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ABSTRACT

Because working with actinide elements requires special
facilities for handling them, many compounds of these
elements are less-well studied than those of non-radioactive
elements. Thus, augmenting the knowledge about actinide
compounds has intrinsic scientific and technological values.
For example, investigations of several actinide compounds,
which are discussed here, have potential applications such
as immobilization matrices for nuclear wastes.

However, before experiments using actinide elements are
performed, synthetic routes are tested using lanthanides of
comparable ionic radii as surrogates. Compound and solid
solution formation in several lanthanide-containing titanate
and zircono-titanate systems have been established using X-
ray diffraction (XRD) analysis, which helped to define
interesting and novel experiments, some of which have been
performed and are discussed, for selected actinide elements.
The aqueous solubilities of several lanthanide- and
actinide-containing compounds, representative of the systems
studied, were tested in several leachants, including the
WIPP "A" brine, following modified Materials
Characterization Center procedures (MCC-3). The WIPP "A"
brine is a synthetic substitute for that found in nature at

the Waste Isolation Pilot Plant (WIPP) in New Mexico.

The concentrations of cerium, used as a surrogate for




vii
plutonium, leached by the WIPP "A" brine from all the
cerium-containing compounds and solid solutions tested were
below the Inductively Coupled Plasma (ICP) atomic emission
spectrometry limit of detection (10 ppm) established for
cerium in this brine. The concentrations of plutoniﬁm
leached from the two plutonium-containing solid solutions
were less than 1 ppm as determined by gross alpha counting
and alpha pulse height analysis. Concentrations of
strontium leached by the WIPP brine from stable strontium-
containing titanate compounds, studied as possible
immobilizers of both "sr and actinide elements, were also
quite low.

These compound and solid solution formation
investigations and the aqueous solubility studies suggest
that the types of titanate and zircono-titanate compounds
and solid solutions studied in this work appear to be useful

as host matrices for nuclear waste immobilization.
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CHAPTER I
INTRODUCTION

A. Background on the Lanthanides and Actinides

At the bottom of the periodic table lie the largest
naturally-occurring group of elements, the lanthanides, and
the largest group of synthetic elements, the actinides. One
might be led to believe initially that because of this
difference in origin there would be few similarities between
these two groups, but often times the lanthanides serve as
surrogates for the actinides in the study of properties and
compound formation, because both groups fill f electron
orbitals.

The term lanthanides refers to the elements with atomic
numbers 57 through 71, lanthanum through lutetium. Scandium
and yttrium are sometimes included in this group because of
their comparable ionic radii. All of the lanthanides are
known to occur naturally, found in minerals, including
unstable promethium (Pm-147, t,=2.62 y) which is found in
uranium ores [1]). Promethium will not be consideréd further
here in any of the discussion concerning compound formation
of the lanthanides.

The lanthanides are the first group of elements that

starts to fill an £ electron subshell. Therefore, their

electronic configurations are that of xenon plus a filled 6s
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subshell and different numbers of 4f and 54 electrons. The
most common oxidation state of the lanthanides is III.
Cerium is also known to have a IV oxidation state stable in
air at high temperature, and there are several examples of
compounds with europium in the II oxidation state.

The ionic radii of the lanthanides in the III oxidation
state decrease across the periodic table from La(III) to
Lu(III). This is known as the "lanthanide contraction" and
occurs because the outer electrons are insufficiently
shielded from the nuclear charge by the f electrons.

The term actinides is used to refer to the elements
with atomic numbers 89 through 103, actinium through
lawrencium. All of these elements are radioactive, and only
the elements actinium through uranium occur naturally.
Neptunium through lawrencium are "man-made," and their
availability decreases generally with increasing atomic
number.

The actinides fill the S5f electron subshell which gives
rise to electronic configurations of radon plus a filled 7s
subshell and different numbers of 5f and 6d electrons.
Multiple oxidation states are exhibited by the actinides
with IV being a stable state for the elements thorium
through plutonium and III the most common state for
americium and the rest of the actinides (except for the II
oxidation state of nobelium). An "actinide contraction" of

the ionic radii similar to the "lanthanide contraction" is




also observed.

B. Background on Lanthanide-Containing
-Titanates and Zirconates

The lanthanides in the III oxidation state form
dititanate compounds with the formula Ln,Ti,0,. The crystal
structure exhibited by the dititanates of the larger
lanthanides, lanthanum through neodymium, denoted here as
Ln,Ti,0,, is monoclinic, and is considered isostructural with
the compound Ca,Nb,0, (space group sz . P2, (4) or P2, (11),
Z=4) [2). A schematic of this proposed monoclinic structure
for Ln,Ti,0, [2] is given in Figure 1. Preliminary
structural studies of La,TiO, indicated that the Ti(IV) ions
are sixfold coordinated with oxygen forming TiO, units,
while the La(IXI) ions are expected to be ninefold
coordinated with oxygen forming LaO, units [3].

The heavier lanthanide dititanates of samarium through
lutetium, denoted here as Ln',Ti,0,, have smaller ionic radii
and exhibit a pyrochlore-type structure (space group Fd3m-
O:} Z2=8) based on the mineral pyrochlore with an
approximate formula (Ca,Na,Ce,Th),(Nb,Ta,Ti),O,(OH,F) [4].
These lanthanide dititanates follow the generalized formula
A,B,0, of the pyrochlore (A=Ln; B=Ti) and have radius ratio
values comparable fo those observed necessary for

pyrochlore-type formation [5], i.e., 1.46 < r,/xr, < 1.78,

where r, and r, are the ionic radii of elements A and B. A




Figure 1. Schematic Structures of (a) Monoclinic In,Ti,o,,
(b) Cubic Pyrochlore-Type Ln',Ti,0,, (c) Iéea?.‘L
Cubic Perovskite ABO;, and (d) Iﬁeal Fluorite.




schematic of the pyrochlore-type Ln',Ti,0, structure (5] is
-given in Figure 1. The Ti(IV) ions form TiO, units, while
the Ln(III) ions are eightfold coordinated with oxygen (LnO,
units) [5]. It has been established that there is some
solubility between the two types of lanthanide dititanates,
Ln,Ti,0, and Ln',Ti,0, [6,7]. The pyrochlore-type solid
solution formation is discussed in more detail in Chapter
III, section A.

The titanate systems mentioned above contain Ln(III)
and Ti(IV), but there are also other ternary titanate
systems known containing some Ti(III) in addition té Ln(IXI)
and Ti(IV) [7-11]. Such compounds have the formula
Ln,0y° (3Ti0,.,) or Ln,Ti,0p . (Ln=1’;a-Nd, m<0.25) and exhibit a
perovskite-type structure. A schematic of an ideal
perovskite structure [12] is shown in Figure 1. 1In an ideal
cubic perovskite ABO,, the A ions are twelve-coordinated,
while the B ions form the BO, octahedral units [12]. A
tolerance factor, t=(r,+r,)/1.414(r,+r,) where r,, r;, and r,
are the ionic radii of elements A, B, and oxygen and with
0.75 < t < 1.00, has been defined to suggest which compounds
will exhibit perovskite-type structures [13].

It has been reported that the structure for Imz'ri309_3.
has A-site vacancies [11]). These can be better visualized
from the formula written as Ln,,TiO; A and compared to the

formula of the ideal perovskite ABO;. It has also been

reported that the structure is cubic, tetragonal, or




orthorhombic depending on the value of m, which appears to
be determined by the reaction temperature and atmosphere
[11]. The larger the value of m, the higher the symmetry of
the structure [11].

Perovskite-type solid solutions between Ln,Ti,0, . and
the cubic perovskite SrTio; (Sr, ,Ln, ,Ti,0;,) are known [14~-
16].. The structure of the solid solutions is thought to be
more complex than that described above with vacancies
possibly at both the A~ and B-sites [15]; the use of
tolerance factors does not accurately determine whether a
composition will form the perovskite-type structure in these
systenms,

Another series of perovskite-type solid solutions known
is that of Sr,,,Ce,Ti.0,, (0.08 < x < 0.43) [17]. 1In this
system, cerium is in the IV oxidation state in contrast to
the above-mentioned systems where the lanthanide is in the
III state. The structure of these solid solutions is most
likely similar to that of the solid solutions Sr,. Ln, ~Ti,04,.

The lanthanides also form dizirconates which have the
formula ILn,2r,0,. The lighter lanthanides from lanthanum to
gadolinium form cubic pyrochlore-type dizirconates [5],
denoted here as Ln,2r,0,, that are of the same space group as
the pyrochlore~type dititanates. The remaining, heavier
lanthanide dizirconates with radius ratios too small for

pyrochlore-type formation exhibit a defect fluorite

structure [5). The ideal fluorite structure, shown in




Figure 1, is that of CaF, [18]). The calcium ions are
surrounded by four fluoride ions, while the fluoride ions
are surrounded by eight calcium ions [18].

Very few cases of mixed titanium-zirconium pyrochlore-
or perovskite-type compounds and solid solutions have been
reported [19-21]. These systems are discussed in more
detail in Chapter V, section A.

The titanates, zirconates, and zircono-titanates
discussed above have been previously studied because of
their solid solution formation and interesting magnetic,
electrical, and optical properties [5-7,15,16,22). Another,
less studied use for these materials is as possible

immobilizers of nuclear waste.

C. Background on Nuclear Waste Immobilization Research
The need for immobilizing long-lived radioactive

elements in solid matrices was initiated with the uses of
these elements as energy sources, medical isotopes, and in
military applications [23]. Four major groups of waste
forms have been proposed and studied with regard to
immobilizing these radiocactive elements; these waste form
groups are: glasses, ceramics, coated particles, and
particles in metal matrices [24]. The most important factor
to be considered once a host is found that will immobilize

the radioactive elements is the long-term durability of the

host with respect to leaching. In early 1978 the United




States Department 6f Energy (DOE) decided to study the
possibility of storing immobilized transuranic nuclear waste
in underground salt repositories. Thus was born the Waste
Isolation Pilot Plant (WIPP), a mined repository in bedded
salt, located in Eddy County, New Mexico (close to
Carlsbad). Since that time leaching studies using many
leachants have been performed on proposed waste forms, some
containing actual radioactive elements and some containing
only surrogates, to estimate the solubility and leaching
rates of ions in the hosts in the event that a breach by
water of such a repository occurred [25-29].

A 1981 report by the Alternative Waste Form Peer Review
Panel ranking alternate waste forms listed borosilicate
glass as the number one waste form and SYNROC, a titanate-
based ceramic, as the number two form but stated that more
extensive leaching studies of these materials were needed
[30]. Evaluations of these materials are still being
carried out today [31].

Borosilicate glasses are the current waste host of
choice for most countries including the United States.
While glasses can accommodate a wide range of waste stream
compositions [24], there is still concern that they will not
be as stable as other waste forms during the first several
decades of storage should they come in contact with water
[32]. Also, there are concerns that not all waste streans

could be easily vitrified and that, on a large scale,




9

chemically and physically homogeneous glasses may be hard to
produce [31]. It appears that glasses will serve as a major
immobilization matrix for nuclear wastes, but there is still
a need for developing other matrices.

Ceramics, such as SYNROC, seek to mimic minerals that
have been geologically stable and have retained naturally
occurring radioactive elements for millions of years. In
SYNROC, the radioactive elements are distributed in three
main synthetic minerals: hollandite (BaAl,Tis0,;,), perovskite
(CaTiO;), and zirconolite (CaZrTi,0,) [25,33]. An advantage
of such minerals is that they can accommodate many elements
in their étructurés by substitution, covering a range of
ionic sizes and valences, which is an important
consideration for immobilizing high-level radioactive waste.
Leaching studies have indicated that SYNROC and other
ceramic materials fare just as well as, if not better than,
glasses with respect to leaching rates and long-term

durability of the host [25,34].

D. Proposed Course of Research
The aim of this research was to investigate novel
compound and solid solution formation in lanthanide- and
actinide-containing titanate and zircono-titanate systems
using X-ray diffraction. These systems were first studied

and defined using the lanthanides as surrogates for the

actinides. Finally, the durability, with respect to




1 leaching, of several representative lanthanide- and

actinide-containing compounds was tested in various aqueous

leachants to evaluate potential matrices for nuclear waste

immobilization.
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CHAPTER 1I
EXPERIMENTAL PROCEDURES

A. Compound Synthesis

1. Reactants Used

The compounds were prepared by dry grinding, using
mortar and pestle; the appropriate reactants together in the
desired compositions. The lanthanide oxides used were La,0,
(ALFA Products), CeO, (Fisher Scientific), Pr,0,,
(manufacturer unknown), Nd,0; (Michigan Chemical Co.), Gd,0,
(REacton), Er,0; (Michigan Chemical Co.), and Lu,0; (GFS
Chemicals). All of these were labelled to be at least of
99% purity except for Nd,0;, which was labelled 95% pure.
The actinide oxides used were NpO, (Np-237; t,=2.14x10° y),
Puo, (Pu-242; t,=3.733x10° y), and AmO, (Am-241; t,=432.7 y).
These isotopes were synthesized in the High Flux Isotope
Reactor (HFIR) at the Oak Ridge National Laboratory as part
of the U.S. Department of Energy's program for transuranium
element production and research. The transition metal
oxides used were TiO, (Baker) and 2rO, (Matheson) with
labelled purities of 99.95% and 99%, respectively. SrcCo;
(Johnson-Matthey) was used as the source of SrO and was
labelled 99.99% pure. Reducing agents used were TiN

(Atlantic Equipment Engineers) and 2rN (Materials Research

Corp.). Some mixtures were calcined in Ar (Liquid Air
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Corp.) or Ar/4% H, (Liquid Air Corp.) to provide,

respectively, an inert or reducing atmosphere.

2. Containment

Crucibles and boats made of Al,0; or Pt were used to
hold the lanthanide-containing solids for calcinations in
air. Only Al,0; containers were used with the lanthanides
in inert and reducing atmospheres. For the actinide-
containing solids, Pt was preferred for the calcinations in
air or Ar, while Al,0,, BeO, and 2r0, crucibles were used for
calcinations in Ar or Ar/4% H,. Such containment was chosen
to avoid the formation of Pt-containing intermetallic
compounds in the presence of hydrogen and the diffusion of
the actinide reactants into the refractory oxides during
calcinations in air.

For radiological safety and health reasons, the
actinide-containing mixtures were prepared and calcined in
an air-flow glove box which was equipped with a balance, two
furnaces, and gas lines that led to cylinders of Ar or Ar/4%

H, gas located in the laboratory.

3. Calcination Reactions

The calcinations of compounds containing the cations
Ce(IV) or Ln(IIX), excluding Ce(III), Ti(IV) and/or Zr(IV)
were performed in air in one of several high temperature

furnaces (Rapid Temperature Muffle Furnace, CM Inc., model
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1706 FL and programmable Variable Profile Tube Furnaces,
Harrop Ind., Inc., models P-16-1-2 and SC-16-3/4-3).
Compounds containing Ce(III) and Ti(IV) or Ln(III), Ti(III),
and Ti(IV) were calcined in Ar or Ar/4% H,, respectively,
also in high temperature furnaces (High Temperature Tube
Furnace, Thermolyne, model F54538CM and programmable
Variable Profile Tube Furnaces, Harrop Ind., Inc., model SC-
16-3/4-3). The actinide-containing compounds were calcined
in air, Ar or Ar/4% H, in a vertical, water-cooled,
platinum-wound tube furnace (Marshall Furnace Co., model
15329) situated in the glove box. The Ar or Ar/4% H, gas
used in the calcinations of both the lanthanide- and
actinide-containing solids was introduced by gas connections
attached to the alumina tubes which held the reactants and
were placed in the tube furnaces.

Calcination temperatures ranged from approximately 1200
to 1500°C. To aid the completion of the reactions, each
compound was reground, sometimes pressed into pellets
(except actinide-containing mixtures) and further calcined
several times during its preparation. These treatments were
considered completed when the X-ray diffraction patterns of
the samples did not change. Total reaction times ranged
from several hours to several hundred hours. The
lanthanide-containing products calcined in air were cooled

rapidly, while all actinide-containing products and the

lanthanide-containing products calcined in Ar or Ar/4% H,
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were cooled overnight in the atmosphere in which they had
been calcined. The scale of preparations ranged from
several milligrams for the actinide-containing products to
several grams for some of the lanthanide-containing

products.

