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SUMMARY

This final report (M5SNU-12-NY-AU # 0202-0410) summarizes the results of the project titled
“Alternative High-Performance Ceramic Waste Forms,” funded in FY'12 by the Nuclear Energy University
Program (NEUP Project # 12-3809) being led by Alfred University in collaboration with Savannah River
National Laboratory (SRNL). The overall focus of the project is to advance fundamental understanding of
crystalline ceramic waste forms and to demonstrate their viability as alternative waste forms to borosilicate
glasses.

We processed single- and multiphase hollandite waste forms based on simulated waste streams
compositions provided by SRNL based on the advanced fuel cycle initiative (AFCI) aqueous separation
process developed in the Fuel Cycle Research and Development (FCR&D). For multiphase simulated waste
forms, oxide and carbonate precursors were mixed together via ball milling with deionized water using
zirconia media in a polyethylene jar for 2 h. The slurry was dried overnight and then separated from the
media. The blended powders were then subjected to melting or spark plasma sintering (SPS) processes.
Microstructural evolution and phase assemblages of these samples were studied using x-ray diffraction
(XRD), scanning electron microscopy (SEM), energy dispersion analysis of x-rays (EDAX), wavelength
dispersive spectrometry (WDS), transmission electron spectroscopy (TEM), selective area x-ray diffraction
(SAXD), and electron backscatter diffraction (EBSD). These results showed that the processing methods
have significant effect on the microstructure and thus the performance of these waste forms.

The Ce substitution into zirconolite and pyrochlore materials was investigated using a combination
of experimental (in situ XRD and x-ray absorption near edge structure (XANES)) and modeling techniques
to study these single phases independently. In zirconolite materials, a transition from the 2M to the 4M
polymorph was observed with increasing Ce content. The resulting powders were consolidated via SPS. Ce
was reduced to the trivalent oxidation state and the zirconolite was converted into undesirable perovskite.
The zirconolite polymorphs found in the synthesized powders were recovered after a post-SPS heat
treatment in air. These results demonstrated the potential of processing in controlling the phase assemblage
in these waste forms.

Hollandites with Cr** trivalent cations were identified as potential hosts for Cs immobilization and
are being investigated for Cs retention properties. Series of compositions Bai.15.:Cs2:Cr2.3Tis7016, with
increasing Cs loadings, were prepared by sol-gel process and characterized for structural parameters.
Structural characterization was performed by a combination of powder XRD and neutron powder
diffraction. Phase pure hollandite adapting monoclinic symmetry (I2/m) was observed for 0 < x < 0.55.
These results were used to develop a new structural model to interpret Cs immobilization in these
hollandites.

Performance of these waste forms were evaluated for chemical durability and radiation resistance.
Product consistency testing (PCT) and vapor hydration testing (VHT) were used for testing of chemical
durability. Radiation resistance was tested using He" ions to simulate o particles and heavy ions such as
Au* to simulate o recoil. These results showed that these waste forms were chemically durable. The waste
forms also amorphized to various degrees on exposure to simulated radiation.

ii



Alternative High-Performance Ceramic Waste Forms
- Final Report M2NU-12-NY-AU # 0202-0410
December 15, 2016

TABLE OF CONTENTS

LIST OF FIGURES ...ttt ettt ettt et e st et e st e ent e s e eaeenee st eneeseeneensesseeneans iv
LIST OF TABLES ...ttt ettt ettt ettt eat et e e st et e st e ea e et e eseemteaeeseenseeseeneeseeneeneas viii
ABBREVIATIONS ...ttt ettt ettt s h et b et s bt et e st e bt et s bt e st e bt eat e besbeeabesbeeatens X
ACKNOWLEDGEMENTS ...ttt ettt ettt et et s e e s te e st esteseeenee s st eneesseeneensesseeneans Xi
1) Introduction and Selection of Compositional Space (Task 1).......ccceceeiviiiiiiiniiiniiiiiceieeeeeee, 1
2) Multiphase Waste Form Compositions and Processing (Tasks 2 & 3).....cccocoeevieniiniiniinncinceneene 16
3) Nucleation and Growth in Multiphase Ceramic Waste Forms (Task 4) .........cccccovvenviniininninnene 27
4) Simulated Radiation Damage of Titanate Multiphase Ceramic Waste Forms (Task 0) .................. 38
5) Chemical Durability of Multiphase Ceramic Waste Forms (Task 6)..........cccceeveeniiniiniinncnncenene 44
6) Cerium Substitution in Zirconolite and Pyrochlore Materials (Task 5)......cccccoevvviniieiniiiiniennieenne. 51
7) Structural characterization and Cs retention of Ba-Cr hollandites (Task 5)..........ccccoeevvvieeiiiiinnnnn. 65
8) S (S (= 111 PR 78

il



Alternative High-Performance Ceramic Waste Forms
- Final Report M2NU-12-NY-AU # 0202-0410
December 15, 2016

LIST OF FIGURES
Figure 1-1. CW-AFHZ fabricated by a melting and crystallizing in a 1%H, balance Argon- Backscattered
Electron MICTOZIAPN .......coiiiiiiiiie ettt st st sttt e 2
Figure 1-2. Subsolidus equilibria in the system BaO-TiO»-Al,03 at 1200°C MO0 ..., 3

Figure 1-3. Phase equilibria in the CaO-Ti0,-ZrO; at (a) 1450-1550°C, (b) 1300°C, and (c) 1200°C 34! 7

