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ABSTRACT 

This thesis aims at developing ceramic waste forms as a potential replacement for the 

conventional glass waste forms for safe immobilization and disposal of nuclear wastes 

from legacy weapons programs as well as commercial power production. The body of work 

consists of two parts. The first part focused on fabrication and characterization of 

multiphase waste forms containing hollandite as the major phase with perovskite, 

pyrochlore, and zirconolite as secondary phases. The second part focuses on single phase 

pyrochlores and zirconolites for cerium (Ce) incorporation. 

 

Part I: Multiphase waste forms:  

 Compositions of simulated multiphase waste forms were developed at Savannah 

River National Laboratory (SRNL) and processed at Alfred University using melt-

processing and spark plasma sintering (SPS). The resulting multiphase waste forms 

contained a majority of hollandite along with perovskite, pyrochlore, and zirconolite phases 

as determined by X-ray diffraction (XRD) and energy dispersive spectroscopy (EDS). 

Cesium (Cs) incorporation into the hollandite phase is more prevalent in melt-processed 

sample, requiring further optimization of the SPS process.  

 Radiation damage resistance is a vital performance requirement for waste forms. 

This was simulated in these multiphase ceramics by bombarding the samples with Au3+ 

and He+ ions. Heavy ions (Au3+) initiated ballistic processes that caused all phases in the 

affected volumes to amorphize. Regardless of the processing method, the amorphization 

behavior remained the same in all samples bombarded with Au3+ ions. The ion penetration 

depth was reduced in SPS-processed samples, attributed to the smaller grain sizes of these 

materials. Light ion (He+) irradiation caused the breakdown of the hollandite phase, while 

the remaining phases appeared to be unaffected. This behavior was confirmed in single 

phase hollandite samples. 

 

Part II: Single phase waste forms 

High amounts of Ce can be incorporated into zirconolite and pyrochlore structures, 

up to 50 mol% for Zr in the case of zirconolite and 25 mol% for Nd in Nd2Ti2O7 pyrochlore, 
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via solid state reaction. Perovskite is observed in small amounts in zirconolite materials 

(up to 7 wt%). With increasing Ce content, a transition from the 2M to 4M-zirconolite 

polymorph has been reported. The valence state of Ce will affect which atomic site that the 

Ce substitutes on. 2M-zirconolites contain trivalent Ce, which supports Ce substitution on 

both Ca and Zr sites. Both trivalent and tetravalent Ce are present in 4M-zirconolites, 

indicating greater partitioning onto the Zr site. All Ce substituted into pyrochlore materials 

is converted from tetravalent to trivalent during the reaction process to maintain charge 

neutrality of the structure. 

Ce-substituted zirconolite and pyrochlore materials were consolidated using SPS. 

The reducing environment of the SPS causes 4M-zirconolite to convert to perovskite and 

2M-zirconolite due to the reduction of Ce4+ to Ce3+ causing a redistribution of Ce onto the 

Ca and Zr sites of zirconolite and stabilizing perovskite. The original phase assemblage of 

the materials can be restored by a heat treatment in air post-sintering. CaCeTi2O7 forms as 

an intermediate phase up until 1300°C, and 4M-zirconolite begins at 1350°C. The 

transformation to 4M-zirconolite is slow, but complete conversion to the original phase 

assemblage is achieved with a 24h heat treatment in air. The sintering behavior of Ce- 

substituted pyrochlore is unaffected by Ce content in the material. 

The integral waste form performance properties of radiation damage stability and 

chemical durability of Ce-substituted zirconolite and pyrochlore were simulated by 

implanting samples with He+ or Kr3+ with ion fluences equating to 0.5 dpa and Product 

Consistency Testing (PCT) and Materials Characterization Center (MCC-1) leach tests, 

respectively. Gracing-incidence x-ray diffraction (GIXRD) of the samples revealed that 

light ion (He+) irradiation had very little effect on the materials, whereas heavy ion (Kr3+) 

irradiation caused near complete amorphization of all materials tested, which corroborated 

well with the results from multiphase samples. No effect of Ce content on radiation damage 

behavior was seen. For zirconolite materials, Ce was only released during the PCT of 

CaZr0.9Ce0.1Ti2O7 indicating that the 4M-zirconolite polymorph is more chemically 

durable than 2M-zirconolite. Ce was released from Nd1.5Ce0.5Ti2O7 during both the PCT 

and MCC-1. During MCC-1 tests longer than 7 days, no Ce above the detectable limit of 

the ICP-AES was released. The Ce release values in these studies were comparable to those 

in similar tests performed previously in the literature. 
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 INTRODUCTION 

 Nuclear Waste Generation 

 Reprocessing of spent nuclear fuel, defense weapon reprocessing, research 

activities (industrial, hospital, and university), industrial use of isotopes, and mining and 

refining of uranium ore are sources of the most dangerous classification of radioactive 

waste generation, or high level nuclear waste (HLW).1 In certain cases, unprocessed spent 

nuclear fuel may need to be immobilized in nuclear waste forms if the recovery of the 

uranium (U) is not planned. Currently, the United States employs a once-through fuel 

cycle, meaning the fuel is used until it becomes economically unreasonable to generate 

energy.2 The used nuclear fuel (UNF) is placed in a cooling and storage facility until 

eventual disposal in a geological repository. Due to the limited abundance of natural 

uranium and thorium, some countries have opted for the adoption of the closed nuclear fuel 

cycle. The closed nuclear fuel cycle utilizes the Plutonium-Uranium Extraction (PUREX) 

developed at Oak Ridge National Laboratory (ORNL) in 19503 to separate Pu and U from 

fission products (FPs) created from the burning of nuclear fuel. Tributyl phosphate is used 

as a solvent in the extraction process along with nitric acid as a salting agent, resulting in 

low losses (<0.1%) of plutonium and uranium.3 The components of typical spent nuclear 

fuel are given in Table I-1.4 

Table I-1. Components of Typical Spent Nuclear Fuel 

Percentage 
after burnup 

Component Nature 

95.6 Uranium Recycled (closed) or disposed (open) 

3 Short lived FPs 
Decay in short time, not a significant disposal 
concern 

0.3 
Heat 
generating FPs 

137Cs and 90Sr; cause heating of waste for a few 
centuries in long term storage 

0.1 Long-lived FPs 
Primarily I and Tc; present major challenges for 
storage, can be removed and/or transmuted 

0.9 Plutonium Separated and used as fuel (PUREX) 

0.1 
Long-lived 
minor actinides 

Np, Am, Cm; can be separated and immobilized or 
immobilized along with FPs in multiphase waste 
forms 
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 Energy Production 

  There are 449 operational nuclear reactors worldwide5 that accounted for 10.9% 

of the world’s energy production in 2012.6 Many different nuclear power reactor designs 

are used worldwide.7 To generate electricity, the fission process of 235U is initiated by 

neutrons that have been slowed by a moderator (water or graphite). This process generates 

heat, which is used to produce steam that drives a turbine. Fuel rods are used as the fuel 

source for the U and the type of fuel rod changes contingent on the design of the reactor. 

In these different designs, UO2 pellets are enclosed in different claddings such as stainless 

steel (advanced gas cooled reactors, AGR), zirconium alloy (pressurized water reactors, 

PWR, and boiling water reactors, BWR), or magnesium alloy (Magnox).8  

 To reprocess the spent fuel rods, the cladding is removed and the fuel is dissolved 

in nitric acid. Chemical solvent extraction (PUREX) is then performed to retrieve the 

unspent U as well as some Pu formed during the fuel burn-up process. Reprocessing the 

spent fuel rods generates waste consisting of fission products with atomic weights 

distributed around 46 (half of the atomic weight of U, such as Rb, Sr, Y, Zr, Nb, Mo, Tc, 

Ru, Rh, Pd, Cs, Ba, La, Ce, Pr, Nd, and Sm), cladding elements (Fe, Zr, and Mg), and 

transuranic elements formed by neutron capture (Np, Am, Cm, and Pu).7,8  

 Defense 

 Defense wastes differ in composition from those generated be energy production, 

and are created from processing Pu and tritium for nuclear weapons.9 The acidic wastes are 

neutralized with NaOH and are temporarily stored in stainless steel tanks as liquid sludge. 

As a result, these wastes are highly concentrated with sodium and other metals such as Fe, 

Al, and Zr.  

 Nuclear Waste Forms 

 The storage of HLW involves a multiple barrier system. Firstly, the radioactive 

waste is immobilized in a waste form: a solidified body that captures the radionuclides 

within its structure. The waste form is placed inside a stainless steel canister for final 

storage in a deep underground repository. A summary of different materials for potential 

waste forms and the important properties of chemical durability and radiation damage are 

summarized in this section. 
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 Glass-Based Waste Forms 

 Vitrification of HLW to form glasses was first popularized due to decades of 

experience and advancements in the glass melting industry. The advantages of using glass 

systems include: reasonably low processing temperatures (~1100 - 1300 °C), ability to 

tolerate fluctuations in waste stream composition, reasonable chemical durability, and high 

radiation stability that accommodates volume changes during radioactive decay.10 The 

composition of glass-based waste forms is a compromise of waste solubility, formation 

temperature, and low leachability in water. However, low solubility of some actinides (Th, 

U, Pu, and Ce/Hf/Nd – actinide surrogates) in glasses resulting in high waste form 

volumes11-13 has led to the exploration of alternative fabrication methods of waste forms.  

 Production of glass waste form is typically achieved through the use of joule 

melters,14,15 which can produce several hundred kg/day. Although this is a large overall 

volume, actinides and Mo,16-18 have low solubility as mentioned above, and decrease the 

waste loading, and reduce melter lifetime. The volatility of radioactive elements at these 

high temperatures must also be taken into account with off-gas systems and spent/failed 

melters also create large amounts of secondary radioactive waste that must be dealt with. 

 

 Borosilicate Glasses 

 As the basis of the commercial glass industry, silicate glasses are well characterized 

and understood. The compositions for waste forms are rich in B2O3 in order to substantially 

lower the processing temperatures required for glass formation. The flexibility of the 

compositions, allowing for tailoring of waste loading, glass forming ability, chemical 

durability, and radiation stability, has qualified borosilicate glasses to be the baseline and 

reference waste form for HLW. Select glass compositions in use in different countries are 

listed in Table I-2.19 
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Table I-2. Typical Borosilicate Glass Compositions Developed by Different Countries for 
HLW Immobilization 

Oxide (wt%) R7T7 (France) DWPF (US) Pamela (UK) Belgium 

SiO2 54.9 68.0 58.6 68.5 

B2O3 16.9 10.0 14.7 15.0 

Li2O 2.4 7.0 4.7 5.4 

Na2O 11.9 13.0 6.5 11.2 

CaO 4.9 - 5.1 - 

TiO2 - - 5.1 - 

MgO - 1.0 2.3 - 

Al2O3 5.9 - 3.0 - 

ZnO 3.0 - - - 

ZrO2 - 1.0 - - 

 

  

 Other Glass-Based Waste Forms 

 Due to their low formation temperatures and solubility of sulphates (which cause 

phase separation in borosilicate glasses20,21) and lower formation temperatures,22 phosphate 

glasses have been evaluated for this application. Both iron and lead phosphates23-26 have 

been the topic of research for HLW immobilization. Despite these advantages, the low 

chemical durability and thermal stability make them poor choices for waste form 

applications.  

 

 Crystalline Waste Forms 

 To address the potential hazards associated with the thermodynamic instability and 

the large waste form volume due to low solubility of actinide elements, research into 

alternative waste form materials was initiated. Immobilization of HLW in crystalline 

ceramics stemmed from the presence of radionuclides found inside natural mineral 

structures. The range of elements found in HLW has led to the interest in many different 

crystalline phases such as barium hollandite,27-29 perovskite,30-32 zirconolite,33-35 
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pyrochlore,36-38 and phosphates,39-41 as well as multiphase assemblages of these phases, 

most importantly synthetic rock or SYNROC.42-44 Immobilization of HLW in crystalline 

materials is achieved by direct substitution on a crystallographic site in the material 

structure, requiring detailed knowledge of solubility limits and crystal chemistry. 

