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Abstract

Laboratory experiments on titanate ceramics were performed to verify whether certain assumptions are valid regard-
ing the swelling, chemical durability, and microcracking that might occur as 239Pu decays. Titanate ceramics are the
material of choice for the immobilization of surplus weapons-grade Pu. The short-lived isotope 238Pu, was incorporated
into the ceramic formulation to accelerate the effects of radiation-induced damage. We report on the effects of this dam-
age on the density (volumetric swelling <6%), crystal structure of pyrochlore-bearing specimens (amorphous after about
2 · 1018 a/g), and dissolution (no change from the fully crystalline specimen). Even though the specimens became amor-
phous during the tests, there was no evidence for microcracking in the photomicrographs from the scanning electron
microscope. Thus, although pyrochlore is susceptible to radiation-induced damage, the material remains chemically
and physically viable as a material for immobilizing surplus weapons-grade Pu.
� 2005 Elsevier B.V. All rights reserved.
1. Introduction

In the 1990s, discussions were held between represen-
tatives of Russia and the United States on the disposi-
tion of surplus weapons-grade plutonium [1,2]. In
parallel, the US Department of Energy (DOE), after
completion of a preliminary environmental impact state-
ment, decided to build three plants at the Savannah
River site in west central South Carolina to implement
a program to provide for the safe and secure storage
of surplus weapons-grade Pu. In the first of these plants,
Pu from weapons declared to be excess will be converted
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to PuO2 at the Pit Disassembly and Conversion Facility.
The PuO2 will then be converted to a mixed oxide (UO2

and PuO2) nuclear fuel at the Mixed Oxide Fuel Fabri-
cation Facility and �burned� in a commercial nuclear
reactor. Some of the Pu declared to be excess was not
in weapons, was not in a form that was acceptable at
the Pit Disassembly and Conversion Facility or directly
acceptable at the Mixed Oxide Fuel Fabrication Facility,
and was, therefore, destined for a third facility called the
Plutonium Immobilization Plant. In 2002, at the request
of the Administration, DOE undertook a review of the
options to restructure the US Pu disposition program
to address the concerns by the Administration regarding
the cost of both the Russian and US programs. As a
result of the review, the immobilization option was
dropped [3]. In the meantime, the development of a con-
cept for the immobilization of some weapons-grade Pu
ed.
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was ongoing [4–7]. In this program, a titanate ceramic
containing approximately 10 mass% Pu was developed
[7]. The immobilized Pu ceramic was to be placed in
stainless-steel cans that would be sealed and hung on a
rack inside a large canister, approximately 0.6 m in
diameter and 3 m tall, and the remaining volume filled
with high-level nuclear waste glass [2]. This package pro-
vided secure interim storage for the Pu because the Pu is
difficult to recover from the titanate ceramic, and the
high-level waste glass forms a radiation barrier that
makes retrieval difficult at any place other than a heavily
shielded facility. This �can-in-canister� would be shipped
to the national nuclear waste respository that is cur-
rently under development at Yucca Mountain, which
is located north of Las Vegas, NV.

Once this canister is placed in the repository, the
main concern is with the possibility of a nuclear critical-
ity event [8]. As produced, there are sufficient neutron
absorbers (Gd and Hf) in the titanate ceramic that it
can be stacked safely in an infinite array and with full
moderation from water. However, once these canisters
begin to fail some 10000 years after burial, the concern
is that the neutron absorbers and fissile, either 239Pu or
its decay product 235U, stay together so that criticality
cannot occur for the long-term [8]. A preliminary perfor-
mance assessment suggested that a criticality event was
very unlikely given certain assumptions about the
behavior of the ceramic [8]. Assumptions had to be
made concerning the swelling, chemical durability, and
microcracking that might occur as the 239Pu decays, sim-
ilar to what occurred in PuO2 and zirconolite [9,10]. The
assumptions that were made in this �safety case� needed
to be verified through laboratory experiments and are
the purpose of the experiments described here.

Even though the immobilization option was dropped
and the development of a Pu-immobilization form was
stopped, the possibility existed that a Pu-immobilization
form could be needed in the future. Radiation-damage
experiments are very long-term and, at the time of the
decision to drop the immobilization-form development,
radiation-damage experiments had been underway for
about 4 years. To stop the radiation-damage experiments
at that time would mean that, if there were a future need,
the experiments would have been started from the begin-
ning. The completion of the radiation-damage studies
was critical in validating the assumptions made in deter-
mining the acceptability of the ceramic in the proposed
repository environment. If the ceramic in the fully dam-
aged state were not to perform as predicted, the ceramic
would probably prove not to be an acceptable form for
immobilization. Thus, a decision was made at DOE to
continue the radiation-damage experiments so that a
package of data was available to support any future deci-
sion on the use of a titanate-based immobilization form.

As 239Pu decays with the emission of an alpha parti-
cle, the recoiling 235U atom causes extensive damage to
the surrounding chemical bonds, destroying about
1000 bonds before coming to rest [11,12]. To study this
effect in the laboratory, two techniques are typically
used. The first is to place a specimen in an accelerator
and bombard it with heavy ions such as gold or xenon.
This causes rapid damage in the first 10 s of micrometres
of the surface. While the effect on the crystal structure of
the ceramic is accomplished, bulk effects, such as swell-
ing and cracking, are not manifest. In the second
method, a short-lived isotope such as 244Cm (half life
of 18.1 years) and 238Pu (half life of 87.7 years), are
incorporated into the ceramic formulation. We selected
this second method because we needed information on
the changes in bulk properties such as dimensions,
densities, and chemical durability. We selected 238Pu be-
cause of its obvious chemical similarity to the 239Pu that
was to be immobilized.

Several radiation-damage studies have been per-
formed on synthetic pyrochlores. The cubic structure
(Fd3m) of pyrochlore (A2B2O7) can take on many com-
positions through charge compensation between the A
and B sites [A(III)2 B(IV)2O7 and A(II)2B(V)2O7, as
examples] or on the A site alone [A(II)0.5A(IV)0.5-
B(IV)2O7, as an example]. In the case of Pu immobiliza-
tion, the B site is occupied by Ti, principally, and the A
sites by Gd, Hf, U(IV), Pu(IV), and Ca [7,12]. Studies on
244Cm-substituted pyrochlore have shown that the
pyrochlore structure becomes amorphous between
3 · 1018 and 4 · 1018 a decays/g (hereinafter a/g) when
Ti occupies the B site [11,13–16] and, from ion-beam
irradiation studies, greater than 3 · 1020 a/g when Zr
occupies the B site [17]. Pyrochlores with similar compo-
sition to that reported here have been reported to
become amorphous between l.5 · 1018 and 2 · 1018 a/g
[18–23]. These pyrochlore structures have been observed
to swell between 3% and 10% during the process of
becoming amorphous from radiation-induced damage
[11,14,18–20,24]. Microcracking was not observed [24].
Wald and Offerman [24] found that the bulk dimensions
of a 3 mass% 244Cm-bearing Gd2 Ti2O7 swelled 5.5% (re-
vised in Weber and Ewing [23]) when a dose of
3.2 · 1018 a/g was accumulated. The saturation swelling
in the Cm-doped Gd2Ti2O7 has been determined as a
function of porosity and is estimated to approach
6.5% at theoretical density [14]. The unit-cell volume
exhibits swelling of 5.1% when a dose of 3.1 · 1018 a/g
accumulated [16,25]. A smooth transition between crys-
talline and amorphous states was observed; no fluorite
phase or microcracking were observed [25]. In other
work, principally with lighter Kr and Xe ion bombard-
ment, authors report a transition from pyrochlore to dis-
ordered fluorite before the test specimen became
amorphous [26–30]. Clinard observed severe cracking
in 238PuO2 [9] and in polycrystalline,238Pu- bearing zir-
conolite [10,31] specimens. Aqueous dissolution rates
have been observed to increase relative to specimens that
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are undamaged [14,15,18,19,25,32] and to increase in
metamict (amorphous) natural samples [33,34].

Studies on the radiation-damage effects in natural
pyrochlores were summarized recently by Lumpkin
[35] in an extensive review article covering natural
pyrochlore, zircon, zirconolite, brannerite, and perov-
skite. In this report, Lumpkin [35] reports that natural
pyrochlore becomes metamict at 1 · 1016 a/mg
(1 · 1019 a/g) and residual diffuse maxima in the X-ray
diffraction (XRD) patterns at d-spacings of 0.350–
0.363 nm and 0.206–0.222 nm. The latter came from
the metal–metal distance and the metal-to-oxygen dis-
tance, respectively. The saturation dose was reported
to be 1.2 · 1016 a/mg (1.2 · 1019 a/g).

Stability and metastability fields for Ce-, Gd-, Hf-,
and U-bearing pyrochlores have recently been deter-
mined [36,37]. These thermodynamic property determi-
nations show that the formulation that was to be used
in the immobilization of Pu was stable with respect to
the constituent elements, constituent oxides, and a mix-
ture of perovskite, metal oxide, and TiO2. Depending on
the composition of the pyrochlore, it might be metasta-
ble with respect to perovskite, metal oxide, and TiO2.
Therefore, at a low temperatures similar to those of
the repository, some pyrochlores might be unstable ther-
modynamically with respect to mixture of perovskite,
metal oxide, and TiO2. At the low final temperatures
of the repository, however, the kinetics of decomposi-
tion is expected to be exceedingly slow, but in the pres-
ence of radiation-induced damage and the temperatures
during the thermal period, this kinetics could be
enhanced.

In this publication, we report on the effects of radia-
tion damage to the density, crystal structure, and disso-
lution of specimens in which the main phase was
pyrochlore. The specimens also contained Hf-rutile
[(Ti1�xHfx)O2] and some contained zirconolite [ideally,
CaZrTi2O7] and brannerite [ideally, UTi2O6]. Some
specimens were formulated to have more than trace
quantities of zirconolite. While pyrochlore was the phase
of choice for the plutonium immobilization ceramic, for-
mulations that gave mixtures of all phases were consid-
ered because of the heterogeneity of the Pu feed stock.
Overall, in this study, we had 120 238Pu-bearing speci-
mens each containing about 50 GBq of 238Pu and 80
specimens containing 239Pu. These specimens were
stored at three temperatures. The number of specimens
and compositions in this study make it much different
than other studies reported to date.
2. Experimental methods

Leading up to the preparation of the test specimens,
we prepared numerous samples from non-radioactive
components, namely Ce, Hf, and Gd. The latter two
were also included in the formulations with Pu and U
because they are neutron absorbers. In this paper, we
briefly describe the methods used to prepare the 238Pu-
and 239Pu- bearing ceramic specimens; additional details
may be found in Strachan et al. [38]. Reagent-grade con-
stituent oxides and hydroxides, except Pu, were mixed to
the correct proportions. The Pu was added as a nitrate
solution to the powder. About 100 mL of demineralized
water were added, and the mixture was ball milled with
zirconia grinding media for 16 h. The resulting wet pow-
der was quantitatively transferred to a beaker with
demineralized water and, through various stages of dry-
ing, was subsequently dried in an oven at 110 �C. The
resulting mixture was pressed into pellets 12.5 mm in
diameter. These pellets were then sintered at 1350 �C
under flowing Ar gas for 4–8 h, yielding pellets with
nominal diameters of 10 mm and heights of 2–3 mm
(238Pu-bearing specimens) or 3–4 mm (23Pu-bearing
specimens). We prepared the 239Pu-bearing specimens
first (15 and 19 May 1999) then characterized randomly
selected specimens to make sure that we had our prepa-
ration procedures correct. Batches containing 238Pu-
bearing specimens were prepared on 25 May 1999, 7
June 1999, 8 October 1999, and 19 October 1999. A
number of these specimens were sintered at 1350 �C
for an additional 110 h to coarsen the microstructure
(16 August 1999 [238Pu] and 6 August 1999 [239Pu]).
Ceramics with a coarse microstructure were thought to
be more susceptible to microcracking than ones with a
fine microstructure. After the specimens were sintered,
at least one surface was polished to a 600-grit finish on
SiC paper in a small polishing machine. Specimens that
were to be tested in the dissolution test had both faces
polished. The resulting P1 and PB1 ceramic specimens
were not analyzed for composition; the target composi-
tions are shown in Table 1. Molybdenum was added to
the formulation to serve as an indication of the behavior
of the matrix in the dissolution experiments, in which
the pH was greater than 5. Below that pH, the sorption
of Mo on anatase, an alteration product for these ceram-
ics at all pH values, becomes significant [39]. The P1
specimens were formulated to contain only pyrochlore
and a small amount of Hf-rutile; the PB1 specimens
had slightly more TiO2 and UO2 than the Pl specimens;
this change caused zirconolite and brannerite to form
while keeping pyrochlore as the major phase. The �238�
and �239� labels refer to the Pu isotope. Two formula-
tions (P1 and PB1) were used to more accurately repre-
sent the Pu feed stock at the Plutonium Immobilization
Plant.