Figure 1-4. XRD data of formation of hollandite ............cccceiiiiiiiiiiniiiiiii e 11
Figure 1-5. SPS process variables — Piston speed and temperature vs. time .........cccceeeeveeneenneerneeenieenneens 12
Figure 1-6. XRD data of pyrochlore samples after SPS ..........cooiiiiiiiiiecee e 12
Figure 1-7. SEM of selected areas of SPS pyrochlore..........c.coocieiiiieiiiniininiiiiiceececceeeeeeeeeene 13
Figure 1-8. Left: SPS reactive sintering curve; Right: XRD of the reaction-sintered sample.................... 14
Figure 1-9. XRD data of melt-processed hollandites...........ccocueevueeriienieniirieniiiiiieeeeeceeeee e 15
Figure 1-10. Left: Single-phase vs. Multi-phase hollandites (Cr); Right: Single-phase vs. Multi-phase

oL 1B o Lo LT (@3 AN V3L TSR 15
Figure 2-1. Schematic of the graphite die set up in SPS......c.cccooiiiiiiiinieceeeeeeeene 18
Figure 2-2. XRD patterns of CAF- and Cr-MP samples produced by SPS and melt-processing............... 19
Figure 2-3. 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.......ccccoevveveeirinerierieieeennns 20
Figure 2-4. Selected elemental maps by WDS in CAF-MP prepared by SPS........cccooiiiininnieneene 21
Figure 2-5. Selected elemental maps by WDS in CAF-MP prepared by melt processing.............ccc.ceuee. 22
Figure 2-6. Phase maps obtained from EBSD .........cooiiiiiiiiiiit ettt 24
Figure 2-7. WDS maps of selected elements of CAF-MP-Melt........c..ccccoviiriiriiniiinniniiicniceiceieeeeene 25
Figure 2-8. WDS maps of selected elements of CAF-MP-SPS ... 25
Figure 2-9. (a) FIB-milled CAF-MP-Melt sample used for TEM observation, (b) Hollandite lattice as

viewed form [011] zone axis, and (c) the corresponding SAED pattern...........ccecceeveeneeniensiennieenneen. 26
Figure 3-1. Flow chart showing the heat cycle used for DSC measurements............ccccceveereeneenneennieenieen. 28
Figure 3-2. DSC cooling curves for Ct/Al/Fe-MP (a) SC/min (b) 20C/min.........ccccoveeeriiieriiiinieenieeennen. 28

v



Alternative High-Performance Ceramic Waste Forms
- Final Report M2NU-12-NY-AU # 0202-0410
December 15, 2016

Figure 3-3. Heating/cooling cycle used for melting/quenching eXperiments ..........c.cccceeveereereernierneeenueens 29

Figure 3-4. (a) Rietveld quantitative XRD analysis and (b) Back-scattered image of CAF-MP at

IS00TCT TRttt s 30
Figure 3-5. WDS maps of selected elements of CAF-MP at 1500°C/Th.......cccccociriiniiininniniiniiniceeene 31
Figure 3-6. (a) Rietveld quantitative XRD analysis and (b) Back-scattered image of CAF-MP at

L3225 C TRttt ettt e h bbb bbbttt bt et b e e bt et bt naes 32
Figure 3-7. Rietveld quantitative XRD analysis and CAF-MP at 1325°C/12h .......cccocoeiiiiiniiniinienenne 32
Figure 3-8. (a) Rietveld quantitative XRD analysis and (b) Back-scattered image of CAF-MP at

IB25%C 24N .t 33
Figure 3-9. WDS maps of selected elements of CAF-MP at 1325°C/24h.........coccooviiiiiniiniiiiiciiceene 33

Figure 3-10. (a) Rietveld quantitative XRD analysis and (b) BSE image of CAF-MP at 1285°C/1h........ 34

Figure 3-11. Rietveld quantitative XRD analysis of CAF-MP at 1285°C/12h......cccccccoeviininvinninncenncne 34
Figure 3-12. (a) Rietveld quantitative XRD analysis and (b) BSE of CAF-MP at 1285°C/24h................. 35
Figure 3-13. WDS maps of selected elements of CAF-MP at 1285°C/24h.......ccccccovvviininninninniiienene 35

Figure 3-14. BSE images of CAF-MP held at 1285°C/1h (a) 50x (b) 100x (c) 500x (Dark gray phase
corresponds to TiO2, medium gray phase is hollandite and the bright colored matrix has perovskite
and Other Zr TiCh PRASES) ..couiiiiiiii ettt et st st s 37

Figure 3-15. Variation of relative phase amounts with annealing time. Thick lines correspond to 1325°C
and dotted 1NES t0 1285°C ... ..ottt ettt sttt et sbe e s s e 37

Figure 3-16. Sequence of phase transformations in CAF-MP while cooling from melting temperature ... 38
Figure 4-1. Damage profile in CAF-MP using 7 MeV Au** and 200 keV He* i0nS .......cccovrvreieiienenennen. 40

Figure 4-2. GIXRD of CAF- and Cr-MP samples fabricated by SPS and melt-processing exposed to 5 dpa
OF NEAVY TOMIS .ttt ettt ettt e bt e s bt e sht e s abe et e e bt e bt e sbtesbeeeateenbeebeens 41

Figure 4-3. 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 heavy ions..........cccce...e. 42
Figure 4-4. GIXRD of CAF- and Cr-MP SPS samples irradiated with 3 different damage levels............. 43
Figure 4-5. GIXRD of CAF- and Cr-MP SPS samples irradiated with He i0ns........cccccoeceevieniinicnnceneen. 44
Figure 5-1. Schematic of a 'designer waste fOrm' .........cc.ccocuerviiiiiiiiiiniienienieceeeeeeecee et 45