 

 SYNROC 

 As proposed by Ringwood et al. in 1979, SYNROC, is comprised of titanate 

materials of hollandite, perovskite, and zirconolite phases as part of a multiphase 

assemblage.42 The multiphase nature allows for fluctuations in the waste stream to be 

accommodated. A number of different compositions of SYNROC have been reported 

tailored for different waste streams; for example, SYNROC-C for waste generated from 

the reprocessing of spent nuclear fuel,43 SYNROC-D for defense wastes,44 and SYNROC-

F for unprocessed spent nuclear fuel.45 SYNROC materials are typically formed by hot-

pressing under subsolidus conditions (1200-1400°C).42  

 For typical SYNROC-C compositions consisting of 40% hollandite, 35% 

zirconolite, and 25% perovskite, about 20 wt% HLW ‘calcine’ (liquid HLW calcined to 

remove excess acid from reprocessing) can be immobilized in the crystal structures.43 The 

chemical durability of SYNROC is very high, suffering little corrosion after 532 days at 

150°C submersed in deionized water.46 SYNROC is predicted to be extremely radiation 

damage resistant, surviving 106 years before becoming amorphous, based on natural 

mineral analogues.47  

 

 Single Phase Waste Forms 

 Single phase ceramic waste forms have also been proposed to target select waste 

elements by portioning the reprocessed wastes or to immobilize the entire range of 

elements in the waste stream.  

 Zirconolite 

 As its name implies, zirconolite is targeted in the multiphase ceramic as the primary 

host for Zr. Zirconolite has a monoclinic structure and belongs to the C2/c space group. 

There are five cation (Ca, Ti and Zr) sites, three of which are occupied by Ti. Two of the 
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Ti sites are six-coordinated, and the third site is five-coordinated and has 50% occupancy.33 

The zirconolite structure is made up of alternating layers of Ti polyhedra and planes of Ca 

and Zr that lie parallel to (001) planes. The Ca and Zr atoms are aligned in alternating 

[110]-type rows with 8-fold and 7-fold polyhedra respectively. There is a rotation of 180° 

around the c axis between a pair of layers.48 A detailed description of the zirconolite 

polymorphs can be found in Section V. 

 Actinide and rare earth elements (REEs) can substitutionally enter the structure on 

Ca and Zr sites.49-53 Zirconolite materials are the major focus of the present thesis, thus 

summaries of elemental substitution and waste form performance properties are included 

in later sections of this thesis.  

 

 Pyrochlore 

 Pyrochlore is one of the ceramic phases of interest for the immobilization of nuclear 

waste due to its ability to incorporate actinides and REEs into its structure.38,54,55 

Pyrochlore has the composition of A2B2X6X’, where A is a 2 or 3 + cation, B is a 4 or 5 + 

cation, and X and X’ are anions (O2-) 56. The structure of pyrochlore is related to a fluorite 

2 × 2 × 2 superstructure and can be envisioned as built up layers of perovskite sheets.57 The 

A ions are coordinated to eight oxygen atoms, the B ions are coordinated to 6 oxygen 

atoms, and one-eighth of the oxygen anion sites are vacant to maintain charge balance (8a 

site).58 The pyrochlore structure is stable in the cubic form (Fd3m) with a radius ratio 

(rA/rB) from 1.46 – 1.78, and the monoclinic structure forms when the ratio is greater than 

1.7859, as is the case with Nd2Ti2O7 used in this thesis (rA/rB = 1.83). 

 Both Ti and Zr are typical elements used as ‘B’ cations, called titanate and zirconate 

pyrochlores. Titanate materials typically require lower processing temperatures, while 

zirconate materials possess superior radiation stability.60-62 When zirconate pyrochlores are 

irradiated, an order-disorder transformation occurs forming a defect fluorite structure, and 

the irradiation resistance is increased.63 The focus of this thesis is titanate pyrochlores to 

improve processing with spark plasma sintering (SPS). 
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 Hollandite 

 Hollandite materials are used to immobilize fission products, such as Cs. In nuclear 

waste form application, the general formula is [BaxCsy][M3+
2x+yTi8-2x-y]O16, where M is a 

trivalent cation.64 Trivalent cations of interest include Al, Fe, Ga, Cr, and Sc,65 although Cr 

additions promote Cs hollandite formation and aid in maintaining phase stability during 

processing.66 The choice of trivalent cation also determines whether the unit cell symmetry 

is tetragonal (I4/m) or monoclinic (I2/m).67 Hollandites exhibit a tunnel structure made up 

edge sharing and corner sharing (M,Ti)O6 octahedra that accommodate the larger elements 

(Ba, Cs).28,68 This structure allows for the accommodation of β-decay of 137Cs (137Cs  
137Ba + β(e-) and Ti4+ + β(e-)  Ti3+).65 Cs is a long-lived fission product (135Cs half-life 

of ~ 2 × 106 years)69 and heavily contributes to the build-up of heat in the waste form as 

radioactive decay occurs.  

 Composite Waste Forms 

 The idea behind glass-ceramics as waste forms is to combine the advantages of 

glasses and ceramics to create a superior waste form. They allow for flexibility in the waste 

stream composition compared to ceramics and potentially greater waste loading than 

glasses. The glass fraction of the material can also act as another barrier for radionuclides 

incorporated into the ceramic fraction.70 Glass-ceramics for waste form applications are 

typically formed by pouring a glass melt, followed by controlled crystallization, which can 

be achieved through heat treatments or slow cooling of the melt.71 

 Zirconolite is a popular choice for the ceramic portion of the glass-ceramic.72-74 

Zirconolite can incorporate many of the elements (namely actinides) that have poor 

solubility in glasses, has good radiation damage resistance, and superior chemical 

durability. Additionally, it is not known for SiO2 to enter into the zirconolite structure due 

to the absence of tetrahedral sites.75 

 Glass-ceramics demonstrate good chemical durability under leaching conditions. 

Ce containing iron-phosphate glass-ceramics have been fabricated by melting precursor 

oxides and cooling at a rate of 1.5°C/min from 1200°C. These glass-ceramics were 

subjected to the Product Consistency Test (PCT) and the obtained leach rates of Fe and Ce 

were 3.5 x 10-5 and 5.0 x 10-5 g/m2day respectively after 56 days at 90°C.76 Zirconolite-
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containing glass-ceramics also exhibit high chemical durability with a leach rate of Nd of 

~10-5 g/m2day from materials prepared by post-melting annealing.77 

 Radiation damage, simulated by ion implantation, has been studied in select glass-

ceramic compositions. Paknahad and Grosvenor78 have reported a composite consisting of 

30/70 wt% ceramic (brannerite and zirconolite)/borosilicate glass that is largely unaffected 

by implantation of Au ions to a dose of 5 × 1014 ions/cm. Another radiation stability test 

showed that under light ion irradiation, little change could be seen using X-ray diffraction 

(XRD) but under heavy ion irradiation amorphization of the crystallization phases occurs, 

as seen by XRD and transmission electron microscopy – selected area electron diffraction 

(TEM-SAED).79 

 Geological Disposal 

 The long-term storage of nuclear waste is proposed as deep geological disposal as 

part of a multi-barrier system.80-82 The goal is to protect the biosphere from the toxicity of 

stored radioactive material and the location of the repository requires optimization for 

yearly rainfall, lack of seismic activity, separation from population centers, and, most 

importantly, approval of politicians and the public. The thermal stability of the buffer 

material is the main requirement, and as such, it should be kept below 100°C.82 A schematic 

of a geological disposal site is shown in Figure I-1. The disposal tunnel is located about 2-

3 km underground and contains backfill consisting of crushed rock and bentonite. Stainless 

steel canisters containing the fabricated waste forms are placed in disposal pits located 

beneath the tunnel and the negative space inside the pits is filled with compacted bentonite 

blocks.82 These canisters also act as containment during transport to the repository. 
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Figure I-1. Schematic of a geologic disposal site for nuclear waste. 

 

 An alternative disposal route is to place the waste canisters into a deep borehole. 

The concept is similar to that of disposal in a geological repository. A reference design 

details placing 400 canisters containing HLW forms in the lower 2 km of a borehole with 

a total depth of 5 km and the upper 3 km plugged with bentonite blocks and concrete.83 

Similar requirements for the location of this type of repository are needed as mentioned 

above, and are discussed in depth in a recent document released by Sandia National 

Laboratoy.84 The technology exists to drill boreholes to this depth with large diameters (up 

to 100 cm).85 The ability to retrieve and monitor waste is severely inhibited using deep 

boreholes as a disposal location. 

 Spark Plasma Sintering 

SPS is of interest as an alternative densification technique because of the 

comparatively short processing time (on the order of minutes) that is required to achieve a 

dense ceramic. The short processing times (along with self-contained sample inside the 

die) can reduce the volatilization of waste elements. Uniaxial pressure and a DC current 

are simultaneously applied to a graphite die containing the powder sample. The current 

generates resistive heating of the graphite die (and the sample if electrically conductive), 
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which creates fast heating rates of up to 1000°C/min.86 As shown in Figure I-2, the current 

flows through the graphite punches, across and into the cylindrical die, and back to the 

punch located below the sample. This is the typical current flow during SPS experiments, 

assuming the resistance of the sample is much greater than that of the graphite hardware.  

The SPS processing environment is inherently reducing, as it utilizes a graphite die. The 

process is capable of producing high-density samples compared to melt processing. SPS is 

limited by the small throughput that can be obtained with current equipment configurations 

and carbon diffusion from the die into the sample occurs at elevated temperatures.86 

 

 
Figure I-2. Schematic of the graphite die setup in SPS. 

 

 Scope of this Study 

 This thesis focuses on the consolidation and characterization of multiphase and 

single phase waste form materials using SPS. This effort lays the groundwork for the 

scientific and technical studies of ceramic waste form materials using this processing 

method. This thesis is separated into two main parts, the first focusing on multiphase waste 

form assemblages and, the second, on single phases of zirconolite and pyrochlore. 

 Processing and characterization of multiphase ceramic waste forms focusing on the 

differences between materials formed by melt-processing and SPS is presented in the first 

part of this thesis (Sections III-IV). The phase assemblages and microstructures of the 
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simulated waste forms were characterized highlighting the similarities in phases present 

using the two processing techniques, while contrasting the microstructures that were 

formed. The radiation damage effects on these ceramic waste forms were simulated using 

ion beams, to determine possible processing advantages on this crucial waste form 

property. 

 The second part of this thesis (Sections V-VII) focuses on the incorporation of 

cerium (Ce) into single phases of zirconolite (CaZrTi2O7) and pyrochlore (Nd2Ti2O7) to 

simulate the immobilization of rare earth elements and actinides. The zirconolite phase 

transition with increasing Ce loading, sintering behavior via SPS, and the waste form 

performance as defined by leach behavior/resistance and radiation damage are described 

in this part of the thesis. 
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 MATERIALS AND METHODS 

 Compositions 

 Multiphase Compositions 

 Savannah River National Laboratory (SRNL) developed the multiphase waste form 

composition87,88 and provided appropriate batch materials for our experiments.  The 

multiphase composition was based on simulated waste stream compositions that are 

currently being investigated under the DOE Fuel Cycle Research and Development 

(FCR&D) program. Stoichiometric amounts of reagent-grade oxides and carbonates were 

blended together, mixed in de-ionized water with zirconia media, and dried at 90˚C. The 

resulting material was used as feedstock for our experiments. The target compositions, 

hereafter indicated as CAF- MP (Cr-Al-Fe-Multiphase) and Cr-MP (Cr-Multiphase), are 

listed in Table II-1. 

