1-MI and AFC1-MJ show
high-Zr inclusions and small pores. The distribution of U, Np, Pu, Am, and Zr appears relatively
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homogeneous, although some images show variations in contrast as a result of small differences in
relative proportions of Zr and actinides (Figure 75a). Some SEM images show contrast variations in the
matrix in areas a few tens of micrometers across (Figure 75b and c). These variations can be correlated to
local differences in the concentration of Zr [134, 180].

Figure 75. BSE images of U-29Pu-4Am-2Np-30Zr. a: Alloy AFC1-MI [180] b: Alloy AFC1-MJ (DOE1)
[134] c: Alloy AFC1-MJ (DOEZ1). Large black areas in Part C are pores.

A Rietveld refinement based on the assumption that the phases in the sample were 5-UZr», £-(U,Pu),
a-U, and y-U determined that the sample contains ~11.4% ¢-(U,Pu) with lattice parameters a = 10.686 A
and o = 89.36° and ~88.5% &-UZr, with lattice parameters a = 5.059 A and ¢ = 3.099 A [180]. y-U was
included in the refinement because it was believed that it might be retained in the sample and a-U was
apparently included for consistency with other alloys in the same publication. Neither of these phases
produced qualitatively identifiable peaks, and the Rietveld refinement did not indicate a significant
concentration of either a-U or y-U [180 (Tables 3 and 4, Alloy D)].
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Figure 76. Experimental X-ray diffraction patterns from U-29Pu-4Am-2Np-30Zr with simulated pattern
from 5-UZr, for comparison. a: Experimental pattern. b: Experimental pattern [180 (Figure 4, Pattern D)].
c. Simulated pattern from 3-UZr,. Dashed red lines indicate positions of peaks from 6-UZr»; blue arrows
indicate positions of peaks from the Al used as an internal standard. Patterns were measured with Cu K,

X-rays.

In assessing the Rietveld refinement results, it is important to recognize that the number of phases and
lattice parameters included in the Rietveld refinement is large relative to the number of peaks in the data.
The refinement included two phases that were not present in significant quantities and did not include the
high-Zr phase identified in the SEM data. Based on these considerations, it seems likely that errors in the
phase proportions and lattice parameters from the Rietveld refinement are significantly larger than the
published uncertainties [180], which appear to be based on counting statistics. Detailed interpretations of
the Rietveld refinement results should be treated with caution unless verified by further experiments.

The identification of the major phases in as-cast Alloy AFC1-MG as structurally similar to 8-(U,Pu)
and 5-UZr; is plausible based on U-Pu-Zr phase diagrams and phases identified by electron diffraction in
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as-cast Alloy AFC2-A7 [193]. Inferences about compositions of individual phases should be regarded as
speculative in the absence of single-phase chemical measurements.

242722

The only available data on phase-transition temperatures and enthalpies in this alloy were obtained by
deconvolution of peaks in DTA data [180]. These data show three phase transitions whose onset
temperatures and enthalpies are summarized in Table 30. As no high-temperature diffraction or
microchemical data to support phase identifications are available, attempts to identify the reactions
responsible for the transitions shown by the DSC data should be treated with caution.

Table 30. Phase transition temperatures from Alloys AFC1-MI and AFC1-MJ [180 (Table 8)].

Phase Transitions

Transformation 1 Transformation 2 Transformation 3
Heating | Cooling Heating Cooling Heating Cooling
Onset temperature (K) | 820+1.4 796+0.6 832+3.4 835+14.5 855+0.5 836+0.3
Enthalpy (J/g) 5.8+2.27 | -2.0+£0.869 | 13.7+2.13 | -8.0+3.02 3.8+1.23 -13.5+2.17
24.2.7.3 Thermal Expansion and Density

242731

The linear thermal expansion from two pieces of Alloy AFC1-MJ was measured using TMA. The
coefficient of linear thermal expansion is approximately 1.322 x 10-%/°C between room temperature and
the onset of the lowest-temperature phase transition and 2.059 x 10°/°C from the end of the highest-
temperature phase transition to ~1000°C.

242732

Room-temperature densities of pieces from three rods of Alloy AFC1-MJ were measured using the
Archimedes method. The densities were 11.46, 11.23, 11.551 g/cm3, with an average value of
~14.05 g/cm?®,

24.2.7.33

The TMA data indicates that the phase transition at ~600 °C is associated with an increase in length.
Assuming isotropic expansion, this change in length indicates a corresponding increase in volume.

2.42.8  U-25Pu-40Zr-2Np-3Am (Alloy AFC1-MH)
2.4.2.8.1

Phases and microstructures in Alloy AFC1-MH (nominal composition 30U-2Np-25Pu-3Am-40Zr in
weight percentages, ~18.3U-1.2Np-15.1Pu-1.8Am-53.6Zr in atomic percentages) were investigated by
researchers at ldaho National Laboratory as part of a study of low-U fuels for transmutation of minor
actinides. Key results from SEM and XRD analyses were summarized in review papers by Burkes et al.
[180] and Keiser et al. [128].

Samples of Alloy AFC1-MH were prepared by a procedure that involved arc-melting the material
several times on a copper hearth to homogenize it, followed by gravity drop casting to produce cylinders
~4 mm in diameter. Transverse slices were cut and ground to produce flat surfaces for analysis [128].

Coefficient of Linear Thermal Expansion

Density

Changes in Volume Due to Phase Transitions

Introduction

No information about the heat capacity, thermal expansion, or thermal conductivity of this alloy is
available.
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2.4.2.8.2 Phases and phase transformations
242821 Phases

Very little SEM data from this alloy is available, although microstructures generally resemble those in
other U-Np-Pu-Am-Zr alloys [128]. X-ray maps suggest a homogeneous distribution of actinides and Zr.

X-ray diffraction patterns from as-cast samples of this alloy show small, broad peaks corresponding
to d-spacings similar to those of 8-UZr, (Figure 77). A Rietveld refinement based on the assumption that
the phases in the sample are 5-UZr», -(U,Pu), a-U, and y-U indicated that ~16% of the sample had a
structure similar to that of ¢-(U,Pu) with lattice parameters a = 10.685 A and o, = 89.69° and ~82% of the
sample had a structure similar to that of 5-UZr, with lattice parameters a = 5.048 and ¢ = 3.105 A. y-U
was included in the refinement because it was believed that it might be retained in the sample and a-U
was apparently included for consistency with other alloys in the same publication. Neither of these phases
produced qualitatively identifiable peaks, and the Rietveld refinement did not indicate a significant
concentration of either phase [180 (Tables 3 and 4, Alloy F)].

In interpreting the Rietveld refinement results, it is important to recognize that the number of phases
and lattice parameters included in the refinement is large relative to the number of peaks in the data. The
refinement included two phases that were not present in significant quantities and did not include the
high-Zr phase identified in the SEM data. Based on these considerations, it seems likely that errors in the
phase proportions and lattice parameters from the Rietveld refinement are significantly larger than the
published uncertainties, which appear to be based on counting statistics [180]. Detailed interpretations of
the Rietveld refinement results should be treated with caution unless verified by further experiments.
Inferences about compositions of individual phases should be regarded as speculative in the absence of
single-phase chemical measurements.

The identification of the major phases in as-cast Alloy AFC1-MH as structurally similar to 6—(U,Pu)

and 6-UZr; is plausible based on U-Pu-Zr phase diagrams and phases identified by electron diffraction in
as-cast Alloy AFC2-A7 [193].
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Figure 77. Experimental X-ray diffraction patterns from Alloy AFC1-MH with simulated pattern from
d-UZr, for comparison. a: Experimental pattern. b: Experimental pattern [180 (Figure 4, Pattern F)].

c. Simulated pattern from 8-UZr,. Dashed red lines indicate positions of peaks from 3-UZr; blue arrows
indicate positions of peaks from the Al used as an internal standard. Patterns were measured with Cu K,

X-rays.
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24.28.2.2 Phase Transitions

The only available data on phase-transition temperatures and enthalpies were obtained by
deconvolution of peaks in DTA data [180 (Alloy F)]. These data show three phase transitions whose onset
temperatures and enthalpies are summarized in Table 31. As no high-temperature diffraction or
microchemical data to support phase identifications are available, attempts to identify the reactions
responsible for the transitions shown by the DSC data should be treated with caution.

Table 31. Phase-transition temperatures in 30U-2Np-25Pu-3Am-40Zr (Alloy AFC1-MH) [180 (Table 9)]

Transition 1 Transition 2 Transition 3

Heating Cooling Heating Cooling | Heating | Cooling

Onset temperature (K) 839+1.3 831+0.2 850+3.9 839+0.7 861+3.5 | 846+0.5

Enthalpy (J/9) 10.1+6.87 -8.4+1.02 | 11.2+2.53 | -12.8+0.37 | 4.5+0.08 | -5.2+4.03

2.4.29  U-19Pu-10Zr-3.0Np-1.6Am-0.4Cm (METAPHIX Alloy U-19Pu-10Zr-5MA)

Alloy U-Pu-Zr-5MA (also referred to as U-19Pu-10Zr-5MA, U-Pu-Zr-5MA, and U-Pu-Zr-MA) was
irradiated as part of the METAPHIX Programme. The nominal composition of this alloy consists of
66 wt% U, 19 wt% Pu, 10 wt% Zr, 3.0 wt% Np, 1.6 wt% Am, and 0.4 wt% Cm [196]. The actual average
composition of the alloy includes 66.30 wt% U, 19.35 wt% Pu, 8.97 Zr, 2.97 wt% Np, 1.45 wt% Am,
0.32 wt% Cm, and less than 0.3 wt% impurities [196].

Samples of Alloy U-Pu-Zr-5MA were prepared by arc-melting U, Np, Pu, Am, and Cm feedstocks in
an argon atmosphere and mixing with molten Zr and casting into fuel rods in yttria molds [197].

Characterization of un-irradiated Alloy U-Pu-Zr-5MA has been limited, and few results have been
published. No information about identities and properties of individual phases is available, although the
alloy is reported to be homogeneous based on examination using microprobe and metallographic
techniques [197].

The as-cast density of the alloy is 15.32 g/cm?® [100].

No information about phase transitions, heat capacity, or thermal conductivity of this alloy is
available.

Results of post-irradiation examination have been published in a number of journal papers (e.g., [100,
196, 198, 199]

2.4.3 U-Pu-Zr alloys with rare-earth elements (La, Ce, Pr, Nd)
2431 U-20Pu-15Zr-1.5RE (Alloy AFC2-B4)
243.1.1 Introduction

Researchers at Argonne and Idaho National Laboratories investigated Alloy AFC2-B4 to assist in
understanding possible fuels for destruction of transuranic alloys by transmutation. This alloy was not
intended for irradiation.

The nominal composition of Alloy AFC2-B4 contains 63.5 wt% U, 20 wt% Pu, 15 wt% Zr, and
1.5 wt% of a rare-earth alloy consisting of 6 wt% La, 16 wt% Pr, 25 wt% Ce, and 53 wt% Nd
(~0.09 wt% La, 0.24 wt% Ce, 0.375 wt% Pr, and 0.795 wt% Nd in the entire alloy). This composition
corresponds to approximately 50.8 at% U, 15.9 at% Pu, 31.3 at% Zr, 0.112 at% La, 0.33 at% Ce,
0.5 at% Pr, and 1.05 at% Nd.

Alloy AFC2-B4 was prepared by arc-melting, then cast into fused silica tubes in an argon-atmosphere
glovebox to form cylinders approximately 4 mm in diameter [174, 200].
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No information about the heat capacity, thermal expansion, or thermal conductivity of this alloy is
available.

24.3.1.2 Phases and Phase Transformations

To a first approximation, SEM images of as-cast Alloy AFC2-B4 show a U-Pu-Zr matrix surrounding
high-Zr and high-RE inclusions. Polygonal features bounding irregular hexagons are visible in some
images, as are series of elongated, closely spaced parallel features (Figure 78). X-ray maps indicate that
the RE elements occur in separate inclusions, and that there are small inversely correlated variations in
the proportions of U and Zr (Figure 79). The distribution of Pu in the matrix appears homogeneous at the
spatial scale of the SEM data.
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Figure 78. SEM images of as-cast alloy AFC2-B4. a: SE image. Black arrows show examples of high-Zr
inclusions; white arrows show examples of high-RE inclusions. Note that small high-RE inclusions are
commonly adjacent to high-Zr inclusions. b: BSE image with contrast adjusted to emphasize features in
matrix. Black arrows show examples of polygonal boundaries; white arrows show examples of areas with
fine parallel microstructures.

Figure 79. X-ray maps from the area of Figure 78 Part a, showing Nd as a representative rare-earth
element. Contrast was adjusted independently for individual maps. Brighter areas indicate higher
concentrations of the indicated elements.

Microstructures in transverse slices of annealed samples prepared by holding sections of as-cast
cylinders at a temperature of 500°C for 1 week and cutting transverse slices from the middle portions of
the cylinders show segregation of the matrix into high-U and high-Zr regions. Polygonal features
bounding irregularly shaped hexagonal areas are broader than those in the as-cast material, and show
longitudinal separation into regions with different compositions (Figure 80). The distribution of Pu in the
matrix appears homogeneous, and the rare-earth elements occur in separate inclusions.
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Figure 80. SEM SE images of annealed alloy AFC2-B4. Large black arrows show examples of polygonal
boundaries. Small black arrows show examples of high-Zr inclusions. Small white arrows show examples
of high-RE inclusions.

No information about identities or quantitative chemical compositions of individual phases or about
phase transitions in Alloy AFC2-B4 is available.

2.4.4  U-Pu-Zr Alloys with Minor Actinides (Np, Am) and Rare-Earth Elements
(La, Ce, Pr, Nd), Sorted by Increasing Weight Percentage of Zr

2441 U-18Pu-10Zr-1.2Np-0.8Am-0.5Ce-1.4Nd (METAPHIX Alloy CR11)
244.1.1 Introduction

Alloy CR11 was cast by the METAPHIX Programme as part of a study intended to examine effects
of rare-earth elements in U-Pu-Zr fuel alloys that also contain minor actinides. Its nominal composition
has 61.8 wt% U, 1.2 wt% Np, 18.0 wt% Pu, 0.8 wt% Am, 0.5 wt% Ce, 1.4 wt% Nd, and 10.0 wt% Zr,
(corresponding to ~58.1 at% U, 15.2 at% Pu, 22.2 at% Zr, 1 at% Np, 0.7 at% Am, 0.7 at% Ce, and
2 at% Nd) [100]. Proportions of elements in Alloy CR11 are similar to those in METAPHIX Alloy
U-19Pu-10Zr-2MA-2RE (Section 2.4.5.2), except that Alloy CR11 has a slightly lower concentration of
Pu, Alloy U-19Pu-10Zr-2MA-2RE includes low concentrations of Cm, Gd, and Y that are not present in
Alloy CR11, and the concentration of U in Alloy CR11 is lower than that in Alloy U-19Pu-10Zr-2MA-
2RE by ~5 wt%.

No information about the heat capacity or thermal conductivity of this alloy is available.
24412 Phases and Phase Transformations
244121 Phases

Information on phases in as-cast Alloy CR11 is limited. An arc-melted sample of this alloy did not
form high-RE and low-RE regions like those in alloys CR6 and CR10 (Sections 2.4.4.3 and 2.4.4.2,
respectively), but instead had RE- and Am-rich precipitates that were “homogeneously dispersed” in a U-
Pu-Zr-Np matrix [100].

Matrices of rapidly quenched samples of Alloy CR11 that had been annealed at 773 K for 28 hours, at
773 K for 97 hours, or at 873 K for an unspecified time between 3.5 and 100 hours had two-phase
matrices, while matrices of rapidly quenched samples that had been annealed at 923K for 3.5 or 100 hours
or at 1123 K for an unspecified time between 3.5 and 100 hours had a single matrix phase. The annealed
samples had RE inclusions ~3 um across, which were dispersed “almost homogeneously” in samples
annealed at 773 and 873 K. Although the RE inclusions occurred at grain boundaries in samples annealed
at 973 and 1123 K, their distribution was “homogeneously dispersed” [100].
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No experimental data about crystal structures or compositions of phases in this alloy are available.
244122 Phase Transitions

Dilatometry data shows that temperatures of phase transitions in Alloy CR11 are similar to those in
METAPHIX Alloys CR12 (Section 2.4.5.1) and and CR13 (U-19Pu-10Zr, Section 2.4.1) [100 (Figure
4)], and occur at ~853 and 903 K. Although the melting temperature of Alloy CR11 was not reported, it
seems likely that this temperature is similar to the melting temperatures of Alloys CR12 (~1480 K) and
CR13 (~1490 K, [100]).

24.4.1.3 Thermal Expansion and Density

The only available data on thermal expansion of Alloy CR11 is a single dilatometric curve that does
not provide quantitative information about thermal expansion [100 (Figure 4)]. This curve shows changes
in slope at approximately 853 and 903 K, which were attributed to specific reactions based on phase
diagrams and comparison to other alloys. Although other changes in slope are visible in the dilatometric
curve between 853 and 903 K, no further information is available about these changes.

2442 U-18.3Pu-10.2Zr-9.3Np-4.7Am-3.2Ce-10.2Nd (METAPHIX Alloy CR10)

Alloy CR10 was cast by the METAPHIX Programme as part of a study intended to examine effects
of rare-earth elements in U-Pu-Zr fuel alloys that also contain minor actinides. It has 43.9 wt% U,
9.3 wt% Np, 18.3 wt% Pu, 4.7 wt% Am, 3.2 wt% Ce, 10.2 wt% Nd, and 10.2 wt% Zr, (corresponding to
approximately 35.2 at% U, 14.6 at% Pu, 21.3 at% Zr, 3.7 at% Am, 4.3 at% Ce, and 13.5 at% Nd) [100].

Ohta et al. [100] reported that an arc-melted sample of Alloy CR10 separated into high-RE and
low-RE regions similar to those in Alloy CR6 (Section 2.4.4.3) and that most of the Am was in the
high--E material.

No information about the heat capacity, thermal expansion, room-temperature density, or thermal
conductivity of this alloy is available.

2443 U-19.3Pu-10.7Zr-9.7Np-3.7Ce-11.6Nd (METAPHIX Alloy CR6)

Alloy CR6 was cast by the METAPHIX Programme as part of a study intended to examine effects of
rare-earth elements in U-Pu-Zr fuel alloys that also contain minor actinides. It has 45.0 wt% U, 9.7% Np,
19.3% Pu, 9.7% Np, 11.6% Nd, 3.7% Ce, and 10.7% Zr, (corresponding to 35.4 at% U, 7.6 at% Np,

15 at% Pu, 22 at% Zr, 5 at% Ce, and 15 at% Nd) [100].

Ohta et al. [100] reported that an arc-melted sample of this alloy formed a high-RE layer along the
upper surface during casting, and that the rest of the alloy was depleted in Ce and Nd. The composition of
the high-Ce, high-Nd layer was ~22Ce-65Nd-12Pu (by weight), and the composition of the low-Ce,
low-Nd areas was ~50U-14Zr-22Pu-13Np. Although Ohta et al. referred to these materials as “phases,”
an image of the alloy suggests that each “phase” may contain more than one material.

No information about identifications and properties of individual phases, phase transitions, heat
capacities, thermal expansion, as-cast densities, or thermal conductivity of this alloy is available.

2.4.44  U-20Pu-15Zr-2Np-3Am-1RE (Alloy AFC2-A2)
24441 Introduction

Alloy AFC2-A2 was cast and characterized at Idaho National Laboratory. It is part of a series of
related alloys with differing concentrations of uranium and rare-earth elements that were intended to
investigate properties of fuels recycled using a pyrochemical process that did not completely remove the
rare-earth elements. Other alloys in the series are Alloy AFC2-Al (no rare-earth elements,

Section 2.4.2.3), AFC2-A3 (1.5% rare-earth elements, Section 2.4.4.5), and Alloy AFC2-A7 (8%
rare-earth elements, Section 2.4.4.6).
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The nominal composition of Alloy AFC2-A2 contains 59 wt% U, 20 wt% Pu, 15 wt% Zr, 2 wt% Np,
3 wt% Am, and 1% of a rare-earth alloy consisting of 6 wt% La, 16 wt% Pr, 25 wt% Ce, and 53 wt% Nd
(corresponding to 0.06 wt% La, 0.25 wt% Ce, 0.16 wt% Pr, and 0.53 wt% Nd in the entire alloy. This
composition corresponds to ~47.4 at% U, 1.6 at% Np, 16 at% Pu, 2.4 at% Am, 0.08% at% La,
0.34 at% Ce, 0.32% at Pr, 0.70 at % Nd, and 31.4 at% Zr. Analyses of as-cast samples of Alloy AFC2-A2
showed that the actual composition was ~59.1 wt% U, 2.07% Np, 19.43% Pu, 3.28% Am, 1.02% RE,
and 14.0% Zr [188, 190 (Alloy B)].

No information about the heat capacity or thermal conductivity of this alloy is available.
24442 Phases and Phase Transformations
244421 Phases

SEM images and X-ray maps of Alloy AFC2-A2 show an actinide-zirconium matrix surrounding
high-Zr and high-RE inclusions (Figure 81) [7, 188 (Figures 1a, 1b, 2c)]. A number of the high-Zr
inclusions also contain Si, which is not present in the nominal composition of the alloy. X-ray maps show
a strong correlation between Am and RE inclusions; however, it is not possible to determine whether the
Am and RE elements are in the same phases. High-Zr and high-RE inclusions commonly occur adjacent
to one another.

Contrast variations in BSE images of the matrix can be correlated to local variations in the
proportions of U and Zr, and suggest either a single-phase matrix with a wide range of compositions or a
fine-grained matrix consisting of several phases with significantly different compositions and locally
varying proportions. Concentrations of Np and Pu in the matrix appear uniform. Am is depleted adjacent
to high-Am inclusions (e.g., [188 (Figure 4)], but otherwise appears to be uniformly distributed in the
matrix.

Figure 81. SEM BSE image and X-ray maps showing distributions of selected elements from Alloy
AFC2-A2. Concentrations of U and Zr vary inversely and are correlated to contrast in BSE image.
Concentration of Pu is homogeneous at the spatial scale of the data except in high-Zr inclusions. The Np
map is similar to the Pu map, but has a very low number of total counts. Distributions of La, Ce, and Pr
are similar to that of Np. The Am map resembles those of the rare-earth elements more closely than those
of other actinides.
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The X-ray diffraction pattern from this alloy is dominated by the LaBs internal standard and has only
a small number peaks that can be clearly attributed to the sample (Figure 82). A Rietveld refinement
based on the assumption that the sample contained LaBs (used as an internal standard), 8-UZr», -(U,Pu),
a-U, and y-U showed that the pattern represented ~80% LaBs, 1% 8-UZr, with lattice parameters
a~5.047A and ¢ ~3.101 A, 16% ¢-(U,Pu) with lattice parameters a ~ 10.723 A and a. = 89.40°, 2.6%
y-U with lattice parameter a ~ 3.585 A, and less than 0.1% o-U with lattice parameters a =~ 2.739 A,
b~5.623 A, and ¢ = 5.027 A. When re-normalized without the LaBs, these phase proportions correspond
to ~81% C-(U,Pu), ~6% 5-UZr2, 1% a-U, and ~13 % y-U [190 (Tables 2 and 3, Alloy B)].

In interpreting the X-ray diffraction results, it is important to consider that the data were obtained
from slices of as-cast alloys rather than powders, that the number of phases and lattice parameters
included in the Rietveld refinement was large relative to the number of peaks from the sample in the data,
that some of the phases might be solid solutions with lattice parameters that vary as a result of differences
in composition, and that the identification of phases for the Rietveld refinement was qualitatively
incorrect because it did not include any phases that might correspond to the inclusions shown in the SEM
data. It is also important to recognize that there are no chemical measurements from individual phases.

Although the identification of the major phases in this alloy as similar to {-(U,Pu) and 6-(UZr,) is
consistent with the U-Pu-Zr phase diagrams of O’Boyle and Dwight (Section 2.4.1.2.3.2) and with phases
identified by electron diffraction of as-cast Alloy AFC2-A7 [193], it seems likely that the actual errors in
phase proportions and lattice parameters in the X-ray diffraction data are larger than the published error
estimates [195], which appear to be based on counting statistics. Unless confirmed by further
measurements, detailed interpretation of lattice parameters and phase proportions from the X-ray
diffraction data for purposes such as determining compositions of individual phases or developing
detailed phase diagrams should be regarded with caution. The presence and reported concentration of y-U
(a retained higher-temperature phase) and the identification of a-U in the sample should be treated with
particular caution unless confirmed by further analyses.
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Figure 82. Experimental X-ray diffraction patterns from Alloy AFC2-A2 [190 (Figure 2, Pattern B)].
Arrows indicate peaks from the LaBs internal standard. The pattern was collected using Cu K, radiation.
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244422

DTA heating and cooling curves from as-cast Alloy AFC2-A2 show two peaks between room
temperature and ~800°C. The shape of the higher-temperature peak during cooling suggests that it
represents more than one reaction. Burkes et al. deconvoluted the higher-temperature peak based on initial
phase-transition estimates from phase-diagram analysis and determined that it represents two reactions
[190].

TMA data from Alloy AFC2-A2 also show two phase transitions [7]. Onset temperatures for the
lower-temperature reaction during heating and cooling are generally consistent with the DTA data, but
onset temperatures for the higher-temperature reaction are significantly higher in the TMA data than in
the DTA data.

Table 32 and Table 33 summarize the available data on phase-transformation temperatures and
enthalpies in Alloy AFC2-A2. Although differences between DTA and TMA data suggest that further
experimental research is needed to understand phase transitions in this alloy, the deconvoluted DTA data
from Burkes et al. [190] are probably the most accurate values available.

Phase Transitions

Table 32. Phase-transformation temperatures in 59U-20Pu-3Am-2Np-1.0RE-15Zr (Alloy AFC2-A2) [7,
190 (Tables 4 and 5, Alloy B)].

Reaction 1 Reaction 2 Reaction 3
Heating T Cooling T Heating T Cooling T Heating T | Cooling T
Method | Reference
(K) (K) (K) (K) (K) (K)
846+1.6 841+0.1 918+2.2 892+2.1 935+1.6 919+5.9 DTA [190]
860 848 953 913 — — TMA | [7]

Table 33. Phase-transformation enthalpies in 59U-20Pu-3Am-2Np-1.0RE-15Zr [7 (Table 10, Alloy A2),
190 (Tables 4 and 5, Alloy B)] determined by DTA.

Reaction 1 Reaction 2 Reaction 3
Enthalpy Enthalpy Enthalpy Enthalpy Enthalpy Enthalpy
during during during during during during Reference
heating (J/g) | cooling (J/g) heating (J/g) cooling (J/g) | heating (J/g) | cooling (J/g)
10.0 +£0.08 -9.6+0.17 11.3+£1.78 -12.4+0.76 6.3£1.61 -6.2+0.71 [180, 195]
24443 Thermal expansion and density

244431

Linear thermal expansion

The only available measurements of the thermal expansion of Alloy AFC2-A2 were made using a
TMA instrument. Measurements two cycles during which the samples were heated and cooled between
room temperature and 800°C showed good reproducibility [7].

The thermal expansion of Alloy AFC2-A2 is generally similar to that of Alloys AFC2-Al, AFC2-A3,
AFC2-A4, AFC2-A5, and AFC2-A6 [7 (Figure 54)]. This thermal expansion can be represented by
Equation 58 (Section 2.4.2.3.4.1).

244432
The coefficient of linear thermal expansion corresponding to Equation 58 is approximately

Coefficients of Thermal Expansion

1.5 x 1075/°C for temperatures between 20 and 550 °C. Assuming isotropic thermal expansion, the
corresponding coefficient of volumetric thermal expansion is approximately 4.5 x 107°/°C. These
coefficients are like those of Alloy AFC2-Al (Section 2.4.2.3.4.2).
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244433 Density

Room-temperature densities of two pieces of as-cast Alloy AFC2-A2 were determined from
dimensional analysis. The densities were 14.10 and 14.16 g/cm?, with an average value of ~14.13 g/cm?®
[7 (Table 13), 189 (Table 3)]. Volumes and densities at temperatures between 20 and 550°C can be
approximated using Equation 6, Equation 7, and Equation 58.

2445 U-20Pu-15Zr-2Np-3Am-1.5RE (Alloy AFC2-A3)
24.45.1 Introduction

Alloy AFC2-A3 was cast and characterized at Idaho National Laboratory. It is part of a series of
related alloys with differing concentrations of uranium and rare-earth elements that were intended to
investigate properties of fuels recycled using a pyrochemical process that did not completely remove the
rare-earth elements. Other alloys in the series are Alloy AFC2-Al (no rare-earth elements,

Section 2.4.2.3), AFC2-A2 (1.0% rare-earth elements, Section 2.4.4.4), and Alloy AFC2-A7 (8%
rare-earth elements, Section 2.4.4.6).

The nominal composition of Alloy AFC2-A3 contains 58.5 wt% U, 20% Pu, 15% Zr, 2% Np,
3% Am, and 1.5 wt% of a rare-earth alloy consisting of 6 wt% La, 16 wt% Pr, 25 wt% Ce, and
53 wt% Nd (corresponding to 0.09% La, 0.38% Ce, 0.24% Pr, and 0.795% Nd in the entire alloy. This
composition corresponds to ~46.9 at% U, 1.6 at% Np, 15.9 at% Pu, 2.4 at% Am, 0.12% La,
0.51% Ce, 0.32% Pr, 1.05% Nd, and 31.3 at% Zr. Analyses of as-cast samples of Alloy AFC2-A3 showed
that the actual composition was ~57.6 wt% U, 2.01% Np, 19.9% Pu, 3.60% Am, 1.53% RE, and
15.6% Zr [188, 190 (Alloy C)].

Casting involved mixing feedstock materials in appropriate proportions, arc-melting three times to
homogenize the alloy, then melting the alloy a final time and casting it into a silica glass (“quartz™) tube
to produce a cylinder with an approximate diameter of ~4 or 5 mm [188, 190 (Alloy C)]

No information about the heat capacity or thermal conductivity of this alloy is available.
24452 Phases and Phase Transformations
244521 Phases

SEM images and X-ray maps of as-cast alloy AFC2-A3 show a high-actinide matrix with a
significant concentration of Zr and three common kinds of inclusions: high-Zr inclusions, some of which
also have Si, high-RE inclusions, and high-Am inclusions [7, 188] (Figure 83; see also [188 (Figure 3)]).
High-Zr and high-RE inclusions commonly occur adjacent to each other. Am occurs in small inclusions
adjacent to some (but not all) high-RE inclusions.
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Figure 83. SEM images and X-ray maps from as-cast Alloy AFC2-A3. Black arrows indicate the same
high-Zr inclusion; white arrows indicate the same small high-RE inclusion and adjacent high-Am
inclusion.

Contrast variations in BSE images of the matrix in as-cast samples can be correlated to local
variations in the proportions of U and Zr [188], and suggest either a single-phase matrix with a wide
range of compositions or a fine-grained matrix consisting of several phases with significantly different
compositions and locally varying proportions. Concentrations of Np and Pu in the matrix appear uniform.
Am appears to be depleted adjacent to high-Am inclusions, but otherwise appears to be uniformly
distributed in the matrix.

SEM images of a sample of as-cast Alloy AFC2-A3 that had been cycled three times between room
temperature and 1100°C in DSC experiments showed thin features bounding polygonal areas, many of
which contained elongated, approximately parallel features. X-ray maps showed that the polygonal
boundaries were enriched in U relative to the adjacent material, and that the elongated features inside the
polygons corresponded to variations in concentrations of U and Zr [201]. Gradual variations in U and Zr
similar to those in the as-cast sample were no longer visible.
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Figure 84. . SEM images from Alloy AFC2-A3 after DSC experiment [201]. Black arrows indicate
high-U polygonal boundaries.

Two Rietveld refinement analyses of phases and lattice parameters in this alloy have been published.
One of these analyses determined that the major phase in the alloy was 3-UZr, with lattice parameters
a=5.03 A and c = 3.08 A [191]. The second analysis assumed that the sample contained LaBs (used as
an internal standard), 6-UZr», {-(U,Pu), a-U, and y-U, and determined that the pattern represented
57.16% LaBs, 33.78% C-(U, Pu), 5.55% y-U, and 3.51% &-UZr,. When the analysis was repeated without
the LaBs, the refinement results showed that the sample consists of approximately 81.1% C-(U,Pu) with
lattice parameters a = 10.712 A and o = 89.37°, 6.9% 8-UZr, with lattice parameters a = 5.045 A and ¢ =
3.111 A, 11.4% y-U with lattice parameter a = 3.587 A, and 0.6% a-U with lattice parameters a = 2.741
A, b=5634 A, and ¢ =5.021 A [190].

In attempting to understand why two Rietveld refinements from the same material are consistent with
two different primary phases, it is important to recognize that Rietveld refinements are based on adjusting
parameters to minimize differences between experimental and calculated diffraction patterns, and that a
close match between the two diffraction patterns does not guarantee a result that accurately represents the
phases that are actually present in the material (e.g. [192]). Rietveld refinements assume that all of the
phases in the material have been identified correctly as a part of setting up the refinements, and that all of
the phases in the refinements are actually present in the material. Violations of these assumptions are
likely to lead to erroneous results.

It seems likely that differences between the results of the two refinements from Alloy AFC2-A3 are
primarily consequences of the initial assumptions about the phases in the sample. Qualitatively
distinguishing whether the X-ray diffraction data shows £-(U,Pu) in addition to 5-UZr; is difficult
because each of the two strongest peaks from £-(U,Pu) is within ~0.3° of one of the two peaks from
3-UZr, [59, 141].

Although y-U is not stable at room temperature, it has been reported in rapidly quenched U-Zr alloys
[19, 20, 55]. Its presence as a retained higher-temperature phase in Alloy AFC2-A3 is therefore plausible.

o-U was apparently included in the refinement in reference [190] because its possible presence was
suggested by postulated room-temperature phase diagrams (e.g., [180]). The proportion of this phase
reported in the refinement results is insignificant.
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In interpreting the X-ray diffraction results, it is important to consider that the data were obtained from slices of
as-cast alloys rather than powders, that the number of phases and lattice parameters included in both of the
refinements was large relative to the number of peaks from the sample, that some of the phases might be solid
solutions with lattice parameters that vary as a result of variations in composition, and that the identification of
phases for the Rietveld refinement was qualitatively incorrect because it did not include phases corresponding to any
of the inclusions shown in the SEM data. It is also important to recognize that there were no measurements of
compositions of individual phases.

Despite these considerations, U-Pu-Zr phase diagrams (Section 2.4.1.2.3) and electron-diffraction data from
Alloy AFC2-A7 (Section 2.4.4.6) both suggest that alloy AFC2-A3 is likely to have both 8-UZr, and £-(U,Pu), and
that the lattice parameters from the refinement that assumed that the sample was single-phase 8-UZr, [191] should
be disregarded. It seems likely that the actual errors in phase proportions and lattice parameters in the X-ray
diffraction data are larger than the estimated errors indicated by reference [195], which appear to be based on
counting statistics. The presence and reported concentration of y-U and o-U and detailed interpretation of relatively
small variations in phase proportions or lattice parameters should be treated with caution unless confirmed by further
analyses.

244522

DTA heating and cooling curves from as-cast Alloy AFC2-A3 show two peaks at temperatures between room
temperature and ~800°C [190 (Figure 6)]. The shape of the higher-temperature peak indicates that it represents more
than one reaction. Burkes et al. deconvoluted the higher-temperature peak based on initial phase-transition estimates
from phase-diagram analysis and determined that this peak represents two reactions whose onset temperatures
during heating differ by ~24 degrees. The lower-temperature peak has apparently not been deconvoluted.

Phase Transitions

Table 34 and Table 35 summarize the reported phase-transformation temperatures and enthalpies from Alloy
AFC2-A3. Temperatures from references [190] and [191] were apparently both determined from the DSC traces in
reference [190 (Figure 6)].

Table 34. Reported Phase-transformation temperatures in 58.5U-20Pu-3Am-2Np-1.5RE-15Zr [7, 190 (Tables 4 and
5, Alloy C), 191 (Table 3)].

Transformation 1 Transformation 2 Transformation 3
Heating T Cooling T Heating T Cooling T Heating T | Cooling T
Method | Reference
(K) (K) (K) (K) (K) (K)
845+0.6 841+0.1 919+0.9 892+2.1 — — DTA [191]
851+1.9 845+0.1 908+7.3 879+1.1 932+2.4 901+0.4 DTA [190]
858 798-923 953 868 — — TMA [7]

Onset temperatures of the lowest-temperature transformation during heating and cooling from DTA and TMA
data are in reasonably good agreement. Onset temperatures for the higher-temperature peak (transformation 2) show
wider differences. Although the reasons for these discrepancies are unclear, they suggest that the actual errors in
onset temperatures in Table 34 may be larger than the error estimates for the individual measurements. Further
experimental data is clearly required to understand phase-transformation temperatures in this alloy. In the absence of
this data, the deconvoluted transformation temperatures from reference [195] are probably the best available values.

Each of the references in Table 35 reports that enthalpies for individual transformations measured
during cooling are generally larger than those measured during heating by ~1-2 J/g, which is larger than

indicated by the error estimates for individual measurements but still typically less than ~10%.

(Transformation 2 in the data of reference [190] is an exception; however, the combined enthalpies of
Transformations 2 and 3 are larger during cooling than during heating.). Further work is needed to
understand this data.
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Table 35. Phase-transformation enthalpies in 58.5U-20Pu-3Am-2Np-1.5RE-15Zr [7 (Table 10), 190
(Tables 4 and 5, Alloy C), 191 (Table 3)] determined by DTA.

Transformation 1 Transformation 2 Transformation 3
Enthalpy Enthalpy Enthalpy Enthalpy
- - : . Enthal Enthal
durl-ng durl-ng durl_ng durl'ng duringy duringy Reference
heating cooling heating cooling heating (J/g) | cooling (J/g)
(J/9) (J/9) (J/9) (J/g)
16.50+2.19 -14.47+£1.95 21.72+2.31 -24.01+2.94 — — [191]
10.5 +0.08 -10.4+0.09 7.7+0.62 -6.6+0.45 5.1+0.27 -8.5£0.51 | [190]
2.4.45.3 Thermal Expansion and Density
244531 Linear Thermal Expansion

The thermal expansion of Alloy AFC2-A3 was measured using a TMA instrument. Measurements
from three cycles during which the samples were heated and cooled between room temperature and
800°C showed differences between the beginning and final sample lengths for each cycle, which were
attributed to mechanical movement during each heating cycle [7].

Despite these problems, the thermal expansion of Alloy AFC2-A3 is generally similar to that of
Alloys AFC2-Al, AFC2-A2, AFC2-A4, AFC2-A5, and AFC2-A6 [7 (Figure 54)]. This thermal
expansion can be represented by Equation 58 (Section 2.4.2.3.4.1).

244532

The coefficient of linear thermal expansion corresponding to Equation 58 is approximately
1.5 x 1075/°C for temperatures between 20 and 550°C. Assuming isotropic thermal expansion, the
corresponding coefficient of volumetric thermal expansion is approximately 4.5 x 107°/°C. These
coefficients are like those of Alloy AFC2-Al (Section 2.4.2.3.4.2).

244533

Room-temperature densities of three pieces of as-cast Alloy AFC2-A3 were measured using the
Archimedes method. The densities were 13.54, 13.77, and 13.93 g/cm?, with an average value of
~13.75 g/cm® [7 (Table 13), 189 (Table 3)]. Volumes and densities at temperatures between 20 and 550°C
can be approximated using Equation 6, Equation 7, and Equation 58.

2446  U-20Pu-15Zr-2Np-3Am-8RE (Alloy AFC2-A7)
2.4.46.1

Alloy AFC2-A7 was cast and characterized at Idaho National Laboratory. It is part of a series of
related alloys with differing concentrations of uranium and rare-earth elements that were intended to
investigate properties of fuels recycled using a pyrochemical process that did not completely remove the
rare-earth elements. Other alloys in the series are Alloy AFC2-Al (no rare-earth elements,

Section 2.4.2.3), AFC2-A2 (1% rare-earth elements, Section 2.4.4.4), and AFC2-A3 (1.5% rare-earth
elements, Section 2.4.4.5). Weight percentages of minor actinides in Alloy AFC2-A7 are similar to the
highest percentages in the METAPHIX alloys, and the weight percentage of rare-earth elements was
intended to approximate a U-Pu-Zr fuel that had been previously reprocessed and irradiated to high
burnups [193]. Although techniques used to cast Alloy AFC2-A7 were similar to those used for fuel pins,
it was not intended for irradiation.

Coefficients of Thermal Expansion

Density

Introduction
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The nominal composition of Alloy AFC2-A7 is 52 wt% U, 20 wt% Pu, 15 wt% Zr, 2 wt% Np,
3 wt% Am, and 8.0 wt% of a rare-earth alloy consisting of 6 wt% La, 16 wt% Pr, 25 wt% Ce, and
53 wt% Nd (corresponding to ~0.48 wt% La, 2 wt% Ce, 1.28 wt% Pr, and 4.24 wt% Nd in the entire
alloy). This composition corresponds to ~30 at% U, 22.5 at% Zr, 11.4 at% Pu, 1.2 at% Np, 1.7 at% Am,
0.47% at% La, 1.95 at% Ce, 1.24% at Pr, and 4.02 at% Nd. Analyses of as-cast alloys showed that the
actual composition of the alloy was ~51.6 wt% U, 2.54 wt% Np, 16.5 wt% Pu, 3.74 wt% Am,
15.9 wt% Zr, and 7.04 wt% RE alloy based on an analytical total of 97.3 wt% of the sample [193].
Oxygen was not included in the analysis, but was identified in TEM data [193, 202].

No information about the heat capacity, density, thermal expansion, or thermal conductivity of this
alloy is available.

24.46.2 Phases and Phase Transformations

SEM images of Alloy AFC2-A7 show an actinide-zirconium matrix surrounding four kinds of
inclusions: high-Zr inclusions, high-Si inclusions, high-RE inclusions that also have significant
concentrations of Am, and high-RE inclusions that do not have significant concentrations of Am [202].
The matrix has linear features bounding irregular polygons a few tens of micrometers across, but
otherwise generally appears homogeneous in SEM images. FIB images suggest that the matrix is
nanocrystalline and contains more than one phase [193]. X-ray maps show inverse variations in the
concentrations of U and Zr [202].

TEM data shows that the matrix consists primarily of two phases occurring in highly elongated,
parallel regions. Electron diffraction patterns indicate that one of these phases has a structure similar to
that of £-(U,Pu) and one has a structure similar to that of 3-UZr.. Some of the TEM diffraction patterns
also indicate the presence of a nanocrystalline phase with a structure similar to that of UO,. Although the
presence of the oxide phase complicates interpretation of the chemical data, TEM-EDX analyses indicate
that the phase similar to ¢-(U,Pu) consists of ~70 at% U, 5% Np, 14% Pu, 1% Am, and 10% Zr and the
phase similar to 8-UZr2 has ~25 at% U, 2% Np, 10-15% Pu, 1-2% Am, and 55-60% Zr [193].

SEM and TEM data show that the high-Am RE inclusions consist of ~2-5 at% La, 15-20 at% Ce,
5-10 at% Pr, 25-45 at% Nd, 1 at% Np, 5-10 at% Pu, and 10-20 at% Am. Some analyses showed up to
~40 at% O; however, others showed much lower concentrations. These inclusions have a face-centered
cubic structure with a lattice parameter of ~ 5.4 A (consistent with RE oxides but too large for RE
metals), and show evidence of a high degree of internal strain. These observations were interpreted as
suggesting that the high-Am RE inclusions consist of a complex, spatially heterogeneous Pu-Am-RE
alloy that may contain small oxide domains [202].

SEM and TEM data show that the low-Am RE phase is an oxide with a structure similar to that of
trigonal Nd-Os, and that it contains small sub-inclusions with large concentrations of actinides and Zr.
This phase should not be present based on the nominal composition of the sample, which does not include
O, but apparently formed during casting. TEM analyses of this phase show that it contains ~35-45 at% O,
1-2% Zr, 4-5% La, 9-10% Ce, 6-7% Pr, and 40-45% Nd [202].

Electron diffraction data from two adjacent high-Zr crystals at the edge of a TEM sample showed that
they were not a-Zr, but instead had a face-centered cubic structure [63]. Analysis of other high-Zr
inclusions in this alloy suggested that they might have nucleated at the interfaces between immiscible
liquids that later crystallized to form high-RE and high-Zr inclusions, and that similar inclusions in other
alloys might have nucleated at small crystallites of carbides, nitrides, or oxides. The data also suggested
that the inclusions might have crystallized as actinide-Zr solid solutions that un-mixed during cooling
[64]. However, further investigations of these inclusions are clearly required.

No information about phase transitions in this alloy is available.
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2447 U-30Pu-20Zr-3Np-5Am-1RE (AFC2-A5)
24471 Introduction

Alloy AFC2-A5 was cast and characterized at Idaho National Laboratory. It is part of a series of
related alloys with differing concentrations of uranium and rare-earth elements that were intended to
investigate properties of fuels recycled using a pyrochemical process that did not completely remove the
rare-earth elements. Other alloys in the series are FCRD Alloys A6 (U-30Pu-20Zr-5Am-3Np,

Section 2.4.2.4), A4 (U-30Pu-20Zr-3Np-5Am-1.5RE, Section 2.4.4.8), and A8 (U-30Pu-20Zr-3Np-5Am-8RE,
Section 2.4.4.9).

The nominal composition of Alloy AFC2-A5 has 41 wt% U, 30 wt% Pu, 20 wt% Zr, 3 wt% Np,
5 wt% Am, and 1 wt% of a rare-earth alloy consisting of 6 wt% La, 16 wt% Pr, 25 wt% Ce, and 53 wt%
Nd (corresponding to concentrations of 0.06 wt% La, 0.25 wt% Ce, 0.16 wt% Pr, and 0.53 wt% Nd in the
entire alloy. This composition corresponds to ~31 31 at% U, 2.3 at% Np, 22.5 at% Pu, 3.7 at% Am,
0.08% at% La, 0.32 at% Ce, 0.20% at Pr, 0.66 at % Nd, and 39.3 at% Zr.

Casting of Alloy AFC2-A5 involved mixing feedstock materials in appropriate proportions,
arc-melting three times to homogenize the alloy, then melting the alloy a final time and casting it into a
silica glass (“‘quartz”) tube to produce a cylinder with an approximate diameter of ~4 mm. Analyses of
as-cast alloys showed that the actual composition of the alloy was ~39 wt% U, 3.2% Np, 28.5% Pu,
5% Am, 23% Zr, and 1.1% rare-earth elements (La, Ce, Pr, and Nd) [188].

No information about the heat capacity or thermal conductivity of this alloy is available.
2.4.4.7.2 Phases and Phase Transformations
244721 Phases

SEM images and X-ray maps of Alloy AFC2-A5 show an actinide-Zr matrix surrounding high-Zr and
high-RE inclusions (Figure 85) [7, 188]. A number of the high-Zr inclusions also contain Si, which is not
present in the nominal composition of the alloy Although some X-ray maps (not including Figure 85)
show a strong correlation between Am and RE inclusions, it is not possible to determine whether the Am
and RE elements are in the same phases. High-Zr and high-RE inclusions commonly occur adjacent to
one another.

Some BSE images of Alloy AFC2-A5 show subtle contrast variations in the matrix. Comparison to
other alloys suggests that these contrast variations are correlated to local differences in the proportions
of U and Zr. Concentrations of Np and Pu in the matrix appear uniform.
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Figure 85. X-ray maps showing distributions of elements in as-cast AFC2-Ab5.

The X-ray diffraction pattern from this alloy is dominated by the LaBs internal standard and has only
a few peaks that can be clearly attributed to the sample (Figure 86). A Rietveld refinement based on the
assumption that the sample contained LaBs, 8-UZr», £-(U,Pu), a-U, and y-U showed that the pattern
represents ~76.6% LaBs, 5.5% &-UZr, with lattice parameters a = 5.092+0.007 A and ¢ = 3.109+0.004 A,
13.3% ¢-(U,Pu) with lattice parameters a = 10.71620.005 A and o = 89.330.06°, 0.32% a-U with lattice
parameters a = 2.565+0.001, b = 5.478+0.002, and ¢ = 4.962+0.001, and 4.31% y-U with lattice
parameter a = 3.578+0.001 A. When re-normalized without the LaBs, these phase proportions correspond
to ~57% C—(U,Pu), ~28% 5-UZr,, 1.4% o-U, and ~18 % y-U) [195 (Tables 2 and 3, Alloy E)].

133



Intensity —

25 30 35 40 45 50 55 60 65 70 75 80 85 90
Two theta (degrees)

Figure 86. Experimental X-ray diffraction patterns from Alloy AFC2-A5 (re-drawn from [195 (Figure 2,
Pattern E)]). Arrows indicate peaks from the LaBg internal standard. The pattern was collected with

Cu K, radiation.

In interpreting the X-ray diffraction results, it is important to consider that the data were obtained
from slices of as-cast alloys rather than powders, that the number of phases and lattice parameters
included in the Rietveld refinement was large relative to the number of peaks from the sample in the data,
that some of the phases might be solid solutions with lattice parameters that vary as a result of differences
in composition, and that the identification of phases for the Rietveld refinement was qualitatively
incorrect because it did not include phases that might correspond to any of the inclusions shown in the
SEM data.