The PuO2 concentrations correspond to 10.9 and
10.5 mass% Pu for P1 and PB1 ceramics, respectively.
For the P1 specimens, this target composition suggests
a formula Ca1.16Gd0.23 Hf0.30Pu0.24U0.42Ti2O7. How-
ever, some Ti must appear as Hf-rutile, (Hf, Ti)O2,
and some Hf must be on the pyrochlore B site. Thus,



Table 1
The target oxide composition of the pyrochlore ceramics used in this study

Component P1-238a P1-239 PB1-238 PB1-239

mass% mol% mass% mol% mass% mol% mass% mol%

CaO 12.0 24.8 12.0 24.91 9.91 21.13 9.94 21.15
Gd2O3 7.65 2.44 7.64 2.44 7.95 2.62 7.94 2.61
HfO2 10.8 5.98 10.8 5.98 9.61 5.46 9.63 5.46
MoO3 0.10 0.09 0.10 0.09 0.11 0.10 0.10 0.10
PuO2 12.3 5.27 12.3 5.27 11.84 5.24 11.88 5.23
TiO2 36.1 52.3 36.1 52.38 36.70 54.89 36.82 54.99
UO2 20.8 8.93 20.8 8.92 23.88 10.57 23.67 10.46

a �238� refers to specimens made with 238Pu; �239� with 239Pu.

1 An oven was used but with no power. The oven served as a
cabinet to safely house the specimen storage devices. There was
sufficient power generated in three 238Pu-bearing specimens to
raise the temperature of the 500 g stainless -steel vessel by about
2 �C.
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the approximate actual formula should be Ca1.13-
Gd0.22Hf0.12Pu0.24U0.40(Ti1.90Hf0.10)O7 and 20 mass%
TiO2 with 10% of the Ti replaced with Hf, i.e.,
Hf0.1Ti0.9O2 [40]. In this formulation, we assumed that
Pu(IV) and U(IV) are the relevant oxidation states. Plac-
ing the Hf on the B site is consistent with several studies
of the Ti- and Zr-bearing pyrochlores [41–44] and refer-
ences within these publications. Although there are
reports about the presence of other oxidation states
for Pu and U, notably U(V) and Pu(III) [40,44–46], we
did not attempt to design a formula with these oxidation
states. We were unable to obtain an accurate analysis of
the phases and their respective amounts because we did
not have an instrument with which we could analyze
these radioactive ceramics. Using this formulation
(80 mass% Ca1.13Gd0.22Hf0.24U0.40(Ti1.90Hf0)O7 and
20 mass% Hf0.1Ti0.9O2) for the pyrochlore specimens,
we calculated a theoretical density of 6.008 · 103 kg/m3

(see Section 3.4 below for the lattice parameter). No
such break down of the phase assemblage was possible
for the PB1 specimens.

When we started the testing, we predicted that the ef-
fects of radiation damage would take a year or two to
become manifest. Russian workers, however, saw radia-
tion-damage effects within days of making their speci-
mens [20,47,48]. By the time we obtained our first
measurements, a substantial amount of radiation-
induced damage had occurred. Therefore, after approx-
imately 2 years of characterization and testing (April
2002), we resintered selected specimens at 1350 �C for
2 h under flowing argon to remove the damage that
had occurred and establish the original crystallinity to
the specimens. During that time, approximately 1.5%
of the 238Pu had decayed to 234U. This small change in
the Pu and U contents was ignored during the study
of the resintered specimens.

Between characterization and testing that occurred
approximately semiannually for the original specimens
and up to twice weekly for the resintered specimens,
the specimens were housed in stainless-steel vessels
in ovens. Each vessel contained either three or four
specimens. Three storage temperatures were used
ambient (�20 �C),1 125 and 250 �C. These temperatures
were selected so that some data would be available to
estimate the critical temperature – the temperature at
which the damage is annealed at the same rate as it oc-
curs. The specimens were stacked so that the specimens
had at least one face that would be a near representation
of material far from the surface of the specimen. While
the alpha particle and the recoiling atom do not travel
great distances in the solid, these particles are lost at a
free surface, resulting in a gradient in damage produc-
tion from the free surface inward to the depth of the
maximum range of the particles. For alpha particles, this
range is 10 s of micrometres, while for the recoiling
atom, the range is 10 s of nanometres. Since the damage
effects at a free surface do not represent the damage ef-
fects in the bulk of the specimen, the specimens were
stacked face-to-face so each surface received uniform
damage and became more representative of the bulk,
similar to procedures originally developed for 244Cm-
bearing specimens [13–16].

Because the specimens were highly radioactive, we
needed to control the spread of contamination. We also
needed to use the same specimen for each XRD mea-
surement. Therefore, we developed an XRD specimen
holder for obtaining the diffraction patterns from the
polished surface of the specimens. This specimen holder
is described in detail elsewhere [49]. This specimen
holder and a mounting jig allowed us to locate the spec-
imen in exactly the same position each time it was
mounted for examination. The rotational orientation
varied each time. To compensate for changes in instru-
ment sensitivity, such as X-ray tube degradation and
X-ray tube changes, a disk approximately 25 mm in
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diameter of the Standard Reference Material 1976
(corundum) from the National Institute of Standards
and Testing was permanently affixed to the post of a
specimen holder. A reference diffraction pattern was
obtained at the beginning and end of each day that
patterns were being obtained from the test specimens.
The XRD unit was a scintag PAD V (Scintag Corp.,
Cupertino, CA).

We also developed a laser-based device for measuring
the diameter and height of the specimens; it is described
elsewhere [50]. Again, because these specimens are
highly radioactive, we needed to minimize the time they
were handled and the possibility of contamination
spread. This device consists of two orthogonal laser
curtains and associated detectors (Keyence Corp.,
Woodcliff Lake, NJ, Model VG 036T and control Model
VG 30). With these lasers, we are capable of a resolution
of 10 lm. Since we were interested in the relative change
in each specimen with time, we were not interested in the
absolute accuracy of the instrument, but its long-term
stability. To make sure we understood the drift of the
instrument, a �check pellet� was made from stainless steel
with a nominal diameter of 10 mm and a nominal height
of 2.5 mm. For the period of 664 days, the average dia-
meter of the �check pellet� was 10.063(6) mm2 an the
height was 2.487(7) mm. This indicated excellent stabil-
ity. Over the same time, the absolute accuracy was
0.30(7)% and 0.5(3)% for the diameter and height,
respectively. We anticipated on the order of 1% swelling
in the test specimens. Therefore, the degree of stability
and precision of our instrument indicated that we could
reliably report 0.1% changes in specimen dimensions.

From the dimension measurements and the mass of
the specimen, we can calculate the bulk density. In real-
ity, however, the table on which the specimens sat
during the measurements had about a 20 lm wobble
up and down. While this wobble slightly degraded the
accuracy of the overall height measurement, it, in com-
bination with the chips on the edges of the specimens
(see the discussion below), resulted in unacceptable
uncertainty in the calculated bulk densities. Therefore,
as discussed below, we do not report the changes in bulk
density calculated from the observed changes in speci-
men dimensions. We do report the changes in the dia-
meters of the specimens, which are unaffected by the
wobble in the table, and from those changes and the
assumption of uniform swelling, we calculate the change
in the bulk density.

Densities were also measured with a helium pycno-
meter (Micromeritics, Norcross, GA, Model AccuPyc
1330) With this device, the volume of a weighed speci-
men is measured by displacement of He gas. The mea-
2 The number in ( ) represents the l � r standard deviation in
the last place of the number reported.
surements reported here were obtained with an
ultraprecise procedure in which a value for the density
is not determined until five successive determinations
agree within 0.05%. The results, the so-called �true� den-
sity, are sent to a computer where they are automatically
stored in a file. For the 238Pu-bearing specimens, three
specimens are used in the density determination and
two for the 239Pu-bearing specimens. With approxi-
mately 0.3 g of 238Pu in the pycnometer, we were
concerned that there would be an effect from the radio-
decay heat generation. Results from several runs in
which the specimens remained in the pycnometer over
long times showed that there was an insignificant change
in the measured density. The �true� density is the speci-
men density, including any closed porosity, but exclud-
ing any open porosity.

At the start of the project, we did not have a scanning
electron microscope (SEM) in which we could examine
specimens containing high concentrations of 238Pu. By
the end of the project, we were able to examine these
materials. Examinations were performed on a JEOL840
equipped with a Gatan Digital Imaging System, a Rob-
inson Backscattered Detector, and an Oxford ISIS EDS
system. For all specimens containing 238Pu there is a sig-
nificant X-ray background from the decay product 234U.
Therefore, the background spectrum collected with the
electron beam off was not considered to be interference
in the collected X-ray data at lower energies
(<10 keV); however, the background spectra were sub-
tracted from some collected spectra before analysis.
All collected spectra were saved as data text files. Quan-
titative analysis was not possible because of the overlap
of the Pu and U M lines. The spectra were plotted with a
graphing software program. Many of the EDS spectra
were severely masked by X-rays from the decay of
238Pu to 234U. This energetic event generates U X-rays.
The higher energy L X-rays were more apparent in the
collected spectra as these X-rays are more penetrating
than the M X-ray lines. To reduce this problem, the
smallest possible ceramic sample was used that could
still be observed and polished in a glovebox.

In our initial set of experiments with the 238Pu-bear-
ing specimens, we used a modified single-pass flow-
through (SPFT) apparatus in which Teflon� reaction
vessels and fluid exchange lines were used. However,
even adding a platinum liner to shield the Teflon vessel
from the alpha radiation, we found that significant
(10–100 mg/l) concentrations of fluoride were present
in the effluent solutions that were not present when
the specimens contained no Pu or only 239Pu. If we
continued with this apparatus, the presence of fluoride
in the effluent would always cloud the validity of any
conclusions we would make about the dissolution of
these ceramic materials. Therefore, for the experiments
with 238Pu-bearing materials, we replaced the Teflon-
based apparatus with one constructed of titanium. We
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continued to use the Teflon apparatus for non-radioac-
tive specimens and for those containing 239Pu.