Table II-1. Simulated Waste Form Compositions 

Oxide CAF-MP (wt%) Cr-MP (wt%) 
Al2O3 1.27 0.00 
BaO 12.76 12.72 
CaO 1.39 1.38 

Cr2O3 6.33 14.5 
CdO 0.11 0.11 

Ce2O3 3.10 3.09 
Cs2O 2.88 2.87 
Eu2O3 0.17 0.17 
Fe2O3 6.65 0.00 
Gd2O3 0.16 0.16 
La2O3 1.58 1.58 
MoO3 0.85 0.84 
Nd2O3 5.23 5.22 
Pr2O3 1.45 1.44 
Rb2O 0.42 0.42 
SeO2 0.08 0.08 

Sm2O3 1.08 1.07 
SnO2 0.07 0.07 
SrO 0.98 0.98 

TeO2 0.66 0.65 
TiO2 49.16 49.01 
Y2O3 0.63 0.63 
ZrO2 2.99 2.98 
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 Cerium Substituted Zirconolite and Pyrochlore 

 Two major phases that appear in SYNROC materials are zirconolite and 

pyrochlore. To investigate waste loading and sintering of these materials for waste form 

applications, the compositions of Nd2-xCexTi2O7, x = 0-0.5 and CaZr1-xCexTi2O7, x = 0-0.5 

were selected for our study. These compositional ranges encompass the solubility limit of 

Ce in zirconolite materials and is unexplored in neodymium titanate pyrochlores. 

 Multiphase Ceramic Sample Preparation 

 Melt-Processing 

 Melt-processing of multiphase ceramic waste forms was performed in an 

electrically heated tube furnace. Approximately 10g of the batched oxides, loosely packed 

in a Pt foil, were heated to 1500˚C at a rate of 5 °C/min, held for 30 minutes, and furnace-

cooled back to room temperature. The solidified material was removed from the foil and 

used for characterization. 

  Spark-Plasma Sintering (SPS)  

 For multiphase ceramic waste forms, reactive SPS was carried out using a FCT HP 

D 25 (FCT Systeme GmbH, Rauenstein, Germany) furnace with graphite dies and punches 

(I-85 grade, Electrodes Inc., CT, USA). Figure I-2 presents the schematic of the die setup. 

Unreacted batched powder (~3g) was enclosed within a thin graphite foil and placed inside 

a graphite die. The reactive sintering was performed under a pressure of 54 MPa by heating 

to a maximum temperature of 1000˚C (CAF-MP) or 1040°C (Cr-MP), as read by an optical 

pyrometer focused on the outside of the die, at a heating rate of 100 °C/min, holding for 3 

minutes, and cooling at a rate of 100 °C/min. 

 Single-Phase Sample Preparation 

 Solid-State Sintering   

 Single-phase zirconolite and pyrochlore materials were synthesized using 

conventional solid-state techniques. Stoichiometric amounts of commercially available 

high purity oxides were weighed and mixed using ball-milling according to the 

compositions found in Section II.1.2. The milling procedures for the zirconolite and 
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pyrochlore materials were different due to the slow reaction rate of the zirconolite 

compared to pyrochlore. 

 For zirconolite materials, the weighed oxides were placed in a ZrO2 milling jar with 

2 mm YSZ milling media (Across International, NJ, USA). The precursors were milled at 

1,200 rpm using a mixture of ethanol and water as the milling medium in a VQ-N High 

Speed Ball Mill (Across International, NJ USA) for 15 min. The resulting slurry was 

separated from the media and dried on a hot plate. The dry powders were homogenized 

using a mortar and pestle and pressed into 20 mm diameter pellets using a hydraulic press 

and a steel die. The pellets were allowed to react in a furnace at 1375°C for 72 h, crushed 

into powder, milled for 5 min using the same procedure, dried, and homogenized with a 

mortar and pestle. 

 For pyrochlore materials, the weighed out oxides were placed in a high-density 

polyethylene (HDPE) jar with 1/4 inch spherical alumina media and ethanol/water mixture. 

Milling was performed for one hour. The media was removed from the slurry and the slurry 

was dried. The powders were homogenized and pressed into pellets as above. The pellets 

were allowed to react in a furnace at 1400°C for 24 h, crushed, pelletized and reacted a 

second time at 1400°C for 24 h. The resulting pellets were crushed and homogenized for 

characterization.  

 Spark-Plasma Sintering (SPS) of Pyrochlore and Zirconolite 

 SPS of pyrochlore and zirconolite materials was carried out using the same 

instrument and die setup as described in Section II.2.2. Pyrochlore materials (Nd2-

xCexTi2O7, x = 0-0.5) were sintered by heating at 100°C/min to a maximum temperature of 

1225°C, holding at temperature for 30 s, cooling at 100°C/min, and applying 54 MPa 

pressure throughout the cycle. High density (>98% theoretical density) pellets are obtained 

using this sintering schedule.  

 Zirconolite materials (CaZr1-xCexTi2O7, x = 0-0.5) were sintered by heating at 

100°C/min to a maximum temperature of 1100°C, holding at temperature for 300 s, cooling 

at 100°C/min, and applying 98 MPa pressure throughout the cycle. Phase transformation 

occurs during the SPS process, making density calculations difficult. The SPS schedules 

of both materials are displayed graphically in Figure II-1.  
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Figure II-1. SPS schedules used for pyrochlore and zirconolite materials. 
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 PHASE ASSEMBLAGE AND MICROSTRUCTURE OF 
MULTIPHASE CERAMIC WASTE FORMS 

 Hollandite-rich ceramic waste forms have been demonstrated to exhibit high durability 

while simultaneously accommodating a wide range of radionuclides in their matrices. This 

section presents results on the preparation and characterization of ceramic waste forms 

prepared by two different methods – melt processing and SPS. Both processes resulted in 

similar phase assemblages but exhibited different microstructures depending on processing 

method. The SPS samples exhibited fine grained (< 1 µm) and dispersed phases, whereas 

the melt processed sample contained larger grains (10-20 µm) of specific phases. 

Microstructural analysis was performed using SEM, EDS, and WDS. 

 Introduction 

 There are many proposed waste form technologies for the storage of nuclear waste, 

including thermal and non-thermal processes. These consist of, but are not limited to, 

vitrification,89 hot isostatic pressing,90 melt formation,66 spark plasma sintering,90 and 

cementation.91 Titanate-based ceramic waste forms specifically SYNROC42,92,93 and 

derivative materials have been widely studied for their potential to accommodate a large 

variety of radionuclides. 

 Methodology 

 Characterization 

 Powder XRD data was collected for phase identification using a D-2 Phaser 

(Bruker, Massachusetts, USA). The microstructure of polished sections was observed 

using a FEI™ Quanta 200 F scanning electron microscope (FEI, Hillsboro, Oregon, USA). 

Further phase assemblage and elemental distribution were studied by wavelength 

dispersive spectroscopy (WDS). Selected elemental maps from multiphase regions, 

identified from back-scattered electron (BSE) images, were collected using JEOL JXA-

8200, WD/ED Combined Electron Probe Microanalyzer (EPMA) (JEOL Ltd., Tokyo, 

Japan). Elemental scans were performed at an accelerating potential of 15kV, with a step 

size of 0.5μm in x- and y- directions, and a dwell time of 80 milliseconds at each point.  
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 Results and Discussion 

 Phase Assemblage  

 Figure III-1 shows the XRD patterns of the two compositions fabricated by SPS 

and melt-processing. Similar phase assemblage is seen in all samples, with hollandite as 

the major phase, along with perovskite and a zirconium-rich phase. The melt-processed 

samples contain some TiO2, while the CAF-MP sample processed by SPS contains some 

CeO2.  

 

Figure III-1. XRD patterns of CAF- and Cr-MP samples produced by SPS and melt-
processing. 

 
 Contrary to the phase formation results, the microstructures of the samples using 

the two processes were dissimilar. Figure III-2 compares the two microstructures with BSE 

images. The sample processed by SPS shows a fine grain structure with highly dispersed 

phases amongst the matrix (hollandite). In contrast, the melt-processed sample contains 
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larger islands of the different phases that are aggregated to each other.  Similar 

microstructures are seen in the Cr-MP samples. 

 

 

Figure III-2.  Microstructures of SPS and melt-processed CAF-MPB samples with phase 
fields indicated. H = hollandite, P and P = perovskite, Z = zirconium-rich, and T = TiO2 

 

 Elemental Distribution 

 The phases seen in the microstructures were identified using a combination of WDS 

maps and XRD patterns. The appropriate phase fields are indicated in the images. 

Hollandite phase is represented with H, perovskite with P and P, a zirconium-rich phase 

with Z, and TiO2 with T. It should be noted that the identification of the zirconium-rich 

phase (Z) is inconclusive from a combination of EDS and XRD analysis. This phase may 

also belong to a zirconolite. Figure III-3 and Figure III-4 compare the WDS maps of 

selected elements in these multiphase samples.  
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Figure III-3.  Selected elemental maps by WDS in CAF-MP prepared by SPS. 
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Figure III-4.  Selected elemental maps by WDS in CAF-MP prepared by melt processing. 

  

 In the SPS sample, hollandite formed the matrix of the sample and the remaining 

phases were dispersed throughout. The inter-dispersed phases ranged in size from < 1 µm 

to ~10 µm. WDS measurements revealed two separate perovskite phases present, a gray 

colored phase and a brighter phase, denoted P and P respectively in the Figure III-2. The 

gray phase was rich in Fe, while the bright phase was rich in REEs such as Nd, in agreement 

with expected atomic mass ratios. A small amount of a cerium and titanium rich phase was 

seen in EDS, corresponding to the CeO2 observed in the XRD pattern. The WDS results 

corroborate that hollandite makes up the matrix and that multiple perovskite phases are 

present, some high in alkaline earth elements (Sr and Ca) and other high in REE such as 

Nd. The zirconium-rich phase consists mainly of Zr and very little Sr (of the elements that 

were observed in WDS), indicating that this phase might be a solid solution of ZrO2 and 

other oxides such as SrO.  The WDS map of Cs did not show that the Cs is contained within 
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the hollandite grains, but rather that it is concentrated in certain areas, indicating the 

possibility of an undesirable Cs-rich phase. 

  Initial visual observation of the melt-processed samples indicated that the samples 

were fully melted. Different phases were crystallized from the melt, with retention of some 

unreacted TiO2. Significant porosity was observed in the microstructure. Small amounts of 

Cs were detected in WDS mapping (Figure III-4) that appeared to be segregated towards 

the grain boundaries of hollandite phase. From all the WDS maps in Figure III-4, it could 

be observed that hollandite phase has elements predominantly Ba, Cr, Ti, O and Cs as per 

the target composition. All other elements like Ca, Sr, Nd, Ti partitioned together into the 

bright perovskite phase, suggesting that different perovskite and pyrochlore phases could 

be formed in the process hosting different elements, actinides, and rare-earth elements 

(REEs) in their lattices. 

 Conclusions 

 Compositions of simulated multiphase waste forms were processed by melt-

processing and SPS, resulting in a hollandite-rich rich ceramic also containing perovskite 

and pyrochlore-zirconolite phases. XRD and WDS revealed small amounts of unreacted 

CeO2 present in SPS processed samples. Cs partitioning into the hollandite phase was 

observed in melt-processed samples but was absent in SPS samples, leading to the 

formation of Cs-rich phases. Multiple perovskite phases were seen in SPS processed waste 

forms, one high in alkaline earths, and one rich in rare earth elements. This study shows 

that multiphase waste forms can be produced through melt-processing and SPS with 

desired phase assemblages, although the SPS process requires optimization to eliminate 

Cs-rich phases. 
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 RADIATION DAMAGE OF HOLLANDITE IN MULTIPHASE 
CERAMIC WASTE FORMS 

Radiation damage was simulated in multiphase titanate-based ceramic waste forms using 

an ion accelerator to generate high energy alpha particles (He+) and an ion implanter to 

generate 7 MeV gold (Au3+) particles. X-ray diffraction and transmission electron 

microscopy were used to characterize the damaged surfaces and nearby regions. Simulated 

multiphase ceramic waste forms were prepared using two processing methods: SPS and 

melt-processing. Both processing methods produced ceramics with similar phase 

assemblages consisting of hollandite-, zirconolite/pyrochlore-, and perovskite- type 

phases. The measured heavy ion (Au3+) penetration depth was less in spark plasma sintered 

samples than in melt-processed samples. Structural breakdown of the hollandite phase 

occurred under He+ irradiation and the composition of the constituent hollandite phase 

affected the extent of damage induced by Au3+ ions. These results are summarized in this 

section. 