4. Oxidation Reactions
Oxidation reactions of some lanthanide- or actinide-
containing compounds were performed in air between 900 and

1025°C. The uptake of oxygen was measured gravimetrically.

B. X-ray Diffraction Analysis
X-ray diffraction (XRD) analysis was the main
characterization technique used in the identification of the

compounds studied here.

1. Equipment

XRD data for some of the lanthanide-containing
compounds were collected using a diffractometer (PAD V,
Scintag) with a solid-state germanium detector using Cu K,
radiation with a wavelength of 0.154059 nm. The following
conditions were used: accelerating potential, 45 kv;
filament current, 40 mA; takeoff angle of X-ray tube, 4°;
fixed divergence slit, 2 mm; fixed receiving slit, 0.3 mm;
scan rate, 1°/min. The samples were mounted on a "zero-

background® quartz crystal and were typically approximately

o
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five milligrams in mass.

A second instrument used to collect XRD data from
lanthanide-containing compounds was a diffractometer (Bragg-
Brentano) equipped with a theta-compensating incident beam
divergence slit and a graphite (002) diffracted beam
monochromator. Cu K, radiation was also utilized, and the
scan rate was 1.2°%min. The samples were thinly coated on
"zero-background" silicon substrate plates and were
typically approximately thirty milligrams in mass. Silicon
powder was used as an external standard (a =0.53406 nm) to
calibrate periodically both diffractometers.

Some XRD data for lanthanide-containing compounds were
obtained using an X-ray generator (General Electric, model
XRD-6) equipped with a copper target. Nickel foil was used
to filter out the Cu K, radiation. Samples were loaded into
0.3 mm diameter glass or quartz capillaries, which were then
placed in Debye-Scherrer-type cameras of 57.3 mm in
diameter. Each capillary was covered by a beryllium cup for
protection against breakage while the film was being loaded
into and removed from the camera. Exposure time was
normally two hours at room temperature, and the data were
recorded on Kodak film (DEF-392, double emulsion). After
developing, the films were read on a film reader (Philips
Electronics, Inc.) to determine the positions of the

diffraction lines to the nearest 0.05 mm.

All XRD data for the actinide-containing compounds were




obtained using an X-ray generator (Philips Electronics,

Inc., XRG 3100), equipped with a molybdenum target (Mo K,
radiation, 2=0.07107 nn) , and Debye~Scherrer-type cameras of
114.6 mm diameter. Zirconium foil was used to filter out
the Mo K; radiation. The samples were loaded into thick-
walled, hand-drawn silica glass capillaries, and a beryllium
cup surrounded each sample when in the camera to protect the
capillary. Typical exposure times were approximately one-
and-a-half to three hours and were performed at room
temperature. The XRD data were recorded on Kodak film (DEF-
392, double emulsion). After developing, the films were
read in the same manner as described above. Internal
calibration standards were not used because many of the

preparations made were used to prepare other compounds.

2. Analysis of Powder Diffraction Patterns

Pattern-processing software (Jade, Materials Data Inc.,
1994) was used to strip K, and locate peaks in the XRD data
obtained by the diffractometers for some lanthanide-
containing samples.

For the XRD data obtained from lanthanide- and
actinide-containing samples using the film technique, a
Lotus 2.01 spreadsheet (Lotué Development Corp.) was
utilized to calculate two-theta values from the positions of

the diffraction lines recorded on the films. These values

were then converted into interplanar spacings, d, through
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the Bragg equation. No film shrinkage factors were used in
the analysis of the data. Intehsities of the diffraction
lines were estimated visually. For comparable exposure
times, the Mo K; radiation, used for the actinide-containing
samples, gave more intense diffraction lines than did the Cu
K, radiation, but it had the disadvantage of decreased
resolution of the lines. ihis made the determination of the
line positions more difficult, especially in the case of the
monoclinic structures. Regardless of the radiation used,
there is more limited resolution inherent to the film
technique compared to the diffractometers.

Lattice parameters were determined using programs such
as a modified version of the LCR-2 least squares program
[{35]). The errors calculated for each parameter are
dependent on a particular data set and are to be used for
comparative purposes only. These errors, given at one
standard deviation, do not represent the true error

associated with each parameter.

C. Solubility Studies
The Materials Characterization Center (MCC) has
established a number of procedures specifically designed to
determine a compound’s solubility or leaching rate under
different experimental conditions {36]. Following these

procedures makes it possible for direct comparison of

results obtained by several research groups. Modified Mcc-3




procedures [36] were used in this work to study the

solubility of selected compounds and solid solutions. The
compounds and solid solutions were in contact with the
leachants for eight weeks, a reasonable contact time, based

on several other studies [25,34,37].

1. Compound Preparation

Approximately 20 grams of each of the five cerium-
containing compounds and solid solutions and 250 milligrams
of the two plutonium~containing solid solutions chosen for
this study were prepared. Each solid was analyzed by XRD to
verify that the desired product had been prepared. Then
each cerium-containing product was ground in an agate ball
grinder (Spex Industries, Inc., cat. no. 8000) fine enough
to be sieved through a 325 mesh nylon screen (44 um pore
size) (Spex Industries, Inc.). The plutonium-containing
products were ground with porcelain mortar and pestle and
sieved through 325 mesh screens. The cerium-containing
products were analyzed again via XRD to insure that grinding
had not caused changes such as phase changes or separation
of phases. The plutonium-containing solid solutions were

not analyzed again after grinding.

2. Leachant Preparation

Four solutions were chosen as leachants: WIPP "A" brine

[38]), 0.1 M NaCl, 0.1 M HC1l, and 6.0 M HCl. The composition
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of WIPP “A" brine is given in Table I. The NaCl and HCl
solutions were prepared from NaCl (Allied Chemical),
labelled 99.5% pure, and concentrated HCl (Baker Analyzed),
respectively. The pH of each leachant was measured using a
PH meter (Beckman Zeromatic).

The solubility of the cerium-containing compounds and
solid solutions was studied in all four of the leachants,
while only WIPP “A" brine and 6.0 M HCl solutions were used
with the plutonium-containing solid solutions. The ratio 1
g 80l1id/10 mL leachant, as stated in the MCC-3 procedure
(36], was used in determining the mass of sample per volume

of leachant to be used.

3. Container Preparation

To hold the cerium~containing samples, previously used
90 mL Teflon containers (Savillex Corp.) were thoroughly
cleaned following the directions given in the McC-1
procedures [36] for cleaning used containers. Small Teflon
containers (manufacturer unknown) of 5 mL capacity were used
to hold the plutonium-containing samples. These containers
were new and were cleaned according to the specifications
listed in the MCC-3 procedures [36] for cleaning new

containers.

4. Temperature Control and Agitation Methods

The solubility of the cerium-containing compounds and




Approximate Composition of WIPP "A" Brine [38]

Ion Concentration (mg/L solution)
Li* 20
Na* 42000
o 30000
Rb* 20
Ccs* 1
Mg?* 35000
ca®* 600
sr? 5
Fe* 3
cl- 190000
Br- 400
I 10
50,2 3500
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solid solutions were studied at two temperatures, room
temperature and 50°C, while the plutonium-coptaining solid
solutions were studied only at room temperature. The MCC-3
procedures [36]) call for constant agitation of the samples
at the test temperature. Constant agitation at room
temperature was achieved by using magnetic stirring bars and
plates. The samples held at 50°C were kept in a water bath
equipped with a shaker (Magni Whirl Constant Temperature
Bath, Blue M Electric Co., model MSB-1122A-1). Constant
temperature and agitation were maintained throughout the
test period except for approximately three hours during a

general power outage.

5. Leachate Filtering

At the end of the eight-week test period, an
approximately 5 mL or 1 mL aliquot of the leachate solution
from the cerium- or plutonium-containing solids,
respectively, was filtered from each container using a 0.45
um pore size syringe filter connected to a disposable
syringe and needle. This aliquot was transferred to a small
polyethylene bottle and analyzed, in the case of the cerium-
containing samples, via Inductively Coupled Plasma (ICP)
atomic emission spectrometry for the concentration of each
element of interest. Plutonium-containing samples were

analyzed only for the amount of plutonium present by gross

alpha counting and alpha pulse height analysis. Filters and
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syringes were warmed to 50°C before the aliquots of leachate
held at 50°C were taken. The pH of the cerium-containing
leachate from every container was measured at the time of

sampling.

6. Analysis by ICP Atomic Emission Spectrometry

The filtered leachates from the cerium-containing
solids were analyzed using an ICP atomic emission
spectrometer (Thermo Jarrell Ash PolyScan Iris) with an
argon plasma excitation source. The following plasma
conditions were used: auxiliary gas, 3 psig; RF power, 1150
w; nebﬁlizer pressure, 32.0 psi, nebulizer flush pump rate,
100 rpm; nebulizer analysis pump rate, 100 rpm; relaxation
time, 0.0 s. The following wavelengths were used to
identify the indicated element: Ce, 413.765 nm; Er, 323.058
nm; Sr, 338.071 nm; Ti, 336.121 nm; and Zr, 343.823 or
349.621 nm. Each sample was analyzed three times to obtain
average concentrations of the elements of interest. The
sample flush time was between 20.0 and 40.0 s. A 1 ppm
yttrium internal standard, detected at 360.073 nm, was used
in all analyses. Blanks of every leachant solution prepared

were analyzed as well.

7. Gross Alpha Counting and Alpha Pulse Height Analysis

The leachates from the plutonium-containing solids were

analyzed by performing a gross alpha count using a gas-flow
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proportional counfer (Tennelec LB 4000, Oxford Instrument
Co.). The instrument.,, which had a low alpha background (0.2
cpm), was calibrated for gross alpha counting using an Anm-
241 NIST traceable standard. Each sample was plated onto a
stainless steel planchet and counted following the EPA-
600/900.0 procedure [39). The counting time for each sample
was twenty minutes. Alpha pulse height analyses were
performed on 6.0 M HC1l leachates using an alpha spectrometer
(Tennelec TC 257, Oxford Instrument Co.) and the Genie-ESP
Data Acquisition and Processing System (Canberra, Nuclear
Data). The same samples used to obtain the gross alpha
counts were used, and the acquisition time for each sample

was one hour.

8. Analysis of Remaining Solids by XRD

SOIidS'rémaining in the original test containers held
at 50°C were analyzed via XRD. The solid remnants were
washed with distilled water and isopropyl or methyl alcohol,
dried, and examined by XRD to determine if there had been
any chang§ in the conéosition of the solid phase during the

course of leaching.
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CHAPTER III
TITANATE COMPOUNDS AND SOLID SOLUTIONS

A. Background

The lanthanide dititanate compounds, with the exception
of Ce,Ti,0,, have been previously, for the most part, well
studied [40-44]. The light lanthanide dititanates, Ln,Ti0,
(Ln=La-Nd) exhibit a monoclinic structure, space group P2,
(4) or P2, (11) [2], while the heavy lanthanide
dititanates, In',Ti,0, (Ln'=Sm-Lu) exhibit cubic pyrochlore-
type symmetry, space group Fd3m-oh7 [4). It is possible to
dissolve certain amounts of the light lanthanide dititanates
into the heavy lanthanide dititanates forming substitutional
solid solutions, Ln', LnTi,0, [6,7]. As shown in Figure 2,
for a given Ln,Ti,0, and Ln',Ti,0,, ideally the volume of the
cubic pyrochlore-type host increases, following Vegard's
Law, from that of the volume of pure Ln',Ti,0, as Ln,Ti,0, is
added. Once the solid solution becomes saturated with
Ln,Ti,0,, the volume of the solid solution remains
essentially constant and the presence of a monoclinic phase
(assumed to be Ln,Ti,0,), in addition to that of the cubic
Ln', InTi,0,, is detected in the XRD data. The intersection
of the sloped and horizontal lines indicates the point of
saturation. It is also very likely that some of the heavy

Ln',Ti,0, dissolves into the light Ln,Ti,0,, but determining
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these solubility limits would be more difficult. It would
be hard to detect the presence of excess Ln',Ti,0,,
indicating the solid solution was saturated, because there
are fewer pyrochlore-type diffraction lines compared to the
number from monoclinic Ln,Ti,0,, and many of them coincide
with those from the Ln,Ti,0, phase.

It was found that as the ionic radius of the heavy,
lanthanide ion in the host compound decreased, the
solubility of the Ln,Ti,0, increased [6,7]. This can be
rationalized using Sm,Ti,0, as the model lanthanide
pyrochlore. smbTigy has the largest volume of these
dititanates; as the radii of the Lgnthanides beyond samarium
decrease, the volume of each pyrochlore-type compound
decreases, but the theoretical maximum volume available for
a pyrochlore-type lanthanide dititanate remains the same as
the volume of Sm,Ti,0,. Therefore, when the lanthanide ion
Ln' in the host Ln',Ti,0, is small, the host can dissolve
more of a light lanthanide Ln,Ti,0,. Of course, there is a
maximum volume observed for each saturated Ln', LnTi,0,
solid solution that is smaller than the volume of Sm,Ti,O,
because of factors such as the maximum distance allowable
between ions for attraction and bonding to occur. The solid
solubility limits of several light lanthanide dititanates,
In,Ti,0,, in several heavy lanthanide dititanates, Ln',Ti0,,

have been experimentally determined and reported [6,7].

Until recently there was a paucity of information about
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Ce,Ti,0, and its solid solution formation because of the
inert conditions required for working with Ce(III). Cerium
is the only lanthanide which exhibits a IV oxidation state
stable at high temperature in air. For ease of preparation,
researchers had chosen to concentrate on the dititanate
compounds of the other lanthanide elements and left the
chemistry of Ce(III) dititanate mostly unexplored.

The compound Ce,Ti,0,, having monoclinic symmetry, has
now been reported [7] by a group in which this author was a
member. This Ce(III)-containing compound was easily
obtainable following the reaction described in Equation (1).

2Ce0, + 0.5TiN + 1.5Ti0, —--> Ce,Ti,0, + 0.25N, (1)

In this ihteresting synthesis, TiN was used successfully to
reduce Ce(IV) to Ce(III). <Calcining in Ar or Ar/4% H,
resulted in the same brick red compound having no effect on
the color or structure of the product. This, therefore,
indicated the absence of Ce(IV) or Ti(III).

The solubilities of Ce,Ti,0, in several Ln',Ti,0,
compounds were also determined [7]. The solid solubility
limits of Ce,Ti,0, in the cubic pyrochlore-type Ln',Ti,O,
(ILn'=Gd, Er, or Lu) hosts were determined to be 19, 22, and

27 mol percent, respectively [7]). These limits were

determined from plots similar to the one shown in Figure 2.
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B. Preparation of An,Ti,0, (An=Pu or Am)

The successful synthesis of Ce,Ti,0, led to attempts to
prepare An,Ti,0, (An=Np-Am). The compound Pu,Ti,0,, blue-
black in color, was prepared following the same reaction as
described by Equation (1) with plutonium instead of cerium.
As for Ce,Ti,0,, calcining in Ar or Ar/4% H, resulted in the
same ImbTigy.product with respect to color and structure.
This, therefore, indicated the absence of Pu(IV) or Ti(III).
The XRD data from Pu,Ti,0, (Table II) are very similar, as
expected, to that from monoclinic Ce,Ti,0, and the other
light lanthanide dititanates (Ln=La, Pr, or Nd) acquired
using a diffractometer [7,41]. As can be seen in Table II,
the number of observed diffraction lines is fewer, and the
intensities are higher for some comparable lines of Pu,Ti,0,
relative to Ce,Ti,0, [7]. These results reflect the lower
resolution of the Mo K, radiation which results in the close
juxtaposition of several lines (e.g., see brackets in Table
II) which appear as a single line of higher intensity. For
example, the 0.274 nm line in Pu,Ti,0,, which exhibited the
strongest intensity, is very likely composed (based on the
data for Ce,Ti,0, [7]) of the four diffraction lines 410,
020, 212, and =-312. The inability to resolve these lines in
the XRD p&ttern from the plutonium compound required the
assignment/of all four hkl indices to this observed
diffraction line when calculating the lattice parameters.