Although the identification of the major phases in this alloy as similar to £-(U,Pu) and 5-(UZr,) is
consistent with U-Pu-Zr phase diagrams (Section 2.4.1.2.3) and with phases identified by electron
diffraction of a more complex alloy [193], it seems likely that uncertainties in proportions and lattice
parameters in the X-ray diffraction data are far larger than the estimated errors indicated by reference
[195], which appear to be based on counting statistics. Detailed interpretations of phase identifications,
concentrations, and lattice parameters (particularly for a-U and y-U) should be regarded with caution
unless confirmed by further analyses.

244722 Phase Transitions

DTA heating and cooling curves from as-cast Alloy AFC2-A5 show two peaks at temperatures
between room temperature and ~800°C [195 Figure 5]. Burkes et al. deconvoluted the higher-temperature
peak based on initial phase-transition estimates from phase-diagram analysis and determined that this
peak represents two reactions whose onset temperatures during heating differ by ~30 K.
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TMA measurements of this alloy also show two phase transitions [7]. The onset temperature for the
lower-temperature transition during cooling is consistent with the DTA data, but onset temperatures for
the higher-temperature transition during both heating and cooling are significantly higher in the TMA
data than in the DSC data.

Table 36 and Table 37 summarize the available data on phase-transformation temperatures and
enthalpies in Alloy AFC2-A5. Although differences between DTA and TMA data suggest that further
experimental research is needed to understand phase transitions in this alloy, the deconvoluted DTA data
from Burkes et al. [190] are probably the most accurate values available.

Table 36. Phase-transformation temperatures in 41U-30Pu-5Am-3Np-1.0RE-20Zr (Alloy AFC2-A5) [7,
195 (Tables 4 and 5, Alloy E)].

Transformation 1 Transformation 2 Transformation 3
Heating T Cooling T Heating T Cooling T Heating T | Cooling T
Method | Reference
(K) (K) (K) (K) (K) (K)
822+2.8 820+0.1 870+4.7 872+0.2 900+9.7 897+0.4 DTA [195]
843 823 923 898 — — TMA | [7]

Table 37. Phase-transformation enthalpies in 41U-30Pu-5Am-3Np-1.0RE-20Zr (Alloy AFC2-A5) [195
(Tables 4 and 5, Alloy E)] determined by DTA.

Reaction 1 Reaction 2 Reaction 3
Enthalpy Enthalpy Enthalpy Enthalpy Enthalpy Enthalpy
during during during during during during Reference
heating (J/9) cooling (J/g) heating (J/9) cooling (J/g) | heating (J/g) | cooling (J/g)
12.4 £0.47 -12.6+0.04 3.0£1.16 -3.4+0.22 5.2+0.99 -6.9£0.19 | [195]
24473 Thermal Expansion and Density

244731

The thermal expansion of Alloy AFC2-A5 was measured using a TMA instrument. The sample was
cycled twice between room temperature and 800 °C. Data from the first heating was not recorded because
of instrument failure. The remaining measurements were similar during heating and cooling [7].

Linear Thermal Expansion

The available data indicate that the thermal expansion of Alloy AFC2-A5 is essentially identical to
that of Alloys AFC2-Al, AFC2-A2, AFC2-A3, AFC2-A4, and AFC2-A6 [7 (Figure 54)]. This thermal
expansion can be represented by Equation 58 (Section 2.4.2.3.4.1).

244732

The coefficient of linear thermal expansion corresponding to Equation 58 is approximately
1.5 x 107°/°C for temperatures between 20 and 550°C. Assuming isotropic thermal expansion, the
corresponding coefficient of volumetric thermal expansion is approximately 4.5 x 1075/°C. These
coefficients are like those of Alloy AFC2-Al (Section 2.4.2.3.4.2).

244733

Room-temperature densities of as-cast material from four castings of as-cast Alloy AFC2-A5 were
determined using dimensional analysis. These densities ranged from 12.41 to 13.38 g/cm?, with an
average value of ~12.86 g/cm®[7 (Table 13), 189 (Table 3)]. Volumes and densities at temperatures
between 20 and 550°C can be approximated using Equation 6, Equation 7, and Equation 58.

Coefficients of Thermal Expansion

Density
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2448 U-30Pu-20Zr-3Np-5Am-1.5RE (Alloy AFC2-A4)
24481 Introduction

Alloy AFC2-A4 was cast and characterized at Idaho National Laboratory. It is part of a series of
related alloys with differing concentrations of uranium and rare-earth elements that were intended to
investigate properties of fuels recycled using a pyrochemical process that did not completely remove the
rare-earth elements. Other alloys in the series are Alloys AFC2-A6 (U-30Pu-20Zr-5Am-3Np,

Section 2.4.2.4), AFC2-A5 (U-30Pu-20Zr-3Np-5Am-1RE, Section 2.4.4.7), and AFC2-A8 (U-30Pu-
20Zr-3Np-5Am-8RE, Section 2.4.4.9).

The nominal composition of Alloy AFC2-A4 has 40.5 wt% U, 30 wt% Pu, 20 wt% Zr, 3 wt% Np,
5 wt% Am, and 1.5 wt% of a rare-earth alloy consisting of 6 wt% La, 16 wt% Pr, 25 wt% Ce, and
53 wt% Nd% (corresponding to concentrations of 0.09 wt% La, 3.375 wt% Ce, 0.24 wt% Pr, and
0.795 wt% Nd, in the entire alloy). This composition corresponds to approximately 30.5 at% U, 22.4
at% Pu, 39.2 at% Zr, 2.3 at% Np, 3.7 at% Am, 0.12 at% La, 0.48 at% Ce, 0.3 at% Pr, and 1 at % Nd.

Casting of Alloy AFC2-A4 involved mixing feedstock materials in appropriate proportions,
arc-melting three times to homogenize the alloy, then melting the alloy a final time and casting it into a
silica glass (“‘quartz”) tube to produce a cylinder with an approximate diameter of ~4 mm. Analyses of
as-cast alloys showed that the actual composition of the alloy was ~44 wt% U, 2.6% Np, 29.7% Pu,
4.2% Am, 17.3% Zr, and 1.4% rare-earth elements (La, Ce, Pr, and Nd) [188].

No information about the heat capacity or thermal conductivity of this alloy is available.
2.4.4.8.2 Phases and Phase Transformations
244821 Phases

SEM images and X-ray maps Alloy AFC2-A4 show an actinide-Zr matrix surrounding high-Zr and
high-RE inclusions. A number of the high-Zr inclusions also contain Si, which is not present in the
nominal composition of the alloy [7, 188]. Although X-ray maps show a strong correlation between Am
and RE inclusions (Figure 87), the spatial resolution of the maps is too low to determine whether the Am
and RE elements are in the same phases. High-Zr and high-RE inclusions may occur adjacent to one
another. Contrast variations in BSE images of the matrix can be correlated to local variations in the
proportions of U and Zr [188], and suggest either a single-phase matrix with a wide range of compositions
or a fine-grained matrix consisting of several phases with significantly different compositions and locally
varying proportions. Concentrations of Np and Pu in the matrix appear uniform. Am is depleted adjacent
to high-Am inclusions, but otherwise appears to be uniformly distributed in the matrix.
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Figure 87. SEM images and X-ray maps from Alloy AFC2-A4. Distributions of La, Ce, and Pr are similar
to that of Nd.

The X-ray diffraction pattern from this alloy is dominated by the LaBs internal standard and has only
a small number peaks that can be clearly attributed to the sample (Figure 88). A Rietveld refinement
based on the assumption that the sample contained LaBs, 5-UZr», {-(U,Pu), a-U, and y-U showed that the
pattern represented ~66.7% LaBs, 10.5% 8-UZr, with lattice parameters a =~ 5.078 A and ¢ =~ 3.106 A,
19% &-(U,Pu) with lattice parameters a = 10.719 A and o = 89.59°, 4% y-U with lattice parameter
a~3.592 A, and no a-U. When re-normalized without the LaBs, these phase proportions correspond to
~57% C-(U,Pu), ~31% &-UZr,, and ~11 % y-U [195].
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Figure 88. Experimental X-ray diffraction patterns from Alloy AFC2-A4 (re-drawn from [195 (Figure 2,
Pattern D)]). Arrows indicate peaks from the LaBg internal standard. Two-theta angles correspond to Cu

Ka radiation.

In interpreting the X-ray diffraction results, it is important to consider that the data were obtained
from slices of as-cast alloys rather than powders, that the number of phases and lattice parameters
included in the refinement was large relative to the number of peaks from the sample in the data, that
some of the phases might be solid solutions with lattice parameters that vary as a result of variations in
composition, and that the identification of phases for the Rietveld refinement was qualitatively incorrect
because it included a phase that was not present and did not include phases that might correspond to any
of the inclusions shown in the SEM data.

Although the identification of the major phases in this alloy as similar to £-(U,Pu) and 8-(UZr,) is
consistent with U-Pu-Zr phase diagrams (Section 2.4.1.2.3) and with phases identified by electron
diffraction of a more complex alloy [193], it seems likely that error estimates in phase proportions and
lattice parameters in the X-ray diffraction data should be far larger than indicated by either the number of
significant digits in data presented here or the error estimates in reference [195]. In particular, the
presence and reported properties of y-U require further experimental confirmation, and detailed
interpretation of relatively small variations in phase proportions or lattice parameters should be treated
with caution unless confirmed by further analyses.

2448272 Phase Transitions

DTA heating and cooling curves from as-cast Alloy AFC2-A4 show two peaks at temperatures
between room temperature and ~800°C [195 (Figure 4)]. Shapes of both peaks suggest that each may
represent more than one reaction. Burkes et al. deconvoluted the higher-temperature peak based on initial
phase-transition estimates from phase-diagram analysis and determined that this peak represents two
reactions whose onset temperatures during heating differ by ~38 degrees. The lower-temperature peak has
apparently not been deconvoluted.

138



TMA measurements clearly show one phase transition, and a second is suggested by a small change
in slope of the data collected during heating [7]. Onset temperatures from both reactions are higher than
those in the deconvoluted DTA data.

Table 38 and Table 39 summarize the available data on phase-transformation temperatures and
enthalpies in Alloy AFC2-A4. Although differences between DTA and TMA data suggest that further
experimental research is needed to understand phase transitions in this alloy, the deconvoluted DTA data
from Burkes et al. [190] are probably the most accurate values available.

Table 38. Phase-transformation temperatures in 40.5U-3Np-30Pu-5Am-1.5RE-20Zr (Alloy AFC2-A4) [7,
195 (Tables 4 and 5, Alloy D)].

Transformation 1 Transformation 2 Transformation 3
Heating T | Cooling T | Heating T | Cooling T | Heating Cooling
Method | Reference
(K) (K) (K) (K) T (K) T (K)
816+1.4 818+0.1 875+3.6 886+2.4 913+1.1 901+1.4 — [195]
843 848 923 — — — [7]

Table 39. Phase-transformation enthalpies in 40.5U-3Np-30Pu-5Am-1.5RE-20Zr [195 (Tables 4 and 5,

Alloy D)].
Transformation 1 Transformation 2 Transformation 3
Enthalpy Enthalpy Enthalpy Enthalpy Enthalpy Enthalpy
durl.ng durl.ng durl.ng durl.ng during heating | during cooling | Reference
heating cooling heating cooling (J/lg) (J/lg)
(J/9) (J/9) (J/9) (J/9)
11.3+0.07 | -10.7£0.12 7.4+1.27 -7.2£1.14 5.1+0.56 -8.2+1.03 [195]
24483 Thermal Expansion and Eensity
244831 Linear Thermal Expansion

The thermal expansion of Alloy AFC2-A4 was measured using a TMA instrument. Curves collected
during a single cycle during which the sample was heated and cooled between room temperature and
800°C were similar during heating and cooling [7].

The available data indicate that the thermal expansion of Alloy AFC2-A4 is essentially identical to
that of Alloys AFC2-Al, AFC2-A2, AFC2-A3, AFC2-A5, and AFC2-A6 [7 (Figure 54)]. This thermal
expansion can be represented by Equation 58 (Section 2.4.2.3.4.1).

2.4.4.8.3.2
The coefficient of linear thermal expansion corresponding to Equation 58 is approximately

Coefficients of Thermal Expansion

1.5 x 107°/°C for temperatures between 20 and 550°C. Assuming isotropic thermal expansion, the
corresponding coefficient of volumetric thermal expansion is approximately 4.5 x 107°/°C. These
coefficients are like those of Alloy AFC2-Al (Section 2.4.2.3.4.2).

244833

Density

Room-temperature densities of as-cast material from two castings of as-cast Alloy AFC2-A4 were
determined using dimensional analysis. These densities were 12.97 and 13.40 g/cm?®, with an average
value of ~13.2 g/cm? [7 (Table 13), 189 (Table 3)]. Volumes and densities at temperatures between 20
and 550°C can be approximated using Equation 6, Equation 7, and Equation 58.
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2.4.4.9 U-30Pu-20Zr-3Np-5Am-8RE (Alloy AFC2-A8)
24491 Introduction

Alloy AFC2-A8 was cast and characterized at Idaho National Laboratory. It is part of a series of
related alloys with differing concentrations of uranium and rare-earth elements that was intended to
investigate properties of fuels recycled using a pyrochemical process that did not completely remove the
rare-earth elements. Other alloys in the series are FCRD Alloys A6 (U-30Pu-20Zr-5Am-3Np,

Section 2.4.2.4), A5 (U-30Pu-20Zr-3Np-5Am-1.0RE, Section 2.4.4.7), and A4 (U-30Pu-20Zr-3Np-
5Am-1.5RE, Section 2.4.4.8). The concentrations of minor actinides and rare-earth elements in Alloy
AFC2-A8 are both higher than the maximum concentrations in the irradiated METAPHIX alloys, and this
alloy was not intended for irradiation.

The nominal composition of Alloy AFC2-A8 contains 34 wt% U. 30 wt% Pu, 20 wt% Zr, 3 wt% Np,
5 wt% Am, and 8.0 wt% of a rare-earth alloy consisting of 6 wt% La, 16 wt% Pr, 25 wt% Ce, and
53 wt% Nd (corresponding to 0.48 wt% La, 2 wt% Ce, 1.28 wt% Pr, and 4.24 wt% Pr in the entire alloy).
This composition corresponds to 24.8 at% U, 21.7 at% Pu, 38 at% Zr, 2.19 at% Np, 3.6 at% Am,
0.6 at% La, 2.47 at% Ce, 1.57 at% Pr, and 5.09 at% Nd.

No information about the phase transition temperatures and enthalpies, heat capacity, thermal
expansion, density, or thermal conductivity of this alloy is available.

24.49.2 Phases and Phase Transformations

SEM images of microstructures in Alloy AFC2-A8 show an actinide-zirconium matrix surrounding
four kinds of inclusions: high-Zr inclusions, high-Si inclusions, high-RE inclusions that also have
significant concentrations of Am, and high-RE inclusions that do not have significant concentrations of
Am (Figure 89). SEM images and X-ray maps of the matrix show a network consisting of elongated
high-RE inclusions and narrow high-U features bounding irregularly shaped polygonal areas of a material
that contains numerous small, approximately equant, light-contrast areas. High-Zr inclusions occur in a
variety of shapes, and commonly have variations in contrast within a single inclusion. Many RE
inclusions contain both high-Am and low-Am RE materials. High-Si inclusions are far less common than
high-Zr or high-RE inclusions and generally occur either surrounded by or at the edges of RE inclusions.

Although individual phases in this alloy have not been identified, it seems plausible that the rare-earth
inclusions in Alloy AFC2-A8 are similar to those in AFC2-A7 [202]. If so, the dark rare-earth inclusions
in Alloy AFC2-A8 are oxides, which imply the presence of significant concentrations of oxygen during
casting.

High-Zr inclusions in a variety of actinide-Zr alloys (including AFC2-A7) are known to have
significant concentrations of actinides [63, 64] and it seems possible that contrast variations in the high-Zr
inclusions in Alloy AFC2-A8 are related to local differences in actinide concentration. However, in the
absence of crystal-structure and microchemical information from these inclusions, this interpretation
remains speculative.

Although no TEM data from Alloy AFC2-AS8 are available, the SEM data are not consistent with a
matrix consisting of highly elongated, parallel domains of 5-(U,Np.Pu,Am)Zr, and £-(U,Np,Pu,Am)
similar to those observed in Alloy AFC2-A7 [193]. The phase-transformation history suggested by U-Pu-
Zr phase diagrams [62] indicates that Alloy AFC2-A8 may once have had a much higher proportion of
the high-temperature phase n-(U,Pu) than Alloy AFC2-A7 did. Ellinger et al. believed they could
distinguish between £-(U,Pu) formed from y-(U,Pu-Zr) and ¢-(U,Pu) formed from n-(U,Pu) [141].
Although they did not provide details, it seems plausible that differences in matrix microstructures in
Alloys AFC2-A7 and AFC2-A8 result from differences in the transformations leading to formation of
C-(U,Pu) rather than to different matrix phases in the room-temperature alloys. However, further
investigation is clearly required.
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Figure 89. SEM images of Alloy AFC2-A8. Large white arrows indicate examples of high-Am RE
inclusions, small white arrows indicate examples of low-Am RE inclusions, and black arrows indicate
high-Zr inclusions. Note variations in high-Zr inclusion indicated by black arrows in parts b and c. Also
note small bright spots in matrix and polygonal boundaries in upper right and center left of Part d.

245  U-Pu-Zr Alloys with Minor Actinides (Np, Am, Cm), Rare-Earth Elements
(La, Ce, Pr,Nd, and Y

2451 U-19Pu-10Zr-3Np-2Am-1.2Ce-3.6Nd-0.2Y (METAPHIX Alloy CR12)
245.1.1 Introduction

Alloy CR12 was cast by the METAPHIX Programme as part of a study intended to examine effects
of rare-earth elements in U-Pu-Zr fuel alloys that also contain minor actinides. The nominal composition
of this alloy consists of composition has 61.0 wt% U, 3.0 wt% Np, 19.0 wt% Pu, 2.0 wt% Am,

1.2 wt% Ce, 3.6 wt% Nd, and 10.0 wt% Zr [100], (corresponding to approximately 51.1 at% U,

15.8 at% Pu, 21.8 at% Zr, 2.5 at% Np, 1.65 at% Am, 1.7 at% Ce, 5 at% Nd, and 0.5 at% Y. Proportions
of elements in Alloy CR12 are similar to those in METAPHIX Alloy U-19Pu-10Zr-5MA-5RE

(Section 2.4.5.3), which also includes low concentrations of Cm, Gd, and Y.

Ohta et al. studied phases and phase transitions in this alloy using metallography, dilatometry, and
microprobe analysis [100]. Kurata et al. also studied this alloy, but used samples held in thermal gradients
to investigate element migration [166]. Although direct comparisons are difficult because of changes in
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local composition as a result of element migration in Kurata’s samples, both research groups reached
similar conclusions.

No information about the heat capacity or thermal conductivity of this alloy is available.
2.4.5.1.2 Phases and Phase Transformations
245121 Phases

Information on phases in as-cast Alloy CR12 is limited. Ohta et al. [100] reported that an arc-melted
sample of this alloy did not form high-RE and low-RE regions like those in alloys CR6 and CR10, but
instead had RE- and Am-rich precipitates distributed uniformly in a U-Pu-Zr-Np matrix. Sari et al.
reported similar microstructures in their as-cast samples and indicated that most of the Np was in the
matrix [171].

Quenched samples of Alloy CR12 that had been annealed at 773 K for 28 or 97 hours or at 873 K for
an unspecified time between 3.5 and 100 hours had two-phase matrices. Microprobe analyses showed that
one of these phases had ~40-50 wt% U, ~22% Pu, and ~25-30% Zr, as well as ~2.5-3.5% Np and 1% Am,
and the other had ~75% U, 4% Np, 17-19% Pu, 2-3% Zr, and 0.1-0.3% Am. Analyses from both phases
showed low concentrations (< 0.5 wt%) of Ce and Nd [100 (Table 2)].

Quenched samples that had been annealed at 923K for 3.5 or 100 hours or at 1123 K for an
unspecified time between 3.5 and 100 hours had a single matrix phase. Microprobe analyses showed that
this phase had ~66.5% U, 20% Pu, 3.7% Np, 0.4% Am, 9% Zr, and < 0.3% Ce and Nd [100 (Table 2)].

The annealed samples had RE inclusions > 10 um across, which were dispersed almost
homogeneously in samples annealed at 773 and 873 K. Although the RE inclusions occurred at grain
boundaries in samples annealed at 973 and 1123 K, Ohta et al. described their distribution as
“homogeneously dispersed” [100]. Microprobe analyses of inclusions in the annealed samples showed
compositions of ~ 8% Pu, 18-25% Ce, and 50-60% Nd, with low concentrations (< 0.5) of U, Np, and Zr.
Concentrations of Am in the RE inclusions were ~19-23% in samples annealed at 723 K, but decreased
to ~5% in the sample annealed at 1123 K [100, Table 2]. Ohta et al. suggested this decrease in the
concentration of Am might represent Am lost due to from evaporation during annealing [100].

Ohta et al. presumed that matrix phases in the sample annealed at 773 K were similar to £-(U,Pu) and
8-UZr,, and matrix phases in the sample annealed at 873 K were similar to -(U,Pu) and either 6-UZr, or
v-(U,Pu,Zr). The single matrix phase in samples annealed at 923 K or 1123 K was presumed to be
v-(U,Pu,Zr). These phase identifications were apparently based on analysis of phase diagrams and
comparison to phases identified in other publications rather than on crystallographic data and should not
be interpreted as experimental results.

2451.22 Phase Transitions

Dilatometry measurements by Ohta et al. indicated that Alloy CR12 has solid-state phase transitions
at ~853 and 903 K and melts at 1480 +/- 10 K [100]. These transition temperatures are similar to those in
METAPHIX Alloys CR11 (Section 2.4.4.1) and CR13 (71.0U-19.0Pu-10.0 Zr, Section 2.4.1.2.2 [100]),
and are consistent with inferred phase transitions based on changes in composition in the thermal-gradient
research of Kurata et al. [166].

24513 Thermal Expansion and Density

The only available data on thermal expansion of Alloy CR12 is a single dilatometric curve that does
not have a quantitative thermal-expansion axis [100 Figure 4]. This curve shows changes in slope at
approximately 853 and 903 K, which were attributed to specific reactions based on phase diagrams and
comparison to other alloys. Although other changes in slope are visible in the dilatometric curve between
853 and 903 K, no further information is available about these changes.
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2452 U-19Pu-10Zr-1.2Np-0.6Am-0.2Cm-1.4Nd-0.2Ce-0.2Gd-0.2Y (METAPHIX Alloy
U-19Pu-10Zr-2MA-2RE)

24521 Introduction

Alloy U-19Pu-10Zr-2MA-2RE (sometimes called UPuZrMA2%RE2%) was fabricated by the
METAPHIX Programme as part of an experiment to study behavior of minor actinides and rare-earth
elements in U-Pu-Zr fuel alloys during irradiation. The alloy was fabricated by a series of steps involving
mixing powdered materials and arc melting of the starting materials, then cast in heated yttria molds [197,
198].

The average actual composition of Alloy U-19Pu-10Zr-2MA-2RE is 66.85% U, 19.80% Pu,
9.46% Zr, 1.23% Np, 0.67% Am, 0.18% Cm, 0.20% Ce, 1.25% Nd, 0.16% Gd and 0.12% Y by weight
[196, 199], corresponding to approximately 57.5% U, 19.95% Pu, 21.26% Zr, 1.06% Np, 0.57% Am,
0.15% Cm, 0.29% Ce, 1.78% Nd, 0.21% Gd and 0.28% Y in atomic percent). The composition of this
alloy is similar to METAPHIX Alloy CR11 (Section 2.4.4.1), which was not intended for irradiation.

Alloy U-19Pu-10Zr-2MA-2RE has been irradiated to peak target burnups of ~1.5, 7, and 10 at%
fissions per initial metal atom (FIMA) in the Phénix fast reactor.Publications with details of the
irradiation experiments and PIE results include [100, 196, 198, 199].

No information about the heat capacity or thermal expansion of this alloy is available.
2.45.2.2 Phases and Phase Transformations

Capriotti et al. tentatively identified a phase similar to z-(U,Pu) in as-cast Alloy U-19Pu-10Zr-
2MA-2RE based on preliminary analysis of X-ray diffraction data [203]. No other information about
phases or phase transformations in un-irradiated samples of this alloy is available. However, because of
the similarity in compositions to Alloy CR11 (Section 2.4.4.1), it seems likely that properties of
Alloy CR11 are similar to those of Alloy U-19Pu-10Zr-2MA-2RE.

2.45.2.3 Thermal Expansion and Density

The average density of as-cast Alloy U-19Pu10Zr-2MA-2RE is ~14.73 g/cm® [100]. No other
information about thermal expansion and related properties of this alloy is available.

2453 U-19Pu-10Zr-3Np-1.6Am-0.4Cm-0.5Ce-3.5Nd-0.5Gd-0.5Y (METAPHIX Alloy
U-19Pu-10Zr-5MA-5RE)

24531 Introduction

Alloy U-19Pu-10Zr-5MA-5RE (sometimes called UPuZrMA5%RE5%) was fabricated and irradiated
by the METAPHIX Programme as part of an experiment to study behavior of minor actinides and
rare-earth elements in U-Pu-Zr fuel alloys during irradiation. This alloy was fabricated by a series of steps
involving mixing and arc melting powdered starting materials, and was then then cast in heated yttria
molds [197, 198].

The average actual composition of Alloy U-19Pu-10Zr-5MA-5RE is 63.5% U, 3.04% Np,
19.75% Pu, 1.52% Am, 0.31% Cm, 0.45% Ce, 2.3% Nd, 0.32% Gd, 0.31% Y, and 8.19% Zr by weight
[196] (corresponding to approximately 55.40% U, 2.65% Np, 17.09% Pu, 1.3% Am, 0.26% Cm,
0.72% Y, 18.61% Zr, 0.66% Ce, and 3.3% Nd in atomic percent). The composition of Alloy U-19Pu-
10Zr-5MA-5RE is similar to METAPHIX Alloy CR12 (Section 2.4.5.1), which was not intended for
irradiation.

Alloy U-19Pu10Zr-5MA-5RE has been irradiated to peak target burnups of ~1.5, 7, and 10 at%
fissions per initial metal atom (FIMA) in the Phénix fast reactor. Publications with details of the
irradiation experiments and PIE results include [100, 196, 198, 199].
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The only available information about phases, heat capacity, thermal expansion, or thermal
conductivity of this alloy is the room-temperature density of the as-cast material (~14.67 g/cm?, [100]).
However, because of the similarity in compositions to Alloy CR12 (Section 2.4.5.1), it seems likely that
properties of Alloy U-19Pul0Zr-5MABRE are similar to those of Alloy CR12.
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SUMMARY

Transmutation of minor actinides such as Np, Am, and Cm in spent nuclear fuel is of
international interest because of its potential for reducing the long-term health and safety
hazards caused by the radioactivity of the spent fuel. One important approach to
transmutation (currently being pursued by the DOE Fuel Cycle Research & Development
Advanced Fuels Campaign) involves incorporating the minor actinides into U-Pu-Zr
alloys, which can be used as fuel in fast reactors. U-Pu-Zr alloys are well suited for
electrolytic refining, which leads to incorporation rare-earth fission products such as La,
Ce, Pr, and Nd. It is, therefore, important to understand not only the properties of
U-Pu-Zr alloys but also those of U-Pu-Zr alloys with concentrations of minor actinides
(particularly Np and Am) and rare-earth elements (particularly La, Ce, Pr, and Nd)
similar to those in reprocessed fuel.

In addition to requiring extensive safety precautions, alloys containing U, Pu, and
minor actinides are difficult to study for numerous reasons, including their complex
phase transformations, characteristically sluggish phase-transformation kinetics, tendency
to produce experimental results that vary depending on the histories of individual
samples, rapid oxidation, and sensitivity to contaminants such as oxygen in
concentrations below a hundred parts per million. Although less toxic, rare-earth
elements such as La, Ce, Pr, and Nd are also difficult to study for similar reasons. Many
of the experimental measurements were made before 1980, and many of the references
for data on the rare-earth elements were originally published in Soviet journals. The level
of documentation for experimental methods and results varies widely. It is therefore not
surprising that little is known with certainty about U-Pu-Zr alloys, particularly those that
also contain minor actinides and rare-earth elements. General acceptance of results
commonly indicates that there is only a single measurement for a particular property
rather than multiple measurements with similar results.

The Metallic Fuels Handbook summarizes currently available information about
phases and phase diagrams, heat capacity, thermal expansion, and thermal conductivity of
elements and alloys in the U-Pu-Zr-Np-Am-La-Ce-Pr-Nd system. Although many
sections are reviews and updates of material in previous versions of the Handbook [1, 2],
this revision is the first to include alloys with four or more elements. In addition to
presenting information about materials properties, the handbook attempts to provide
information about how well each property is known and how much variation exists
between measurements. Although it includes some results from models, its primary focus
is experimental data.

Because of its size, the Handbook has been split into two parts, which are presented
as separate documents. Part 1 (reference [3]) contains introductory material and
information about the U-Pu-Zr system (U-Zr, Pu-Zr, U-Pu, and U-Pu-Zr alloys, including
those with minor actinides, rare-earth elements, and Y). Part 2 (this document) contains
information about elements and the remaining alloys in the U-Np-Pu-Am-La-Ce-Pr-Nd-
Zr system.
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Metallic Fuels Handbook, Part 2:
Elements and Alloys not Based on U-Zr, Pu-Zr, U-Pu, or U-Pu-Zr

1. INTRODUCTION

Transmutation of minor actinides such as Np, Am, and Cm in spent nuclear fuel is of international
interest because of its potential for reducing the long-term health and safety hazards caused by the
radioactivity of the spent fuel. For this reason, the DOE Fuel Cycle Research & Development (FCRD)
Advanced Fuels Campaign (AFC) has been performing research on nuclear fuel technologies that could
be used in conjunction with a future actinide transmutation mission. One important approach to
transmutation involves incorporating the minor actinides into U-Pu-Zr alloys, which can be used as fuel
in fast reactors. U-Pu-Zr alloys are well suited for electrolytic refining, which leads to retention of
rare-earth fission products such as La, Ce, Pr, and Nd. It is, therefore, important to understand not only
the properties of U-Pu-Zr alloys but also those of U-Pu-Zr alloys with concentrations of minor actinides
(Np, Am) and rare-earth elements (La, Ce, Pr, and Nd) similar to those in reprocessed fuel.

The Metallic Fuels Handbook reviews and summarizes the available data on phases, heat capacities,
thermal expansion, and thermal conductivity of elements and alloys in the U-Pu-Zr-Np-Am-La-Ce-Pr-Nd
system. Although many sections are revisions and updates of material in previous versions of the
Handbook [1, 2], this revision includes new material about properties of alloys with four or more
elements. Some of these alloys include Cm, Gd, and Y, which are not considered elsewhere in the
Handbook because there is no evidence that they have significant consequences for alloy properties in the
low concentrations in which they are present in alloys of interest to FCRD. Data from the METAPHIX
Programme (a collaboration between the Central Research Institute of Electric Power (CRIEPI) in Japan
and the Joint Research Centre-Institute for Transuranium Elements of the European Commission
(JRC-I1TU)), has been included in this revision of the Handbook for the first time.

The organization of this revision differs from that of earlier versions of the Handbook, and presents
all of the available information about each material or group of related materials together. This
organization is intended to make it easier to compare materials with similar compositions (for example, to
assess whether addition of minor actinides significantly changes the properties of U-Pu-Zr alloys, or to
understand any changes caused by incorporation of rare-earth elements into these alloys). It also follows
the organization of many research papers. In the longer term, the change in organization will facilitate
incorporation of materials such as irradiated fuels for which the current selection of properties may not be
appropriate. In the shorter term, the new organization may be confusing, so this revision of the Handbook
includes three new tables (Table 1), which is organized by material group, Table 2, which is organized by
composition, and Table 3, which is organized by alloy name) as well as numerous cross-references to
make it easy to find information about a specific alloy and property.

As in past years, the focus of the Handbook is the U-Pu-Zr system, which is defined for purposes of
this Handbook as consisting of U-Zr, Pu-Zr, and U-Pu-Zr alloys, including those with minor actinides
(Np, Am, and Cm), rare-earth elements (La, Ce, Pr, Nd, and Gd), and Y. To emphasize this focus, the first
elements to be listed for alloys that are part of this system are U, Pu, and Zr, followed by the minor
actinides, rare-earth elements, and Y. This scheme is generally consistent with that used by the
METAPHIX Programme.

Because of its size, the Handbook has been split into two parts. Part 1 (reference [3]) contains
introductory material and information about the U-Pu-Zr system. Part 2 (this document) contains
information about elements and about alloys that are part of the U-Pu-Zr-Np-Am-La-Ce-Pr-Nd system
but not the U-Pu-Zr system.



The organization of this revision of the Handbook is significantly different from that of earlier
revisions of the Handbook [1, 2], which presented information about each property in a different section.
In contrast, this revision groups all of the available information about each material or group of related
materials together. This organization is intended to make it easier to compare materials with similar
compositions (for example, to assess whether addition of minor actinides significantly changes the
properties of U-Pu-Zr alloys, or to understand any changes caused by incorporation of rare-earth elements
into these alloys). It also follows the organization of many research papers and makes it possible to
summarize the state of knowledge of each material in a single introductory section.

In the longer term, the change in organization will facilitate incorporation of materials such as
irradiated fuels for which the current selection of properties may not be appropriate. In the shorter term,
the new organization may be confusing. This revision of the Handbook includes humerous cross-
references as well as three tables (Table 1), which is organized by material group and represents the
combined Table of Contents for both parts of the Handbook, Table 2, which is organized by composition,
and Table 3, which is organized by alloy name) to make it easy to find information about a specific
material and its properties.

The Handbook is intended to serve three audiences. One audience is researchers, who may find it
useful to know what has been measured, where it has been published, and what kinds of information are
needed. A second audience is modelers, who need a concise summary of information about specific
properties and the accuracy with which they are known. The third audience is project managers, who need
information to help them identify gaps in knowledge. These audiences have different needs and interests,
and the Handbook is a compromise intended to be useful to all of them. It includes extensive references
and summaries of research results and needs, but is not intended to be a complete presentation of the
original data. The Handbook also includes numerous graphs and, where available, equations that provide
convenient approximations to materials properties for modelers. It is important to understand that many of
the equations provided in this handbook were developed by fitting polynomials to data and have no
physical basis; while they can be used with caution for design studies, fuel modelers will probably want
to use the original experimental data to develop or validate their own equations and/or models. Although
the handbook includes some citations to research involving development of models, its primary focus is
experimental data. All users of the Handbook are expected to consult the original references for details
not presented here.

The Handbook includes information about the phases, heat capacities, thermal expansion, and thermal
conductivity of elements and alloys of interest for FCRD fuels. It is not intended to be a comprehensive
guide to all properties and materials. In particular, this Handbook does not include fuel types not
specifically intended for transmutation in a fast neutron spectrum (e.g., fuels for light-water and
high-conversion water reactors), properties not relevant to fuels (e.g., measurements at high pressures),
issues involved in materials supplies and fuel fabrication, alloys that include elements other than U, Np,
Pu, Am, La, Ce, Pr, Nd and Zr (with the exception of low concentrations of Y, Cm, and Gd in alloys
investigated by the METAPHIX Programme) and (to the extent that they can be avoided) sample-specific
properties such as microstructures whose values depend on fabrication parameters, characteristics, or
histories of specific samples.

The metals and alloys in this edition of the Handbook are uniquely difficult to study for a number of
reasons. Experimental designs may be constrained by radioactive and other hazards of some of the
materials. Kinetics of phase transformations are commonly sluggish, and it is highly unlikely that all of
the samples in previous research had equilibrium phases and microstructures. Thermal cycling effects
(changes in sample characteristics during heating that are not fully reversed during cooling) are
commonly reported and may be significant. Careful control of impurities (particularly oxygen) during
sample fabrication and data collection is both crucial and difficult, and concentrations below 100 ppm in
samples may significantly affect thermophysical properties. Many of the measurements presented in this
Handbook were made before 1980, and documentation of sample compositions and experimental methods



may be incomplete. For all of these reasons, differences between measured values for similar alloys are
commonly far larger than the estimated errors for individual measurements. Further research on
well-characterized materials with careful control of impurities is needed for almost all of the alloys and

properties presented here.

Table 1. Contents organized by material group. References are to sections in this document unless

otherwise noted. Reference [3] is Part 1 of this Handbook.

Material

Handbook Section

U-Pu-Zr system, including U-Pu, U-Zr, Pu, Zr, and U-Pu-Zr alloys with and
without minor actinides (Np, Am, Cm), rare-earth elements (La, Ce, Pr, Nd,
Gd) and Y

[3 (Section 2)]

Alloys based on U-Zr, including U-Zr and U-Zr alloys with minor actinides
(Np, Am), rare-earth elements (La, Ce, Pr, Nd), and Y

[3 (Section 2.1)]

Alloys based on Pu-Zr, including Pu-Zr and Pu-Zr alloys with minor actinides
(Np, Am)

[3 (Section 2.2)]

Alloys based on U-Pu, including U-Pu and U-Pu alloys with minor actinides
(Np, Am)

[3 (Section 2.3)]

Alloys based on U-Pu-Zr, including those with minor actinides (Np, Am, Cm),
rare-earth elements (La, Ce, Pr, Nd, Gd), and Y

[3 (Section 2.4)]

U-Pu-Zr

[3 (Section 2.4.1)]

U-Pu-Zr alloys with minor actinides (Np, Am, Cm), sorted by increasing weight
percentage of Zr

[3 (Section 2.4.2)]

U-Pu-Zr alloys with rare-earth elements (La, Ce, Pr, Nd)

[3 (Section 2.4.3)]

U-Pu-Zr alloys with minor actinides (Np, Am) and rare-earth elements (La, Ce,
Pr, Nd), sorted by increasing weight percentage of Zr

[3 (Section 2.4.4)]

U-Pu-Zr alloys with minor actinides (Np, Am, Cm), rare-earth elements (La,
Ce, Pr, Nd, Gd), and Y

[3 (Section 2.4.5)]

Elements (U, Np, Pu, Am, La, Ce, Pr, Nd, and Zr) Section 2
Alloys containing only actinides (U, Np, Pu, Am), except those based on U-Pu | Section 3
Alloys containing only rare-earth elements (La, Ce, Pr, Nd) and mischmetal Section 4
Binary alloys of an actinide (U, Np, Pu, Am) and a rare-earth element (La, Ce, .
Section 5
Pr, Nd)
Binary alloys of a minor actinide (Np, Am) and Zr Section 6
Binary alloys of a rare-earth element (La, Ce, Pr, Nd) and Zr Section 7

Table 2. Contents of Handbook organized by composition. . References are to sections in this document

unless otherwise noted. Reference [3] is Part 1 of this Handbook.

Element(s) Handbook Section
U Section 2.1
Np Section 2.2
Pu Section 2.3
Am Section 2.4
La Section 2.5




Table 2. (continued).

Element(s) Handbook Section

Ce Section 2.6

Pr Section 2.7

Nd Section 2.8

Zr Section 2.9

U-La Section 5.1

U-Ce Section 5.2

U-Pr Section 5.3

U-Nd Section 5.4

U-Np Section 3.1

U-Pu [3 (Section 2.3.1)]
U-Am Section 3.2

u-Zr [3 (Section 2.1.1)]
Np-La Section 5.5
Np-Ce Section 5.6

Np-Pr Section 5.7
Np-Nd Section 5.8
Np-Pu Section 3.3
Np-Am Section 3.4

Np-Zr Section 6.1

Pu-La Section 5.9

Pu-Ce Section 5.10
Pu-Pr Section 5.11
Pu-Nd Section 5.12
Pu-Am Section 3.5

Pu-Zr [3 (Section 2.2.1)]
Am-La Section 5.13
Am-Ce Section 5.14
Am-Zr Section 6.2

La-Ce Section 4.1

La-Pr Section 4.2
La-Nd Section 4.3

La-Zr Section 7.1

Ce-Pr Section 4.4
Ce-Nd Section 4.5

Ce-Zr Section 7.2

Pr-Nd Section 4.6

Pr-Zr Section 7.3

Nd-Zr Section 7.4




Table 2. (continued).

Element(s) Handbook Section
U-Pu-Np [3 (Section 2.3.2)]
U-Pu-Am [3 (Section 2.3.3)]
U-Pu-Zr [3 (Section 2.4.1)]
U-Zr-Ce [3 (Section 2.1.3)]
U-Zr-Np [3 (Section 2.1.2)]
Np-Pu-Am Section 3.6
Pu-Zr-Np [3 (Section 2.2.2)]
Pu-Zr-Am [3 (Section 2.2.3)]
U-Pu-Zr-Am [3 (Section 2.4.2.1)]
Pu-Zr-Np-Am [3 (Section 2.2.4)]
U-Pu-Zr-Np-Am £C.34(.g(.eg)'[]|ons 2.4.2.2 through
U-Zr-Ce-Nd-Y [3 (Section 2.1.5)]

U-Pu-Zr-Np-Ce-Nd

[3 (Section 2.4.4.3)]

U-Zr-La-Ce-Pr-Nd

[3 (Section 2.1.4)]

U-Pu-Zr-La-Ce-Pr-Nd

[3 (Section 2.4.3.1)]

U-Pu-Zr-Np-Am-Ce-Nd

[3 (Sections 2.4.4.1 and 2.4.4.2)]

U-Pu-Zr-Np-Am-Ce-Nd-Y

[3 (Section 2.4.5.1)]

U-Pu-Zr-Np-Am-La-Ce-Pr-Nd

[3 (Sections 2.4.4.4 through
2.4.4.9)]

U-Pu-Zr-Np-Am-Ce-Nd-Gd-Y

[3 (Sections 2.4.5.2 and 2.4.5.3)]

Mischmetal (rare-earth alloy that
includes La, Ce, Pr, and Nd)

Section 4.7

Table 3. Contents of Handbook organized by alloy name. All references are to Part 1 of this Handbook.

Name Nominal composition (wt%bo) Handbook Section
FCRD DOE1 U-29Pu-30Zr-2Np-4Am [3 (Section 2.4.2.7)]
FCRD DOE2 Pu-40Zr-12Am [3 (Section 2.2.3)]

FCRD AFC1-MB

Pu-40Zr-10Np

[3 (Section 2.2.2)]

FCRD AFC1-MC

Pu-40Zr-12Am

[3 (Section 2.2.3)]

FCRD AFC1-MD

Pu-40Zr-10Np-10Am

[3 (Section 2.2.4)]

FCRD AFC1-MF

U-28Pu-30Zr-7Am

[3 (Section 2.4.2.6)]

FCRD AFC1-MG

U-34Pu-20Zr-2Np-4Am

[3 (Section 2.4.2.5)]

FCRD-AFC1-MH

U-25Pu-40Zr-2Np-3Am

[3 (Section 2.4.2.8)]

FCRD AFC1-MI and MJ

U-29Pu-30Zr-2Np-4Am

[3 (Section 2.4.2.7)]

FCRD AFC2-Al

U-20Pu-15Zr-2Np-3Am

[3 (Section 2.4.2.3)]

FCRD AFC2-A2

U-20Pu-15Zr-2Np-3Am-1RE?!

[3 (Section 2.4.4.4)]

FCRD AFC2-A3

U-20Pu-15Zr-2Np-3Am-1.5RE*

[3 (Section 2.4.4.5)]

FCRD AFC2-A4

U-30Pu-20Zr-3Np-5Am-1.5RE*

[3 (Section 2.4.4.8)]

FCRD AFC2-A5

U-30Pu-20Zr-3Np-5Am-1RE?

[3 (Section 2.4.4.7)]




Table 3. (continued).

FCRD AFC2-A6

U-30Pu-20Zr-3Np-5Am

[3 (Section 2.4.2.4)]

FCRD AFC2-A7

U-20Pu-15Zr-2Np-3Am-8RE*

[3 (Section 2.4.4.6)]

FCRD AFC2-A8

U-30Pu-20Zr-3Np-5Am-8RE?!

[3 (Section 2.4.4.9)]

FCRD AFC2-B1 U-30Pu-20Zr [3 (Section 2.4.1)]
FCRD AFC2-B2 U-55Pu-20Zr [3 (Section 2.4.1)]
FCRD AFC2-B3 U-20Pu-45Zr [3 (Section 2.4.1)]
FCRD AFC2-B4 U-20Pu-15Zr-1.5RE! [3 (Section 2.4.3.1)]
FCRD AFC2-B7 U-24Pu-15Zr [3 (Section 2.4.1)]

FCRD AFC2-B8

U-36.5Pu-20Zr

[3 (Section 2.4.1)]

FCRD AFC2-E3 and E5

U-20Pu-10Zr-2Np-3Am

[3 (Section 2.4.2.2)]

METAPHIX CR1

U-5.2Ce-16.1Nd-15.0Zr-1.0Y

[3 (Section 2.1.5)]

METAPHIX CR6

U-19.3Pu-10.7Zr-9.7Np-3.7Ce-11.6Nd

[3 (Section 2.4.4.3)]

METAPHIX CR10

U-18.3Pu-10.2Zr-9.3Np-4.7Am-3.2Ce-
10.2Nd

[3 (Section 2.4.4.2)]

METAPHIX CR11

U-18Pu-10Zr-1.2Np-0.8Am-0.5Ce-1.4Nd

[3 (Section 2.4.4.1)]

METAPHIX CR12

U-19Pu-10Zr-3Np-2Am-1.2Ce-3.6Nd-
0.2Y

[3 (Section 2.4.5.1)]

METAPHIX CR13

U-19.0Pu-10.0Zr

[3 (Section 2.4.1)]

METAPHIX U-19Pu-10Zr-

5MA

U-19Pu-10Zr-3.0Np-1.6Am-0.4Cm

[3 (Section 2.4.2.9)]

METAPHIX U-19Pu-10Zr-

2MA-2RE

U-19Pu-10Zr-1.2Np-0.6Am-0.2Cm-
1.4Nd-0.2Ce-0.2Gd-0.2Y

[3 (Section 2.4.5.2)]

METAPHIX U-19Pu-10Zr-

SMA-5RE

U-19Pu-10Zr-3Np-1.6Am-0.4Cm-0.5Ce-
3.5Nd-0.5Gd-0.5Y

[3 (Section 2.4.5.3)]

1. RE is a rare-earth alloy whose nominal composition (by weight) is 6La-16Pr-25Ce-53Nd

2. ELEMENTS (U, Np, Pu, Am, La, Ce, Pr, Nd, and Zr)

211 Introduction

21 U

Uranium has been investigated for decades, and most of its properties are well known in comparison to
those of other materials in this Handbook. Uranium has three solid phases (a-U, p-U, and y-U) that are stable at
atmospheric pressure. The crystal structures and lattice parameters of all three phases are well known, although
the space group and atomic positions in 3-U were only resolved by the use of high-resolution neutron-
diffraction data.

The heat capacity of U has been extensively studied, with most measurements originally published
between 1947 and 1980 and independent critical reviews of the available data in 1976 and 2010 [4, 5].
Recommended values for the heat capacity of o-U are similar in both reviews. Although both agree that the
heat capacities of -U and liquid U are independent of temperature, their recommended values differ by
5-10%. The reviews also disagree about the possible temperature dependence of the heat capacity of y-U. The
major reason for the differences between the reviews is that the 1976 review [4] used primarily measurements
of heat capacity, while the 2010 review [5] also considered measurements of incremental enthalpy, which is
the more reliable method for high-temperature measurements. The recommendations of the 2010 review are
presented here and were reprinted a third major review [6]; recommendations from the 1976 review can be



found in a number of sources (e.g., [4, 7, 8]). All three reviews contain extensive citations to the original
experimental data.

The low-temperature heat capacity of U was reviewed by Konings and Benes [5]. More recent information
has been published by Krupska et al. [9].

Heat capacities and a variety of thermodynamic properties have been calculated, with generally good
agreement with the experimental literature [10].

The thermal expansion of a-U is highly anisotropic, with increases in length along two of three mutually
orthogonal directions and a decrease in length along the third during heating. Numerous measurements of
thermal expansion of single crystals have been published, with generally good agreement. The thermal
expansion of single crystals of a-U has been modeled, with generally good agreement with the experimental
literature [10]. Although only a few measurements of thermal expansion of single crystals of $-U have been
published, they are in good agreement. Data on thermal expansion of y-U are sufficiently rare that it is not
possible to meaningfully assess their agreement.

It is commonly assumed that the thermal expansion of a polycrystalline U sample can be predicted from
single-crystal data. In practice, however, polycrystalline U samples develop surface roughness, change shape,
and increase in volume (and therefore decrease in density) as a result of thermal cycling, presumably because
of internal strains from differential expansion of adjacent crystals with different orientations in the sample
(e.g., [11-14]). This effect can be large, as shown by a 100% increase in the length of one sample [14].
Consequences of thermal cycling are highly sample-dependent and may be influenced by factors such as grain
size, preferred orientation, sample fabrication and processing, and thermal history.

At least 100 measurements of the thermal conductivity of U have been made, with most of them published
before 1970. Recommended values in a 2014 review by Kim et al. [15] are in excellent agreement with a
2012 measurement not included in the review [16]. There is also excellent agreement that the thermal
conductivity increases by ~0.02 W/m-K between ~290 and 1173 K, a temperature range that includes the -3
phase transition. However, a 2008 compilation of data by the IAEA [17] recommends thermal conductivity
values that are 10-20% lower than those recommended by Kim et al. The good agreement between the new
measurements and the recommended values of Kim et al. suggests that the Kim et al. review [15] may be a
better representation of the actual thermal conductivity than the values in the IAEA tabulation. However, more
research is needed to resolve this issue.