Basically, the two designs are operated in the same
manner. One is constructed with a 40 mL Teflon vessel
in which the specimen is tested with Teflon tubing
through which solutions pass. The other is constructed
of a custom made, 20 mL titanium vessel and small-bore
titanium tubing. A gold compression gasket is used as a
seal for the titanium vessel. The Teflon vessels are heated
in a convection oven; the titanium vessels in an alumi-
num heater block. Both are controlled to ±2 �C, but
the upper limit on the aluminum heater is 85 �C. Syringe
pumps (Kloehn; model 50300) were used to transfer
solution from the input reservoir bottles to the reaction
vessels. Nitrogen gas was used to purge the free space in
the solution reservoir to mitigate the effect of atmo-
spheric CO2 on the solution pH. More details on these
apparatuses are reported by Strachan et al. [51].

The chemical durability of the 238Pu-bearing ceram-
ics was tested in solutions with a pH value of 2.
Although acidic conditions will not prevail in prospec-
tive geologic repositories, pH 2 solutions allow us to
avoid solubility limitations for Gd, Ce, Pu, and U. Fur-
ther, we show in this report, as we have in the past [52],
that there is a weak dependence of the dissolution rate
on pH. Therefore, at worst, the forward dissolution
rate on pH 2 is about a factor of 10 higher than the for-
ward dissolution rate at neutral to slightly alkaline pH
values.

Aliquots of effluent solution, whether from the tita-
nium or the Teflon SPFT apparatus, were routinely
checked to assure that pH control was maintained
during the experiment. Other aliquots were reserved
for radiochemical assay with counting techniques.
Gamma energy analysis (GEA) was used to analyze
for 239Pu, 238Pu, 240Pu, 241Pu, and 241Am in aliquots of
the effluent solution. The remainder of the periodically
collected effluent was acidified (pH < 2) with high-purity
nitric acid and analyzed for Ce, Gd, Hf, Mo, 239Pu, Ti,
and mass-238 species concentrations with inductively
coupled plasma-mass spectroscopy. �Mass-238� species
include 238U and 238Pu, which we assumed constituted
the total of species of mass-238. Concentrations of
238U were determined by subtracting the concentration
of 238Pu determined with counting methods from the
mass-238 species. Concentrations of Ti in effluent solu-
tions from the titanium reactor experiments were not
determined. Concentrations of Al and Ca in the solu-
tions from the tests with Pu-bearing ceramics were deter-
mined with optical emission spectroscopy methods. This
technique was not used for solutions from tests with
238Pu specimens because the optical emission spectrom-
eter was not set up for the analysis of highly radioactive
solutions.

Typically, three blank solutions were drawn before
the specimen was added to the reactor. The blank
solutions were analyzed for background concentrations
of elements of interest and, together with analyses of
staring solution aliquots, assured us that contamina-
tion from previous experiments was not a factor.
Blanks, which were set up identically to the other reac-
tion cells, but without a test specimen, were used to
monitor the Mo in the starting pH-buffered leach solu-
tions. Through separate testing, we determined that
one of the minor contaminants in the THAM was
Mo. Analyses of the solutions from the blanks showed
that the concentrations of Mo remained relatively low,
but increased as water evaporated from the reservoir
under flowing nitrogen. In most cases, reservoir bottles
were exchanged before significant evaporation oc-
curred. Any slight rise in background Mo concentra-
tions was recorded. These concentrations dropped to
near detection level (�0.10 lg/L) after the solution
was changed. The concentration of Mo from the blank
was subtracted from the Mo concentration in the efflu-
ent solutions. Because a significant fraction of the dis-
solved Mo sorbs on the alteration product anatase at
pH values below 5 [39], no Mo results are shown
for the experiments in which the leachant has a pH
of 2.

To assure that the dissolution rate we measured was
the forward rate for each ceramic type, we varied the
solution flow rate (q) and the specimen surface area
(S) until the dissolution rate was independent of q/S.
Values of q/S were achieved by flow rate or surface
area or both. We measured the dissolution rates of
both monolithic and powdered specimens. The compu-
tation of dissolution rates and associated uncertainties
has been discussed elsewhere [53] and is not repeated
here.

We were also concerned about the use of Ti vessels
when testing titanate ceramics. With the Ti vessels, we
are unable to report the Ti concentration in solution.
Therefore, we tested one 239Pu-bearing specimen in both
the Ti and Teflon apparatuses. Because the solubility of
anatase is very low, the solutions were saturated with
respect to anatase, irrespective of which vessel was used
in the test. A comparison of these results in combination
with the rest of the test results allows us to eliminate the
vessel material as affecting the dissolution of these cera-
mic materials.

In the results shown below, we have assumed that the
dose from the 238Pu contained in each specimen is aver-
aged over the entire specimen even though the distribu-
tion of the 238Pu among the phases present is not
necessarily uniform. Because we lacked the analytical
tools to determine the compositions of the constituent
phases and the Pu distribution, we were forced to
assume an average distribution. The dose, reported in
a/g, was calculated from the half-life of 238Pu(87.7 y),
the 238Pu content of each specimen, and the time since
making or resintering the specimens.
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Fig. 2. A graph showing the results of the �true� density
measurements for the P1-238 and P1-239 specimens stored at 20
and 125 �C and the coarse specimens.
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3. Results and discussion

3.1. Photographs

The specimens were produced as right circular cylin-
ders. The pressing of these specimens was not optimized,
so some edge chipping was observed. A picture from
above of a typical specimen, in this case P1, is shown
in Fig. 1. The defects shown in this specimen are typical
for most of the specimens.

3.2. Density measurements

3.2.1. Helium pycnometer results

3.2.1.1. P1 specimens. Two sets of results are discussed
here. One set is from the original P1 specimens and the
other from the specimens that were resintered at 1350 �C
to remove 2-years of accumulated radiation-induced
damage. Results from the original and resintered speci-
mens stored at 20 �C are shown in Fig. 2. The �true�
density of the 239Pu-bearing specimens is constant over
approximately 1350 days; the measurement at 199 days
is likely an outlier. A starting �true� density of
5.531 · 103 kg/m3 is 92% of theoretical density
(6.008 · 103 kg/m3). Although the shape of the curves
from the 238Pu-bearing specimens is similar, the density
of the resintered specimens changed much more rapidly
with increasing dose than the original. This is probably a
result of the resintering process, which likely led to some
restructuring of the microstructure. The density results
were fit to the equation

q ¼ qs þ b expð�ctÞ; ð1Þ

where q is the density, qs is the density at saturation, b is
the difference between the initial and the asymptotic
Fig. 1. A picture of a typical P1-238 or PB1-238 specimen
(color wheel in the background for true color rendition). (For
interpretation of the references in color in this figure legend, the
reader is referred to the web version of this article.)
(saturation) value of q and c is related to the damage
volume per alpha decay [16]. For this fit, the values
are qs = 5.156(9) · 103 kg/m3, b = 0.38(1) · 103 kg/m3,
and c = 0.0042(5) d�1 (Table 2). More significant figures
are shown in the figure to allow the reader to reproduce
our results more accurately. For the original P1-238
specimens, the density changes appear to have saturated
at a density of 5.16 · 103 kg/m3 – a decrease of 6.9% –
and a dose of about 2.8 · 1018 a/g. The change in the
density for the resintered specimens did not saturate or
come sufficiently close for us to apply Eq. (1) to the data.
The rate of change in density for the resintered P1-238
specimens is �8.32(56) · 10�4 kg/(m3 d) in the linear
portion of the data in Fig. 2. We surmise that the density
would saturate between 5.0 and 5.1 · 103 kg/m3 for an
8 –10% decrease in the density.

Results from the density measurements of the speci-
mens stored at 125 �C are shown in Fig. 2. No specimens
that had been stored at 125 �C were resintered and
stored again at 125 �C. From these data, it is unclear if
the density change has saturated. However, fitting the
data to Eq. (1) suggests that the density (5.195(9) ·
103 kg/m3) at saturation is the same within experimental
uncertainty as the density at saturation of the original
specimens stored at 20 �C (Fig. 2).

As has been reported previously [54,55] there are
changes to the pyrochlore (PI-238) specimens stored at
250 �C that were not observed in the specimens stored
at 20 �C. These changes appear to be manifest in the
density changes as seen in Fig. 3 and will be discussed
in Section 3.4. While the density of the resintered speci-
mens that were originally stored at 250 �C has the same
starting value of about 5.4 · 103 kg/m3, the densities
change linearly with time and coincide with the densities
of the original specimens (Fig. 3). The rate of change in



Table 2
Summary results from the �true density� measurements on P1-238 and PB1-238 specimen

Specimen Temperature,
�C

Saturation density,
qs, 10

3 kg/m3
b, 103 kg/m3 c, d�1 Decrease, % Saturation dose,

1018 a/g

P1 20 5.156(9) 0.38(1) 0.0042(5) 6.9 2.8
125 5.195(16) 0.34(2) 0.0052(10) 6.1 2.1
250 4.789(120) 0.62(12) 0.00090(27) 11.5 15

P1 Coarse 20 4.541(29) 0.28(8) 0.0038(24) 5.8 2.8

PB1 20 5.060(20) 0.72(8) 0.0061(15) 12.5 2.5
125 5.096(32) 0.54(3) 0.0029(6) 9.6 4.6
250 5.240(32) 0.46(7) 0.011(5) 8.1 1.1
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Fig. 3. A graph showing the change in the �true� density of P1-
238 with time for specimens stored at 250 �C.
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the density is �3.88(28) · 10�4 kg/(m3 d), which is
slower by about a factor of two than the change shown
in Fig. 2 for the specimens stored at 20 �C. The coinci-
dence of th data from the resintered specimens with
the data from the original specimens suggests that the
resintered density should decrease to about
5.1 · 103 kg/m3 after about 800 days (�5.5%).

�True� densities were also measured for the coarsened
microstructure P1 specimens (Fig. 2). The data from the
238Pu-bearing specimens were fit to Eq. (1). A 5.8% de-
crease in the �true� density of the 238Pu-bearing speci-
mens is in good agreement with the 6.9% decrease
noted for the original specimens also stored at 20 �C.
These data and the data from the specimens stored at
125 �C suggest that the critical temperature is greater
than 250 �C.

Based on the calculated starting densities, prolonged
sintering (100 h extra sintering of original specimens at
the time they were prepared) of these materials appears
to reduce the �true� density, 2% for the 239Pu-bearing
specimens and 13% for the 238Pu-bearing specimens.
3.2.1.2. PB1 specimens. Results from the measurement
of the �true� density of the original PB1 specimens are
shown in Fig. 4. At saturation, the densities are
5.06 · 103, 5.10 · 103, and 5.24 · 103 kg/m3 at 20, 125,
and 250 �C, respectively. We obtained the starting den-
sity of the PB1-238 specimens by extrapolating the data
back to the start with the use of Eq. (1) and obtained an
average starting density of 5.67(1) · 103 kg/m3. Relative
to this extrapolated value, the densities at saturation
represent decreases of 12.5%, 9.6%, and 8.1% for the
PB1-238 specimens stored at 20, 125, and 250 �C, respec-
tively. Although the experimental error is low, we feel
that the low density determined at about 225 days for
the specimens stored at 125 �C is an outlier and should
be ignored as are the data for the specimens stored at
250 �C at about 275 days. Overall, the data seem to indi-
cate that the radiation-induced changes to the �true� den-
sity have saturated after 2 · 1018 to 4 · 1018 a/g (an
average dose for the whole specimen). The low values
for the density of the specimens stored at 250 �C and
about 275 days suggest that we were having problems
with the determination at that time. However, we did
not know the measurements were in error until subse-
quent measurements were made.