The lattice parameters calculated for the monoclinic
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s Table II

XRD Data Obtained for

Monoclinic Pu,Ti,0, Compared to That for Ce,Ti,0, [7]

Bu,T1i,0; Ce, 11,0,

Int. d(nm) hkl d (nm) Int.
m 0.412 210 0.4176 43
m 0.386 002,-102 0.3826 13
. 310 0.3378 12
m+ r0.312 400 0.3207 61

0.312 012,-112 0.3150 30

0.312 202,-302 0.3086 15

m 0.293 112,-212 0.2967 100
s 10.274 410 0.2773 42
0.274 020 0.2751 37

\0.274 212,-312 0.2692 72

m 0.224 -113 0.2330 6
: 0.224 022,-122 0.2235 21

- ' 600 0.2140 12
412,-512 0.2120 15

w 0.206 420 0.2089 40
- 1p.206 222,-322 0.2056 16

vw 0.200 610 0.1998 9

m+ 0.194 =104 0.1935 44
0.194 322,-422 0.1915 23

w- 0.189 520,023 0.1878 33
wt 0.175 114,-314 0.1758 15
w+ 0.164 330,620 0.1684 10
[0.164 304,-504 0.1662 27

0.164 132,-232 0.1628 13

nt 0.158 =124 0.1587 17
0.158 232,-332 0.1579 17

vw 0.153 810 0.1541 12
-10.153 712,-812 0.1506 10

622,722 0.1484 7

Measured lattice parameters for monoclinic Pu,Ti,0,:
a=1.295+0.008, bg=0.55010.003, c;=0.772i0.004 nm,

- B=98.510.6°; (film, 114.6 mm @, Mo K, radiation)

’ Measured lattice parameters for monoclinic Ce,Ti,0, [7]:
a =1.298510.0006, b =0.550410.0003, c=0.775410.0004 nm,
$=98.5810.05°; (diffractometer, Cu K, radiation)
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l-"v.sz‘iztD7 using this approach are a =1.295+0.008,
b,=0.550£0.003, c,=0.77210.004 nm, and f=98.5+0.6°. The
volume of the formula unit (four per unit cell) calculated
from these parameters is 0.13610.002 nm’; it agrees well
with the 0.1366 nm® determined from the correlation of
formula unit volumes (7,41] of Ln,Ti,0, and Ln',Ti,0, to ion
volumes of Ln(III) and Ln'(III) (Figure 3). The ion volumes
were calculated using ionic radii for coordination number
(CN) = 6. Although the coordination number has been
established as 8 for the lanthanide in cubic pyrochlore-type
compounds [44], the number is not well established for the
monoclinic lanthanide and plutonium compounds. Thus it was
elected for consistency in this work to use only the CN=6
values from a single reference [45]. Comparative plots
using other CN values did not alter significantly the
formula unit volume/ion volume relationship.

Brick-red Am,Ti,0, was prepared directly from AmO, and
Tio,. It was not necessary to use TiN to assure reduction.
Calcination in Ar between 1200 and 1300°C was sufficient for
reducing Am(IV) to Am(III). The compound exhibited
monoclinic symmetry which was expected, because the ionic
radius of Am(III) is closer to that of NA(III) than it is to
that of Sm(IXII) [45], the latter being the first lanthanide
to exhibit the cubic pyrochlore structure for the dititanate

compound. The XRD data for Am.‘,'l‘i‘.‘!o7 are compared to that for

Nd,Ti,0, in Table III. The same procedure used for
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Table III

XRD Data Obtained for
Monoclinic Am,Ti,0, Compared to That for N4,Ti,0, [41]

An,Ti,0, N4,Ti,0,
Int. d(nm) hkl d(nm) Int.
wt+ 0.647 200 0.643 9
w 0.505 110 0.5029 5
m+ 0.416 210 0.4162 46
m 0.381 002,-102 0.3797 12
310 0.3372 9
m 0.322 400 0.3216 50
m 0.311 012,-112 0.3119 26
202,-302 0.3077 13
s 0.295 112,-212 0.2950 100
410 0.2770 29
020 0.2732 35
m+ ' 0.267 212,-312 0.2681 50
302,-402 0.2654 24
vw 0.232 =113 0.2328 6
wt+ 0.222 022,-122 0.2218 18
vw [0.216 600 0.2154 4
0.216 . 412,-512 0.2144 6
w4+ 0.209 420 0.2082 26
w 0.204 222,-322 0.2043 14
w 0.200 610 0.1996 10
m [0.192 -104 0.1935 44
0.192 322,-422 0.1915 23
m- 0.188 520,023 0.1878 33
m- 0.175 114,-314 0.1758 15
w 0.168 330,620 0.1684 10
wt+ 0.165 304,-504 0.1662 27
w+ 0.162 132,-232 0.1628 13
n 0.157 -124 0.1587 17
0.157 232,-332 0.1579 17
810 0.1541 12
w- 0.151 712,-812 0.1506 10
w 0.148 622,722 0.1484 7

Measured lattice parameters for monoclinic Am,Ti,0,:

a =1.30710.003, b =0.54710.001, c =0.769+0.001 nm,
p=98.410.2° (film, 114.6 mm @, Mo K, radiation)

Measured lattice parameters for monoclinic N4,Ti,0, [41]:
a=1.3008+0.0002, b =0.54648+0.00007, c°=0 «767910.0002 nm,

ﬁ°=98.56:to.02°: (dif%ractometer, Cu K, radiation)
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Pu,Ti,0, was followed in assigning the hkl indices of several
unresolved lines to the observed diffraction lines. The
lattice parameters of monoclinic Am,Ti,0, using this approach
are a,=1.307+0.003, b =0.54710.001, C,=0.76910.001 nm and
p=98.410.2°., The volume of the formula unit (four per unit
cell) calculated from these parameters is 0.136%0.001 nm’
which agrees well with the value of 0.1345 nm® obtained from
Figure 3.

The preparative method represented by Equation (1),
with neptunium in place of cerium and calcination in
Ar/4% H,, was not conducive to the synthesis of Np,Ti,0,.
Instead NpO, was always detected in the reaction product by
XRD. A titanium suboxide should have also been present, to
balance the elements in the initial mixture composition, but
was not detected in the XRD data, probably because its
crystallite size was not sufficiently large and thus did not
diffract strongly enough to be seen in the presence of the
NpO,. These results suggest that Np(III) is not stable in
this titanate matrix. It was thought that the temperature
at which the NpO, had been prepared was perhaps too high,
rendering the NpO, less chemically reactive under the
experimental ‘conditions used here, but a "low-fired" source

of NpO, yielded the same results.

C. Ln', AnTi,0, Solid Solutions (An=Pu or Am)

Dark~-colored solid solutions between Puz'l‘izo7 and cubic
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In',Ti,0, (Ln'=Gd, Er, or Lu) were synthesized by the

reaction described by Equation (2).

Similarly to previous work with solid solutions of heavy
lanthanide dititanates [6,7], the solubility limits of
Pu,Ti,0, in Ln',Ti,0, were determined by analyzing the XRD
data from the products for identification of the phases
present. The appearance of the monoclinic phase (assumed to
be Pu,Ti,0,), in addition to the cubic pyrochlore-type phase
(In', PuTi,0,), indicated that the cubic host had become
saturated with Pu,Ti,0,. Lattice parameters and formula unit
volumes for the cubic phases present for each composition,
including those where excess Pu,Ti,0, was detected, were
calculated from the XRD data. These volumes are plotted as
a function of the original mole percent of Pu,Ti, 0, present
in the unfired mixture (Figure 4). Although the plotted
data do not yield an ideal plot like that in Figure 2, it
can be seen from Figure 4 that, as the Pu,Ti,0, content
increases to the point of saturation, the volume of the host
cubic I,n'z'.!.‘:l.zo7 also increases and should remain constant
after saturation. It is interesting to note that the
volumes of the plutonium-containing saturated solid
solutions appear to be increasing with increasing mole

percent Pu,Ti,0, and thus do not exhibit the same ideal plots
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expected and seen for the analog cerium-containing solid

solutions [7]. This difference may be caused by the fewer
data points available for the plutonium-containing systemns,
larger errors in the calculated formula unit volumes due to
the poorer resolution of the diffraction patterns and the
use of Mo K, radiation, and the possibility that a solid
solution rich in Pu,Ti0,, instead of just Pu,Ti,0,, is being
formed after saturation. This last factor would only
decrease the amount of the cubic phase, not change its
composition. Future work will be necessary to explain this
apparent departure from ideality.

The saturation point is defined for these systems as
the composition midway between the last preparation with
only a cubic pyrochlore-type solid solution detected in the
XRD data and the first preparation showing the presence of a
cubic pyrochlore-type solid solution and excess monoclinic
Pu,Ti,0, in the XRD data. The horizontal line drawn through
the saturated points is not a least squares line and
illustrates the solid solution volumes expected based on the
saturation point as just defined. As the amount of the
nonoclinicv Pu,Ti,0, increased , the inore difficult it becanme
to identify and assign the cubic solid solution lines due to
their overlap with the more numerous monoclinic Pu,Ti,o,
lines. This limited the number of preparations that could

be analyzed unambiguously once saturation with Pu,Ti,0, was

exceeded. The solubility limits for Pu,Ti O, in Gdz'rizo,,
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Er,Ti0,, and Lu,Ti,0, (Figure 4) Awere estimated as 1614,
22*3, and 3313 mol percent, respectively. These values
agree well with those found for the solubility of Ce,Ti,0, in
these same cubic Ln',Ti,0, hosts (19, 22, and 27 mol percent,
respectively) [7].

Brick-red solid solutions between Am,Ti,0, and Er,Ti,0,
were prepared using the same type of reaction described in
Equation (2). Because of the high specific activity of the
americium, and therefore the need to limit the time of
exposure to its radiation, especially to the hands, the
number of preparations was curtailed to only solid solutions
with Er,Ti,0,. Er,Ti,0, was selected ovei' Gd,Ti,0, and Lu,Ti,0,
because erbium is located between gadolinium and lutetium in
the periodic table and would, therefore, represent an
"average" solubility of Am,Ti,0, in the three dititanates
studied in this work. |

The solubility data obtained for the system Am,Ti,O,-
Er,Ti,0, (see Figure 5) do not make an ideal plot like that
depicted in Figure 2. This non-ideal behavior can be
addressed in a way similar to that described above for the
case of the Pu,Ti,0, solid solutions. The appearance of the
monoclinic phase (assumed to be Am,Ti,0,), in addition to the
cubic pyrochlore-type phase (Er, AmTi,O;), indicated that
the cubic host had become saturated with Am,Ti,0,. Lattice

parameters and formula unit volumes for the cubic phases

present for each composition, including those where excess
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Amz'rizo7 was detected, were calculated from the XRD data.
These volumes are plotted as a function of the original mole
percent of Am,Ti,0, present in the unfired mixture (Figure
5).

The saturation point for this system is defined as the
composition midway between the last preparation yielding
only a cubic pyroéhlcre-type solid solution as detected in
the XRD data and the first preparation yielding a cubic
pyrochlore-type solid solution and excess monoclinic Am,Ti,O,
as detected in the XRD data. The horizontal line dréwn
through the saturated points is not a least squares line and
illustrates the solid solution volumes expected based on
this saturation point definition. The volumes of the solid
solutions increase with increasing mole percent Am,Ti,O,
present in the initial mixture, as expected, until the
preparation containing 50 mol percent Am,Ti,O,. The volume
of the solid solution in this preparation is higher than
expected, based on the sloped line connecting the volumes of
Er,Ti,0, and Am,Ti,0,. Its value is approximately the same as
the volumes measured for the saturated solid solutions, but
no excess monoclinic Am,Ti,0, was seen in the XRD data from
this preparation. The volumes of the saturated solid
solutions are quite constant. The solid solubility limit
for Am,Ti,0, in Er,Ti,0, (Figure 5) was estimated to be 5919

mol percent. This limit agrees well with that measured for

N4,Ti,0, (the M(III) ionic radii for Nd and Am are




comparable) in Er,Ti,0, (60.7 mol percent [6]).

D. LIn0; (nTiO, ) Solid Solutions (Ln=La, Pr, or Nd)

and Pu,0y (3TiO, )

Perovskite-type compounds Ln,O;'(nTiO, ) (Ln=La-Nd, n=3)
with the lanthanide in the III oxidation state and part of
the titanium presént as Ti(III) are known [7-11]. It has
been reported that the value of m is dependent on the
conditions in which the compounds are prepared, i.e., the
reaction temperature and atmosphere [11]. It has been
determined that an additional mole of TiO,  is soluble in
Ce,0;° (3Ti0,.,) [7] and thus attempts were made to determine

the solubility limits of TiO,_ and the value of m in

2-m
Ln,0,°(3Ti0, ) (Ln=La, Pr, or Nd) for compounds synthesized
at 1300°C.

The XRD patterns of the lanthanum and neodymium
compounds, with n=3.5, matched well with the patterns
reported for ano,'-(3'rio,.,) (Ln=La or Nd) [8]. However when
n>4, additional phases were observed in the XRD patterns,
and these could be identified as Ti O, and Ti0,, in the case
of Ln=lLa. The patterns of these titanium suboxides became
more intense as the value of n increased. The main XRD
pattern from the praseodymium compounds also matched that
reported for Ln,0,"(3TiO, ) [8]. However, when n>4,
additional phases that could not be identified began to

appear in the XRD patterns.
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Oxidation in air of single-phase Ln,0;'(nTiO, ) was used
to estimate the value of m. Since, as expected, these
treatments produced weight gains that resulted from the
uptake of oxygen only during the oxidation of Ti(III) to
Ti(IV), the weight gain is assumed to be proportiocnal to the
oxygen deficiency before oxidation, e.g., a weight gain of
1.48% for Lnég'(B.STiO}_) translates into m~0.16 (see
Appendix A for example calculation). Thus, the following
composition limits were established: La,0;°(3.5TiO,,),
Pr,0;° (4TiO, 4.) and N4,0,°(3.5TiO, . ). These values are in
accord with Ce,0;°(4TiO, o) obtained earlier [7].

The synthesis of the plutonium analog of
Ln,04° (3TiO0, ) was then attempted. The results of the
analysis of the XRD data (Table IV) obtained from the blue-
black product indicated that a tetragonally distorted
perovskite, with a pattern comparable to that from
Ce,0,°(3Ti0, ), was formed. The weight gain (2.6%) achieved
by air oxidation of Pu,0;°(3Ti0, ) was used to estimate the
value of m#o;o7r(see Appendix A for calculation), which is
consistent with the formation of PuO, and TiO,. This non-
zero value of n confirms the presence of a small amount of
Ti(III) and is of the same order of magnitude as the values
of m estimated for the light lanthanide analogs [this work
and 7]. The lattice parameters calculated for tetragonal

Pu,0,° (3TiO, ;) are a,=0.38410.001 and c,=0.777+0.003 nm and

are similar to the parameters of the analogous cerium
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Table IV

XRD Data Obtained for
Tetragonal Pu,0;"(3Ti0O, o)

Compared to That for Ce,0; (3TiO, )

Pu,0;" (3Ti0, or) £e,0;" (3TiO0, 49)
Int. d(nm) hkl d(nm) Int.
w 0.764 001 0.795 11
n- 0.387 002,100 0.388 8
wt 0.346 101 0.349 10
s 0.274 110 0.2745 100
vw 0.259 003 0.2602 3
n- 0.223 112 0.2240 25
n [0.194 200 0.1944 19
0.194 004 0.1939 20
vw 0.186 201 0.1882 8
w 0.173 210
0.173 104
vw 0.167 211
m+ 0.158 212,114 0.1583 31
vw 0.144 213
w+ 0.137 220,204 0.1371 15
w 0.129 006,214 0.1295 3
w+ 0.122 310 0.1227 6
10.122 106 0.1225 6
w 0.117 312,116 0.1171 3
v 0.112 224 0.1119 5
vw 0.107 304 0.1075 2
m- 0.104 320,216 0.1036 9

Measured lattice parameters for tetragonal Pu,0;° (3Ti0, g5) ¢
a,=0.38410.001, c,=0.777+0.003 nm; (film, 114.6 mm @, Mo K;
radiation)

Measured lattice parameters for tetragonal Ce,0, (3Ti0, o) :
a,=0.384610.0014, ¢ =0.780110.0037 nm (diffractometer, Cu K,
radiation)
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compound. The volume of the formula unit (2/3 per unit cell
based on 2 per unit cell when written Ln,,;Tio;  [11])
calculated from these parameters is 0.172+0.002 nm’; it
agrees well with the 0.1728 nm’ determined from the

correlation of formula unit volumes of Ln,0,"(3TiO, ) (m=0.1)

[8 and this work] to ion volumes of Ln(III) [45] (Figure 6).
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CHAPTER 1IV

STRONTIUM~-CONTAINING PEROVSKITE-TYPE

SOLID SOLUTIONS AND COMPOUNDS

A. Background on the SrO-LnO, .~TiO, System

Several studies have been performed in the system Sro-
LnO, (~TiO,, much of it with Ln=La, but the findings do not
agree. One research group studied the SrTiO,-La,Ti;0, system
and found "cubic perovskite-type solid solutions [14]."
When the XRD patterns of some solid solutions, including
Srla,Ti0,,, showed additional diffraction lines that were
twice the 4 value of lines in the original cubic cell, these
solid solutions were concluded to have "multiple-cell cubic
perovskite" structures [14]. However, one of the solid
solutions which had been quenched at 1400°C did not show
these additional lines in the XRD patterns.