Most of the recent research on pure U involves either development of atomistic models (e.g., [18-22])
or studies of deformation mechanisms and corresponding development of microstructures and preferred
orientation (e.g., [23-26]). Jacobsen and Velisavljevic recently reported experimental results from high-
pressure experiments [27], and Chung et al. demonstrated a technique for three-dimensional
microstructural characterization using a dual-beam FIB/SEM instrument [28].

2.1.2 Phases and Phase Transformations
2.1.21 Phases

U has three phases that are stable atmospheric pressure. With the exception of the space group for
[-U, crystal structures and lattice parameters have been known for decades, and there is little variation
between reported measurements. The values presented here are based on one of the few new studies since
the 1970s, and were obtained using Rietveld refinement of data from high-resolution neutron powder
diffraction.

The atmospheric-pressure U phases are:

e a-U, orthorhombic (space group Cmcm with four atoms per unit cell), a = 2.8539 A, b = 5.8678 A,
¢ =4.9554 A at 298 K [29]



e B-U, tetragonal (space group P4,/mnm with 30 atoms per unit cell), a = 10.7589 A, ¢ = 5.6531 A at
955 K [29]

e y-U, bce (space group Im3m), a = 3.5335 A at 1060 K [29]. Although pure y-U is not retained at
room temperature even in splat-cooled samples [9, 30], Summers-Smith suggested that the room-
temperature lattice parameter of y-U is 3.51 kX (3.52 A) based on extrapolation from a series of U-Zr
alloys with the y—U structure [31].

a-U has the A20 structure with a C-centered orthorhombic unit cell. Each unit cell has four atoms,
located at (0, y, ¥4), (0, -y, %), (Y2, Y2+y, Ya), and (Y2, ¥2-y, %4). The value of the position parameter y is
~0.1025 at room temperature [32-34], and rises to ~0.1058 at ~625 °C [34]. Below room temperature, the
value of y decreases to a minimum at 43 K then increases at lower temperatures [32]. The structure has
been described as distorted hexagonal close packing involving “corrugated” or “puckered” sheets
perpendicular to the b axis [7, 34, 35]. The depth of the corrugation increases and the distortion of the
hexagonal close packing decreases with increasing values of y [34].

Although it has been known for decades that 3-U has a tetragonal unit cell containing 30 atoms, it
was not possible to distinguish between three candidate space groups based on X-ray diffraction data
(e.g., [7, 36]). Lawson et al. determined that the space group of 3-U is P4,/mnm and identified positions
of 30 atoms in six crystallographically independent positions in each unit cell using high-resolution
neutron diffraction [29].

v-U has a body-centered cubic structure [29, 37]. Because it cannot be quenched to room-temperature,
high-temperature techniques are required to obtain data about this phase.

2.1.2.2 Phase Transformations

Most of the experimental measurements of phase-transformation and melting temperatures in U were
made before 1970, and later references are based on new interpretations of the same original data. Major
reviews include those by Oetting et al. [4] for the IAEA, Ward et al. [38], Grenthe et al. [8] for the
OECD/NEA, and Konings and Benes [5] (with key results repeated in [6]). Recommended transformation
temperatures and enthalpies from all of the reviews are similar.

Recommended phase-transformation temperatures and range of measured values are [5]:

e a-f, 941+2 K (based on 10 publications with original measurements, which range from 933 to
943 K).

e [-y,1049+2 K (based on 9 publications with original measurements, which range from 1037 to
1050 K)

v-liquid, 1407+2 (based on 7 publications with original measurements, which range from 1401 to
1406 K).

The recommended phase-transformation enthalpies (AH;) and range of measured values are [5]:

e a-f, 2.85£0.15 kJ/mol (based on 6 publications with original measurements, which range from 2.63
to 3.26 kd/mol)

e B-y,4.62+0.5 kJ/mol (based on 6 publications with original measurements, which range from 4.18 to
4.87 kJ/mol)

e vy-liquid, 8.47+1.00 kJ/mol (based on 6 publications with original measurements, which range
from 7.03 to 12.1 kJ/mol).



2.1.3 Heat Capacity and Related Properties
2131 Standard Thermodynamic Values

The standard enthalpy of solid U, standard entropy of uranium gas, and enthalpy of formation of
uranium gas are generally accepted values. They are [5]:

e 5%298.15 K) =50.20 + 0.20 J/mol-K for a-U

e 5%298.15 K) =199.79 + 0.10 J/mol-K for U gas

e AfH%(298.15 K) =533 + 8 kJ/mol for U gas

2132 Heat Capacities of Solid and Liquid Phases

Major reviews and assessments of data on the heat capacity of U include those by Oetting et al. [4] as
part of an IAEA series on the chemical thermodynamics of actinide elements and compounds and by
Konings and Benes [5] as part of a recent critical review of thermodynamic properties of lanthanide and
actinide metals. Grenthe et al. [8] fitted a new polynomial to the heat-capacity data for a-U in the review
by Oetting et al. in their review of chemical thermodynamics for NEA/OECD, and Konings et al. [6]
followed Konings and Benes in a recent review of nuclear materials.

Figure 1 shows the heat capacities for solid and liquid U recommended by Oetting et al. [4] and by
Konings and Benes [5]. As shown in the figure, both reviews recommend similar values for the heat
capacity of a-U at temperatures above ~300 K. The heat capacity of 3-U in reference [5] is almost
10% larger than that in reference [4] (47.12 vs 42.3 J/mol-K), and the heat capacity of liquid U is almost
5% smaller (46.45 vs 48.69 J/mol-K). The average values for the heat capacity of y-U are similar in both
reviews (38.31 J/mol-K in reference [4] and 39.05 J/mol-K in reference [5]), although reference [4]
suggests that the heat capacity of this phase is independent of temperature and reference [5] indicates that
it is not.

Almost all of the original data on heat capacities and incremental enthalpies of solid and liquid U
were originally published between about 1947 and 1980. However, Oetting et al. [4] considered primarily
measurements of heat capacity, while Konings and Benes [5] also considered measurements of
incremental enthalpy. In the absence of further experimental data, it seems reasonable to consider the
recommendations of Konings and Benes (Equation 1 through Equation 4) to be the more accurate
representation of the heat capacities of solid and liquid U phases because Konings and Benes$ considered a
larger amount of data collected using a wider variety of measurement techniques, including some
techniques that are well-suited to collecting high-temperature data.
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Figure 1. Heat capacities of solid and liquid U. Values from Konings and Benes [5] (Equation 1,
Equation 2, Equation 3, and Equation 4) are preferred.
Equation 1. Heat capacity of a-U [5]
Cp =28.4264 - 6.9587 x 103 x T +29.8744 x 10 x T2-0.11888 x 10° x T2
where C, is constant-pressure heat capacity in J/mol-K and T is temperature in K
Equation 2. Heat capacity of B-U [5]
Cp=47.12
where C, is constant-pressure heat capacity in J/mol-K
Equation 3. Heat capacity of y-U [5]
Cp = 61.6420 — 33.1644 x 10® x T2

where C, is constant-pressure heat capacity in J/mol-K and T is temperature in K
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Equation 4. Heat capacity of liquid U [5]
Cp (liquid U) = 46.45
where C,, is constant-pressure heat capacity in J/mol-K
2.1.3.3 Heat Capacity of the Ideal Gas

Oetting et al. [4] calculated the heat capacity of uranium as an ideal gas from information on
electronic levels available before 1975. They tabulated values at temperatures from 0 to 6000 K, although
they described their values above 2000 K as “interim.” Grenthe et al. [8] fitted a polynomial to Oetting’s
values for temperatures from 298.15 to 2500 K. More recently, Konings and Benes [5] re-calculated the
heat capacity of uranium gas, using newer data and a larger number of electronic energy levels, and fitted
it with two polynomials (Equation 5 and Equation 6).

As shown in Figure 2, the two sets of data agree to within ~1% for temperatures between ~300 and
2000 K. If heat capacities above 4000 K are required, the “interim” values of Oetting et al. [4 (Table
AL1.6)] are the only available values.

Heat capacity of U (ideal monatomic gas)
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Figure 2. Heat capacity of U as an ideal gas. Values from Konings and Benes were calculated from
Equation 5and Equation 6.
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Equation 5. Heat capacity of U gas from 298.15 to 1800 K [5]
Cp, =35.1688 —32.2466 x 103 x T + 27.0474 x 10°® x T>-5.3433 x 10° x T3 - 3.6652 x 10° x T2

where C,, is constant-pressure heat capacity in JJmol-K, T is temperature in K, and T is between
298.15 and 1800 K

Equation 6. Heat capacity of U gas from 1800 to 4000 K [5]
Cp=4.9298 +10.4892 x 103 x T + 3.7043 x 10® x T2 0.7598 x 10° x T3 + 6.8108 x 10° x T2

where C,, is constant-pressure heat capacity in J/mol-K, T is temperature in K, and T is between
1800 and 4000 K

2.1.4  Thermal Expansion and Density
2141 Thermal Expansion

Touloukian et al. [39] published recommended thermal expansion values for single crystals and
polycrystalline samples of a-U and provisional thermal expansion values for $-U and y-U based on a
review of 48 previously published measurements (Figure 3). These measurements were obtained using a
variety of techniques and samples. More recent thermal expansion measurements of o-U and y-U from
dilatometry of an as-cast sample of polycrystalline U by Basak et al. [40] are significantly below the
values of Touloukian et al., although the thermal expansion of a-U reported by Basak et al. is comparable
to the lowest values reported by Touloukian et al.

Further investigation is needed to determine which results are most representative of the actual
behavior of polycrystalline U, with possible consideration of preferred orientations expected in materials
of interest to the FCRD program.
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Thermal expansion of polycrystalline U
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Figure 3. Thermal expansion of polycrystalline U [39, 40], calculated using Equation 7 through
Equation 11.
Two equations were developed to represent the mean thermal expansion of polycrystalline a-U:
Equation 7. Mean thermal expansion of polycrystalline a-U according to Touloukian et al. [39]
(L-Lo)/Lo=-0.379+1.264 x 103 x T -8.982 x 108 x T? + 6.844 x 1010 x T3

where (L-Lo)/Lo is thermal expansion in %, T is temperature in K, T is between 293 and 941 K,
L is the length at temperature T, and Lo is length at 293 K

Equation 8. Measured thermal expansion of polycrystalline a-U according to Basak et al. [40]
(L-Lo)/Lo =-0.326+8.338 x 10 *x T +8.038 x 10" x T2~ 1.465 x 1070 x T3

where (L-Lo)/Lo is thermal expansion in %, T is temperature in K, T is between 323 and 923 K,
L is the length at temperature T, and Lo is length at 323 K

Although Touloukian et al. [39] and Basak et al. [40] did not publish equations expressing the thermal
conductivity of B-U, Konings et al. [6] developed Equation 9 to represent the data used to determine the
provisional values of Touloukian et al. [39].
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Equation 9. Mean thermal expansion of polycrystalline 3-U [6 Table 8]
(L-Lo)/Lo=8.04x10°+1.729 x 10°x T

Where (L-Lo)/Lo is thermal expansion in %, T is temperature in K, T is between 945 and 1045 K,
L is the length at temperature T, and Lo is length at 293 K

Polynomials representing the thermal expansion of y-U are:

Equation 10. Provisional values for mean thermal expansion of polycrystalline y-U according to
Touloukian et al. [39]

(L-Lo)/Lo=-0.149 + 1.775x 10° x T + 4.382 x 107 x T2-1.239 x 10 x T3

Where (L-Lo)/Lo is thermal expansion in %, T is temperature in K, T is between 1048 and 1400
K, L is the length at temperature T, and Lo is length at 293 K

Equation 11. Mean thermal expansion of polycrystalline y-U according to Basak et al. [40]
(L-Lo)/Lo=81.794 — 21.986 x 102 x T + 19.985 x 10° x T2 —-6.006 x 10 x T®

Where (L-Lo)/Lo is thermal expansion in %, T is temperature in K, T is between 1063 and
1173 K, L is the length at temperature T, and Lo is length at 323 K

2.1.42  Thermal Expansion Coefficients

Average values for linear thermal expansion coefficients of a-U parallel to the a, b, and ¢
crystallographic directions are 26.5 x 10 K%, -2.4 x 10% K}, and 23.9 x 10°® K™* over temperature
ranges from 25-325°C [7]. Touloukian et al. [39] provide an extensive tabulation of older data from
individual samples, and Lawson et al. [29] published high-resolution neutron-diffraction data.

The linear thermal expansion coefficients for B-U are ~23 x 10°® K™* parallel to aand ~5 x 10 K™?
parallel to ¢ [14, 29, 41], corresponding to an average thermal expansion coefficient of ~17 x 107¢ K™%,

The linear thermal expansion coefficient for y-U is (22.5 + 1.3) x 10°° K™ [14].
2.1.4.3 Density
Densities of U phases calculated from information in Section 2.1.2.1 are:

e a-U, 19.05 g/cm? at 298 K
e PB-U, 18.12 g/cm? at 955 K

e 7v-U, 17.92 g/cm?® at 1060K. This value is smaller than the density of 18.06 g/cm?® quoted in a recent
review by Edelstein [42]. Edelstein’s density is consistent with on a lattice parameter of 3.524 A from
another chapter of the same review series [7], which did not give a reference for the lattice parameter.
Although further research is needed to determine which value is more accurate, the density of
17.92 g/cmd is the more defensible value because the origins of the 3.524 A lattice parameter are
unknown.

The high-temperature density of solid U can be calculated from the room-temperature volume and
thermal expansion (Equation 12) or from high-temperature diffraction data using [3 (Equation 5)] with
values from Section 2.1.2.1). The high-temperature density of liquid U can be calculated using
Equation 13.
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Equation 12. Density of solid U as a function of thermal expansion [6]
M

p(T) =
Vo(1+3 —LOA(LT))

Where p(T) is the density at temperature T, M is the atomic mass (238 for U-238), V, is the
molar volume at the reference temperature (12.50 cm®/mol near room temperature for a-U), and
AL/Ly is the thermal expansion at temperature T

The density of liquid U can be calculated using an equation developed by the IAEA and repeated by
Konings et al. (Equation 13).

Equation 13. Density of liquid U [6, 17]
p=20332-2146 xT
where p is the density in g/cm?®, T is temperature in K, and T is between 1405 and 2100 K

Figure 4 shows the density of U. If densities from more than one source of data are available, they are
in good agreement.
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Figure 4. Density of U. Data labeled “Klepfer and Chiotti,” “Lawson et al.,” and “Rohr and Wittenberg”
are from references [14, 29, 43]. Data labeled “Touloukian” were calculated using Equation 12 and
Touloukian’s equations for thermal expansion (Equation 7, Equation 9, and Equation 10). Data labeled
“Konings et al.” were calculated using Equation 13.
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21.4.4 Changes in Volume as A Result of Phase Transitions
The volume of uranium reportedly increases by 2.2% during melting [43].

2.1.5 Thermal Conductivity and Related Properties

2151 Thermal Conductivity

Reviews of the thermal conductivity of U include those by Touloukian et al. [44], Kim et al. [15], and
the IAEA [45]. The review of Kim et al. includes the data used by Touloukian et al. as well as data from
Takahashi et al. [46], but does not include the measurements reported by Kaity et al. [16]. The IAEA
review provides three estimates of thermal conductivity based on different weightings of the same data,
with one of the three being used in a recent IAEA compilation of data [17].

Figure 5 compares thermal conductivity determinations from the reviews by Kim et al. and the IAEA
and shows a recent original measurement by Kaity et al. that was not included in either of the reviews.
Plotted values from all three sources have similar slopes, which indicate that that the thermal conductivity
increases by ~0.02 W/m-K within the range of each of the curves; however, the thermal conductivity from
the IAEA tabulation is ~10-20% lower than either of the other curves. The good agreement between the
new measurements of Kaity et al. [16] and the recommended thermal conductivity in the review by
Kim et al. [15] suggests that the Kim et al. review may be a better representation of the actual thermal
conductivity than the IAEA tabulation.
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Figure 5. Thermal conductivity of U (Equation 14, Equation 15, and Equation 16).
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The equations used to generate the data in the plot are:
Equation 14. Thermal conductivity of U from 255 to 1173 K according to Kim et al. [15]
k=21.73+1.591 x 102 x T +5.907 x 10 x T2

where K is thermal conductivity in W/m-K, T is temperature in K, and T is between 255
and 1173 K

Equation 15. Thermal conductivity of U from 298 to 823 K according to Kaity et al. [16]
k =18.890 + 2.678 x 102 x T-2.302 x 10 x T2

where K is thermal conductivity in W/m-K, T is temperature in K, and T is between 298
and 823 K

Equation 16. Thermal conductivity of U from 293 to 1405 K according to the IAEA [17]
k=22 +0.023 x (T-273)

where k is thermal conductivity in W/m-K, T is temperature in K, and T is between 293
and 1405 K

2.2 Np

221 Introduction

In addition to being a nuclear material, Np is of scientific interest because of the behavior of its
5f electrons. This interest has led to research including collection of data at very high pressures and
measurements using a variety of spectroscopic techniques. These aspects of actinide science are
summarized in two comprehensive reviews [47, 48], and will not be considered further in this handbook
because of their limited relevance for FCRD fuels. Modeling papers too recent to be considered in these
reviews include those of Lukoyanov et al. [49] and Bajaj et al. [50].

There is general agreement about the existence and properties of three Np phases (a-Np, B-Np, and y-
Np) that are stable at atmospheric pressure. It has been suggested that there may be a fourth Np phase that
has a very narrow temperature range of stability and forms only in high-purity samples [51-53].
Experimental measurements of high-purity Np at pressures up to 52 GPa did not show additional high-
pressure phases [54]. Some references (e.g., [55, 56]) discuss the properties of a hypothetical fcc Np
phase, which will not be discussed in this Handbook because there is no experimental evidence indicating
that it actually exists.

Experimental data on the heat capacity of a-Np at temperatures above 300 K are available in two
publications, which are in good agreement at the single temperature they have in common. As
experimental measurements of the heat capacity of B-Np, y-Np, and liquid Np are not available, these
properties are commonly approximated by analogy to those of U and Pu phases. In the absence of
experimental data, it is not possible to address the accuracy of these approximations.

The thermal expansion of single crystals of a-Np and B-Np is anisotropic, as reported in the single
paper with experimental measurements. The thermal expansion of single crystals of y-Np has not been
reported.

The linear thermal expansion coefficient for polycrystalline a-Np has been experimentally measured
by two research groups and modeled by a third group, with good agreement. Experimental measurements
of the linear thermal expansion coefficient for polycrystalline -Np were reported by the same research
groups, with much less good agreement. It has been suggested that the lack of agreement is a consequence
of the strongly anisotropic thermal expansion of B-Np, which would cause differences in thermal
expansion coefficients for polycrystalline samples with different preferred orientations. The linear thermal
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expansion coefficient for polycrystalline y-Np has been reported in a single publication, but may be
higher than the reported value because of sample deformation during measurement.

Reported densities of Np phases at different temperatures are commonly quoted from a single X-ray
diffraction study. Densities determined from thermal expansion are in good agreement with the X-ray
data for B-Np. The density of y-Np is less well known, and densities determined using different
techniques differ by several percent.

The thermal conductivity of Np at 300 K has been determined using two measurement techniques,
leading to four different values that differ by a factor of almost two. Measurements of thermal
conductivity at higher temperatures are not available, and estimates using the Wiedemann-Franz Law [3
(Section 1.6.2)] differ by ~10%.

2.2.2 Phases and Phase Transformations
2221 Phases

The currently accepted lattice parameters and crystal structures of a-Np and B-Np were first published
in 1952 by Zachariasen [57, 58], and have been corroborated or repeated by later researchers (e.g., [6, 51,
52, 59]). Neutron-diffraction work by Lawson et al. [60] expanded on these results by measuring Debye-
Waller factors and calculating effective Gruneisen constants for a-Np.

High-quality data on the structure of y-Np is difficult to obtain because of oxidation of the sample and
a high degree of overlap between x-ray patterns for y-Np and NpO [52, 57]. The generally accepted lattice
parameter was suggested by Lemire et al. [51] based on a review of the available data.

The generally accepted crystalline Np phases that are stable at atmospheric pressure are [51]:

« o-Np, orthorhombic (space group Pnma), 8 atoms per unit cell, a = 6.663 A, b=4.723 A, ¢ =4.887 A
at 293 K. (The original structure refinement [58] used the non-standard setting Pmcn, which can be
converted to Pnma by appropriate permutation of the axes.) As-cast a-Np commonly shows extensive
twinning [61, 62], which may be due to stresses caused by the highly anisotropic thermal expansion
of individual crystals [63].

e B-Np, tetragonal (space group P42:2), 4 atoms per unit cell, a = 4.897 A, ¢ = 3.388 A at 586 K
e y-Np, bee (space group Im3m), a=3.518 A at 873 K

Anomalies in thermal-analysis data suggest the possible existence of a fourth Np phase with a very
narrow temperature range of stability near the -y phase transformation [51-53]. No information about its
possible crystal structure and lattice parameters is available.

2.2.2.2 Phase Transformations

Measurements of phase-transformation and melting temperatures of Np are in good agreement.
Phase-transformation mechanisms are less well known, but were investigated by Selle and Rechtien [64].

The recommended atmospheric-pressure phase-transformation temperatures from a recent assessment
of the experimental data are [5]:

e a-f, 553+5 K (28015 °C) based on 10 published measurements, which range from 544 to 559 K. This
temperature rises slightly (~1.1 kbar/°C) for pressures up to a few kbars [65].

e B-y,850+3 K (5773 °C) based on 10 published measurements, which range from 830 to 856 K.
e y-liquid, 913£3 K (640+3 °C) based on 8 published measurements, which range from 870 to 913 K.
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The corresponding recommended phase-transformation enthalpies (AH) are [5]:

e a-f, 4.7+0.5 kd/mol (based on 4 publications with original measurements, which range from 4.73 to
8.37 kJ/mol)

e [-y, 3.0£0.5 kJ/mol (based on 3 publications with original measurements, which range from 2.99 to
5.27 kJ/mol)

o y-liquid, 3.2+0.5 kJ/mol (based on 6 publications with original measurements, which range from 3.19
to 5.19 kJ/mol).

2.2.3 Heat Capacity and Related Properties

Two publications report experimental measurements of the heat capacity of a-Np. One of these
publications (by Eldred and Curtis) is a half-page letter that reports the average heat capacity between 20
and 99 °C (293 and 372 K) as 0.0319 cal/g-°C (~31.65 J/mol-K) [66]. The other publication (by Evans
and Mardon) reports heat capacities at five temperatures between 60 and 207 °C (333 and 480 K) [67].
The publications are in good agreement about the heat capacity of Np at the single temperature they have
in common (~62°C) (Figure 6).

Konings and Benes [5] expanded the work of Evans and Mardon [67] to other temperatures by fitting
a quadratic equation to their data (Figure 6, Equation 17). The heat capacity at 298 K (29.63 J/mol-K) is
the same as earlier estimates by Oetting et al. [4, 38], which were based on the same experimental data.

Equation 17. Heat capacity of a-Np [5]
Cp =30.132 - 36.2372x103xT + 115.89 x 10° x T2
where C,, is constant-pressure heat capacity in J/mol-K and T is temperature in K

In the absence of experimental data, heat-capacity values for B-Np and y-Np have been estimated
based on analogies to U and Pu phases with similar crystallographic characteristics (e.g., [4, 5]). For
example, the heat capacity of B-Np is estimated from the heat capacities of 6’-Pu and 3-U because all
three phases are tetragonal, and the heat capacity of y-Np is estimated from the heat capacities of e-Pu and
v-U because all three phases have body-centered cubic structures. Using this approach, Konings and
Benes estimated the heat capacity of -Np as 40 J/mol-K, the heat capacity of y-Np as 36 J/mol-K, and
the heat capacity of liquid Np as 46 J/mol-K [5].

Although estimating the heat capacity of Np based on properties of structurally similar phases of
other elements is perhaps the best experimentally based approach given the available data, it has at least
two significant disadvantages:

e It involves comparisons between materials with different space groups at different temperatures
(Figure 7).

e It depends on the heat capacities of B-U, y-U, 8’-Pu, e-Pu, liquid U, and liquid Pu. Some of these heat
capacities are also poorly known.

Heat capacities of a-Np and B-Np were recently modeled by Filanovich and Povzner [68]. Although
this paper apparently used only data from temperatures below 300 K, its results for a-Np appear
comparable to the polynomial suggested by Konings and Benes (Equation 17). The modeled heat capacity
of B-Np increases with temperature, with an average value that is similar to the constant value suggested
by Konings and Benes.
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Figure 6. Heat capacity of a-Np [5, 66, 67].
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Estimating heat capacities of 8-, y-, and liquid Np

by comparison to U and Pu
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Figure 7. Estimated heat capacities of -, y-, and liquid Np, with the heat capacities of U and Pu phases on
which the estimates are based. Heat-capacity values for Np are from Konings & Benes [5]. Solid lines
indicate tetragonal phases (space groups P42:2 for 3-Np, P42mnm for -U, and 14/mmm for &’-Pu), dotted
lines indicate bcc phases (space group Im3m), and dashed lines indicate liquids.

2.2.4  Thermal Expansion and Density

2241 Thermal Expansion of Single Crystals

The thermal expansion of single crystals of a-Np is anisotropic. Thermal expansion coefficients (in
space group Pnma) are 34 x 10°%/K parallel to the a axis, 24 x 10°%/K parallel to b, and 25 x 10°%/K
parallel to c, for temperatures between ~300 and 550 K [57].

The thermal expansion of single crystals of -Np is also anisotropic. Thermal expansion coefficients
are 64 x 10°%/K parallel to the a and b axes, and approximately 0 parallel to c, for temperatures between
~555 and 700 K [57].

The thermal expansion of single crystals of y-Np has not been reported.
2242 Coefficients of Thermal Expansion for Polycrystalline Np

Original measurements of coefficients of thermal expansion for polycrystalline a-Np and B-Np were
reported by Lee et al. [52] and by Cort [63] (Table 4). A recently developed model [68] produces values
in good agreement with the data of Cort.
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Table 4. Coefficients of thermal expansion for Np.

Coefficient of thermal

Phase T (K) expansion Reference
(K

a-Np 313-513 27.5x10° [52]

a-Np 300-525 27.0x 10 [63]

B-Np 573-813 41 x 10° [52]

B-Np 550-870 60.5 x 10°® [63]

v-Np ~850-973? 33x10° [69]

The measured coefficients of thermal expansion for a-Np in the two studies are similar. However, the
measured coefficients of thermal expansion for B-Np are not. Cort suggests that the difference may be due
to the thermal anisotropy of Np and preferred orientation in his samples. However, consideration of his
measurements of phase-transformation temperatures and instantaneous coefficients of thermal expansion
(Figure 8) suggests that his highest-temperature measurement, which he identified as f-Np, may actually
represent y-Np. If so, the thermal expansion coefficients for f-Np from the two references may be more

similar than they appear from Table 4.

Attempts to measure thermal expansion at higher temperatures are difficult because of sample creep
or “sagging” [52, 63], and only one measurement identified as the thermal expansion coefficient for y-Np

has been reported. This value may be too low as a result of experimental difficulties [69].
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Figure 8. Instantaneous coefficients of thermal expansion for polycrystalline a- and B-Np at selected
temperatures [63 Table 4].

2243 Density and Volume

Densities calculated from X-ray diffraction of a-Np are ~ 20.45 to 20.48 g/cm? at 20°C [52, 57]. Measured
values are lower (19.5 to 20.3 g/cm?), possibly because the samples contain inclusions of lower-density materials
[52, 66, 70].

Densities calculated from X-ray diffraction data from B-Np at ~290°C are 19.4 to 19.5 g/cm?® [52, 57]. These
densities are generally consistent with a density of 19.3 g/lcm? at 302°C (575 K) determined from thermal expansion
data [63].

The density of y-Np is not well known. X-ray diffraction data suggests a density of ~18 g/cm® at 592°C,
assuming a bcc structure that could not be reliably determined from the X-ray data [52, 57]. Thermal expansion data
indicates a density of 18.30 g/cm? at 567 °C (840 K) [63]. Foltyn calculated the density of y-Np at 583 °C as 18.40
g/cm?®[53] using the Clausius-Clapeyron relation [3 (Section 1.4)] with data on the enthalpy of the By transition
from new DTA measurements, high-pressure data from reference [71], and the density of B-Np from the X-ray
diffraction data of Zachariasen [57]. In combination, these data suggest that the density of y-Np at temperatures of
~580-600°C is slightly more than 18 g/cm®. Further work is required to determine this density with greater precision
and at other temperatures.

Figure 9 shows relationships between density and temperature for a, 3, and y-Np based on X-ray diffraction
data [57], and the corresponding molar volumes calculated for 2’Np.
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Figure 9. Density and molar volume of Np from Zachariasen’s X-ray data [57].

The density of liquid Np has not been reported.
2244 Changes in Volume as A Result of Phase Transitions

Calculations based on the X-ray diffraction data of Zachariasen [57] show that the molar volume of Np
increases by ~2.8% at the a-f transition, and by ~4.5% at the -y transition. These values differ from those presented
by Wittenberg and colleagues (3.3 and 3.6% increases in volume at the o-f3 and -y transformations, respectively)
[72, 73] and by Selle and Rechtien (increases of 2.85 and 3.25%) [64]. The reasons for these differences are not
Clear.

Wittenberg et al. reported that the volume of Np increases by ~1.5% during melting [72, 73].
2.2.5 Thermal Conductivity and Related Properties
2251 Lorenz Number

Wagner [74] calculated the Lorenz number for Np at room temperature as 3.21 x 1078 WQ/K? using
his thermal diffusivity data and previously published values for density, heat capacity, and electrical
resistivity. Some of these values are no longer accepted, and Wagner’s value of the Lorenz number should
not be used.

Calculation of the room-temperature Lorenz number for Np using the best available data (thermal
diffusivity of 0.027 cm?/sec [74], electrical resistivity of 116.5 u€/cm [75], heat capacity of 29.7 J/mol-K
(Section 2.2.3), and density of 20.48 g/cm? (Section 2.2.4.3)) gives a value of ~2.62 x 1078 WQ/K?2. This
value is slightly larger than the theoretical value (2.44 x 10—2 W€/K?), which in turn appears to be
slightly larger than the Lorenz number for Np presented graphically (and without explanation of where
the value comes from) in a 2012 review [6 (Figure 22)].
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In the absence of compelling data indicating otherwise, it seems reasonable to assume that the room-temperature
Lorenz number for Np can be approximated by the theoretical value. The temperature dependence of the Lorenz
number is unknown.

2252 Thermal Conductivity at 300 K

Two of the four estimates of thermal conductivity of Np at 300 K were derived from electrical
resistivity measurements by Lee [75]. The earliest determination was that of Lee, who applied a method
developed by Kannuluik [76] to his electrical resistivity data and concluded that the thermal conductivity
of Np is “0.01 £ 0.001 c.g.s. units at 300°K” [69 p. 464]. Touloukian et al. [44] re-calculated the thermal
conductivity using the same data and method, and obtained a value of 4.18 W/m-K. This value appears in
a recent review by Konings [6].

A second estimate of the thermal conductivity of Np based on the data of Lee et al. was published by
Ho et al. [77]. They rejected Touloukian’s value because it produced a Lorenz number that they believed
was implausibly low, and instead estimated the thermal conductivity of Np at 300 K as 6.3 W/m-K.
Although Ho et al. did not explain why they suggested this value, it can be obtained from the
Wiedemann-Franz law [3 (Section 1.6.2)] with Lee’s resistivity data and the theoretical Lorenz number.
This value for the thermal conductivity of Np appears in the CRC Handbook of Chemistry and Physics
[78] and was recommended in a recent review by Kim et al. [15].

The remaining two estimates of thermal conductivity are based on the diffusivity data of
Wagner [74]. Wagner estimated the room-temperature thermal conductivity of Np as 7.70 W/m-K at
300 K based on a thermal diffusivity of 0.027 cm?/sec, a heat capacity of 32.9 J/mol-K, and a density of
20.4 g/cm?. This value for heat capacity is significantly higher than the value of 29.63 J/mol-K
recommended in Section 2.2.3, and this value for density is slightly lower than the theoretical density of
20.45-20.48 g/cm?® (Section 2.2.4.3).

Re-calculating the thermal conductivity of Np based on Wagner’s diffusivity data using a heat
capacity of 29.7 J/mol-K and density of 20.48 g/cm? gives the fourth estimate of the thermal conductivity
of Np, 6.92 W/m-K at 300 K.

Better experimental data is needed to determine the actual thermal conductivity of Np, although it
seems likely that it is between 6 and 7 W/m-K. In the absence of this data, the value of 6.3 W/m-K
proposed by Ho et al. [77] for the room-temperature thermal conductivity of Np seems the most
defensible estimate.

2.253 Thermal Conductivity at Higher Temperatures

No measurements of the thermal conductivity of Np at higher temperatures are available. However,
this data can be approximated for temperatures up to 900 K by using the Wiedemann-Franz Law [3
(Section 1.6.2)]. Figure 10 shows thermal conductivity values calculated using electrical resistivity
measurements reported by Lee et al. [75] and the theoretical value for the Lorenz number.
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Figure 10. Thermal conductivity of Np calculated using the theoretical value of the Lorenz number
(2.44 x 10" WQ/K?) and electrical resistivity data from Lee [75].

2.3 Pu
231 Introduction

Plutonium is a uniquely complicated element, with six solid phases (a-Pu, B-Pu, y-Pu, 8-Pu, ’-Pu,
and -Pu) that are stable at atmospheric pressure. Volume changes during phase transitions are significant
but poorly quantified, and two of the phases exhibit negative thermal expansion. Although these
characteristics are not understood in detail, it is generally believed that they are due to the complex
behavior of the 5f electrons (e.g. [47, 48, 79]).

Most of the experimental data for Pu was published before 1970, and later references have new
interpretations of the earlier data. Major reviews include those by Oetting et al. [4] for the IAEA,
Ward et al. [38], Lemire et al. [51] for the OECD/NEA, Konings and Bene$ [5] (with key results repeated
in [6]), and Clark et al. [80]. Although there is generally good agreement about many properties of Pu, it
is important to recognize that there are only a small number of original measurements, and the good
agreement between different references may reflect a lack of data rather than agreement between
numerous measurements.

Measuring the thermal expansion of Pu is difficult, and only a small number of measurements have
been published. These measurements show wide variations. Detailed studies of phase-transformation
mechanisms by Ennaceur [81-85] show that transformations in individual samples are affected by factors
such as previous thermal and phase-transformation history, and that the order in which transformations
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occur may be different during heating and cooling. Understanding thermal expansion is further
complicated by the anisotropic thermal expansion of a-Pu, B-Pu, y-Pu, and &’-Pu, and by the negative
thermal expansion of 5-Pu and &'-Pu. Even when phase transformations are not involved, thermal
expansion of polycrystalline aggregates may vary between individual samples.

One important area of ongoing experimental research involves understanding changes in lattice
parameters, electrical resistivity, and magnetic susceptibility at cryogenic temperatures due to irradiation
from a-particles produced by radioactive decay of the sample. Results of this research indicate that
effects of self-irradiation may be significant at temperatures below ~20 K but are annealed rapidly enough
that they can be neglected at room temperature and above (e.g., [86-90]).

The thermal conductivity of Pu is relatively well known, thanks in part to new measurements from
high-purity plutonium [91].

Other recent experimental research on Pu includes investigation of the ground-state electron
configuration of 3-Pu by neutron spectroscopy [92], demonstration of a technique for three-dimensional
microstructural characterization using a dual-beam FIB/SEM instrument [28], and research involving the
relationships between elastic moduli and temperature in a Pu-Ga alloy with 0.2 at% Ga [93].

Recent publications involving development of models include [94-102].
2.3.2 Phases and Phase Transformations
2321 Phases

The stable Pu phases at atmospheric pressure are:

e o-Pu, monoclinic (space group P2:/m, a=6.183 A, b=4.822 A, c=10.963 A, B=101.79° at 294 K
[80]). The atoms are arranged in layers of highly distorted hexagons perpendicular to the b axis. The
o-Pu structure has 16 atoms per unit cell in 8 crystallographically unique positions. Positions of the
individual atoms can be found the original structure refinements by Zachariasen and Ellison [103,
104] and the review by Clark et al. [80].

e B-Pu, monoclinic (space group 12/m, a=9.284 A, b =10.463 A, c=7.859 A, p=93.13° at 463 K
(190°C) [80] ; the unconventional space group 12/m is equivalent to space group C2/m with origin
choice 3 [105]). The B-Pu structure has 34 atoms per unit cell in 7 crystallographically unique atomic
positions. Positions of the individual atoms can be found in the original structure refinement by
Zachariasen and Ellison [106] and the review by Clark et al. [80].

e y-Pu, orthorhombic (space group Fddd, a =3.159 A, b=5.768 A, ¢ = 10.162 A at 508 K [80]). The
structure consists of two face-centered cubic lattices displaced by ¥4 of the body diagonal. The y-Pu
structure has eight atoms per unit cell. Positions of the individual atoms can be found in the original
structure refinement by Zachariasen and Ellison [107] and the review by Clark et al. [80].

e 3-Pu, fcc (space group Fm3m), a = 4.6371 A at 593 K [80].

e &'-Pu, tetragonal (space group 14/mmm), a = 3.34 A, ¢ = 4.44 A at 738 K [80]. The structure is
body-centered tetragonal, with two atoms per unit cell [108].

o &-Pu, bce (space group Im3m), a = 3.6361 A at 763 K [80]. The structure is body-centered
cubic [109].

Two high-pressure studies indicate that - and 6’-Pu both transform to y-Pu at pressures somewhat
below one kbar [110, 111], while a third study indicates that 5-, &’-, and y-Pu all transform to a seventh
Pu phase (£-Pu) at pressures between 0.6 and 1.7 kbars [112]. None of these studies included diffraction
data, and all of the evidence for the existence of C-Pu is apparently from a single conference paper.
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Although investigation of this phase transformation is important for plutonium metallurgy, it is not
relevant for metallic fuels because of the pressure at which it occurs.

2.3.2.2 Phase Transformations

Pu phase transformations are sensitive to alloying elements in low concentrations. Elements such as
Al, Ga, Ce, Am, In, Tl, and Sc stabilize the 5-Pu structure so that it can be examined at room temperature,
and elements such as Si, Zn, Zr, Hf, and perhaps Th and trivalent lanthanides such as Dy, Er, Tm, Lu, and
Tb allow the 3-Pu structure to be retained as a metastable phase during rapid cooling [79]. In particular,
the incorporation of low concentrations of Ga or Al makes it possible to study metastable 5-Pu solid
solution phases at room temperature (e.g., [87, 113-123]), and much of the recent research on properties
of “3-Pu” actually involves these solid solutions. Np extends the stability of the o-Pu structure (reference
[79] and Section 3.3.2.1).

Much of the data about phase transformations in Pu was collected before 1970. This data varies in
quality, and detailed experimental descriptions and information about sample purity may not be available.
The early measurements have been summarized in reviews by Oetting et al. [4] and Konings and Benes
[5], and will not be considered here. Data in this section of the Handbook is from more recent
measurements using high-purity Pu with total impurities of at most a few hundred parts per million by
weight.

Transition onset temperatures and enthalpies measured during DSC experiments that involve a
constant rate of temperature increase may differ from those measured in experiments with isothermal
holds to allow the samples to anneal between transitions [82-85]. These differences are attributed to
incomplete transitions and the effects of internal strains due to the large volume changes associated with
some of the transitions (Section 2.3.4.3). Further research is needed, particularly for cooling transitions,
and will require careful experimental design to ensure that measurements for individual transitions are not
affected by the previous thermal histories of the samples.

All of the solid-state phase transitions in Pu produce well-defined, approximately symmetrical, peaks
during heating in a DSC, suggesting a “normal” phase transition mechanism involving nucleation and
growth [124 (Figure 3)]. The &-8” and &’-5 cooling transitions also produce well-defined single peaks,
with enthalpies similar to those from the corresponding heating transitions and a “normal” amount of
undercooling. These characteristics suggest that the 5-6’ and &’-¢ transitions are reversible [124].

Although the characteristics of the 3-y cooling transition are strongly dependent on the thermal
history of the sample, its onset temperature is apparently about 60-65°C below that of the y-6 heating
transition. DSC data commonly show a series of spikes occurring over a temperature range of ~80°C.
Decreasing the cooling rate increases the number of spikes and the temperature range over which the
reaction occurs, and a sample that was held at 260°C (where the stable Pu phase is y-Pu) for 4 hours,
heated to 450 C (where 8-Pu is stable) and held at that temperature for 12 hours, then cooled through the
8-y transition at 5°C/min showed only one significant peak [82]. The combined enthalpy from all of the
spikes is significantly below that from the y-6 heating transformation [82, 122, 124]. These characteristics
are generally interpreted as indicating an incomplete martensitic (diffusionless) transformation, in which
the reaction rate and number of spikes in DSC data are strongly influenced by local strain caused by the
large volume change during this transition [82, 122, 124, 125].

The onset temperature for the y-f cooling transition is~100°C below that of the -y heating transition,
and the y—f transition occurs over a wider temperature range. The enthalpy of the y— transition is
significantly smaller than that of the -y transition, suggesting that the y—f transition is incomplete [122].

The onset temperature of the $-a cooling transformation is significantly below that of the a-p heating
transition. The enthalpy of the B-a transition is smaller than that of the - transition, suggesting that the
cooling transition is incomplete. Ennaceur [83] reported that enthalpy of the -a transition equaled that of
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the o-f transition if the DSC measurement was continued for a minimum of three hours after the sample
had been cooled to 25°C, but that the onset temperature of the a-f transition was higher in samples that
had been held at 25°C for less than 24 hours after being cooled through the 3-o transition than in samples
that had been held at 25°C for longer periods of time. A detailed investigation of the B-a transformation
suggests that it is probably martensitic, but also involves diffusion of a small fraction of the atoms in the
B-Pu crystal lattice to form interstitials in a-Pu [122].

v-a. and y—a’ transformations have been studied in Pu-Ga alloys with low concentrations of Ga. No
analogous transitions have been reported in pure Pu at atmospheric pressure, or in Pu alloys with &-
stabilizing elements of interest for FCRD fuels (Zr, Ce, and Am).

Table 5 and Table 6 summarize the available data on the onset temperatures and reactions in high-
purity Pu. Data from [122] and the PC-DSC data from [124] appear to represent the same experimental
results. There is generally good agreement between the reported onset temperatures of all transitions (and
also with the recommended values in Revision 1 of this Handbook, which followed [5]), although
differences between the onset temperatures are generally larger than indicated by error bars on individual
measurements.

Enthalpies for the a-p and B-y transitions from different measurements agree to within about 10%,
with wider variations between enthalpies of other heating transitions. Enthalpies of transitions during
cooling are less well understood, but are commonly smaller than those of the corresponding transitions
during heating. Although further research is needed, the measurements by Ennaceur are probably the most
accurate representations of enthalpies of individual phase transitions because of the care given to ensure
that measurements of each phase transition are not affected by previous phase transitions. However, a
recent conference paper showing that an as-cast sample of Pu retained a large fraction of B-Pu several
months after casting suggests that the 24-hour hold at room temperature that Ennaceur used to remove
effects of previous transformations may not be sufficient [126]. Some of these values differ from the
recommended values in Revision 1 of this Handbook, which were based on a review by Konings and
Benes [5] that used values from Oetting and Adams (reference [127]) for lower-temperature transitions
and data from Zocco et al. (reference [124]) for higher-temperature ones. If consistent data involving
phase transitions across a wide range of temperatures is needed, it is probably appropriate to use the
values from Konings and Benes.

Table 5. Onset temperatures of solid-state phase transitions in high-purity Pu, °C.

Mitchell Zocco et al. [124]? Oetting and Konings
Transition et al. Engaceugr Adams and Bene§
[122]1 HF DSC PC DSC [8 '85] [127]8 [5]
a—p (heating) | 126 | 127.5+0.3 | 126.25+0.05 131[&353;_20'3 12445410 |  126+1
B—a (cooling) 78.278 80.4+0.6 78.3£0.5 — — —
+
B—y (heating) 214 212.940.3 | 213.940.51 21&;35 214.75+£1.0 215+1
y—P (cooling) 113.624 — 113.6+0.7 — — —
+
y—3 (heating) 323 322.9+1.6 | 323.42+0.04 32?854]60 4 319.95+1.0 323+2
38—y (cooling) 260 260.7+0.8 257.1+0.4 - — —
8—9’ (heating) 468 468.6+2.3 | 467.6+0.44 — — 468+4
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Table 5. (continued).

Mitchell Zocco et al. [124]? Ennaceur Oetting and Konings
Transition et al. [82-85]° Adams and Benes
0" =0 461.199 | 462.6+1.3 | 461.2+0.005 — — —
(cooling)
&’ —¢ (heating) 486 485.6+0.3 | 485.9+0.13 — — 49614
¢—3&’ (cooling) | 483.911 | 483.5+0.1 | 483.9+0.02 — —
Melting — — — — — 640+2

1. Zone-refined Pu with total impurities of ~200 ppm by weight. Major impurity element is U. Data was collected with
heating and cooling rates of 10°C/minute.

2. Zone-refined Pu, apparently from the same source as that used by [122]. Data was collected with heating and cooling rates
of 10°C/minute. Similar experiments were performed using two kinds of DSC: heat flux (HF) and power compensating
(PC), with generally excellent agreement.

w

Electrorefined Pu with total impurities of ~420 ppm by weight. The major impurity element is W.

4. “Hightly repeatable” measurement from sample that had been allowed to rest at 25°C for 24 hours. Samples that had
shorter rest times after experiencing a B-o transition had lower onset temperatures

5. Measured after isothermal hold of 4-50 hours at 150°C (3-Pu). Samples with shorter isothermal holds had lower onset

temperatures

6. Measured after isothermal hold of 50 hours at 360°C (y-Pu). Onset temperature for samples heated from room temperature

without holds was 318.0+0.3°C.

7. Transition occurs between 260 and 180 C in a sample heated to 500°C (e-Pu) and cooled at 5°C/minute. Samples with
other thermal histories had significantly different results

8. Pu with < 100 ppm total impurities by weight. Major impurity element is Am. Data was collected by adiabatic calorimetry
[128]. Each sample was heated only once to avoid introducing errors due to lack of reversibility in phase transitions

Table 6. Enthalpies of solid-state transformations in Pu, J/g. Samples are the same as in Table 5. Units
vary between references. Values are assumed to be measured during heating unless noted in references.

Mitchell et Zocco et al. [124] Ennaceur | Oettingand | Konings
Transition al. [122] HF DSC PC DSC [82-85]° Adams and Benes
(J/9) (J/g) (J/g) (J/9) [127] (3/g) | [5] (3/mol)
14.4+0.2
a-p 15.43 13.22+0.9 | 15.43+0.34 [83] 15.5 370630
B-at -10.4685 — — — — —
2.1+0.1
B-y 2.18 2.134+0.05 | 2.18%+0.04 [85]" 2.0 47820
v-B -1.7225 — — — — —
v-0 2.35 3.012+0.18 | 2.35+0.01 zeigj]m 2.98 713150
8-y -2.1405 — — — — —
0-9’ 0.27 0.335+0.03 | 0.273+0.022 — — 65120
0’-0 -0.222 — — — — —
o’-¢ 7.16 9.205+0.54 | 7.16%0.16 — — 1711450
&8’ -7.125 — — — — —
Melting — — — — — 2766+100

1. Enthalpy not changed by isothermal hold at 150°C
2. Enthalpy in sample held at room T for 24 hours, then heated at 5 °C/minute without isothermal hold was 2.2+0.2 J/g
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2.3.3 Heat Capacity and Related Properties
2331 Standard Thermodynamic Values

The standard enthalpy of solid Pu at 298.15 K, standard entropy of Pu gas, and enthalpy of formation
of Pu gas are:

e 59%298.15 K) = 54.46 + 0.80 J/mol-K for a-Pu [5, 51]

e 59(298.15 K) = 177.19 + 0.10 J/mol-K for Pu gas [5]

e AfH%(298.15 K) = 348.9 + 3.0 kJ/mol for Pu gas [5].
2.3.3.2 Heat Capacities of Solid and Liquid Phases

Figure 11 shows the heat capacities for solid and liquid Pu recommended by Lemire et al. [51] and by
Konings and Benes [5]. These reviews have identical heat capacities for -, y-, and 8-Pu because both are
guoting equations from Oetting and Adams [127]. The heat capacity for o-Pu is also based on the work of
Oetting and Adams, except that Konings and Benes adjusted it slightly upward to match their preferred
values for lower-temperature measurements. Heat capacities for &' and e-Pu are identical in both reviews
because they are originally from a Mound Laboratory report by Wittenberg et al. (reference [129]). The
heat capacity for liquid Pu recommended by Konings and Benes is also from the report by
Wittenberg et al., and the source of the heat capacity for liquid Pu recommended by Lemire et al. is not
specified. The preferred values (from Konings and Benes [5]) are expressed by Equation 18 through
Equation 24.

Measurement of low-temperature heat capacities in a-Pu is complicated by radioactive self-heating.
This effect does not affect the data presented here because defects are sufficiently mobile at room
temperature and above to heal the damage rapidly enough that it does not affect measurements [80].