 Introduction 

 Ceramics have been shown to be susceptible to damage induced by α-

radiation.31,94,95 Specifically, α-radiation can induce atomic displacements that lead to 

structural rearrangements affecting the physical and chemical properties of the material. 

An α-decay event consists of the release of an α-particle (light particle) and a recoil nucleus 

(heavy particle). Actinides and their daughter products have long half-lives and therefore 

α-decay becomes dominant over long time scales. This necessitates the use of ion 

implantation techniques to study the effects of α-decay on a laboratory time scale. 

 The α-particles and recoil nuclei interact with materials in different ways. The α-

particles transfer their energy primarily through electronic stopping (ionization) and 

deposit their remaining energy through ballistic processes at the end of their track. In 

contrast, recoil nuclei transfer their energy primarily through nuclear stopping depositing 

their energy a considerably shorter distance or volume than α-particles. Normally, recoil 

nuclei produce several thousand displacements in a localized area (dense cascade), while 

α-particles generate several hundred displacements over a greater travel (dilute cascade).96 
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One method to study these differing damage mechanisms uses He+ ions to simulate α-

particles and heavy ions, such as Au3+ or Kr3+, to simulate α-recoils.   

 Charged particle implantation has been widely utilized to study radiation damage 

in crystalline ceramics.97-101  However, relatively few studies have been performed on 

multiphase crystalline ceramics for nuclear waste immobilization of  a combined waste to 

include a Cs/Sr separated waste stream, the Trivalent Actinide - Lanthanide Separation by 

Phosphorous reagent Extraction from Aqueous Komplexes (TALSPEAK) waste stream, 

the transition metal fission product waste stream resulting from the Transuranic Extraction 

(TRUEX) process, MoO3, and noble metals.47,79,102,103 Although the materials modeled 

were inert matrix fuel and not waste forms, Men et al. 104 studied the radiation response of 

a four-phase oxide ceramic composite using Au and Xe ions. The Al2O3, Y2O3 stabilized 

ZrO2, and MgAl2O4 phases exhibited high amorphization resistance when irradiated with 

1020 ions/m2 10 MeV Au ions and 1016-1017 ions/m2 Xe ions, while LaPO4 (monazite) 

melted and wet the other phases under Au irradiation but was unaffected by Xe irradiation. 

 Methodology 

 Ion Implantation Experiments  

 The experiments using Au3+ ions were carried out at room temperature at the 

Environmental Molecular Sciences Laboratory (EMSL), Pacific Northwest National 

Laboratory (PNNL) and the experiments using He+ ions at the Ion Beam Materials Lab 

(IBML), Los Alamos National Laboratory (LANL) for the multiphase materials. 7 MeV 

Au3+ implantations were performed at EMSL on a National Electrostatics Corporation 

(NEC) model 9SDH-2 3.4 MV tandem accelerator105 simulating three damage levels in 

SPS samples: 0.05, 0.5 and 5 dpa and one damage level, 5 dpa, in melt-processed samples. 

The unit dpa is used to compare radiation damage of materials. It represents the number of 

atoms displaced from their normal lattice sites as a result of energetic particle 

bombardment. These values were chosen to simulate varying storage times, from 

approximately 102-106 years.106  The implanted area was 6  6 mm for both melt-processed 

and SPS samples. 200 keV He+ implantations were performed at IBML using a 200 kV 

Danfysik high current ion implanter at a dose of 5 dpa to simulate α-particle damage after 

long storage times. 380 keV He+ and 3 MeV Kr3+ implantations were performed on single 
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phase hollandite using the Ion Beam Laboratory (IBL) at the University at Albany. Single 

phase hollandites received doses of 0.5 dpa of either He+ or Kr3+ ions. The details of 

implantation experiments are summarized in Table IV-1. 

Table IV-1. Summary of Ion Implantation Experiments 
 

Composition Processing Method Ion (Energy) 
Fluence/dpa 
(ions/m2) 

CAF-MP Melt Au (7 MeV) 1.4 × 1019/5 
CAF-MP SPS Au (7 MeV) 1.4 × 1019/5 
CAF-MP SPS Au (7 MeV) 1.4 × 1018/0.5 
CAF-MP SPS Au (7 MeV) 1.4 × 1017/0.05 
CAF-MP SPS He (200 keV) 2.0 × 1021/5 
Cr-MP Melt Au (7 MeV) 1.3 × 1019/5 
Cr-MP SPS Au (7 MeV) 1.3 × 1019/5 
Cr-MP SPS Au (7 MeV) 1.3 × 1018/0.5 
Cr-MP SPS Au (7 MeV) 1.3 × 1017/0.05 
Cr-MP SPS He (200 keV) 2.0 × 1021/5 
Cr-HOL SSS He (380 keV) 2.8 × 1020/0.5 
Cr-HOL SSS Kr (3 MeV) 2.0 × 1018/0.5 

 

 

 Sample Preparation and Damage Calculations 

 Samples for ion irradiation experiments were prepared by polishing a surface to 1 

µm using a diamond suspension. The radiation dose in these materials was estimated using 

the Stopping and Range of Ions in Matter (SRIM) program.107 The dpa as a function of 

depth for CAF-MP (similar results are obtained for Cr-MP) using 7 MeV Au3+ and 200 

keV He+ is shown in Figure IV-1. The peak in dpa (5, 0.5 or 0.05) is located at 870 nm 

(Au3+) and 700 nm (He+). The dpa is adjusted by changing the fluence of the incoming 

gold ions (ions/cm2). Single phase hollandites received doses of 0.5 dpa of either He+ or 

Kr3+ ions. 
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Figure IV-1. Damage profile in CAF-MP using 7 MeV Au3+ and 200 keV He+ ions. 

 

 Single-Phase Hollandite Preparation 

Single phase Cr-hollandite (Ba1.15Cr2.3Ti5.7O16, designated Cr-HOL) was produced 

via solid state sintering of stoichiometric amounts of commercially available 

oxides/carbonates that were mixed, ball-milled and dried at ~ 120˚C to form the precursor 

batch. The resulting powders were compacted into pellets and subsequently sintered at 

1100˚C for 4h. 

  Characterization 

  Grazing incidence x-ray diffraction (GIXRD) was performed on implanted 

samples using a grazing angle of 2° on the EMSL (Au3+) samples and 1° for the LANL 

(He+) samples with a Bruker AXS D8 Advance (Bruker, Massachusetts, USA) instrument 

using Cu Kα radiation in theta – 2 theta geometry. The unirradated areas of the Au3+ 

samples were visible and ground off prior to measurement. Damaged cross-section 

specimens were prepared for transmission electron microscopy (TEM) by using the lift-out 

method with a focused ion beam (FIB). The damaged areas were examined using a FEI 

Tecnai F20 TEM operating at 200 kV. 
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 Results and Discussion 

 Heavy Ion Irradiations 

Figure IV-2 shows the GIXRD patterns of CAF- and Cr- MP samples prepared using 

SPS and melt-processing subjected to 7 MeV Au3+ at a fluence corresponding to 5 dpa. All 

samples exhibited amorphization evidenced by a decrease in intensity of the diffraction 

peaks and the presence of diffuse scattering between 26 and 35 °2θ. CAF-MP samples 

produced by both processing routes show complete amorphization at 5 dpa, as 

demonstrated by the disappearance of all diffraction peaks. There is no new phase 

formation identified within the detectable limits (~5 wt%) of the technique. The highest 

intensity peaks of the major phases in Cr-MP samples are labeled in Figure IV-2. By 

comparing the intensity of these peaks, the TiO2 and perovskite phases in the Cr-MP melt-

processed are the least affected by the damage, indicating that the hollandite phase is more 

prone to heavy ion radiation damage. Previous results have shown that hollandite materials 

are susceptible to damage via heavy ion irradiation.108   

Bright field TEM images of damaged cross-sections of both melt-processed and SPS 

CAF-MP samples irradiated with 7 MeV Au3+ to 5 dpa are shown in Figure IV-3. The 

corresponding selected area diffraction (SAD) patterns confirm that amorphization occurs 

in samples fabricated by both methods. Due to the large grain sizes in the melt-processed 

samples, only a hollandite grain was extracted with FIB, confirmed through indexing of 

the SAD pattern (space group C2/m, grain oriented in the [010] direction) and EDS (Figure 

IV-3). The amophized region in the hollandite grain was approximately 2.1 µm in depth. 

Cu present in the EDS spectra was attributed to the sample grid holder. 

In contrast to the melt-processed samples, multiple grains are contained within the 

FIB sample of CAF-SPS. This was confirmed by examining the SAD pattern in the 

crystalline region (Figure IV-3). The pattern was unable to be indexed properly due to the 

interaction of the beam with multiple grains. The amorphized region of the SPS sample 

extended approximately 1.8 µm from the surface. The penetration depth of the Au3+ ions 

was greater in the melt-processed than that in the SPS fabricated sample. This was 

attributed to the interaction of the ions with multiple phases of much smaller (<1 µm) grain 

sizes. Grain boundaries act as sinks for radiation damage induced defects, therefore 

inhibiting ion penetration in SPS materials.109 The ion penetration depth in both samples 
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was greater (~0.4 um) than that predicted by SRIM however, underestimation is not 

unprecedented such as of Au ion penetration investigated in SiC.110  

  

 

Figure IV-2. GIXRD of CAF- and Cr-MP samples fabricated by SPS and melt-processing 
exposed to 5 dpa of Au3+ ions. 
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Figure IV-3. TEM images and corresponding SAD patterns of the damage cross-sections 
in CAF-MP materials prepared by melt-processing and SPS after exposure to 5 dpa of 

Au3+ ions. 
 

GIXRD patterns for the samples fabricated by SPS and subjected to 3 different 

fluences of 7 MeV Au3+ ions corresponding to 0.05, 0.5, and 5 dpa are shown in Figure 

IV-4. Amorphization increased with increase in dpa as would be expected and only minor 

changes in the diffraction patterns were observed in samples exposed to a fluence 

corresponding to 0.05 dpa, suggesting a threshold fluence that lies above this level. At 0.5 

dpa a marked decrease in peak intensity and diffuse scattering can be seen. Complete 

amorphization is observed in CAF-MP compositions at 5 dpa, while Cr-MP displayed an 

increase in diffuse scattering. 
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Figure IV-4. GIXRD of CAF- and Cr-SPS samples irradiated to 3 different damage levels 
with Au3+ ions. 

 

 Light Ion Irradiations 

 GIXRD patterns for the SPS samples exposed to 200 keV He+ ions corresponding 

to 5 dpa are shown in Figure IV-5. In these patterns, diffuse scattering is seen from 26 and 

35 °2θ indicating amorphization, and diffraction peaks not present in the pristine sample 

were identified and could be indexed to Ba2Ti9O20. This Ba2Ti9O20 phase is related to the 

hollandite phase in which some of the Ba ions are located on O sites, disrupting the tunnel 

structure of hollandite.111,112 The presence of these new diffraction peaks, along with the 

disappearance of the diffraction peaks belonging to the hollandite phase, suggests that 

structural rearrangement of the hollandite phase occurs along with amorphization under 



30 

these irradiation conditions. The perovskite phase could be identified after irradiation and 

did not appear to amorphize as severely as the hollandite phase when irradiated with He+ 

ions, indicating radiation stability under light ion irradiation up to 5 dpa. The 

zirconolite/pyrochlore (zirconium-rich) phase exhibited a relatively low-intensity 

diffraction pattern that could not readily be identified from the diffuse scattering. 

 

 

Figure IV-5. GIXRD of CAF- and Cr-MP SPS samples irradiated with 5 dpa He+ ions. 