Within the Sro-LaO, (~-TiO, system, a different research
group identified a triangular, homogeneous region consisting
of cubic perovskite-type solid solutions [15]. They also
reported a tetragonal structure for SrLa,Ti0,, when it was
very slowly cooled from 1300 to 800°C and then gquenched
[15]. The XRD pattern showed 10 lines in addition to a
cubic perovskite~type structure [15], and some of these

lines coincided with those reported previously for

SrlLa,Ti O,, [14]. These additional lines were not seen when
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the sample was quenched from 1300°C.

A third research group could not confirm the triangular
region of cubic perovskite-type homogeneity previously
reported but did find three compounds within the Sro0-Lao, .-
Tio, system: SrLa,Ti,0,, SrLa,Ti;0,, and SrLa,Ti 0;,, and the

latter was reported to have a tetragonally distorted

perovskite-type structure [16].

Compounds of the type Srln,Ti,0,, in which Ln=La, f’r, or
Nd have also been reported [46]. Based on their studies and
the findings of other researchers, one\ research group
concluded that in the SroO-LnO, ,~TiO, system only Srla,TiO,,
SrinTi0,, (Ln=La, Pr, or Nd), and the solid solutions
Sry.Ln, sTiO; (Ln=La, Pr, or Nd), equivalent to Sr, Ln, ,TiO,,
used here, form at 1200 to 1300°C [47].

Because of the discrepancies discussed above and
because the system had not been studied with cerium, the
system Sro-LnO, ,~TiO, was reinvestigated emphasizing solid

solutions in which Ln=Ce or Nd.

B. Formation of Solid Solutions sr,.Ln, Ti,0,, (Ln=La-Nd)
A series of solid solutions of composition
sr.',.,,‘I.nz,‘,',;l.'i,.o12 was found to exist along the tie line between
SrTio; and Ln,Ti,0, (Ln=La, Ce, Pr, or Nd) (Figure 7).
Compounds with composition SrLn,TiO0,, are selected here as
representatives of this series. All conclusions about

structures were obtained from analysis of powder XRD data.
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While the existence of SrTiO; having a cubic structure
is undisputed, the existence of stoichiometric Ln,Ti,O, on
the opposite end of the tie line is questionable. There is
agreement that an oxygen deficient Ln,Ti,0, . exists instead,
and several structures (cubic, tetragonal, orthorhombic)
have been proposed (see also Chapter III, section D) [8-11].
Under oxidizing conditions, this phase can be stabilized by
small amounts of SrTiO; [22]. Since the structure of
Ln,Tis0, s, will affect the structure of its solid solutions,
it is likely that the disagreements in the literature
regarding the structure of Sr‘_xlnzm'ri‘o,z solid solutions
(14-16] reflect the disagreements about the structure of
Ln,Ti,0, ,, [8-11].

The XRD patterns of solid solutions with compositions
below 4515 mol percent Ln,Ti,O, . ,6 see Table V, show a very
strong resemblance to that of SrTio, [48], with several of
the peaks split into two. This splitting of peaks suggests
a cubic (distorted slightly to tetragonal) perovskite-type
structure [49]. The XRD patterns of solid solutions with
compositions above 4515 mol percent Ln,Tiy0g o, Which
includes SrILn,Ti0,,, see Table VI, show a resemblance to
those of compositions below 45i5 mol percent Ln,Ti;0, ., in
wvhich several of the peaks are qu.it into two, but new peaks
are also present. The patterns are similar to those from

tetragonal Srla,Ti 0, [15] and also to those from

orthorhombic La,TiyO4 o [11]. The tetragonal symmetry was
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- Table V

XRD Data Obtained for a Tetragonal Solid Solution

Containing 81.8 Mol % SrTiO; and 18.2 Mol % Ce,TiOp

d(nm) 1/1, hk1*
0.3926 5 100
0.2753 100 110
0.2248 31 111
0.1952% 27 002
0.1945% 27 200
0.1737 3 210
0.1590 34 211
0.1378 19 220
0.1299 1 300
0.1235% 5 301
0.1231% 12 310
0.1175 6 311
- 0.1125 6 222
0.1041 10 321
0.09771t 2 004
0.09731% 3 400
0.09193t 3 114
0.09177% 7 411
0.08953 3 331
0.08730% 3 402
0.08706t 5 420

Measured lattice parameters:
a=0.3896%+0.0001, c=0.3905+0.0003 nm; (diffractometer, Cu K,
radiation)

‘Indexed on the basis of cubic SrTio; (Pm3m) [48] with the

additional lines assigned to interplanar spacings arising

from a tetragonal distortion [49].

tIndicates lines resulting from the splitting of formerly
= cubic lines.




XRD Data Obtained For a Tetragonal Solid Solution
Containing 21.8 Mol % SrTiO; and 78.2 Mol % Nd,Ti 0,

Table VI

d(nm) 1/1, hk1'
0.7739 16 001
0.3849 3 002,100
0.3440 12 101
0.2719 100 110
0.2559 8 003
0.2221 37 112
0.1927% 21 004
0.1918t 15 200
0.1876 7 201
0.1727 4 210
0.1677 3 211
0.1573t 34 114
0.1568% 19 212
0.1541 3 203
0.1432 2 213
0.1362t 9 204
0.1360% 12 220
0.1295 3 006
0.1220% 6 106
0.1218f 5 310
0.1213 5 130
0.1163 3 116
0.1112 8 224
0.1030 9 320
0.1028 9 216

Measured lattice parameters:.

a=0.3821%+0.0011, ©=0.7738+t0.0030 nm;

radiation)

Indexed on the basis of tetragonal Smi
tIndicates lines resulting from the s ii
cubic lines.

(diffractometer, Cu K,

Tao; [50].
ting of formerly
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- selected for solid solutions of this composition range
because the lines were not split as many times as that seen
in orthorhombic La,Ti 0, ¢ [11] and on the basis of other
known compounds [50]. It was interesting to observe that
although SrCe,Ti 0,, samples prepared using TiN, in pure
argon or a ;educinq mixture of Ar/4% H,, have different
colors, brown and dark blue, respectively, indicating that
the latter had some Ti(III) present, their XRD data were
similar with slightly different lattice parameters (mixture
fired in Ar: a =0.387510.0002, c =0.7758+0.0005 nm; mixture
fired in Ar/4% H,: a=0.388610.0001, c,=0.7760£0.0003 nm).
In addition to the direct synthesis from oxides,
members of the neodymium-containing series of solid

solutions were also obtained by the reaction:

SrNd,Ti,0,, + nSrrTi0; ---> Sr, Nd,Ti,, O:y.s, (3)

Cmm

2B (sr, 12Na_u Tiop)
4 12+43n

The same results are expected for the lanthanum-, cerium-
and praseodyniun-containing compounds.

In order to correlate a dimensional property with
composition fbr all the synthesized compounds Sr, Ln, .Ti0O,,

(Ln=La-Nd), formula unit volumes (two per unit cell, number

arbitrarily selected since not well-established) were
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plotted versus mole percent SrO (Figure 8). The volume
increases as the SrO content increases (Figure 8). The data
plotted include single phase compositions and compositions
which contained monoclinic Ln,Ti,0, in addition to the cubic
(slightly distorted to tetragonal) perovskite-type phase.

In cases where two known phases were present (as detected by
XRD), the composition of the compound Sr,._,(an,(,:,"l.‘:i,.o12 was
gmpirically estimated by solving a system of simultaneous
equations of mass and charge balances (see Appendix B for
example calculation), and its SrO content was plotted in
Figure 8. . Compositions which produced more than two phases,
or two phases in which one was unidentified, could not be
estimated unequivocally and were omitted from Figure 8.

Each line in Figure 8 approaches 50 mol percent SrO and the
unit cell volume of SrTiO;. This is to be expected for the
condition x=0 in Sr,  Ln, ,TiO,, (® 4 SrTiO;). The volumes of
the cerium-containing compounds are larger that those of the
corresponding lanthanum compounds instead of smaller, as
would be expected based on their ionic radii; this is due to

the presence of Ti(III) in the cerium compounds.

C. Reactions of SrLn,Ti0,, with Sro
The limits of single phase composition of Sr,. Ln,, sTi 0,
were additionally studied by reaction between SrILn,TiO0,, and

different amounts of SrO. When 1 mol of SrO was reacted

with 1 mol ‘of Srnqgﬁwbﬂ for Ln=la, Ce, Pr,or Nd
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(Equation (4)), the results indicated that In,Ti,0, and a
solid solution, with a relatively small value of x (x<0.5),
i.e., high strontium content, were obtained. This small
amount of lanthanide ion was sufficient to distort the
structure as indicated by the observed peak splitting. As
the amount of SrO was increased, e.g., when 3 mol of SroO
were reacted with SrNq4q,Ti O,, (Equation (5)), Nd,0; was found
in addition to SrTiO;. When the amount of SrO was increased
to 5 (Equation (6)) and then 7 mol (Equation (7)), the

products were Nd,0; together with, respectively, Sr;Ti,0, and

Sr,Tio,.

SrLn,Ti0,, + Sr0 =--=-> aLn,Ti0, + bSr, Ln, .TiO,, (4)
SrNd,Ti,0,, + 35r0 -=-> Nd,0; + 4SrTio, (5)
SrNd,Ti 0,, + 58r0 -==> Nd,0, + 2Sr;Ti0, (6)
SrNd,Ti,0,, + 7Sr0 ---> Nd,0; + 4Sr,TioO, (7)

D. Comments Regarding Previous Observations
in the Sro-LnoO, ,~TiO, System
Under the experimental conditions used, the results
obtained and shown in Figure 7 (p. 47) do not confirm the

existence of a ternary, single phase, composition area,

which is in contrast to that previously reported [15] for
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lanthanum compounds. Neither were single phase areas for
cerium, praseodymium or neodymium compounds found.
Additionally, no apparent effect of the rate of cooling on
the structures of the solid solutions was seen, contrary to
what was previously reported [14,15].

After identifying the series Sr, ,Ln, ,Ti0,, as a stable
series of compounds which form in the Sro-LnO, ,~TiO, system,
diffraction patterns obtained from compounds prepared in
this work were compared with those of other compounds whose
existence had been disputed in the literature. For example,
one group [46] concluded that the compound Srla,Ti0,,
reported by another group [16] was not a pure compound but a
mixture of Srla,Ti;0,, and SrTiO;. Results from this work
indicate that it consists of a mixture of Sr@mLazu;riA%z and
La,Ti,0,. Attempts to synthesize SrNd,Ti 0,, revealed that
the product was not a pure compound, contrary to previously
reported results [46], but a mixture of sr;,Nd,.,Ti0,, and

'Nd,Ti,0;.

E. Formation of SraAn,Ti0,, (An=Pu or Am)

It has been determined that smaller ions, such as the
heavy trivalent lanthanides and the tetravalent actinides,
partition preferentially into the zirconolite phase of
SYNROC, the well-studied proposed ceramic waste form [26,51~ .

53]. Larger ions, such as trivalent cerium and neodymium,

partition preferentially into the perovskite-type phase
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[26,51], as should comparably sized trivalent actinides. Of
the two phases, zirconolite has been found to be the more
durable in leaching tests [26] and a-decay damage studies
[54]. Of the few Pu-containing titanate phases reported
before this work, most are zirconolites (e.g.,
cazry 4Pu, ,Ti,0, [53], Ca, gPu,,ZrTi, ,Al,,0, [53], and CaPuTi,0,
[55]) except PuTi,o,, which is similar to brannerite [56].
The oxidation State of plutonium in moét of these compounds
is IV.

It was expected that Pu(III) would distribute favorably
to the perovskite-type phase. Because of the paucity of
information on Sr-Pu-Ti-O compounds, titanate compounds
containing plutonium and strontium that would form
éerovskite-type structures were attempted to be synthesized.
Such materials would offer the feasibility of immobilizing
both actinides and ®sr.

With the successful formation of perovskite-type
Sr,.,In, 5Ti0,, (Ln=La-Pr) solid solutions, attempts were made
to prepare actinide analogs (An=Np-Am) of a representative
compound of the series where x=3.0. In the case of
plutonium, this was done in accord with the reaction shown
in Equation (8) and calcining in Ar/4% H,. TiN was used as
a reductant for plutonium based on earlier success in
preparing Ce(III) compounds [7]. The americium analog was

prepared by a reaction similar to the one described in

Equation (8) but without the use of TiN. Calcination in Ar
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at 1300°C was sufficient for the reduction of Am(IV) to
Am(III) in this matrix as was also seen for americium in the

dititanate compound.

Srco, + 2Pu0, + 0.5TiN + 3.5Ti0, ---> SrPu,Ti,0,,  (8)
+

0.25N, + CO,

The XRD data for the black SrPu,Ti 0,, and brick-red
SrAm,Ti O,, products (Tables VII and VIII) were

consistent with those for the comparable, based on ionic
radii, light lanthanide compounds, Sr,  Ln, ,Ti0,,, having
tetragonally distorted perovskite-type structures for values
of x larger than 2.84. Line ’splitting seen with the
lanthanide compounds was not observed for the actinide
compounds most likely because of the more limited resolution
inherent in the film and the shorter wavelength of Mo K;
radiation. The measured tetragonal lattice parameters
obtained for the plutonium and americium compounds,
respectively, were a =0.390+0.001, ¢ =0.78010.001 nm and
a,=0.389+0.001, c,=0.77510.002 nm. The formula unit volume
(two per unit cell, number arbitrarily selected since not
well-established) of the americium compound calculated from
these parameters, 0.0586+0.0005 nm®, is slightly higher than

the 0.05730 nm® determined from the correlation of formula

unit volumes of Srin,Ti 0,, (Ln=La, Pr, or Nd) with the ion




58
Table VII

XRD Data Obtained for

Tetragonal SrPu,Ti O,, Compared to That for SrcCe,Ti,O,,

SrPu,Ti 0, Srce,Ti 0,
Int. d(nm) hk1l d (nm) Int.
001 0.780 1
n 0.390 002,100 0.388 5
vw 0.351 101 0.347 1
s 0.277 110 0.2744 100
m 0.225 112 0.2240 22
n 0.195 200 0.1945 : 21
[0.195 004 0.1939 42
201 0.1881 1
n- 0.174 210,104 0.1735 4
211 0.1691 1
n+ 0.159 212,114 0.1584 42
vw 0.145 213 0.1422 1
n r0.138 220 0.1372 21
.0.138 204 0.1359 1
w 0.130 006,214 0.1293
m 10.123 310 0.1230
0.123 106 0.1226 12
w 10.118 312 0.1172 2
l0.118 116 0.1169 5
w , 0.113 224 0.1120 6
v 0.108 304 0.1076 1

Measured lattice parameters for tetragonal SrPu,Ti 0,,:
a,=0.39010.001, ¢ =0.78010.001 nm; (film, 114.6 mm @, Mo K;
radiation)

Measured lattice parameters for tetragonal SrCe,Ti 0,,:
a,=0.3886+0.0001, c,=0.776010.0003 nm; (diffractometer, Cu
K,, radiation)
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. Table VIII

XRD Data Obtained for

Tetragonal SrAm,Ti O,, Compared to That for SrNd,Ti O,,

mZﬁ‘Qﬁ mzﬁw.gu
Int. d(nm) hk1 d (nm) Int.
m- 0.387 002,100 0.384 4
101 0.348 1
s 0.273 110 0.2722 100
m- 0.226 112 0.2224 24
n- 0.195 004 0.1926 31
[0.195 200 0.1915 2
201 0.1876 2
W+ 0.173 210,104 0.1727 4
n 0.158 212,114 0.1574 36

) vw 0.143 213

w- 0.139 220,204 0.1363 23
vw 0.129 006,214 0.1284 2
w 0.123 310,106 0.1220 7
Wt . 10.118 312 0.1178 1
[0;118 116 0.1163 3
vw 0.112 224 0.1114 5

Measured lattice parameters for tetragonal SrAm,Ti O,,:
a,=0.3891%0.001, c,=0.77510.002 nm; (film, 114.6 mm @, Mo K;
radiation)

Measured lattice parameters for tetragonal SrNd,Ti O;,:

a =0.3866+0.0006, c =0.77081+0.0014 nm; (diffractometer, Cu
K,, radiation) ,




volumes of Ln(IIX) (Figure 9). The measured formula unit

cell volume of SrPu,Ti,0,,, 0.059310.0004 nm’, is higher than
the value predicted from Figure 9, 0.05785 nm®, most likely
due to the presence of some Ti(III).