In Fig. 5, we show the results for the �true� densities
of the resintered PB1-238 specimens stored at 20 �C and
250 �C after resintering; the same temperature at which
they were stored before resintering. No resintered spec-
imens were stored at 125 �C. After an apparent delay of
about 10 days, the �true� density drops exponentially as
do the densities of the original specimens. If we take
out the apparent 10-day delay and fit the resulting data
to Eq. (1), we project a value of 5.68(2) · 103 kg/m3 as
the starting density, which is similar to the density of
the PB1-238 specimens and the extrapolated starting
density for the original specimens discussed above,
5.67(1) · 103 kg/m3. Using the projected value and
asymptotic value of 5.03 · 103 kg/m3, we calculate an
11.4% decrease, in good agreement with the change in
the �true� density of the original PB1 specimens at
20 �C. It is unclear from these data why there should
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Fig. 4. Results from the measurement of the �true� density of
PB1-238 specimens stored at 20, 125, and 250 �C.
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Fig. 5. The variation of the �true� density of the PB1-238
specimens that were resintered and stored 20 and 250 �C.
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be a 10-day induction period. However, Weber et al.
[14] and Clinard [56] have seen densification on anneal-
ing of the accumulated damage. If the data for the spec-
imens stored at 20 �C are extrapolated to zero time by
use of Eq. (1), a starting density of 5.9 · 103 kg/m3 is
obtained (implying a 17% decrease in density upon
amorphization). This suggests an approximate 4%
densification of these specimens over the as-prepared
density of 5.65 · 103 kg/m3 (Fig. 4). While this is a rea-
sonable densification based on existing data, the lack of
densification for the resintered specimens stored at
250 �C then needs to be explained. Excluding the two
data points at about 100 days, the slope of the straight
line drawn through the �true� density data from the
specimens stored at 250 �C is �1.15(15) kg/(m3 d); a
slope similar to that one would calculate from the ori-
ginal specimens stored at 250 �C (Fig. 4). In fact, the
two data sets (original and resintered) for the specimens
stored at 250 �C superimpose on one another over the
first 140 d, but the data sets for the specimens stored
at 20 �C do not. The density after resintering (ordinate
in Fig. 5) for the specimens stored at 250 �C is about
the same as the density for the original specimens and
suggests little or no densification of these specimens
even though they were also rendered amorphous from
radiation-induced damage before the damage was an-
nealed through resintering. This result might suggest
that the recovery of the damage induced at lower tem-
peratures involves the movement of more atoms and
defects, as well as the release of more energy than dur-
ing the recovery processes for materials in which the
damage was accumulated at higher temperatures. For
the PB1-238 specimens stored at 250 �C, the slope is
about three times greater than the slope observed for
the P1-238 specimens stored at 250 �C (�0.388(24) kg/
(m3 d)).
3.2.2. Geometric densities

3.2.2.1. P1 specimens. The measured diameters of the
original 238Pu- and 239Pu-bearing P1 specimens are
shown in Fig. 6. When the specimens were made, all
had the same diameter within experimental uncertainty
[10.3(1) mm]. These diameters were measured with a
hand-held micrometer, hence the higher uncertainty.
The measurements that were made between 200 and
400 days were made with the laser-based instrument,
but for a short measurement time that resulted in higher
uncertainty. No significant temperature dependence is
observed. Several data points appear to result from mea-
surement error and do not fit the trend if the majority of
data, e.g., the low data at 1072 days and at 1350 days.
The majority of the 238Pu-bearing specimen data were
fit to the equation
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d ¼ d0 þ að1� expð�btÞÞ; ð2Þ

where d is the specimen diameter, d0 is the diameter at
zero dose, a is the difference between the initial and
the asymptotic (saturation) value of d, and b is related
to the damage volume per alpha decay [14] and the
half-life of the active isotope. The least-squares fit of
the measured diameters to Eq. (2) yielded values for
the variables of d0 = 9.767(12) · 103 kg/m3, a =
0.23(2) · 103 kg/m3, and b = 0.0030(7) d�1 (Table 3).
More significant figures are shown for the variables in
Fig. 6 than are warranted by the uncertainties so that
the reader can accurately reproduce the curves shown.
Using the asymptotic value for the increase in the dia-
meter, we calculate that the diameters swelled by 2.4%
or a volume increase of 7.4%. Thus, the bulk density is
calculated to decrease by 6.7%. This agrees well with
the change in the density measured with the He pycno-
meter of 6.9% and 6.1% for the specimens stored at
20 and 125 �C, respectively (see discussion above), but
not with the change at 250 �C. As will be discussed be-
low, there are changes in crystal structure that may be
the cause of this difference.

We also show the change in the diameters with time
of the 238Pu- and 239Pu-bearing coarse P1 specimens
stored at 20 �C in Fig. 7. An increase in the diameter
of 2.6% is noted, indicating an increase in the specimen
volume of 7.9%. Thus, the geometric density decreases
by 7.3% based on the dimension increase. This compares
with the decrease in the �true� density (6.9%) discussed
above for the P1-238 and the decreases in the specimens
made without coarsening of the microstructure. Our val-
ues for the swelling of these materials at saturation and
the saturation doses are similar to those reported in the
literature [13,14,18,25]. Our data suggest marginal tem-
perature dependence. Certainly, there is no evidence
for temperature dependence in our dimensional data.

Resintering the P1-238 specimens did not signifi-
cantly affect the diameters (an example is shown in Table
3). Each of the diameters are slightly different, varying
by about 0.1 mm. The average shrinkage on resintering
is about 1.5%, which is within the measurement uncer-
tainty for the measurements on the original specimens
Table 3
Summary diameter measurements on the P1-238 and PBl-238 specim

Specimen Initial diameter (d0),
mm

a, mm b, d�1

Original

P1 9.767(12) 0.23(2) 0.0030(7)
Coarse 10.09(1) 0.26(2) 0.0073(39)
PB1 10.30(2) 0.217(20) 0.0061(16)

Resintered

P1 9.754(79) 0.16(8) 0.064(47)
PB1 9.830(19) 0.55(69) 0.0089(250)
is for which a hand-held micrometer was used. In Fig.
8, the diameters of two of the resintered specimens are
shown. Over approximately 260 days, radiation-induced
ens

Increase,
%

Density decrease,
%

Saturation dose,
1018 a/g

2.4 6.7 1.5
2.6 7.3 1.9
2.1 6.1 2.6

1.6 4.8 2.3
5.6 15.1 2.5
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swelling resulted in 1.1% increase in the diameter or a
decrease in density of 3.3%. This compares with approx-
imately 6% decrease in the �true� density over the same
time period. These results suggest a closing of open
porosity as the individual grains swell resulting in a
more rapid decrease in the �true� density when compared
with the bulk density.

3.2.2.2. PB1 specimens. The variation in the diameters
of the PB1 specimens stored at 20, 125, and 250 �C is
shown in Fig. 9. From the measurement of the diame-
ters, there appears to be no temperature dependence in
the radiation-induced swelling of the specimens. That
is, there is no systematic difference between the observed
swelling of the specimens held at ambient conditions or
at 250 �C. The data were fit to the Eq. (2). These data
suggest that the changes in the diameters saturate at
about 2.3 · 1018 a/g (410 days) for a final diameter of
10.459(78) mm. This suggests that the diameter ex-
panded by 2.1% for a volume expansion of 6.4% or a
6.0% decrease in the bulk density, much less than the ob-
served decrease in the �true� densities, which are sensitive
to the amount of closed porosity. This indicates that
open porosity was converted to closed porosity as the
specimen swelled with increasing radiation-induced
damage.

Changes in the diameters of the resintered PB1 spec-
imens are shown in Fig. 10. These data indicate that the
change is linear over the time of characterization for the
specimens that were originally stored at 20 �C and
stored at 20 �C after resintering. Taking the swelling
of specimen 8PB1B-7 as representative of the behavior
of all the PB1 specimens (Fig. 10), we calculate a
slope for the linear behavior of the diameter as
2.6(3) · 10�4 mm/d. This rate of swelling is about half
of what is needed to explain the swelling observed in
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Fig. 9. The variation with increasing dose of the P1-238
specimen diameters for the original at 20, 125, and 250 �C.
the original specimens shown in Fig. 9. This difference
may be the uncertainty in the measurements of the
original or resintered specimens, or it could reflect the
changes (densification) that occurred during resintering.
Similarly, the diameters of the specimens that were
stored at 250 �C and stored at 250 �C since resintering
also swell linearly with a slope of 1.9(2) · 10�4 mm/d
(Fig. 11). As with the original specimens, there is no sig-
nificant difference in the rate of swelling between the
specimens stored at 20 and 250 �C. These effects were
not noted in P1 specimens. Over the 281 days (20 �C)
or 325 (250 �C) days of the test, the specimens swelled
about 1.1% for a calculated density change of �3.2%.
This value is inconsistent with the 15.1% decrease in
density determined above for the original PB1 specimens
Time, d
0 50 100 150 200 250 300 350

Sp
ec

im
en

 D
ia

m
et

er
, m

m

10.25

10.30

10.35

10.40

10.45

10.50

Dose, 1018 alphas/g
0.0 0.5 1.0 1.5

8PB1-2
8PB1-3
8PB1-6
8PB1-15

Fig. 11. The variation in the diameters of the individual PB1-
238 specimens originally stored at 20 �C and stored at 250 �C
since resintering.



120 D.M. Strachan et al. / Journal of Nuclear Materials 345 (2005) 109–135
and suggests some densification occurred during the
resintering.

Because the �true� density for the specimens stored at
20 �C changed by substantially more than what was ob-
served from the diameters of the specimens and by more
than the �true� densities of the specimens stored at 250 �C,
we conclude that some open porosity became closed
porosity as the specimen swelled. At about 8–10% total
porosity, the change from open to closed porosity is quite
rapid with small changes in total porosity [57]. As open
porosity was converted to closed porosity, there was less
pore volume accessible to the He gas, so the specimen
density appeared to decrease more rapidly. The effect
of particle swelling might not be as important for the
specimens stored at 250 �C. This would be consistent
with the slightly lower rate of swelling observed for the
specimens stored at 250 �C. The microscopic swelling
(see the discussion below on the XRD results) results
show that the expansion of the unit cell(s) of the phases
in the specimens stored at 250 �C is slower than the swell-
ing for the phases in the specimens stored at 20 �C.

Our results do not allow us to determine the critical
temperature. For most data, there is no observable tem-
perature dependence. However, we can say that at a
storage temperature of 250 �C, we are below the critica1
temperature. Critical temperatures for these materials
are generally in the range of 500–1000 K (225–725 �C)
[16]. Since the temperature dependence below the critical
Fig. 12. (A) Backscattered electron image of grain structure from a P
shows a Hf-bearing rutile particle with an actinide-rich inclusion as e
temperature is low, we might be unable to detect it for
the temperature range used here.