 

 Comparison to Single Phase Hollandite 

 To further study the response of hollandite in the multiphase assemblages, single 

phase hollandite (Cr-HOL) was irradiated with Kr3+ (heavy) and He+ (light) to doses 

equivalent to 0.5 dpa. GIXRD patterns from the pristine and irradiated surfaces of single 

phase hollandite are shown in Figure IV-6. The single-phase hollandite exhibited a 

behavior similar to that of hollandite within the multiphase assemblages. 0.5 dpa He and 

Kr both resulted in amorphization similar to multiphase samples as evidenced by diffuse 

scattering.  He+ irradiations also induced phase evolution as evidenced by the emergence 

of diffraction peaks corresponding to TiO2, BaTiO5, and Ba2Ti9O20. The presence of the 
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TiO2 and BaTi2O5 diffraction peaks suggests that the hollandite phase experiences 

structural breakdown when irradiated with light ions. The intensity of the Ba2Ti9O20 

diffraction peaks is reduced in Cr-HOL compared to that in the multiphase samples, 

indicating that the transition from hollandite structure to Ba2Ti9O20 is incomplete at 0.5 dpa 

He+ ions. 

 

 

Figure IV-6. GIXRD patterns of single phase hollandite materials irradiated with 0.5 dpa 
Kr3+ and He+ ions. 
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 Conclusions 

 Heavy and light ion implantation was used to induce damage in simulated 

multiphase ceramic waste form materials produced from SPS and a melt-process.  The 

multiphase waste forms responded differently under the two different irradiation 

conditions. Under heavy ion (Au3+) irradiation, the displacements initiated by the ballistic 

processes cause bulk material to amorphize.  Under light ion (He+) irradiation, the 

hollandite phase appeared to break down, while the other phases remained crystalline as 

evidenced by emergence of diffuse scattering and new crystalline phases at the expense of 

hollandite. Samples fabricated by both melt-processing and SPS exhibited similar 

amorphization behavior when irradiated with Au3+ ions although the penetration depth of 

Au3+ ions was less material fabricated by SPS compared to melt-processing. This is 

attributed to the smaller grain sizes of the phases in the SPS materials; the grain boundaries 

act as sinks for the radiation induced defects. The lower dose of He+ ions was demonstrated 

as a reliable way to render structural changes in the hollandite phase to be captured in the 

GIXRD patterns. 

 

 

 

 



33 

 CERIUM SUBSTITUTION AND SPARK PLASMA SINTERING 
OF ZIRCONOLITE (CaZrTi2O7) AND PYROCHLORE (Nd2Ti2O7) 

Compounds with the formulae CaZr1-xCexTi2O7 and Nd2-xCexTi2O7 with x = 0.1-0.5 were 

synthesized by solid state reaction. Cerium was used as a surrogate for actinide elements. 

A transition from the 2M polymorph to the 4M polymorph (expanded unit cell due to cation 

ordering) in zirconolite was observed with increasing cerium content. The presence of both 

tri- and tetravalent Ce, contrary to formulation, was confirmed using X-ray absorption near 

edge spectroscopy (XANES), suggesting substitution on both Ca and Zr sites. Sintering 

was carried out via SPS, during which the perovskite phase (Ca0.4Ce0.4TiO3) was stabilized 

due to the reducing conditions of this technique. SEM and EDS revealed that the 2M 

polymorph was dilute in Ce content in comparison to the 4M-zirconolite. High temperature 

XRD was used to detail the kinetics of perovskite to zirconolite transition. It was found 

that CaCeTi2O7 (cubic pyrochlore) forms as an intermediate phase during the 

transformation. Our results show that a transition from 2M- to 4M-zirconolite occurs with 

increasing Ce content and can be controlled by adjusting the PO2 and the heat treatment 

temperature. 

 Introduction  

 Cerium oxide is typically used as a surrogate for plutonium oxide (and other 

actinide elements) in simulated nuclear waste forms113 due to the similar electronic 

structure, ionic size, and multiple valence states of both Ce and Pu. Both Ce and Pu can 

form tetravalent oxides with a fluorite structure and a trivalent phosphate with a monazite 

structure when heated in air between temperatures of 1000-1400°C,114 demonstrating 

similar reduction potential of the two elements even in an oxidizing atmosphere; however, 

it should be noted that the propensity to reduce is higher for Ce. Cerium oxide has been 

deemed as a ‘suitable’ surrogate for plutonium oxide by researchers based on the similar 

sintering behavior and phase assemblages during reaction.115 Others have found Ce to be a 

good surrogate for pyrochlore materials when the synthesis of the material took place in an 

oxidizing atmosphere and acceptable for zirconia-based ceramics; however, the use of Ce 

as a surrogate in zircon-based ceramics was considered limited.116 Despite conflicting 
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reports on the applicability of Ce as a surrogate for Pu, it is still widely used in simulated 

waste forms. 

 The incorporation of Ce into zirconolite materials has been studied previously. 

Vance and coworkers117 synthesized zirconolite materials in a reducing atmosphere and 

found that Ce could be successfully substituted onto the calcium site as a trivalent ion in 

small quantities, Ca0.8Ce0.2ZrTi1.8Al0.2O7, when using aluminum as a compensating ion. 

When tetravalent Ce was targeted on the zirconium site (CaZr0.8Ce0.2Ti2O7), two 

zirconolites were reported to be formed, with one polymorph containing a majority of the 

Ce. No valence data was reported. 

 In 1997, Begg53 reported formation of two zirconolites when targeting tetravalent 

Ce on the zirconium site (CaZr0.8Ce0.2Ti2O7). The synthesis of these materials was 

performed in air as opposed to the reducing atmosphere used in Vance’s experiments.117 

The new zirconolite phase that was formed belonged to the 4M (monoclinic) polymorph 

as opposed to the 2M polymorph.  

 2M-ziconolite has been described by Rossel33 as having an anion deficient fluorite 

structure with layers of corner sharing TiO6 octahedra that are separated by layers 

containing ZrO7 and CaO8 polyhedra. This polymorph forms with compositions of 

CaZrxTi3-xO7 with 0.8 < x < 1.37. The 4M-zirconolite is described by Coelho48 as having 

an enlarged unit cell (~22Å compared to ~11Å of 2M) due to the cation occupancy. There 

are two full occupancy Ti sites in the 2M structure, opposed to only one full occupancy Ti 

site in the 4M structure, requiring a doubling of the c axis to accommodate. The 4M-

zirconolite is formed when cations (such as Nd used by Coelho48) substitutes on both the 

calcium and zirconium sites simultaneously with 0.5-0.8 formula units creating an alternate 

layering of the structure. The structures are compared in Figure V-1. 
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Figure V-1. 2M and 4M polymorphs of zirconolite, showing only the fully occupied Ti 
sites. 

 
 In addition to the previously mentioned studies, the incorporation of cerium into 

zirconolite and related pyrochlore structures has been investigated by many other research 

groups, both experimentally and theoretically.55,118-121 The tendency of Ce to take on both 

tri- and tetravalent states leads to the formation of ancillary phases when targeting a single 

phase, such as perovskite and cerianite54 and sphene and perovskite.122 

 

 Methodology 

 Atomistic Modeling 

 Atomistic modeling can aid in the understanding of the Ce incorporation into 

materials for nuclear waste immobilization. Pyrochlore materials have been studied using 

different modeling methods.123-125 In general, an energy minimization technique is used 

with Buckingham potentials to obtain a relaxed structure. One program that utilizes this 

technique is General Utility Lattice Program (GULP). This program takes the internal 

energy (which is made up of coulombic, polarizability, dispersion, etc.) and writes it as a 

Taylor series, calculates the derivative (g) and the second derivative (H), and uses the 
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equation Δ𝑥 = −𝐻 𝑔 to find the path towards the local minimum. The second derivative 

is in matrix form, and calculating the inverse of this matrix is the most time consuming 

step, and therefore is only done after a set number of calculations.126  

 Defect calculations are then performed to find the defect energies of the Ce 

substitutions using the Mott-Littleton technique.127 This technique utilizes two regions 

surrounding the defect to calculate the energy and is illustrated in Figure V-2. The defect 

is located in the center, or midpoint between multiple defects. Regions are specified by 

radii, to include an appropriate amount of ions. Ions in Region I are strongly affected by 

the defect and are relaxed explicitly using energy minimization and force balance 

techniques. Ions in Region II are weakly perturbed and the atom positions are 

approximated. A larger Region I allows for more complete relaxation around the defect. 

The defect energy is calculated by taking the difference in energy between perfect regions 

and the defective regions. 

 

 

Figure V-2. Illustration of the regions surrounding a defect in the Mott-Littleton 
technique. 

 

 Phase Content Determination in Zirconolite Materials 

 Powdered materials were analyzed with X-ray diffraction (XRD) with a D8 

Advance instrument (Bruker) over a range of 15-115 °2θ with a step size of 0.03°2θ and a 

count time of 1s using a Lynxeye position-sensitive detector. The pattern was evaluated 

with Rietveld analysis using the program TOPAS (Bruker). The XRD patterns were fitted 

to CaZrTi2O7 (2M-zirconolite), CaZrNdTi2O7 (4M-zirconolite), and Ca0.4La0.4TiO3 
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(perovskite) with PDF cards #04-002-4312, 04-009-5863, and 00-055-0841, respectively. 

The relative phase amounts of the materials were calculated from the Rietveld scale factors. 

 High Temperature X-ray Diffraction (HTXRD)  

 Phase conversion after SPS was studied using HTXRD using a Siemens D5000 

diffractometer equipped with a custom high temperature stage.128 A SPS sample of 

CaZr0.6Ce0.4Ti2O7 composition was powdered and mounted on an alumina sample holder 

by mixing with isopropanol. Table V-1 shows two time-temperature profiles that were used 

to investigate the phase conversion.  

 

Table V-1. HTXRD Schedules Used to Study Phase Conversion of Ce-Zirconolite Post-
SPS 

Schedule 
Ramp Rate 

(°C/min) 
Max 

Temperature (°C) 
Hold Time (hr) 

Scan Rate at T 
(scan/hr) 

1 30 1300 1 3 
2 30 1350 6 2 

 

 X-ray Absorption Near Edge Spectroscopy (XANES)  

 The valence state of Ce in zirconolite and pyrochlore samples was determined with 

XANES performed at the Cornell High Energy Synchrotron Source (CHESS). The Ce LIII-

edge was measured in fluorescence at room temperature. The scans were collected in 0.25 

eV steps from 5685-5785 eV. The amounts of tri- and tetravalent Ce present was 

determined by a linear relationship between the edge energies of CeO2 (99.99%, Alfa 

Aesar) and CePO4 (99%, Alfa Aesar) powders used as standards.  

 Result and Discussion 

 Defect Calculations  

 The structures were first relaxed using Buckingham potentials for the element-

oxygen interactions found in the literature. The values of the lattice constants and density 

from the literature and after relaxation using GULP are listed in Table V-2. 
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Table V-2. Values of Lattice Constants and Densities for Zirconolite and Pyrochlore 
Materials Found in the Literature and After Structural Relaxation Using GULP 

Property 
CaZrTi2O7 Nd2Ti2O7 

Experimental33 Calculated Experimental129 Calculated 

Lattice Volume 1014.06 1016.17 539.24 541.61 (4.4) 

a (Å) 12.4458 12.93 (3.9) 7.6747 7.56 (-1.5) 

b (Å) 7.2734 7.13 (-2.0) 13.0025 13.21 (1.6) 

c (Å) 11.3942 11.29 (-0.9) 5.640 5.47 (0.2) 

β or γ (°) 100.533 102.4 (1.9) 98.517 98.2 (-0.3) 

ρ (g/cm3) 4.4418 4.433 (-2.1) 6.110 6.09 (-0.4) 

*percent variation in parentheses 

 

 The heat of solution was calculated by computing the lattice energies of the 

structures and the energy of the defects in the equation. The lower the heat of solution, the 

more likely the substitution is to occur. Six and five possible substitution mechanisms for 

Ce into zirconolite and pyrochlore listed in Table V-3 and Table V-4 respectively. Note 

that different Buckingham potential parameters were used whether Ce was present as tri- 

or tetravalent. The most likely substitutions according to these defect calculations are Ce 

substitution on the zirconium site (zirconolite, Table V-3) and trivalent Ce substitution on 

the Nd site (pyrochlore, Table V-4). Defect energies were calculated for different 

combinations of atomic sites. 