Equation 18. Heat capacity of a-Pu ([5] with temperature range from [127])
Cp=17.6186 + 45.5523 x 103 x T

where C, is constant-pressure heat capacity in J/mol-K, T is temperature in K, and T is between
330 and 390 K

Equation 19. Heat capacity of B-Pu [5, 51, 127]
Cp=27.4160+13.060 x 103 x T

where C,, is constant-pressure heat capacity in J/mol-K, T is temperature in K, and T is between
408 and 476 K

Equation 20. Heat capacity of y-Pu [5, 51, 127]
Cp=22.0233+22959x10°x T

where C,, is constant-pressure heat capacity in J/mol-K, T is temperature in K, and T is between
493 and 586 K

Equation 21. Heat capacity of 3-Pu [5, 51, 127]
Cp=28.4781+10.807 x 103 x T

where C, is constant-pressure heat capacity in J/mol-K, T is temperature in K, and T is between
602 and 680 K
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Equation 22. Heat capacity of 6’-Pu [5, 51]
Cp,=35.56
where C, is constant-pressure heat capacity in J/mol-K and T is temperature in K
Equation 23. Heat capacity of e-Pu [5, 51]
Cp (e-Pu) = 33.72
where C, is constant-pressure heat capacity in J/mol-K and T is temperature in K
Equation 24. Heat capacity of liquid Pu [5]
Cp (liquid Pu) = 42.80

where C, is constant-pressure heat capacity in J/mol-K and T is temperature in K

Heat capacities of solid and liquid Pu
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Figure 11. Heat capacities of solid and liquid Pu. Values from Konings and Bene$ [5] (solid black lines,
Equation 18 through Equation 24) are preferred.

2.3.33 Heat Capacity of the Ideal Gas

Konings and Benes [5] calculated the heat capacity of Z°Pu as an ideal gas and fitted the heat capacity
by two polynomials (Figure 12, Equation 25, and Equation 26). These polynomials match those
calculated from a similar database at temperatures up to 2000K by Lemire et al. [51] to within a few
hundredths of a J/mol K.
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Heat capacity of 23°Pu (ideal monatomic gas)
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Figure 12. Heat capacity of 2°Pu as an ideal gas, calculated using Equation 25 and Equation 26.

Equation 25. Heat capacity of Pu gas from 298.15 to 1400 K [5]

Cp=24.2954 — 37.0413 x 103 x T + 95.1224 x 10° x T2 — 65.8404 x 1079 x T*
+16.2344 x 10712 x T + 6.7865 x 10* x T2

where C,, is constant-pressure heat capacity in J/mol-K, T is temperature in K, and T is between
298.15 and 1400 K

Equation 26. Heat capacity of Pu gas from 1400 to 4000 K [5]

Cp=-112.0172 + 187.5714 x 10° x T — 86.6780 x 10° x T2+ 18.8245 x 109 x T*
—~1.5431 x 10712 x T+ 2.7817 x 107 2

where C,, is constant-pressure heat capacity in J/mol-K, T is temperature in K, and T is between
1400 and 4000 K

2.3.4  Thermal Expansion and Density
2341 Thermal Expansion

Reviews of experimental measurements of thermal expansion of Pu [39, 79, 80, 130] generally agree
about the thermal expansion of individual Pu phases (Figure 13), although there is less good agreement
about changes in length associated with phase transformations.
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Equations representing the thermal expansion of o-Pu have been developed by Schonfeld and Tate
[130] and by Touloukian et al. [39] (Equation 27). Values produced by the two equations agree to
within ~0.1%.

The thermal expansions of 8-, y-, 8-, &'-, and &-Pu are linear functions temperature and can be
represented using the thermal expansion coefficients in Table 7.

Linear thermal expansion of polycrystalline Pu
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Figure 13. Linear thermal expansion of polycrystalline Pu [130].

Equation 27. Thermal expansion of a-Pu [39]
(L-Lo)/Lo = -0.407 + 4.099 x1073 x (T-200) + 3.552x10% x (T-200)?- 3.360x10°° x (T-200)3

Where (L-Lo)/Lo is thermal expansion in %, T is temperature in K, T is between 200 and 395 K,
L is length at temperature T, and Lo is length at 293 K

2.3.4.2 Thermal Expansion Coefficients

Table 7 summarizes mean coefficients of thermal expansion for -, y-, -, 8-, - and liquid Pu from several
reviews. There is generally good agreement between the reviews for all of the phases in the table. Values for solid
phases are for ideal polycrystalline materials with no preferred orientation. The thermal expansion coefficients in the
table are largely independent of temperature, and the mean coefficients can be used throughout the stability fields of
the individual phases [131]. The thermal expansion coefficient of a-Pu is not included in the table because the
thermal expansion of a-Pu is a non-linear function of temperature, so its thermal expansion is not a constant. Values
for liquid Pu are volumetric thermal expansion coefficients, each of which is approximately three times the
corresponding linear coefficient, and are independent of temperature.
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Table 7. Thermal expansion coefficients (10°/K) of solid and liquid Pu [39, 80, 130].

Phase Reference [80] Reference [39] Reference [130]
B 42 37.3 42.3
Y 34.6+0.7 34.6 34.7
3 -8.6+0.3 -8.6 -9.0
& -65.6+10.1 -16.1 -66
€ 36.5 36.6 —
Liquid 93 (volumetric) 90.4 (volumetric) —

Table 8 shows values of mean coefficients of thermal expansion along single directions for
anisotropic Pu phases. 8-Pu, e-Pu, and liquid are not included in the table because their thermal expansion
is isotropic.

Table 8. Mean linear coefficients of thermal expansion along single directions for anisotropic Pu
phases [80].

Phase | Coefficient* | Crystallographic orientation Tempergtg)r € range (X\igl_%fc)
o o1 1 c-axis 21-104 60
— o2 | b-axis — 75
— o3 I c-axis — 29
B o1 — 93-190 94
— o2 | b-axis® — 14
— o3 L(101) — 19
Y Oa I a-axis 210-310 -19.7£1.0
— Olb | b-axis — 39.5+0.6
— Oc I c-axis — 84.3+1.6
oy Oa I a-axis 452-480 444.8+12.1
— Olc I c-axis — -1063.5+£18.2

a. Overbar indicates that these are mean coefficients; subscripts identify individual coefficients. All coefficients for each

b.

phase are mutually orthogonal.
In space group 12/m

2343

Density

Table 9 summarizes the lattice parameters, unit-cell volumes, and calculated densities for Pu phases.
Lattice parameters are repeated from Section 2.3.2.1. Densities in Table 9 are calculated based on Pu-239;
densities for other isotopic compositions can be calculated from information in the table using [3
(Equation 5)]. Densities in Table 9 agree with densities in references [80 (Table 7.9)] and [17 (Table
2.13)] to within 0.03 g/cm?® except as noted.
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Although measured densities of a-Pu and $-Pu have been reported, they were intended primarily to
assist in X-ray structure refinements by suggesting the numbers of atoms per unit cell, and were therefore
collected with less care than the X-ray data. As a result, it seems likely that the calculated densities
represent the actual sample densities better than the measured densities do.

Table 9. Lattice parameters, unit-cell volumes, and calculated densities for Pu phases.

phase | T Lattice parameters Unit-cell Atoms per | Density | oo
(K) a(A) b (A) c(R) | P(degrees) | Volume (A% unitcell | (g/cmd)
a-Pu 294 6.183 4.822 10.963 101.79 319.960 16 19.84% | [103]
B-Pu 463 9.284 10.463 7.859 92.132 762.273 34 17.69%4 | [106, 132]
y-Pu 508 3.159 5.7682 10.162 — 185.163 8 17.14 [107]
3-Pu 593 4.637 — — — 99.704 4 15.92 | [80]
&-Pu 738 3.34 — 4.44 — 49531 2 16.03 | [80]
&-Pu 763 3.6361 — — — 48.074 2 16.51 [80]
1. Corresponds to measured density of 19.77 g/cm? for Pu of 99.9% purity with atomic weight 239.05 [103]

2. Reference [80 Table 7.9] lists this value as 93.13. As the original source of their data is reference [106], this is apparently
an error.

3. Corresponds to reported density of 17.8 g/cm3 at 423 K (reference [132] quoting reference [133]).

4. A relatively recent review by the IAEA lists the density of this phase as 17.77 g/cm?.The source of density is unknown, as
the lattice parameters in the review agree with the values used here [17 (Tables 2.12 and 2.13)].

2.3.4.4 Changes in Volume as a Result of Phase Transitions

Although solid-state phase transitions in Pu are generally considered to result in large volume
changes, these changes are rarely quantified. The volume of Pu decreases by 2.4% during melting, with
the result that e-Pu floats on liquid Pu [134].

2.3.5 Thermal Conductivity and Related Properties
2351 Lorenz Number

Values of the room-temperature Lorenz number for Pu determined before 1974 vary widely, with a
thorough review by Ho et al. [77] concluding that a value of 3.15 WQ/K? for polycrystalline a-Pu based
on the electrical resistivity and thermal conductivity measurements of Andrew [135] appeared the most
plausible. This value appeared in a recent review by Konings [6 (Figure 22)] and may be the best
currently available estimate of the Lorenz number for Pu. However, the good agreement between the
measured thermal conductivities of Pu phases and values calculated from electrical resistivity data using
the theoretical value of the Lorenz number (Section 2.3.5.2) suggest that more investigation is needed.

2.35.2 Thermal Conductivity

Recent attempts to determine the thermal conductivity of Pu have taken different approaches:
Alexander and Wood [91] calculated thermal conductivity based on their new measurements of the
thermal diffusivity of zone-refined Pu and heat-capacity, density, and thermal-expansion data from
previous publications. They determined that the thermal conductivity of each phase except &’-Pu (which is
difficult to study because of its narrow temperature range of stability) increased approximately linearly
with temperature, and that the thermal conductivity of 6’-Pu decreased with temperature. They also noted
that all of their data could be fitted to within an error of ~5% by a single quadratic equation.

In contrast, Kim et al. [15] relied on older publications with thermal-conductivity values for a-Pu,
B-Pu, and y-Pu and estimated the thermal conductivity of other phases based on their electrical resistivity
and the theoretically determined Lorenz number (2.45 x 1078 WCQ/K?) Their results agreed with those of
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Alexander and Wood [91] to within ~10% for all phases except &'-Pu (Figure 14). The two studies
apparently have no data in common.

Both of these assessments have thermal conductivity values that are significantly higher than those in
a recent IAEA data summary [17] for all solid Pu phases except a-Pu. However, the good agreement
between the thermal conductivities determined by Alexander and Wood and by Kim et al. suggests that
these studies are good approximations of the actual behavior of Pu, with preference given to the results of
Alexander and Wood because they are based on direct measurements of well-characterized starting
materials. Either of these studies is probably a more accurate representation of the actual behavior of Pu
than the values in the IAEA tabulation. Unless phase-specific information is required, the single quadratic
equation developed by Alexander and Wood is a convenient approximation.

Thermal conductivity of Pu
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Figure 14. Thermal conductivity of Pu. Data from Alexander and Wood were calculated from
Equation 28 through Equation 32.

Alexander and Wood fitted their data for all phases except &'-Pu to linear equations, each of which
matched all of their measured data points to within 5%. These equations are:

Equation 28. Thermal conductivity of a-Pu from 294 to 394 K according to Alexander and Wood [91]
k =0.01844xT + 0.390

where k is thermal conductivity in W/m-K, T is temperature in K, and T is between 294
and 394 K
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Equation 29. Thermal conductivity of -Pu from 415 to 490 K according to Alexander and Wood [91]
k =0.02679xT — 1.716

where Kk is thermal conductivity in W/m-K, T is temperature in K, and T is between 415
and 490 K

Equation 30. Thermal conductivity of y-Pu from 491 to 595 K according to Alexander and Wood [91]
k =0.04201xT —9.909

where K is thermal conductivity in W/m-K, T is temperature in K, and T is between 491
and 595 K

Equation 31. Thermal conductivity of 8-Pu from 602 to 696 K according to Alexander and Wood [91]
k =0.02131xT + 2.697

where k is thermal conductivity in W/m-K, T is temperature in K, and T is between 602
and 696 K

Equation 32. Thermal conductivity of e-Pu from 750 to 822 K according to Alexander and Wood [91]
k =0.01428xT + 8.423

where k is thermal conductivity in W/m-K, T is temperature in K, and T is between 750
and 822 K

Alexander and Wood noted that their data for all phases except &’ from temperatures between 400
and 820 K could be matched to within ~5.4% by a quadratic equation (Equation 33), which provides a
convenient approximation across a wide temperature range. This equation is:

Equation 33. Approximate thermal conductivity of Pu from 400 to 820 K according to Alexander and
Wood [91]

k =-8.162 + 4.841 x 10°XT — 0.1614x10* xT?

where k is thermal conductivity in W/m-K, T is temperature in K, and T is between 400
and 820 K

24 Am

241 Introduction

It is generally believed that there are three solid Am phases that are stable at atmospheric pressure and
temperatures above 300 K. The crystal structures and lattice parameters of two of these phases (a-Am and
B-Am) have been published, although there is some disagreement about phase-transformation
temperatures. Thermal-analysis data shows a third phase (y-Am), whose structure has not been
experimentally determined.

The heat capacities of three samples of Am have been measured at temperatures between 15 and
300 K. Several estimates of higher-temperature heat capacities have been published, but all rely on
interpretation of the low-temperature data and reasoning by analogy to rare-earth elements. Povzner et al.
[136] calculated the electron contribution to the heat capacity of Am, obtaining good agreement with the
low-temperature experimental data of Hall et al. [137].

There are apparently only two papers with original reports of experimental measurements of the
thermal expansion of Am. One of these papers is the primary source for data on the crystal structures of
a- and B-Am,; the other has a single figure showing dilatometry results in a letter reporting the use of
thermal expansion measurements to investigate phase-transformation temperatures. Data from these
sources is inconsistent.
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No experimental measurements of the thermal conductivity or thermal diffusivity of Am are
available.

Recent research on Am has focused on understanding its high-pressure behavior, its
superconductivity, and the behavior of its 5f electrons. Much of this research was reviewed by Johansson
and Li [47] and by Moore and van der Laan [48]. More recent research papers include references [49,
138-144].

2.4.2 Phases and Phase Transformations
2421 Phases

It is commonly accepted that there are three solid Am phases that are stable at atmospheric pressure.
Structure determinations of two of these phases (a- and f-Am) by McWhan et al. [145] are commonly
accepted in more recent reviews (e.g., [6, 146]). There are no published experimental determinations of
the structure or lattice parameters of the third phase (y-Am), although it is commonly believed to be bcc.

The crystallographic characteristics of the generally recognized solid Am phases are:
e o-Am, dhcp (space group P6s/mmc), a = 3.4681 A, ¢ = 11.241 A at 20°C [145]
e B-Am, fcc (space group Fm3m), a = 4.894 A [145]

e y-Am, assumed to be bce (space group Im3m) by analogy to the early lanthanides [4], although no
crystallographic data is available. This phase is known from dilatometry and differential thermal
analysis data (e.g [147-150]). A recent paper indicating that y-Am has space group Fm3m and lattice
parameter a = 4.894 A [138 Table 2] is probably mislabeled data from B-Am.

The existence of other Am phases has been suggested as a result of thermophysical analyses [148,
151], but without information on crystal structures. In particular, a phase with a dhcp structure and lattice
parameters significantly larger than those of a-Am has been identified by several researchers using X-ray
diffraction data [152-154]. Further work is needed to confirm the existence of these phases and
investigate their properties.

Although a transformation to an orthorhombic phase at a pressure of ~152 kbars has been
documented in an Am sample that contained 1000 ppm Yb [155], more recent reviews agree that the
lowest-pressure phase transformation in pure Am produces a face-centered cubic structure at a pressure of
5-6 GPa (e.g., [6, 146, 156]). As these pressures are far greater than a nuclear fuel is likely to experience,
these phases are not considered in this Handbook.

2.4.2.2 Phase Transformations

Published measurements of phase-transformation temperatures for Am vary widely. Measurement of
the a-P transformation has been particularly difficult, possibly because of its small enthalpy, and some
authors have not observed any transformations in the relevant temperature range.

Recommended phase-transformation temperatures from a recent re-assessment of the experimental
data are [5]:

e a-f, 1042410 K (769+10°C), based on 4 publications with original measurements, which range from
873 to 1066 K

e B-y, 135045 K (1077+10°C) (based on 6 publications with original measurements, which range from
1277 to 1352 K)

e y-liquid, 144945 K (1176+10°C) (based on 8 publications with original measurements, which range
from 1267 to 1466 K).
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The corresponding phase-transformation enthalpies (AHy) are [5]:

e a-f, 0.34£0.5 kd/mol (based on 2 publications with original measurements, which range from 0.34
to 0.35 kJ/mol)

e [-y, 3.8+0.4 kJ/mol (based on 3 publications with original measurements, which range from 2.3
to 5.9 kJ/mol)

o y-liquid, 8.0+£2.0 kJ/mol (based on 3 publications with original measurements, which range from 4.9
to 14.4 ki/mol).

2.4.3

Heat Capacity and Related Properties

Hall and colleagues [137, 157] measured the specific heats of two samples of *1Am and one sample
of 22Am from 15 to 300K. They originally reported the constant-pressure heat capacity of Am at 298 K
as 28 J/mol-K, but later decreased this value to 25.5 J/mol-K based on a more careful analysis of the
original measurements [137]. Values accepted by later researchers (e.g., references [4, 38, 146, 158, 159])
differ slightly, but all are between ~25.0 and 25.8 J/mol-K for the heat capacity of a-Am at 298 K.

There are no published experimental measurements of the heat capacity of Am at temperatures above
300 K. Three approaches have been used to estimate it:

Analogies to heat capacities of phases of lanthanides (primarily La) that have crystal structures similar to
those of Am phases. This approach was adopted by Oetting et al., [4] in a review for the IAEA and
accepted in a more recent review by Runde and Schulz [146].

Ward et al. [38, 160] developed a correlation relating entropy to metallic radius, atomic weight, magnetic
properties, and atomic structure. They used this correlation with known properties of Pr to estimate the
entropy of Am at 298 K as 55.27 J/mol-K, in good agreement with a value of 55.4 J/mol-K determined by
Hall et al. [137]. Ward et al. did not explain how they estimated heat capacities at other temperatures,
although continuing the analogy to Pr seems likely. Silva et al. [159] generally accepted the values of Ward
et al., but with small differences at temperatures below ~600 K to match the low-temperature data better.
Konings [158] divided the heat capacity of a metal into harmonic, anharmonic, dilatation, electronic, and
magnetic contributions. He estimated the heat capacities of a-Am and B-Am by estimating the value of
each contribution, combining low-temperature heat-capacity, thermal expansion, compressibility, and
energy-level data when available and supplementing by analogy to La when necessary. In the absence of
experimental data, Konings estimated heat capacities for y-Am and Am liquid based on analyses of trends
in the lanthanide elements from La to Gd. This estimate is repeated in later reviews by Konings and
colleagues [5, 6]

Figure 15 shows estimated heat capacities obtained using these approaches. There is relatively little
difference between the results of Oetting et al. and of Ward et al. However, the estimates of Konings are
significantly different, particularly for y-Am and Am liquid. Further measurements are clearly required.
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Figure 15. Estimated heat capacity of Am above 300 K, showing values from Oetting et al. [4], Konings
[158], and Ward et al. [38 Table A.6]

2.4.4  Thermal Expansion and Density
2441 Thermal Expansion

McWhan and colleagues determined the lattice parameters of a-Am at temperatures from -120 to
+605°C using high-temperature X-ray diffraction [145]. They fitted their data to two polynomials
(Equation 34 and Equation 35) using a least-squares technique.

Equation 34. Lattice parameter of a-Am parallel to the a crystallographic direction [145]
a = 3.4672+2.60x10°xT+0.54x10 8xT?

where a is a lattice parameter, T is temperature in °C, and T is between -120 and +605°C
Equation 35. Lattice parameter of a-Am parallel to the ¢ crystallographic direction [145]
€ = 11.23746.95x105xT+6.8x108xT?

where c is a lattice parameter, T is temperature in °C, and T is between -120 and +605°C
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Figure 16 shows the thermal expansion (AL/Lo, in %) parallel to the a and c lattice parameters,
calculated using Equation 34 and Equation 35 with Lo representing a lattice parameter at 20°C. The
corresponding thermal expansion coefficients are ~7.6 x 107%/°C parallel to a and 5.6 x 10°%/°C parallel to
c over the interval between 20 and 30°C. Although differences between the curves for expansion parallel
to a and ¢ suggest that the thermal expansion is anisotropic, it seems likely that the anisotropy is smaller
than the errors in the thermal expansion data, and it can therefore be neglected.

In a recent review [6], Konings and colleagues present a different equation representing the thermal-
expansion data of McWhan et al. (Equation 36). This equation does not seem to be an accurate
representation of the data of McWhan et al.

Equation 36. Thermal expansion of Am [6]
(L-Lo)/Lo = -2.315x103 + 6.965x10°xT + 3.176x10°xT?x100

where (L-Lo)/Lois thermal expansion in %, T is temperature in K, L is the length at temperature
T, and Lo is the length at 298 K

The thermal expansion measurements of Rose et al. [148 Figure 1] were presented as a single figure
in a published letter. The focus of the letter is determination of phase-transition temperatures, and the
implications of the data for the thermal expansion of individual phases are not discussed. The data of
Rose et al. is qualitatively inconsistent with the data of McWhan et al. in two important respects:

e Rose et al. show that the thermal expansion of a-Am is negative between ~66°C (the minimum
temperature for their measurements) and ~300°C, while McWhan et al. observed expansion
between 20 and +605°C.

e Rose et al. show a large expansion at the a-3 transition, which is inconsistent with the similar
densities of a- and B-Am determined from the X-ray data of McWhan et al.

Further experimental data are clearly needed to understand the thermal expansion of Am. In the
absence of this data, the results presented by McWhan et al. [145] are probably the best available
approximation to the actual thermal expansion of Am.
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Figure 16. Thermal expansion of a-Am. The a and c lattice parameters are from McWhan et al. (Equation
34 and Equation 35); “Konings” value is from Equation 36.

24.4.2 Coefficients of Thermal Expansion

McWhan and colleagues determined that the coefficients of thermal expansion for a-Am at 20°C are
(7.5+0.2) x 10°%/°C in the a direction and (6.2+0.4) x 10°%/°C in the c direction [145]. These values were
repeated in a recent review [146], where they were printed without specifying the temperature at which
they were determined or noting that the coefficient of thermal expansion may be temperature-dependent.

McWhan et al. determined that the mean coefficient of thermal expansion for f-Am between 22 and
360°C is 9+3 x 10°5/°C [145].

2.4.4.3 Density

Several researchers have reported that the density of a-Am is ~13.6 g/cm? at room temperature [145,
152, 161]. This value is slightly higher than that measured by Rose et al. (13.38 g/cm?®) from a sample that
had up to 0.4 wt% of measured impurities [148].

Other researchers [153, 154] report the room-temperature density of Am as ~11.7 g/cm?. This density
probably does not represent a-Am, but instead corresponds to a different phase with the same space group
and larger lattice parameters (Section 2.4.2.1).

Although McWhan and colleagues [145] did not quantify the density of -Am, calculations based on
their crystal structure and lattice parameters indicate that the densities of a-Am and f-Am are essentially
identical.
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2444 Changes in Volume as a Result of Phase Transitions

In view of the similar densities of a-Am and B-Am (Section 2.4.4.3), it seems likely that the volume
change associated with the a-f transition in Am is negligible relative to the uncertainties in the data.

Stephens et al. applied the Clausius-Clapeyron relation [3 (Section 1.4)] to their compressibility data
and previously published values of the latent heats of phase transitions to estimate that the volume
increases associated with the B-y and melting transformations in Am are approximately 1.1 and 2.3%,
respectively [147]. The enthalpy values they used (1.40 and 3.44 kcal/mol for the B-y and melting
transformations, respectively) are at the high end of the range reported by Konings and Benes [5],
suggesting that the actual volume increases associated with the phase transformations may be smaller than
estimated by Stephens et al.

Melting results in a volume loss (AV/V) of 2.3% [72, 73].
2.45 Thermal Conductivity and Related Properties

Experimental measurements of the thermal conductivity and thermal diffusivity of Am are not
available.

Two research laboratories agreed that the electrical resistivity of Am at 300 K and atmospheric
pressure is 68.90 nQ cm [157, 162].

If the Lorenz number for Am is close to the theoretical value, the Wiedemann-Franz Law [3 (Section
1.6.2)] indicates that the room-temperature thermal conductivity of Am is ~10.64 W/m-K. However, a
recent review of properties of the actinide elements suggested (without giving a reason) that the Lorenz
number for Am is closer to 3.25 x 1078 WQK 2 [6], which corresponds to a thermal conductivity of
~14.15 W/m K.

Further experimental work on the thermal conductivity and Lorenz number of Am is needed,
particularly at temperatures of interest for nuclear fuels.

25 La
251 Introduction

It is generally accepted that lanthanum has three solid phases (a-La, B-La, and y-La) that are stable at
atmospheric pressure. Crystal structures and lattice parameters of all three phases have been known since
the early 1960s.

A number of groups have measured the heat capacity of La. The reported heat capacities vary widely
for some phases, and heat capacities determined from incremental enthalpy measurements are
consistently below those from other sources.

Most of the available experimental data about thermal expansion of La is from a single reference with
high-temperature X-ray diffraction data for single crystals of hcp and fcc phases. Data about the thermal
expansion of polycrystalline samples is presented graphically in several other references

Papers reporting experimental measurements of the thermal diffusivity and conductivity of La at
temperatures above ~300 K were commonly first published in Soviet journals, although English
translations of many of these papers have been published. The majority of these papers present their
results graphically rather than numerically.

Most of the relatively recent research on La involves modeling or attempts to understand low-
temperature superconductivity (e.g., [163-172]).
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2.5.2 Phases and Phase Transformations

2521 Phases

Lanthanum phases that are stable at atmospheric pressure are:

a-La, dhcp (space group P6s/mmc, a = 3.7740 A, ¢ = 12.171 A at 297 K) [173, 174]
B-La, fcc (space group Fm3m, a = 5.303 A at 598 K) [173-175]

e y-La, bee (space group Im3m, a = 4.26 A at 1160 K) [173-175]

2.5.2.2 Phase Transformations

Recommended phase-transformation temperatures and enthalpies are:

e -, 566+10 K (based on 5 publications with original measurements, which range from 533 to 583 K)
[5]. Gschneidner and Calderwood [176] note a wide variation between phase-transformation
temperatures measured during heating (583 K) and cooling (533 K). The phase transformation
enthalpy is ~ 0.40 kJ/mol [5, 173].

e [-y, 114045 K (based on 10 publications with original measurements, which range from 1108 to 1141
K). The corresponding transformation enthalpy is ~ 3.15 kJ/mol [5, 173].

e vy-liquid, 1192+1 K (based on 8 publications with original measurements, which range from 1173 to
1194 K). The corresponding transformation enthalpy is estimated at 6.20 £0.30 kJ/mol [5, 173].

The temperature of the a-f transformation decreases with increasing pressure, reaching a temperature
of ~100°C at a pressure of ~15-20 kbars [65, 177]. The temperature of the B-y transformation and the
solidus both rise with increasing pressure, and y-La disappears at a pressure of ~20 kbars [177].

2.5.3 Heat Capacity and Related Properties

Three research groups have published measurements of the incremental enthalpy of La at
temperatures above 300 K [178-180], although the authors of one of them (reference [179]) indicated that
their data was not suitable for determinations of heat capacity. Other research groups have published more
direct measurements of heat capacity obtained using a variety of instruments [181-184]. The reported heat
capacities vary widely for some phases, and heat capacities determined from incremental enthalpy
measurements are consistently below those from other sources.

Konings and Benes [5] re-assessed the experimental data and developed equations representing the
heat-capacity data for La (Equation 37 through Equation 40). These equations are based primarily on
incremental enthalpy measurements [178, 180], with adjustments to match lower-temperature
measurements for a-La. As a result of these adjustments, the heat capacity for a-La calculated from these
equations is somewhat higher than that calculated from the data of Berg et al. [178], but is consistent with
the room-temperature heat capacity of La in a recent tabulation (27.1 J/mol-K) [173]. The heat capacities
of B-La and y-La in Equation 38 and Equation 39 are very similar to those published by Berg et al. [178],
and the heat capacity of the liquid is identical to that published by Stretz and Bautista [180].

Although further work is desirable to increase confidence that these heat-capacity values are accurate
(particularly for y-La), the values recommended by Konings and Benes are the best available
approximation.
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Equation 37. Heat capacity of a-La [5]
Cp = 25.8730 + 3.5907x103xT — 0.26059x10°X T2
where C, is constant-pressure heat capacity in J/mol-K and T is temperature in K

Equation 38. Heat capacity of B-La (after [5], but with the last coefficient multiplied by T rather than T2
for consistency with data from Berg et al. [178])

Cp = 19.9335 + 12.9990x10°xT
where C, is constant-pressure heat capacity in J/mol-K and T is temperature in K

Equation 39. Heat capacity of y-La [5]

Cp = 39.54

where C,, is constant-pressure heat capacity in J/mol-K
Equation 40. Heat capacity of La liquid (C, in J/mol-K) [5]

C, = 32.66

where C,, is constant-pressure heat capacity in J/mol-K

Figure 17 shows the experimentally determined heat capacities and the values recommended by

Konings and Benes [5].
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Figure 17. Heat capacity of La (references [178, 180, 181, 183, 184] and Equation 37, Equation 38,

Equation 39, and Equation 40)).
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2.5.4  Thermal Expansion and Density
254.1 Thermal Expansion

Spedding et al. [175] used high-temperature X-ray diffraction to measure the lattice parameters of
a- and B-La and developed polynomials that can be used to calculate lattice parameters as functions of
temperature (Equation 41 through Equation 43). Figure 18 shows the corresponding thermal expansion of
individual lattice parameters of a- and -La, calculated based on a reference temperatures of 300 K
(~27°C).

Equation 41. a lattice parameter of a-La between 20 and 293 °C [175 Table 1V]

a=3.77+ 1.7x10°xT
where a is a lattice parameter, T is temperature in °C, and T is between 20 and 293°C

Equation 42. c lattice parameter of a-La between 20 and 293 °C [175 Table IV]

¢ =12.13 + 33x10°xT
where c is a lattice parameter, T is temperature in °C, and T is between 20 and 293°C

Equation 43. Lattice parameter of p-La between 20 and 598°C [175 Table V]

a=5.303 + 3.4x10°5XT+1.0x108xT?
where a is the lattice parameter, T is temperature in °C, and T is between 20 and 598°C

Barson et al. [185], Spedding et al. [186], and Frizen et al. [187] measured the thermal expansion of
polycrystalline La using dilatometry. Although results of these studies were presented graphically, it is
clear that all three measurements fall between the single-direction expansions of the a and c lattice
parameters calculated from the high-temperature X-ray data of Spedding et al. [175]. Because the thermal
expansion of a-La is anisotropic, the thermal expansion of actual samples may vary between the
single-direction expansions as a result of differences in preferred orientation between the samples. Thus,
the polycrystalline expansion data of Barson et al., Spedding et al., and Frizen et al. (references [185-
187]) is consistent with the single-direction data of reference [175].

The measurements of Barson et al. for polycrystalline B-La [185 (Figure 2)] are significantly higher
than the values calculated from the single-direction data of Spedding et al. [175], and the measurements
of Frizen et al. [187 (Figure 1)] are significantly lower. It is not clear why these differences occur,
although Barson et al. noted difficulties in obtaining accurate measurements because of sample creep or
softening at high temperatures. In the absence of further experimental measurements, it seems reasonable
to consider the single-crystal data of Spedding et al. to be the best available measurements of the thermal
expansion of B-La.

Data from Eliseev et al. [188] are inconsistent with those of other researchers, and should probably be
disregarded because they were collected from a sample whose DTA curves show several large peaks from
unidentified phases.
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Figure 18. Thermal expansion of single crystals of a- and B-La, based on values calculated from Equation
41 through Equation 43 using a reference temperature of 300 K. Dotted line for -La indicates that it is
likely to be present (particularly during coolig) but is not thermodynamically stable.

2542 Coefficients of Thermal Expansion

Published coefficients of thermal expansion are summarized in Table 10. Values from reference [174]
are derived from the single-crystal data originally published in reference [175] and repeated in the CRC
Handbook of Chemistry and Physics [173]. These values are therefore consistent with each other and with
the figures and equations in this section of the handbook. Values from reference [189] are derived from
the polycrystalline material measured by Barson et al. [185]. Similarities between the coefficients of
thermal expansion for the polycrystalline data and the single-direction coefficient parallel to the a axis
suggest that the sample used by Barson et al. may have had a high degree of preferred orientation.

Spedding et al. noted that their measurements were generally within ~5% of previous measurements
from polycrystalline samples (e.g., reference [185]) for “mid-range” temperatures of approximately
400°C. However, they also noted that average deviations between their measurements and previous ones
were ~20% at the ends of the measurement range. Thus, the agreement between the values in Table 10
suggests that they were all derived from the same measurements, and that they should not be interpreted
as independent data. Further measurements are needed.
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Table 10. Coefficients of thermal expansion for La. Coefficients with ranges of temperatures are averages

across the temperature ranges.
Description T (°C) Coefficient (x10%°C) Reference
a-La, parallel to a axis 25 4.5 [173, 174]
a-La, parallel to c axis 25 27.2 [173, 174]
a-La, polycrystal 25 121 [173, 174]
a-La, not specified 25 4.9 [189]
a-La, not specified -173 to +310 5.2 [189]
B-La 400 7.9 [175]
B-La +325t0 +775 9.6 [189]

25.4.3 Density

According to information in the CRC Handbook of Chemistry and Physics, the density of a—La is

6.15 g/cm?® at 297 K, the density of B-La is 6.19 g/cm?® at 598 K, and the density of y-La is 5.97 g/cm? at
1160 K [173].

2544 Densities and Molar Volumes as Functions of Temperature

Figure 19 shows molar volumes and densities for La as functions of temperature. Data for B-La is
extrapolated to the B-y phase transformation temperature following Spedding et al. [175 (Figure 1)]. Data
for y-La is the average of three widely scattered measurements.

Equation 44. Molar volume of a-La between 20 and 293°C [175 Table 1V]
V =225 + 70x10°xT

where V is the volume of one mole in cm?, T is temperature in °C, and T is between 20
and 293°C

Equation 45. Molar volume of B-La between 20 and 598°C [175 Table 1V]
V = 22.46 + 44x10°XT+13x108xT?

where V is the volume of one mole in cm?, T is temperature in °C, and T is between 20
and 598°C
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Figure 19. Densities and molar volumes of La phases (reference [175] and Equation 44 and Equation 45).
Dashed lines show properties of B-La at temperatures where it is thermodynamically unstable but likely to
occur; dotted lines show extrapolation beyond the upper temperatures of the equations following [175
Figure 1].

Measured densities of La liquids near the melting temperature vary between 5.91 and 5.98 g/cm?®, as
summarized by Kononenko et al. [190]. The value of 5.96 g/cm? in the CRC Handbook of Chemistry and
Physics [173 Table 12] is a defensible approximation to the actual value.

There is less agreement about changes in the density of liquid La as a function of temperature.
Wittenberg et al. reported that the density of liquid La decreased by 2.37 x 10~* g/cm?-K based on four
measurements between 951 and 1004°C (1224 and1277 K) [191, 192], and Kononenko et al. reported that
it decreased by 0.61 x 1074 g/cm3-K over the temperature range from 1193 to 1873 K [190].

25.45 Changes in Volume Due to Phase Transitions

The high-temperature X-ray diffraction data of Spedding et al. [175] indicate a volume decrease of
~0.5% during the a-f transformation and a gain of ~1.3% during the B-y transformation. These values are
consistent with the decrease in volume of ~0.3% during the a-3 transformation in polycrystalline La
measured by Barson et al. using dilatometry [185]. The volume increase during melting is 0.6% [73].
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2.5.5 Thermal Conductivity and Related Properties
2551 Lorenz Number

Jolliffe et al. determined the Lorenz number of a-La at 291 K to be 2.9 x 108 WQK 2 [193]. This
value is somewhat higher than the value of 2.63 x 108 WQK 2 reported in an earlier review [189], and
also higher than the value of 2.75 x 108 WQK 2 calculated from room-temperature thermal conductivity
and electrical resistivity data in the CRC Handbook of Chemistry and Physics [173 Table 9]. Although
further research is needed to determine the actual Lorenz number and its temperature dependence, it
seems likely that the Lorenz number of La is significantly higher than the theoretical value.

Lorenz numbers for liquid La at temperatures between 1190 and 2000 K are between 2.12 and
2.65 x 1078 WQK 2, with no obvious relationship between temperature and variations in values [173
Tables 4 and 12, 181].

2552 Thermal Conductivity

Figure 20 shows the published numerical values of the thermal conductivity of La. The apparently
good agreement for the thermal conductivity of a-La is because the values shown in the figure are derived
from the same set of measurements; differences between the two sets of values are because one set of data
incorporates a correction for “impurities” and the other does not. It seems likely that the actual value for
the thermal conductivity of B-La is between the two sets of data values, and that the thermal conductivity
of liquid La is significantly lower than that shown in the figure. Further research is clearly needed.

Values of the thermal conductivity of La published by Atalla and by Kurichenko et al. [181, 184]
were calculated from their measurements of thermal diffusivity and heat capacity (both of which are
provided in the original references), combined with previously available information on density. The
heat-capacity values used by Kurichenko et al. are significantly higher than those recommended in
Section 2.5.3 (Figure 17).

The thermal conductivity values for a-La recommended by Touloukian, Ho, and colleagues [44, 77]
are based on the room-temperature measurements and the data of Golubkov et al. [194], but are ~5%
higher to compensate for the relatively low purity of Golubkov’s sample [77]. In the absence of further
experimental measurements, any of the thermal conductivity values in this section is a defensible
approximation of the actual thermal conductivity of a-La.

The thermal conductivity values for f-La recommended by Touloukian, Ho, and colleagues [44, 77]
are based on the Wiedemann-Franz law [3 (Section 1.6.2)] with the theoretical value of the Lorenz
number and a correction for the lattice component of thermal conductivity determined from room-
temperature data [77]. Since the heat capacity values used by Kurichenko et al. [184] are ~15-20% higher
than the values recommended in Section 2.5.3 of this Handbook, it seems likely that the thermal
conductivity values of Kurichenko et al. are correspondingly too high. In the absence of new experimental
data, it seems reasonable to assume that the actual thermal conductivity of B-La lies between the values of
Kurichenko et al. and Ho et al.

There are apparently no published measurements or estimates of the thermal conductivity or
diffusivity of materials identified as y-La. Krieg et al. reported the electrical resistivity of La as 126 uQ-
cm at 884°C (1157 K) and 128 uQ-cm at 1193 K (the melting temperature for the sample in their study)
[195]. Although the phase in this sample was not characterized, the temperatures suggest that these data
may be from y-La. These values are similar to the value of 126 uQ-cm at 890°C (1163 K) reported in an
earlier review by Gschneidner [189].

The Lorenz number for y-La has not been reported; however, based on a Lorenz number of
2.63 x 107 WQK 2 (appropriate for a-La at 25°C, and the best available approximation for other La
phases and temperatures) [189], the thermal conductivity of y-La is approximately 41 W/m-K.
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Atalla calculated the thermal conductivity of La using their measurements of thermal diffusivity and
heat capacity (both of which are provided in their paper, reference [181]). The heat capacity values in this
paper are at least 50% higher than those recommended in Section 2.5.3 of this Handbook. If it is assumed
that the thermal diffusivity measurements of Atalla are correct, the actual thermal conductivity of liquid
La is significantly below that shown in Figure 20.
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Figure 20. Thermal conductivity of La [77, 181, 184, 193, 194, 196].

2.6 Ce
2.6.1 Introduction

Cerium has four solid phases (a-Ce, p-Ce, y-Ce, and -Ce) that are stable at atmospheric pressure.
Two of these phases (o- and B-Ce) are only stable below room temperature. Transformation kinetics are
sluggish enough that p-Ce may persist for decades in samples held at room temperature even though y-Ce
is the stable phase at this temperature [197]. a-Ce and y-Ce both have fcc structures, but with
significantly different lattice parameters.

A number of research groups have published values for the heat capacity of Ce above room
temperature. There is generally good agreement about the heat capacities of y-Ce and 3-Ce, but not about
the heat capacity of the liquid.

Experimental measurements of the thermal expansion of solid Ce phases are limited to
high-temperature X-ray diffraction of single crystals of y-Ce and a single figure with dilatometer data
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from a sample of polycrystalline Ce at temperatures between ~0 and 750°C. The thermal expansion
shown by the dilatometry data is greater than the thermal expansion from the X-ray diffraction data.

There are very few experimental measurements of the thermal diffusivity or conductivity of Ce at
temperatures above ~300 K. Most of the available measurements are from poorly characterized samples,
and phases are rarely identified. Reported values for the thermal expansion of liquid Ce vary by an order
of magnitude for some temperatures.

Cerium is a subject of active research, with numerous recent publications addressing the nature of the
relationship between a-Ce and y-Ce (e.g., references [198-204] and reviews by Hecker, Moore and
van der Laan, and Johansson and Li [47, 48, 205]). Other relatively recent research involves
understanding other phase transformations, high-pressure investigations, spectroscopy, and modeling
(e.g., [164, 169, 206-212].

2.6.2 Phases and Phase Transformations
2.6.2.1 Phases
The cerium phases that are stable at atmospheric pressure are [173]:
e 0-Ce, fcc (space group Fm3m, a =4.85 A at 77 K)
e PB-Ce, dncp (space group P6s/mmc, a = 3.6810 A, ¢ = 11.857 A at 297 K)
e y-Ce, fcc (space group Fm3m, a = 5.1610 A at 297 K)
e §-Ce, bec (space group Im3m, a = 4.12 A at 1030 K)

a-Ce and y-Ce both have face-centered cubic crystal structures. Lattice parameters of the two phases
are significantly different, and the molar volume of a-Ce is ~17% smaller than that of y-Ce at atmospheric
pressure [213].

2.6.2.2 Phase Transformations
Phase-transformation temperatures and enthalpies are:

e a-fB, 125 K (-148°C) [5, 173]. This temperature was measured during heating; the B-a transformation
temperature measured during cooling is 45 K (-228°C) [173].

e [-y, 283 K (10°C) [5, 173]. This temperature represents the equilibrium temperature between p-Ce
and y-Ce, as estimated from phase-transformation kinetics [214]; temperatures measured during
heating and cooling are 412 K (139°C) and 257 K (-=16°C), respectively [173]. The corresponding
transformation enthalpy is 0.05 kJ/mol [173]. (The enthalpy of ~3.0 kJ/mol listed by Konings and
Benes [5 (page 043102-7)] for the -y transformation seems too large, and may refer to the y-o
transformation.)

e 7-8,998+5 K (724+5°C) (based on 11 publications with original measurements, which range from
950 to 1007 K) [5]. The corresponding transformation enthalpy is ~3.10 kJ/mol [5 (Table 40), 173].

e -liquid, 107013 K (797+3°C) (based on 13 publications with original measurements, which range
from 1053 to 1080 K) [5]. The corresponding transformation enthalpy is ~5.5 kJ/mol [5 (Table 40),
173].

Although atmospheric-pressure transformations between a-Ce and y-Ce have been reported at
temperatures below 200 K (e.g., [215-217]), these transformations apparently do not represent
equilibrium reactions. Pressure-temperature diagrams (e.g., [214, 217]) suggest that equilibrium reactions
at atmospheric pressure involve transformations from a-Ce to $-Ce and -Ce to y-Ce rather than directly
from a-Ce to y-Ce. Equilibrium transformations between a- and y-Ce do occur at pressures between 0.22
and 1.96 GPa (2.2 and 19.6 kbars) (e.g., [214, 217]), which are too high to be relevant for metallic fuels.
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2.6.3 Heat Capacity and Related Properties

Spedding et al. [218] published measurements of the incremental enthalpy of Ce from room
temperature to 1100°C, and Kuntz and Bautista [219] published incremental enthalpy measurements for
liquid Ce between ~1400 and 2500 K. Both of these research groups used their enthalpy measurements to
calculate heat capacities, which they fitted with equations. Kurichenko et al. [184] published
measurements of heat capacity from 600 to 792 K, and Atalla [181] published heat capacity
measurements of liquid Ce.

Kuntz and Bautista [219] represented their heat capacity data for liquid Ce with two equations: a
linear function of temperature from ~1400 to 1700 K, and a constant from 1700 to 2500 K (Equation 50,
Equation 51). Kuntz and Bautista suggested that differences in heat capacities in these two temperature
ranges might indicate a change in the clustering of atoms in the liquid as temperature increased. Konings
and Benes suggested an alternative, in which they used a single polynomial to fit the data of Kuntz and
Bautista for all temperatures between the melting point and 2500 K (Equation 48), then assumed that the
heat capacity was constant above that temperature (Equation 49). Further research is needed to determine
which of these possibilities best represents the actual behavior of liquid Ce.

All of these heat capacity measurements are shown in Figure 21. The heat capacity measurements of
Kurichenko et al. and Spedding et al. are similar, and the measurements of Atalla are similar to those of
Kuntz and Bautista for the temperature ranges in which they overlap. Despite the large differences in heat
capacity values for liquid Ce in the measurements of Kuntz et al. and Spedding et al., the measured
incremental enthalpies published by these researchers are similar.

Konings and Benes [5] recently assessed the experimental data and developed equations representing
heat-capacity values for Ce (Equation 46, Equation 47, Equation 48, and Equation 49). Their
recommendations match the available data for y-Ce and 6-Ce, and seem a reasonable approximation for
the heat capacity of liquid Ce.

Equation 46. Heat capacity of y-Ce between 373 and 998 K [5]
Cp =20.8689 + 16.8508x103xT + 0.98410 x 10°xT2

where C,, is constant-pressure heat capacity in J/mol-K, T is temperature in K, and T is
between 373 and 998 K

Equation 47. Heat capacity of 6-Ce between 998 and 1070 K [5]
C,=37.85
where C,, is constant-pressure heat capacity in J/mol-K
Equation 48. Heat capacity of Ce liquid between 1070 and 2500 K [5]
Cp = 18.7747 + 3.3867x103xT + 2.7240x107XT2

where C,, is constant-pressure heat capacity in J/mol-K, T is temperature in K, and T is
between 1700 and 2500 K

Equation 49. Heat capacity of Ce liquid above 2500 K [5]
Cp,=31.6

where C, is constant-pressure heat capacity in J/mol-K
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Equation 50. Heat capacity of Ce liquid between 1400 and 1700 K [219]
Cp = -0.0251xT + 75.305

where C,, is constant-pressure heat capacity in JJmol-K, T is temperature in K, and T is
between 1400 and 1700 K

Equation 51. Heat capacity of Ce liquid between 1700 and 2500 K [219]
Cp = 18.7747 + 3.3867x103xT + 2.7240x10'XT?

where C,, is constant-pressure heat capacity in J/mol-K, T is temperature in K, and T is
between1700 and 2500 K
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Figure 21. Heat capacity of Ce (references [5, 181, 182, 218, 219] and Equation 46 through Equation 49).

2.6.4 Thermal Expansion and Density
2641 Thermal Expansion

Spedding et al. [175] used high-temperature X-ray diffraction of y-Ce to develop a polynomial that
can be used to calculate the lattice parameter as a function of temperature (Equation 52, Figure 22).
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Equation 52. a lattice parameter of y-Ce between 20 and 619 °C [175 Table V]

a=>5.1604 + 3.28x105xT - 0.59x108xT? + 1.37x1011xT?3
where a is a lattice parameter in A, T is temperature in °C, and T is between 20 and 619°C

Barson et al. measured the thermal expansion of polycrystalline y-Ce using dilatometry. As noted by
Spedding et al [175], thermal expansion values based on their X-ray diffraction data are consistent with
the dilatometry measurements of Barson et al. [185 (Figure 3)]) for “mid-range” temperatures of
approximately 400°C. However, the thermal conductivity of Barson et al. is significantly higher than that
of Spedding et al. at 25°C, and the thermal conductivity of Barson et al. at 600°C is significantly higher
than would be expected from the almost linear thermal expansion measurements of Spedding et al.
(Figure 22). Barson et al. reported that their sample exhibited plastic flow and permanent deformation at
the high-temperature end of their measurement range, which may explain why their results differ from
those of Spedding et al. It seems likely that the X-ray diffraction data of Spedding et al. [173-175] is a
better representation of the actual thermal expansion of Ce than the dilatometry data of Barson et al.
[185]. However, further measurements are needed.
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Figure 22. Thermal expansion of y-Ce, based on values calculated from Equation 52 using a reference
temperature of 300 K.
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2.6.4.2 Coefficients of Thermal Expansion

Published coefficients of thermal expansion for y-Ce are summarized in Table 11. Values from
references [173] and [174] are derived from the high-temperature X-ray diffraction data in reference [175]
and are therefore consistent with each other. Values from reference [189] are derived from the work of
Barson et al. [185], which involved dilatometer measurements.

Table 11. Coefficients of thermal expansion for y-Ce (single crystals and polycrystals).

T(°C) Coefficient (x10%/°C) References
25 6.3 [173, 174] following [175]
25 8.5 [189]
400 6.7 [175]
400 ~6.5 [185 Figure 2]
600 ~8.5 [185 Figure 2]
2510 725 7.1 [189]

2.6.4.3 Density

According to information in the CRC Handbook of Chemistry and Physics, the density of a-Ce is
8.16 g/cm?® at 77 K, the density of B-Ce is 6.689 g/cm? at 297 K, the density of y-Ce is 6.770 g/cm? at
297 K, and the density of §-Ce is 6.65 g/cm?® at 757 K [173].

Measurements of the density of liquid Ce close to the melting point range from 6.41 g/cm? [220] to
6.94 g/cm?® [192]. In the absence of definitive measurements, the average value (~6.68 g/cm®) may be the
best available estimate. This value appears in the CRC Handbook of Chemistry and Physics [173 (Table
12)].