Alternative High-Performance Ceramic Waste Forms
- Final Report M2NU-12-NY-AU # 0202-0410
December 15, 2016

Figure 5-2. Microstructures of SPS and melt-processed simulated ceramic waste forms. .........ccccceeveenne. 46

Figure 5-3. Comparison of Cs and Mo release across single phase and multiphase ceramics prepared via

melt-processing and SPS ..ot 47
Figure 5-4. SPS densification curves of HHC DWF compoOSItions .......c..ccocuerverviiriieenienecnieneeeieeieeeeens 48
Figure 5-5. XRD patterns of HLC DWF samples and the microstructure of 60%-HLC ............c.cccoceeneee. 49
Figure 5-6. Normalized Cs realease from both low and high Cs containing hollandite DWF compositions

............................................................................................................................................................. 50
Figure 5-7. EDS line scans results from the hollandite phase of the 80%-HLC DWF sample................... 50
Figure 6-1. Structures of 2M zirconolite (Top) and 4M zirconolite (Bottom)..........ccceevvieriiiinieenneennnnen. 53
Figure 6-2. XRD patterns of Ce-ZirCONOIIES .......cocueertieiiiiiiiiieieeeeiee sttt ettt et 55
Figure 6-3. Representative BSE image of synthesized CaZro7Ceo3Ti207 and corresponding EDS spectra

fTOM the tWO PRASES SEEI....coiuiiiiiiiiiiiete ettt st e b et e st st e naeens 56
Figure 6-4. XANES results from standard materials and synthesized Ce-zirconolite powder ................... 57

Figure 6-5. Temperature profile and piston speed during SPS of CaZroCeo.1TioO7 and CaZrosCeo4Ti,07
including XRD comparison of the powder and resulting SPS pellet..........ccccooiiiiiiiiniininiiineenen, 57

Figure 6-6. XRD comparison of SPS Ce-substituted zirconolites along with XANES results showing most
EEIVALEIE 8 ..ttt ettt ettt ettt e bt e sae e st st et e e bt e beesae e et e enneeneens 58

Figure 6-7. in situ XRD patterns of CaZr¢Ceo4T1,07 at 1300°C showing the conversion of perovskite

INEO CACETIZOT 1.ttt sttt ettt sa st sre e be e en s eanenees 59
Figure 6-8. Phase amounts and corresponding XRD patterns during heating and isothermal hold at

1350°C Of CaZro.6Ce0.4T1207 .ceiueiiiiiieeiieeiee ettt ettt e e 60
Figure 6-9. XRD patterns comparing the phase assemblage in CaZro7Ceo3Ti.O7 under different processing

COMAILIONS. ...ttt ettt ettt sttt et et ettt e s e b e st et sh e e st et sbeest e abeemnesaesaeennesheeme e bt eeeennesaeennennes 60
Figure 6-10. Illustration of the regions surrounding a defect in the Mott-Littleton technique ................... 62
Figure 6-11. Sintering curves of Nd»..CexTi,07, x =0, 0.1, 0.3, and 0.5.......cccceeiiriiniiiniiiiiiieeeeiceeene 63
Figure 7-1(a) TGA and (b) DTA plots for different compositions studied............ccceeeeeeriiierriiinieenneennnnen. 67

Figure 7-2: Powder XRD patterns of Bai.15xCs2xCr2.3Ti57016. All dotted lines indicate peaks
corresponding to hollandite phase. For x > 0.55, secondary peaks, labeled by red arrows, appeared. 68

Figure 7-3: Back-scattered electron images of different compositions of Bai.15.xC82xCr23Ti57016 ............ 69

V1



Alternative High-Performance Ceramic Waste Forms
- Final Report M2NU-12-NY-AU # 0202-0410
December 15, 2016

Figure 7-4: Rietveld refinement of powder XRD pattern for the composition Ba; ¢Cso3Cr2.3Tis7O16........ 70

Figure 7-5: Hollandite unit cell with 12/m symmetry with all crystallographic sites labeled..................... 70
Figure 7-6. Illustrations of oxygen environments surrounding each cation Site ........cc.cceceerveerveervvernieennen. 71
Figure 7-7. Rietveld refinement of NPD data for the composition Bai ¢Cs03Cr23Ti57016. v veeververnueeneeene 72

Figure 7-8. Variation of Cr-O and Ti-O bond lengths on M; (dotted line) and M- site (solid line). Error
bars of all the data points are smaller than the corresponding data markers. .........cccccceceevveerverneennenn. 75

Figure 7-9. Elliptical thermal ellipsoids of tunnel sites show represent the large U,; displacement
parameter for the composition Ba1.15Cr23Ti57016 . c.eeveirueirieiiiiiiiiiiciceceeee s 76

Figure 7-10. Powder XRD patterns showing the satellite reflections at low 20 as indicated...................... 77

vii



Alternative High-Performance Ceramic Waste Forms
- Final Report M2NU-12-NY-AU # 0202-0410
December 15, 2016

LIST OF TABLES

Table 1-1. Reference ceramic composition (wt. %) for CSLNTM-high Mo waste streams. *Fe or
multivalent transition metal (Co, Zn, Cr) to assist hollandite formation 7 *..................cccooviiviinnnne. 2

Table 1-2. CW-AFHZ fabricated by melting and crystallizing in 1%H> balance Argon-Summary of
elements and crystalline phases (*Crystalline phases determined from XRD measurements and EDAX