3.3. Scanning electron microscopy

3.3.1. P1 specimens

The SEM images of a sample from an original (fully
damaged) P1-238 specimen stored at 20 �C revealed two
major phases but also a series of other minor phases with-
in the ceramic. In the back-scattered images of the phases
shown in Fig. 12(A), the phase that appears dark is rutile,
and the Pu- and U-bearing pyrochlore phase appears
light. A spherical precipitate that appeared to contain a
heavy element(s) was occasionally observed (Fig. 12(B)
and (C)) within the rutile. Unfortunately, the analysis
of these types of small precipitates was not possible be-
cause the beam penetration extends to too great a depth.

Hafnium that was present in the rutile component of
the ceramic appeared to be at a relative level of about 5–
10% (Fig. 12(D)); however, based on the contrast varia-
tions within rutile grains, it is clear that there are either
compositional variations within the rutile grains or over-
lying pyrochlore material. With the current analysis and
techniques, it is not possible to distinguish between the
two possibilities.

Images of the pyrochlore regions reveal subtle con-
trast changes across the ceramic (Fig. 12(A)). These fea-
tures were not visible in the secondary imaging mode
1-238 ceramic (stored at 20 �C; fully damaged). The insert (B)
videnced for the EDS analyses of these particles ((C) and (D)).



Fig. 13. An SEM photomicrograph of a fully damaged PB1-238 specimen: (a) secondary electron image, (b) backscattered electron
image, (c) combined SE and BSE highlighting pores or absent grains vs mineral grains with low atomic number, (d) area within the box
in (b) and (e) a small actinide-bearing inclusion.

D.M. Strachan et al. / Journal of Nuclear Materials 345 (2005) 109–135 121
and are therefore most likely actual compositional vari-
ations. The features were on too fine a scale to obtain
accurate compositional data; however, the lighter
regions appeared to be slightly enriched in Pu. It was
not possible to distinguish with X-ray energy dispersive
spectroscopy (EDS) analysis the reasons for this con-
trast variation; however, a slight oxygen deficiency
and/or local densification of the phase could have pro-
duced the lightening effect. This effect was also observed
delineating many of the pyrochlore grain boundaries.
From the XRD results, there is evidence that phase seg-
regation occurred at a fine scale and that the phases have
different compositions.

By maximizing contrast for the pyrochlore phase, the
grain boundaries can be seen (Fig. 12(A)). The grain
boundaries were marked by higher average atomic mass
contrast. Again, the compositional variations were not
apparent from the EDS. These variations could be from
compositional variations in either an increase in the hea-
vy elements (Pu and U) or a decrease in the lighter ele-
ments (Ca and O). We could not distinguish between
the possibilities.

3.3.2. PB1 specimens

The PB1-238 ceramic sample, an original specimen
stored at 125 �C and fully X-ray amorphous, considered
of three major phases: pyrochlore, zirconolite, and ru-
tile. Minor actinide oxide inclusions were also observed
in the material (see Fig. 13(a)–(e)). Fig. 13(a)–(d) shows
the presence of crystals containing heavy elements in the
ceramic. By combining the secondary electron (Figure
13(a)) and backscattered electron (Fig. 13(b)) images,
it is possible to discriminate between pores and the rutile
phase (Fig. 13(c)). The rutile phase exhibits low contrast
in backscattered electron imaging mode. In Fig. 13(b),
black regions cannot be readily identified as pores or
phases, but in Fig. 13(c), some of these black areas are
clearly a phase. The box area is shown in detail in Fig.
13(d). Fig. 13(d) shows evidence for lamellae structures
within the pyrochlore grains. The backscattered electron
image shows microstructure consistent with zirconolite
intergrowths within the pyrochlore phase, similar to that
reported by Buck et al. [58]. The euhedral pyrochlore
grains (grey and white) would have solidified before
the anhedral rutile phase (black). The marks on the
phase that appear white are polishing scratches on the
ceramic surface. In Fig. 13(e), a small actinide inclusion
can be seen. This is marked by an arrow in the figure.
This indicates that during cooling, not all the actini-
des could be incorporated into the main phase. Identifi-
cation of the ceramic phases with EDS is not precise.
In Fig. 14(a) and (b), spectra from pyrochlore and
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zirconolite, respectively, are shown. The zirconolite
composition had a higher concentration of Hf and Ca
compared to the pyrochlore phase.

3.4. X-ray diffraction

3.4.1. PI specimens

The results from the XRD analyses of the P1 speci-
mens are discussed in this section and summarized in
Table 4. As with the other measurements, there are
results from the original and resintered specimens. The
results from the original P1-238 specimens stored at
20 �C are shown in Fig. 15. The diffraction patterns
are not to scale; they have been scaled for display pur-
poses. These results indicate that by the time the first
measurement was made, a large amount of radiation-
induced damage had occurred. Although the diffraction
peaks are labeled �P� for pyrochlore (Fd3m), many of the
diffraction peaks that define the pyrochlore symmetry
were at low enough intensity that the refinement of the
parameters proved difficult. Somewhere between fully
crystalline and fully amorphous, the diffraction peaks
begin to represent diffuse scattering rather than true
Bragg diffraction [59]. However, we continued to ana-
lyze the diffraction patterns as if the diffraction repre-
sented the crystalline material that was present in the
Table 4
Summary XRD results from the P1-238 and PB1-238 specimens

Specimen Temperature, �C a0, nm b, nm c, d�1

P1 20/20 1.015(3) 0.0126(6) 0.0059(
125/250 1.015(1) 0.010(1) 0.0096(
250/20 1.016(5) 0.0157(12) 0.0071(

PB1 20 1.016(1) 0.0140(5) 0.0048(
250 1.016(1) 0.0163(20) 0.0025(
specimen. Indexed with the major peaks in the pattern,
the unit cell is calculated to be 1.015–1.021 nm, depend-
ing on the amount of dose.

A compilation of the XRD patterns from the resin-
tered P1-238 specimens is shown in Fig. 16 for the spec-
imens that had been stored at ambient conditions before
and after resintering. In Fig. 16, the shift to larger unit
Increase, % Decrease in
cell density, %

Saturation
dose, 1018 a/g

8) 1.2 3.6 2.4
16) 1.0 2.9 0.8
14) 1.5 4.5 1.9

4) 1.4 4.0 2.4
5) 1.6 4.7 1.9



Fig. 16. Results from the XRD analyses of the resintered P1-238 specimen, showing the radiation-induced damage effects (R = Rutile).
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cell sizes (smaller diffraction angle) and decrease in peak
intensity can be seen. The intensity of the diffraction
peaks drops rapidly over the 316 days that the data were
collected. The weak diffraction peaks from the pyroch-
lore phase are the first to disappear, but this appears
to be mainly because we were unable to perform the
scans at sufficiently low speeds; had we scanned more
slowly to obtain a better discrimination between signal
and background, the weak peaks might have been
detectable to much higher doses. As the pyrochlore be-
comes amorphous, it becomes more difficult to index
the phase as a pyrochlore, although a characteristic
(311) diffraction peak is still visible at the end of the
experiment. The variation in the a0 lattice parameter
for the pyrochlore phase is shown in Fig. 17. For the
data obtained after 140 days (second symbol for each
data set), the lattice parameters were obtained from only
the strong diffraction peaks. The data were fit to the
equation

a ¼ a0 þ bð1� expð�ctÞÞ; ð3Þ

where a is the pyrochlore lattice parameter, a0 is the lat-
tice parameter at zero dose, b is the difference between
the initial and the asymptotic value of a, and c is related
to the average product of damage rate and damage vol-
ume per alpha decay per unit cell per unit time. The re-
sults of the least-squares fit to the data are a value of a0
of 1.015(0.3) nm and an asymptotic value of
1.027(0.9) nm at approximately 390–440 days (a dose
of 2.3 · 1018 to 2.6 · 1018 a/g); consistent with the data
from the original specimens stored at 20 �C. Based on
the asymptotic value, the lattice parameter swells by
1.2% or the cell volume by 3.6%. These data are summa-
rized in Table 4. The results are consistent with the mac-
roscopic swelling discussed above. Also, since these are
average doses to the specimen and there is approxi-
mately 20 mass% Hf0.1Ti0.9O2, the actual dose to the
pyrochlore phase is higher than that shown or
calculated.

While the relative intensity of the rutile peaks
increases because rutile is the only remaining crystalline
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Fig. 18. Results from the XRD analyses of the P1-238 specimen
stored at 250 �C since being made.
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phase, there is a small shift to larger unit cell sizes (see
[51]). Since there is no Pu in the rutile phase [7], the small
swelling probably comes from the alpha particle damage
and the small amount of recoil damage from the sur-
rounding pyrochlore phase.

Specimens were also stored at 125 and 250 �C since
being made. Since there were no significant differences
between the results from the specimens stored at
125 �C and the results discussed above for the specimens
stored at 20 �C, we do not discuss the XRD results for
the specimens stored at 125 �C.

As with the specimens stored at ambient tempera-
tures, the P1-238 specimens stored at 250 �C became
amorphous quite quickly (Fig. 18). Although these spec-
imens began as a mixture of pyrochlore and rutile, there
was evidence for the ingrowth of a zirconolite phase
(Fig. 18). By the time the specimens were examined after
approximately 1 year of damage accumulation, the
XRD pattern showed them to be heavily damaged
(Fig. 18). In the specimen examined on 25 July 2000,
we saw evidence for the presence of zirconalite that we
did not see in the specimens stored at 20 and 125 �C.
The peaks labeled in (Fig. 18). appear to be from zircon-
olite – the split peak at 35� 2h and the high 2h tails on
the peaks at 50� and 60� 2h. These peaks disappeared
by the next examination. A selected P1-238 specimen
that had been stored at 125 �C for nearly 2 years was res-
intered for 2 h at 1350 �C. Surprisingly, this treatment
yielded a phase assemblage of pyrochlore, minor rutile,
and what appear to be two zirconolites, each with differ-
ent lattice parameters (Fig. 19). The two phases could be
indexed as zirconolites, although there appeared to be
substantial preferred orientation perhaps from the sur-
face defects. Since the specimens stored at 250 �C from
the start showed evidence for ingrowth of zirconolite
(Fig. 18), it is possible that the sintering process was
insufficient to return the phase assemblage to pyrochlore
and rutile, but sufficient to develop the phases that
formed during storage at 125 and 250 �C with the accu-
mulated radiation damage, although they were not evi-
dent in the XRD from the original specimens. Besides
the possible zirconolite peaks at 31� and 35� 2h in the
XRD shown in Fig. 18, the peaks at 50� and 60� 2h
are atypically broad and asymmetric to be only pyroch-
lore peaks. In the zirconolite diffraction pattern, there
are groups of moderate to moderately intense peaks that
occur at these diffraction angles. Therefore, the evidence
is strong for the presence of zirconolite in the specimen
stored at 250 �C and suggests the presence of zirconolite
in the specimens stored at 125 �C even though zircono-
lite was not detected in the XRD from these specimens.
After these data were collected, we selected one of the
specimens that had been stored at 125 �C and sintered
it at 1390 �C for 8 h under flowing Ar. The resulting
material gave an XRD pattern that was consistent with
pyrochlore, rutile, and a single zirconolite with preferred
orientation (Fig. 19), possibly from the surface defects.
An additional 24 h of sintering at 1350 �C resulted in a
refinement of the crystalline phases, but preferred orien-
tation remained for the zirconolite phase. These results
suggest a change in the chemical makeup of the speci-
mens, perhaps changes in the oxidation state of Pu, Ti,
and U. These elements might be stabilized in these oxi-
dation states once in the zirconolite structure.