2.6.4.4 Densities and Molar Volumes as Functions of Temperature

Spedding et al. [175] used their high-temperature X-ray diffraction data to develop a polynomial that
can be used to express the density of y-Ce as a function of temperature (Equation 53, Figure 23). This
equation indicates a density of ~6.767 g/cm? for y-Ce at 300 K. Spedding et al. reported the density of
5-Ce at 757°C as 6.67 g/cm®. Both of these values are consistent with recent values in the CRC Handbook
of Chemistry and Physics [173 (Tables 2 and 3)]; however, given the scarcity of published data, it seems
likely that densities from the CRC Handbook are based on the data of Spedding et al.

Equation 53. Density of y-Ce between 20 and 619°C [175 (Table 1V)]
p=6.771 - 12.6x10°XT + 1.5x10°8xT? — 4.5x101'xT?
where p is the density in g/cm?®, T is temperature in °C, and T is between 20 and 619°C

Measurements of the temperature dependence of the density of liquid Ce include decreases of
2.27 x 10 g/lcm3-K [221], 2.37 x 10~* g/cm®-K [191], 7 x 10* g/cm3-K [190], and 8.31 x 10~* g/cm3-K
[220], with the larger measurements being the most recent. In the absence of definitive measurements, it
seems likely that the density of liquid Ce decreases by ~8 x 107* g/cm?-K.
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Molar volume and density of Ce
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Figure 23. Densities and molar volumes of y-Ce (lines calculated from Equation 53) and 3-Ce (squares)
from reference [175].

2.6.45 Changes in Volume as a Result of Phase Transitions

The only available data indicate that the volume of Ce increases by ~0.1+0.7 % as a result of the
transformation from y-Ce to 6-Ce [175 (Table I1)] and decreases by ~1% during melting [73].

2.6.5 Thermal Conductivity and Related Properties
2.6.5.1 Lorenz Number

Jolliffe and colleagues calculated the Lorenz number for Ce at 18°C as ~2.8 x 1078 W-Q/K? based on
their thermal conductivity and electrical resistivity measurements [193, 222]. This value is consistent with
both the value of 2.7 x 1078 WQ/K? at 25 °C in an earlier review by Gschneidner [189] and the value of
2.8 x 108 WQ/K? at 300 K calculated from data in the CRC Handbook of Chemistry and Physics [173
Table 9], and indicates that the Lorenz number for Ce is significantly higher than the theoretical value.

Lorenz numbers for liquid Ce are between 2.28 x 1078 and 2.68 x 108 WQ/K? at temperatures
between 1200 and 1800 K, and may decrease with increasing temperature [181]. These values are
consistent with the value of ~2.55 x 1078 WQ/K? for the Lorenz number of Ce liquid calculated from
thermal expansion an electrical resistivity values “near the melting point” [173 Table 12].
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2.6.5.2 Thermal Conductivity

Thermal conductivities published by Atalla [181] and by Kurichenko et al. [184] were calculated
from their measurements of thermal diffusivity and heat capacity (both of which are provided in the
original references), combined with previously available information on density. The heat capacity values
used by Kurichenko et al. are consistent with the values recommended in Section 2.6.3 of this Handbook
(Figure 21). Values from Zinov’ev et al. [223] were derived from earlier studies not otherwise considered
in this Handbook. Values from Novikov and Mardykin [224] were calculated from their electrical
resistivity values using the Wiedemann-Franz law [3 (Section 1.6.2)] with a Lorenz number of 2.2 x 1078
WQ/K? (90% of the theoretical value, which Novikov and Mardykin suggested was appropriate for
temperatures between ~1200 and 1300 K).

Figure 24 shows the experimental measurements. Phase identifications in Figure 24 correspond to
phase-transformation temperatures in Section 2.6.2 and (particularly for measurements close to room
temperature) may not correspond to the phase(s) actually present in the samples.

Figure 24 also shows the provisional thermal conductivity values of Touloukian et al. and Ho et al.
[44, 77]. These values were obtained by drawing a smooth curve through data measured at temperatures
below ~22 K and the room-temperature data of Powell and Jolliffe [222] and Legvold and Spedding
[196]. Although the provisional values are consistent with the data of Zinov’ev et al., they are not
supported by measurements above room temperature.
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Figure 24. Thermal conductivity of Ce based on references [44, 77, 181, 184, 196, 222-224].
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2.7 Pr

2.7.1 Introduction

The crystal structures and lattice parameters of two praseodymium phases (a-Pr and p-Pr) that are
stable at atmospheric pressure have been known since the early 1960s. More recent synchrotron data
showed a third phase, which has a face-centered cubic structure [225]; however, little is known about this
phase and it does not appear in recent reviews. It is included in this Handbook because it may occur in
samples of interest to FCRD.

There is generally good agreement about the heat capacity of a-Pr. There is also generally good
agreement about the heat capacity of B-Pr, possibly because only one experimental measurement has been
reported. Measured values of the heat capacity of liquid Pr differ by ~10 J/mol-K.

Several research groups have collected data about the thermal expansion of a-Pr, although there is
apparently only one publication that reports quantitative values. Data on the thermal expansion of B-Pr
includes two publications with average values of the coefficient of thermal expansion. Data on thermal
expansion of the fcc phase is found in a single figure.

Although very sparse, the available data on the thermal conductivity of a-Pr show good agreement.
No data on the thermal conductivity, thermal diffusivity, or electrical resistivity of B-Pr is available.

Relatively recent research on Pr involves investigations at high pressures (e.g., [226]) and attempts to
understand the electronic structure of Pr using spectroscopy and modeling (e.g.,[95, 163, 212]).

2.7.2 Phases and Phase Transformations
2.7.2.1 Phases
The generally accepted praseodymium phases that are stable at atmospheric pressure are:
e a-Pr, dhcp (space group P6s/mmc, a = 3.6721 A, ¢ = 11.8326 A at 297 K) [173, 174]
e P-Pr, bce (space group Im3m, a = 4.13 A at 1094 K) [173-175]

The existence of a face-centered cubic Pr phase has been known since the 1960s; however, this phase
was believed to form only at pressures above ~40 kbars (e.g., [177, 227]). More recently, high-
temperature synchrotron diffraction experiments demonstrated formation of a fcc phase at atmospheric
pressure [225]. This phase does not appear in recent reviews (e.g., [5, 173]). Little information about it is
available, and further research is needed to investigate its thermodynamic stability, relationship to the
high-pressure fcc phase, and other properties. It is included in this handbook because the conditions under
which it was observed suggest that it may occur in metallic fuels, and because it may be important in
understanding possible fcc phases in Pu-Pr and Pu-Nd alloys (Sections 5.11 and 5.12).

The lattice parameter of the atmospheric-pressure fcc Pr phase is 5.134 A at 575 K [225].

Several other Pr phases have been formed in high-pressure experiments. One of these phases has the same structure
as a-U and is therefore sometimes referred to as “alpha-U” or “alpha-uranium” in papers on high-pressure Pr phases.
Despite the name, the high-pressure Pr phase with the a-U structure is a pure Pr phase that does not contain any
uranium.

2.7.2.2 Phase Transformations

Recommended phase-transformation temperatures and enthalpies from a recent re-assessment of the
experimental data are [5]:

e o-f, 1068+3 K (795+3 °C) (based on 6 publications with original measurements, which range from
1050 to 1073 K). The corresponding transformation enthalpy is estimated at 3.06 £0.20 kJ/mol.
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e B-liquid, 120843 K (935+3 °C) (based on 5 publications with original measurements, which range
from 1190 to 1208 K). The corresponding transformation enthalpy is estimated at 5.58 +0.30 kJ/mol.

The face-centered cubic phase forms from a-Pr during heating by a martensitic transformation
occurring across the temperature range from 575 to 1035 K [225]. Formation of the fcc phase is slow, but
occurs more rapidly in samples with thermal gradients.

2.7.3 Heat Capacity and Related Properties

Berg et al. [178] used drop calorimetry to measure the incremental enthalpy of Pr from 25 to 1100°C
and developed equations to represent the corresponding heat capacities. Novikov and Mardykin [183],
Kurichenko et al. [184], and [228] determined heat capacities over temperature ranges of 1200 to 1550,
746 to 904, and 1210 to 2000 K, respectively. Berezovskii et al. [229] measured the heat capacity of a
high-purity sample at temperatures between 5.6 and 314 K. Other lower-temperature measurements were
summarized by Konings and Benes [5].

Konings and Benes [5] thoroughly re-assessed the experimental data except for that of Banchila and
Filippov. They followed the equations of Berg et al. for f-Pr and liquid, but thought that the heat
capacities of Berg et al. were probably too low near the lower end of their measurement range based on a
comparison with the measurements of Berezovskii et al. [229]. Konings and Benes therefore suggested an
alternative equation for the heat capacity of a-Pr based on the enthalpy data of Berg et al., but using the
room-temperature heat capacity of 28.15 J/mol-K determined by Berezovskii et al. This value is higher
than the value of 27.00 J/mol-K determined by Berg et al., which is consistent with the value of
27.2 JJImol-K in a recent tabulation by Gschneidner [173].

Figure 25 shows the measured and estimated heat capacity of Pr. Heat capacities of a-Pr calculated
using the equation of Konings and Benes (Equation 54) differ from those of Berg et al. [178] by at most
~4%. The heat capacity of B-Pr (Equation 55) follows Berg et al. All of the available data suggest that the
heat capacity of liquid Pr is only slightly dependent on temperature, although there is disagreement about
whether it is constant (Equation 55, which follows Berg et al. [178]) or decreases slightly with increasing
temperature [183, 228].

Equation 54. Heat capacity of a-Pr [5]
Cp = 32.5962 - 18.8071x103XT + 27.6631x10°xT? - 0.11537x10°xT2
where C,, is constant-pressure heat capacity in J/mol-K, T is temperature in K
Equation 55. Heat capacity of B-Pr [5]
Cp,=38.45
where C, is constant-pressure heat capacity in J/mol-K
Equation 56. Heat capacity of Pr liquid [5]
Cp=43.01

where C,, is constant-pressure heat capacity in J/mol-K
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Figure 25. Heat capacity of Pr (references [178, 183, 184, 228, 229] and Equation 54 through Equation
56).

2.7.4  Thermal Expansion and Density

2741 Thermal Expansion

Spedding et al. [175] used high-temperature X-ray diffraction to measure the lattice parameters of
a-Pr and developed polynomials that can be used to calculate the lattice parameters as functions of
temperature (Equation 57 and Equation 58). Figure 18 shows the corresponding thermal expansion
values, calculated based on a reference temperature of 300 K.

Equation 57. a lattice parameter of a-Pr between 20 and 449°C [175 Table 1V]
a=3.6702 + 1.66x10°xT
where a is a lattice parameter in A, T is temperature in °C, and T is between 20 and 449°C
Equation 58. c lattice parameter of a-Pr between 20 and 449°C [175 Table 1V]

c =11.828 + 13.3x10°5xT
where c is a lattice parameter in A Tis temperature in °C, and T is between 20 and 449°C
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The thermal expansion of the c lattice parameter in Figure 26 is consistent with the “equilibrium”
results of Kuznetsov et al. [225 (Figure 5b)], which were obtained using angle-dispersive synchrotron
diffraction. The “equilibrium” and “non-equilibrium” results of Kuznetsov et al. show a similar amount of
change between values of ¢ at ~300 and 700 K, although the “non-equilibrium” results show a stronger
dependence on temperature [225 (Figure 5)]. (In the context of the Kuznetsov et al. paper, “equilibrium”
and “non-equilibrium” refer to the absence or presence of a significant a thermal gradient in the sample
during data collection rather than to the thermodynamic stability of the phases.)

Barson et al. measured the thermal expansion of polycrystalline Pr using dilatometry. Their results are
shown graphically [185 (Figure 2)], and fall between the single-crystal values for the a and c directions
from the high-temperature X-ray diffraction data of Spedding et al. [175] (Figure 26).

In view of the close agreement between the thermal expansion values for the c lattice parameter in the
data of Spedding et al. and the “equilibrium” data of Kuznetsov et al., it seems likely that both values are
fairly accurate representations of the thermal expansion of a-Pr along this crystallographic direction in the
absence of a thermal gradient. Differences between the “equilibrium” and “non-equilibrium” values of
Kuznetsov et al. may be relevant for nuclear fuels, where thermal gradients are likely during irradiation.

2.7.4.2 Coefficients of Thermal Expansion

Published coefficients of thermal expansion for Pr are summarized in Table 12. The table shows
values from a review paper by Beaudry and Gschneidner [174], which are derived from the data of
Spedding et al. [175] and repeated by Gschneidner in the CRC Handbook of Chemistry and Physics
[173]. These values (and the figures and equations in this section of the Handbook) are derived from the
same experimental data and are therefore consistent with each other. Values from the 1961 review by
Gschneidner [189] are derived from the dilatometry results of Barson et al. [185]. The coefficient of
thermal expansion parallel to ¢ at 300 K reported by Kuznetsov et al. [225] is an independent
measurement, and is ~13% higher than the coefficient derived from the data of Spedding et al.

The coefficient for polycrystalline a-Pr in Table 12 seems to be a weighted average of the coefficients
parallel to the a and c directions rather than an experimental measurement. It is higher than the
experimental measurement of Barson et al. [185 Figure 5].

The thermal expansion coefficient of the fcc Pr phase is negative between 550 and 800 K, and close
to zero at higher temperatures [225].

Table 12. Coefficients of thermal expansion for a-Pr

Description T (K) C& efgg;:g;‘ t Reference
Parallel to a axis 298 4.5 [173,174]
Parallel to ¢ axis 298 11.2 [173, 174]
Parallel to c axis 300 12.73 [225]

Parallel to c axis 900 20.23 [225]
Polycrystal 298 6.7 [173, 174]
Polycrystal 25C 4.8 [189]
Polycrystal 25-725C 6.5 [189]
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Figure 26. Thermal expansion of a and ¢ lattice parameters of a-Pr, calculated from Equation 57 and
Equation 58 with a reference temperature of 300 K.

2.7.4.3 Density

According to information in the CRC Handbook of Chemistry and Physics, the density of o-Pr is
6.15g/cm? at 297 K, the density of B-La is 6.19 g/cm? at 598 K, and the density of y-La is 5.97 g/cm? at
1160 K [173].

Measurements of the density of liquid Pr close to the melting point range from 6.27 g/cm?® to
6.66 g/cm?® (as summarized in reference [190]). In the absence of definitive measurements, the value of
6.59 g/cm?® in the CRC Handbook of Chemistry and Physics [173 (Table 12)] may be the best available
estimate.

2.7.4.4 Densities and Molar Volumes as Functions of Temperature

Figure 27 shows molar volumes of Pr phases as functions of temperature. Approximations for the
molar volume of a-Pr are based on the high-temperature X-ray diffraction data of Spedding et al. [175]
(Equation 59). Approximations for the molar volume of the fcc phase are shown twice: “equilibrium”
measurements from samples without thermal gradients, and “hon-equilibrium” measurements from
samples with thermal gradients.

Equation 59. Molar volume of o-Pr between 20 and 293 °C [175 (Table IV)]
V = 20.778 + 42.4x10°xT
where V is the molar volume in cm?, T is temperature in °C, and T is between 20 and 293°C
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Figure 27. Molar volumes of Pr phases (Equation 59 and references [175 (Table 2)] and [225 (Figure 4)]).

Reported values for the change in the density of liquid Pr as a function of temperature include
2.48 x 10 g/cm?3-K [191] and 0.93 x 10 g/cm?3-K [190]. Further research is needed to determine the
correct value.

2.7.45 Changes in Volume as a Result of Phase Transitions
The transformation from B-Pr to liquid causes a volume increase of ~0.02 % [73].
2.7.5 Thermal Conductivity and Related Properties

2.75.1 Lorenz Number

Jolliffe and colleagues calculated the Lorenz number for Pr at 291 K as ~2.7 x 108 W-Q/K? based on
their thermal conductivity and electrical resistivity measurements [193]. This value is generally consistent
with the value of 2.67 x 108 W-Q/K? at 25°C in an earlier review by Gschneidner [189], and indicates
that the room-temperature value of the Lorenz number for Pr is significantly higher than the theoretical
value.

2.75.2 Thermal Conductivity

Figure 28 shows the available measurements of the thermal conductivity of a-Pr at temperatures
between ~290 and 1000 K. These measurements demonstrate reasonably good agreement.
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Thermal-conductivity values published by Kurichenko et al. were calculated from new measurements
of thermal diffusivity and heat capacity (both of which are provided in the original reference), combined
with previously available information on density. The heat capacity values used by Kurichenko et al. are
consistent with the values recommended in Section 2.7.3 of this Handbook. The steep rise in the data of
Kurichenko et al. between ~1000 and 1100 K may be related to the a-p phase transformation at ~1068 K.

The only available measurements of the thermal conductivity of liquid Pr are from a single paper, in
which the heat capacity and thermal conductivity were measured using an instrument based on the
method of radial temperature waves [228]. Equation 60 expresses the thermal diffusivity obtained using
this instrument. The heat capacity measurements in this paper are lower than those from other researchers
(Figure 25). The thermal conductivity is presented graphically, and shows a linear increase as a function
of temperature [228 (Figure 1)].

Equation 60. Thermal diffusivity of liquid Pr [228]
0. =0.0188 +0.0903 x 103 x T

Where o is thermal diffusivity and T is a temperature in K between 1210 and 2000K. Units for
thermal diffusivity were not specified; however, dimensional analysis suggests cm?/s.

Hiemstra et al. [230] published electrical resistivity measurements between the melting temperature
and ~1200 C.
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Figure 28. Thermal conductivity of a-Pr from references [184, 196, 222, 223, 231].
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2.8 Nd
2.8.1 Introduction

Neodymium has only two solid phases that are stable at atmospheric pressure (a-Nd and -Nd). Their
crystal structures and lattice parameters were determined in the early 1960s (e.g., [175]).

Experimental measurements of incremental enthalpy or heat capacity of Nd at temperatures above
300 K have been published by several of research groups. There is generally good agreement about the
heat capacity of a-Nd below ~1000 K. Agreement about the heat capacity of a-Nd at higher temperatures,
the heat capacity of f-Nd, and the heat capacity of the liquid is less good.

Most of the available experimental data about thermal expansion of Nd is from a single reference
with high-temperature X-ray diffraction data for single crystals of a-Nd. Limited data about the thermal
expansion of polycrystalline samples is presented graphically in two other references.

The thermal conductivity of Nd at temperatures above ~300 K has been measured by a number of
research groups using a variety of techniques [181, 182, 193, 196, 222, 223, 232, 233]. Room-temperature
conductivities agree to within ~0.02 W/cm-K, and higher-temperature thermal conductivities for solid
phases agree to within ~0.05 W/cm-K. There is general agreement that thermal conductivities rise with
increasing temperature, and that there is little difference between the thermal conductivities of a-Nd and
B-Nd.

Relatively recent research involves topics such as understanding the electronic structure of Nd using
spectroscopy and modeling (e.g., references [163, 212, 234]).

2.8.2 Phases and Phase Transformations
2.8.2.1 Phases
The neodymium phases that are stable at atmospheric pressure are:
e a-Nd, dhcp (space group P6s/mmc, a = 3.6582 A, ¢ = 11.7966 A at 297 K) [173, 174]
e PB-Nd, bee (space group Im3m, a=4.13 A at 1156 K) [173-175]
2.8.2.2 Phase Transformations

Recommended phase-transformation temperatures and enthalpies from a recent re-assessment of the
experimental data are [5]:

e a-f, 1133+5 K (860+5°C) (based on 11 publications with original measurements, which range from
1036 to 1168 K). The corresponding transformation enthalpy is estimated at 2.48 +0.30 kJ/mol.

e PB-liquid, 129845 K (1025+5°C) (based on 5 publications with original measurements, which range
from 1093 to 1298 K). The corresponding transformation enthalpy is estimated at 7.30 £0.40 kJ/mol.

Although the a-p transformation temperature and solidus temperature both increase with increasing
pressure, B-Nd apparently persists to a pressure of at least 50 kbars. The available information indicates
that a-Nd transforms to a face-centered cubic phase at ~20-30 kbars [177].

2.8.3 Heat Capacity and Related Properties

Konings and Benes [5] recently assessed the experimental data and developed equations representing
heat-capacity values for Nd (Equation 61, Equation 62, Equation 63). Although they are not a perfect fit
for the data, these equations are probably the most useful approximation of the heat capacity of Nd.
Further research is required, particularly at higher temperatures.
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Figure 29 shows the heat-capacity values suggested by Konings and Benes [5] and the experimentally
determined heat capacities of Kurichenko et al. [182], Spedding et al. [218], and Atalla [181]. The very
old (1938) data from Jaeger et al. [235] is not shown because the incremental enthalpy data seems
anomalously high, possibly as a result of the relatively low purity of the sample. The value suggested by
Konings and Benes for 3-Nd (44.576 kJ/mol) is close to that of Spedding et al. (44.59 kJ/mol). However,
the polynomial suggested by Konings & Benes for a-Nd (Equation 17) is only close to the experimental
data of Spedding et al. and Kurichenko et al. for temperatures between ~300 and 800 K, then increases
until it is ~ 4 J/mol-K higher than the experimental data at the a-f phase transformation. The value
suggested by Konings and Benes for liquid Nd (44.00 J/mol-K) is ~10% lower than the data of
Spedding et al. (48.8 kJ/mol). It is not clear why these differences occur.

Equation 61. Heat capacity of a-Nd [5]
Cp =31.9343 — 20.8734x10°xT + 33.3054x10°xT? - 0.03386x10°XT2
where C, is constant-pressure heat capacity in J/mol-K and T is temperature in K
Equation 62. Heat capacity of B-Nd (in J/mol-K) [5]
C,=44.576
where C,, is constant-pressure heat capacity in J/mol-K
Equation 63. Heat capacity of Nd liquid (in J/mol-K) [5]
Cp = 44.00
where C, is constant-pressure heat capacity in J/mol-K
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Figure 29. Heat capacity of Nd (references [181, 182, 218] and Equation 56 through Equation 63
from [5]).

2.8.4 Thermal Expansion and Density

2841 Thermal Expansion

Spedding et al. [175] used high-temperature X-ray diffraction to measure the lattice parameters of a-
Nd and developed a polynomial that can be used to calculate the lattice parameters as functions of
temperature (Equation 64 and Equation 65). These equations correspond to lattice parameters a = 3.659 A
and ¢ = 11.806 A at 300 K. Figure 30 shows the corresponding thermal expansions of the individual
lattice parameters, calculated based on a reference temperature of 300 K.

Equation 64. a lattice parameter of a-Nd 20 and 969°C [175 Table V]
a = 3.6582 + 3.18x10°5xT — 3.96x108xT? + 4.92x101!xT?
where a is a lattice parameter in A Tis temperature in °C, and T is between 20 and 969°C
Equation 65. c lattice parameter of a-Nd between 20 and 969°C [175 Table V]
¢ =11.802 + 16.6x10°XT — 14.1x108xT? + 17.8x101xT?3

where c is a lattice parameter in A Tis temperature in °C, and T is between 20 and 969°C
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Barson et al. [185] and Frizen et al. [187] measured the thermal expansion of polycrystalline Nd using
dilatometry. The measurements of Barson et al. fall between the single-direction expansions of the a and
c lattice parameters in Figure 30. The measurements of Frizen et al. are similar to the single-direction
expansion of the a parameter from the X-ray diffraction data of Spedding et al. [175].

Because the thermal expansion of a-Nd is anisotropic, the thermal expansion of actual samples may
vary as a result of differences in preferred orientation. It therefore seems reasonable to estimate the
thermal expansion of an arbitrary sample of polycrystalline Nd by a weighted average of the expansions
in the a and c directions (i.e., expansion in the a direction is weighted twice as heavily as expansion in the
c direction because of crystal symmetry).

No information about the thermal expansion of B-Nd is available.
2.8.4.2 Coefficients of Thermal Expansion

Published coefficients of thermal expansion for Nd are summarized in Table 13. Values from
Beaudry and Gschneidner [174] are derived from the data of Spedding et al. [175] and repeated by
Gschneidner in a 2015 review [173]. These values are therefore consistent with each other (and with the
figures and equations in this section of the handbook). The coefficient for polycrystalline a-Nd appears to
be a weighted average of the coefficients parallel to the a and ¢ directions rather than an experimental
measurement. Values from a 1961 review by Gschneidner et al. [189] are derived from the work of
Barson et al. [185], which involved polycrystalline material.

Spedding et al. noted that their measurements were generally within ~5% of previous measurements
(e.g., [185]) for “mid-range” temperatures of approximately 400°C. However, they also noted that
average deviations between their measurements and previous ones were ~20% at the ends of the
measurement range. Thus, the agreement between the values in Table 13 may indicate that they were all
derived from the same measurements and should not be considered as independent.

Table 13. Coefficients of thermal expansion for a-Nd.

Description T(°C) Coefficient (x10%/°C) Reference
a-Nd, parallel to a axis 25 7.6 [173,174]
a-Nd, parallel to a axis 400 4.5 [175]
a-Nd, parallel to ¢ axis 25 13.5 [173,174]
a-Nd, parallel to ¢ axis 400 11.7 [175]
a-Nd, polycrystal 25 9.6 [173, 174]
a-Nd, polycrystal 25 6.7 [189]
a-Nd, polycrystal 400 6.8 [175]
a-Nd, polycrystal -173 t0 850 8.6 [189]
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Figure 30. Thermal expansion of a-Nd. “a” and “c” are single-direction expansions in the a and
c directions, based on values calculated from Equation 64 and Equation 65 using a reference temperature
of 300 K. The “polycrystalline” value is a weighted average of the single-direction values.

2.8.4.3 Density

7.008 g/cm?® at 297 K and the density of [ 1-Nd is 6/80 g/cm? at 1156 K [173].

Measurements of the density of liquid Nd close to the melting point range from 6.46 g/cm? to 6.92 g/cm? (as
summarized by [190]). In the absence of definitive measurements, the value of 6.72 g/cm? in the CRC Handbook of
Chemistry and Physics [173 Table 12] may be the best available estimate.

2.8.4.4 Densities and Molar Volumes as Functions of Temperature

The molar volume of a-Nd can be calculated as a function of temperature from an equation published
by Spedding et al [175] (Equation 66, Figure 31), giving a room-temperature volume of ~20.6 cm®mol.
The molar volume of B-Nd is 21.2 cm®mol, based on four measurements with an average temperature of
883°C [175]. The corresponding density is 6.80 g/cm?. These molar volumes are consistent with those in
a recent tabulation (20.583 cm? for a-Nd at 24°C and 21.2 g/cm?® for B-Nd at 883 K) [173], which may be
derived from the same experimental data.

The temperature dependence of the density of liquid Nd has been reported twice. Rohr [221] found
that the density decreased by ~0.5 mg/cm3-K between 1310 and 1505 K, while Kononenko et al. [190]
reported a decrease of ~0.76 mg/cm3-K from 1289 to 1630 K.
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Equation 66. Molar volume of a-Nd between 20 and 696°C [175 Table IV]
V =20.60 + 65x10°XT — 70x108xT2 + 88x101xT?
where V is molar volume in cm?®, T is temperature in °C, and T is between 20 and 696°C

Molar volume and density of Nd

21.3 7.05
21.2 -
\ -7
21.1
\ L 695
5 21 / -
£ ;
§ ®
S 20.9 69 =
@ = Volume
E 2
3 [ D it
>° 20.8 (=] = Density
/ - 6.85
20.7
/ m o6s
20.6
20.5 . . . . . 6.75
0 200 400 600 800 1000 1200

T (K)

Figure 31. Molar volumes and densities of a-Nd (curves) and 3-Nd (squares) (Equation 66 and
reference [175]).
2.8.45 Changes in Volume as a Result of Phase Transitions
The volume change associated with the transformation from a-Nd to B-Nd is small [175, 185].
The melting of B-Nd causes a volume increase of ~0.9% [73].
2.8.5 Thermal Conductivity and Related Properties
2.85.1 Lorenz Number

Jolliffe and colleagues calculated the Lorenz number for Nd at 291 K as ~3.7 x 1078 WQ/K? based on
their thermal conductivity and electrical resistivity measurements [193]. This value is generally consistent
with the value of 3.54 x 108 WQ/K? calculated from information in the CRC Handbook of Chemistry and
Physics [173 (Table 9)], but is significantly larger than the value of 2.80 x 108 W/K? at 25°C in an
earlier review by Gschneidner [189] and the value of almost 3 x 108 WQ/K? reported by Binkele [232
(Figure 5)]. The value of 3.54 x 108 WQ/K? from data in the CRC Handbook is probably the most
defensible value, as it is the most recent.
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Lorenz numbers for Nd liquids are between 2.2 and 2.40 W-Q/K? at temperatures between 1220 and
1600 K, with no obvious relationship between temperature and variations in values [181]. These values
are consistent with the value of ~2.3 x 108 WQ/K? for the Lorenz number of Nd liquid calculated from
thermal expansion an electrical resistivity values “near the melting point” [173 (Table 12)].

2.85.2 Thermal Conductivity

Figure 32 shows the experimental data on the thermal conductivity of Nd at temperatures above
~300 K. Values published by Kurichenko et al. [182] were calculated from new measurements of thermal
diffusivity and heat capacity (both of which are provided in the original reference) obtained using an
experimental instrument, combined with previously available information on density. The heat capacity
values used by Kurichenko et al. are consistent with the values recommended in Section 2.8.3 (Figure 29).
Values published by Binkele were measured directly using a modification of the Kohlrausch technique,
which involves measuring changes in temperature in response to electrical currents [232, 236].

The data from Atalla was obtained using a device developed by Atalla and colleagues for
simultaneously measuring thermal conductivity, thermal diffusivity, and heat capacity [181]. Although
Atalla indicates that the data is from liquids, it overlaps the temperature range for -Nd (Section 2.8.2.2).

The provisional values of Ho et al. [44, 77] are provided for comparison, as they are more widely
available than much of the other data shown in Figure 32. These values were based on room-temperature
thermal conductivity and estimated values for electrical resistivity and did not consider higher-
temperature thermal conductivity measurements.
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Figure 32. Thermal conductivity of Nd [77, 181, 182, 193, 196, 222, 223, 232, 233].
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Experimental data on the electrical resistivity of Nd has been published in a number of papers (e.g.,
references [223, 230, 237-240], but was not considered in this Handbook because more direct
measurements of thermal conductivity are available.

29 Zr

29.1 Introduction

Zr has two stable crystalline phases (a-Zr and B-Zr) at atmospheric pressure. Crystal structures, lattice
parameters, and phase transitions are well known.

Many measurements of the heat capacities of a- and - Zr have been made. Recommended values in
the NIST-JANAF tables and recent IAEA publications [17, 241] differ by a few J/mol-K for a-Zr, with
much smaller differences for B-Zr. The heat capacity of liquid Zr has been measured at temperatures as
high as 2200 K, and the heat capacity of the ideal monatomic gas has been calculated [241, 242].

The thermal expansion of a-Zr is anisotropic. There is generally good agreement about thermal
expansion for single-crystal and polycrystalline materials [39, 243]. Variations in expansion as a result of
thermal cycling have been reported [243]. The thermal expansion of $-Zr is less commonly studied, but
there is generally good agreement about values for linear expansion of polycrystalline materials at
temperatures up to ~1800 K. Higher-temperature measurements (to 2100 K for p-Zr and 2300 K for
liquid) were obtained by Paradis and Rhim [242].

Several hundred measurements of the thermal conductivity and diffusivity of Zr were reviewed in
1995 by Fink and Leibowitz [244], and a polynomial that fit the most of data to within ~10% across a
temperature range from 298-2000 K was developed. This polynomial shows a decrease in conductivity
from 298 K to an inflection point at ~530 K and an increase from ~530 K to 2000 K, with no changes as a
result of the a-B phase transformation. The polynomial of Fink and Leibowitz was adopted by later
reviews including those of Kim et al. [15] and the IAEA [17].

Recent research on Zr involves topics such as understanding development of microstructures during
deformation of a-Zr [245-248] and investigating relationships between o-Zr and the high-pressure
phase w-Zr [249-253].

2.9.2 Phases and Phase Transformations
29.2.1 Phases

The crystal structures and lattice parameters of Zr phases stable at atmospheric pressure are:
e a-Zr, hep (space group P6s/mme), a = 3.2316 A, ¢ = 5.1475 A at room temperature [254]

e PB-Zr, bee (space group Im3m), a = 3.6089 kX (3.616 A) at 980°C (1252 K) [255, 256]. Summers-
Smith reported the room-temperature lattice parameter as 3.59 A (3.58 kX) [31].

A third phase, o-Zr, is stable at pressures above 3 GPa [257] and may be present as an unstable phase
in shocked zirconium (e.g., [250]). Although o-Zr itself is unlikely to occur in nuclear fuel, a structurally
similar phase occurs in U-Zr alloys during atmospheric-pressure phase transitions [3 (Section 2.1.1)].
o-Zr is hexagonal (space group P6/mmm), with lattice parameters a = 5.036 A and ¢ = 3.109 A [254].

2.9.2.2 Phase Transformations

The generally accepted atmospheric-pressure temperatures and enthalpies for Zr phase
transformations are:

e o-PB, 863 °C (1136 K) [254], enthalpy 3.98 k/mol [258].
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e The melting temperature of pure Zr is 185448 °C (212748 K) [259]. This value is a second-quality
point on the International Temperature Scale of 1990 (ITS-90) established by the Consultative
Committee on Thermometry (CCT) of the International Committee on Weights and Measures
(CIPM). The enthalpy of melting is 21.00 kJ/mol [260].

2.9.3 Heat Capacity and Related Properties

Measurements of the heat capacity of solid Zr were reviewed by Milosevi¢ & Magli¢ [261] and show
generally good agreement. Values recommended by the IAEA [17] for a-Zr are slightly higher than those
in the NIST-JANAF tables [241] (Figure 33), for reasons that are not clear.
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Figure 33. Heat capacities of solid Zr phases (IAEA data calculated using Equation 67 and Equation 68).

The IAEA heat-capacity values can be calculated using Equation 67 and Equation 68. These
equations express heat capacity in J/(kg-K), which can be converted to J/(mol-K) by multiplying by the
molar weight of Zr in kilograms (~0.09122). Corresponding equations for the NIST-JANAF heat-capacity
values have not been published.
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Equation 67. Heat capacity of o-Zr from 298 to 1100 K [17]
Cp=238.596+0.181 x T-96.1 x 10° x T?+ 36.2 x 10° x T®

where C, is constant-pressure heat capacity in J/kg-K, T is temperature in K, and T is between
298 and 1100 K

Equation 68. C, of B-Zr from 1100 to 2128 K [17]
Cp=276.462 +0.0141 x T—3.08 x 10° x T+ 10.7 x 10° x T3

where C, is constant-pressure heat capacity in J/kg-K, T is temperature in K, and T is
between 1100 and 2128 K

2.9.4 Thermal Expansion and Density
2941 Thermal Expansion

Figure 34 shows recently recommended values for the thermal expansion of polycrystalline Zr [243],
which are expressed by Equation 69 and Equation 70. Values for thermal expansion (in %) differ by less
than 0.05 from the earlier recommendations of Touloukian et al. [39], with the largest difference
occurring immediately above the phase transformation.
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Figure 34. Thermal expansion of polycrystalline Zr, calculated from Equation 69 and Equation 70.
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Equation 69. Thermal expansion of a-Zr [243]
(L-Lo)/Lo = 5.7406 x 10 x (T-293) + 1.1888x10°" x (T-293)? + 7.0155 x 10! x (T-293)3

where (L-Lo)/Lo is thermal expansion in %, T is temperature in K, T is between 293 and 1130 K,
L is the length at temperature T, and Lo is the length at 293 K

Equation 70. Thermal expansion of 3-Zr [243]
(L-Lo)/Lo =1.894 x 10** x (T-293) + 3.9735 x 107 x (T-293)? — 1.0345 x 10'* x (T-293)3

where (L-Lo)/Lo is thermal expansion in %, T is temperature in K, T is between 1200 and 1830 K,
L is the length at temperature T, and Lo is the length at 293 K

2.9.4.2 Coefficients of Thermal Expansion

Equation 71 and Equation 72 express the mean linear thermal expansion coefficients corresponding to
the curves in Figure 34.

Equation 71. Mean linear thermal expansion coefficient for polycrystalline a-Zr from 293 to 1130 K
[243]

a x 10°=5.7406 + 1.1888 x 10 x (T-293) + 7.0155 x 107 x (T-293)?

where @ is thermal expansion in units of 10%/K, T is temperature in K, and T is between 293
and 1130 K

Equation 72. Mean linear thermal expansion coefficient for polycrystalline B-Zr (a in units of 10%/K,
Tin K, T from 1200 to 1830 K) [243]

a x 10° (B-Zr) = 1.894 + 3.9735 x 107 x (T-293) — 1.0345 x 107 x (T-293)? for 1200 < T < 1830

where @ is thermal expansion in units of 10%/K, T is temperature in K, and T is between 1200
and 1830 K

Paradis and Rhim [242] determined that the volume expansion coefficients for B-Zr and for liquid Zr
at 2128 K (the melting temperature) are 2.35 x 10° K* and 4.6 x 10° K™, respectively.

29.4.3 Density
Densities of Zr phases (in g/cm?) are:
e o-Zr, 6.52 at 298 K [262]
e [-Zr,6.47 at 1250 K [242]
e Liquid Zr 6.24 at 2128 K [242].

According to a recent review by the IAEA [17], the density of solid Zr at temperatures between 298
and 2128 K can be approximated by Equation 73, which neglects the relatively small density difference
due to the a-p phase transformation.

Equation 73. Density of solid Zr from 298 to 2128 K [17]
p =6550—-0.1685 x T
Where p is a density in kg/m?, T is temperature in K, and T is between 298 and 2128 K
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2.9.5 Thermal Conductivity and Related Properties
2951 Thermal Conductivity

Reviews of the thermal conductivity and diffusivity of Zr include those by Touloukian et al. [44,
263], Fink and Leibowitz [244], Kim et al. [15], and the IAEA [17]. The Fink and Leibowitz review
included an assessment of all published data available at that time, including that used by Touloukian et
al., and led to development of a widely accepted polynomial expressing the thermal conductivity of Zr at
temperatures between 298 and 2000 K (Figure 35, Equation 74). More recent estimates of thermal
conductivity based on diffusivity measurements by Milosevi¢ & Magli¢ [261] give somewhat higher
values, particularly at higher temperatures. However, because of the large numbers of measurements
included in the Fink and Leibowitz review, the data of Milosevi¢ & Magli¢ should probably be
considered as outliers unless future measurements indicate otherwise.
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Figure 35. Thermal conductivity of Zr [244], plotted using Equation 74.

Equation 74. Approximate thermal conductivity of Pu according to Fink and Leibowitz [244]
k =8.857 +7.0820 x 10 x T +2.5329 x 10® x T2 +2.9918 x 10 x T

where k is thermal conductivity in W/m-K, T is temperature in K, and T is between 298 and
2000 K

2952 Changes in Density as a Result of Phase Transitions

Changes in density as a result of the phase transition between a-Zr and 3-Zr are small enough to be
neglected for most purposes.
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3. ALLOYS CONTAINING ONLY ACTINIDES
(except those based on U-Pu)

3.1 U-Np
3.1.1 Introduction

Despite possible uncertainties in sample compositions, the 1959 phase diagram of Mardon and Pearce
[264] was modified and adopted by Sheldon and Peterson in 1985 [265], and remains the only available
experimentally determined phase diagram for this system. Key features of the phase diagram include a
complete solid solution between U and Np in a bcc phase at the solidus, significant mutual solubility of U
and Np in other phases, and the existence of the intermediate phase 3-(U,Np).

The U-Np phase diagram has been modeled, with generally good agreement with the experimental
data [55, 266, 267].

No systematic studies of thermal expansion or density in U-Np alloys are available, although Mardon
and Pearce reported some data as part of their investigation of the U-Np phase diagram [264].

No information about the heat capacity or thermal conductivity of U-Np alloys is available.
Recent modeling studies include those of Xie et al. [268] and Xiong et al. [269, 270]

3.1.2 Phases and Phase Transformations
Stable phases in the U-Np system are:

e (a-U): Allotropic modification of a-U that can dissolve up to ~45 at% Np [265, 271]. Addition of Np
causes a slight decrease in all three lattice parameters [264].

e (B-U): Allotropic modification of B-U that can dissolve up to ~26 at% Np [265, 271]. This phase
transforms to (a-U) and 6-(U,Np) by a eutectoid reaction at ~645°C [265].

e (0-Np): Allotropic modification of a-Np. According to Mardon and Pearce, the maximum solubility
of U in this phase is ~17 wt% at room temperature, with a maximum of ~20 wt% at ~185°C;
according to Okamoto [271], the maximum solubility of U in a-Np is ~4.7 at%. Incorporation of U in
a-Np causes increases in all three lattice parameters [264].

e (B-Np): Allotropic modification of B-Np that can dissolve up to ~26 at% U at 668 °C [265, 271]. This
phase transforms to (a-Np) and 6-(U,Np) at 185 °C by a eutectoid reaction, and to (y-Np) and
3-(U,Np) at 612 °C by a peritectoid reaction [265]

e v-(UNp): Solid solution between y-U and y-Np. This phase is believed to be bcc (space group Im3m)
based on the structures of y-U and y-Np; however, Mardon and Pearce were unable to confirm the
structure by X-ray diffraction because of similarities in d-spacings with the Np oxides in their
samples [264]. Some of Mardon and Pearce’s data suggested a small miscibility gap in y-(U,Np) in
compositions with high concentrations of U; however, they did not show this gap in their published
phase diagram because they were unable to confirm its existence and considered it unlikely based on
similarities in sizes of U and Np atoms [264].

e 3-(U, Np): Intermediate phase with ~23-70 at% U [265, 271]. The structure of this phase is unknown,
although it was originally believed to be either cubic or tetragonal with a c/a axis ratio close to unity
and a crystal structure like that of £-(U,Pu) [264]. It was later established from neutron diffraction
that C-(U,Pu) is actually rhombohedral with a lattice angle close to 90 degrees [272], and it seems
possible that 5-(U, Np) also has a near-cubic rhombohedral unit cell. Based on a cubic structure, the
room-temperature lattice parameter of 5-(U, Np) increases from 10.55 A at 25 wt% U to 10.63 A at
50 wt% U [264].
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Critical points in the U-Np system are [265]:
e [B-Np <> a-Np + 8-(U,Np) at 185°C
e [(-Np <> y-Np + 6-(U,Np) at 612°C
e B-U < a-U+8-(UNp) at 645+5°C
e 3-(UNp) < B-U +y-Np at 668+3°C

Mardon and Pearce reported that the enthalpy of melting was smaller than that of the solid-state
transformations. However, no quantitative measurements of the enthalpy for any transformation in any U-
Np alloy are available.

3.1.2.1 Phase Diagrams

The 1959 phase diagram of Mardon and Pearce was based on experimental data from thermal
analysis, dilatometry, X-ray diffraction, and pycnometry (reference [264], with some preliminary results
reported by Lee [69]). It was based on measurements from two original 1-g samples (one sample of Np
feedstock and one sample of an alloy with 50% U), which were re-melted with additional U to provide
data for other compositions. Major impurities in the Np feedstock were 0.34 wt% Ca and 0.22 wt% U.
Masses lost during melting of some compositions were several tens of milligrams (almost half of the mass
of the added U), suggesting the possibility of serious errors in sample compositions if the proportions of
U and Np that were lost differed significantly from those in the sample. Thermal-expansion data from an
alloy with ~50% Np obtained by progressive addition of U to the original Np sample were generally in
good agreement with data from the original 50 at% Np sample.

The Mardon and Pearce phase diagram was updated in 1985 by Sheldon and Peterson to reflect more
recent phase-transformation temperatures for U and Np [265] (Figure 36), and remains the only available
experimentally determined phase diagram for the U-Np system. Key features of these phase diagrams
include a bcc phase that forms a complete solid solution between U and Np at the solidus, significant
mutual solubility of U and Np in other phases, and the existence of the intermediate phase &-(U,Np).
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Figure 36. U-Np phase diagram proposed by Mardon and Pearce (re-drawn from [265]).

Two models of the solidus and liquidus as regular solutions [55, 266] produced good agreement with
the experimental data. A later model of the entire phase diagram based on a thermodynamically consistent
database for the U-Np-Pu-Am-Fe-Zr system [267] produced generally good agreement with the
experimentally determined phase diagram. This model was adopted by Okamoto [271]. The largest
differences between the phase diagrams involve the maximum solubility of U in a-Np and the extent to
which solubilities of U in B-Np and Np in a-U depend on temperature.

3.1.3 Thermal Expansion and Density

No systematic studies of thermal expansion or density in U-Np alloys are available, although Mardon
and Pearce reported some data as part of their investigation of the U-Np phase diagram [264]. In
interpreting this data, it is important to remember that measurements are from alloys made by
progressively re-melting two original 1-g samples (one sample of pure Np, one sample of an alloy with
50% Np), adding more U with each re-melting cycle. Masses lost during melting of some compositions
were several tens of milligrams (almost half of the mass of the added U), suggesting the possibility of
significant differences between nominal and actual compositions, and also possibly progressive
accumulation of impurities such as oxygen. Data from an alloy with ~50% Np obtained by progressive
addition of U to the original Np sample were generally in good agreement with data from the original 50
at% Np sample.
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3.1.31 Thermal Expansion

Quantitative data on the thermal expansion of (a-U) solid solutions is not available. Qualitatively,
however, the thermal expansion of (a-U) with 40 wt% Np resembles that of a-U in that both phases
expand in the a and c directions and contract slightly in the b direction during heating [264]. In the
absence of experimental data, it is probably reasonable to use the thermal expansion of U
(Section 2.1.4.1) to approximate the thermal expansion of (a-U) solid solutions in U-Np alloys.

3.1.3.2 Coefficients of Thermal Expansion

The a lattice parameter of a (8-Np) solid solution with ~15 wt% U varies linearly from ~4.91 A at
280°C t0 5.01 A at 560°C, and the c lattice parameter varies from ~3.39 A at 280 °C to ~3.383 A at
465°C [264 Fig. 4] (Figure 37). It should be noted, however, that the data for the c lattice parameter
shows considerable scatter.
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Figure 37. Thermal expansion of individual lattice parameters of Np-14.9 wt% U (solid lines), with 3-Np
lattice parameters for comparison (dotted lines) (after [264 Fig. 4]).

No information is available about coefficients of thermal expansion for other phases.
3.1.3.3 Density

According to the X-ray data of Mardon and Pearce [264], the room-temperature density of an (a-U)
solid solution with the highest concentration of dissolved Np is ~19.4 g/cm?. Although it is not possible to
calculate the density of 6-(U,Np) from the X-ray data without knowing its structure, pycnometry data
suggests that the room-temperature density of §-(U,Np) with 25% U is ~19.2 g/cm? and the room-
temperature density of §-(U,Np) with 50% U is ~18.8 g/cm?® (Figure 38). Care is needed in interpreting
this data, as the pycnometry was intended to assist in identifying phase boundaries rather than to provide
quantitative densities. The densities measured by Mardon and Pearce using pycnometry are generally
~0.2-0.3 g/cm?® lower than the densities calculated from their X-ray diffraction data.
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Figure 38. Room-temperature densities of U-Np alloys from pycnometry (re-drawn from [264 Figure 2]).
Although Mardon and Pearce did not identify the phases involved, their phase diagram shows that the
three room-temperature phases are (B-Np), 6-(U,Np), and (a-U).

3.2 U-Am
3.2.1 Introduction

No experimentally determined U-Am phase diagrams are available. Very limited experimental data
has apparently been published in two conference proceedings papers [273, 274], although it was not
possible to obtain a copy of reference [274]. The published versions of both of these conference papers
apparently involve alloys with 10% Am, although Ogawa [55] reports results from reference [273]
involving a composition with ~50% Am.

All of the available data indicates a high degree of immiscibility, and Kurata [275] says that the
maximum mutual solubility of Am and U is less than 1 at%. Phase diagrams for the U-Am system were
calculated by Ogawa [55], Kurata [267, 275], and Perron et al. [276].

An experimental investigation of this system is needed. In the absence of this investigation, it is
probably reasonable to consider the phase diagram of Perron et al. (Figure 39) as the best available
representation of the U-Am system.

No information about the heat capacities, thermal expansion, density, or thermal conductivity of
U-Am alloys is available.