CLETNENIAL ANALYSIS) «...veenveeeeee et ettt e e ettt e st e et e e st eesba e e sbeeessaeessseesssaeasssaessseeansasessaensseeessens 3
Table 1-3. X-ray crystallographic data for barium titanium aluminates "%................cccooooiiiiiiiine, 4
Table 1-4. XRD and EPMA data summary B4 ... 8
Table 2-1. Multi-phase simulated waste form COMPOSITIONS ........cc.eeriiereerieriiiriiirieeieeneenee et eeeeeeens 18

Table 3-1. Temperatures and corresponding holding times from where different samples are quenched..29

Table 5-1. DWEF COMPOSITIONS ....ccuteiiiiriiiriiiriieiceieetteit ettt ettt ettt st ebe e bt e sae e s e e smeeeaeeemneeneens 47

Table 6-1. Percentages of phases present in zirconolite powder samples synthesized via solid-state
sintering determined by Rietveld analysis.........cccocuieiiiiiiniiiiiiie e 55

Table 6-2. HTXRD schedules used to study phase conversion of Ce-zirconolite post-SPS....................... 59

Table 6-3. Values of lattice constants and densities for zirconolite and pyrochlore materials found in the
literature and after structural relaxation using GULP...........cccccoiiiiiiiiiiiiiieee e, 62

Table 6-4. Possible substitution mechanisms for Ce incorporation into Nd>Ti>O7. The highlighted rows

indicate the most likely mechaniSms ........cocccovuiiiiiiiiiiiiiiie ettt 63
Table 7-1: Precursor materials used for SOl-gel SYNthesis.........cocueiveerieriiiiiiiiiiiieeeeeeee e 66
Table 7-2: Comparison of target vs. refined compositions when only Ba was used as tunnel cation. ....... 71

Table 7-3. : Unit cell dimensions and fit parameters from Rietveld refinement of Baj 15.,Cs2.Cr23Tis5.7016.
R, is the weighted Rietveld parameter and 37 is the g200dness-0f-fit. ..........cccccoveruerrvrrerererrerereernann, 73

Table 7-4. Refined lattice parameters for the composition Ba 15Cr2.3Ti57016...ccovereerveneriienenienienenicnene 73

Table 7-5. Selected bond lengths obtained for the structure of Ba;.15Cr23Tis7016. Different bond lengths
listed below can be visualized from Figure 7-0. .......ccccooiiriiniiiiiiiiiienicceccececeeeee e 74

Table 7-6. Occupancies of M1 and M2 sites showing the redistribution of Cr and Ti. Occupancies of Ba
and Cs are constrained to the corresponding highlighted values. .........cccccoooiiiiniiiiiininiiniin 75

Table 7-7. Refined ADPs of tunnel cations, U;2=U23=0 (by I2/m symmetry)........cccccceevveirverververneenneens 76

viii



Alternative High-Performance Ceramic Waste Forms

- Final Report M2NU-12-NY-AU # 0202-0410

December 15, 2016

ADP
AFCI
AU
BSE
CS
CHESS
DOE
DSC
DTA
DWF
EBSD
EBSP
EDAX
EDS
EMSL
EPMA
EXAFS
FCR&D
FIB
GIXRD
GULP
HDPE
HHC
HLC
HLW
HTXRD
IBL
IBML
ICP
LANL
LN

ABBREVIATIONS

Anisotropic Displacement Parameters
Advanced Fuel Cycle Initiative

Alfred University

Backscatter Electron

Cesium/Strontium

Cornell High Energy Synchrotron Source
Department of Energy

Differential Scanning Calorimetry
Differential Thermal Analysis

Designer Waste Forms

Electron Backscatter Diffraction
Electron Backscatter Pattern

Energy Dispersive X-ray Spectroscopy
Energy Dispersive Spectroscopy
Environmental Molecular Sciences Laboratory
Electron Probe Microanalysis

Extended X-Ray Absorption Fine Structure
Fuel Cycle Research and Development
Focused Ion Beam

Grazing Incidence X-ray Diffraction
General Utility Lattice Program

High Density Polyethylene

Hollandite High Cesium

Hollandite Low Cesium

High Level Waste

High Temperature X-ray Diffraction

Ion Beam Laboratory

Ion Beam Materials Laboratory
Inductively Coupled Plasma

Los Alamos National Laboratory

Lanthanides

X



Alternative High-Performance Ceramic Waste Forms
- Final Report M2NU-12-NY-AU # 0202-0410
December 15, 2016

MCC Materials Characterization Center
NEC National Electrostatics Corporation
NEUP Nuclear Energy University Program
NM Noble Metals

NPD Neutron Powder Diffraction

PNNL Pacific Northwest National Laboratory
PCT Product Consistency Test

REE Rare-earth Elements

SAED Selected Area Electron Diffraction
SEM Scanning Electron Microscopy

SPS Spark Plasma Sintering

SRIM Stopping and Range of Ions in Matter
SRNL Savannah River National Laboratory
SYNROC Titanium based ceramic substance that can incorporate nuclear waste
TEM Transmission Electron Microscopy
TGA Thermogravimetric Analysis

™ Transition Metals

VHT Vapor Hydration Test

WDS Wavelength Dispersive Spectroscopy
XANES X-ray Absorption Near Edge Spectroscopy
XPS X-ray Photoelectron Spectroscopy
XRD X-ray Diffraction



Alternative High-Performance Ceramic Waste Forms
- Final Report M2NU-12-NY-AU # 0202-0410
December 15, 2016