Neptunium did not form this perovskite-type compound
following the reaction in Equation (8), p. 57. Instead, the
XRD data indicated that SrTiO;, NpO,, and Ti,O; were the
products present. It was thought that the temperature at
which the NpO, had been prepared was perhaps too high,
rendering the NpO, unreactive under the experimental
conditions used here. Therefore, an attempt was made to
form SrNp,Ti,0,, using a different source of NpO, prepared at
2 lower temperature. Likewise, the compound did not form,
and the products identified were the same ones as when the
*high-fired" NpO, was used. This appears to be indicative
of the redox behavior of mptunium‘ in these titanate

systems, because a similar behavior was seen for the

unsuccessful synthesis attempt of Np,Ti,0,.

F; Attempts to Prepare Sr,An,Ti O, (An=Np-Am)
and SrzCez,yAnyTisou (An=Np or Pu)
While no Np(III) analog of SrIn,Ti O,, was obtained, it
was expected that compounds such as s::"s,,2,‘Ce,,m’1.':l.so16 {17] might
stabilize An(IV). This series of compounds is perovskite-

like with very similar XRD patterns and lattice parameters

as the series Sr,  Ln, ,Ti0,, where x<2.84 (cubic slightly
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distorted to tetragonal). Thus, attempts were made to
prepare the An(IV) (An=Np-Am) analogs of Sr,Ce,Ti0,,, a
member of the series Sr,,,Ce,Ti.0,, where x=0.33.

Although up to three different routes of preparation
were tried for synthesizing Sr,An,Ti.0,, (Equations (9-11)),

none of them resulted in the desired single-phase product.

2Sro + 2An0, + 5Ti0, {air) (9)
2Sro + An,Ti0, + 3TiO, {air) -X-> Sr,An,Ti 0, (10)
SrPu,Ti0,, + SrTio, (11)

{first Ar/4% H,, then air)

In attempting to prepare Sr,Np,Ti;0,,, following the reaction
described by Equation (9) ,' the products that resulted were
NpO,, the metastable Np’.l'izt)‘, and SrTiO;. In the case of
plutonium, all of the attempts resulted in Sr'l':m3 and
unreacted PuO, and TiO, as seen from the XRD data. After
the first attempt, it was speculated that the PuO, used may
have been unreactive in air; therefore, Pu,Ti,0, was used as
a reactant. Also, SrPu,Ti,0,, and SrTiO; were fired together,
initially in Ar/4% H, and then in air to promote the
formation of a Pu(III)-containing single phase
[1.25(Sr, (Pu, ,Ti,0,,) ] observed to occur with the neodymium

analog. The subsequent oxidation of this phase was expected
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to convert the Pu(III) to Pu(IV) without decomposing the
resulting compound into components. As indicated in
Equation (11), this approach did not succeed.

The reaction described in Equation (10) was followed in
an attempt to prepare Sr,Am,Ti.0,,. Because of the lack of
thermal stability of Am(IV) in the titanate systems studied
thus far (and the previous results seen for neptunium and
plutonium), it was not considereg likely that the compound
would form. The XRD data indicated that a perovskite-type
compound did form, although there were two very weak,
additional lines that could not be indexed on the basis of
the perovskite system and could not be matched to any
compound in the system. If Am(III) were stable in air at
1250°C in the titanate matrix, the compound could be an
actinide analog of a solid solution from the series
sr, ,Ln,, ;Ti,0,,. This possible scenario can be described by
the reaction in Equation (12).

2Sr0 + AmTi0, + 3Ti0, --> 1.25(Sr, Am, [Ti,0,,) (12)

A similar reaction using different reactants but the same
overall stoichiometry was performed with neodymium (see
Equation (3), n=1, p. 51) and yielded a cubic (slightly
distorted to tetragonal) perovskite-type compound.

Unfortunately, the lattice parameters of the compounds from

the Sr, ., Ce,TiO,, and 'Sr‘_xmw,'ri‘o,z serigg are very similar,
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making unambiguous identification of the perovskite-type
compound present difficult.

After the unsuccessful preparation of pure An analogs
of Sr,Ce,Ti 0,, for neptunium, plutonium, and most likely
americium, it was thought that it might be possible to
‘replace part of the Ce(lV) with An(IV). This led to
attempts to prepare solid solutions having the compositions
SryCeq gDy gpTis016s ST C€y NPy 5Ti5016s ST, Cey o1PUy oT150, and
Sr,Ce, Py, Ti0,,. However, the XRD results indicated that
the solid solutions did not form, but instead Ano,, TioO,,
and a cubic phase were present. The latter is a mixture of
SrTio, and Sr,Ce,Ti,0,,, but the two have very similar lattice
parameters and are thus not likely resolved on the film.

The inability to prepare Sr,An,Ti.0,, and the solid
solutions in Sr,Ce,Ti 0,, was unexpected. The size of the
ions is usually considered a major factor when determining
whether a compound will form with perovskite~-type symmetry
[57). For example, regarding the synthesized Sr,Ce,Ti.0,, and
the theoretical Sr,Pu,Ti,0,,, there is virtually no difference
in the ionic radii of Ce(IV) and Pu(IV) [45]. Therefore,
the inability to form Sr,Pu,Ti.0,, cannot be attributed to
size difference. Other factors such as polarizability,
charge, and electronic configuration of the ions also
contribute to the formation of a compound. In this case,
charge cannot be the determining factor as both cerium and

plutonium are in the IV oxidation state. Polarizability
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seems not to be the determining factor either. Even if
plutonium is more polarizable than cerium in every common
oxidation state, this did not inhibit the formation of a
plutonium analog of SrCe,Ti 0,,, which is a distorted
perovskite. When comparing electron configurations, there
are no f electrons in Ce(IV) while Pu(IV) has a 5f*
electronic configuration. Perhaps the presence of the f
electrons somehow interferes with the formation of
Sr,Pu,Ti,0,,. However, both Ce(III) and Pu(III) have £
electrons, and the formation of SrcCe,TiO0,, and SrPu,Ti0,, was
not inhibited. Other properties that were considered, such
as free energies of formation and crystal lattice energies,
did not suggest any trends or significant differences that
would explain the experimental results. It has been
suggested that having more information on the crystal
systems might show small, but significant, differences in
these crystal lattice energies compared to values calculated
using the current information known [58]. Similar arguments
can be made for neptunium and americium. At this time,

there is no adequate explanation for the inability to

synthesize Sr,An,Ti,0,,.
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CHAPTER V

TITANIUM~- AND ZIRCONIUM-CONTAINING
PYROCHLORE~ AND PEROVSKITE-TYPE COMPOUNDS

A. Background

The lanthanide dititanates, Ln,Ti,0,, from lanthanum to
neodymium, are of monoclinic symmetry [2], while the
dititanates, Ln',Ti,0,, from samarium to lutetium exhibit the
cubic pyrochlore-type structure [5]. Similarly to the
lanthanide dititanates, the lanthanide dizirconates do not
all exhibit the same crystal structure. The lanthanide
dizirconates, Ln,2r,0,, from lanthanum to gadolinium adopt
the cubic pyrochlore-type structure [5], while the remaining
lanthanide dizirconates, Ln',2r,0,, exhibit a defect fluorite
structure [5].

The existence of complex pyrochlores has been well
established, and there are many examples of such lanthanide-
containing compounds in the'literature [59). However, few
cases are known of mixed titanium-zirconium pyrochlores.

The solubility of Gd4,Ti,0, in Gd,2r,0, has been examined, and
complete miscibility of the pyrochlore-type dititanate in
the pyrochlore-type dizirconate has been observed [19]. A
series of solid solutions Y,(2r,Ti, ),0, was reported to
exist where the structure of the solid solutions changed

from pyrochlore-type to defect fluorite with increasing
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zirconium content [20]. However, small amounts of a
fluorite-~like phase, increasing with zirconium content, were
determined to be present along with the solid solution at
all compositions [20].

Likewise, there are few known cases of mixed titanium-
zirconium compounds or solid solutions exhibiting
perovskite-type structures. The system Na, ,La, ,Ti, Zr,0O;,
which written to follow the notation used in this work would
be equivalent to NazLazTi‘_YZrYO,z where y=4x, was
investigated, and perovskite-type solid solution formation:
at any composition has been reported [21].

In order to augment our knowledge on the existence of
pyrochlore-pyrochlore-type solid solutions containing
titanium and zirconium, the systems Nd,Zr,0,~Er,Ti,0, and
Nd,2r,0,-Nd, ,Er, ,Ti,0, were studied. There are no known
examples of solid solutions resulting from monoclinic
dititanates and defect fluorite or pyrochlore-type
dizirconates. Therefore, the solubility of Nd,Ti,0,, which
exhibits monoclinic structure, in defect fluorite Er,Zr,0,
was determined. Also the solubility of monoclinic
dititanates, Ce,7i,0, and N4,Ti,0,, in a dizirconate, having
pyrochlore-type symmetry and containing the same lanthanide,
was examined. The systems Nd,2r,0,~TiO, and Nd,Ti,0,~Z2rO, were
examined to ascertain pyrochlore-type solid solution

formation and to define a region of solid solubility in the

NdO, ;~TiO,~2r0, ternary system. Also, attempts were made to
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replace some of the titanium by zirconium in the perovskite-
type compounds SrNd,Ti,0,, and Sr,Ce,TigO,,.

It appeared that equilibrium was harder to reach in
these systems than in the titanium only systems; much longer
reaction times, higher temperatures, and many regrindings
were necessary. This may be caused by the inert behavior of

Zro, during solid-solid reactions.

B. Pyrochlore-Type Solid Solution Formation in the Systems
Nd,Zr,0,-Er,Ti,0, and N4,2r,0,-Nd, ,Er, ,Ti,0,

In the system Nd,2r,0,~Er,Ti,0,, where both compounds
exhibit cubic pyrochlore-type structures, complex cubic
pyrochlore-type solid solutions, which have the composition
(N4, Er,) (TiZ2r, )0, & [1-0.5x Nd,2r,0, - 0.5x Er,Ti,0,], were
found to form at any value of x. A plot of formula unit
volume (eight per unit cell) of the solid solution versus
mole percent Er,Ti,O, in the mixture shows a linear
correlation that obeys Vegard's Law (Figure 10).

Another system, Ndzz:zo7-Nd, .zEro.aTizow was also examined
for solid solution formation because Nd, ,Er,,Ti,0, is a
pyrochlore-type solid solution between N4,Ti, 0, and Er,Ti,O,
(see Chapter III, section A). It was found that even this
complex pyrochloré-type dititanate was miscible with the
pyrochlore-type N4,Zr,0, forming complex pyrochlore-type

solid solutions which have the composition

(NG, Er,) (T, 5,2¥;.5 5,00, & [1.25x N4, ,Erg,Ti,0,




69

__ 0.155
M
S q
£ 0150%
Ld
= 01457
.
O :
= 0.140+
=
Z )
:53 0.135+
35
= 0130+
v xx
o
u- 1

0.125 } o } 4 4 } 4 f }
: .0 10 20 30 40 50 60 70 80 90 100

EroTioO7 (mol percent)

Figure 10. Measured Formula Unit Volume of

(N4,_Er ) (Ti Zr, )0, versus Mole Percent of
E’x"}f c," in ezfni{:ial Mixture.

The Errors for the Data Points Are Smaller than
the Height of the Symbols. :




70

1-1.25x N4,2r,0,]. The measured formula unit volumes (eight
per unit cell) of the solid solutions decrease linearly with
increasing mole percent of the smaller N4, .Er, ,Ti,0, in the

mixture (Figure 11).

C. Pyrochlore-Type Solid Solution Formation in the System
Nd,Ti,0,-Er,2r,0,

The system Nd,Ti,0,-Er,Zr,0, is the reciprocal of the
system Nd,Zr,0,~Er,Ti,0, discussed above; however, NA4,Ti,0,
exhibits monoclinic symmetry while Er,2r,0, exhibits defect
fluorite structure. Some solubility of N4,Ti,0, in Er,Zr,0,
has been obsérved. The XRD analysis of _preparations
containing up to 75 mol percent N4,Ti, 0, indicated that they
consisted of pyrochlore-type solid solutions. As shown in
Figure 12, the formula unit volume (eight per unit cell) of
the solid solution decreases with increasing mole percent of
N4,Ti,0,, but with a slope that is not consistent with the
slope expected if Vegard's lLaw were obeyed. This behavior
would suggest that the components of the system are not
mutually soiuble and that at some composition the
pyrochlore~type solid solution formed becomes saturated.
The additional phase most likely expected after saturation
has been reached would be Ndz’rizoﬂ but only the pyrochlore-
type phase was detected from the XRD data from any of the

preparations. If Nd,Ti,0, were present, it would be

difficult to see at very low concentrations because the most




71

~ 0.155
M
£
c q
~ 0.150%
w
=
2 0.14
3 1454
>
=
pred 0.140 +
|
D 4
=2 0.135
o D
O -
L 0.130 ¥ } } : } }

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

Nd1 oErg gTipO7 (mol percent)

Figure 11. Heasured Formula Unit Volume of

ézr ) (T, .2, , y_gr_sng Mole Percent
'r'I Initial Mixture.