3.2.2 Phases and Phase Transformations

No experimental information about phases and phase transformations in U-Am alloys is available.
Because of the very limited miscibility indicated by both the available data and the phase diagrams, it
seems reasonable to assume that properties of solid-solution phases are similar to those of pure elements.
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3.2.21 Phase Diagrams

U-Am phase diagrams were calculated by Ogawa [55], Kurata [267, 275], and Perron et al. [276].
Although all of the calculated phase diagrams show a high degree of immiscibility in solids and liquids,
the extent of solid solution in the Ogawa phase diagram is not consistent with the data of Kurata (which
was not available until later), and the Ogawa phase diagram does not address phase transformations
occurring below 800 K. The Kurata phase diagram appears in a conference paper and a review, with little
discussion in either reference. It is generally similar to the phase diagram of Perron et al., which is
discussed in far more detail. In the absence of experimental data, it is probably reasonable to consider the
calculated phase diagram of Perron et al. (Figure 39) as the best available approximation to the actual
U-Am phase diagram.
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Figure 39. Calculated U-Am phase diagram proposed by Perron et al. (re-drawn from [276])

3.3 Np-Pu
3.3.1 Introduction

Although preliminary data on Np-Pu phases was presented at international conferences in 1958 and
1960 [277-280], the first (and apparently only) thorough experimental investigation of the Np-Pu phase
diagram was published by Mardon and colleagues in 1961 [281]. This phase diagram shows far more
solubility than is common in binary actinide phase diagrams. Key features include complete miscibility of
Np and Pu liquids, a complete solid solution between the bee phases y-Np and e-Pu, very high solubility
of Np in a-Pu and B-Pu and low solubility of Np in y-Pu, 8-Pu, and 6’-Pu, significant solubility of Pu in
a-Np and B-Np, and the existence of the intermediate phase n-(Np,Pu). Liquidus and solidus temperatures
are lower for alloys than for Np or Pu. Sheldon and Peterson [282] adopted the phase diagram of Mardon
and colleagues with small modifications to accommodate improved knowledge of phase-transformation
temperatures in Np and Pu.
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Models of the liquidus and solidus by Ogawa [55] are in good agreement with the experimental data
of Mardon et al. Kurata [267] modeled the entire system, obtaining general agreement with the
experimental data of Mardon et al. in compositions with at least 40 wt% Pu despite a lack of
thermodynamic data. This phase diagram was presented by Okamoto [283]. Other recent modeling
research involves density functional theory calculations by Landa et al. [284].

Further work on the Np-Pu phase diagram is needed to confirm phase boundaries in high-Pu
compositions, determine the crystal structure of n-(Np,Pu), and provide information about phase-
transformation enthalpies. Experimental work is also needed to understand relationships between (a-Np)
and (a-Pu) solid solutions, and between (3-Np) and (B-Pu) solid solutions. These relationships involve
compositions with more than 60 at% Np, which are of limited practical interest for FCRD fuels.

No information about the heat capacities of Np-Pu alloys is available.

The thermal expansion and density of Np-Pu alloys have apparently not been systematically studied,
although Mardon et al. obtained some information as part of their investigation of the Np-Pu phase
diagram [281].

Experimental measurements of the thermal conductivity of Np-Pu alloys are not available, and
electrical resistivity values are limited to temperatures below 400 K. All of the measurements are from
samples with the a-Pu structure. The electrical resistivity of alloys with 0.5-25 at% Np is within a few
percent of the resistivity value for Pu at temperatures of 300-400 K, suggesting that the thermal
conductivity of these alloys can be approximated by the thermal conductivity of Pu (Section 2.3.5.2).

3.3.2 Phases and Phase Transformations
Generally recognized phases in the Np-Pu system are:

e (a-Pu): Allotropic modification of a-Pu. According to Mardon et al. [281], the solubility of Np in
a-Pu is ~ 75-80 wt% at room temperature, rising to 96 wt% at 275°C. The calculated phase diagram
of Kurata shows a much smaller dependence on temperature, with maximum concentrations of Np
between ~90 and 95% at temperatures between ~120 and 270°C [283].

Mardon et al. reported that the a, b, and c lattice parameters of (a-Pu) decrease with increasing Np,
while the lattice angle B remains unchanged [281]. The decrease in each lattice parameter is ~0.7%
over the entire compositional range of the phase [281, 285]. These observations are generally
consistent with lattice parameters a=6.12 + 0.02 A, b=4.80 + 0.01 A, ¢ = 10.95 + 0.04 A,

B =101.74 £ 0.23° determined from single-crystal X-ray diffraction of a sample with ~43.4 at%
Pu [285].

e (B-Pu): Allotropic modification of B -Pu. According to the phase diagram of Mardon et al., the
maximum solubility of Np in B -Pu is ~60 wt% at ~300 °C, increasing to 86 wt% at 540°C. However,
Mardon et al. described the high-Np boundary of the (B -Pu) solid solution field in this temperature
range as “extremely uncertain” because of inconsistent data from alloys with similar compositions.
The calculated phase diagram of Kurata shows that the maximum concentration of Np in B-Pu is ~20
at%, with little dependence on temperature.

Mardon et al. reported that the a, b, and ¢ lattice parameters of (3-Pu) decrease with increasing Np.

e (y-Pu), (6-Pu), and (8’-Pu): Allotropic modifications of (y -Pu), (3 -Pu), and (5’-Pu). Mardon et al.
determined that the maximum solubility of Np in each of these phases is less than ~2%, generally
consistent with tentative phase boundaries in the preliminary diagram of Cope et al. [279]. Data read
from the calculated phase diagram of Kurata [267, 283] suggests a maximum solubility of ~2% in y -
Pu, 6% in & -Pu, and 7% in &’-Pu.
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e (&-Pu, y-Np): A continuous bce solid solution between y -Np and e-Pu. The lattice parameter
decreases non-linearly with increasing concentration of Np, and is slightly smaller than would be
expected from Vegard’s law [281].

e n-(Pu, Np): An intermediate phase with ~3-50 wt% Np, stable between ~288 and 508°C.
Mardon et al. determined that this phase is not isostructural with either n-(U,Pu) or £-(U,Pu), but
thought it might be orthorhombic. On this basis, they suggested lattice parameters a = 10.86 A,
b =10.67 A, and ¢ = 10.43 A for an alloy with 19 wt% Np at 375°C. They reported that each lattice
parameter increased with increasing Pu, and that ratios between the sizes of the lattice parameters
remained constant.

In his model, Kurata treated n-(Pu,Np) as equivalent to n-(U-Pu) because of similarities between
boundaries between these phases and the corresponding body-centered cubic phases in binary phase
diagrams. Kurata said this treatment was supported by experimental data in a paper on the U-Np-Pu
ternary that is listed in the bibliography of reference [267] as “to be published.” Attempts to find a
citation for this publication were unsuccessful.

e (o-Np): Allotropic modification of a-Np. Mardon et al. reported that the solubility of Pu in a-Np
increases as the temperature is lowered. Although they had difficulties in determining the maximum
solubility of Pu in a-Np because the boundary steepened rapidly at lower temperatures decreased,
they believed the maximum solubility to be “somewhat less than 20% plutonium” at room
temperature. In contrast, Kurata’s calculated phase diagram shows the maximum solubility of Pu in
a-Np as ~5 at%, with little dependence on temperature.

e (B-Np): Allotropic modification of B -Np. Mardon et al. had difficulties in determining the maximum
solubility of Pu in f -Np because of because of inconsistent results from alloys with similar
compositions, but believed the solubility was ~ 10% at 540°C and somewhat lower at 300°C. The
calculated phase diagram of Kurata suggests that the concentration of Pu in B -Np is slightly more
than 20 at%, with very limited dependence on temperature.

The existence of a second intermediate phase, ¢-(Pu,Np), was suggested in an early phase diagram
based primarily on variations in the coefficient of thermal expansion [279]; however, attempts to confirm
the existence of this phase by X-ray diffraction were not successful [281] and it does not appear in other
phase diagrams.

In addition to phase transformations in pure Np and Pu, Sheldon and Peterson [282] listed the
following invariant points in the Np-Pu phase diagram. Subscripts indicate compositions (in at% Pu).

e (y-Np,e-Pu)2z + (B-Np)10o «>(B-Pu)s: a peritectoid reaction at 540°C

e (y-Np,e-Pu)es + (B-Pu)s7 <> n-(Pu,Np)1s: a peritectoid reaction at 508°C
e (&-Pu)ess <> n-(Pu,Np)esas + (8’-Pu)ers: a eutectoid reaction at 440°C

e (8’-Pu)gr6 <> n-(Pu,Np)es.o + (8-Pu)ess: a eutectoid reaction at 428°C

e 1-(Pu,Np)e7.1 + (8-Pu)eg.s <> (y-Pu)ego: @ peritectoid reaction at 325°C

e (B-Np)s.o + (B-Pu)sss «»> (a-Pu)2s: a peritectoid reaction at 300°C

e n-(Pu,Np)ess <> (B-Pu)ess + (y-Pu)ess: a eutectoid reaction at 288°C

e (B-Np)is < (0-Np)1o + (a-Pu)ao: a eutectoid reaction at 275°C
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3.3.21 Phase Diagrams

The first (and apparently the only) thorough experimental investigation of the Np-Pu phase diagram was
published by Mardon and colleagues in 1961 [281]. Samples used to determine the phase diagram were made by
progressively re-melting alloys that initially had 10, 54, or 97 wt% Np, adding enough Pu to increase the
composition of the alloy by 2-3 wt% Pu each time. This approach may have led to increasing accumulation of
impurities above the concentrations in the original Np feedstock, which included ~0.34 wt% Ca and 0.22 wt% U.

Preliminary experimental phase diagrams for the Np-Pu system were published by Poole et al. [278] and
Cope et al. [279]. The phase diagram of Poole et al. was based in part on unpublished data from Mardon and
Pearce, and therefore should probably be considered as a preliminary version of the Mardon et al. phase diagram
[281] rather than an independent study. The phase diagram of Cope et al. includes only high-Pu compositions. Its
determinations of solubility of Np in a, v, 6, and 6’-Pu are similar to those in the phase diagram of Mardon and
Pearce; however, it differs from other phase diagrams in that it shows far lower solubility of Np in -Pu and
includes an intermediate phase ( £-(Pu,Np)) that does not appear in other phase diagrams.

Sheldon and Peterson [282] made small changes to the phase diagram of Mardon et al. to accommodate
more recent measurements of phase-transformations temperatures in Np and Pu. Although some of the phase-
transformation temperatures used by Sheldon and Peterson differ by a few degrees from those recommended in
other sections of this handbook, the difference is unlikely to cause significant errors. The Sheldon and Peterson
phase diagram (Figure 40) is probably the best available representation of the actual behavior of the Np-Zr
system.

Ogawa [55] modeled the liquidus and solidus using a regular-solution model with interaction parameters
determined using Brewer valence bond theory and obtained good agreement with the experimental data. Kurata
[267] modeled the Np-Pu system using values from a consistent database of thermodynamic properties for the U-
Np-Pu-Zr-Am-Fe system. In the absence of needed thermodynamic measurements for the Np-Pu system, he
drew “reasonable” phase boundaries. The resulting phase diagram generally agrees with the Mardon et al. and
Sheldon and Peterson phase diagrams in compositions with at up to 60 wt% Np. The Kurata phase diagram was
documented by Okamoto [283].
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Figure 40. Np-Pu phase diagram of Sheldon and Peterson (re-drawn from [282]).
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3.3.3 Thermal Expansion and Density
3.3.31 Coefficients of Thermal Expansion

Although Mardon et al. were unable to determine the structure of n-(Np,Pu), they reported its linear
thermal expansion coefficients as ~25+5 x 107/°C in each of three mutually orthogonal directions based
on high-temperature X-ray diffraction data and a postulated orthorhombic structure [281].

Coefficients of thermal expansion for other Np-Pu phases are not available.
3.3.3.2 Densities

Mardon et al. [281] estimated the density of the n-(Np-Pu) structure in an alloy with 19 wt% Np as
17.56 g/cm?® at 450°C. This estimate was ~5.5% above the actual measured value, matching the
adjustment required to bring the measured densities of the a-Pu and B-Pu solid solution phases in the
same alloy into agreement with the theoretical densities of these phases. Mardon et al. believed that this
adjustment was needed to compensate for voids in the sample.

Mardon et al. reported that the maximum room-temperature density for a-(Pu,Np) solid solution
phases is ~20.1 g/cm?®. This value is significantly larger than the value of 19.816 g/cm? listed for pure
a-Pu in Section 2.3.4.3. Although Mardon et al. reported that the density of a-Pu solid solutions increased
slightly with higher concentrations of Np because of a decrease of ~1% in the a, b, and c lattice
parameters without a corresponding change in the lattice angle B, it seems likely that most of the
difference between Mardon’s density and that in Section 2.3.4.3 is due to use of different values for the
density of a-Pu. It may be reasonable to approximate the density of a-(Pu,Np) solid solutions by using the
change in densities reported by Mardon et al., but starting from the value of the density of a-Pu in
Section 2.3.4.3.

Densities of other (Np-Pu) phases are not available.
3.3.4 Thermal Conductivity and Related Properties
3.34.1 Thermal Conductivity

Although no measurements of thermal conductivity for Np-Pu alloys are available, two sets of
measurements of electrical resistivity have been reported [286, 287].

The earlier set of measurements was apparently in progress at the time of they were presented in a
conference paper [287]. These measurements show differences in electrical resistivity of Pu and Np-Pu
alloys with 9 and 50 at% Np as a function of temperature, reported relative to resistivities of the same
materials at 0°C rather than as measured values (Figure 41). Resistivities of all three materials decrease
smoothly with increasing temperatures in the range from ~100-400 K, but resistivities of materials with
higher concentrations of Np decrease less rapidly.
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Figure 41. Electrical resistivity of Pu and Np-Pu alloys (after [287 (Figure 2.9)], with lower-temperature
data not shown). Data for each material is expressed relative to RO, the resistivity of the material at 273 K.
Numbers next to curves indicate compositions in at% Np.

The second set of data includes measurements of electrical resistivity of Np, Pu, and nine Np-Pu
alloys at temperatures up to 300 K by Olsen and Elliott [286] (Table 14). The reported electrical
resistivity of pure Pu in this study is comparable to that in other studies (e.g., [135, 288]). The reported
electrical resistivity of Np is significantly below the resistivity of 116.4 pQ-cm reported for Np at 310 K
in an extensive study by Lee [75]. All of the room-temperature resistivity values for alloys with up to 25
at% Np reported by Olsen and Elliott are within a few percent of the resistivity of Pu, and there is no clear
relationship between Np concentration and electrical resistivity.

Table 14 and Figure 42 show thermal conductivity values calculated from the electrical resistivity
data of Olsen and Elliott using the Wiedemann-Franz Law [3 (Section 1.6.2)] with the best available
estimate of the Lorenz number for Pu (3.15 x 108 WQK 2, Section 2.3.5.1).
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Table 14. Electrical resistivity and thermal conductivity of Np-Pu alloys with the (a-Pu) structure at
300 K. Resistivity data are from Olsen and Elliott [286]; conductivity values were calculated assuming a
Lorenz number of 3.15 x 1078 WQK 2

Composition Resistivity Conductivity
(At% Np) (nQ-cm) (W/m-K)
0 149.7 6.31
0.5 147.4 6.41
1 146.3 6.46
2 147.0 6.43
4 146.8 6.44
6 150.0 6.30
8 149.8 6.31
15 141.8 6.66
25 146.0 6.47
50 187.6 5.04
100 99.5 9.50
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Figure 42. Thermal conductivities (blue squares) and electrical resistivities (red diamonds) from Olsen and Elliott
[286].

It seems likely that the differences in electrical resistivity and thermal conductivity as a function of

composition are smaller than the uncertainties in the data for Np-Pu alloys with up to ~25 at% Np, and it is
therefore reasonable to approximate the thermal conductivity of these alloys by the thermal conductivity of Pu.
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3.4 Np-Am
34.1 Introduction

Experimental data that can be used to determine the Np-Am phase diagram are limited to a single publication
by Gibson and Haire that reports phase-transformation temperatures for alloys with 2.3, 5.6, and 46 at% Am
[150]. Data in this publication indicate limited miscibility in the Np-Am system, leading Gibson and Haire to
suggest that the Np-Am phase diagram might resemble phase the Pu-Pr (Section 5.11), Pu-Nd (Section 5.12), or
Pu-Sm phase diagram more closely than the Pu-Am phase diagram (Section 3.5.2.1).

No information about the heat capacities, thermal expansion, densities, or thermal conductivities of Np-Am
alloys is available.

34.2 Phases and Phase Transformations

Experimental determinations of the structures of phases in Np-Am alloys are not available. However, Gibson
and Haire reported that their measurements showed coexisting high-Np and high-Am phases that “retain the
essential features of the phase relations in pure elements” [150 (page 163)].

Transition temperatures in the high-Np phase were ~10-30 °C below those in the Np feedstock. The -y and
melting transformations in the high-Am phase occurred at similar temperatures, which were ~60°C below the -y
transformation and ~150°C below the liquidus in the Am feedstock. Enthalpies of transformations in the high-Np
phase were slightly smaller than those in the Np feedstock, and those for the high-Am phase were slightly higher
than those in the Am feedstock. Gibson and Haire interpreted these differences as indicating a “greater dissolution
of Np in Am than vice versa” [150 (page 163)].

Researchers are encouraged to refer to the original paper for details of phase-transformation temperatures and
enthalpies, which are presented for a single DTA analysis of an alloy with 46 at% Am [150 (Figure 2)]. Care is
needed in interpreting this data because, although phase-transformation temperatures measured from Am and Np
feedstocks are similar to those in Sections 2.4 and 2.2, some phase-transformation enthalpies are significantly
higher than the recommended values.

3421 Phase Diagrams

Experimental data for the Np-Am system are available in a single publication by Gibson and Haire that
reports phase-transformation temperatures for alloys with 2.3, 5.6, and 46 at% Am [150]. This publication
suggests that the alloys contained separate Am-rich and Np-rich phases, and that solubility of Np in the Am-rich
phases is greater than solubility of Am in the Np-rich phases.

Np-Am phase diagrams were calculated by Ogawa [55, 289] and by Kurata [267, 290]. The calculations
used different approaches: the Ogawa phase diagram was calculated using a regular-solution model with
interaction parameters derived from Brewer valence bond theory, and the Kurata phase diagram was based on
CALPHAD calculations using an internally consistent database of thermodynamic properties for the U-Np-Pu-
Am-Fe-Zr system. Both phase diagrams are consistent with the experimental phase-transformation temperatures
of Gibson and Haire. Both show complete miscibility of the liquid, although the Ogawa phase diagram has a
small liquid miscibility gap that does not appear in the Kurata phase diagram. Both phase diagrams agree that the
mutual solubility of Np and Am is limited, and that the solubility of Am in Np is very small.

Despite these similarities, the phase diagrams show significant differences. The primary difference is the
extent of solubility of Np in Am (~20 at% according to the phase diagram of Ogawa and a few at% according to
the phase diagram of Kurata). A second difference concerns the liquidus temperature, which is higher by up to
~100 degrees for some compositions in the Ogawa phase diagram. The difference between the solubility of Np in
Am and the solubility of Am in Np in the Ogawa phase diagram is consistent with Gibson and Haire’s
interpretation of their data, and the relatively similar solubilities of Np in Am and of Am in Np in the Kurata
phase diagram are not. However, all of the differences between the two phase diagrams occur in compositions for
which no experimental measurements are available, and further work is clearly needed.
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If it is assumed that the relative miscibilities of Np and Am suggested by Gibson and Haire are
correct, the phase diagram of Ogawa [55, 289] (Figure 43) is probably the most accurate representation of
the available data. Measurements at other compositions are clearly needed.
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Figure 43. Np-Am phase diagram calculated by Ogawa [55, 289]. Red arrows show compositions
corresponding to experimental data.

3.5 Pu-Am

351 Introduction

Two experimental determinations of the Pu-Am phase diagram have been published. The first was
based on X-ray diffraction and micrographic techniques. It was documented by Ellinger et al. in a report
and journal paper [291, 292]. The second experimental determination, by Shushakov et al. [293], was
documented in a short paper in Russian in 1990 but was apparently not considered in the English-
language literature until 2011. Several modeling studies (e.g., [55, 267, 284, 294, 295]) attempted to
resolve disagreements between the experimental determinations of Ellinger et al. and Shushakov et al.,
but without achieving consensus. Recent modeling studies suggest that differences between
experimentally determined phase diagrams may be consequences of impurities in the materials [295].

Generally accepted features of the system include the existence of a continuous solid solution
between the fcc phases 6-Pu and B-Am, stabilization of the 3-Pu structure down to room temperature in
some compositions, limited solubility of Am in a-, -, y-, and 8’-Pu, and the absence of intermediate
phases. One important area of disagreement is the possible existence of a solid solution between the bcc
phases y-Am and e-Pu. Relationships between a-Am and (B-Am, 6-Pu) solid solutions and the stability of
the 8-Pu structure at temperatures below ~125°C are also areas of disagreement, but may be relatively
unimportant for fuels because of the sluggish phase-transformation kinetics of this system.
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The only available heat capacities of Pu-Am alloys are from Am-stabilized 6-Pu alloys (i.e., Pu-Am
alloys with the 6-Pu structure at temperatures below the stability limit for pure 3-Pu), measured at
temperatures between 4.5 and 300 K [296, 297]. These measurements show that the heat capacities of
Am-stabilized 3-Pu alloys with 8, 15, and 20% Am are all ~30 J/mol-K at 300 K.

No experimental measurements of the thermal conductivity of Pu-Am alloys are available.
Experimental results show that electrical resistivity is constant at temperatures between ~150 and 300 K,
and modeling suggests that the resistivity is constant up to 700 K. According to the Wiedemann-Franz
Law [3 (Section 1.6.2)], the thermal conductivity of a material is proportional to the temperature in K
when the resistivity and Lorenz numbers are constant, so it seems likely that thermal conductivities of Pu-
Am alloys may increase linearly with temperature.

The only information about the thermal expansion of Pu-Am alloys is from Am-stabilized 3-Pu
alloys [293]. The thermal expansion of these alloys resembles that of Ce- and Zr-stabilized 5-Pu alloys
(Section 5.10.3 and reference [3 (Section 2.2.1.4.1)], respectively) in that alloys with low concentrations
of Am have negative thermal expansion and alloys with higher concentrations of Am have positive
thermal expansion.

The focus of much of the relatively recent research on Pu-Am alloys involves understanding the
electronic structures of the alloys (e.g., [298-302]).

Experimental designs for further work should consider the likelihood of a high degree of sensitivity to
impurities, difficulties in determining equilibrium phases because of sluggish phase-transformation
kinetics, and the need to include measurements from Am and Pu to allow comparison with other studies.

352 Phases and Phase Transformations
Pu-Am phases include:

e (a-Pu), (B-Pu), (y-Pu), (6’-Pu): Crystal structures and lattice parameters of these solid-solution phases
have not been reported, although they are probably similar to those of the corresponding phases in
pure Pu. It is generally accepted that solubility of Am in these phases is very limited, and the
experimental data of Ellinger et al. [292] suggest that it is at most ~1.5 at% Am.

e (0-Am): The crystal structure and lattice parameters of this solid-solution phase have not been
reported, although they are probably similar to those of a-Am. The solubility of Pu in this phase has
not been investigated in detail, although Ellinger et al. thought it was ~5 at% and Shushakov et al.
thought it was ~20 at% [292, 293].

e (B-Am, 3-Pu): A solid solution between the fcc phases B-Am and 3-Pu. The experimental data of
Ellinger et al. and Shushakov et al. [292, 293] show that alloys with ~6- 80 at% Am retain this phase
down to room temperature, although the calculated phase diagrams of Kurata and Gotcu-Freis show
significantly lower maximum room-temperature concentrations of Am in this phase [267, 294]. The
model of Turchi et al. indicates that this phase decomposes to a-Am and a-Pu below ~100°C [295].
The lattice parameter of (B-Am, 6-Pu) solid solutions increases with increasing concentrations of Am,
with a positive deviation from Vegard’s law (Figure 44).

e (y-Am) and (e-Pu): Structures of these solid-solution phases have not been experimentally
determined, although it seems likely that both are bcc. The experimental data of Ellinger et al. showed
a maximum concentration of ~8 at% Am in e-Pu [292], while the experimental data of
Shushakov et al. [293] showed a continuous solid solution between y-Am and e-Pu. Turchi et al
modeled the differences in energy required to produce a solid solution or a miscibility gap between
y-Am and e-Pu, and determined that the difference between the experimental phase diagrams was
small enough to be a possible consequence of impurities in the samples [295].
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Temperatures of phase transformations are poorly known, and phase-transformation enthalpies have
not been reported.

Lattice parameters of (B-Am, 3-Pu)
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Figure 44. Lattice parameters of (B-Am, -Pu) solid solutions [292, 298].

3.5.2.1 Phase Diagrams

Ellinger et al. published the first Pu-Am phase diagram in 1965 based on micrographic and X-ray
diffraction data [291, 292] (Figure 45). Key features of this phase diagram include the existence of a
continuous fce solid solution between 8-Pu and -Am, stabilization of the 6-Pu structure down to room
temperature for compositions with ~6-80 at% Am, the possible existence of a two-phase field between
8-Pu and a-Am solid solutions, and limited solubility of Am in a-, B-, y-, 8’-, and &-Pu solid solutions.
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Figure 45. Experimentally determined Pu-Am phase diagram according to Ellinger et al. [291, 292]. a, B,
v, 0, &’ and ¢ indicate Pu solid solution phases. Although this phase diagram is based on the most
thoroughly documented experimental study of the Pu-Am system to date, it is no longer generally

accepted because it does not include y-Am.

Although the Ellinger et al. study [108] is the most thoroughly documented experimental
investigation of the Pu-Am system, the corresponding phase diagram has a number of serious problems. It
does not include y-Am, which was unknown at the time. Its temperatures for the a-f and melting
transformations in Am were the only ones available at the time, but are below the currently accepted
values in Section 2.4.2.2 by ~170-180 degrees. The Am feedstock used by Ellinger et al. initially
contained up to 0.52 wt% impurities (primarily La); however, since some samples were obtained by
progressively re-casting earlier samples with additional Pu and “appreciable” weight losses occurred
during casting, concentrations of impurities in some samples may have been significantly higher.

Shushakov et al. published a second experimentally determined Pu-Am phase diagram using data
from high-temperature X-ray diffraction, DTA, microstructural analysis, and densitometry (Figure 46).
This phase diagram was documented in a short paper in a Russian-language journal in 1990 [293]. There
are no generally available English translations of this paper, and it was apparently not considered in the
English-language research literature until 2011. Shushakov et al. did not provide information about the

purity of their samples.
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Figure 46. Experimentally determined Pu-Am phase diagram according to Shushakov et al. [293]. a, B, 7,
d, &’ and ¢ indicate Pu phases.

The Shushakov phase diagram remedies two of the problems in the Ellinger phase diagram by
incorporating y-Am and using higher Am phase-transformation temperatures. Other important differences
from the Ellinger phase diagram include the existence of a continuous solid solution between y-Am and
¢-Pu and the absence of a two-phase field between a-Am and 3-Pu.

In 1999, Okamoto [303] suggested a new phase diagram, which combined phase boundaries for the
fce, bee, and liquid phases calculated by Ogawa [55] with other phase transformations based on the phase
diagram of Ellinger et al. after adjusting Ellinger’s phase-transformation temperatures for Am to the
values recommended in Section 2.4.2.2. This phase diagram (Figure 47) is the most recent one that
includes experimentally determined phase boundaries.
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Figure 47. Pu-Am phase diagram of Okamoto [303], which combines the experimental data of
Ellinger et al. [292] with modeling by Ogawa [55]. a, B, v, 8, 8’ and ¢ indicate Pu phases.

More recently, Kurata [267], Gotcu-Freis et al. [294], and Turchi et al. [295] published phase
diagrams calculated using the CALPHAD method. The phase diagrams of Gotcu-Freis et al. and
Turchi et al. considered data from both Ellinger et al. and Shushakov et al., while the Kurata phase
diagram considered only data from Ellinger et al. The phase diagrams of Kurata and Gotcu-Freis et al.
resemble the phase diagram of Ellinger et al. in that all three phase diagrams show two bcc solid solution
phases with significantly different concentrations of Am (Figure 48). In contrast, the phase diagram of
Turchi et al. resembles that of Shushakov et al. in that it shows a continuous bce solid solution
(Figure 49).
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Figure 48. Calculated Pu-Am phase diagram of Gotcu-Freis et al. [294], which shows immiscibility of
e-Pu and y-Am solid solutions. a, B, v, 6, 8’ and ¢ indicate Pu solid solution phases.
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Figure 49. Calculated Pu-Am phase diagram of Turchi et al. [295], which shows a continuous solid
solution between g-Pu and y-Am. This phase diagram has two “B+5” fields because of a small miscibility
gap in the (3, B-Am) solid solution. a, B, v, 8, 6” and ¢ indicate Pu solid solution phases.

Turchi et al. [295] investigated differences in thermodynamic parameters needed to produce phase
diagrams with one or two bcc phases. They concluded that whether a sample was best represented by a
phase diagram with or without a continuous (g-Pu, y-Am) solid solution might depend on the impurities in
the sample. In this context, it is particularly unfortunate that the purity of the samples studies by
Shushakov et al. was not reported.

3.5.3 Heat Capacity and Related Properties

The only available heat capacities of Pu-Am alloys are from Am-stabilized 6-Pu alloys (i.e., Pu-Am
alloys with the 6-Pu structure at temperatures below the stability limit for pure 8-Pu), measured at
temperatures between 4.5 and 300 K [296, 297]. These measurements show that the heat capacities of
Am-stabilized 8-Pu alloys with 8, 15, and 20% Am are all ~30 J/mol-K at 300 K.

In the absence of measured heat capacities, it seems reasonable to assume that the heat capacities of
(a-Pu), (B-Pu), (y-Pu), and (6°-Pu) solid solutions are similar to the heat capacities of the corresponding
phases in pure Pu because the maximum concentration of Am in each of these phases is low. Similarly, it
seems reasonable to assume that the heat capacity of (a-Am) is similar to that of a-Am. If (¢-Pu) and
(y-Am) are separate phases, it seems reasonable to assume that their heat capacities are similar to those of
g-Pu and y-Am.

In the absence of experimental data, it may be necessary to approximate the heat capacities of the
solid solution phases (8-Pu, f-Am) and perhaps (e-Pu, y-Am) by cautious use of the Kopp-Neumann Law
[3 (Section 1.6.1)].
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3.5.4 Thermal Expansion and Density

Shushakov et al. [293] studied the thermal expansion of a number of Am-stabilized 3-Pu- alloys
(Figure 50). The thermal expansion of Am-stabilized 8-Pu resembles that of 8-Pu stabilized by Ce and Zr
(Section 5.10.3.1 and [3 (Section 2.2.1.4.1)], respectively) in that alloys with low concentrations of
d-stabilizing elements (Am, Ce, and Zr) have negative thermal expansion and alloys with higher
concentrations of stabilizing elements have positive thermal expansion.
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Figure 50. Thermal expansion of Am-stabilized 6-Pu alloys based on changes in the a lattice parameter from
high-temperature X-ray diffraction (re-drawn from [293 (Figure 2)]). Numbers next to the curves indicate
percentages of Am in the alloys.

3,55 Thermal Conductivity and Related Properties

Baclet et al. [298] measured the low-temperature electrical resistivities of Am-stabilized 6-Pu solid solutions
in four alloys with 8-43 at% Am at temperatures up to 300 K. Their measurements indicate that the electrical
resistivity of each alloy is essentially independent of temperature above ~150 K. A model developed by
Tsiovkin et al. [304] extends the upper end of the temperature range over which the resistivity of each
composition is essentially independent of temperature to 700 K.

Table 15 shows electrical resistivities at 300 K read from reference [298 (Figure 4)] and the corresponding
thermal conductivities calculated using the recommended value of the room-temperature Lorenz number for Pu
(3.15 x 108 WQK 2, Section 2.3.5.1). The value for the electrical resistivity of Am (which was quoted from a
Ph.D. thesis) is ~20 uQ-cm higher than the values in Section 2.4.5, and the thermal conductivity calculated from
this resistivity is correspondingly lower. No other data about the thermal conductivities of Pu-Am alloys is
available for comparison.

Despite these problems, the values in Table 15 represent the best currently available approximation to the
thermal conductivities of Pu-Am alloys. Further research is needed to confirm both the thermal conductivities in
Table 15 and the temperature dependence of the conductivities. It is important that this research should also
include measurements of Am and Pu to allow comparison to results from other studies.
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Table 15. Electrical resistivity and thermal conductivity of Pu-Am alloys at 300 K. Thermal
conductivities were calculated using the Wiedemann-Franz Law with the Lorenz number for Pu.

Compositon Electrical Resistivity Thermal conductivity
(at% Am) (nQ-cm) (W/m-K)
8 335 2.9
23 205 4.6
28 260 3.6
43 290 33
100 90 10.5

3.6 Np-Pu-Am
3.6.1 Introduction

No experimental data on ternary Np-Pu-Am phase diagrams is available. Calculated isothermal
sections at 792, 1000, and 1300 K have been published based on models developed by Ogawa [55] and
Kurata [267, 275]. All of the isothermal sections suggest limited solid-phase miscibility except in alloys
with low concentrations of Np.

No information about the heat capacity, thermal expansion, density, or thermal conductivity of
Np-Pu-Am alloys is available.

3.6.2 Phases and Phase Transformations
No information about phases and phase transitions is available.

Calculated isothermal sections at 792, 1000, and 1300 K have been published based on models
developed by Ogawa [55] and Kurata [267, 275].

The Ogawa model used “a regular solution model with interaction parameters derived from the
Brewer valence bond theory” [55] to calculate isotherms at 1000 and 1300 K (Figure 51). Comparison
with binary phase diagrams indicates that the fcc phase is the (B-Am, 8-Pu) solid solution. The bcc phase
is a solid solution between g-Pu and y-Am; however, the existence of a continuous solid solution between
these phases has not been conclusively established from experimental evidence (Section 3.5.2.1).

Kurata developed a CALPHAD model for the U-Pu-Am system using thermodynamic properties
from a consistent database for the U-Np-Pu-Am-Fe-Zr system [267, 305] and calculated an isothermal
section at 792 K for the U-Pu-Am ternary (Figure 52). This model included low-temperature phases not
considered in Ogawa’s model, as well as experimental data that were not described in detail or published
elsewhere. Comparison with binary phase diagrams indicates that the fcc phase is the (B-Am, 6-Pu) solid
solution, the bce phase is (e-Pu), and the dhep phase is (a-Am). Although Kurata’s binary Pu-Am phase
diagram does not show a continuous solid solution between e-Pu and y-Am, the existence of a bcc solid
solution phase with the composition shown in this isothermal section is consistent with all of the
experimental data and models.
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Figure 51. Isothermal sections calculated by Ogawa [55].
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Figure 52. Isothermal section calculated by Kurata [267, 275].
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4. ALLOYS CONTAINING ONLY RARE-EARTH ELEMENTS

41 La-Ce
41.1 Introduction

The currently accepted La-Ce phase diagram for temperatures above 0 °C is based on a 1954
publication by Vogel and Klose [306]. More recent revisions have eliminated two-phase regions
associated with higher-temperature phase transformations because these were believed to result from
impurities in the samples, clarified the structure of the bcc phase, and changed phase-transformation
temperatures as a result of new knowledge about La and Ce (e.g., [176, 307]).

Key features of the La-Ce phase diagram include the existence of three continuous solid solutions (a
dhep solid solution between a-La and B-Ce, an fce solid solution between -La and y-Ce, and a bcc solid
solution between y-La and 3-Ce). Boundaries between fcc and bec solid solutions and between bcc solid
solutions and liquid are almost straight lines, and two-phase fields are narrow. As a consequence of
sluggish phase-transition Kinetics, temperatures associated with the transformation between the dhcp and
fce solid solutions measured during heating and during cooling differ by 50°C for pure La and more than
150°C for pure Ce (Sections 2.5.2.2 and 2.6.2.2), and no reliable experimental measurements of the
temperature of this transformation in alloys with intermediate compositions are available.

Relatively recent experimental publications include data on the lattice parameter of a y-Ce
solidsolution with 5 wt% La [308] and new measurements of the temperatures of the fcc-dhcp
transformation and the liquidus in an alloy with 50 at% La [309]. Other recent research involves first-
principles calculations related to high-pressure properties of alloys of a-Ce and B-La [310, 311].

Despite the low purity of the samples used in the original determinations of the phase diagrams and
the small discrepancies between the currently accepted phase diagram and the more recent experimental
data of Bulanova et al [309] (Figure 54), further investigation with high-purity samples seems unlikely to
result in significant changes to higher-temperature phase boundaries. Further research addressing
transformations between a-Ce, the (a-La, B-Ce) solid solution, and the (-La, y-Ce) solid solution is
needed for a complete understanding of the La-Ce phase diagram, but may be of limited relevance for
fuels because of the low temperatures and sluggish phase-transformation kinetics involved.

Constant-pressure heat capacities of La-Ce alloys have been measured at temperatures below 300 K
[312], and constant-volume heat capacities have been calculated at high pressures [311]. Data on the heat
capacities of La-Ce alloys at other temperatures and pressures are not available.

Experimental data on the thermal expansion of La-Ce alloys consists primarily of measurements of
the density of liquids with less than ~10 at% Ce [313]. This data shows that the density of these alloys
increases with increasing concentration of Ce and decreases linearly with increasing temperature.
Reported densities of La-Ce alloys seem anomalously high in comparison to the density of pure La.

No data on thermal conductivity or diffusivity of La-Ce alloys is available, and data on electrical
resistivity is limited.

Researchers are encouraged to consult the excellent review of the properties of La-Ce alloys by
Gschneidner and Calderwood [176 pp. 9-12].
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4.1.2 Phases and Phase Transformations
4.1.2.1 Phases
Atmospheric-pressure phases in the La-Ce system are:

e (0-Ce): Body-centered cubic solid solution of a-Ce. The maximum concentration of La and the
influence of La concentration on lattice parameters in this phase have not been experimentally
determined, although high-pressure lattice parameters for several alloys were calculated by
Zhang et al. [311].

e (B-Ce, a-La): Double hexagonally close packed solid solution between p-Ce and o-La. Lattice
parameters of alloys with intermediate compositions have not been published. However, based on the
generalization that solid solutions of pure rare-earth elements with similar atomic numbers behave as
ideal alloys at high temperatures [176], lattice parameters of dhcp La-Ce alloys can be approximated
by linear interpolation between lattice parameters of $-Ce and a-La.

e (y-Ce, B-La): Face-centered cubic solid solution between y-Ce and B-La. Gschneidner and
Calderwood [176] summarized previously reported lattice parameters from references [314-317]
(Figure 53). All of the reported lattice parameters were in good agreement, and were slightly higher
than would be expected from linear interpolation between lattice parameters of pure Ce and La
(positive deviation from Vegard’s Law). It should be noted, however, that the alloys in this summary
had different annealing temperatures and cooling histories.

More recent lattice parameters reported by Scott et al. [308] for Ce and an alloy with 5 wt% (5 at%)
La are inconsistent with earlier data, and the 6% change in lattice parameters caused by the
introduction of 5% La reported by Scott et al. seems anomalously large. Wheeler and Khan reported
variations of ~ 2 at% La within individual grains of an alloy with 5 wt% La and a face-centered cubic
structure [318]. Although this chemical variation may imply some variation in lattice parameters, it
does not seem a likely cause of differences between the lattice parameters reported by Scott et al. and
those summarized by Gschneidner and Calderwood [176].

e (6-Ce, y-La) Body-centered cubic solid solution between 6-Ce and y-La. Lattice parameters of alloys
with intermediate compositions are not available.

41.2.2 Phase Transitions

Temperatures of the (a-Ce)«>(y-Ce) (non-equilibrium) and (B-Ce)«>(y-Ce) (equilibrium)
transformations were investigated for alloys with up to 4 at% La at atmospheric pressure [319]. Addition
of La increased the temperature of the y-f (cooling) transformation. Addition of ~0.5 at% La increased
the a-y phase-transformation temperature but decreased the y-a transformation temperature. Addition of
larger quantities of La caused a decrease in both the a-y and y-o. transformation temperatures.

Because the boundaries between (B-La, y-Ce), (y-La, 6-Ce), and liquid phases are approximately
linear, the corresponding phase-transformation temperatures can in principle be obtained by interpolation
between the transformation temperatures of La and Ce (Sections 2.5.2.2 and 2.6.2.2). For an alloy with
50 at% La, this interpolation leads to values of 795°C for the (B-La, y-Ce)<>(y-La, 5-Ce) transformation
and 858°C for melting. Relatively recent experimental measurements by Bulanova et al. [309] of 755°C
for the (B-La, y-Ce)«>(y-La, 5-Ce) transformation and 845°C for melting are somewhat below the
interpolated temperatures.

Phase-transformation enthalpies for La-Ce alloys have not been reported. However, enthalpies for La
and Ce are sufficiently similar that it seems reasonable to estimate the transformation enthalpies for
specific alloys by interpolation from the enthalpies for La and Ce (Sections 2.5.2.2 and 2.6.2.2). For an
alloy with 50 at% La, this interpolation gives the following values:

e (B-Ce, a-La)«> (y-Ce, B-La): ~0.23 ki/mol
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e (y-Ce, B-La)«<> (8-Ce, y-La): ~3.1 kJ/mol
e Fusion: ~5.9 kJ/mol
4123 Phase Diagrams

An early La-Ce phase diagram by Vogel and Klose [306] showed three solid phases, each forming a
continuous solid solution between La and Ce. Each phase transition involved a two-phase field spanning a
temperature range up to ~20 °C. The La used for the investigation had ~3% impurities (primarily Fe) and
the Ce was 99.5% pure.

Somewhat later, Savitskiy and Terekhov [320] developed a second phase diagram for temperatures
between ~750 and 850°C using La and Ce that contained 1-1.5% impurities (primarily other rare-earth
elements). Savitskiy and Terekhov apparently only recognized two crystal structures (hcp and fcc), and
reported a temperature difference of up to 60°C between the liquidus and solidus.

Gschneidner and colleagues modified the phase diagram of VVogel and Klose by depicting phase
transitions as straight lines and largely eliminating two-phase fields (e.g., [176, 307]). Both of these
changes are consistent with their observation that binary alloys between rare-earth elements with similar
atomic numbers behave as ideal solutions at high temperatures. Gschneidner and colleagues also extended
the phase diagram to temperatures below 300°C. The phase diagram of Gschneidner and Calderwood
[176] (Figure 54) is currently accepted, although it does not include the most recently available
information about the temperature of the phase transformation between B-Ce and y-Ce.

A publication by Bulanova et al. [309] about the La-Ce-Si system shows a variant of the Gschneidner
and Calderwood phase diagram in which the transformation between the hexagonal (a-La, B-Ce) and
face-centered cubic (B-La, y-Ce) phases is shown by a single line connecting the transformation
temperature measured during heating of La with the average of the transformation temperatures measured
during heating and cooling of Ce. Bulanova et al. do not explain why they used this phase transformation
temperature; however, it involves temperatures well below any of their experimental measurements. The
phase diagram of Bulanova et al. does not appear to be an attempt to suggest a modification of an existing
La-Ce phase diagram.
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Figure 53: Lattice spacings for (B-La, y-Ce) solid solutions. Blue symbols indicate values summarized by
Gschneidner and Calderwood [176], red symbols indicate values from Scott et al. [308].
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Figure 54. La-Ce phase diagram after Gschneidner and Calderwood [176] with data from Bulanova et al.
[309] (blue crosses) and equilibrium B-Ce to y-Ce transformation temperature from Gschneidner and
Pecharsky [214] (green circle).

4.1.3 Heat Capacity and Related Properties

In the absence of experimental data, it may be necessary to approximate the heat capacities of La-Ce
alloys using the Kopp-Neumann Law [3 (Section 1.6.1)]. Figure 55 shows an example of the use of this
law to approximate the heat capacity of a La-Ce alloy with 50 at% La. Because alloys of pure La and Ce
behave as ideal alloys at high temperatures, the temperatures of phase transitions in the alloy were
determined by interpolation between the transition temperatures of La and Ce. To reduce errors
introduced by phase transitions, heat capacities are shown only for temperature ranges in which the binary
phase diagram in Section 4.1.2.3 indicates that La, Ce, and the alloy should all have the same crystal
structure. As a result, there are no estimated heat capacities for the dhcp and bce phases.
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Figure 55. Heat capacity of a La-Ce alloy with 50 at% La, estimated using the Kopp-Neumann Law and
elemental heat capacities from the equations in Sections 2.5.3 and 2.6.3 of this handbook. Heat capacities
of La and Ce are included for comparison. Colors indicate compositions and line types (dots, etc.)
indicate phases. The fcc alloy is a solid solution between -La and y-Ce.

414 Thermal Expansion and Density
41.4.1 Densities of Solid Phases

No measurements of the densities of solid La-Ce phases are available. However, densities for (B-La,
v-Ce) (fcc) solid solutions can be calculated from reference [3 (Equation 5, Section 1.2)] using lattice
parameters from the original references cited in Section 4.1.2.1 with 4 atoms per unit cell. Consideration

of Figure 53 suggests that densities of (B-La, y-Ce) solid solutions are lower than would be predicted
based on linear interpolation between the densities of La and Ce.

4142 Densities of Liquid Alloys

Bezukladnikova et al. measured densities of five La-Ce alloys with ~1.2 to 9.9 at% La using optical
microscopy to observe changes in the sizes of drops of liquid in a vacuum [313]. They determined that the

density of each alloy decreases linearly with increasing temperature, and developed Equation 75 and
Table 16 to express this relationship.
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Equation 75. Densities of La-Ce alloys as functions of temperature (after [313])
p=po—bx103xT

where p is the density in g/cm®, po and b are values from Table 16 and T is a temperature in K
within the range specified in Table 16.

Table 16. Coefficients for calculating densities of La-Ce liquids (after [313]).

Composition, T range
at% Ce (K) po b
121 1250-1627 6.86 0.66
2.49 1263-1630 6.82 0.62
5.33 1253-1626 7.01 0.74
7.72 1268-1607 7.07 0.77
9.91 1253-1631 6.87 0.63

Figure 56 shows densities calculated using Equation 75 and Table 16. Densities decrease linearly as a
function of increasing temperature. There is a general tendency for the density to increase with increasing
concentrations of Ce, consistent with the higher density of Ce in comparison to La (Sections 2.5.4.3
and 2.6.4.3). The density of the alloy with 1.21 at% Ce is ~6.03 g/cm?® at 980°C, which is slightly higher
than the density of 5.96 g/cm? for pure La at a temperature “near the melting point” (918°C) [173 (Table
12)].

Densities of liquid La-Ce alloys
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Figure 56. Densities of La-Ce liquids calculated using Equation 75 and Table 16.

415 Thermal Conductivity and Related Properties

Petersen et al. measured the low-temperature electrical resistivity of two La-Ce alloys and determined
that the room-temperature electrical resistivity of an alloy with 70 at% La is ~ 67 uQ-cm and the room-
temperature electrical resistivity of an alloy with 22 at% La is ~74 uQ-cm [312]. These values are
generally consistent with room-temperature electrical resistivities of a-La (61.5 nQ-cm) and y-Ce
(74.4 pQ-cm) in the CRC Handbook of Chemistry and Physics [173 (Table 9)].
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Vedernikov et al. reported in a very short paper that the room-temperature electrical resistivity of
La-Ce alloys is slightly higher than would be expected if the resistivity were a linear function of
composition [321]. This paper does not include quantitative resistivity data, information about sample
purity, or information about analytical methods.

4.2 La-Pr
42.1 Introduction

The La-Pr phase diagram has apparently not been investigated experimentally, although a systematic
survey of intra-rare-earth binary phase diagrams suggests that it is similar to that of Ce-Pr [307]. Based on
this suggestion, key features of the La-Pr phase diagram include one end member (La) with three
polymorphs, one end member (Pr) with two polymorphs, a continuous high-temperature solid solution
between two bee phases (y-La and B-Pr), a continuous low-temperature solid solution between two dhcp
phases (a-La and o-Pr), and a eutectoid decomposition of the bce phase into an fee solid solution (-La)
and the dhcp solid solution between a-La and a-Pr. Published phase diagrams (e.g. [322, 323]) are
gualitatively consistent with the features described above, but have no experimentally determined values
except those for pure La and Pr.

No information about the thermal expansion of solid La-Pr alloys is available. Densities of liquid
La-Pr alloys increase with increasing concentration of Pr and decrease with increasing temperature [313,
324]. The increase in density as a function of temperature is linear for each alloy. The increase in density
as a function of concentration is not precisely linear, possibly because of impurities in the materials used.

No data on the thermal conductivity or diffusivity of La-Pr alloys is available. Information on
electrical resistivity is limited to a very short paper that reported that the room-temperature resistivity of
these alloys varies linearly with composition [321].

No information about the heat capacity of any La-Pr alloy is available.
4.2.2 Phases and Phase Transformations
42.2.1 Phases

Atmospheric-pressure phases in the La-Pr system are:

e (o-La, a-Pr): Double hexagonally close packed solid solution between a-La and a-Pr. Lattice
parameters of intermediate compositions are not available.

e (B-La): Face-centered cubic solid solution of B-La. The composition range of this phase has not been
investigated, and the only published lattice parameter is for pure $-La (Section 2.5.2.1).

e (y-La, B-Pr) Body-centered cubic solid solution between y-La and B-Pr. Lattice parameters of
intermediate compositions are not available.

42272 Phase Transitions

Phase-transformation temperatures and enthalpies for this system are known only for pure La and Pr
(Sections 2.5.2.2 and 2.7.2.2).

4223 Phase Diagrams

Published La-Pr phase diagrams (e.g. [322, 323]) are based on the suggestion by Gschneidner et al
[307] that the La-Pr phase diagram is similar to the Ce-Pr phase diagram. The phase diagram shown here
(Figure 57) follows reference [323], except that dashed lines are used to indicate areas of uncertainty and
phase-transformation temperatures have been adjusted slightly to match the recommendations in 2.5.2.2
and 2.7.2.2.
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Figure 57. Hypothetical La-Pr phase diagram (reference [323] with phase-transformation temperatures
adjusted slightly to match the recommendations in Sections 2.5.2.2 and 2.7.2.2).

4.2.3 Thermal Expansion and Density

4231 Densities of Liquid Alloys

Bezukladnikova et al. measured densities of liquid La, Pr, and La-Pr alloys using optical microscopy
to observe changes in the sizes of drops of liquid in a vacuum [313, 324]. The La feedstock had ~0.19%
impurities, and the Pr feedstock had up to ~0.25%. Bezukladnikova et al. determined that the density of
each alloy decreases linearly with increasing temperature, and developed Equation 76 and Table 17 to
express this relationship.