To more clearly see the changes in the zirconolite and
pyrochlore phases with increasing radiation-induced
damage, three XRD patterns from suite of XRD pat-
terns for these specimens are shown expanded in Fig.
20. In this graph, the rutile diffraction peaks are labeled.
With increasing accumulated damage (time), the unit
cells for the pyrochlore and zirconolite phases expand
and the diffraction peaks move to lower diffraction an-
gles. The main peaks for pyrochlore (hk l = (222)) and
zirconolite (221) overlap at about 30� 2h. The telltale
peak for pyrochlore in these diffraction patterns is the
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Fig. 20. Selected XRD patterns showing the effects of radiation
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peak at about 29� 2h (311). This peak diminishes with
time, but is still detectable at the end of the experiments.
The ratio of the intensities, however, remains approxi-
mately the same. Because this peak is so small, it was
not possible throughout the duration of the experiments
to index the pattern on the pyrochlore lattice, but the
pattern could be indexed with just the strong peaks.
The change in the lattice parameter for the cubic cell is
shown in Fig. 17. Eq. (3) was least-squares fit to the
data. The values for a0 reported in the figure are again
reported to more significant figures than are warranted
to provide the reader with the ability to reproduce the
curves. For this fit, the values are a0 = 1.016(0.5) nm,
b = 0.016(1) nm, and c = 0.007 (14) d�1 (Table 4).

Changes in the zirconolite structures are evident from
the patterns shown in Fig. 20. The two diffraction peaks
in the range of 31�–32� 2h are assigned to the (004)
reflection from the zirconolite phase. Both Wald and
Offerman [25] and Strachan et al. [54] have shown that
the expansion of the unit cell in zirconolite is predomi-
nantly along the c-axis. Therefore, this diffraction peak
shifts to lower values of 2h more rapidly than the sur-
rounding peaks. It is also apparent that the two zircon-
olites have different 238Pu contents because the intensity
of the peak at the lower 2h decreases much more rapidly
than the intensity of the peak at the higher 2h (Fig. 20).

Buck et al. [58] found that zirconolite tends to exsolve
from pyrochlore as lamellae. It is uncertain if these
lamellae form in the materials in the work reported here,
although above we mentioned this possibility in our dis-
cussion of the SEM results (Figs. 12 and 13). Putnam
et al. [60] and Helean et al. [61] report that CaCeTi2O7

is metastable with respect to CaTiO3 (perovskite),
CeO2, and TiO2. The composition of the pyrochlore
used in the work reported here is more complex, and
evidence of low-temperature instability was not seen.
However, some radiation-induced instability was noted
for the pyrochlore specimens stored at temperatures
above 125 �C. The nature of this instability was not
investigated further in the current work. A complete
explanation of the formation of zirconolite in the speci-
mens that were resintered after having been originally
stored at 125 �C and above is not possible with the
results reported here.

The results from the P1-238 specimen stored at
250 �C illustrate another problem with data interpreta-
tion. As mentioned, above, the alpha dose (second
x-axis at the top of these graphs) should be taken as
an average for the entire solid. Because we do not have
compositional information for each phase, we are
unable to state what the alpha dose is to each phase.
It is unfortunate that attempts to obtain compositional
information on each phase have failed because the direct
and induced X-rays generated from the radioactivity re-
sult in a high background in the scanning electron
microscope. Very small samples would have been
needed, and a transmission electron microscope was
unavailable in which these highly radioactive, alpha-
bearing samples could have been examined.

Since the phase assemblage changed when the speci-
mens that had been stored at 250 �C were resintered, se-
lected specimens were also stored at ambient conditions
after resintering so that the data could be compared. The
family of XRD patterns for one of these specimens looks
similar to that shown in Fig. 16 from the specimens that
were stored at 250 �C after resintering, and so, the data
are not presented here. However, the details of the
changes to the pyrochlore unit cell are different and
are shown in Fig. 17. These results indicate that the
radiation-induced damage effects saturate at about
2 · 1018 a/g based on the least-square fit of Eq. (3) to
the data. This fit results in the values for a0 =
1.015(0.4) nm, b = 0.010(5) nm, and c = 0.0096(16) d�1

(Table 4). These specimens become amorphous more
rapidly than the specimens stored at 250 �C. This is ex-
pected for the specimens of the same sample stored at
250 �C after resintering because of the higher storage
temperature after resintering. The rate may be higher
than the rate for the specimens originally stored at
20 �C and stored at 20 �C after resintering because the
238Pu content is higher in the pyrochlore phase relative
to the zirconolite phases and relative to the P1-238 spec-
imen discussed above (Fig. 17). It may also be the result
of a composition change that occurred with the phase
separation between the pyrochlore and zirconolites.
Interestingly, the value for a0 for the pyrochlore phase
in all three materials immediately after sintering is the
same, 1.015, 1.016, and 1.015 nm (Fig. 17).

Average interatomic distances can be extracted from
the XRD patterns from the original specimens. The
maxima at about 30� and 50� 2h result from the
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Fig. 22. A comparison between the XRD patterns of the PB1-
238 and PB1-239 specimens.
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metal–metal and metal–oxygen distances, respectively.
The Jade program (MDI, Livermore, CA) was used to
fit these broad peaks and obtain the position of the
two amorphous maxima in five P1-238 specimens (four
pyrochlore and one coarse pyrochlore). The average
value for the metal–metal distance is 0.291(5) nm, and
the metal–oxygen distance is 0.175(5) nm. These dis-
tances are similar to those found in natural pyrochlore
by Lumpkin et al. [35] with the TEM, but shorter than
the those reported in the Gd2(Ti1�yZry)2O7 system by
Hess et al. [43], who used X-ray absorption spectros-
copy.

3.4.2. PB1 specimens

In this section, we report the XRD results from the
PB1 specimens that were made to represent the formula-
tion used in the Plutonium Immobilization Plant
because the Pu feed stream was expected to contain
other elements. As in the other sections above, we dis-
cuss the results from original specimens and from the
resintered specimens. In this section, we discuss
the XRD results, which are summarized in Table 4.
The results from the original PB1 specimens stored at
20 �C are shown in Fig. 21. The XRD pattern (October
1999) is consistent with the presence of four phases:
pyrochlore, brannerite, zirconolite, and rutile. The rutile
phase remains crystalline as the other phases become
amorphous, and hence, the relative intensities increase.
As can be seen from the XRD patterns, the ceramic
becomes amorphous quickly with the pyrochlore and
brannerite peaks becoming broader and the intensities
of most peaks becoming less than the background before
the same happens to the zirconolite component.

After the PB1 specimens were resintered, the XRD
patterns were compared, and the results are shown in
Fig. 22. These patterns show that the phase assemblages
were the same; there is some preferred orientation in the
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Fig. 21. X-ray diffraction patterns from the original PB1-238
specimens stored at 20 �C.
239Pu-bearing specimen perhaps from the surface de-
fects. This is evident in the different intensity of some
peaks and the extra peak at about 16� 2h.

Radiation-induced changes to the crystal structures
in the resintered PB1-238 specimen are shown in Fig.
23. Although the pyrochlore, brannerite, and zirconolite
phases undergo radiation-induced change, the changes
are different than those observed in the other materials
characterized in this project [43,44,48] and other studies.
The diffraction peak at 36� 2h (the [004] peak) shows
that the zirconolite phase, while becoming amorphous,
does not exhibit lattice-parameter changes. There is a
rutile peak that falls at the same diffraction angle, so
the intensity of this peak is dominated by the rutile con-
tribution at high alpha dose. At the same time, the
pyrochlore phase (peak at 35� 2h) becomes amorphous
with a significant increase in the lattice parameter. This
Fig. 23. A set of XRD patterns showing the effect of radiation-
induced damage on the crystal structures of the phases in the
PB1-238 specimens.
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effect is also seen at 30� 2h where the diffraction peak
from zirconolite and pyrochlore occur initially at nearly
the same value. However, with increasing dose, a separa-
tion develops between the two while both decrease in
intensity and become broader. While other authors
[25] and we [51,54] have shown that the predominant
change to the zirconolite unit cell is along the c-axis,
we do not see it in this material. The [004] diffraction
peak at 32� 2h remains at the same value for the dura-
tion of the experiment, although the peak becomes
broader and less intense. It has been noted that radia-
tion-induced changes to the crystal structure depend
sometimes strongly on phase composition. Our results
suggest that the zirconolite phase, while still containing
significant concentrations of 238Pu (probably >5 mass%)
after resintering, has a different composition than in the
original specimen (Fig. 23).

To further illustrate the changes in the crystal struc-
tures in PB1-238, we show the changes to the lattice
parameters with increasing time or damage. In Fig. 24,
we show the changes to the pyrochlore phase in the res-
intered specimen. For the data obtained after 140 days,
the diffraction patterns were fit to the pyrochlore cell
and to just the strongest peaks in the pattern. The data
were fit to Eq. (3). The results of the least-squares fit to
the data are a value of a0 of 1.016(6 · 10�5) nm and an
asymptotic value of 1.031(4 · 10�4) nm at approxi-
mately 675 days (an average dose of 3.82 · 1018 a/g) –
approximately twice as long as the experiments with
the resintered specimens were carried out. Based on
the asymptotic value, the lattice parameter swells by
1.5% or the cell volume by 4.6%.

Although not shown here, there are variations in the
lattice parameters, including cell angle, for the branne-
rite phase in the PB1-238 specimen. Up to 100 days
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Fig. 24. The change in the lattice parameter (a0) for the
pyrochlore phase in PB1-238 specimens stored at 20 �C
(originally at 20 �C) and 250 �C (originally at 250 �C).
(0.57 · 1018 a/g), there are slight increases in the a0
and b0 lattice parameters and decreases in the c0 and b
parameters. After 100 days, the diffraction pattern be-
comes difficult to refine; hence, the errors in the determi-
nations increase. Over the first 100 days. The volume of
the brannerite cell swelled by 0.2%. This small amount
of swelling may reflect the fact that little, if any, Pu is
in the brannerite. Pure Pu-brannerite has not been made
in 100% yield [62] and has been found to be entropy sta-
bilized at high temperature [36]. Ebbinghaus et al. [63]
determined that the presence of actinides in the titanate
ceramic increased the yield of pyrochlore with branne-
rite as the major impurity. When no actinides were pres-
ent, no brannerite formed. Helean et al. [61] conclude
that the presence of as much as 30 mass% brannerite
in the ceramic does not significantly decrease the ther-
modynamic stability of the ceramic. The marginal ther-
modynamic stability of brannerite containing Pu may
also explain its sensitivity to radiation-induced damage.
Hence, the small amount of observed swelling may be
consistent with the observation that the brannerite phase
becomes amorphous at quite low average radiation-in-
duced damage, whether it arises from a small amount
of Pu in the phase or from radiation-induced damage
from surrounding Pu-bearing phases.