 

Table V-3. Possible Substitution Mechanisms for Ce Incorporation into CaZrTi2O7 

Substitution Mechanism Heat of Solution (eV) 
2CeO2  2CeCa + 2CaO + VZr + ZrO2 4.66 
CeO2  CeZr + ZrO2 0.01 
3CeO2  3CeCa + 6CaO + 3VCa 8.35 
CeO2  CeCa + CaO + Oi 6.94 
2CeO2  2CeCa + 2CaO + VTi + TiO2 5.99 
Ce2O3  CeCa + CeZr + CaO + ZrO2 3.90 
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Table V-4. Possible Substitution Mechanisms for Ce Incorporation into Nd2Ti2O7 

Substitution Mechanism Heat of Solution (eV)* 

4CeO2  4CeNd + VTi + 2Nd2O3 + TiO2 16.78 14.74 20.62 10.91 
CeO2  CeTi + TiO2 8.74  8.74  
3CeO2  3CeNd + VNd + 2Nd2O3 6.59 5.85 10.25 2.183 
Ce2O3  2CeNd + Nd2O3 2.22  -0.04  
2CeO2 + Al2O3  2CeNd + 2AlTi + 2TiO2 + Nd2O3 13.66 12.72 15.66 10.73 
                                       *various combinations of defects on atomic sites 

 

 Cerium Incorporation in Zirconolite Materials 

 Figure V-3 shows the XRD patterns of zirconolite samples with Ce substitution 

from x = 0-0.5, targeting the zirconium site. The amount of 4M-zirconolite (compared to 

2M-zirconolite) is seen to increase with greater Ce content. Rietveld analysis confirms this 

trend and the results are listed in  

Table V-5. By x = 0.5, the zirconolite is present as the 4M polymorph. A small amount of 

perovskite (Ca0.4Ce0.4TiO3) is also seen in all these samples. This is most likely due to the 

substitution of Ce on the calcium sites, making excess calcium available to react contrary 

to the formulation. 

 

 

Figure V-3. XRD patterns of Ce-zirconolites. 
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Table V-5. Percentages of Phases Present in Zirconolite Powder Samples Synthesized 
Via Solid-State Sintering Determined by Rietveld Analysis 

Sample 2M-Zirconolite 4M-Zirconolite 
Perovskite 

(Ca0.4Ce0.4TiO3) 
CaZr0.9Ce0.1Ti2O7 99.0(1) wt% 0 wt% 0.9(1) wt% 
CaZr0.8Ce0.2Ti2O7 74.5(3) wt% 19.3(3) wt% 6.2(1) wt% 
CaZr0.7Ce0.3Ti2O7 45.6(3) wt% 49.0(3) wt% 5.4(1) wt% 
CaZr0.6Ce0.4Ti2O7 3.6(3) wt% 89.4(3) wt% 6.9(2) wt% 
CaZr0.5Ce0.5Ti2O7 0 wt% 95.6(4) wt% 4.3(3) wt% 

 

 A representative SEM image of synthesized CaZr0.7Ce0.3Ti2O7 taken in 

backscattered electron (BSE) mode is displayed in Figure V-4. Two phases can clearly be 

distinguished and are evenly distributed, which is in agreement with XRD of roughly equal 

amounts of 2M- and 4M-zirconolite. The contrast in backscattered images suggests that the 

one polymorph contains a greater amount of Ce. This is confirmed with EDS, with roughly 

twice as much Ce content in the bright phase. The bright phase belongs to 4M-zirconolite 

because as the amount of substituted Ce increases, the amount of 4M-zirconolite also 

increases. Therefore, the darker phase belongs to 2M-zirconolite. The EDS also shows that 

the dark phase (2M-zirconolite) is richer in Zr, indicating that greater portioning of Ce to 

the Zr site in 4M-zirconolite occurs.  
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Figure V-4. Representative BSE image of synthesized CaZr0.7Ce0.3Ti2O7 and 
corresponding EDS spectra from the two phases detected. 

 

 XANES was performed on powdered samples of CaZr0.5Ce0.5Ti2O7 to detail the Ce 

valence state in these Ce zirconolites. The valence state of the Ce did not vary with 

composition, so only results from the x=0.5 composition are shown in this paper. Figure 

V-5 shows the XANES results from the standards, CeO2 and CePO4, and the synthesized 

powder. From the relationship between the edge energies, the synthesized powders contain 

about a 50/50 mix of tri- and tetravalent Ce. The presence of both tri- and tetravalent Ce 

demonstrates the ability of Ce to reduce at high temperatures in oxidizing atmospheres.53 

Trivalent Ce can co-substitute on both the Ca and Zr sites (as is seen in the 2M-zirconolite), 

and the tetravalent Ce can substitute for Zr (as in the 4M-zirconolite) without a need for a 

compensating ion. In zirconolite, this is often achieved by substituting Al for Ti.53,130  
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Figure V-5. XANES results from standard materials and synthesized Ce-zirconolite 
powder. 

 

 SPS of Ce-Zirconolites 

 To consolidate the powder into monoliths, SPS was performed on the Ce-

zirconolites. The sintering behavior of CaZr0.9Ce0.1Ti2O7 was very similar to that of single 

phase material, where rapid consolidation occurs immediately prior to reaching maximum 

temperature. XRD of the resulting pellet shows similar phases to starting powder with a 

small amount of perovskite phase (Figure V-6). The sintering peak of CaZr0.6Ce0.4Ti2O7 

was ‘sharper’ than the single phase material, indicating more rapid sintering. XRD of the 

resulting pellet shows an increase of perovskite phase. The change in sintering behavior is 

attributed to the sintering of both zirconolite and perovskite. The sintering curve and XRD 

are also shown in Figure V-6. The destabilization of 4M-zirconolite in favor of 2M-

zirconolite after sintering should also be noted. 
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Figure V-6. Temperature profile and piston speed during SPS of CaZr0.9Ce0.1Ti2O7 and 
CaZr0.6Ce0.4Ti2O7 including XRD comparison of the powder and resulting SPS pellet. 

 

 This result demonstrates that the conversion to perovskite is a fast process and it 

occurs below the sintering temperature of zirconolite. SPS was performed on the range of 

Ce-substituted zirconolites. It was found that the amount of perovskite formed during SPS 

increases as the amount of Ce in the material increases. A comparison of the XRD patterns 

of the sintered Ce-substituted zirconolites is shown in Figure V-7. The stabilization of a 

perovskite phase from zirconolite in reducing conditions (as in the case of SPS) has been 

reported previously.117,131 XANES reveals that about 90% of the Ce is present in the 

trivalent state after SPS (Figure V-7). Zirconolite transformation into perovskite is due to 

the partial reduction of Ti4+ to Ti3+ in the zirconolite structure.131 In order for charge 

compensation to occur in the zirconolite structure, Zr relocates to the Ca site, allowing 

excess Ca and Ti to react to form perovskite with the reduced Ce. 
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Figure V-7. XRD comparison of SPS Ce-substituted zirconolites along with XANES 
results showing a majority of trivalent Ce. 

 
 

 Phase Conversion of Ce-Zirconolites 

 The formation of perovskite during SPS is undesirable due to the superior chemical 

durability of zirconolite46 compared to the perovskite phases.  Thus, a heat treatment in air 

after SPS is required to convert the perovskite back into zirconolite. HTXRD was used to 

monitor the phase conversion during heat treatment. Schedule 1 (Table V-1) reveals that 

CaCeTi2O7 forms as an intermediate phase at temperatures up to 1300°C, as seen in the 

XRD patterns in Figure V-8. 4M-zirconolite does not form in the CaZr0.6Ce0.4Ti2O7 sample 

during Schedule 1. No significant changes to the patterns were seen in the subsequent 

measurement at 1300°C. 
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Figure V-8. in situ XRD patterns of CaZr0.6Ce0.4Ti2O7 at 1300°C showing the conversion 
of perovskite into CaCeTi2O7. 

 

 A second HTXRD schedule was performed to eliminate the CaCeTi2O7 that forms 

as an intermediate phase. At 1350°C, CaCeTi2O7 and 2M-ziconolite are converted into 4M-

zirconolite (Figure V-9). Rietveld analysis was performed on these patterns to determine 

the phase contents of the specimen during the 4M-zirconolite formation. Select diffraction 

patterns and the corresponding wt% determined by Rietveld analysis are shown in Figure 

V-9. It can be seen that perovskite reacts to form CaCeTi2O7 at temperatures below 

1350°C. During the 5 hour hold at 1350°C, the perovskite content reaches a plateau at 

around 9 wt%. The CaCeTi2O7 and 2M-zirconolite react during the first 2 h of the hold at 

1350°C to form 4M-zirconolite which plateaus by around 3.5 h. The reaction did not go to 

completion (100% 4M –zirconolite) during the HTXRD experiment. 
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Figure V-9. Phase amounts and corresponding XRD patterns during heating and 
isothermal hold at 1350°C of CaZr0.6Ce0.4Ti2O7. 

 

 Conversion of the phases after SPS back to nearly the original phase composition 

was achieved by a furnace heat treatment at 1350°C for 24h. The longer heat treatment 

completes the conversion of CaCeTi2O7 into zirconolite (both 2M and 4M), which is 

desirable for the intended application. XRD patterns representing the phase changes are 

shown in Figure V-10. 

 

 

Figure V-10. XRD patterns comparing the phase assemblage in CaZr0.7Ce0.3Ti2O7 under 
different processing conditions. 
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 Ce-Pyrochlore Synthesis and SPS 

 XRD reveals phase pure Nd2Ti2O7 is obtained when Ce is substituted for Nd up to 

25 mol % indicating that Ce is incorporated into the pyrochlore structure. The XRD 

patterns for these materials are shown in Figure V-11. The peaks systematically shift to 

lower two theta, indicating an increase in unit cell volume. XANES measurements (Figure 

V-11) show that nearly all Ce becomes trivalent after synthesis. This allows for the Ce to 

enter the pyrochlore structure without creating vacancies via charge balance. Instability of 

tetravalent Ce at high temperatures, even in oxidizing environments, is demonstrated.115 

 

 

Figure V-11. XRD patterns of Ce substituted Nd2Ti2O7 (right) and XANES spectra 
showing all trivalent Ce present in the sample (left). 

 

 The sintering behavior of the materials with varying amounts of Ce content is 

displayed in Figure V-12 by plotting the theoretical density as a function of time. The 

sintering time is short, increasing in theoretical density from ~65% to 98% in about 90 s 

before reaching the maximum temperature of 1225°C. Sintering behavior does not change 

with increasing Ce content, indicating that the sintering mechanism remains the same. The 

materials remain at elevated temperatures during sintering for > 600 s, which is important 

for the processing of nuclear waste forms. 
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Figure V-12. Sintering behavior of Ce substituted Nd2Ti2O7 during SPS. 

 Conclusions 

Ce incorporation into the zirconolite structure was confirmed using XRD and 

supporting data from SEM/EDS and XANES. A transition from the 2M polymorph to the 

4M polymorph with increasing Ce substitution is evident. In 2M-zirconolite, trivalent Ce 

co-substitutes on both the Ca and Zr sites, while both trivalent (Ca and Zr sites) and 

tetravalent (Zr sites) Ce substitutes into 4M-zirconolite. Conversion of 4M-zirconolite to 

perovskite and 2M-zirconolite occurs during the SPS process due to the reducing 

environment. This is due to the reduction of Ce4+ into Ce3+, where the 2M-zirconolite is 

charge balanced by co-substitution of Ce3+ on the Ca and Zr sites and the perovskite forms 

due to the partial reduction of Ti4+ to Ti3+ leaving excess Ca an Ti to react with the trivalent 

Ce to form perovskite. HTXRD was used to study the transformation process of the 

perovskite into zirconolite in air. CaCeTi2O7 forms as an intermediate phase up until 

1300°C, and 4M-zirconolite begins at 1350°C. The re-oxidation of Ce3+ and Ti3+ to their 

tetravalent states allows the original phase assemblage to be attained. The transformation 

to 4M-zirconolite is slow, but complete conversion to the original phase assemblage is 

achieved with a 24h heat treatment in air. Ce was fully incorporated into the Nd2Ti2O7 

structure, with the reduction of Ce4+ to Ce3+ during synthesis. The sintering behavior via 

SPS was unaffected by Ce content in pyrochlore materials. 
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 SPARK PLASMA SINTERING BEHAVIOR OF Nd2Ti2O7 

Neodymium titanate is a candidate material for nuclear waste immobilization due to its 

ability to accomodate rare earth elements and actinides as substituting ions on the 

neodymium site. Consolidation of nuclear waste forms using SPS presents many 

advantages over alternative methods, most notably the shorter sintering times required to 

produce dense waste forms. The sintering mechanism was investigated via a direct method 

by sintering samples at 1050°C under a range of applied pressures. A stress exponent of ~1 

was obtained, corresponding to a sintering mechanism of grain boundary sliding. The 

activation energy during the final sintering stage (> 90% TD) was found to be 95 kJ/mol. 