Equation 76. Density of La-Pr alloys (after [313, 324])
p=po—bx103xT

where p is the density in g/cm?®, po and b are values from Table 17 and T is a temperature in °C or
K within the range specified in the table.
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Table 17. Coefficients for calculating densities of La-Pr liquids.
Composition, T range T rane b b Reference

0 947-1354 6.77 0.73 [324]

1.48 — 1249-1630 7.18 0.87 [313]
3.01 — 1270-1686 7.09 0.80 [313]
5.19 — 1297-1690 7.06 0.77 [313]
7.52 — 1291-1703 7.12 0.81 [313]
11.58 — 1313-1720 7.04 0.75 [313]
11.59 1040-1447 — 6.84 0.75 [324]
19.08 1110-1413 — 7.06 0.89 [324]
29.54 1100-1390 — 6.98 0.8 [324]
39.38 1070-1369 — 7.09 0.87 [324]
49.59 1040-1380 — 7.25 0.95 [324]
59.53 1060-1386 — 7.43 1.01 [324]
69.63 1006-1040 — 7.48 1.00 [324]
80.11 1080-1410 — 7.60 1.04 [324]
89.85 1055-1316 — 7.73 1.11 [324]
100 984-1345 — 7.83 1.14 [324]

Figure 58 shows densities of La, Pr, and nine alloys calculated using Equation 76 and Table 17. The

lowest-temperature densities of La and Pr are both ~0.1 g/cm?® higher than the values in the CRC

Handbook of Chemistry and Physics for densities of liquid rare-earth metals “near the melting point” [173

(Table 12)].

Bezukladnikova et al. noted that the molar volumes of alloys at 1473 K were not linear functions of
composition, but considered the deviation as “insignificant” [324].
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Figure 58. Densities of La-Pr liquids calculated using Equation 76 and Table 17. Solid lines show data

from reference [324]; dotted lines show data from reference [313].

4.2.4 Thermal Conductivity and Related Properties

No data about the thermal conductivity or diffusivity of La-Pr alloys is available. Information about
electrical resistivity is limited to a very short paper in which Vedernikov et al. reported that the
room-temperature resistivity of these alloys varies linearly with composition [321]. This paper does not
include quantitative data, information about sample purity, or information about the methods on which the

results are based.
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4.3 La-Nd
431 Introduction

Published experimental data on La-Nd phases is limited to phase-transformation temperatures,
crystal-structure determinations, and lattice parameters from four alloys in a 1954 quarterly progress
report for the Atomic Energy Commission [325] and phase identifications in seven compositions
investigated as part of a study of the La-Nd-Fe ternary system [326]. The currently accepted phase
diagram was proposed by Gschneidner in 1961 based on a re-interpretation of the 1954 data, which was
required because of new knowledge indicating the existence of a third La phase [189]. Minor
modifications were made more recently to reflect new measurements of La and Nd [176].

The currently accepted La-Nd phase diagram (Figure 59) was suggested by Gschneidner and
resembles his proposed La-Pr phase diagram (reference [189] and Section 4.2.2.3). Key features of this
phase diagram include one end member (La) with three polymorphs, one end member (Nd) with two
polymorphs, a continuous high-temperature solid solution between two bcc phases (y-La and B-Nd), a
continuous low-temperature solid solution between two dhcp phases (a-La and a-Nd), and a eutectoid
decomposition of the bcc phase into an fcc solid solution (B-La) and the dhcp solid solution between (a-
La and a-Nd). Later measurements confirm the existence of the two-phase field between the fcc and dhcp
solid solutions, but suggest that it may involve higher concentrations of Nd than are shown in the
Gschneidner phase diagram.

In the absence of further data, the Gschneidner phase diagram (Figure 59) is probably the best
available representation of the La-Nd phase diagram, despite more recent data suggesting that the
miscibility gap occurs at higher concentrations of Nd than indicated by the phase diagram. Further
research is needed to define the phase diagram (particularly the boundaries of the miscibility gap) and
understand the importance of impurities. Measurements of phase-transformation enthalpies are also
needed.

Heat capacities of La-Nd alloys have been measured at temperatures below 300 K [312, 327]. No
information about heat capacities of La-Nd alloys at higher temperatures is available.

Experimental data on the thermal expansion of La-Nd alloys is limited to measurements of the density
of liquids with less than ~10 at% Nd [313]. This data shows that the density of these alloys increases with
increasing concentration of Nd and decreases linearly with increasing temperature.

No information about the thermal conductivity of La-Nd alloys is available.

Researchers are encouraged to consult the excellent review of the properties of La-Nd alloys by
Gschneidner and Calderwood [176 pp. 13-14].

4.3.2 Phases and Phase Transformations
4321 Phases
Phases in the La-Nd system that are stable at atmospheric pressures are:

e (0-Nd, a-La): Double hexagonally close packed solid solution between a-Nd and a-La. The range of
compositions in this phase is unknown. Published lattice parameters for three alloys show
considerable scatter and a negative deviation from Vegard’s Law [176, 325].

e (B-La): Face-centered cubic solid solution of B-La. The range of compositions in this phase is
unknown, and lattice parameters are not available.

e (B-Nd, y-La): Body-centered-cubic solid solution between B-Nd and y-La.
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4.3.2.2

Phase-transformation temperatures at the upper and lower boundaries of the (3-Nd, y-La) solid
solution were reported by Daane and Spedding [325] and are consistent with the Gschneidner phase
diagram.

Phase-Transition Temperatures

Phase-transformation enthalpies for La-Nd alloys are not available.
4.3.2.3

The La-Nd phase diagram published in 1954 by Daane and Spedding [325] includes only two La
polymorphs and shows continuous solid solutions between hcp and fcc phases of La and Nd. Later
research (e.g., [175]) established the existence of a third La phase, and the 1954 Daane and Spedding
phase diagram is no longer accepted.

Phase Diagrams

In 1961, Gschneidner re-interpreted the data of Daane and Spedding to include three La phases and
suggested that the La-Nd phase diagram is similar to the Ce-Pr system [189]. Small changes have been
made since then to reflect improved knowledge of phase-transformation temperatures [176] (Figure 59).
Despite numerous areas of uncertainty, this phase diagram is commonly accepted.

Although the Gschneidner and Calderwood phase diagram seemed plausible when it was proposed,
there was no direct experimental evidence for the eutectoid reaction and two-phase field at the time it was
proposed. More recently, Wu et al. identified phases in seven La-Ce alloys as part of a study of an
isothermal section of the La-Nd-Fe ternary system at 770 K [326]. The new data confirms the presence of
the two-phase field, but suggests that it may occur at significantly higher concentrations of Nd than
indicated by the Gschneidner and Calderwood phase diagram.
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Figure 59. La-Nd phase diagram after Gschneidner and Calderwood [176]. Red symbols represent data
from Wu et al. [326]: plus symbols are (B-La), x symbols are (a-Nd), and superimposed symbols indicate
that both phases were identified.

4.3.3 Heat Capacity and Related Properties

Heat capacities of La-Nd alloys have been measured at temperatures below 300 K [312, 327]. No heat
capacities of La-Nd alloys at higher temperatures have been reported.

For some compositions and temperature ranges, it may be appropriate to use approximate heat
capacities obtained using the Kopp-Neumann Law [3 (Section 1.6.1)]. However, the currently poor
understanding of the La-Nd phase diagram makes it difficult to reliably avoid temperatures close to phase
transitions. Errors in the heat capacities of La and Nd (Sections 2.5.3 and 2.8.3) will propagate into heat
capacities of La-Nd alloys estimated using the Kopp-Neumann Law.

4.3.4 Thermal Expansion and Density
4341 Densities of Liquid Alloys

Bezukladnikova et al. measured densities of five La-Nd alloys with ~1.1 to 9.9 at% La using optical
microscopy to observe changes in the sizes of drops of liquid in a vacuum [313]. Their results showed
that the density of each alloy decreases linearly with increasing temperature. Equation 77 and Table 18
express this relationship.

Equation 77. Density of La-Nd alloys (after [313])
p=po—bx103xT

where p is the density in g/cm®, po and b are values from Table 18 and T is a temperature in K
within the range specified in the table.

Table 18. Coefficients for calculating densities of La-Nd liquids (after [313]).

Composition, T range
at% Nd (K) Po b
1.14 1257-1620 7.13 0.85
2.79 1270-1613 7.12 0.83
5.02 1293-1617 7.07 0.79
7.23 1301-1633 7.19 0.87
9.89 1313-1617 7.22 0.88

Figure 60 shows densities calculated using Equation 77 and Table 18. Densities decrease linearly as a
function of increasing temperature. There is a general tendency for the density to increase with increasing
concentrations of Nd, consistent with the higher density of Nd in comparison to La (Sections 2.5.4.3 and
2.8.4.3). The density of the alloy with 1.14 at% Nd is ~6.06 g/cm?® at 980°C, which is slightly higher than
the density of 5.96 g/cm? for pure La at a temperature “near the melting point” (918°C) in the CRC
Handbook of Chemistry and Physics [173 (Table 12)].
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Figure 60. Densities of La-Nd liquids calculated using Equation 77 and Table 18 (after [313]).

4.4 Ce-Pr

4.4.1 Introduction

In 1982, Gschneidner and Calderwood [328] developed a Ce-Pr phase diagram based on the 1980
data of Altunbas and Harris [329]. Key features of this phase diagram include one end member (Ce) with
three polymorphs above room temperature, one end member (Pr) with two polymorphs, a bce (6-Ce, B-Pr)
solid solution, a dhcp (B-Ce, a-Pr) solid solution, and a eutectoid decomposition of the bee (6-Ce, B-Pr)
solid solution into an fcc solid solution (y-Ce) and the dhcp (B-Ce, a-Pr) solid solution. Although it was
published as “preliminary,” the Gschneidner and Calderwood phase diagram has been extensively
repeated (e.g., [176, 307, 330, 331], and remains the only binary Ce-Pr phase diagram in the ASM Alloy
Phase Diagram Database.

Despite the uncertain purity of some of the samples used by Altunbas and Harris, it seems unlikely
that further investigation would change the boundaries of higher-temperature phase transitions
significantly. Further research addressing transformations involving a-Ce and the boundaries of the (a-Pr,
B-Ce) solid solution is needed for a complete understanding of the phase diagram. In the absence of this
research, the Gschneidner and Calderwood phase diagram (Figure 61) is the best available approximation
of the Ce-Pr phase diagram.

No information about the heat capacities, thermal expansion, or thermal conductivities of Ce-Pr alloys
is available. Measurements of electrical resistivity are limited to two temperatures and to compositions
with less than 25 at% Ce.

Researchers are encouraged to consult the excellent review of the properties of Ce-Pr alloys by
Gschneidner and Calderwood [176 pp. 30-32].

4.4.2 Phases and Phase Transformations
4421 Phases
Atmospheric-pressure phases in the Ce-Pr system are:

o (0-Ce): Low-temperature fcc solid solution of a-Ce. The maximum concentration of Pr and influence of Pr
concentration on lattice parameters in this phase have apparently not been investigated.
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e (B-Ce, 0-Pr): Double hexagonally close packed solid solution between -Ce and a-Pr. Lattice parameters of
intermediate compositions have apparently not been published.

e  (y-Ce): Higher-temperature face-centered cubic solid solution of (y-Ce). The lattice parameter for an alloy with 5
at% Pr is 0.001 A larger than that for pure Ce, and lattice parameters with lower concentrations of Pr follow
Vegard’s law [176, 317, 328]. Lattice parameters for alloys with higher concentrations of Pr are not available.

e (5-Ce, B-Pr): Body-centered cubic solid solutions between 8-Ce and B-Pr. Lattice parameters of intermediate
compositions are not available.

44272 Phase Transitions

Altunbas and Harris noted differences in onset temperatures measured during heating and cooling in their
DTA and resistivity data. They attributed these differences to elastic deformation associated with changes in
crystal structures.

Addition of ~1 at% Pr increases the temperature of the (a-Ce)«>(y-Ce) transformation relative to that in
pure Ce. However, addition of larger concentrations of Pr (to a few at%) decrease this transformation
temperature [319]. There is no available information about the temperature of the (a-Ce)<«—>(y-Ce) transition in
alloys with higher concentrations of Pr or the influence of Pr on the (a-Ce)«—(B-Ce) transformation
temperature. Nonetheless, it seems likely that (a-Ce) solid solutions occur only at temperatures too low to be
experienced by metallic fuels.

Addition of a few percent Pr increased the temperature of the (B-Ce)«(y-Ce) transformation by about
15 degrees [319]. Altunbas and Harris [329] published a figure showing that phase-transformation
temperatures increase for alloys with higher concentrations of Pr; however, it not possible to reliably quantify
the increase because of the scatter in the data.

Altunbas and Harris [329] also published a graphical presentation of temperatures for the liquidus and
(y-Ce)«> (8-Ce, B-Pr) transformation. Liquidus temperatures appear to rise linearly with increasing
concentration of Pr. The temperature of the (y-Ce)«> (6-Ce, B-Pr) transformation also generally increases with
concentration of Pr, but levels off or decreases slightly at high concentrations.

Phase-transformation enthalpies for Ce-Pr alloys are not available.
4423 Phase Diagrams

In 1980, Altunbas and Harris [329] used DTA and electrical resistivity to study phase-transformation
temperatures in Ce-Pr alloys. They also used X-ray diffraction to determine phases in powdered samples that
had been annealed at 600°C and rapidly cooled to room temperature, and reported that samples with 66-74 at%
Pr had two phases. They presented their transformation-temperature data graphically as a function of Pr
concentration, but did not integrate this data with their X-ray diffraction data or suggest a phase diagram.

In 1982, Gschneidner and Calderwood published a “preliminary” Ce-Pr phase diagram based on the data
of Altunbas and Harris [328], which has been modified slightly for this Handbook to reflect current values for
phase-transition temperatures in Pr and Ce (Figure 61). The temperature of 61°C for the B-Ce«<>y-Ce
transformation in the Gschneidner and Calderwood phase diagram (which was retained in Figure 61) is the
average of the transformations measured during heating and cooling, and is higher than the most recent
estimate of the equilibrium transformation temperature (10 °C, Section 2.6.2.2). Other phase-transformation
temperatures for Ce and Pr are from Sections 2.6.2.2 and 2.7.2.2, and are within a few degrees of the values
used by Gschneidner and Calderwood.
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Figure 61. Ce-Pr phase diagram after Gschneidner and Calderwood [176], with phase-transformation
temperatures for Ce and Pr from Sections 2.6.2.2 and 2.7.2.2. The green dot is the most recent value of the

equilibrium transition temperature between 3-Ce and y-Ce.

443  Thermal Conductivity and Related Properties

No measurements of the thermal conductivity of Ce-Pr alloys are available. Experimental measurements of
resistivity are limited to temperatures of 298 and 368 K and compositions with less than 25 at% Ce [332]. Despite
considerable scatter, which the authors attributed to inaccuracies in measuring the specimen dimensions (which
they apparently used to convert measured resistances to resistivities), it was concluded that there was a linear
relationship between composition and electrical resistivity at each temperature.

It is not clear how the higher-temperature data in this study was obtained, as the only measurement
techniques discussed involved measurements of electrical resistivity at cryogenic temperatures (1.5-300 K).

45 Ce-Nd
45.1 Introduction

The Ce-Nd phase diagram has apparently not been investigated systematically, although individual
measurements are available in several studies [333-335]. A systematic survey of intra-rare-earth binary phase
diagrams suggests that the Ce-Nd and Ce-Pr phase diagrams are similar [307]. If this suggestion is accepted, key
features of the Ce-Nd phase diagram include one end member (Ce) with three polymorphs above room
temperature, one end member (Nd) with two polymorphs, a continuous bcc (8-Ce,3-Nd) solid solution, a
continuous dhcp (B-Ce,a-Nd) solid solution, and a eutectoid decomposition of the (6-Ce, f-Nd) solid solution
into the (B-Ce, a-Nd) solid solution and an fcc solid solution phase (y-Ce).
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The only available Ce-Nd phase diagram (Figure 62) was suggested by Moffatt [336] based on X-ray
diffraction data from Speight et al. [333]. This phase diagram appears in the ASM Alloy Phase Diagram
Database [337]. Although the experimental data supports the existence of phases with fcc and hcp
structures in alloys with different compositions, boundaries of the two-phase field with coexisting fcc and
hcp structures shown by three experimental studies are inconsistent.

No experimental information about heat capacities, thermal expansion, or thermal condutivity of
Ce-Nd alloys is available. Relatively recent research on these alloys includes investigation of interactions
between Ce-Nd alloys and HT9 steel [338] and investigations of grain structure and growth [335].

Researchers are encouraged to consult the excellent review of the properties of Ce-Nd alloys by
Gschneidner and Calderwood [176 pp. 33-34].

45.2 Phases and Phase Transformations
4521 Phases
Atmospheric-pressure phases in the Ce-Nd system are:

e (B-Ce, a-Nd): Double hexagonally close packed solid solution between f-Ce and a-Nd. The a-lattice
parameters of intermediate compositions vary approximately linearly between ~11.795 A for Nd and
~11.836 A for an alloy with 60 at% Ce, and the c-lattice parameters vary approximately linearly between
3.656 A for Nd and 3.673 A for an alloy with 60 at% Ce [176, 333, 339]. Lattice parameters in the original
data of Speight et al. are expressed in units of kX, which can be converted to A by multiplying by
1.00202 [340].

e (y-Ce): Face-centered cubic solid solution of y-Ce. Speight et al. determined that lattice parameters for this
phase in alloys with 70-100 at% Ce are essentially independent of composition, with a = 5.161 A [176,
333, 339]. This data is consistent with a measurement of 5.1600 A by Gschneidner et al. [317] in an alloy
with 2 at% Nd.

e (5-Ce, B-Nd) Body-centered cubic solid solution between 6-Ce and 3-Nd. Lattice parameters of
intermediate compositions have apparently not been published.

4522 Phase Transitions

Phase-transformation temperatures of Ce and Nd can be found in Sections 2.6.2.2 and Section 2.8.2.2.
Phase-transformation temperatures of alloys have not been reported; however, because Ce and Nd are trivalent
rare-earth metals with similar atomic numbers, Ce-Nd alloys behave as ideal alloys at high temperatures [176
(page 7)]. As a consequence, the temperatures of the liquidus and solidus are the same to within a few degrees,
and the combined liquidus and solidus can be represented by a straight line between the melting temperatures
of Ce and Nd [176]. Other phase-transformation temperatures are not available.

Transformation enthalpies for Ce and Nd can be found in Sections 2.6.2.2 and Section2.8.2.2.
Transformation enthalpies for alloys are not available.

4523 Phase Diagrams

Three groups of researchers have published experimental data about phases in Ce-Nd alloys, but none of
them suggested a phase diagram. The only available phase diagram was suggested by Moffatt [336] based on
X-ray diffraction data from alloys that had been rapidly cooled from 600°C [333] (Figure 62).

Two sets of experimental data have been published since the Moffatt phase diagram. One of them
measured coexisting compositions in diffusion couples using SEM-EDX and interpreted these compositions as
marking the boundaries of a two-phase region [334]. A second study determined that an alloy with 10 wt% Nd
that had been heat treated at 610°C for 2 hours was primarily fcc material with some dhcp material and that an
alloy with 50 wt% Ce was dhcp [335]. Although these data suggest that the boundaries of the miscibility gap
may be incorrect, further research is needed to determine the correct boundaries.
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Figure 62. Tentative Ce-Nd phase diagram after Okamoto [323] with experimental data from

Speight et al. [333] (red; + indicates an alloy with reported fcc lattice parameters, * indicates an alloy
with reported dhcp lattice parameters), Keiser [334] (green; x symbols indicate boundaries of the
two-phase region), and Hachimi et al. [335] (blue; open circle indicates an alloy with predominantly
fce structure, filled circle indicates an alloy with dhcp structure).

4.6 Pr-Nd
46.1 Introduction

The currently accepted Pr-Nd phase diagram (Figure 63) is based on a 1982 re-interpretation of early
experimental data [341-343]. Key features of this phase diagram include a completely miscible liquid and
continuous solid solutions between the dhcp phases a-Pr and a-Nd and between the bee phases 3-Pr and
B-Nd. The original experimental data showed two-phase fields associated with phase transformations,
which do not appear in the 1982 phase diagram because they were attributed to impurities.

Although the 1982 phase diagram was published as “provisional,” it has been repeated in Massalski’s
compilation of binary alloy phase diagrams [344] and the ASM Alloy Phase Diagram database [345].

Despite the low purity of some of the samples used in the original determinations of the phase
diagrams, it seems unlikely that further investigation would change the boundaries of higher-temperature
phase transitions by more than a few degrees. Actual transformation temperatures for specific alloys of
interest to fuels programs (including possible two-phase fields) should be experimentally addressed if
high-precision values are required.
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No information about heat capacities of Pr-Nd alloys is available. However, because Pr and Nd have
similar crystal structures and heat capacities, the Kopp-Neumann Law [3 (Section 1.6.1)] may provide
accurate estimates.

No information about thermal expansion of Pr-Nd alloys is available, although it appears that
densities of solids and liquids can be reliably approximated by those of Pr and Nd as long as there are no
differences in crystal structures.

No information about thermal conductivity or thermal diffusivity of Pr-Nd alloys is available.
Information about electrical resistivity is limited to a short paper with no quantitative data.

Researchers are encouraged to consult the excellent review of the properties of Pr-Nd alloys by
Gschneidner and Calderwood [176 pp 56-59].

4.6.2 Phases and Phase Transformations
46.2.1 Phases
Atmospheric-pressure phases in the Pr-Nd system are:

e (a-Pr, 0-Nd): Double hexagonally close packed solid solution between a-Pr and a-Nd. Room-
temperature lattice parameters decrease linearly from Pr to Nd as a function of the atomic proportion
of Nd [342].

e (B-Pr, B-Nd): Body-centered cubic solid solution between -Pr and B-Nd. Lattice parameters vary
linearly as a function of the atomic proportions of Pr and Nd [342].

46.2.2 Phase Transitions

Phase-transformation temperatures have not been reported for Pr-Nd alloys. However, given the ideal
behavior of these alloys at high temperatures [342, 346], it seems reasonable to approximate
phase-transition temperatures by linear interpolation between transformation temperatures of Pr and Nd.

4.6.2.3 Phase Diagrams

The first Pr-Nd phase diagram was published in 1963 by Markova et al. [341] using Pr and Nd with
purities of 97 and 98 %, respectively. This phase diagram established the existence of a miscible liquid
and two solid solutions involving dhcp and fcc structures. It shows two-phase regions with temperature
differences of up to ~100 °C between the liquidus and solidus and between the dhcp and fcc solid
solutions.

A few years later, Lundin and Pool measured enthalpies of solution for Pr-Nd alloys [346]. Lundin
and colleagues also measured room-temperature lattice parameters and densities for solid and liquid Nd,
Pr, and a number of alloys and determined thermodynamic activities of Pr and seven alloys at
temperatures of 1475, 1500, and 1525°C [342]. Although neither of the publications by Lundin and
colleagues includes a phase diagram, these publications demonstrated that Pr-Nd alloys behave as ideal
solutions.

In 1982, Gschneidner and Calderwood used the results of Markova et al. and Lundin et al. to develop
a new phase diagram (Figure 63). The Gschneidner and Calderwood phase diagram considers Pr-Nd
alloys to behave as ideal solutions, and therefore represents phase transformations by straight lines rather
than showing two-phase fields. This representation is consistent with the general principle that alloys of
trivalent rare-earth elements with atomic numbers that differ by less than ~+4 behave as ideal solutions at
high temperatures [176], with experimental data from Lundin and colleagues [342, 346], and with a phase
diagram calculated by Shiflet et al. [347]. However, it is not consistent with the phase diagram of
Markova et al., which shows two-phase fields involving temperature differences of up to ~100°C. It
seems likely that the range of temperatures included in a possible two-phase fields are highly dependent
on the impurity content of the individual samples used to construct the phase diagram [343, 347].
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Figure 63. Pr-Nd phase diagram after [343], with phase-transformation temperatures adjusted slightly for
consistency with recommendations in Sections 2.7.2.2 and 2.8.2.2.

4.6.3 Heat Capacity and Related Properties

Lundin et al. measured activities of Pr and Nd and determined that the heat of mixing is linearly
related to the composition in a variety of Pr-Nd alloys [342, 346].

Currently available measurements indicate that the heat capacities of Pr and Nd are similar, and the
Kopp-Neumann Law [3 (Section 1.6.1)] appears to provide a plausible estimate for the heat capacities of
Pr-Nd alloys. Figure 64 shows an example of the application of the Kopp-Neumann law to a Pr-Nd alloy
with 50 at% Pr. Because alloys of pure Pr and Nd behave as ideal alloys at high temperatures, the
temperatures of phase transitions in the alloy were determined by interpolation between the transition
temperatures of Pr and Nd. To reduce errors introduced by phase transitions, heat capacities are shown
only for temperature ranges in which the binary phase diagram in Section 4.6.2.3 indicates that Pr and Nd
have the same crystal structure.
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Figure 64. Heat capacity of a Pr-Nd alloy with 50 at% Pr, estimated using the Kopp-Neumann Law with
heat capacities of Pr and Nd (Sections 2.7.3 and 2.8.3). Heat capacities of pure Pr and Nd are included for
comparison. Colors indicate compositions, and line types (dots, etc.) indicate phases. The dhcp alloy is a
solid solution of a-Pr and a-Nd, and the bcc alloy is a solid solution of B-Pr and B-Nd.

Because uncertainties in the heat capacities of elements propagate into the estimated heat capacities
of alloys, the most useful information for improving the accuracy of information about heat capacities of
Pr-Nd alloys may involve measurements of the heat capacities of Pr and Nd.

4.6.4 Thermal Expansion and Density
No information about thermal expansion or thermal expansion coefficients is available.
46.4.1 Room Temperature Densities of Solids

Lundin et al. measured the room-temperature densities of nine Pr-Nd alloys and observed that the
densities of room-temperature solids and of liquids at 1240°C varied linearly between the room-
temperature densities of Nd and Pr as a function of composition [342]. The linear variation in densities is
consistent with linear variation in lattice parameters observed in the same study and the ideal behavior of
Pr-Nd alloys. Given the strong evidence that Pr-Nd alloys behave as ideal alloys [342, 346], it seems
reasonable to approximate the densities of Pr-Nd alloys at other temperatures by linear interpolation

between the properties of Pr and Nd at those temperatures as long as both phases have the same crystal
structure.

4.6.4.2 Densities of Liquids at 1240°C

Lundin et al. measured the densities of three Pr-Nd liquids at 1240°C and observed that the densities
varied linearly between those of Pr and Nd as a function of composition [342].

4.6.5 Thermal Conductivity and Related Properties

No data about the thermal conductivity or diffusivity of Pr-Nd alloys is available. Information about
electrical resistivity is limited to a very short paper that states that the room-temperature electrical
resistivity of Pr-Nd alloys varies linearly with composition [321]. This paper does not include quantitative
data or information about the samples and methods on which the results are based.
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4.7 Mischmetal (Rare-earth alloy that includes La, Ce, Pr, and Nd)

La, Ce, Pr, and Nd are primary constituents of the industrially important rare-earth alloys known as
“mischmetals” (also called “misch metals’ or “misch-metals”), which are produced from naturally occurring
rare-earth minerals by large-scale refining operations. Compositions of commercially available mischmetals vary.

Properties included in this Handbook are rarely published for mischmetal alloys. However, Palmer et al.
[348] prepared and characterized eight high-purity mischmetal alloys with compositions ranging between ~20-43
at% La, 37-54 % Ce, 6.2-6.5 at% Pr, 8-20 at% Nd, up to ~2 at% Gd, and up to ~1.6 at% Y. Gschneidner and
Calderwood [176] paraphrased the results of these analyses as indicating that the experimentally determined
melting and transition temperatures of alloys that had no Y or Gd and less than 50 wt% Ce (a composition range
that includes the rare-earth alloy used by FCRD) agreed with temperatures calculated from the properties of the
pure elements and the atomic proportions of these elements in each alloy.

A mischmetal alloy with 27.3 at% La, 47.2 at% Ce, 8 at% Pr, and 17.5 at% Nd has a hexagonal structure
(space group P6s/mmc with a = 3.726 A, ¢ = 11.875 A and 4 atoms per unit cell) [349].

5. BINARY ALLOYS OF AN ACTINIDE (U, Np, Pu, Am) AND A
RARE-EARTH ELEMENT (La, Ce, Pr, Nd)

5.1 U-La

511 Introduction

Published experimental measurements for the U-La phase diagram are limited to temperatures between 1000
and 1500°C. These measurements suggest a phase diagram with very limited miscibility and no intermediate
phases. Experimental measurements of the limits of solubility [350-352] are generally consistent.

Bayanov calculated a variety of thermodynamic properties for liquids in the U-La system [353]. More
recently, McMurray et al. used CALPHAD to perform a thermodynamic assessment of the U-La-O system [354].

No experimental measurements of the heat capacity, thermal expansion, or thermal conductivity of U-La
alloys are available.

51.2 Phases and Phase Transformations

No experimental data on crystal structures, lattice parameters, or phase-transformation temperatures or
enthalpies in U-La alloys are available. Given the low mutual solubilities of U and La, it seems reasonable to
assume that properties of high-U and high-La phases are similar to those of U and La.

According to Haefling and Daane [351], the maximum solubility of U in liquid La rises from ~0.422 wt% at
1050°C to ~1.022 wt% at 1250°C. These data are generally consistent with solubilities reported by Rough and
Bauer [350] (0.3 wt% at 1000°C and 1.0 wt% at 1250°C). The higher-temperature data of Shoji et al. [352] show
a maximum solubility of 6.66 wt% at 1500°C.

Haefling and Daane suggested that binary phase diagrams involving U and rare-earth elements whose
melting temperatures are below that of U (including La) have high-U monotectic transformations similar to that
in the U-Ce phase diagrams. There is no experimental evidence to determine whether this transformation actually
occurs in the U-La system.

None of the papers with experimental data include phase diagrams; however, Okamoto [355] drew a partial
phase diagram from 1000 to 1300°C based on the data of Haefling and Daane [351]. This phase diagram shows a
slight depression of the melting temperature of y-U solid solutions corresponding to the eutectic transformation
suggested by Haefling and Daane. Figure 65 (new for this Handbook) follows the topology of the Okamoto phase
diagram, but extends the temperature range to 1500 °C to accommodate the data of Shoji et al. [352].
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Figure 65. Tentative U-La phase diagram drawn for this Handbook based on the work of Okamoto [355],
with experimental data from Haefling and Daane [351] (red “+” symbols), Rough and Bauer [350] (red

squares), and Shoji et al. [352] (green circles).

5.2 U-Ce

5.2.1 Introduction
Experimental data on the U-Ce system is limited to temperatures between 1000 and 1500°C.
Although the mutual solubility of U and Ce is greater than that of U and Nd, Pr, or La [189, 351], the data

suggest a phase diagram with a wide miscibility gap and no intermediate phases.
Bayanov calculated a variety of thermodynamic properties for liquids in the U-Ce system [353].
No information about the heat capacity, thermal expansion, or thermal conductivity of U-Ce alloys is

available.
522 Phases and Phase Transformations

5.2.2.1 Phases

No experimental data on crystal structures, lattice parameters, or phase-transformation enthalpies in
U-Ce alloys is available. Given the low mutual solubilities of U and Ce, it seems reasonable to assume
that properties of the high-U and high-Ce solid solution phases are similar to those of U and Ce.

Figure 66 summarizes the experimental measurements showing the maximum mutual solubilities of

U and Ce.
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5.2.2.2 Phase Transitions

Two research groups have found evidence for a eutectic reaction in U-Ce alloys with high
concentrations of U at ~1000 °C [350, 351]. Detailed investigations established the eutectic temperature
as 1106°C and showed that the maximum solubility of Ce in U at this temperature is ~0.18 at% [351].

Haefling and Daane [351] reported that incorporation of 0.7 wt% Ce lowers the temperatures of the a-
B and B-y transformations in U to 636 and 752°C respectively [351].

5.2.2.3 Phase Diagrams

In 1959, Haefling and Daane published experimental data on U-Ce alloys at temperatures between
1000 and 1250°C. Several reviews of the U-Ce system were published between 1958 and 1961 [189, 350,
356], based on a combination of published and unpublished data. Limits of solubility for similar
compositions and temperatures in all of these publications are consistent; however, it is not clear to what
extent they should be regarded as independent determinations. Only one of these reviews included a phase
diagram (Figure 66).

Shoji et al. [352] determined the mutual solubility of high-purity U and Ce at four temperatures
between ~1100 and 1350°C based on vapor-pressure measurements and published a more limited phase
diagram based on their data and the data of Haefling and Daane [351]. The phase diagram of Shoji et al.
shows the limits of the liquid miscibility gap at temperatures up to ~1525°C.
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Figure 66. U-Ce phase diagram after Gschneidner [189 Figure 120]. Colored symbols indicate phase
boundaries from Haefling and Daane [351] (red “+” symbols), Rough and Bauer [350] (red squares), and
Shoji et al. [352] (green circles).
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53 U-Pr

531 Introduction

Experimental data about phases in U-Pr alloys is limited to temperatures between 1000 and 1250°C.
Most of the data was originally reported by Haefling and Daane in 1959 [351], although a survey by
Rough and Bauer [350] included other unpublished data. All of the available data suggest that U and Pr
liquids and solids are almost completely immiscible and that there are no intermediate U-Pr phases.

Bayanov calculated a variety of thermodynamic properties for liquids in the U-Pr system [353], and
McMurray and Silva used CALPHAD to perform a thermodynamic assessment of the U-Pr-O system
[357].

No information about the heat capacity, thermal expansion, or thermal conductivity of U-Pr alloys is
available.

53.2 Phases and Phase Transformations

No experimental data about crystal structures, lattice parameters, or phase-transformation
temperatures or enthalpies in U-Pr alloys are available. Given the low mutual solubility of U and Pr, it
seems reasonable to assume that properties of high-U and high-Pr phases are similar to those of U and Pr.

According to Haefling and Daane, the maximum solubility of U in liquid Pr rises from 1.063 wt% at
1000°C to 2.028 wt% at 1250°C. The maximum solubility of Pr in liquid U rises from 0.22 wt% at
1150°C to 0.39 wt% at 1250°C. Solubilities in solid phases are unknown, but probably very low.

Haefling and Daane suggested that binary phase diagrams involving U and rare-earth elements whose
melting temperatures are below that of U (including Pr) have high-U monotectic transformations similar
to that in U-Ce. There is no experimental evidence to determine whether this transformation actually
occurs in the U-Pr system.

Phase diagrams of the U-Pr system were suggested by Okamoto [358] and Peatfield et al. [359]. Both
show very limited miscibility, with numerous phase transformations outside the temperature range of the
experimental data. Neither of these phase diagrams provides a detailed representation of the available
data. Figure 67 shows the experimental data with tentative phase boundaries drawn for this Handbook
based on analogy to the U-Ce system.
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Figure 67. Tentative partial U-Pr phase diagram drawn for this handbook, with experimental data from
Haefling and Daane ([351], red “+” symbols) and Rough and Bauer ([350], red squares). Phase
boundaries were assumed analogous to those in the U-Ce system.

54 U-Nd

541 Introduction

Experimental data about phases in U-Nd alloys is limited to temperatures between 1000 and 1250°C.
Most of the data was originally reported by Haefling and Daane in 1959 [351], although a summary by
Rough and Bauer [350] includes earlier unpublished data. The experimental data are consistent and show
that U and Nd liquids and solids are almost completely immiscible.

Lee et al. recently used CALPHAD methods to develop a thermodynamic model of the U-Nd-O
system [360].

No information about heat capacity, thermal expansion, or thermal conductivity of U-Nd alloys is
available.
5.4.2 Phases and Phase Transformations

No experimental data about crystal structures, lattice parameters, or phase-transformation
temperatures or enthalpies in U-Nd alloys is available. Given the low mutual solubility of U and Nd, it
seems reasonable to assume that properties of high-U and high-Nd phases are similar to those of U
and Nd.

Haefling and Daane identified a monotectic reaction similar to that in the U-Ce system, but did not
report details [351].

129



5421 Phase Diagrams

Parnell et al. [361] published a tentative U-Nd phase diagram as part of an experimental study of
U-Nd-Pd ternary alloys (Figure 68,which shows only the temperature range for which there is
experimental data). Although the miscibility gap in this phase diagram is narrower than indicated by the
experimental data, the difference is small, and this remains the most detailed representation of the U-Nd
phase diagram because of the scale at which it is displayed. Okamoto published a similar diagram for
temperatures between 500 and 1300°C [362], but at a scale that makes it impossible to recognize details.
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Figure 68. Tentative partial U-Nd phase diagram based on that of Parnell et al. [361], displaying only the
temperature range for which there is experimental data. Red “+” symbols indicate data from Haefling and
Daane [351]. Red squares indicate data from Rough and Bauer [350].

5.5 Np-La

There are no experimentally determined phase diagrams for the Np-La system, and the only available
data is from a DTA study of an alloy with 48 at% La. This data indicated very limited miscibility and
suggested that the Np-La phase diagram might be similar to the Pu-La diagram (Section 5.9) [150].

No information about the heat capacity, thermal expansion, or thermal conductivity of Np-La alloys is
available.

In view of the apparently limited miscibility of the Np-La system at temperatures up to at least
1200°C, it seems reasonable to assume that phases in this system are similar to those in pure La and Np
(Sections 2.5.2.1 and 2.2.2.1, respectively).

The single DSC study available indicated that the temperatures of all phase transitions in La and Np
solid solution phases were lower than those in pure elements. The maximum difference in temperature
was less than 15°C [150].

No experimentally determined phase diagrams of the Np-La system are available. Kurata calculated a
phase diagram that is consistent with the very limited experimental data [275 Figure 14].

5.6 Np-Ce

There are apparently no published studies of the Np-Ce phase diagram. This phase diagram does not
appear in Massalski’s compilation of binary alloy phase diagrams [363] or the ASM Alloy Phase Diagram
Database [364].
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Studies of more complex alloys that include Np and Ce (e.g., [365-370]) show no evidence of phases
containing both Np and Ce, suggesting that these elements have very limited miscibility.

No information about the heat capacity, thermal expansion, or thermal conductivity of Np-Ce alloys
is available.

5.7 Np-Pr

There are apparently no published studies of the Np-Pr phase diagram. This phase diagram does not
appear in Massalski’s compilation of binary alloy phase diagrams [363] or the ASM Alloy Phase Diagram
Database [364].

Studies of more complex alloys that include Np, Ce, and Pr (e.g., [365-370]) show no evidence of
phases containing both Np and Pr, suggesting that these elements have very limited miscibility.

No information about the heat capacity, thermal expansion, or thermal conductivity of Np-Pr alloys is
available.

5.8 Np-Nd

There are apparently no published studies of the Np-Nd phase diagram, and the only available data is
from a DTA study of an alloy with 40 at% Np [150]. This data indicated very limited miscibility and
suggested that the Np-Nd phase diagram might be similar to the Pu-Nd diagram (Section 5.12.2.3).

Studies of more complex alloys that include Np and Nd (e.g., [365-370]) show no evidence of phases
containing both Np and Nd, consistent with the suggestion that these elements have very limited
miscibility.

Phase-transition tempratures in these alloys were reported to be unusually difficult to measure
because of creeping and volatilization of molten Np-Nd alloys [150].

No information about the heat capacity, thermal expansion, or thermal conductivity of Np-Nd alloys
is available.

59 Pu-La
591 Introduction

A preliminary experimental investigation of the Pu-La phase diagram was carried out by Poole et al.
[278], followed by a more thorough investigation by Ellinger et al. [371]. The two investigations agreed
about key features of the phase diagram including a liquid miscibility gap, very low solubility of La in all
Pu allotropes, maximum solubility of ~20 at% Pu in f-La and y-La, and no intermediate phases at
temperatures above ~250°C. The Ellinger et al. phase diagram (Figure 69) is generally accepted.

Liu et al. [372] modeled the phase diagram using CALPHAD, obtaining good agreement with the
experimental data.

No information about the heat capacity, thermal expansion, or thermal conductivity of Pu-La alloys is
available.

59.2 Phases and Phase Transformations
59.21 Phases
Phases in the Pu-La system are [371]:

e (0-Pu), (B-Pu), (y-Pu), (3-Pu), (8’-Pu), (e-Pu): Allotropes of Pu with very small solubility for La. La
does not stabilize either 6- or g-Pu.
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e (B-La): Allotrope of B-La with up to 19 at% Pu. The lattice parameters reported by Ellinger et al.
increase linearly from 5.240 A for a sample with 80 at% La to 5.306 A for pure B-La (consistent with
the lattice parameter for f-La in Section 2.5.2.1).

e (y-La): Allotrope of y-La with up to 19 at% Pu.

e L1 (high-Pu liquid) and L2 (high-La liquid): Immiscible liquids. The limits of solubility and
maximum temperature of the miscibility gap have not been experimentally determined.

A sample of (B-La) with 2.5 at% Pu that was annealed for 7 months at 250°C showed no evidence of
transformation to (a-La) [371]. However, the B-a transformation is very sluggish in pure La
(Section 2.5.2.2). Thus, although there is no experimental data about properties of a-La solid solutions
that include Pu in La-Pu alloys, it is nonetheless possible that these solid solutions exist.

5.9.2.2 Phase Transitions

Ellinger et al. report that the incorporation of small amounts of La in e-Pu lowers the melting
temperature by ~8°C. Melting temperatures of other Pu solid-solution phases are similar to those in pure
Pu, possibly because of the low solubility of La in Pu.

Invariant points in the phase diagram of Ellinger et al. include [371]:
e L2 - LI +(y-La), a monotectic transformation at 846°C and 77 at% La
e y-La—> L1+ (B-La), an inverse peritectic (retrograde melting) transformation at 833°C and 82 at% La

e L2 - (e-Pu) + (B-La), a eutectic transformation at 632°C. Ellinger et al. did not specify the
composition at the eutectic, but their phase diagram suggests 1-2 at% Pu.

The phase diagram also shows a reaction, (B-La) = (o-La) + (a-Pu). Although this reaction seems
plausible, it has not been experimentally observed and occurs below the minimum temperature of the
experimental data.

5.9.2.3 Phase Diagrams

Figure 69 shows the Pu-La phase diagram proposed by Ellinger et al. [371]. This phase diagram
appears in Massalski’s compilation of phase diagrams [363] and in the ASM Alloy Phase Diagram
Database [364].
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Figure 69. Pu-La phase diagram of Ellinger et al. (re-drawn from [371]).

Despite the generally good agreement between the experimental and modeling studies, further work is
needed to determine the limits of the liquid miscibility gap. It may also be worthwhile to analyze the
entire phase diagram again because of the low purity of the La feedstock in the original experimental
work (e.g., the feedstock used by Ellinger et al. was only ~99 wt% La and included ~2000 ppm Fe);
however, it seems unlikely that this investigation would cause changes in the key features of the phase
diagram listed in the introduction to this section.
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5.10 Pu-Ce
5.10.1 Introduction

Pu-Ce phase diagrams based on original investigations were published by Ellinger et al. [373] and by
Selle and Etter [374], but have now been largely replaced by composite phase diagrams that combine
selected features of the experimental phase diagrams with phase boundaries from other (sometimes
unspecified) sources.

Key features of the all of the Pu-Ce phase diagrams include:
o Stabilization of 6-Pu solid solutions down to room temperature.
e Extremely limited solubility of Ce in a-Pu, B-Pu, and y-Pu.
o Significant solubility of Ce in &-Pu, and of Pu in y-Ce and 6-Ce.
e Absence of intermediate phases.

Further experimental work on the Pu-Ce system is required. Careful consideration of sample purity,
phase-transformation kinetics, possible existence of metastable phases, and fine-scale microstructures is
crucial.

No information about the heat capacity of Pu-Ce alloys is available.

The thermal expansion of Ce-stabilized 6-Pu is qualitatiely similar to other &-Pu alloys in that it is
negative for alloys with low concentrations of Ce and positive for alloys with higher concentrations. No
information about the thermal expansion of other solid phases is available.

No measurements of the thermal conductivity, thermal diffusivity, or electrical resistivity of Pu-Ce
alloys at temperatures above room temperature are available. Two research groups reported room-
temperature electrical resistivities, with inconsistent results. The only reported value of the Lorenz
number requires verification, as it seems unexpectedly high relative to that of Pu.

5.10.2 Phases and Phase Transformations
5.10.2.1 Phases
Stable phases in the Pu-Ce system above room temperature are:

e (0-Pu): Allotropic solid solution of a-Pu with a monoclinic structure and extremely limited solubility
of Ce [373, 374]. Lattice parameters have not been reported but are probably similar to those of a-Pu.

e (B-Pu): Allotropic solid solution of B-Pu with a monoclinic structure and extremely limited solubility
of Ce [373, 374]. Lattice parameters have not been reported but are probably similar to those of B-Pu.

e (y-Pu): Allotropic solid solution of y-Pu with an orthorhombic structure. Both of the experimental
phase diagrams indicate that solubility of Ce in this phase is limited [373, 374]; however, Elliott et al.
[375] report that y-Ce alloys with 15 at% Pu are metastable at room temperature. Lattice parameters
of (y-Pu) solid solutions have not been reported.

e (3-Pu): Allotropic solid solution of 8-Pu with a face-centered cubic structure and up to 23-25 at% Ce
at 613°C and ~3-18 at% Ce at room temperature [373, 374]. Ellinger et al. notes that 5-Pu may be
present in quenched samples with concentrations of Ce that are slightly lower than the minimum
concentration required for room-temperature stability. The lattice parameter increases linearly from
4.6485 A in alloys with 4.68 at% Ce to 4.6804 A in alloys with 20.03 at% Ce [373].

e (8’-Pu): Allotropic solid solution of &’-Pu with a body-centered tetragonal structure and less than
0.5 at% Ce [373]. This phase does not appear in the phase diagram of Selle and Etter [374]. Lattice
parameters have not been reported but are probably similar to those of &’-Pu.
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e (e-Pu): Allotropic solid solution of e-Pu with a body-centered cubic structure and up to 16 at% Ce
[373, 374]

e (y-Ce): Allotropic solid solution of y-Ce with a face-centered cubic structure and up to -35-37 at% Pu
[373, 374]. Ellinger et al. refer to this phase as “p-Ce.” The lattice parameter decreases linearly from
5.1534+0.0005 A in alloys with 2 at% Pu to 5.009+0.006 A in alloys with 30 at% Pu [373].

e (5-Ce): Allotropic solid solution of 6-Ce with body-centered cubic structure and up to ~19.5 at% Pu
[374]. Ellinger et al. refer to this phase as “y-Ce” and say that it can have up to ~10 at% Pu.

In addition to these phases, Gschneidner et al. [213], Elliott et al. [375], and Giessen et al. [376]
observed what they believed to be a metastable fcc phase in rapidly cooled Ce alloys with relatively low
concentrations of Pu. Gschneidner et al. reported that this phase did not decompose during thermal or
pressure cycling, while Elliott et al. thought that it might be an intermediate phase in the decomposition of
metastable y-Pu alloys to form 3-Pu as a result of thermal cycling or abrasion. Elliott et al. indicated that
the lattice parameter of this phase was similar to that of 3-Pu. In the absence of research showing the
conditions under which this phase forms and decomposes and its relationship to the other fcc phases in
the Pu-Ce system (a-Ce, y-Ce, and 8-Pu) , the significance of this phase for nuclear fuels is unclear.

Incorporation of Pu into (a-Ce) inhibits the formation of (B-Ce) and raises the temperature of the
direct transformation from a-Ce to y-Ce [213].

5.10.2.2 Phase Diagrams

Two research groups have published Pu-Ce phase diagrams based on their own experimental studies.
The first was published in 1960 by Ellinger et al. [373], and was based on a combination of thermal
analysis, dilatometry, metallography, and room- and high-temperature X-ray diffraction data (Figure 70).
This phase diagram indicates that 6-Ce transforms to y-Ce by an “inverse peritectic” (retrograde melting)
reaction.

Selle and Etter published the second phase diagram in 1964 [374], using data from thermal analysis,
X-ray diffraction, and microprobe analysis (Figure 71). Despite many areas of general agreement, the two
phase diagrams differ significantly in the nature of the reaction between y-Ce and 6-Ce, which Selle and
Etter resolved by re-interpreting Ellinger’s observations as consequences of non-equilibrium states. A
later review by Ellinger et al. follows Selle and Etter’s interpretation of this transformation [377].

According to both of these phase diagrams, invariant reactions in the Pu-Ce system are:

e L < (e-Pu) + (y-Ce), a eutectic reaction. Ellinger et al. [373] reported that this reaction involves a
liquid with 17.5 at% Ce, (e-Pu) with 16 at% Ce, and (y-Ce) with 77 at% Ce. Selle and Etter [374]
indicate that it involves a liquid with 16.5 at% Ce, (e-Pu) with 16 at% Ce, and (y-Ce) with
65.5 at% Ce. Both phase diagrams agree that this reaction occurs at at 625°C.

e (&-Pu) + (y-Ce) « (6-Pu), a peritectoid reaction. Ellinger et al. [373] reported that this reaction occurs
at 592°C and involves (g-Pu) with 12 at% Ce, y-Ce with 63 at% Ce, and 8-Pu with 25 at% Ce. Selle
and Etter [374] indicate that it occurs at 613°C and involves (e-Pu) with 13.5 at% Ce, y-Ce with
66.5 at% Ce, and 6-Pu with 23 at% Ce.