The Errors for the Data Points Are Smaller than
the Height of the Symbols. :




72

N 0.145

M)

£

=

=

3 0.140 Q

~~~~~~~~~~~~~~ O

g ~~~~~~~~~~~~~~~~~~~~ O

R

. | Tt
g B |
-

=

o
. O

z : : : : : : ' : ;

O 10 20 30 40 50 60 70 80 90 100

Nd5TioO7 (mol percent)

Figure 12. Measured Formula Unit Volume of the Pyrochlore-
Type Solid Solution between N4,Ti,0, and
Er,Z2r,0, versus Mole Percent of Nd,Ti,0, () in
the fh{tial Mixture. The Dotted Line Represents

the Line Expected if Vegard's law Is Obeyed.
The Errors for the Data Points Are Smaller than

the Height of the Symbols.




73
intense diffraction line of Ndz’l‘izo7 would be almost
coincident with the most intense line belonging to the solid

solution.

D. Pyrochlore~Type Solid Solution Formation in the Systems
Ce,Ti,0,~Ce,2r,0, and Nd,Ti,0,~Nd,2r,0,

Attempts to form pyrochlore-type solid solutions of the
type Ce,2r, Ti O, between Ce,2r,0, and Ce,Ti0, ® [1-0.5x
Ce,Zr,0, * 0.5x Ce,Ti,0,] were unsuccessful. One problem was
that under the experimental conditions used, it was
difficult to maintain the cerium as Ce(III) and the titanium
as Ti(IV) while allowing sufficient reaction time for
equilibrium to be reached.

The compound Ce,Zr,0, has been previously reported as
prepared in the system BaCl,-CeCl,-BaZrO; [60]. In the
present work, it was prepared following the reaction in
Equation (13). 2ZrN was used' to reduce Ce(IV) to Ce(III)
similarly to the use of TiN earlier (see Chapter III,

section A).
2Ce0, + 0.5ZrN + 1.5Zr0, —==> Ce,2r,0, (13)
A mixture calcined at 1450°C for a total of 40 hours in

Ar/4% H, yielded a cubic pyrochlore-type with XRD data
matching that found in the literature for Ce,2r,0, [60].

However, calcining this pyrochlore-type compound in Ar at
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1350°C for 30 additional hours caused a structural change
from the ordered pyrochlore to a disordered defect fluorite
structure. This structural change is most likely due to the
presence of small amounts of Ce(IV) formed from Ce(III) via
oxidation by traces of oxygen inherently present in the
argon used. This tentative conclusion is based on the
knowledge that the ionic radius of Ce(IV) is similar to that
of the heavier lanthanides, In'(III) [45], which form defect
fluorite dizirconates.

A similar behavior was exhibited by the composition
Ce,2r, ,Ti, 0, as indicated by the results of the following
preparations. Calcining in Ar/4% H, yielded a pyrochlore-
type compound, but unreacted ZroO, was also detectgd from the
XRD data. Short calcination times in Ar at 1200°C resulted
in incomplete reaction while additional calcination at
1350°C eventually resulted in the formation of a defect
fluorite compound due to the possible presence of Ce(IV).

As the titanium content was increased, preparations
calcined in Ar/4% H, at 1450°C yielded multiple products
including a phase similar to the perovskite-type
Ce,0;" (3Ti0,.,) , which indicated that reduction of the
titanium had taken place. The calcination of one of these
preparations in Ar resulted in the formation of Ce,Ti,0, and
at least one additional minor cubic phase. Identifying the
phase as a pyrochlore-type or a fluorite was not possible

without ambiguity because of the presence of numerous, more
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intense lines resulting from Ce,Ti,O,.

It was possible to prepare, by calcining in Ar/4% H,, a
solid solution of composition Er, ,Ce,,.Ti, s2r, ;O, which
exhibited a defect fluorite structure similar to that
observed for Er,Zr,0,. This solid solution was prepared for
use in solubility tests to determine the influence of
zirconium on the aqueous solubility of this solid solution
compared to that of Er, ,Ce,.,Ti,0,.

Regarding the system N4,Ti,0,-Nd,Zr,0,, it was determined
that there is some solubility of Nd,Ti,0, in Nd4,2r,0,. Cubic
pyrochlore-type solid solutions which have the composition
Nd,Zr, Ti O, = [0.5x N4,Ti,0, - 1-0.5x Nd,Z2r,0,] were found to
exist up to an x value of approximately 0.86. A plot of
formula unit volumes (eight per unit cell) of the solid
solutions vergus mole percent N4,Ti,0, in the solid solution
indicates that the former decreases with an increase in
Nd,Ti,0, concentration up to the point of saturation (Figure
13). At this point, defined by the intersection of the
sloped and horizontal lines in Figure 13, the volume of the
solid solution remains fairly constant and N4,Ti,0,, in
addition to the cubic solid solution, is detected in the XRD
data. The XRD patterns of ‘preparations of overall
composition N4,2r,0,, N4,2rTio,, Nd,Zr,.,Ti, ,0,, and N4,Ti,0,,
used to detect excess Ndz'rizo7 when past the saturation

point, are shown in Figure 14. It can be seen that a slight

amount of N4,Ti,0, is present, in addition to the cubic
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Saturation of the Host Matrix with Nd4,Ti,0,.

The Errors for the Data Points Are Smaller than
the Height of the Symbols.
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pyrochlore~type solid solution, in the pattern from the .

preparation with an overall composition of Nd,2rTiO,. The

presence of Nd,Ti,0, is even more obvious in the pattern from

the preparation of overall composition N4,Z2r, ;Ti, ;O;.

E.- Pyrochlofe-’l‘ype Solid Solution Formation in the Systems
Nd,2r,0,-Ti0, and Nd,Ti,0,~Zr0,

In the system Nd22r207-'1':i.02, it was found that up to
approximately 0.56 mol of TiO, was soluble in 1 mol N4,Zr,0,
forming a cubic pyrochlore-type solid solution. Additional
amounts of TiO,, up to approximately 1.5 mol, were
incorporated into a pyrochlore-type solid solution, but 2ro,
was displaced. When 2 mol of TiO, were reacted, the phase
2r, ,Ti 0, separated. When 2.5 mol of TiO, were reacted with
N4,zr,0,, the system was severely disrupted, and the XRD data
from the preparation indicated the presence of N4,Ti,o,,
2r,,Ti0,, and a pyrochlore with a volume close to that of
pure Nd,Zr,0,.

A plot of formula unit volume (eight per unit cell) of
the solid solution versus the number of moles of TioO,
reacted per mole N4,Zr,0, (Figure 15) illustrates the
decrease in the volume with increasing amount of TioO,.
However, the decrease is not linear over the entire range of
Tio, studied; there appear to be three different regions of

linearity (A, B, and C denoted in Figure 15) depending on

the composition of the solid solution. The slope of the
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line resulting from preparations producing single-phase
pyrochlore-type solid solutions is steep (Line A) with the
concentrations of neodymium, titanium, and zirconium
changing for each solid solution; examples are given in

Equations (14) and (15).

Nd,Zr,0, + 0.24Ti0, ==-> 1.07Nd, &Ti, ,,2T; 4,0, (14)

Nd,Zr,0, + 0.44Ti0, —==> 1.13Nd, ,3Tig 32T, 7307 (15)

The displacement of ZrO, is first detected between 0.56
and 0.70 mol of TiO, reacted. The slope of the line
representing preparations displacing 2ro0, (Line B) is not as
steep as the one where no 2r0, was displaced. In the solid
solutions formed from these preparations, only the
concentrations of titanium and zirconium are changing; this
is illustrated in Equations (16)-(18), assuming that
addition of TiO, beyond 0.62 mol results in displacement of

zr°2-

Nd,2r,0, + 0.70Ti0, ===> 1.18Nd, ,Ti, ;2ZT, (O, + 0.072r0, (17)

Nd,2r,0, + 1.27Ti0, ===>11.18Nd, 5T, 042, s0; + 0.642r0, (18)
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A third line (Line C) can be drawn for the region
between 1.5 and 2 mol of Tioz reacted. Here, the volume of
the solid solution is not changing greatly with increasing
amount of TiO, reacted, because the solid solution becomes
saturated with Tio,, and 2r, Ti O0,, as detected by XRD, is
displaced instead of pure Zro,.

Reaction of NQ,Ti,0, with varying amounts of 2Zro, did
not result in the formation of a single~phase compound.
Instead, the XRD data from the preparations indicated that a
cubic pyrochlore-type and Nd,Ti,0, were present.

Based on the findings from the study of the systems
N4,Ti,0,-Nd,Zr,0,, Nd4,2r,0,~TiO,, and N4,Ti,0,~2r0, and other
compositions not included in these systems, a region of
single-phase pyrochlore-type solid solutions was identified
in the ternary system NdO, ~TiO,-Zr0,. This region of solid
solution formation and other compositions studied to define
the region are shown in the ternary phase diagram in Figure

16.

F. Attempts to Substitute Zirconium for Titanium in
the Perovskite-Type Phases SrLn,Ti O,, and Sr,Ce,Ti 0,
Perovskite-type solid solution formation has been

reported for the system Na;_.l.az'l‘:i.,._yzryo12 at any composition
[21]. Thus, attempts were made to prepare the zirconium

analog of SrLn,TiO,, in which Ln=Nd, Gd, or Lu (Equation

(19)). A single phase product did not form for any Ln.
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Figure 16. Phase Diagram for Ndo, ,~-TiO,~Zr0O, between 1400

and 1500°C.
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Shaded Area Indicates a Region of Solid Solution
Homogeneity. ’
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Instead the products SrZro,, Zr0,, and Ln,2r,0, were detected
using XRD. Subsequently, mixtures in which only part of the
titanium was replaced by ziréonium, e.g., SrN4,Ti,. 2r 0y,
where y=0.2, 0.4, 0.8, and 1.2 (Equations (20)-(23)), were
calcined but still did not result in the formation of a
single phase compound. For all of the compositions, a
perovskite~-type compound and i pyrochlore-type compound were
identified in the XRD data. The preparation where y=0.8
also had Zro0, present, while the preparation where y=1.2

showed Zro, and Nd.‘,tl‘j.zo7 as well.
Sro0 + Ln,0; + 42r0, ==> Sr2r0; + 2r0, + Ln,Zr,0, {(19)

a perovskite-type phase=Pe
Sro + Nd,0; + 3.8Tio, + 0.22r0, --> + (20)
a pyrochlore-type phase=Py

Pe!

Sro + Nd,0, + 3.6Ti0, + 0.42r0, --> + (21)
Pyl
Pei 1}

Sro + Nd,0; + 3.2Ti0, + 0.8%Zr0, -->  + (22)

Py'' + x2ro,

Pett?
-+

Sro + N4,0; + 2.8Ti0, + 1.22r0, -=->  Py''!’ (23)
<+

x'2r0, + yNd,Ti0,
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The perovskite-type compound seems to be similar to
members of the series Sr, Nd, ,Ti0,,, while the pyrochlore-
type compound -is similar to members of the system Nd,Zr,0,-
Tio, discussed above. No superstructure lines are seen in
the XRD data for the perovskite-type phase, suggesting that,
if the compounds are related to the series Sr, Nd, ,Ti0,,, x
is most likely smaller than 2.84. The compositions of the
pyrochlore-type compounds are most likely similar to
compositions of pyrochlore-type compounds such as those
given in Equations (14-18) based on the similar volumes
measured for both series of compounds.

Attempts to correlate, using mass balance calculations,
approximate compositions of the perovskite-type compounds
assuming no zirconium substitution (obtained from measured
volumes and Figure 8, Chapter IV) and the pyrochlore-type S
compounds (obtained from measured volumes and compositions
similar to those given in Equations (14-18)) to the original
composition of the mixture were not successful (see Appendix
C for example calculation). This suggests that the measured
volumes of the compounds do not correspond to the
compositions previously known, possibly indicating the
presence of a small amount of zirconium in the perovskite-
type compound and/or a different composition of the
pyrochlore-type compound (N4,Ti 2r 0,) than seen previously.

Ultimately, there are too many unknown variables, such as

quétients indicating relative amounts and subscripts
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indicating compositions, to identify precisely the
compositions of both the perovskite- and pyrochlore-type
phases.

Some single-phase solid solution formation had been
expected in the above-mentioned system based on the behavior
of the series Na.‘,I..az'.['.'l‘_yz::,',o12 where it was reported that
single-phase solid solution formation occurred at any
composition [21]. Analysis and interpretation of the data
reported in the literature for several compositions in the
Na.‘,I..a.‘,':l‘:i.,._eryo12 system indicated that at y=0.4 a single-
phase, perovskite-type solid solution had been formed.
However, as the amount of zirconium substituted for titanium
increased, the total number of diffraction lines in the data
increased, and data similar to that expected for a
pyrochlore-type compound, such as La,2r,0,, appeared. This
suggests that single-phase, perovskite-type solid solution
fomﬁion only occurs at low concentrations of zirconium in
the series Nazl.az'l'i“_),zryo12 in contrast to what has been |
previously reported.

Attempts to replace titanium by zirconium in Sr,Ce,Ti.O,,
also were unsuccessful. Present in the XRD data of a

composition equivalent to Sr,Ce,Zr,0,, were Sr2rO;, Ce, ,2r, .0,,

and 2r, ,Ce, ,.0, (Equation (24)).
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2Srzro;

2Sr0 + 2Ce0, + 52r0, --=-> + (24)

xCe, (2X; [0, + YZIry g.,Ceq 40,

In the series SrZCez'l‘is_eryow where y=0.25, 0.5, 1.0,
and 1.5, no single phases were seen in the XRD data.
Instead perovskite-type phases similar to Sr,,,Ce,Tis0,, were
seen along with Ce, 2r O, compounds. Based on the same
observations described above, it is possible that some of
the zirconium did indeed replace titanium. It is also
likely that there is also some substitution of titanium for
zirconium in the Ce, 2r 0, compounds. Similar to the
S::'Nt:iz'l.':i.‘_),z1:'),012 system, there are just too many unknown
variables in this system to determine by calculation the

exact compositions of the products.
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CHAPTER VI

SOLUBILITY STUDIES OF REPRESENTATIVE

COMPOUNDS AND SOLID SOLUTIONS

A. Introduction

Establishing the existence of compounds that can
incorporate elements of interest is only the first step in
suggesting the use of such compounds as waste host matrices
for radioactive elements. The durability of a compound with
respect to leaching is an equally important consideration.

The Matérials Characterization Center (MCC) has
developed a number of procedures specifically designed to
determine a compound's solubility or leaching rate under
different experimental conditions [36]. Following these
procedures makes it possible to compare directly the results
obtained by several research groups. Modified MCC-3
procedures [36] were used in this work to study the
solubility of selected compounds and solid solutions.

Five lanthanide-containing compounds and solid
solutions and two actinide-containing solid solutions were
selected as representatives of the systems studied to be the
subjects of these solubility tests. The lanthanide-
containing compounds and solid solutions studied were
Ce,Ti,0,, Er, ,Ce, ,Ti,0,, Er, ,,Ce,..Ti, 2r, 0,, SrCe,Ti,0,,, and

Sr,Ce,Tis0,,. The actinide-containing solid solutions were
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Er, Py, ,,Ti,0, and SrPu,Ti0,,.

The solubilities of the lanthanide-containing compounds
and solid solutions in four leachants were investigated.

The leachants were WIPP "A" brine [38], a synthetic
substitute for that found in nature at the WIPP site in New
Mexico, 0.1 M NaCl solution, used as a constant ionic
strength solution, 0.1 M HCl solution, and 6.0 M HCl
solution, used to determine the "maximum solubility" of and
structural damage to the compounds and solid solutions. The
solubilities of the plutonium-containing solid solutions
were studied only in WIPP "A" brine and 6.0 M HCl solution.
The solubility experiments were performed at two
temperatures, room temperature and 50°C for the lanthanide-
containing solids, and at room temperature only for the
plutonium-containing solids.

The compounds and solid solutions were in contact with
the leachants for eight weeks, a reasonable contact time,
based on several other studies using MCC procedures
[25,34,37], for preliminary solubility results. At the end
of this eight-week period, aliquots of each leachate were
analyzed:; leachates from lanthanide-containing solids by ICP
atomic emission spectrometry for cerium, erbium, strontium,
titanium, and zirconium and leachates from plutonium-
containing solids by gross alpha counting and alpha pulse
height analysis for plutonium only. The detection limits

established for each element in the different leachants are
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given in Table IX.

No dramatic changes in pH were found for the leachates
from the lanthanide-containing solids compared to the
solutions before contact with the compounds and solid
solutions except in the case of the strontium-containing 0.1
M NaCl leachates. The pH of these leachates was higher than
that of the 0.1 M NaCl solution measured before contact with
the solids.

Samples of the cerium-containing solids remaining after
the solubility tests at 50°C were analyzed by XRD to
determine if the compounds had sustained any structural
damage detectable by XRD and, if possible, the identity of
any new phases resulting from the degradation. When