ACKNOWLEDGEMENTS

The authors would thank the Department of Energy’s Nuclear Energy University Program (NEUP) for
supporting this project. We acknowledge guidelines and feedbacks provided by Dr. J. D. Vienna, Pacific
Northwest National Laboratory (PNNL), Richland, WA. We also acknowledge the time and support of Drs.
V. Shutthanandan and S. Thevuthasan of Environmental Molecular Sciences Laboratory (EMSL) and Drs.
D. Edwards and C. Henager, Jr. of PNNL during the summer of 2014. We appreciate time and support of
Dr. J. W. Amoroso and Phyllis Workman of Savannah River National Laboratory (SRNL), Aiken, SC
during our visit to SRNL in the summer of 2015. We thank Dr. Ming Tang of Los Alamos National
Laboratory (LANL), Los Alamos, NM for his inputs on manuscript preparation of irradiated samples and
transmission electron microscopy (TEM) interpretation. The time and effort of Dr. R. Huang of the Cornell
High Energy Synchrotron Source (CHESS) is greatly appreciated. Professor S. K. Sundaram is grateful to
the generous support of Inamori Professorship by Kyocera Corporation. BMC acknowledges the support
of the NEUP Graduate Fellowship.

X1



Alternative High-Performance Ceramic Waste Forms
- Final Report M2NU-12-NY-AU # 0202-0410
December 15, 2016

1) Introduction and Selection of Compositional Space (Task 1)

The Department of Energy (DOE)’s Nuclear Energy University Program (NEUP) funded a team
led by Alfred University (AU) in collaboration with Savannah River National Laboratory (SRNL) in FY12
to develop multi-phase ceramic waste forms. The overall focus of the project (NEUP Project # 12-3809)
is to advance fundamental understanding of crystalline ceramic waste forms and to demonstrate their
viability as alternative waste forms to borosilicate glasses. Major scientific and technical objectives of the
proposed project are to: 1) Study phase assemblage and equilibrium in select ceramic waste form
compositions for combined cesium/strontium/lanthanides/transition metals (CS/LN/TM) with high Mo
waste streams, 2) Evaluate melt and sintering processes to produce dense microstructures, which are critical
to durability, performance and the phase formation and distribution of phases and dopants, 3) Characterize
the structure and chemical durability of the ceramic waste forms, 4) Establish crystallization kinetics and
mechanisms in the waste forms, specifically as a function of processing method, and 5) Design and
demonstrate a multi-phase ceramic waste form with performance superior to baseline borosilicate glasses.
The project is structured around six technical tasks: 1) Selection of the compositional space, 2) Preparation
and fabrication of waste forms, 3) Characterization of waste forms, 4) Nucleation and growth studies, 5)
Development of structure-property relationships, and 6) Testing and validation of the waste form(s). This
final report summarizes the results completed under this project.

The use of nuclear energy to generate electricity or produce weapons necessitates methods to
immobilize wastes generated from those processes. Several thermal as well as non-thermal processes have
been used for this purpose. These processes consist of, but are not limited to, vitrification [, hot isostatic
pressing 2!, melt formation ! spark plasma sintering (SPS) '?!, and cementation *l. Titanate-based ceramic
waste forms specifically SYNROC P! and derivative materials have been widely studied for their potential
to accommodate a large variety of radionuclides. The major phases targeted in SYNROC compositions are
zirconolite (CaZrTi,07), hollandite (BaxCsyAlxyTis-2xyO16), perovskite (CaTiOs), and pyrochlore (A2B,0,
where A and B are different 3+ or 4+ cations). Zirconolite and perovskite/pyrochlore are targeted to
immobilize most actinides, while fission products (Cs and Sr) are immobilized in hollandite phases.

1.1 Past Work

Past work performed at SRNL to develop crystalline ceramic waste forms with the ultimate goal of
future melter demonstration testing for the crystalline ceramic waste forms are summarized in FY10, 11,
and 12 reports ¢, Successful demonstration of melt processing of ceramic waste forms achieving the
targeted phases has been accomplished, however there were additional crystalline phases observed that
possessed low durability, specifically the alkali molybdates Cs-Mo type phases. The SRNL team focused
on refinements of composition and processing tailored towards Cs incorporation into the hollandite
structure and minimization of secondary Cs-Mo phase formation by varying the transition metal elements
in the hollandite structure ! to facilitate Cs incorporation and continued processing in reducing conditions
using metal/metal oxide buffers such as Ti/TiO, . Tt was recommended that processing should be
performed in a reducing environment to avoid Cs-Mo oxide formation. Table 1-1 shows the reference
ceramic composition. Figure 1-1 shows the scanning electron microscopy (SEM) image of the reference
waste form (CW-AFHZ) melted at 1500°C for 20 minutes in a 1%H, balance argon gas atmosphere. Iron
oxide (5.82 wt %) was used as the baseline additive targeting improved hollandite formation. The local

1
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composition of phases determined by x-ray diffraction (XRD) and energy-dispersive x-ray spectroscopy
(EDAX) is summarized in Table 1-2. The targeted hollandite, perovskite, and zirconolite phases were
observed along with alumina, powellite, and a Cs-Mo phase.