Both of the experimentally based phase diagrams have been largely replaced by phase diagrams
combining selected aspects of the experimental phase diagrams with a liquidus that does not follow either.
The maximum difference between liquidus temperatures in all of the phase diagrams is ~75°C, and occurs
in compositions with ~20 at% Ce.
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A composite phase diagram proposed by Rand et al. [378] incorporated many of the solid-state
reactions and invariant points from the phase diagram of Selle and Etter (Figure 72). This phase diagram
is the basis for later phase diagrams published by Massalski et al. [379] and Okamoto [380]. A second
composite phase diagram suggested by Ellinger et al. [377] is based on the original phase diagram of
Ellinger et al. This phase diagram was reproduced by Giessen et al. [376]. The primary differences
between these composite phase diagrams are the temperatures and compositions of invariant points (see
above). It seems plausible that these differences are consequences of variations in sample purity or other
experiment-specific conditions.
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Figure 70. Pu-Ce phase diagram of Ellinger et al. (re-drawn from [373]).
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Figure 71. Pu-Ce phase diagram of Selle et al. (re-drawn from [374]).
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Figure 72. Composite Pu-Ce phase diagram (re-drawn from Okamoto [380]).
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5.10.3 Thermal Expansion and Density
5.10.3.1 Thermal Expansion of Ce-stabilized 4-Pu

Experimental X-ray diffraction and dilatometry measurements of the thermal expansion of
Ce-stabilized 6-Pu were published by Elliott et al. [381], Gschneidner et al. [382], Goldberg et al. [383],
and Dormeval et al. [384]. The papers by Elliott et al. and by Gschneidner et al. were based on the same
original experiments, and many results are repeated in both papers. Unless indicated otherwise, the results
presented here from Gschneidner and colleagues (including Elliott) are from reference [382] rather than
[381], as it is the more recent of the two papers.

Gschneidner et al. [382] used least-squares fitting to develop equations to represent lattice parameters
from X-ray diffraction data and sample lengths from dilatometry. They expressed their results in a
guadratic equation (Equation 78) and table of coefficients (Table 19). Gschneidner et al. emphasize that
these values should not be applied for temperatures outside the ranges specified in the table.

Equation 78. Lattice parameter (for X-ray diffraction data) or sample length (for dilatometer data) for
Pu-Ce alloys, to be used with coefficients from Table 19 [382]

a=A + Bx10°xT + Cx108xT?

where a is the lattice parameter (in A) from X-ray diffraction data or the specimen length for
dilatometer data, T is the temperature in °C, and A, B, and C are constants listed in Table 19.

Table 19. Coefficients for calculating thermal expansion of Pu-Ce alloys using Equation 78 [382].

At% Ce T (l;acr;)ge A B c Meaf;;{“e”t
1.0 204-446 4.6571 8.881 6.48 XRD
14 205-437 4.6556 19.033 7.79 XRD
2.0 313-392 4.6506 3782 — XRD
24 288-445 4.6474 -3.907 — XRD
3.0 289-457 4.6240 10.824 119.63 XRD
34 276-448 4.6544 3.778 — XRD
4.0 297-452 4.6734 -13.258 14.53 XRD
5.0 356-441 0.98697 11,145 — DG Dil
8.0 19-473 4.6544 1.202 20.38 XRD

1. XRD is X-ray diffraction, DG Dil is dial-gauge dilatometer.

Figure 73 shows lattice parameters calculated using Equation 78 and Table 19. The room-temperature
lattice parameter of the alloy with 8% Ce and increase in lattice parameters with increasing concentration
of Ce are consistent with the room-temperature data reported by Ellinger et al. [373] (Section 5.10.2.1).
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Figure 73. Lattice parameters of 5-Pu alloys from X-ray diffraction data (Equation 78 and Table 19).

Figure 74 shows the linear thermal expansion of Pu-Ce alloys reported by Gschneidner et al. [382],
based on lengths calculated using Equation 79. Thermal expansion is negative for the alloys with Ce
concentrations of 5 at% or less and positive for the alloy with 8% Ce, consistent with the suggestion of
Gschneidner et al. that the thermal expansion of 5-Pu alloys with ~6 at% Ce is zero. Although there is
some scatter in the data, the thermal expansion for alloys with up to 5 at% Ce generally becomes less
negative as the concentration of Ce increases.
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Figure 74. Linear thermal expansion from Equation 78, Equation 79, and Table 19.

Equation 79. Linear thermal expansion of Ce-stabilized 6-Pu, referenced to 370°C

AL L—1L
= 370 100

L370 L370

where AL/Lsy is the linear thermal expansion referenced to the lattice parameter (for X-ray
diffraction data) or sample length (for dilatometer data) at 370 °C in percent, L is the lattice parameter
or sample length at an arbitrary temperature, and Lsyo is the lattice parameter or sample length at
370°C.

5.10.3.2 Coefficients of Thermal Expansion of Ce-stabilized 4-Pu

Gschneidner et al. calculated the average values of the coefficients of linear thermal expansion using
data from X-ray diffraction and two kinds of dilatometer (dial-gauge and strain-gauge). Their results,
which should be used only within the temperature ranges specified, are in Table 20.
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Table 20. Average coefficients of linear thermal expansion for Ce-stablized 6-Pu alloys [382].

At% T range a (x 109), Measurement
Ce (°C) °ct type
1.0 300-440 -8.81 XRD
14 300-437 -7.10 XRD
2.0 313-392 -8.15 XRD
2.4 300-440 -8.43 XRD
3.0 300-440 -7.98 XRD
3.4 300-440 -8.14 XRD
34 280-438 -7.8 SG Dil
4.0 300-440 -5.39 XRD
5.0 356-440 -1.16 DG Dil
5.0 280-438 5.1 SG Dil
5.9 280-438 +0.5 SG Dil
8.0 300-440 +1.98 XRD
8.0 280-438 +1.8 SG Dil

10.0 280-438 +3.1 SG Dil

1. XRD is X-ray diffraction, DG Dil is dial-gauge dilatometer, SG Dil is strain-gauge dilatometer.

Goldberg et al. [383] used a vertical dilatometer to measure thermal expansion of annealed Pu-Ce
alloys with ~3-12 at% Ce and determined average coefficients of thermal expansion for temperature
ranges of 300-450°C. They indicated that the thermal expansion of Ce became positive for compositions
with more than ~7 at% Ce, but did not report their data numerically.

Dormeval et al. [384] used a horizontal dilatometer to obtain coefficients of thermal expansion for
d-Pu solid solutions with 3.5-8.1 at% Ce. Their results were not reported numerically, but are generally
consistent with values reported by other researchers (Figure 75).

Figure 75 shows the coefficients of thermal expansion from the experimental results of
Goldberg et al. [383] and Dormeval et al. [384], and a curve that Goldberg et al. believed represented the
thermal expansion of Pu-Ce alloys based on their data. Despite considerable scatter and an unusually low
coefficient of thermal expansion for pure -Pu used by Goldberg et al. (-12.15 x 107/°C, which is outside
the range of values reported in Section 2.3.4.2), the curve appears to be a reasonably good representation
of the data. It is not clear why different researchers obtain different values, although it has been suggested
that both sample purity and measurement technique may be important [383] and that samples with low
concentrations of Ce may contain both a-Pu and 8-Pu solid solution phases [384].
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Figure 75. Coefficients of thermal expansion, Ce-stabilized 6-Pu alloys [382, 383]. The dashed line
represents the “best fit” estimate of Goldberg et al. [383].

5.10.3.3 Coefficients of Thermal Expansion of &Pu Solid Solutions

The only available data on the thermal expansion of &-Pu solid solutions in Pu-Ce alloys is from

Goldberg et al. [383], who measured coefficients of thermal expansion for alloys with up to ~12 at% Ce.
Their data shows that the coefficient of thermal expansion has only a limited dependence on composition

for alloys with up to ~7 at% Ce, then increases with higher concentrations of Ce (Figure 76).
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Figure 76. Coefficient of thermal expansion of -Pu solid solutions in Pu-Ce alloys as a function of
composition (re-drawn from [383 (Figure 7)]).

5.10.3.4 Room Temperature Densities of Ce-stabilized J-Pu Solid Solutions

Two values for the room-temperature density of Ce-stabilized 3-Pu solid solutions are available. One
of these values (~15.3 g/cm?) is obtained by calculating the density of an alloy with 8 at% Ce using [3
(Equation 5, Section 1.2)] with the lattice parameter calculated from Equation 78 and Table 19. The other
value is the room-temperature density of 14.97 g/cm?, which Andrew [385] reported without specifying
how the value was obtained.

In combination, these values suggest that the room-temperature density of a Ce-stabilized 6-Pu alloy
with ~8-10 at% Ce is approximately 15 g/cm®. New measurements are needed if greater precision is
required.

5.10.3.5 Densities of Pu-Ce Liquids as a Functions of Temperature

Researchers at Mound Laboratory measured the densities of Pu-Ce alloys with 4.8 or 75 at% Ce from
the liquidus to 870°C using vacuum pycnometry [386]. They represented their results by Equation 80 and
Equation 81, which indicate that densities of liquids at the liquidus are ~ 16.1 g/cm? for the alloy with
4.8 at% Ce and 8.6 g/cm? for the alloy with 75 at% Ce. Densities calculated using Equation 80 and
Equation 81 are shown in Figure 77.

Equation 80. Density of a liquid Pu-Ce alloy with 4.8 at% Ce [386]
p=17.319 - 19.22 x 10*xT

Where p is density in g/cm?, T is temperature in °C, and T is between the liquidus (~639°C)
and ~800°C

Equation 81. Density of a liquid Pu-Ce alloy with 75 at% Ce [386]
p =9.094 — 7.93 x 10*xT

Where p is density in g/cm?®, T is temperature in °C, and T is between the liquidus (~745°C)
and ~900°C
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Figure 77. Densities of liquid Pu-Ce alloys in g/cm3 (Equation 80 and Equation 81).

5.10.3.6 Volume Changes Due to Phase Transitions

Goldberg et al. [383] measured the 3-¢ contraction (loss in volume associated with the transition from
8-Pu to e-Pu solid solutions) in Pu-Ce alloys with up to ~12 at% Pu. The volume loss was always smaller
than that in pure Pu (Section 2.3.4.4), and reached a minimum value at ~7 at% Ce (Figure 78).
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Figure 78. Change in length of Pu-Ce alloys associated with the transition from &-Pu to e-Pu structures as
a function of composition [383 (Figure 6)].

o

Researchers at Mound Laboratory reported that volumes of Pu-Ce alloys with 4.8 or 75 at% Ce increased
during the transformation from the liquid to the solid phase [386].

5.10.4 Thermal Conductivity and Related Properties
5.10.4.1 Thermal Conductivity

No measurements of the thermal conductivity, thermal diffusivity, or electrical resistivity of Pu-Ce
alloys above room temperature are available. Andrew reported that the thermal conductivity of a
Ce-stabilized 6-Pu solid solution with 10 at% Ce increases monotonically between 75 K and room
temperature, with a room-temperature electrical resistivity of 98.1 uQ-cm and thermal conductivity of
~10.75 W/m-K [385].
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More recently, Dormeval et al measured the low-temperature electrical resistivities of Pu-Ce alloys with 4.6,
6.1, and 8.1 at% Ce, and reported room-temperature electrical resistivities between ~180 and 220 uQ cm. They
found that the resistivities increased with the concentration of Ce and was essentially independent of temperature
between ~150 and 300 K [384].

Electrical resistivity values in the two references are inconsistent, and further research is needed to determine
accurate thermal conductivity values for Pu-Ce alloys.

5.10.4.2 Lorenz Number

Andrew used a modified Kohlrausch apparatus to determine that the the room-temperature electrical
resistivity and thermal conductivity of Ce-stabilized 6-Pu alloy with 10 at% Ce are 98.1 uQ-cm and 10.75 W/m-
K respectively [385]. The corresponding Lorenz number (~3.86 x 108 WQK ?) seems anomalously large in
comparison to the recommended value of the room-temperature value of the Lorenz number for a-Pu
(3.15 x 108 WQK?, Section 2.3.5.1).

5.11 Pu-Pr

5.11.1 Introduction

Two research groups published experimentally determined Pu-Pr phase diagrams in the 1960s.
Kutaitsev et al. [387, 388] published a preliminary Pu-Pr phase diagram for temperatures up to 800°C.
Ellinger et al. published a second phase diagram and brief discussion in 1968, followed by a more extensive
publication in 1969 [377, 389]. More recent references (including this handbook) follow the 1969 phase diagram
of Ellinger et al. [389], which is more thoroughly investigated and documented than the phase diagram of
Kutaitsev et al.

Key features of the Ellinger et al. phase diagram include complete miscibility of the liquid phase, limited
solubility of Pr in any Pu phase, Pu concentrations up to 29-30 at% in a-Pr and B-Pr, coexistence of o-Pr and B-Pr
in a limited temperature range, and an absence of intermediate phases. The Ellinger et al. Pu-Pr phase diagram
shows an inverse peritectic (retrograde melting) reaction similar to that in their Pu-Ce phase diagram, which was
re-interpreted after careful consideration of non-equilibrium microstructures (Section 5.10.2.2).

No information about the heat capacities, thermal expansion, or thermal conductivities of Pu-Pr alloys is
available.

5.11.2 Phases and Phase Transformations
5.11.2.1 Phases
Solid phases in the Pu-Pr system at atmospheric pressure are [389]:

e (a-Pu): Allotropic solid solution of a-Pu with a monoclinic structure and no significant solubility of Pr.
Lattice parameters have not been reported but are probably similar to those of a-Pul.

e (B-Pu): Allotropic solid solution of 3-Pu with a monoclinic structure and no significant solubility of Pr.
Lattice parameters have not been reported but are probably similar to those of -Pu.

e (y-Pu): Allotropic solid solution of y-Pu with an orthorhombic structure and no significant solubility of Pr.
Lattice parameters have not been reported but are probably similar to those of y-Pu.

e (3-Pu): Allotropic solid solution of 6-Pu with a face-centered cubic structure that can contain up to 2 at% Pr.
(6-Pu) solid solutions could be retained to room temperature in quenched alloys that contained 15 at% Pr, but
not in samples made from filings with 5 at% Pr. Ellinger et al. believed this was because the (5-Pu) alloys
were stabilized by finely dispersed particles of (a-Pr). Lattice parameters have not been reported but are
probably similar to those of 3-Pu.
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e (8’-Pu): Allotropic solid solution of &’-Pu with body-centered tetragonal structure and no significant
solubility of Pr. Lattice parameters have not been reported but are probably similar to those of &’-Pu.

e (g-Pu): Allotropic solid solution of e-Pu with body-centered cubic structure that can contain up to
2 at% Pr.

e (a-Pr): Allotropic solid solution of a-Pr with a hexagonal structure that can contain up to ~27-
29 at% Pu. Ellinger et al. noted that the a and c lattice parameters of this phase both increase linearly
with the concentration of praseodymium.

e (B-Pr): Allotropic solid solution of B-Pr with body-centered cubic structure and up to ~30 at% Pu.

Ellinger et al. [389] observed that a face-centered cubic material which they called “o’-Pr” coexisted
with a-Pr in alloys with 5 at% Pu, and noted that the fraction of a’-Pr generally increased with increasing
temperature and concentration of plutonium. They thought that the transformation from a-Pr to o’-Pr
might be a second-order reaction involving a change in stacking order and did not believe that a-Pr and
a’-Pr were “separate phases in the usual sense.” They were unable to distinguish a-Pr and o’-Pr in
micrographic analyses. In a slightly earlier review with different authors, Ellinger et al. suggested that
a’-Pr might be an impurity-stabilized phase [377].

5.11.2.2 Phase Transitions

According to Ellinger et al., addition of Pr decreases the melting temperature of Pu by ~15 degrees,
forming a eutectic with 2-3 at% Pr. There is a second invariant point (an inverse peritectic reaction in
which B-Pr decomposes to a-Pr and liquid upon cooling) at 794°C and 30 at% Pu. The transformation
from a-Pr to B-Pr is congruent, and occurs over a narrow temperature range between 792°C for pure Pr
and 801 °C for materials with 10 at% Pu.

5.11.2.3 Phase Diagrams

Kutaitsev et al. [387, 388] published a preliminary Pu-Pr phase diagram for temperatures up to 800°C
(Figure 79). Little information about experimental methods is provided, and the results are presented in
one figure and one paragraph. The Kutaitsev phase diagram shows that incorporation of ~15-20 at% Pu
causes a decrease of several hundred degrees in the melting temperature of (a-Pr), leading to a broad
range of temperatures over which (a-Pr) and (B-Pr) coexist. A statement that, “In alloys containing more
than 5% plutonium, the face-centered cubic lattice of the B-phase of praseodymium can be retained down
to room temperature by quenching” [388 (page 1280)] suggests that Kutaitsev et al. may have observed a
fcc phase; however, its identity and relationship to other Pu-Pr phases are unclear because the structure of
B-Pr is bcc rather than fcc.

146



800 -

700

600

T(°C)

500 —

400

300

(+-Pu) + (a-Pr) | (a-Pr)
200 —F---mm == m e :

10T

0 10 20 30 40 50 60 70 80 90 100

Pu At% Pr Pr
Figure 79. Pu-Pr phase diagram of Kutaitsev et al. (re-drawn from [388]).

Ellinger and colleagues developed a second Pu-Pr phase diagram using data from thermal analysis,
X-ray diffraction, and metallography [377, 389] (Figure 80). Although this is the most commonly
accepted Pu-Pr phase diagram, several features suggest areas for future research:

e The liguidus. Ellinger et al. suggested that the liquidus for compositions with 10-40 at% Pr may be
less flat than is shown in the figure because of experimental difficulties caused by the segregation of
rare-earth phases near the top of the sample during slow heating.

e The nature, occurrence, stability, and formation mechanism of the fcc material o’-Pr and its
relationship to other Pu-Pr phases

e The transformation between (-Pr) and (a-Pr) during cooling. Ellinger et al. indicated that this
transformation involves an inverse peritectic (retrograde melting) reaction in which p-Pr decomposes
into a-Pr and a Pu-rich liquid. A similar transformation was originally suggested in the Pu-Ce phase
diagram of Ellinger et al., but was later re-interpreted as a consequence of disequilibrium in the
sample (Section 5.10.2.2).
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Figure 80. Pu-Pr phase diagram of Ellinger et al. (re-drawn from [389]).

Further investigation of phases in Pu-Pr alloys is required. Careful consideration of sample purity,
phase-transformation kinetics, and fine-scale microstructures is crucial. In addition to providing information
about the Pu-Pr system, this investigation may increase our understanding of the enigmatic face-centered
cubic structures that have been reported in pure Pr and in Pu-Ce and perhaps Pu-Nd alloys (Sections 2.7.2.1,
5.10.2.1, and 5.12.2.1, respectively) in addition to Pu-Pr alloys.

5.12 Pu-Nd
5.12.1 Introduction

Two research groups published experimentally determined Pu-Nd phase diagrams in the 1960s.
Although the phase diagrams differ significantly, each closely resembles the Pu-Pr phase diagram proposed
by the same research group (Section 5.11.2.3). Kutaitsev et al. [387, 388] published a preliminary Pu-Nd
phase diagram for temperatures up to 800°C. Ellinger et al. published a second phase diagram and brief
discussion in 1968, followed by a more extensive publication in 1969 [377, 389]. The phase diagrams show
numerous areas of disagreement. More recent references (including this handbook) follow the 1969 phase
diagram of Ellinger et al. [389], which is more thoroughly researched and documented than the phase
diagram of Kutaitsev et al.
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Key features of the Ellinger et al. phase diagram include complete miscibility of the liquid phase, limited
solubility of Nd in any Pu phase, Pu concentrations up to 29-30 at% in a- and -Nd, coexistence of a-Nd and
B-Nd over a limited temperature range, and an absence of intermediate phases. The Ellinger et al. Pu-Nd phase
diagram shows an inverse peritectic (retrograde melting) reaction similar to that in their Pu-Ce phase diagram, in
which the reaction was re-interpreted after careful consideration of non-equilibrium microstructures
(Section 5.10.2.2).

No information about the heat capacity, thermal expansion, or thermal conductivity of Pu-Nd alloys is
available.

5.12.2 Phases and Phase Transformations
5.12.2.1 Phases
Stable phases in the Pu-Nd system are [389]:

e (o-Pu): Allotropic modification of a-Pu with no significant solubility of Nd. Lattice parameters have not been
reported but are probably similar to those of a-Pu.

e (B-Pu): Allotropic modification of f-Pu with no significant solubility of Nd. Lattice parameters have not been
reported but are probably similar to those of B-Pul.

e (y-Pu): Allotropic modification of y-Pu with no significant solubility of Nd. Lattice parameters have not been
reported but are probably similar to those of y-Pu.

e (3-Pu): Allotropic modification of 8-Pu that can contain up to 2 at% Nd. The (6-Pu) solid solution could be
retained to room temperature in quenched alloys that contained 15 at% Nd, but not in samples made from
filings with 5 at% Nd. Ellinger et al. believed this was because the (3-Pu) alloys were stabilized by finely
dispersed particles of (a-Nd). Lattice parameters have not been reported but are probably similar to those of
o-Pu.

e (&’-Pu): Allotropic modification of &’-Pu with no significant solubility of Nd. Lattice parameters have not
been reported but are probably similar to those of 3’-Pu.

e (g-Pu): Allotropic modification of &-Pu that can contain up to 2 at% Nd.

o (a-Nd): Allotropic modification of a-Nd that can contain up to ~27-29 at% Pu. The a lattice parameter of this
phase increases linearly from 3.597 A for an alloy with 75 at% Nd to 3.6646 A for an alloy with 95% Nd.
The c lattice parameter increases linearly from 11.614 A for an alloy with 75 at% Nd to 11.760 A for an alloy
with 95% Nd.

e (B-Nd Allotropic modification of 3-Nd with up to ~30 at% Pu.

Ellinger et al. specifically stated that they did not observe a high-Nd fcc phase. The 1965 paper by
Kutaitsev et al. [387 (page 422)] referred to a “f.c.c. solid solution of 3-Nb” (probably a typographical error that
should have read B-Nd) in alloys with more than 5 at% Pu; however, this phase is not mentioned in a 1967 paper
by Kutaitsev et al. [388] that otherwise generally repeats the results from the 1965 paper.

5.12.2.2 Phase Transitions

According to Ellinger et al., the melting temperature of Pu decreases by ~15 degrees to a eutectic with
2-3 at% Nd. A second invariant point (an inverse peritectic reaction in which B-Nd decomposes to a-Nd and
liquid upon cooling) occurs at 820°C and 33 at% Pu.
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5.12.2.3 Phase Diagrams

Kutaitsev et al. [387, 388] published a preliminary Pu-Nd phase diagram for temperatures up to 800°C. Little
information about experimental methods is provided, and the results are presented in one figure and one
paragraph. Their phase diagram (Figure 81) shows that incorporation of ~15-20 at% Pu causes a decrease of
several hundred degrees in the melting temperature of (a-Nd), leading to a broad range of temperatures over
which (a-Nd) and (B-Nd) coexist.
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Pu At% Nd Nd

Figure 81. Pu-Nd phase diagram of Kutaitsev et al. [388].

Ellinger and colleagues developed a second Pu-Nd phase diagram using data from thermal analysis,
X-ray diffraction, and metallography [377, 389] (Figure 82). Although this is the most commonly
accepted Pu-Nd phase diagram, several features suggest areas for future research:

e The liguidus. Ellinger et al. suggested that the liquidus for compositions with 10-40 at% Nd may be
less flat than is shown in their phase diagram because of experimental difficulties caused by the
segregation of rare-earth phases near the top of the sample during slow heating.

e The transformation from (B-Nd) to (a-Nd) during cooling. Ellinger et al. indicated that this
transformation involves an inverse peritectic (retrograde melting) reaction in which (-Nd)
decomposes into (a-Nd) and a Pu-rich liquid. Ellinger and colleagues suggested a similar
transformation in the Pu-Ce phase diagram, which was later re-interpreted as a consequence of
disequilibrium in the sample (Section 5.10.2.2).
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Figure 82. Pu-Nd phase diagram after Ellinger et al. [377, 389].

5.13 Am-La
5.13.1 Introduction

There are apparently no systematic investigations or published phase diagrams of the Am-La binary
system, and experimental data at room temperature and above are limited to a single study involving
alloys with at most ~3 at% Am [390]. Samples of La and three Am-La alloys were produced by
arc-melting. Significant weight losses during casting were assumed to result from volatilization of Am,
leading to differences between starting and as-cast compositions.

No information about the heat capacity, thermal expansion, or thermal conductivity of Am-La alloys
is available. Room-temperature densities of fcc phases can be calculated from lattice parameters in
Table 21 using [3 (Equation 5)].

5.13.2 Phases

Table 21 shows relationships between lattice parameters and as-cast compositions of La and three
La-Am alloys determined using X-ray diffraction. All four materials had face-centered cubic structures.
Lattice parameters of the Am-La alloys decreased linearly as a function of Am content.

The lattice parameter of the La sample in Table 21 is consistent with the lattice parameter of 5.303 A
at 598 K for p-La in Section 2.5.2.1.
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Table 21. Lattice parameters of arc-melted La and Am-La alloys [390].

Starting Am As-cast Am Lattice parameter
(at%o) (at%o) (A)
0 0 5.3058
1.25 0.92 5.3017
2.20 1.39 5.2998
3.70 2.73 5.2932

These data suggest that the maximum solubility of Am in B-La is at least 3 at%, although it is not clear that the
measurements represent equilibrium phases.

5.14 Am-Ce

There are no systematic investigations or published phase diagrams of the Am-Ce binary system.
Small amounts of information have been published in a report and patent award addressing possible uses
of Am-Ce alloys as radiation sources or materials for radiation detectors [391, 392]. The purity of the
starting materials was not reported because it is not important for the intended uses of the alloys.

Conner [392] reported the room-temperature densities of Ce and of alloys with 10.5 and 21 wt% Am
as 6.771, 7.183 and 7.649 g/cm?® respectively. If it is assumed that the Ce is B-Ce, the density reported by
Conner is in reasonably good agreement with the value of 6.689 g/cm?® in the CRC Handbook of
Chemistry and Physics [173].

No other information about the heat capacity, thermal expansion, or thermal conductivity of Am-Ce
alloys is available.

6. BINARY ALLOYS OF A MINOR ACTINIDE (Np, Am) WITH Zr

6.1 Np-Zr
6.1.1 Introduction

Two groups of researchers have attempted to determine the Np-Zr phase diagram experimentally,
leading to contradictory phase diagrams. Both phase diagrams were considered “tentative” or
“preliminary” by the authors of the papers describing them [393, 394]. The primary differences between
the phase diagrams involve the extent of miscibility between the bee phases y-Np and B-Zr and the
number of intermediate phases in the system.

The available phase-transition temperatures are generally consistent with either of the proposed phase
diagrams. Attempts to use models to determine which phase diagram is correct have consistently led to
the conclusion that further experimental data is required [269, 275, 395-397].

Further experimental investigations of this phase diagram are clearly needed. It is particularly
important to understand the miscibility between y-Np and B-Zr because of its implications for predicting
possible high-Np phases in fuels containing minor actinides. In the absence of this research, the phase
diagram of Rodriguez et al. [394] seems less plausible than that of Gibson et al. [393, 398-400], for
reasons that are discussed below. It should be noted, however, that this suggestion implies significant
differences from the U-Zr and Pu-Zr systems, both of which have complete bcc solid solutions between
actinides and Zr [3 (Sections 2.1.1.2 and 2.2.1.2)]. Ogawa et al. proposed one possible explanation for
these differences in terms of the behavior of the 5f electrons [395].
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No information about heat capacities, thermal expansion, or thermal conductivity of Np-Zr alloys is
available.

6.1.2 Phases and Phase Transformations
6.1.2.1 Phases

No systematic survey of phases in the Np-Zr system is available, although some observations have
been published. In the absence of experimental data, it may be necessary to assume that Np-Zr phases are
similar to those in Np and Zr. Based on this assumption, phases in the Np-Zr system are:

e (a-Np): Allotropic solid solution of a-Np with negligible solubility of Zr [401]
e (B-Np): Allotropic solid solution of B-Np. No other information is available.

e (y-Np) Allotropic solid solution of y-Np. The phase diagram of Rodriguez et al. shows a continuous
solid solution with B-Zr; that of Gibson and colleagues does not. Gibson and Haire suggested that
incorporation of Zr might stabilize y-Np at the expense of 3-Np and possibly of a-Np [398].

e (a-Zr): Allotropic solid solution of a-Zr with a maximum solubility of Np of ~10%, decreasing to
zero as the temperature increases to 600°C [401]. Incorporation of Np into a-Zr increased the c lattice
parameter by 4.0 pm and did not change the a parameter [401].

e (B-Zr) Allotropic solid solution of B-Zr. The phase diagram of Rodriguez et al. shows a continuous
solid solution with y-Np; that of Gibson and colleagues does not.

e 3-NpZra: Hexagonal solid-solution phase (space group P6/mmm, a = 5.024 A, ¢ = 3.075 A) [401],
with a structure similar to those of 8-UZr, and k-PuZr; [3 (Sections 2.1.1.2 and 2.2.1.2)]. High-
temperature powder diffraction data indicates that 5-NpZr, decomposes at ~550 C [402]. The range of
compositions in this phase is unknown.

e 0-(Np,Zr) Intermediate phase analogous to 6-(Pu,Zr). Similarities between powder patterns of this
phase and those of PusZr [3 (Section 2.2.1.2)] suggest that 6-(Np,Zr) is a tetragonal phase with
composition NpaZr; however, a composition of NpsZr has also been suggested [401]. This phase
appears in the phase diagram of Gibson et al. [393] and in some modeled phase diagrams [269, 275,
396, 397], but not in the phase diagram of Rodriguez et al. [394]. No published analyses of the
composition of this phase are available.

6.1.2.2 Phase transitions

Although both Gibson et al. and Rodriguez et al. published phase-transformation temperatures, it is
not clear which transitions are associated with each temperature. It seems likely that some transformation
temperatures represent more than one transformation. Many of the measurements were described as
“preliminary.”

Table 22 summarizes the available experimental data on phase transition temperatures. Values for
DSC data include ranges of onset temperatures observed during heating of similar samples. Ranges of
values for dilatometry data are those given by Rodriguez et al. [394].

Table 22. Phase-transformation temperatures in Np-Zr alloys.

Cg;;&osltlg;)n T (°C) Exp;e;{;r:ent References
9 545-577, 780, 1630 Dilatometer [394]
25 540, 630? DSC [398, 399]
28 530-543, 1325 Dilatometer [394]
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C?;?&O?\'Ig;m T (°C) Expf;pl)r:ent References
50 511-540, 638-640 DSC [398, 399]
52 540-550, 640 DSC [398, 399]
60 533-542, 615-642, 894 Dilatometer [394]
73 270, 550, 640 DSC [398, 399]
78 280, 550-553, 640 DSC [398, 399]

Table 23 includes the only available experimental data on enthalpies of phase transitions.
Table 23. Phase-transformation enthalpies in Np-Zr alloys [398].

W1% Np T (°C) AH (J/g)
90 553 13.514
74 540 4.444
— 640 37.7787
72 511 6.156
— 638 24.406
46 540 8.333

6.1.2.3 Phase Diagrams

The phase diagram of Gibson et al. [393, 398-400] (Figure 83) was developed using DSC data. Much
of the data was collected using an “in-situ alloying” technique in which starting materials were melted
during the first heating and data on properties of alloys was collected during later heating cycles [398].
Later work including both in-situ alloying and arc-melted samples found that results of these techniques
were comparable [399].

The DSC data showed that Np-Zr alloys with up to ~20 at% Zr have the same melting temperature as
pure Np. Because the melting temperature of B-Zr is much higher than that of y-Np, and because other
actinide-Zr phase diagrams with complete miscibility between bcc actinides and Zr show sharp increases
in melting temperature with increasing concentrations of Zr, Gibson et al. interpreted their data as
indicating a miscibility gap between B-Zr and y-Np. Later measurements using high-temperature X-ray
diffraction data showing that the maximum concentration of Zr in y-Np is only ~4% at 600°C support the
model of Gibson et al. [402].
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Figure 83. Tentative Np-Zr phase diagram proposed by Gibson and Haire [393]. Colored symbols show
data from Table 22. Red symbols are data from Gibson and Haire [398, 399]; blue symbols are data from
Rodriguez et al. [394]. Note that this phase diagram expresses compositions in atomic % Zr.

In contrast, the phase diagram of Rodriguez et al. [394] (Figure 84) assumes that the Np-Zr phase
diagram is similar to those for U-Zr and Pu-Zr, and therefore has a continuous solid solution between the
bcc phases y-Np and -Zr. This phase diagram is supported by microscopic observations and microprobe
data showing that Np-Zr alloys with 50 wt% Zr that had been annealed for a week have only one phase,
while those with 20 or 80% Zr have two phases. Although this phase diagram is consistent with the
available phase-transformation data, reasons to regard it with caution include:

e Itis inconsistent with the high-temperature X-ray diffraction results of Y. Okamoto et al. [402]

e H. Okamoto [403] suggested that what appears to be the melting curve for the (y-Np, B-Zr) solid
solution has not been correctly identified.

e Given the sluggish kinetics of phase separations in other actinide-Zr alloys, it is not clear that it would
be possible to recognize early stages of phase separation using optical microscopy or microprobe
techniques without longer annealing times.
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Figure 84. Tentative Np-Zr phase diagram proposed by Rodriguez et al. [394], showing only temperatures
from 100 to 1000°C. Colored symbols are as in Figure 83. Note that this phase diagram expresses
compositions in weight percent Zr.

6.2 Am-Zr

No experimental data about phases, heat capacity, thermal expansion, or thermal conductivity of any
Am-Zr alloy is available.

Kurata [267] calculated a phase diagram using an internally consistent database of thermodynamic
properties for the U-Np-Pu-Am-Fe-Zr alloy system (Figure 85). This phase diagram was repeated by
Okamoto [404]. It shows essentially complete immiscibility between Am and Zr solids and liquids at
temperatures up to 1500 K, with mutual solubilities increasing to ~25 at% at 2500 K.
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Figure 85. Calculated Am-Zr phase diagram (after [267]).

7. BINARY ALLOYS OF A RARE-EARTH ELEMENT (La, Ce, Pr, Nd)
With Zr

7.1 La-Zr
7.1.1 Introduction

The first systematic investigation of the La-Zr phase diagram was published by Mattern et al. in 2016
[405], based on a combination of thermodynamic modeling with new experimental data from high-
temperature conventional and synchrotron X-ray diffraction and DSC. This phase diagram was
summarized by Okamoto [406]. As a result of this work, the La-Zr phase diagram is better known than
many of the other phase diagrams in this Handbook.

Key features of the phase diagram of Mattern et al. include limited miscibility between solid phases, a
miscible liquid phase, liquidus temperatures that increase with Zr content, and an absence of intermediate
phases. This phase diagram is consistent with the very limited previously reported experimental data,
which indicated that there was no detectable solid solution between La and Zr in an arc-melted alloy
[325], and that there were no intermediate La-Zr phases in isothermal sections of the La-Zr-Si and Al-La-
Zr ternary systems at 500°C [407, 408].

No experimental measurements of phase-transition enthalpies, heat capacities, thermal expansion, or
thermal conductivities of La-Zr alloys are available.
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7.1.2 Phases and Phase Transformations
7.1.2.1 Phases
Stable phases in the La-Zr system at atmospheric pressure are [405, 406]:

e (o-La): Allotropic solid solution of a-La with negligible concentrations of Zr. At room temperature,
the a lattice parameter increases slightly and the c lattice parameter decreases slightly with increasing
concentration of Zr in the alloy for alloys with 10-50 at% La [405 Table 2].

e (B-La): Allotropic solid solution of 3-La with up to 0.08 at% Zr. The lattice parameter is identical to
that of pure B-La to within experimental error.

e (y-La): Allotropic solid solution of y-La with up to 0.8 at% Zr

e (o-Zr): Allotropic solid solution of a-Zr with up to 0.29 at% La. Room-temperature lattice
parameters are identical to within experimental error for alloys with 50-90 at% Zr. The a lattice
parameter is smaller than that of pure Zr by ~0.005 A, and the c lattice parameter is larger by ~0.01 A
[405 Table 2].

e (B-Zr): Allotropic solid solution of 3-Zr with up to 4 at% La. The lattice parameter is slightly larger
than that of pure B-Zr [405 Figure 17].

The liquid phase is completely miscible [405].

Comparisons between high-temperature X-ray diffraction data collected during heating and
microstructures in as-cast arc-melted alloys indicate that significant undercooling may occur before
crystallization begins. The degree of undercooling is composition-dependent, with a maximum value of
about 300°C. Although Mattern et al. provided data for only one cooling rate, which they did not specify,
it seems likely that the amount of undercooling is also strongly dependent on the cooling rate.
Researchers interested in details of the undercooling should refer to the original paper.

7.1.2.2 Phase Transitions
Invariant reactions identified by Mattern et al are:

o Lais > (y-La)ost (B-Zr)es0, @ eutectic reaction with a calculated temperature of 1169K and an
experimental temperature of 117520 K

o (B-Zr)esss «> (y-La)os7 + (0i-Zr)ee.71, @ eutectoid reaction with a calculated temperature of 1130 K and
an experimental temperature of 113015 K

o (y-La)os2 <> (B-La)oos + (0-Zr)e.73, @ eutectoid reaction with a calculated temperature of 1116 K and
an experimental temperature of 1110+6 K

e (B-La) < (a-La), a polymorphous reaction with a calculated temperature of 550 K and an
experimental temperature of ~583 K

Where subscripts represent calculated compositions (at% Zr)

These temperatures are similar to phase transitions observed by high-temperature XRD in an alloy
with 80 at% Zr, which had a liquidus temperature of 1950 K [405 (Table 3)].

The eutectoid reaction involving a-Zr, 3-Zr, and y-La is consistent with the o> transition
temperature in pure Zr (Section 2.9.2.2). The eutectoid reaction involving -La, y-La, and a-Zr is within
the range of previous measurements of the <y transition temperature in pure La, but is approximately
30 K below the value recommended in Section 2.5.2.2.

158



7.1.2.3 Phase Diagrams

Figure 86 shows the recently determined phase diagram of Mattern et al. [405]. There are no earlier
phase diagrams of this system for comparison.
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Figure 86. La-Zr phase diagram of Mattern et al. [405]

7.2 Ce-Zr

7.2.1 Introduction

The first systematic investigation of the Ce-Zr phase diagram was published by Mattern et al. in 2014
[409], using a combination of new experimental data from temperatures between ~600 and 1600 K and
thermodynamic modeling. As a result of this work, the Ce-Zr phase diagram is far better known than
many of the other phase diagrams in this Handbook.

Key features of this phase diagram include limited miscibility between solid phases, a miscible liquid
phase, liquidus temperatures that increase with Zr content, and an absence of intermediate phases. The
low miscibility of the solid phases, absence of intermediate phases, and phase transformation
temperatures in this phase diagram are consistent with older experimental data (e.g., [325, 410]).
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No information about the heat capacities, thermal expansion, or thermal conductivities of Ce-Zr
alloys is available.

7.2.2 Phases and Phase Transformations
7221 Phases
Stable phases in the Ce-Zr system at atmospheric pressure and above room temperature are:

e (a-Zr): Allotropic solid solution of a-Zr. The maximum solubility of Ce is ~3-6 at% [409, 410]. The a
and c lattice parameters both increase with increasing concentration of Zr; however, quantifying the
rate of increase is complicated by differences in annealing temperatures in the available data [410
(Table 1, Figure 1, and Figure 2)].

e (B-Zr): Allotropic solid solution of B-Zr. The maximum solubility of Ce is ~8 at% [409]

e (y-Ce): Allotropic solid solution of y-Ce. The maximum solubility of Zr is < 2 at% [409]. The lattice
parameter is similar to that of pure y-Ce [410].

e (8-Ce): Allotropic solid solution of 3-Ce. The maximum solubility of Zr is < 1 at% [409]
The liquid phase is completely miscible [409].
7.2.2.2 Phase Transitions

Phase-transformation temperatures were measured by a number of early researchers, with conflicting
results. The values quoted here are from new DSC measurements by Mattern et al. [409]. They are
generally consistent with the X-ray diffraction data from annealed samples reported by Harris and
Raynor [410].

Except for the liquidus, phase-transformation temperatures show little variation with composition.
They are [409]:

e (0-Zr) to (B-Zr): ~1110 K
e (y-Ce) to (6-Ce): ~990 K
e Melting of (3-Ce): ~1060 K
No information on phase-transformation enthalpies is available.
7.2.2.3 Phase Diagrams

Until recently, there were no systematic investigations of the Ce-Zr phase diagram. Moffatt [411]
suggested a phase diagram based on the X-ray diffraction data of Harris and Raynor [410] and the
assumption that the Ce-Zr and Ce-Ti systems are similar. This phase diagram is shown here (Figure 87)
because it has been widely reproduced (e.g., [412-414]), although it is almost certainly less accurate than
the recent phase diagram of Mattern et al. [409] (Figure 88).
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Figure 87. Commonly reproduced Ce-Zr phase diagram suggested by Moffatt [411], based on the
assumption that the Ce-Zr and Ce-Ti phase diagrams are similar (redrawn from [414]). This diagram has
been recently superceded by the new phase diagram of Mattern et al. (Figure 88).

Mattern et al. [409] suggested a new Ce-Zr phase diagram in 2014, based on a combination of their
experimental data and thermodynamic modeling (Figure 88). The new data included extensive
measurements of the liquidus at temperatures up to 1600 K using in-situ high-temperature synchrotron
diffraction to observe structure changes in small droplets of liquid. Other new measurements included
DSC and high-temperature X-ray data to confirm temperatures of solid-state phase changes and SEM
observations of microstructures and phase compositions. A thermodynamic model produced good
agreement with the experimental observations, and was used to supplement the experimental data.
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Figure 88. Newer Ce-Zr phase diagram based on new experimental data and thermodynamic modeling
(after Mattern et al. [409]). Solid lines indicate areas with new data.

7.3 Pr-Zr

There are no published phase diagrams for the Pr-Zr binary system. An investigation of the Pr-Zr-Al
ternary system at 500°C (773 K) concluded that the Pr-Zr binary system has little solid solution and no
intermediate phases [415, 416].

No information about heat capacities, thermal expansion, or thermal conductivity of Pr-Zr alloys is
available.

7.4 Nd-Zr
7.4.1 Introduction

Although research on ternary alloys indicated that miscibility of Nd and Zr was limited (e.g., [417]),
there were apparently no published binary Nd-Zr phase diagrams until 2014. Recent interest in improving
the properties of Mg alloys by addition of Nd and Zr led to publication of three binary Nd-Zr phase
diagrams in 2014 and 2015 [418-420]. Each of these phase diagrams was based on a combination of new
experimental research and thermodynamic modeling.
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All three phase diagrams agree about the existence of a reaction involving Nd, Zr, and a high-Nd
liquid, and all three agree that there is a phase transformation at ~830-845°C. Two of the phase diagrams
agree that there is a second transformation at ~995-1000°C. Despite these areas of agreement, the phase
diagrams disagree about the identities of the phases involved in each reaction, the liquidus temperature,
and the possible existence of immiscible liquids. Careful consideration of the data involved shows that the
phase diagram of Mattern et al. [419] is the only one to include high-temperature X-ray diffraction data or
measurements at temperatures above ~1000°C, and that none of the phase diagrams used diffraction data
to identify the phases involved in lower-temperature reactions.

Further detailed research involving samples with only a few at% of Nd or Zr is needed to understand
phase-transformation reactions. Unless this information is of specific interest for fuels, it seems
reasonable to consider the phase diagram of Mattern et al. [419] to be an adequate representation of the
Nd-Zr system. Researchers interested in details of solid-state phase-transformation reactions should also
consider the phase diagram of Cheng et al. [418].

No information about heat capacities, thermal expansion, or thermal conductivity of Nd-Zr alloys is
available.

7.4.2 Phases and Phase Transformations
7.4.2.1 Phases
Phases in the Nd-Zr phase diagram are:

e (o-Nd): Allotropic solid solution of a-Nd that can contain up to ~2 at% Zr (Table 24). Because of the
low concentration of Zr, it seems likely that lattice parameters of (a-Nd) solid solutions are similar to
those of a-Nd.

e (B-Nd): Allotropic solid solution of B-Nd that can contain up to ~3-4 at% Zr (references [418, 419]
and Table 24). Mattern et al. assume that the lattice parameters of solid solutions of B-Nd and B-Zr
follow Vegard’s Law (i.e., they vary linearly between the lattice parameters of Nd and Zr as a
function of composition), which means that lattice parameters of ($-Nd) solid solutions are slightly
smaller than those of pure f-Nd. However, because the maximum concentration of Zr is small,
differences in lattice parameters of p-Nd and (B-Nd) solid solutions are probably unimportant for
most purposes.

e (0-Zr): solid solution of a-Zr (hcp structure, space group P6s/mmc) that can contain ~3-4 at% Nd
(reference [419] and Table 24). Because of the low concentration of Nd, it seems likely that lattice
parameters of (0-Zr) solid solutions are similar to those of pure a-Zr.

e (B-Zr): solid solution of B-Zr (bcc structure, space group Im3m) that can contain up to ~5 at% Nd at
1700 K [419]. The phase diagram of Cheng et al. [418] shows a calculated maximum concentration of
~10 at% Zr but has no experimental data at this temperature. Mattern et al. assume that the lattice
parameters of solid solutions of -Nd and B-Zr follow Vegard’s Law, which means that lattice
parameters of (B-Zr) solid solutions are slightly larger than those of pure B-Zr [419].

7.4.2.2 Phase Transitions

Table 24 shows the experimentally measured phase-transformation temperatures from all three phase
diagrams, with associated reactions indicated by the references. Differences between phase transitions
associated with each temperature may be due to the very similar temperatures of the a-f transformations
in Nd and Zr (Sections 2.8.2.2 and 2.9.2.2). Because of the limited miscibility of Nd and Zr, the
temperature of each reaction is essentially independent of the alloy composition.
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Table 24. Phase transformations in the Nd-Zr system [418 (Table 111), 419 (Table 3), 420 (Figure 4)].
Subscripts in the data from Mattern et al. indicate the calculated composition (at% Zr) in each phase.

T (K) T (°C) Mattern et al. [419] Cheng et al. [418] Peng et al. [420]
1274410 100110 Lag<> B-Ndoo + B-Zrgz0 — —
— 990-997 — L+B-Zr—a-Nd —
— 962-964 — — (Not identified) !
— 9832 — L+0-Nd<«>a-Nd —
116710 go41g | BNG2otP-Zioecro-j— -
Zr9s.6
1118+10 845+10 ﬁlgll(:lg o 0-Zre71+ a- — —
— 833-842 | — B-Zre>a-Zr+o-Nd | —
— 831-834 — — (Not identified)

1. Assumed to correspond to the highest-temperature reaction reported by other authors despite the difference in temperature
because it produces the second of two large peaks in DSC heating curves
2. Only observed in alloy with 5 at% Zr

7.4.2.3 Phase Diagrams

The phase diagram of Mattern et al. [409, available on-line on March 13, 2014] was apparently the
first binary Nd-Zr phase diagram to be published. Temperatures between ~1160 and 1270 K were
investigated using DSC and SEM data (including EDX analyses) from four alloys with 40 to 95 at% Zr.
Coexisting compositions at temperatures between ~1200 and 1800 K were determined using in situ
high-temperature synchrotron X-ray diffraction and pyrometry applied to gas-levitated droplets of an
alloy with 40 at% Nd. This data made it possible to determine temperatures of solid-state transformations,
as well as compositions of liquids and (B-Zr) solid solutions at a large number of temperatures.
Thermodynamic modeling was used at temperatures above 1800 K and to determine the limits of solid
solution in a-Zr, a-Nd, and -Nd.

The phase diagram of Cheng et al. [418, available on-line on April 1, 2014] used a combination of
DSC, SEM, room-temperature XRD, and microprobe data to determine phase-transformation
temperatures and compositions in nine annealed and quenched alloys with 5 to 97 at% Zr. All of the data
represents temperatures between 500 and 1000 °C. Thermodynamic modeling was used to determine the
liquidus and details of phase transformations and to determine the limits of solid solution at temperatures
outside the range of the experimental data. The Cheng et al. phase diagram does not have a (3-Nd-+a-Zr)
field, and details of phase transformations in high-Nd and high-Zr solids differ from those in the phase
diagram of Mattern et al. Although the shape of the liquidus generally resembles the liquidus in the
Mattern phase diagram, liquidus temperatures for most compositions in the Cheng phase diagram are
lower.

The phase diagram of Peng et al. [420, available in print in 2015] was based on EDS and DSC of
three alloys with 5 to 30 at% Zr. At temperatures below the liquidus (at ~1600 °C for most compositions),
this phase diagram generally resembles that of Cheng et al. However, the Peng et al. phase diagram shows
a broad liquid-phase miscibility gap. The maximum temperature of this miscibility gap is not indicated,
but is higher than the melting temperature of Zr.
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Figure 89 shows the phase diagram of Mattern et al. [419]. As it is the only one of the three phase
diagrams with experimental data at temperatures above 1000°C, it is probably be the best representation
of the liquidus and maximum concentration of Nd in -Zr. None of the phase diagrams used diffraction
data to identify the Nd and Zr solid-solution phases in lower-temperature reactions, and researchers
interested in these transformations should also consult the publication by Cheng et al. [418].
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Figure 89. Nd-Zr phase diagram after Mattern et al. [419]. Solid lines indicate areas with new data.
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