A grain size exponent of 3.1 was determined, revealing that the grain boundary sliding is 

accommodated by grain boundary diffusion.   

 Introduction 

 Fast sintering times and lower sintering temperatures to obtain dense ceramics86 

and encapsulation of the material during sintering has led to the consideration of SPS as a 

consolidation method for nuclear waste forms. This would lead to limited volatilization of 

radioactive elements during the consolidation process. The SPS process has been well 

documented for a number of different materials.132-135 

 Characterizing the mechanisms active during SPS has presented a challenge for 

researchers.136-138 Indirect characterization has been applied to materials137,139 based on the 

method proposed by Bernard-Granger. This technique utilizes the creep rate derived 

equation, which is written as140: 

 = 𝐾    (VI-1) 

where t is time, µeff is the instantaneous modulus of the compacted powder, K is a constant, 

R is the gas constant, T is the temperature, QD is the activation energy of the mechanism 

controlling densification, b is the Burgers vector, G is the grain size, σeff is the instantaneous 

effective stress acting on the powder bed, n and p are the stress and grain size exponent 

respectively. The effective stress and effective modulus can be written as: 

 𝜎 =
( )

𝜎  (VI-2) 
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and 

 𝜇 =
( )

  (VI-3) 

respectively, where Eth is the Young’s modulus of the fully dense material, νeff is the 

effective Poisson’s ratio, D0 is the green density of the powder at the start of the sintering 

procedure, D is the instantaneous density of the compact, and σmac is the macroscopic 

applied pressure. Using this procedure, different values of the stress exponent, n, that 

indicates which sintering mechanism is active, have been obtained for alumina.137,141 The 

discrepancy between the n values is due in part to the need to calculate effective parameters 

used in the analysis. The effective values fluctuate with relative density, and the evolution 

of these parameters are dependent on the equations chosen to calculate them.142 Table VI-1 

displays the stress and grain size exponents associated with hot pressing sintering 

mechanisms.143 

 

Table VI-1. Exponents Associated with Hot Pressing Sintering Mechanisms 

Densification Mechanism Stress Exponent (n) Grain Size Exponent (p) 
Viscous Flow 1 0 
Lattice Diffusion 1 2 
Grain Boundary Diffusion 1 3 
Liquid Phase Sintering 1 3 
Grain Boundary Sliding 1-2 1 
Dislocation Induced 
Plasticity 

≥3 0 

  

  

 A direct characterization technique has been applied to alumina to alleviate the 

discrepancies found in the indirect characterizations.142,144,145 The procedure is simple and 

is performed by comparing the densification rate as a function of applied stress at a fixed 

density value, eliminating the need to calculate effective parameters. In this study, the 

direct characterization approach is applied to Nd2Ti2O7 to investigate the sintering behavior 

of this material in regards to nuclear waste form applications. 
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 Methodology 

 Spark Plasma Sintering Schedules 

 Samples were sintered using a heating and cooling rate of 100°C to maximum 

temperatures between 1025 and 1075°C (as read by a pyrometer facing the outer die wall), 

with a 600 s hold time at maximum temperature and applied pressures of 18, 54, or 98 MPa 

during the run. A blank run, consisting of just the graphite mold and foil, with identical 

sintering parameters to each sample sintered was performed to subtract any background 

piston movement due to the die and foil. Samples for grain size measurement were 

produced by holding at 1050°C for 0.17, 0.5, and 1 h with 54 MPa applied pressure. 

 Grain Size Measurement 

 The grain size of the sintered samples was evaluated using ASTM E112146 to 

determine the grain size exponent. Section of the sintered pellets were polished down to 1 

μm using a combination of SiC grit paper and diamond suspensions. Thermal etching was 

performed in a box furnace by ramping the temperature at 10°C/min to 1350°C, holding 

for 600 s, and cooling to room temperature at 10°C/min. Images were taken from 5 widely 

spaced areas on the polished and etched surfaces with scanning electron microscopy 

(SEM). The Heyn line-intercept method was used to then calculate the grain size. 

 Results and Discussion 

 Densification and Stress Exponent Determination 

 The evolution of the relative density during the 0.17 h isothermal hold can be seen 

in Figure VI-1. Applied pressures of 18, 54, and 98 MPa are compared, and the relative 

densities are similar across the three samples (~94% TD). This extends the viability of 

using the direct characterization method for these samples during the final sintering stage. 
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Figure VI-1. Evolution of relative density during SPS isothermal hold at 1050°C of 
Nd2Ti2O7. 

 

 The densification rate during the isothermal hold time at 1050°C for these three 

samples is plotted against the applied pressure during the run in Figure VI-2. The 

corresponding linear fit gives a stress exponent (n) value of 1.06, which implies that the 

sintering mechanism active during the final stage of sintering is grain boundary sliding.147  

 

 

Figure VI-2. Densification rate as a function of applied pressure yielding a stress 
exponent (n) value of 1.06. 
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 Additional experiments were performed to elucidate the sintering mechanism 

during the intermediate stage of sintering (< 90% TD), however the densities obtained 

during isothermal holds at temperatures lower than 1050°C were not consistent enough to 

apply the direct characterization method. 

 Grain Size Exponent and Activation Energy 

 The grain size values for the samples sintered at 1050°C held at temperature for 

600, 1800, and 3600 s with an applied pressure 54 MPa are plotted vs densification rate in 

Figure VI-3. The grain size increases as the hold time increases, typical when sintering 

ceramics.148,149 The linear fit of this data yields a grain size exponent (p) of 3.1, 

corresponding to grain boundary diffusion.150 

 

 

Figure VI-3. Densification rate versus grain size of Nd2Ti2O7 SPS samples yielding a 
grain size exponent (p) value of 3.1. 

 

 To calculate the activation energy for the final sintering stage, samples were 

sintered at 1025, 1035, 1050, and 1075°C with 54 MPa applied pressure. Each of these 

samples are > 90% TD, remaining in the final sintering stage regime. A semi logarithmic 

Arrhenius plot of the densification rate as a function of inverse temperature was used and 

can be seen in Figure VI-4. The activation energy corresponding to the linear fit is 95 

kJ/mol. This is a low value obtained for the activation energy of the sintering mechanism, 
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however, no activation energies have been reported for this material to compare the present 

values.  

 

 

Figure VI-4. Semi-logarithmic Arrhenius plot of densification rate versus inverse 
maximum SPS temperature used to obtain the activation energy. 

 Conclusion 

 The sintering mechanism of neodymium titanate pyrochlore during SPS was 

investigated using a direct characterization method. It was determined that the sintering 

mechanism during the final sintering stage (> 90% TD) is grain boundary sliding (stress 

exponent n = 1) accommodated by grain boundary diffusion (grain size exponent p = 3). 
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 PERFORMANCE TESTING OF SPARK PLASMA SINTERED 
ZIRCONOLITE AND PYROCHLORE 

Chemical durability and resistance to irradiation damage are two important criteria 

commonly used to validate a material’s applicability as a waste form. Compositions of Ce-

substituted zirconolite and pyrochlore, CaZr1-xCexTi2O7 and Nd2-xCexTi2O7 with x = 0.1, 

0.3 and 0.5, as described in Section V, were evaluated for their performance as waste form 

materials. In this study, chemical durability testing was performed using the product 

consistency test (PCT) and the Materials Characterization Center (MCC) monolithic 

leaching test. Ce leaching in these materials was low (2 × 10-5 g/m2day) or below the 

detectable limit in some cases. Ion beam irradiations of compositions with x = 0.1 and 0.5 

were performed using Kr3+ and He+ ions (simulating heavy and light ions respectively) to 

0.5 displacements per atom (dpa). Complete amorphization is observed in all samples 

under heavy ion irradiation, while no structural changes are observed under light ion 

irradiation. 

 Introduction 

 The chemical durability of nuclear waste form materials is of critical importance in 

defining the long-term storage performance. Various test methods have been proposed for 

studying the leaching behavior including the PCT,151,152 the MCC standard,122,153,154 and 

the vapor hydration test (VHT).155-157 

 Zirconolite materials have demonstrated high chemical durability under leaching 

conditions.158-161 Cat et al.50 produced an Nd-doped zirconolite via solid-state synthesis and 

performed the PCT, yielding a leach rate of Nd of 10-5g/m2d after 42 days Using the MCC-

1 test, Wen et al.51 showed the Ce leach rate in solid-state synthesized Ce doped zirconolite 

was 10-6 g/m2d after 28 days. Pyrochlore materials also exhibit acceptable chemical 

durability for nuclear waste form applications.160,162,163 One gadolinium titanate produced 

by self-propagating high-temperature synthesis (SHS), has a leaching rate of Gd of 2 × 10-

4 g/m2d after 42 days, determined using the MCC-1,164 with similar results obtained for a 

gadolinium zirconate under the same leaching conditions.165 

 Radiation stability is also of crucial in the determination of a material’s use as a 

nuclear waste form. Ion beam irradiation and self-irradiation37,106,166 are the typical ways 
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to determine a materials radiation stability, characterized by XRD. The use of ion beams 

has been described in Section IV.1. Ion beams provide accelerated degradation results, and 

self-irradiation experiments provide accurate behavior of materials interacting with 

radioactive decay. When subjected to light ion irradiation (He+) with fluences up to 1021 

ions/m2, zirconolite materials do not show amorphization via XRD and microstructural 

analysis.167 Heavy ion irradiation (Kr+, Xe+, or Ar+) result in the amorphization of both 

zirconolite and pyrochlore materials.99,168,169 

 Methodology  

 Leaching Tests 

 The PCT Method-A151 was performed on compositions of CaZr1-xCexTi2O7 and 

Nd2-xCexTi2O7 with x = 0.1, 0.3 and 0.5 consolidated by SPS as described in Section V to 

assess chemical durability. Monolithic samples were ground to 100-200 mesh particle size, 

washed and prepared according to the standard procedure. Fifteen milliliters of Type-I 

ASTM water were added to 1.5 g of sample in stainless steel vessels. Samples were done 

in triplicate. The vessels were sealed and placed in an oven at 90 ± 2°C for 7 days. Once 

cooled, the resulting solutions were acidified and analyzed for cation concentrations using 

inductively coupled plasma – atomic emission spectroscopy (ICP-AES). 

 The Materials Characterization Center (MCC) standard170 was performed using 

disks of compositions of x = 0.1 and 0.5 of zirconolite materials densified via SPS and x = 

0.5 for pyrochlore materials. The samples had approximate surface areas of 150 mm2 with 

each face ground to 600 grit with SiC paper. Samples were suspended from a stainless steel 

support by Pt wire inside a sealed stainless steel vessel with 15 mL of Type-I ASTM water. 

The vessels were placed in an oven at 90°C for 1, 7, 28, and 49 days. The experimental 

setups for the chemical durability tests is shown in Figure VII-1. 
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Figure VII-1. Schematic of the MCC-1 and PCT sample setup. 

 

 Irradiation Tests 

 Samples for ion irradiation experiments were prepared by polishing a surface to 1 

µm using a diamond suspension. The radiation dose in these materials was estimated using 

the SRIM program.107 380 keV He+ and 3 MeV Kr3+ implantations were performed on 

CaZr1-xCexTi2O7 and Nd2-xCexTi2O7 with x = 0.1 and 0.5 (Section V) using the IBL at the 

University at Albany. Samples received doses of 0.5 dpa of either He+ (2.8 × 1016 ions/cm) 

or Kr3+ (2.0 × 1014 ions/cm) ions. The energies of the He+ and Kr3+ ions were chosen to 

create damage depths of ~1 µm. 