Zirconolite, the third phase in the PB1-238 ceramic,
also undergoes small changes in lattice parameters and
cell angle (see [51]). However, the changes in the a0
and b0 axes are in opposition with a0 increasing 2.6%
and b0 decreasing 0.75%; b also decreased by 0.84%.
No significant change in c0 was observed. The net result
is an overall increase in the cell volume of 0.27%. The
insensitivity to radiation-induced swelling along the c-
axis is much different than what has been observed in
the past for zirconolite [25,51,54]. The volumetric swell-
ing of the unit cell is less than the values reported by Cli-
nard et al. [10,31], suggesting that here is much less 238Pu
in this zirconolite than the pure-phase Ca238PuTi2O7

used in Clinard�s studies.
Although the transformation of zirconolite to an

amorphous phase in ion-beam irradiation studies is re-
ported to progress through pyrochlore [26], there is little
evidence of that progression in our data or previous data
on 244Cm-bearing zirconolite [14]. Zirconolite is more
resistant to damage than the pyrochlore in these materi-
als. Thus, if zirconolite transforms to pyrochlore, one
would expect the characteristic line at about 29.5� 2h
(the (3 1 1)) should become stronger in the diffraction
patterns. The data from the P1-238 specimens show that
this characteristic line remains in the pattern until a sub-
stantial amount of radiation-induced damage has oc-
curred and appears to be at least as strong as it
appears in the patterns from the PB1 specimens. Since
the intensity of the (3 l 1) peak decreases similarly to
the intensity of the same peak in the P1-238 speci-
men, the data presented in the patterns shown for both



Fig. 25. A series of XRD patterns taken at various dates from
the original PB1-238 specimens stored at 250 �C).
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Fig. 26. An expanded view of selected XRD patterns from the
original PB1-238 specimens stored at 250 �C) (P = Pyrochlore,
R = Rutile and Z = Zirconolite).

Fig. 27. A series of XRD patterns from PB1-238 specimens
that were stored at 250 �C before and after resintering.
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the specimen stored at 20 and 250 �C (see below) are
inconsistent with zirconolite transforming to pyrochlore.
We came to the same conclusion with respect to zircon-
olite [51].

Results from the XRD studies of the original PB1
specimens stored at 250 �C are shown in Fig. 25.
Although the specimens were made in October 1999,
the first diffraction pattern of the specimens stored at
250 �C was in July 2000. By this time, substantial radia-
tion-induced damage had occurred. Although the speci-
mens produced for this study were produced as a single
batch and, hence, should have contained four phases, by
the time these specimens were characterized, the branne-
rite phase appeared to have become amorphous. Con-
trary to what we saw with the specimens stored at
20 �C, the zirconolite in these specimens expands pre-
dominantly along the c-axis (Fig. 26). In Fig. 26, there
is overlap between the rutile and zirconolite peaks.
The (004) peak has a starting position of about 34�
2h, and it shifts toward smaller 2h, values with increas-
ing damage, eventually disappearing. As damage accu-
mulates in the pyrochlore and zirconolite phases, the
main peaks at 30� 2h, separate (September 2000 in Fig.
26). Both degrade to an amorphous maximum by
November 2001 with only rutile as the remaining crys-
talline phase. This is consistent with the XRD patterns
from the resintered specimens (Fig. 27), where branne-
rite is observed to become amorphous after about 100
days (peaks at 27.2� and 29�–30� 2h, as examples).

As in the originally prepared specimens, the resin-
tered specimens have four phases present: brannerite,
pyrochlore, rutile, and zirconolite (Fig. 27). A much dif-
ferent result was found for the P1-238 specimens where
two zirconolite phases were found in the specimens that
were originally stored at 125 �C before resintering. As
noted above, brannerite appears to be very susceptible
to radiation-induced damage and becomes amorphous
quickly (diffraction peaks at approximate positions of
26.8�, 29.8�, and 31� 2h, as examples, see Fig. 27).
Pyrochlore and zirconolite remain crystalline for the
duration of the experiment, although the ingrowth of
damage is evident. The effect on the lattice parameter
for the pyrochlore phase is shown in Fig. 24. A least-
squares fit of the data to Eq. (3) was used to draw the
curve shown in Fig. 24. The initial value for a0 is the
same as for the specimens stored at 20 �C, even though
these specimens had been stored at 250 �C before resin-
tering. The asymptotic value for a is 1.033(1) nm, which
is the same as the asymptotic value determined from the
20 �C specimen. However, the time that it takes to
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approach the final value is 1200 days, 1.8 times longer
than at 20 �C. Since the value for c in Eq. (2) is related
to the damage volume per decay event, these results sug-
gest that the decay volume per event is about 1.6 times
less than at 20 �C. A smaller relative damage volume is
reasonable at the higher temperature since thermally
activated recovery processes promote annealing of some
damage in the collision cascade.

We observed variations in the lattice parameters a0
and c0 and the cell angle b for the brannerite phase in
the PBl-238 specimens stored at 250 �C (see [51]). The
b0 lattice parameter does not change significantly within
the error of the determination.

Variations in the lattice parameters for the zirconolite
phase in the PBl-238 specimen were also observed. These
data were consistent with the data from the specimen
stored at 20 �C discussed above, but inconsistent with
earlier results where the major change to the zirconolite
unit cell was swelling along the c-axis [25,51,54]. Most of
the variation in the zirconolite unit cell comes from the
changes to a0 and b; there is almost no change in b0 (see
[51]).

3.5. SPFT results

3.5.1. P1 specimens

Fig. 28 illustrates the release rate of Gd from the P1-
238 specimen. After approximately 5 days, the release of
Gd becomes constant with respect to time. At pH 2, Gd
behaves as an indicator of the matrix dissolution, and
these results yield a steady-state dissolution rate of
2.7(6) · 10�4 g/(m2 d), Fig. 29(a) and (b) shows the con-
centrations of 238Pu and U over the duration of the
experiment. While the release of 238Pu reaches steady-
state, the U concentrations do not. A reasonable
dissolution rate can be extracted from the average
concentration of 238Pu from day 7 to 10 and is
8.2(6) · 10�5 g/(m2 d). The release of U appears to de-
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Fig. 28. Results for Gd release from a P1-238 specimen in a
SPFT test at a pH of 2 and 85 �C.
crease linearly, although there is a lot of noise in the
data. A rate of 8.9(20) · 10�4 g/(m2 d) can be estimated
from the last three data points. In summary, the release
of Gd to solution best represents the dissolution rate of
the pyrochlore specimen with the release of Pu a factor
of 3 lower. Therefore, even it pH 2 and 85 �C, the release
of Pu is very low.

The dissolution rate of the P1-238 specimen can be
compared to that of non-radioactive specimens [65]
(Fig. 30). These data indicate that forward dissolution
rates (constant rate with increasing (q/S) appear to
occur at log10ðq=SÞ values of >�7. The forward dissolu-
tion rate for the 238Pu-bearing pyrochlore specimen that
had been resintered plots close to the forward dissolu-
tion rates of the non-radioactive specimens. Signifi-
cantly, the data for all of the 238Pu-bearing specimens
(titanium vessels) plot amongst the data for the non-
radioactive specimens (Teflon vessels). These data
suggest that radioactive and non-radioactive specimens
dissolve at the same rate, once q/S is taken into account.
The data for the monolithic specimens are about a factor
of 3 greater than the corresponding data from the pow-
dered specimens. We believe this may be a result of the
porosity of the specimen and the fact that we use
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Fig. 29. Results for (a) 238Pu and (b) U Releases from a PI-238
Specimen in a SPFT Test at a pH of 2 and 85 �C.
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geometric surface area in our calculations. Visually, the
agreement looks worse than it is because the data are
plotted on a log–log graph.

3.5.2. PB1 specimens

The release of Gd from the resintered and the fully
radiation-damaged (original) PB1-238 specimens is al-
most identical (Fig. 31). Dissolution rates calculated
from steady-state Gd concentrations overlap for the
two specimens and are 3.9(10) · 10�4 g/(m2 d) for the
radiation-damaged and resintered specimens. Thus,
based on the Gd concentrations, there is no difference
between the dissolution of undamaged (resintered) and
fully damaged (original) specimens. As in the case of
the P1-238 specimen, the release of Pu and U from the
PB1-238 specimens do not reach steady state. Thus, we
can only estimate the steady-state dissolution rate based
on the Pu concentrations, while a good value is obtained
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Fig. 31. Results for Gd release from a PB1-238 specimen in a
SPFT test at a pH of 2 and 85 �C.
from the Gd concentrations. Estimated release rates
based on 238Pu are 2.4(6) · 10�4 and 3.7(8) · 10�4

g/(m2 d) for the radiation-damaged and resintered spec-
imens, respectively, and in reasonable agreement with
the value obtained from the Gd concentrations. The re-
lease of U to solution follows a pattern similar to that of
238Pu. So, a reasonable steady-state dissolution rate
based on the U concentrations can be estimated at
6.7(15) · 10�4 g/(m2 d). For the fully radiation-damaged
(original) PB1-238 specimen, the concentration of U
continue to decrease after day 6, so we can only estimate
the dissolution rate based on U at 8.3(2) · 10�4 g/(m2 d).
These dissolution rates are slightly higher than the disso-
lution rate based on the Gd concentrations. Since the
Gd concentration reached steady state and the Pu and
U concentrations appear to be decreasing with time,
the release of Gd to solution appears to be the most reli-
able index of dissolution, and the resintered and radia-
tion-damaged PB1-238 specimens dissolve at the same
rate. Even though the Pu and U concentrations did
not reach steady state, the behavior of both elements
for undamaged and fully damaged specimens is the
same.

Fig. 32 shows the results for the flow rate depen-
dence, expressed as q/S, of the dissolution rate for radio-
active (PB1-238 and PB1-239) and non-radioactive
specimens [64]. The rates were computed from the Gd
release. The figure shows that, at values of log10(q/S)
[m s�1] < �8, dissolution rates of the PB1 specimens de-
crease in a manner consistent with a reaction affinity
mechanism. At log10(q/S) values of >�8 the dissolution
rate becomes independent of q/S, signifying that release
of Gd is at the forward rate of reaction. Note that the
two PB1-238 specimens plot on this diagram close to
the forward rate of reaction. As with the comparison
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Similar to the PB1 specimens showing the variation of the
dissolution rate with increasing q/S.



Table 5
Summary of changes to the physical properties of the specimens studied

Physical/chemical property Storage temperature, �C Phase P1-238 PB1-238

�True� density, % decrease 20 6.8, 6.4(c) 11, 11.4
125 6.4 9.9
250 5.6 7.4

Volumetric swelling, % 20 7.2, 7.9 4.6, 3.3

Saturation dose, a/g 20 7.3 · 1018,
3.5 · 1018,
8.9 · 1018

2.3 · 1018

125 6.7 · 1018

250 6.8 · 1018

Unit cell volume, % increase 20 Pyrochlore 3.6 4.6
Zirconolite 1.1

250 Pyrochlore 3.0 1.6
Zirconolite 1.1 1.8

Dissolution Rate, g/(m2 d) 20 1.3 · 10�3 7.2 · 10�4
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between the monolithic and the powdered specimens,
some of this difference may be attributable to the differ-
ences in porosity and effective surface areas. As with the
PI specimens, the difference between the monolithic
specimens and the powdered specimens is about a factor
of 3. Visually, however, the agreement looks better
because this is a log–log graph, and the range of
the data is between 6 · 10�3 g/(m2 d) and 9 · 10�3

g/(m2 d) for the powdered and monolithic specimens,
respectively.