Table 1-1. Reference ceramic composition (wt. %) for CSLNTM-high Mo waste streams. *Fe or
multivalent transition metal (Co, Zn, Cr) to assist hollandite formation [7, 9]

Composition wt. % Targeted Phase

Waste 23.74

Al O3 6.62 Hollandite

Hollandite,

TiO, 51.03 Perovskite,

Zirconolite

CaO 1.36 Zirconolite

BaO 11.43 Hollandite

*Fe 03 5.82 Hollandite

< e,

v P Al

Spot 2 §

X W A0
Sod N

Figure 1-1. CW-AFHZ fabricated by a melting and crystallizing in a 1%H> balance Argon- Backscattered
Electron Micrograph
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Table 1-2. CW-AFHZ fabricated by melting and crystallizing in 1%H2 balance Argon-Summary of
elements and crystalline phases (*Crystalline phases determined from XRD measurements and EDAX
elemental analysis)

Spot Elements (Major, Minor) Crystalline Phases*
1 0, Al Al,O3
2 O, Ti, Al, Ba Hollandite- BaAlTi5014
3 O, Ti, Zr, Ca Zirconolite-CaZrTi,07
4 O, Ti, Ca, Nd Perovskite- Nd doped CaTiO3
5 O, Cs, Mo, Ca, Ba Cs:MoQOs + (BaCa)MoOq

1.2 Hollandites

Original interest in the BaO-Ti0,-Al,O3 system emerged out of concern about the harmful effects of Al,O3
addition on the dielectric and ferroelectric properties of BaTiOs 1. This led to discovery of several new
compounds in this system, including barium hollandite, BaAl,TisO14, one of the three major phases in the
SYNROC a synthetic rock proposed as a waste form of nuclear waste disposal >, Other phases identified
were perovskite (CaTiOs) and zirconolite (CaZrTi,O5). Figure 1-2 shows the subsolidus phase diagram of
the system and Table 1-3, the summary of the structural data of these three phases.

BaO

BasTi1:0s0
BaTi.Os

BaxT1s020
90 BaTisALOw

. T T T T T T T T T
TiO: 19 20 30 40 ALTIOs60 70 80 90

Figure 1-2. Subsolidus equilibria in the system BaO-TiO,-Al,O; at 1200°C 1%
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Table 1-3. X-ray crystallographic data for barium titanium aluminates [10]

BaTi5A12014 BaTiA16012 Ba3TiAl10020
Symmetry Tetragonal Tetragonal Orthorhombic
Unit Cell (A) a=7.025 a=10.070 a=14.854
c=10.156 c=9.107 b=11.365
c=4.986
Cell content (z) 2 4 2
Density (g/cm®) Expt. 432 3.84 4.13
Calc. 4.34 3.87 4.14

Early nuclear irradiation study of barium hollandite phase showed defect formation and volume
expansion !, Cesium (Cs) incorporation into SYNROC was studied due to large Cs concentration in the
waste streams and high mobility of cesium ions under leaching conditions. XRD data !"?! showed that the
limit of structural stability of polycrystalline barium hollandite was 0.25 Cs ions per unit cell. Cheary 13!
reviewed the Cs incorporation in SYNROC. In BaxCs,[(AI**Ti**)axyTi*s.2x.y]O16, high concentrations of
Al produced superlattices with longer periods. The superperiod was sensitive to Cs/Ba ratio. Three-
dimensional order was obtained with Cs and Ba end members containing Ti**.

Carter " reported synchrotron XRD data for the hollandite series BaxFexTis2xO16. This system
showed tetragonal to monoclinic transformation at room temperature with increasing Ba-content,
demonstrating stabilization of the tetragonal hollandite phase at room temperature. Aubin and coworkers
151 studied incorporation of cesium in the BaxCsy(Al,Fe)axyTis-2xyO16 in the (x + y < 2) compositional range
via solid-state reaction. In this system, the authors selected the Ba-Al hollandite composition,
Bai.i6Al23:Ti563016 for exposure to 1.0-2.5 MeV electron irradiation generated by a Van der Graff
accelerator. Electron spin resonance (ESR) data on the irradiated sample revealed formation of two Ti**
centers and one superoxide ion (Oy). Carter and Withers !!! extended this further to a wide range of barium
titanate hollandites covering Ba,**M**Tis«**O16 (Where M = Co, Fe, Mg, Mn, Zn) and Ba,**Mu,**Tis-2x*O16
(where M = Fe) synthesized via alkoxide route followed by solid state sintering and quenching. This study
showed that the solid solution ranges differed significantly for a Ba concentration range of x ~ 1.1-1.3. The
thermal history (cooling or quenching) dictated the ordering of Ba ions in this system.

Leinekugel-le-Cocq and coworkers 'l studied cesium retention in a hollandite composition
(BaiCso2sFens2Al146T1572016), a critical requirement for waste form application, by following two synthesis
routes, an alkoxide route and a dry route. While the alkoxide route yielded multiple phases, the dry route
yielded a single tetragonal hollandite material. Study of cesium-containing hollandites was extended to
include various ions (M = Al, Cr, Fe, Ga, Mg, Sc) ' as well as to quantify amorphous phase formed in this
family of materials '8!,

Angeli, McGlinn, and Frugier " studied the chemical durability of the Cs-containing hollandite
ceramics (BaCso2sFeos2Ali46T1572016) to assess the effect of the pH on alteration and the effect of the
sample-surface-area-to-solution-volume (SA/V) ratio. Cesium and barium releases from the Fe-hollandites
were congruent at a pH of 1 but the incongruency increased with pH. These results showed that the SA/V
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did not affect the cesium release. Dissolution study of hollandite ceramics under gamma irradiation '8!
used radioactive isotopes, *’Cs and '**Ba. In the general testing, cesium and barium releases were
incongruent with a correlation slope of about 0.5 at a pH of 2.5, 4.4, and near 0.02 at 95°C. Leaching and
isotopic addition experiments showed that cesium release was pH independent, while barium release was
strongly pH dependent. Experiments under ®®Co gamma radiation did not show any significant effect on
leaching. Recently, Montel 2! reviewed the area of different minerals as waste forms including hollandite
and zirconolite and suggested some new potential minerals, chrichtonite (SrTiisFe;Oss), kosnarite
(KZr2(PO4)3), and florencite ((Rare Earth Element)Al3(-PO4)2(OH)s for this application.