 Charaterization 

 Elemental concentrations of the leachates were determined concentrations using 

ICP-AES. The normalized release values are calculated using the following equation: 

  𝑁𝑅 =
∗

∗ ∗∆
 (VII-1) 

where NR is the normalized release of Ce, C (g/L) is the concentration of Ce in the leachate, 

Vl (m3) is the volume of the leachate, f (wt%) is the fraction of the element in the unleached 

sample As (m2) is the geometric surface area of the sample and Δt (d) is the duration of the 

leach testing. XRD was also performed to observe any phase changes that may have 

occurred during testing. 
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 Irradiated surfaces were analyzed with GIXRD by scanning 2θ values from 10 to 

60° with a step size of 2θ value of 0.04° and a dwell time of 40 s at an angle of incidence 

of 2 degrees. Scans were made on samples before and after irradiation to compare changes 

that occurred during irradiation. 

 Results and Discussion  

 Chemical Durability Results and Analysis 

 Ce-substituted zirconolite and pyrochlore were found to be extremely leach 

resistant according to PCT and MCC-1 methods. All zirconolite materials subjected to the 

MCC-1 procedure released no Ce above the detection limit of the instrument (< 2.00 µg/L) 

demonstrating high chemical durability under these conditions. Under PCT conditions, 

only the lowest Ce content zirconolite, CaZr0.9Ce0.1Ti2O7, released any Ce during testing. 

This result indicates that the 4M-zirconolite polymorph is more chemically durable than 

the 2M-zirconolite polymorph.  

 Results of the MCC-1 testing of Nd1.5Ce0.5Ti2O7 revealed that Ce was released 

during the 1 and 7 day tests (Table VII-1). The amount of Ce released decreased between 

the 1 and 7 day tests, and decreased below the instrument’s detectable limit for the 28 and 

49 day tests. Ce-substituted pyrochlore materials under PCT conditions confirmed high 

chemical durability, as only the highest Ce content pyrochlore released Ce above the 

detectable limit. The leachate results for the chemical durability testing are summarized in 

Table VII-1. 
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Table VII-1. Normalized Ce Release Rates of Various Ceramics 

Composition 
Test – Duration 

(days) 

Normalized 

Release  

(g/m2day × 10-5) 

Reference 

CaZr0.9Ce0.1Ti2O7 PCT – 7 0.132 This work 

Nd1.5Ce0.5Ti2O7 

PCT – 7 0.202 

This work 
MCC-1 – 1 66.147 

MCC-1 – 7 3.967 

MCC-1 – 21 – 

Zr1-x-yCexNdyO2-y/2  

(x = 0.05-0.25, y= 0.15-0.75) 

MCC-1 – 1 ~ 15 – 35 

171 MCC-1 – 7 ~ 5 – 15 

MCC-1 – 21 ~ 1 – 5 

CaZr0.71Ce0.25Ti1.89Si0.15O7-

Ca0.61Ce0.17Si0.96Ti1.04O5-  

Ca0.88Ce0.05Ti0.98Si0.03O3 

(56.7-22.7-20.6 vol%) 

MCC-1 – 1  ~ 30 

122 MCC-1 – 7  ~ 10 

MCC-1 – 21  ~ 1 

Gd1.5Nd0.5Zr1.5Ce0.5O7 PCT – 7 ~ 0.3 172 

xCeO2-(100-x)(40Fe2O3-60P2O5), x 

= 2, 4, 6, 8, glass-ceramic 
PCT – 7  ~ 5 76 

 

   

 Table VII-1 details chemical durability tests performed on various ceramic 

materials and the corresponding normalized Ce leach rates. The ceramics tested in this 

thesis demonstrate superior Ce leachability compared to other ceramics under similar 

testing conditions.  

 XRD results show that no phase changes occur during PCT or MCC-1 testing. 

Figure VII-2 shows XRD patterns of CaZr0.9Ce0.1Ti2O7 and CaZr0.5Ce0.5Ti2O7 before and 

after the PCT treatment. The decreased intensity of the treated samples is due to the limited 

amount of material available to scan. 
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Figure VII-2. XRD patterns of Ce-zirconolite materials before and after PCT. 

 

 Irradiation Resistance 

 GIXRD patterns of Ce-substituted materials are shown in Figure VII-3 and Figure 

VII-4. Under light ion irradiation, a decrease in peak intensity can be seen, but no new 

peaks appear after treatment in either high or low content Ce samples. Irradiations with 

heavy ions caused nearly complete amorphization, only a small number of peaks could be 

seen above the amorphous hump in zirconolite samples. The amount of Ce substituted into 

the zirconolite and pyrochlore structures does not affect the extent of irradiation damage in 

these samples. These results presented here support the results seen in multiphase samples 

described in Section IV where the non-hollandite phases remained relatively unaffected by 

light ion irradiation and were amorphized by heavy ion irradiations. 
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Figure VII-3. GIXRD patterns of Nd1.9Ce0.1Ti2O7 and Nd1.5Ce0.5Ti2O7 samples 
consolidated by SPS before and after 0.5 dpa He+ or Kr3+ irradiations.  
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Figure VII-4. GIXRD patterns of CaZr0.9Ce0.1Ti2O7 and CaZr0.5Ce0.5Ti2O7 samples 
consolidated by SPS before and after 0.5 dpa He+ or Kr3+ irradiations. 

 

 Conclusions 

 Ce-substituted pyrochlore and zirconolite materials consolidated by SPS were 

subjected to chemical durability and irradiation damage testing. The PCT and MCC-1 were 

used to test the chemical durability of the samples. Ce release was only detected during the 

PCT of CaZr0.9Ce0.1Ti2O7 and Nd1.5Ce0.5Ti2O7 and the release values were comparable to 

results of other Ce-substituted materials. During MCC-1 testing (1-49 days), Ce was only 

released during the 1 and 7 day tests of Nd1.5Ce0.5Ti2O7. The release value starts out high, 

and drops dramatically as the test length is increased, as seen in other Ce containing 

materials. In the MCC-1 testing of other materials and tests longer than 7 days, no Ce was 
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released above the detectable limit of the ICP-AES. Radiation damage results support the 

multiphase waste form results. Light ion irradiation had no discernable effect of the 

structure of the materials according to GIXRD, whereas heavy ion irradiation causes near-

complete amorphization of the structure.  



64 

 CONCLUSIONS 

This thesis focuses on the processing, characterization, and testing of simulated waste 

forms, both multiphase and single phase, produced by SPS. Sections III and IV detail the 

multiphase work and they demonstrate the ability of SPS to produce waste forms with 

desired phase assemblage. Radiation damage studies of these multiphase waste forms show 

that the smaller grain sizes of SPS produced samples mitigate ion penetration depth. Single 

phases of zirconolite and pyrochlore were selected for Ce incorporation to simulate actinide 

and rare earth element immobilization and the work is described in Sections V-VII.  Ce 

incorporation was nearly complete, with only small amounts of perovskite seen in 

zirconolite materials and both zirconolite and pyrochlore samples exhibit high chemical 

durability. Detailed summaries are presented in the following sections. 

 Processing and Radiation Damage of Multiphase Waste Forms 

 Ceramic compositions targeting a multiphase assemblage were processed using 

SPS and melt-processing. Both processing routes produced samples with similar phases 

present, with hollandite as the most predominant phase and perovskite as the other major 

phase. Zirconium-rich phases were also present in all of the samples and TiO2 was present 

in the melt-processed samples. The microstructures of the SPS samples contain small 

grains (<1µm) of interdispersed phases, while elongated, dendritic grains (>10µm) 

compose the melt-processed microstructres. Unreacted CeO2 and Cs-rich phases were 

obsereved in SPS-processed samples, indicating that further optimization of processing 

conditions is required.  

 Radiation damage was simulated in these ceramic waste forms using Au3+ and He+ 

ions. When bombarded with heavy ions (Au3+) atomic displacements initiated by ballistic 

processes caused the affected volumes to amorphize. Similar amorphization behavior was 

observed in samples produced by both processes when irradiated with Au3+ ions, with less 

ion penetration depth observed in SPS samples which is attributed to the smaller grain sizes 

of the phases. Exposure to light ions (He+) caused the hollandite phase to break down while 

the other major phases remained crystalline.  
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 Ce Substitution in Zirconolite and Pyrochlore 

Ce incorporation into zirconolite and pyrochlore structures is obtained up to 50 

mol% for Zr in the case of zirconolite and 25 mol% for Nd in Nd2Ti2O7 pyrochlore using 

solid state reaction. Small amounts of perovskite (up to 7 wt%) were detected in zirconolite 

materials with increasing Ce content using XRD. A transition from the 2M polymorph to 

the 4M polymorph with increasing Ce substitution is seen in zirconolite materials. XANES 

was used to determine the valence state of Ce in these materials. 2M-zirconolites contain 

trivalent Ce, which supports Ce substitution on both Ca and Zr sites. Both trivalent and 

tetravalent Ce was present in 4M-zirconolites. All Ce substituted into pyrochlore materials 

is converted from tetravalent to trivalent during the reaction process to maintain charge 

neutrality in the structure. 

SPS of Ce-zirconolites causes the 4M-zirconolite polymorph to convert to 

perovskite and 2M-zirconolite due to the reducing environment inherent to the process. 

The reduction of Ce4+ into Ce3+ causes a redistribution of the Ce onto Ca and Zr sites 

stabilizing the 2M polymorph. A heat treatment in air restores the original phase 

assemblage. HTXRD was used to study the transformation of the perovskite back into 

zirconolite. CaCeTi2O7 forms as an intermediate phase up until 1300°C, and 4M-

zirconolite begins at 1350°C. The transformation to 4M-zirconolite is slow, but complete 

conversion to the original phase assemblage is achieved with a 24h heat treatment in air. 

The sintering behavior of Ce- substituted pyrochlore is unaffected by Ce content in the 

material. 

 Performance Testing of Single Phase Materials 

 Radiation damage in Ce-substituted zirconolite and pyrochlore was simulated by 

implanting samples with He+ or Au3+ with ion fluences equating to 0.5 dpa. GIXRD 

revealed that light ion (He+) irradiation had very little effect on the materials, whereas 

heavy ion (Au3+) irradiation caused near complete amorphization of all materials tested. 

No effect of Ce content on radiation damage behavior was seen. PCT and MCC-1 were 

used to determine the chemical durability of the Ce containing materials. For zirconolite 

materials, Ce was only released during the PCT of CaZr0.9Ce0.1Ti2O7 indicating that the 

4M-zirconolite polymorph is more chemically durable than 2M-zirconolite. It was found 
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that Ce was released from the high Ce content pyrochlore in this study, Nd1.5Ce0.5Ti2O7, 

during both the PCT and MCC-1. During MCC-1 tests longer than 7 days, no Ce above the 

detectable limit of the ICP-AES was released. The Ce release values in these studies were 

comparable to those in similar tests performed previously. 
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 FUTURE WORK 

 Multiphase simulated waste forms formed by SPS in this work are comprised of 

complex phase assemblages and microstructures. Reactive sintering schedules require 

optimization to improve phase assemblage and eliminate Cs-rich phases. Advanced 

microscopy (TEM) should be performed on each individual phase after exposure to 

irradiation to quantify the response of each phase under these conditions. Detailed leaching 

tests should be paired with microscopy analysis to elucidate the leaching behavior and 

mechanisms of these multiphase waste forms. 

 Reactive sintering via SPS of Ce- zirconolite and pyrochlore should be explored in 

order to simplify and expedite the waste form production process. Supplementary chemical 

durability and radiation damage experiments to further investigate Ce-substituted 

zirconolite and pyrochlore behavior under these conditions. For chemical durability tests, 

Vapor hydration testing (VHT) can be performed to detail the behavior of bulk samples in 

harsh environments. Leach testing utilizing different leachants will aid in determination of 

the viability of storage of Ce containing materials. 

 The 2M- to 4M-zirconolite transition should be further investigated to optimize the 

Ce loading in zirconolite while maintaining the high chemical durability and resistance to 

light ion irradiation. 
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