To summarize this section, the release of Pu is very
slow, even at pH 2 and 85–90 �C. At higher pH values,
concentrations of Pu are below the lower limit of quan-
tification, which likely indicates that Pu is solubility lim-
ited. Uranium release at pH 2 is also very slow with rates
identical to or slightly higher than those based on the Pu
concentrations. At higher pH values, the release rate
based on U is lower and may also indicate solubility
control. The fact that the fully radiation-damaged (origi-
nal) and resintered 238Pu-bearing specimens yield over-
lapping dissolution rates means there is no change in
dissolution rate from radiation-induced damage. The
fact that the dissolution behavior of the fully damaged
and resintered Pu-bearing specimens and the non-radio-
active specimens is consistent with increasing q/S means
that the forward rate of 1.3 · 10�3 and 7.2 · 10�3

g/(m2 d) can be obtained from Figs. 30 and 32 for P1
and PB1 specimens, respectively.
4. Summary and conclusions

We studied the effects of radiation-induced damage
in two groups of materials each containing several spec-
imens in which damage from the decay of 238Pu accumu-
lated for approximately 1100 days. In the first group, P1
the specimens consisted of two phases, a pyrochlore with
the apparent chemical formula Ca1.13Gd0.22Hf0.12Pu0.24-
U0.40(Ti1.90Hf0.10)O7 and Hf-rutile [(Hf0.1Ti 0.9)O2], con-
taining 20% of the total TiO2. These phase compositions
were estimated from the target composition. In the
second group, PB1, the specimens contained four
phases, pyrochlore, zirconolite, brannerite, and Hf-
rutile. Chemical formulas could not be estimated for
the phases in these specimens because suitable analytical
instrumentation was unavailable for these highly radio-
active specimens. Some of the initial P1 specimens were
sintered for an additional 100 h to coarsen the micro-
structure. This was done to determine if the coarser
microstructure material was more susceptible to micro-
cracking; no effect was observed. After approximately
2 years, some of the original specimens from both
groups that had become amorphous from radiation-
induced damage accumulation were resintered to
remove the ingrown radiation-induced damage so that
we could determine the changes that occur at low
damage accumulation. A summary of results is shown
in Table 5.

Photomicrographs of the P1 specimen that was orig-
inally stored at 20 �C and was again stored at 20 �C after
resintering showed a uniformly dense material consisting
of a pyrochlore and a rutile phase. Minor phases were
also evident, but they could not be identified, either from
the SEM or XRD results. The porosity was limited; no
evidence for open porosity changing to closed porosity
was discernable in the SEM photomicrographs. How-
ever, there was evidence for accumulation of a high or
absence of low atomic number component(s) at the
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grain boundaries. Also noted was the tendency for rutile
to exist at the triple points of the grains. Even at magni-
fications of 10000·, there was no evidence for cracking
in the material from radiation-induced swelling. There
was also evidence for compositional variability across
pyrochlore grains. Although this variation could not
be quantified with SEM/EDS, it would be consistent
with the observation that zirconolite was stabilized after
prolonged heating at 250 �C and radiation-induced
damage.

Specimens that were resintered after being stored at
ambient and 125 �C each showed different phase assem-
blages. The XRD patterns from the specimens that had
been stored at 20 �C for about 2.5 years and then were
resintered showed the presence of only pyrochlore and
rutile (TiO2). The expansion of the a0 unit cell dimension
was determined to be 1.2% over approximately 400 days
(2.4 · 1018 a/g). The specimens that had been stored at
125�C before being resintered showed evidence of four
phases, pyrochlore, rutile, and two zirconolites, at least
one of which had preferred orientation, probably from
the defects on the surface of the specimen. The 238Pu ap-
peared to be distributed amongst these phases differently
as evidenced from the change in diffraction-peak inten-
sity and broadening with increasing time. We concluded
that one zirconolite had more 238Pu than the other. This
is in agreement with the SEM results, although we were
unable to obtain a quantitative measure of the composi-
tional variation. In the original specimens stored at
250 �C, there was some indication of an in-growth of zir-
conolite, but not for the specimens stored at 125 �C [51].
Although undetected at 125 �C, the processes were tak-
ing place such that they became manifest upon resinter-
ing. Pyrochlore and zirconolite phases are prone to
lamellae formation [58], and it is possible that lamellae
have formed in this material. Apparently, sintering this
specimen at 1350 �C for 2 h was insufficient to restore
the original pyrochlore phase, and the system was kinet-
ically at a local minimum in the free energy because of
the local arrangement of atoms from the radiation-in-
duced damage. This may simply be the result of slower
quenching that occurs at higher temperatures in the dis-
placement cascade, or it could represent a phase instabil-
ity at 125 �C. For example, Helean et al. [36] and
Putnam et al. [60] showed that Ce-pyrochlore is metasta-
ble with respect to CaTiO3, CeO2, and TiO2. Therefore,
we conclude that the radiation-induced damage and
storage at 125 and 250 �C stabilized perhaps kinetically,
a mixture of pyrochlore and zirconolite. These phases
became amorphous shortly after the zirconolite formed
from the pyrochlore.

After we ended the experiments with the specimens
that had been stored at 125 �C, were sintered at
1390 �C for 8 h. The resulting XRD pattern consisted
of diffraction from pyrochlore, rutile, and a single zir-
conolite with preferred orientation. The same result
was obtained from the same specimen after it was sin-
tered for an additional 24 h at 1350 �C. These results
suggest that, while there may be kinetic barriers to
the reformation of pyrochlore from the new phase
assemblage, it is also likely that chemical changes have
occurred (e.g., oxidation state changes) so that zircono-
lite is one of the thermodynamically stable phases in
these solids.

Results from other studies suggest that Hf might
have substituted for Ti in the pyrochlore phase in our
specimens. Some Hf substitution on the Ti site was
needed to minimize the residuals in the Rietveld fit to
the observed XRD patterns. To charge balance the
chemical formula, some Hf was needed on the Ti site.
Since Hf is included in the formulation as a neutron ab-
sorber to control criticality in these materials, and the
chemistry of Hf and Zr are very similar. Some Zr-bear-
ing pyrochlore compounds have been shown to resist
very high doses without becoming amorphous [65].

We also examined a set of specimens, PB1, in which
the dominant phase was pyrochlore with zirconolite,
brannerite, and Hf-rutile as other phases, This ceramic
is based on the formulation that was to be the target
composition for production at the Plutonium Immobili-
zation Plant. The specimen diameters swelled by 1.5%,
implying that the bulk density decreased by 4.7%, and
the changes appeared to be independent of storage tem-
perature within the experimental uncertainty. The �true�
densities decreased by more than the bulk densities at all
temperatures, suggesting that some of the open porosity
became closed porosity, the �true� densities after more
than 1300 days (�8 · 1018 a/g or �980 years when the
dose comes from 239Pu in the repository) of accumulated
damage were 11%, 9.9%, and 7.4% for the specimens
stored at 20, 125, and 250 �C, respectively. Although
there is no significant dependence of the macroscopic
swelling on temperature, there is a dependence of the
�true� density and the unit cell dimensions on tempera-
ture. These observed differences further suggest that
open porosity is becoming closed as individual particles
swell.

Results from the XRD analyses, show that the PB1
ceramic becomes amorphous by 3.7 · 1018 a/g or about
650 days for these materials. Results from the resintered
specimens gave us a better understanding of how the
individual phases change with radiation-induced dam-
age. The pyrochlore phase swells by 4.6% at 20 �C over
675 days (�500 years from 239Pu) that was obtained
from a least-squares fit of Eq. (2) to the data. At
250 �C, the cell-volume expansion is the same, but it
takes 1.8 times longer to achieve that expansion. This
is consistent with a decrease in the relative damage vol-
ume per alpha event that one expects from thermally
activated recovery processes. The brannerite phase is
the most sensitive to the effects of radiation damage.
This is consistent with the metastability of the brannerite



3 Currently at the International Atomic Energy Agency,
Vienna, Austria.

D.M. Strachan et al. / Journal of Nuclear Materials 345 (2005) 109–135 133
phase [61] and the relative thermodynamic stability of
the pyrochlore and zirconolite phases [36]. Since the ru-
tile phase does not contain any Pu [66], the small
changes in the lattice parameters were likely caused by
the radiation from the surrounding phases containing
Pu. The zirconolite phase in the PB1 specimens behaved
differently with accumulated damage than zirconolites in
other materials in that the major effect of radiation-
induced damage was to a0, b0, and b and no significant
change in c0. Examination of a sample of this material
in the SEM did not provide any information that could
be used to explain this difference.

Scanning electron microscope images suggest that
zirconolite in the pyrochlore ceramics is embedded (as
lamella or veins within the pyrochlore. This might
indicate that the zirconolite crystallizes with a preferred
orientation. This may be the reason why only specific
axes were affected by the radiation effects. It is also clear
from the SEM images that brannerite solidifies last dur-
ing processing and has an ill-defined shape (anhedral). If
this phase is poorly crystallized or had the shortest time
to form, this coupled with the less favorable thermody-
namic properties probably make it less resistant to radi-
ation effects than the other phases. The SEM images also
indicate that undissolved actinide inclusions are usually
present near the brannerite, possibly increasing the radi-
ation field around it and perhaps suggesting that more
Pu was soluble at sintering temperatures.

We used the SPFT technique to determine the disso-
lution behavior of these ceramics. Specimens made from
non-radioactive chemicals [64] or with Pu and U (the
work reported here) have been tested with solutions over
a pH range of 2–12 at 85–90 �C. For the 238Pu-bearing
specimens, a SPFT test apparatus constructed from
titanium was used to reduce or eliminate materials and
radiolysis effects on the test result. The results show that
there is no difference within experimental uncertainty in
the dissolution rates between non-radioactive, 239Pu-,
and 238Pu-bearing ceramics when the q/S value is high.
Pyrochlore (P1 specimens) and a ceramic containing
four phases (PB1 specimens) initially have forward dis-
solution rates of 1.3 · 10�3 and 7.2 · 10�4 g/(m2 d),
respectively. Hence, the high dissolution rates we
reported earlier [53,67] were a result of radiolysis effects
on the leachant that caused enhanced dissolution. These
results indicate that, for the titanate materials tested,
there is no change in the dissolution rate of the immobi-
lized Pu form from radiation-induced damage.

From a physical point of view, both ceramics appear
to be a viable for the immobilization of Pu. Although
pyrochlore would become X-ray amorphous in a rela-
tively short time, after approximately 300 years in the
repository, the material would maintain its physical
integrity with no observable microcracking over the
time during which physical changes are predicted to sat-
urate (950 years). The accumulated alpha dose (about
7.5 · 1018 a/g for the P1 specimens) to the specimens
studied in the work presented here is equivalent to
approximately 970 years of storage of 239Pu-bearing
pyrochlore ceramic waste form.

Irrespective of composition, P1 or PB1, there was no
evidence of microcracking. Physically, the specimens re-
mained intact. No evidence for microcracking was evi-
dent during the SEM examinations of this material.
Thus, although pyrochlore is susceptible to radiation-in-
duced damage, the material remains viable as a material
for immobilizing surplus weapons-grade Pu.
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