Costa, Xu, and Navrotsky 2! used high-temperature oxide melt solution calorimetry to measure
the enthalpy of formation of constituent oxides in the family of barium hollandites for application as waste
forms. The authors synthesized these compounds using the metal citrate combustion method and
characterized the structure using the Rietveld analysis of the XRD data. Thermodynamic stability increased
with decreasing average cation radius in the 3 sites. While the Al- and Fe-hollandites were found to be
stable, the Mg-hollandiate was not stable. Under Fuel Cycle Research and Development (FCR&D) work,
this was further explored in detail. Melt fabrication was used to fabricate hollandites into multi-phase
waste form with Ti/Ti0O; additions for combined waste stream with Mo content 3% instead of 14%. These
compositions were melted in air, Ar and 1%H»/Argon and characterized in detail. Overall, the composition
and process for incorporating combined Cs/Sr, lanthanide and transition metal (Mo, Zr) into crystalline
ceramic waste form with promise of higher waste loading and durability as compared to borosilicate glass
baseline were demonstrated.

1.3 Pyrochlore

Pyrochlore has a general composition of A>B2X¢X’, where A is a2 or 3 + cation, Bisa4 or 5 +
cation, and X and X’ are anions (O*). Many studies of pyrochlore materials stemmed from the electrical,
dielectric and magnetic properties this structure can provide ??!. Pyrochlore became a phase of interest for
this project due to its ability to incorporate actinides and rare-earth elements (REEs) into its structure 23],
The structure of pyrochlore was related to a defect fluorite and could be considered as built up layers of
perovskite sheets, a so-called expanded perovskite Y. Multi-phases of SYNROC include perovskite (see
Section 5 for more detail) and pyrochlore phases with the same A to B ratio. Radius ratios dominated when
determining if stable structures were formed. Stable structures were formed when Ra/Rg= 1.29-2.30 1%,
The radius ratios also determined the lattice of the pyrochlore. When Ra/Rp= 1.46-1.78, a cubic pyrochlore
was formed. Below that ratio, a defect fluorite was formed and above that was a monoclinic lattice ™.
Pyrochlore was synthesized in a number of ways, including solid-state methods *>°l, polymerized complex
method 224, steric acid method %, and sol-gel processing 1221,

Pyrochlore phases were identified as hosts capable of immobilizing excess weapons Pu 7!, The
authors determined thermodynamic properties of actinide bearing pyrochlore phases, namely CaCeTi,0O7
and CaUTi,07, to optimize processing conditions. The authors concluded that the both pyrochlores were
stable with respect to their oxygen phase assemblage (negative AH), the U-pyrochlore was stable with
respect to perovskite and oxide phase assemblage, and the Ce-pyrochlore was metastable with respect to
perovskite and oxide phase assemblage (entropy stabilized). Data was collected using a Tian-Calvet twin
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microcalorimeter. In a similar vein, the formation enthalpies of rare earth titanate pyrochlores, RE,Ti,07
(RE = Lu to Sm or Y) were determined in a similar fashion [}, RE pyrochlores were synthesized growing
single crystals by using the high-temperature flux method or by sol-gel. It was determined that these
pyrochlores were also stable with respect to their oxides. A trend showing decreasing stability with
decreasing Ra/Rg was observed.

The aqueous chemical durability and irradiation resistance of titanate pyrochlores was also studied.
Titanate pyrochlores showed low aqueous solubility and form a layer of TiO; on the surface of samples
after leaching of the surface, which had low aqueous solubility >3/, When irradiated from an external source,
samples showed volumetric swelling (< 6%) and amorphization. The dissolution of the samples remained
the same in the crystalline and amorphous states *®!. In a separate study, the radiation damage and response
to alpha-decay events in U-, Th- and Ce-doped pyrochlores was simulated by 1 MeV Kr** ions. Critical
amorphization was found to increase with increasing Zr content and was connected to the average ionic
ration of the atoms on the A and B sites. This allowed for better design of actinide bearing pyrochlores *!.

Titanate pyrochlores were studied because of their structural variability. They allowed for the
incorporation of a variety of impurity atoms because of the variable state of Ti *°!. However, titanates had
low irradiation resistance. To improve irradiation resistance, Zr was added in place of Ti. This increased
the irradiation resistance, but reduced the structural variability and increases the processing temperature.
Solid solubility between zirconates and titanates was limited 1>,

1.4 Zirconolite

Zirconolite is one of three major phases present in SYNROC. It is a phase of interest because of its
ability to incorporate U, tetravalent actinides and to a lesser extent REEs and trivalent actinides *°!. The
solubilities of many elements in the zirconolite structure were studied over the past two decades. It was
found that about 17 mol % of U was incorporated into zirconolite before a pyrochlore phase was formed,
while only 8 mol% of Th* could be substituted onto the Zr-site. This lower occupancy was attributed to
the larger ionic radius of Th*; however, Th** strongly partitioned to the Ca-site. Based on ionic radii sizes,
smaller REE ions partitioned to the Zr-site and larger REE ions, to the Ca-site %!,