comparing concentrations, given in ppm (mg/L solution), of
elements leached with the results seen from these XRD data,
it is importaﬁt to keep in perspective the relative
magnitudes of the concentration leached and the mass percent
of the total compound or solid solution dissolved. For
example, concentrations totalling 300 ppm for a given
compound or solid solution resulted from the dissolution of
about 0.3% of the compound (based on the original 20 mL of
solution and 2.0 grams of solid). Concentrations totalling
1500 ppm resulted from the dissolution of 1.5% of the solid,

and concentrations totalling 10000 ppm resulted from the

dissolution of 10% of the solid.




Table IX

Detection Limits Established for Each Element
in the Different Leachants

WIPP
IAN
Brine

0.1 M
NacCl

0.1 M
HCl

6.0 M
HCl

Strontium‘
(ppm)

Erbi;;j=2erium Titanium | Zirconium
(ppm) (ppm) (ppm) (ppm)
0.1 10 0.1 0.04
4 2 3 1
0.01 -—o-.-; 0.002 0.004
0.03 0.6 0.01 0.06

*These limits of detection (except for cerium in the brine
solution) were taken as three times the standard deviation
of the concentration of each element measured in the blank
The limit of detection for cerium in the blank
brine solution was determined based on the instrumental
reading, which greatly exceeded its standard deviation.

leachants.
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B. Solubility Test Results for Ce,Ti,0,

The compound .CezTi207 was selected for study to give an
idea of the aqueous solubility of the monoclinic dititanates
because no such reports have been found in the literature.
The concentrations of elements present in the different
leachates ﬁeld at both test temperatures, as determined by
ICP .and reported as ppm (or mg/L solution), are given in
Table X. The amounts of cerium and titanium leached by both
WIPP brine and 0.1 M NaCl solutions were below the detection
limits (BDL) found for these solutions in the ICP
spectrometer. Cerium and titanium were dissolved by 0.1 M
HCl solution at room temperature, but only cerium was
detected in the leachate held at 50°C. An accurate
concentration of titanium could not be obtained because upon
dilution of the leachate for analysis, a white solid
believed to contain titanium precipitated. The 6.0 M HCl1
solution proved to be quite corrosive to Ce,Ti,0,, leaching
significant amounts of cerium at both temperatures. The
amounts were so high that accurate concentrations could not
be obtainedwusihg the experimental calibration curves
established for this leachant. No accurate concentration of
titanium could be obtained because of the precipitation
problem upon dilufion discussed above.

Analysis of the XRD results from solids remaining after

contact with the leachants at 50°C are given in Table XI.

The results from the sample in the brine solution indicate




Table X

Concentrations of Elements Leached from Ce,Ti,O,
by the Different Leachants at the Two Test Temperatures

Cerium Titanium ;
3 (ppm) . (PPm)ﬂ,W_J
BDL BDL
BDL

RT
WIPP Brine

s0°c

BDL

30132

50°C 305133 BDL :
- 4 - e

RT > 13468 (2) (1) |
6.0 M HCl '
ooc | > 14476 (2) (1) |

BDL = Below Detection Limits

0.1 M HC1

(1) An accurate concentration of titanium could not be
obtained because a solid believed to contain titanium
precipitated upon dilution.

(2) An accurate concentration of cerium could not be
obtained because the amount in solution was greater than
that which could be fitted to the established calibration
curve.

92
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Table XI

XRD Results Obtained from the Remaining Solid Present
after the Leaching of Ce,Ti,0,
by the Different Leachants at 50°C

XRD Results '

e S

WIPP Brine major phase:Ce,Ti,0,; significant amount
I - hi° type phase |

camwacr |  mochamge |

—

0.1 M HCl

no change _

2 2nd CeO, o !

6.0 M HCl1

Ce,Ti,0,, TiO,,
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that the major phase of the solid present after contact is
still Ce,Ti,0,; however, significant amounts of a pyrochlore-
type phase are also present. This can be explained by
considering that small amounts of Ce(III) could have been
oxidized to Ce(IV) allowing the radius ratio of the Ce(III)
and Ce(IV) to Ti(IV) ions present to fall within the range
necessary for pyrochlore formation. Solids that had been in
contact with 0.1 M NaCl and 0.1 M HCl solutions showed no
changes by XRD. The sample in contact with 6.0 M HCl
solution had significant amounts of Ce(III) oxidized to
insoluble CeO,, as seen in the XRD data. Also present were
significant amounts of TiO, and the initial compound

Ce;rizo7.

C. Solubility Test Results for Er, ,Ce, ,.,Ti,O,

The solid solution ErLRCemaTiéy was selected for study
to compare the aqﬁeous solubility found for Ce,Ti,0, to that
of a solid solution of Ce,Ti,0, in a pyrochlore-type heavy
lanthanide dititanate. The concentrations of elements
present in the leachates, as determined by ICP, are given in
Table XII. As seen for Ce,Ti,0,, the concentrations of
cerium and titanium leached in the brine and 0.1 M NaCl
solutions are below the detection limits of the ICP
spectrometer. Significant amounts of erbium were leached by

the 0.1 M HC]l solution. The 6.0 M HCl solution leached

erbium, cerium, and titanium. Upon dilution of this
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Table XII

Concentrations of Elements Leached from Er, ,Ce, ,,Ti O,
by the Different Leachants at the Two Test Temperatures

s

|  Titanium |

WIPP Brine

130812
1367110

- RT 1650168 218%3
6.0 M HC1
_ no 12521392 218+1

BDL = Below Detection Limits

(1) An accurate concentration of titanium could not be
obtained because a solid believed to contain titanium

precipitated upon dilution.
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leachate, precipitation occurred, and therefore an accurate
value for titanium leached at either temperature cannot be
given.

The XRD results of the solids remaining after the 50°C
test, listed in Table XIII, indicate that no major
structural damage was done to the samples in any of the
leachants, even 6.0 M HCl soclution. There was virtually no
change detected in the XRD results of the solids previously
in contact with the leachants compared to the results of
Er, ,,Ce, ,,Ti,0, before leaching. The XRD data from the solid
remaining after contact with 0.1 M NaCl solution showed one
extra, very low intensity line not attributable to
Er, nCe, ,Ti,0,. This single line corresponds to the most
intense peak in the XRD pattern of Ce,Ti,0, ,,, but an
unambiguous identification cannot be made based on one line.
Likewise, the XRD data from the so0lid remaining after
contact with 0.1 M ECl solution showed one additional, very
low intensity line, possibly from TiO,, but there were

insufficient data to identify unambiguously an extra phase.

D. Solubility Test Results for Er, ,,Ce, ,,Ti,  Zr, (O,
The solid solution Er, ,.Ce, ,.Ti, ;2r, ;,0, was selected to
detérmine the influence of zirconium on the aqueous
solubility of a solid solution compared to that of
Er, »Ce, ,,Ti,0,. The concentrations of erbium, cerium,

titanium, and zirconium, as determined by ICP, are listed in
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Table XIII

XRD Results Obtained from the Remaining Solid Present
after the Leaching of Er, 78Cet,_.‘,.‘,'l‘igo7
by the Different lLeachants at 50°%

~a - e — ‘——-1{
no change 5
—4 > PR - - R - |

major phase: Er, ,Ce,.,Ti,0,; very small ;
amount of Ce By , Juestionable 7

| WIPP Brine

0.1 M NaCl

L

0.1 M HCl major phase: Er, ,.Ce, ,,Ti,0;; f
very small ount 77 ]

2 = ==

commas |  nochange |

e p——————r———————

f 4
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Table XIV. The elements leached by the brine and 0.1 M NaCl
solutions were slightly above or below the detection limits
and were comparable to the concentrations of erbium, cerium,
and titanium leached from Er, ,Ce,,,Ti,0,. The amounts of
erbium, cerium, and titanium leached by 0.1 M and 6.0 M HCl1
solutions were also comparable to those leached from

Er, ;3Ce, ,Ti,0,. Therefore, zirconium does not seem to have
~much of an effect on the overall solubility of such solid
solutions.

The XRD results obtained from the solids remaining
after the 50°C test, listed in Table XV, do not differ much
from the results of Er, ,.Ce, ,,Ti, ;2r, ;0, before leaching.
Only the data from the solid which had been in contact with
the brine solution show any change. A small amount of a
phase identified as Ce,Ti,0,,, was detected in addition to
the main phase of Er, ,Ce, ,,Ti, c2r, ;0,. This is reasonable
because some Ti(III) is likely present since the solid

solution was calcined in ar/4% H,.

E. Solubility Test Results for SrcCe,Ti O,,

The compound SrCe,Ti 0,,, a member of the series
Sr,..Ce, sTi,0,,, where x=3.0 and cerium is in the III
oxidation state, was selected to determine its potential as
a host matrix for %¥sr. The concentrations of the elements

present in the leachates, determined by ICP, are given in

Table XVI. In the case of the brine and 0.1 M NacCl
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Table XIV

Concentrations of Elements Leached from Er, ,.Ce, ﬂhm s2r, 5O,
by the Different Leachants at the Two Test Temperatures

, (ppm) (ppm) (ppm)
201 ,
16:1 1
’ RT 1196116 53+1 28+1 201
0.1 M HCl ‘
50°C 119819 4617 16+1
RT 170516 198+1 125+2 129+1
6.0 M HC1
7 0o, 1802+113 27244 13419 3275

BDL = Below Detection Limit

WIPP Brine

wjw |
o |G |
ll |




Table XV

XRD Results Obtained from the Remaining Solid Present
after the Leaching of Er, ,Ce, ,,Ti; ;2r, O,
by the Different Leachants at 3

0°C

Results

major phase: Er, ,.Ce,
small amqgﬁ% of

WIPP Brine rLs°7’

Ti, .2
2%

0.1 M HCl

no change

oiwwnacr |  mochange |

100

6.0 M HC1

. ., =
3

4

.
o 4
hd .
i
L i

no change
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Table XVI

Concentrations of Elements Leached from SrCe,TiO,,
by the Different Leachants at the Two Test Temperatures

e 2ET) J_ppm) 8 (ppm) |
BDL BDL

RT
WIPP Brine
50°C }

RT > 5586 (3)

0.1 M NacCl

BDL = Below Detection Limits

(1) An accurate concentration of titanium could not be
obtained because a s0lid believed to contain titanium
precipitated upon dilution.

(2) An accurate concentration of cerium could not be
obtained because the amount in solution was greater than
that which could be fitted to the established calibration
curve.

(3) An accurate concentration of strontium could not be
obtained because the amount in solution was greater than
that which could be fitted to the established calibration
curve.
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solutions, the concentrations of cerium and titanium
detected in the leachates are below the detection limits of
the ICP spectrometer; however, the amounts of strontium
leached by these two solutions differ significantly. An
accurate concentration of strontium leached by 0.1 M NaCl
could not be obtained because the amount in solution was
greater than that which could be fitted to the calibration
curve established for strontium in 0.1 M NaCl. Strontium,
cerium, and titanium are leached by 0.1 M HCl solution, but
the concentration of titanium could not be accurately
obtained in the leachate held at room temperature because'of
the precipitation problem mentioned before. Significant
amounts of strontium, cerium, and titanium are leached by
6.0 M HCl solution. The concentration of cerium in the
leachate held at 50°C could not be accurately determined as
the value was too high to fit on the calibration curve. The
concentration of titanium is not accurately known in the
leachate held at room temperature because of the
precipitation problem upon dilution previously discussed.
The results of the XRD analysis of the solids remaining
after the 50°C test are given in Table XVII. The results
from the sample which had been in contact with the brine
solution indicate that the major phase present is
SrcCe,Ti0,,. .Theré are two additional phases present, a

Cez'.l‘izoftype phase, having a smaller volume than that of

pure Ce,Ti,0,, and another phase, possibly a titanium
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Table XVII

XRD Results Obtained from the Remaining Solid Present
after the Leaching of SrcCe,Ti,O, 2
by the Different Leachants at 50 C

7 »7 Results -

P

WIPP Brine major phase: SrcCe,Ti O small amounts of
Ce,Ti,0,~type phase anéz titanium suboxide
phase questlonable

0.1 M NaCl | major ]phase' SrCe,Ti 0,,; very small amount of

0.1 M HCl no change

6.0 M HC1 major phase: TiO,; significant amount of
‘ , ‘ SrCeO; questionable _
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suboxide, both resulting from the small amount of strontium
soluble in the brine solution. The reduced titanium species
is likely because the compound was originally calcined in
Ar/4% H,, possibly allowing reduction of some Ti(IV) to
Ti(III). The sample in contact with 0.1 M NaCl solution
remained virtually unchanged; additionally the main
diffraction line from Ce,Ti,0, was also seen in the XRD data
with a very low intensity. With the significant amount of
strontium dissolved, the presence of Ce,Ti,0, is quite
likely. No change was seen for the sample which had been in
contact with 0.1 M HCl solution, but the sample leached in
6.0 M HC1l solution was totally destroyed leaving TiO, as the
main phase and a significant amount of another phase
present, possibly SrCeO;. This would have required that all
the remaining Ce(IIX) be oxidized to Ce(IV), which is
possible in the high acidity medium.

F. Solﬁbility Test Results for Sr,Ce,Ti 0,

The compound Sr,Ce,TiO,,, a member of the solid solution
series Sr,,, Ce,Ti0,, where x=0.33 and cerium is in the IV
oxidation state, was selected to compare the stability of
this strontium-containing compound to that of SrcCe,Ti,O,,
with Ce(III) discussed above. The concentrations of
elements determined present in the leachates by ICP are

given in Table XVIII. As seen for SrCe,Ti,0,,, the

concentrations of cerium and titanium in the leachates are
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Table XVIII

Concentrations of Elements Leached from Sr,Ce, Ti Oy
by the Different Leachants at the Two Test Tempera ures

(ppm) (ppm) (PPm)
55+1 |
42+1 1

RT

WIPP Brine
: 50°c |

> 8136 (3)

> 7048 (3)
' RT 2201 159+1
0.1 M HCl
12794148 2394+114
6.0 M HC1
> 12940 (3) | > 8996 (2)

BDL: = Below Detection Limits

(1) An accurate concentration of titanium could not be
obtained because a so0lid believed to contain titanium
precipitated upon dilution.

(2) An accurate concentration of cerium could not be
obtained because the amount in solution was greater than
that which could be fitted to the established calibration
curve.

(3) An accurate concentration of strontium could not be
obtained because the amount in solution was greater than
that which could be fitted to the established calibration

curves.
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below the detection limits. There is a significant
difference between the amounts of strontium leached by the
brine and 0.1 M NaCl solutions as there was for SrCe,Ti O,,.
No accurate concentration of strontium could be obtained in
the leachate held at either temperature because the amounts
in solution were greater than that which could be fitted to
the established calibration curve. Strontium, cerium, and
titanium were detected in the leachates of 0.1 M HCl
solution, but the concentration of titanium can not be
accurately determined for the room temperature leachate
because of the precipitation problem upon dilution. The 6.0
M HC1l solution, especially at 50°C, was quite corrosive to
Sr,Ce,Tis0,,. No accurate concentration of strontium or
cerium could be obtained in the leachate held at 50°C

because the amounts in solution were greater than that which

' could be fitted to the established calibration curves.

Because of the precipitation problem discussed previously,
no accurate concentration of titanium could be obtained for
the sample held at either temperature.

Analysis of the XRD data from the solids remaining from
the test at 50°C gave the results listed in Table XIX. No
major structural damage had occurred to the compound in the
WIPP "A" brine, 0.1 M NaCl, or 0.1 M HCl solutions. The XRD
data from the solid remaining after contact with 6.0 M HCl
solution indicated that although the main phase present was

that of Sr,Ce,Ti0,,, a significant amount of TiO, was also
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Table XIX

XRD Results Obtained from the Remaining Solid Present
after the Leaching of Sr Cez'riso,%
by the Different Leachants at 50°C

wepprine | mochange |
oawwact | mochange |
| oammer | mochange |

6.0 M HCl major phase: Sr,Ce,Ti,0,; significant amount
of Tzio afo prsent _
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present.

G. Solubility Test Results for Er, ,,Pu,,.,Ti0,

The solubility of the plutonium from the solid solution
Er, ,,Pu, ,,Ti,0, was investigated in WIPP "A" brine and 6.0 M
HC1l solutions at room temperature. The results from gross
alpha counting and alpha pulse height analysis are given in
Table XX. Information from an alpha pulse height analysis
indicates the alpha emitting radioactive‘isotopes present in
a sample based on the characteristic alpha particle energies
detected. The pulse height analysis of the 6.0 M HCl
leachate indicated that %*'am was present as an impurity.
The concentration of %*'am determined was not included in the
leaching results, as it is not known when the sample was
contaminated with am.

The 6.0 M HC1l solution dissolved more plutonium than
did WIPP brine. The amount of plutonium leached by WIPP
brine is most likely comparable to the amount of cerium
leached by the WIPP brine from the analog solid solution,
Er, ,,Ce, ,,Ti,0,. The concentration of cerium determined by
ICP was below the limit of detection for cerium in the WIPP
brine (10 ppm). The amount of plutonium dissolved by 6.0 M

HCl solution was higher than the amount of cerium leached

(218 ppm).




109

Table XX

Concentration of Plutonium Leached from Er, ,Pu, ,,Ti,0,
by the Two Different Leachants at Room Tempera%ure

gy

| wipp "A" brine ‘
i, 6.0 M HClr 1

0.2%0.1
890187
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H. Solubility Test Results for SrPu,TiO,,

The solubility of the plutonium from the solid solution
SrPu,Ti,0,, was investigated in WIPP "A" brine and 6.0 M HCl
solutions at room temperature. The results from gross alpha
counting and alpha pulse height analysis are given in Table
XXI. The pulse height analysis of the 6.0 M HCl leachate
indicated that #*'am and #°Pu were present as impurities.

The concentrations of these impurities were not included in
the leaching results because it is not known when the sample
was contaminated.

The 6.0 M HCl solution dissolved a significant amount
of plutonium compared to WIPP brine. The amounts of cerium
and plutonium leached by WIPP "A" brine from SrM,Ti 0,, (M=Ce
or Pu) may very well be comparable because the concentration
of cerium leached was below the detection limit (10 ppm).
The system was considered saturated with cerium leached by
6.0 M HCl1l solution indicating that a very large amount was
present. This is also true for the plutonium leached by 6.0

M HCl solution.

I. Conclusions Regarding the Solubility Tests
Although there are limitations and difficulties in
using ICP to analyze such complex matrices as the leachants

used in this work, preliminary solubility data have been
gathered fof several systems of cerium-containing compounds

and solid solutions that could prove useful in immobilizing




Table XXI

Concentration of Plutonium Leached from SrPu,Ti O,
by .the Two Different lLeachants at Room Temperature

=

, (ppm)

==

0.240.1 1
2897041798 |

WIPP "“A" brine |
i 6.0 M HCl ~

111




112

radioactive elements. Temperature variation between room
temperature and 50°C seemed to have no significant effect on
the leachability of the elements in any of the leachants
except 6.0 M HCl. The WIPP brine was the most realistic
leachant used, and thus conclusions regarding the potential
usefulness of these compounds and solid solutions as host
matrices should be drawn from the leaching data using the
brine solution. Overall, all of the compounds and solid
solutions fared well in WIPP brine with concentrations of
cerium, as a surrogate for plutonium, below the ICP
detection limit established for WIPP brine. Even the
concentrations of stable strontium, used as a surrogate for
Ysr, were quite low. The solubility tests on the
plutonium-containing solid solutions showed concentrations
of less than 1 ppm leached by the brine and were comparable iy
to the concentrations found for cerium in the analogous

solid solutions.




113

CHAPTER VII
SUMMARY AND CONCLUSIONS

The purpose of this work was to investigate novel
compound and solid solution formation in lanthanide- and
actinide-containing titanate and zircono-titanate systems
using X-ray diffraction. Representative compounds from the
systems studied were subjected to solubility tests to
evaluate their potential as matrices for immobilizing
nuclear waste.

First, pure titanate compounds and solid solutions were
investigated. '.l‘hé actinide dititanates Pu,Ti,0, and Am,Ti,0,
were prepared and characterized by XRD. They were found to
exhibit a monoclinic structure like their light lanthanide
analogs, Ln,Ti,0,, and to be soluble in the cubic pyrochlore-
type, heavy lanthanide dititanateq, Ln',Ti,0,. The limits of
solid solubility of Pu,Ti,0, in Ln',Ti,0, hosts where Ln'=Gd,
Er, or Lu were estimated as 1614, 22t3, 3313 mol percent,
respectively. These values agree well with those found for
the solubility of Ce,Ti,0, in these same cubic Ln',Ti0, hosts
(19, 22, and 27 mol percent, respectively) [7]. This
agreement was expected given the similarities in radii of
Pu(III) and Ce(IIi). The limit of solid solubility of

Am,Ti, 0, in Er,Ti,0, was estimated to be 5919 mol percent.

This value agrees well, as expected based on ionic radii,
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with thaf. found for N4,Ti,0, in Er,Ti,0, (60.7 mol percent)
[6].

The solubility limits of TiO, , in Ln,0,"(nTioO, ) were
determined. It was found that compounds of the type
Ln,0;" (3Ti0,.,) with Ln=La or Nd can incorporate an additional
0.5 mol of TiO, , isomorphously to form Ln,0;° (3.5Ti0,).

With Ln=Pr, an additional 1.0 mol of TiO, is accommodated to
form Ln,0,* (4Ti0, ). The compound Pu,0; (3Tio0, ) was prepared
and characterized using XRD. Oxidation reactions of several
such lanthanide-containing compounds indicated that m=0.16.
The value of m for the plutonium-containing compound was
found to be vapproximately 0.07.

A series of titanate solid solutions that would
incorporate strontium and a light lanthanide had been
reported, but there was disagreement in the literature about
the range of solid solubility and the crystal structure of
the solid solutions [14{-16 +46,47). The system SroO-LnO, ¢~
Tio, was reinvestigated emphasizing Ln=Ce, for which no
results had been reported, and Nd. A series of solid
solutions, which have the composition Sr, Ln, .Ti0,,, was
found to exist along the tie line between SrTiO; and
Ln,Ti0, ., for Ln=La, Ce, Pr, or Nd. These solid solutions
below 45+5 mol percent Ln,Ti;O, , Were interpreted to have
cubic (slightly distorted to tetragonal) perovskite-type

structures. The structure of the solid solutions above 45%5

mol percent Ln,TiO, ., including Srin,Ti 0,,, selected as the
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representative compound of the series, was interpreted to
have a tetragonally distorted perovskite-type structure.

Reactions between SrIn,Ti0,, and 1 mol of SrO resulted
in Sr,.,xI..nz,(,s'l‘:i.‘O12 (x<0.5) and Ln,Ti,0, for Ln=La, Ce, Pr, or
Nd. Reactions between SrN4,Ti0,, and 3, 5, or 7 mol of SroO
produced Nd,0; and strontium titanates.

With the series Sr,  Ln, ,Ti0,, defined, the actinide
analogs where x=3.0, SrPu,Ti0,, and Sram,Ti,0,,, were prepared
and characterized by XRD as tetragonally distorted
perovskite-type phases. The existence of the perovskite-
type Sr,Ce,Ti 0,,, where cerium is in the IV oxidation state,
led to attempts to synthesize the An(IV) (An=Np-Am) analogs,
Sr,An,Ti 0,,, and solid solutions of the type Sr,Ce, An Ti 0
(An=Np or Pu). These attempts were unsuccessful. Aalthough
Ce(IV) and the An(IV) radii are quite similar, it appears
that ionic size is not the controlling parameter in the
inability to form these An(IV) compounds. While there is no
adequate explanation at this time for the difference in
behavior between Ce(IV) and An(IV) with regard to the
formation of Sr,M,Ti.0,, (M=Ce or An), this case suggests that
Ce(IV) may not be an adequate surrogate for An(IV),
especially Pu(IV).

The ability to synthesize Pu(III) compounds indicated
that TiN was a good reductant for Pu(IV) and is compatible

with titanate systems. It was found that calcination in ar

between 1200 and 1300°C was sufficient to reduce Am(IV) to




116
Am(III). Comparison of the solubilities of Ce,Ti, 0, and
Pu,Ti,0, in Ln',Ti,0, and that of Nd,Ti,0, and Am,Ti,0, in
Er,Ti,0, and the synthesis of several Pu(III) and Am(III)
compounds analogous to Ce(III) and NA(III) compounds,
respectively, confirmed the adequacy of using Ce(III) as a
surrogate for Pu(III) and Nd(III) as a surrogate for
Am(IXI). No analogous Np(III) compounds could be formed
suggesting that Np(III) is not stable in the titanate
matrices studied. The formation of solid solutions of the
type Ln', AnTi, 0, and of SrAn,Ti,0,, (An=Pu or Am) suggests
that these materials may be suitable matrices for the
immobilization of both **sr and An(III).

Because of the paucity of information available on
complex lanthanide-containing titanium and zirconium
pyrochlore- and perovskite-type compounds {19-21,59],
systems containiné both titanium and zirconium were studied
for solid solution formation. Complete solubility was found
in the pyrochlore-pyrochlore~-type systems Nd,2r,0,-Er,Ti 0,
and Nd,2r,0,-Nd, ,Er,,Ti,0,, which resulted in cubic
pyrochlore-type solid solutions. Some solubility of
Nd,Ti,0,, a monoclinic dititanate, in defect fluorite Er,Zr,0,
was observed. The system does not appear to obey Vegard's
Law, but only the pyrochlore-type phase is detected in the
XRD data. Most likely, the solid solution is saturated with
Ndz'rizO.,, but small amounts of excess NdzTi207 are not

detected because the most intense diffraction line of
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N4,Ti,0, is nearly coincident with the most intense line of
the pyrochlore-type phase.

Solid solution formation between Ce,Ti,0, and Ce,2r,0,
was not successful because of the difficulty in maintaining
cerium as Ce(III) and titanium as Ti(IV) while allowing
sufficient time for equilibrium to be reached. It was
determined that there is some solubility of Nd4,Ti,0, in
Nd,Zr,0,. Pyrochlore-type. solid solutions, which have the
composition N4,2r, Ti O,, were found to exist up td an x
value of approximately 0.86, at which point the solid
solution was saturated and monoclinic N4,Ti,0,, in addition
to the pyrochlore, was detected in the XRD data.

The systems Nd,2r,0,-TiO, and N4,Ti,0,-2r0, were
investigated for pyrochlore solid solution formation to help
define, along with the previously mentioned N4,Ti,0,-Nd,2r,0,,
a region of solid solution formati‘on in the system NAO, (-
TiO,~-2r0,. Attempts to replace titanium by zirconium in
Srln,Ti O,, and Sr,Ce,Ti ,0,, were not successful.

The aqueous solubilities of several lanthanide- and
actinide-containing compounds and solid solutions,
representing the systems studied, were determined. The
compounds and solid solutions selected for solubility
testing were Ce,Ti,0,, Er, ,Ce; ,,Ti0,, Er, ;Pu, ,,Ti,0,,

Er, ,,Ce, ,,Ti; s2r, ;0,, SrcCe,Ti,0,,, SrPu,Ti,0,,, and Sr,Ce,Tis0,,.

The solubilities of these compounds and solid solutions at

room temperature and/or 50°C in WIPP "A" brine, 0.1 M NacCl,




118
0.1 M HC1l, and 6.0 M HCl solutions were determined. 1In the .
leachant imitating a repository setting being considered for
the disposal of radioactive waste, i.e., WIPP "A" brine, the
concentrations of cerium leached at both temperatures were
below the ICP limit of detection (10 ppm) for all of the
cerium-containing compounds and solid solutions. The
amounts of strontium leached from SrcCe,Ti 0,, and Sr,Ce,Tic0O,,
by the brine were also quite low. The concentration of
plutonium leached from the solid solutions Er, ,Pu, ,,Ti,0, and
SrPu,Ti,0,, was less than 1 ppm. These preliminary results
compare well with those found for cerium in the analog solid
solutions and indicate that Ce(III) is a good surrogate for
Pu(III) in aqueous solubility studies. Finally, this
solubility study suggests that these types of titanate and
zircono-titanate compounds and solid solutions might be

useful as host matrices for nuclear waste immobilization.
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AUXILIARY CALCULATIONS

A. Gravimetric Relationships
For the compound Ln,0y (nTiO,.) (Ln=La, Pr, or Nd), the
weight gain achieved by air oxidation can be used to
estimate the value of m, proportional to the oxidation of

Ti(III) to Ti(IV), following the example calculation given

below.

Ln,0y" (nTi0,,) + 0.5nmO, -=-> Ln,0," (nTiO,) (1)

If %G = the weight gain expressed as a percent,
n = moles of titanium present,

FW = formula weight of the compound if complete
oxidation is achieved, i.e., for Ln,0,"(nTio,)

$G=_(0.5nm)x32x100_ 1600nm

FW-(0.5nm)x32 TFW-16énm (A2)
- AG(FW)
16n[¥G+100] . (A3)

Example: 1.48% weight gain measured for La,0,'(3.5Tio,),
FW = 605.47 g/mol
n=3.5

Using these values in (A3):

pe__(1.48) (605.47)
16(3.5) [1.48+100]

mn=0.16




For the compound Pu,0; (3TiO, ), the weight gain

achieved by air oxidation is proportional to the oxidation

of Pu(III) to Pu(IV) in addition to the oxidation of Ti(III)

to Ti(IV).

Pu,0, (nTi0,,) + (0.5 + 0.5nm)0, —--> 2Pu0, + nTio, (Ad4)

If %G = the weight gain expressed as a percent,
n = moles of titanium present,
FW = formula weight of the compound if complete
oxidation is achieved, i.e., for 2PuO, + nTio,

3c=(0-5+0.5nm)x32x100 (AS5)

FW-(0.5+0.5nm)x32

m= 3G (FW) -1600-163G

n[{1600+16%G) (a6)

Example: 6% weight gain measured for Pu,0,° (3Ti0, ),

2.
FW = 755.7 g/mol
n=3

Using the values in (a6):

m=_{(2-6) (755.70) -1600-16(2.6)
3[1600+16(2.6) ]

m=0.07
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s B. Mass and Charge Balance Equations
to Determine the Composition of Sr,  In, ,Ti,0,,
When Obtained Together with Ln,Ti,O,
For example, a preparation containing, in mol percent,
15% Sro, 30% ProO, ., and 55% TiO, showed, by XRD, the
presence of the cﬁbic (slightly distorted to tetragonal)
perovskite-type, Sr, Pr, ,Ti,0,,, and Pr,Ti,0,. The solutions
of a system of simultaneous equations of mass and charge
balance allowed for estimating the values of a, b, and x in

the following equation:

Substituting ¢ for 4-x and 4 for 2x/3 (Sr Prd'ri%o,z) '

the following mass balance equations can be ‘detined:

" Pr 2a + bd = 2.18 (A8)
Sr bc = 1.09 . (A9)
Ti 2a + 4b =4 (210)

The following charge balance equation for the strontium and
the praseodymium in the perovskite can be defined:
2c + 3d = 8 (Al11)

Now there is a system of four equations and four unknowns
which can be solved. » :

2a + 4b = 4
-(2a + bd = 2.18)
4b~bd = 1.82

1.09/c(4-d)= 1.82
4,.36/c - 1.09d/¢c = 1.82
1.82c + 1.09d = 4.36
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1.82c + 1.094d = 4.36 1.82¢c + 1.09d = 4.36
1.09¢c = 1.46
c = 1.34

Therefore, by substitution back into the original four
equations (A8-11), the values of a, b, and d are obtained:
a=0.38, b=0.81, and d=1.77. This yields a perovskite-type
phase of composition Sr, 5 Pr, ,,Ti 0,,, thus containing 18.8
mol percent SrO. The measured formula unit volume of this
perovskite~type phase was plotted in Figure 8 (p. 53) yersus

the empirically calculated SrO content.

C. Mass Balance Equations
to Attempt to Verify the Estimated Compositions
of SrNd,Ti, 2r0,, and N4 Ti2r.0,

Attempts to replace titanium by zirconium in SrNd,TiO,,
resulted in a multi-phase product which included a
perovskite-type phase and a pyrothore-type phase.
Compositions of the perovskite-type phase, assuming no
substitution of zirconium for titanium in this phase, were
estimated based bn the.ﬁeasured volume in comparison to
Figure 8. Compositions of the pyrochlore-type mixed
titanium-zirconium phase were estimated based on the
measured volume of the phase and compounds of known
composition with a similar volume. Using mass balance
calculations, the compositions of these two phases were

attempted to be verified based on the original composition
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of the preparation.

Example: Attempts to prepare SrNd,Tiy ,Zr, ,0,, resulted in the
formation of a perovskite-type phase, a pyrochlore-type
phase, and 2r0,. Using the volume of the perovskite-type
phase and Figure 8, the perovskite was estimated to contain
approximately 30.8 mol percent SrO. The following
calculation was used to detex"mine the composition of the

perovskite-type phase Sr; Nd, ,Ti0,,:

4-X
_§T=°'308 (Al12)
4—x+_§_+4

x=1.71

Therefore, the estimated composition of the perovskite-type
phase was Sr, ,Nd, ,.Ti,0,,. The composition of the
pyrochlore-type phase was estimated to be N4, ,Tij 42r, 340,
based on its volume. Using these estimated compositions and
the knowledge that 2r0, was also present, the following

equation results:

+ ‘ (A13)
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Attempts to balance this equation were unsuccessful, as the
coefficient for c is negative.

Sr 2.29a = 1 (Al4)
a= 0.44

Nd 1.14a + 1.7b = 2 (Al15)
1.14(0.44) + 1.7b = 2
b=0.88 ,
Zr 1.38b + ¢ =0.8 (Al6)
1.38(0.88) + c = 0.8
c = =0.41
Therefore, the compositions estimated are incorrect,
indicating that there could have been some substitution of
zirconium for titanium in the perovskite-type phase or that
the pyrochlore-type compound Nd,Ti 2r O, has a different

composition from the phases studied here.
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