In 1994, Vance and coworkers *!1 showed that Nd** and Ce ** could substitute for 65 mol% of Ca
in zirconolite while maintaining a monoclinic lattice as long as Al** is used for a charge compensator on
the Ti*" site. At substitution levels of 65 - 85 mol%, an orthorhombic zirconolite formed and any
substitutions at greater levels resulted in additional phases. It was also seen that trivalent Pu and Np enter
the Ca-site, while tetravalent Pu and Np enter the Zr-site. Other groups observed that 10 mol % Np and Pu
could incorporate without charge compensators ! and the solid solution of Hf in zirconolite on the Zr-site
[33]

Swenson, Nieh, and Fournelle ®¥ studied the CaO-Ti0,-ZrO, system in more detail. The authors
prepared nine compositions from TiO, (anatase, 95.5%), fine-grained ZrO, (> 95%), and dried CaC,04
(99.9%), pressed them into pellets, heat-treated at 1200°C for 10-14 days in air, and air-cooled. These
samples were characterized using XRD and the electron-probe microanalysis (EPMA). The system also
showed formation of zirconolite (CaZrTi,O7) and a second ternary phase, Ca>ZrsTi,O1¢ (calzirtite, a natural
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mineral). Figure 1-3 (a-c) shows a summary of the phase equilibria in this system and Table 1-4 shows the
summary of the XRD data.

CaO CaO

CaZzrTi,O CaZr.TiO CaZrTiZO7

CaO

TiO, [ Tizio, \ ZrO,(t)

©) CaZrTi0, CaZrTi,O,¢

Figure 1-3. Phase equilibria in the CaO-Ti0,-ZrO; at (a) 1450-1550°C, (b) 1300°C, and (c) 1200°C 34"
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Table 1-4. XRD and EPMA data summary [34a]

Sample | Gross composition (mol%) | Phase identified | Composition of phases (mol %)
number o0 TiQ, | ZrO; by XRD CaO TiO; 7r0;
CaZrO; 49.7(4)* | 10.8(28) 39.5(27)
1 . 25. 25.
300 >0 >0 CaTiOs 49.9(1) 39.2(1) 11.0(1)
CaTiOs 49.3(6) | 47.8(13) 2.9(13)
2 40.0 35.0 25.0 7rO; (¢) 18.3(3) 3.7(1) 78.0(3)
CazerTi2016 22.1 17.4 60.5
CaZrOs; 49.4(4) 17.0(12) 33.6(11)
3 30.0 10.0 60.0
CaZrsOy 19.8(4) 2.6(4) 77.6(7)
CayZrsTi2016 22.1(3) 23.5(3) 54.4(4)
CaZrTi, 07 24.9(4) 46.2(6) 29.0(3)
4 300 400 300 CaTiOs 48.7(5) 50.5(3) 0.8(5)
m-ZrO, 0.2 3.4 96.4
CaZrTi,07 24.6(2) 54.4(4) 201 30((03))
5 25.0 65.0 10.0 CaTiOs 49.1(4) 50.8(4) 2'6(3)
TiO, 1.1(6) 96.0(2) '
CaZrTi,0; 24.3(3) 49.9(5) 25.8(5)
6 15.0 40.0 45.0 m-ZrO; 0.4(2) 13.8(1) 86.0(4)
TiO; 0.4(1) 91.6(0) 8.1(0)
; 12.0 %0 200 m-Z10, 1.9(7) 1.4(4) 96.7(11)
CayZrsTi,016 21.8(1) 180(4) 603(3)
CaZrTi,O
?Fi;rg 7 2350 | 51.109) | 2558
4
. 0.2(D) 50.1(12) 49.8(13)
8 10.0 65.0 25.0 TiO
m lzr(z) 0.3(1) 91.9(3) 7.8(3)
B 0.1 29.2 70.7
9 10.0 30.0 60.0 m-ZrO; 0.1(1) 13.8(1) 86.1(1)
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The thermal expansion of zirconolite was studied by Vance et al. **. XRD and thermal analysis
were performed on the samples at 1200-1500°C. The samples experienced bloating effects from trapped
gases. It was also noted that no solid-state transformation was observed up to 1450°C when examined by
high-temperature XRD and thermal analysis. Other thermodynamic functions, such as enthalpy and Gibbs
free energy of formation, as well as heat capacity, have been studied in detail ¢!,

Irradiation damage is important when storing actinides due to alpha decay. In 1983, Clinard and
coworkers studied zirconolite that was self-irradiated with Pu 7!, After 800 days, samples showed
volumetric swelling (5.5%), amorphization and extensive microcracking. The microcracking was due to
differences in swelling of the zirconolite and a cubic polymorph that was formed during irradiation. Other
interesting behaviors of zirconolite when irradiated include the independence of doping with critical
amorphization dose (Dc) *%, the effect of temperature ™ and type of ion on D¢ , damaged structures 4!
and the influence of Ca on susceptibility of amorphization .,

Aqueous stability was also a focus of research. In one study, Nd-doped zirconolite was subjected
to Materials Characterization Center (MCC)-2 test at 150°C. It was seen that the pH (5) of the leachants
stayed constant throughout the test and that elemental releases became steady state after one day of leaching
411" A comprehensive study of the aqueous stability of Ce- and Pu-doped zirconolite was performed by
Poml and coworkers %, They used 5 different solutions (HCI, NaCl, NaOH, NH; and pure H>0), a
temperature series (100-300°C), a surface area-to-volume ratio series and a series using different reaction
vessels. It was determined that only the HCI solution had a dramatic effect on dissolution, the temperature,
and SA/V ratio had very little impact and the electrolytes from the reaction vessels had a large impact on
solubility.

1.5 Other Phases

Perovskite (CaTiOs3) is one of the three major phases present in SYNROC. Perovskite is a phase
of interest due to its ability to incorporate REEs and actinides into its structure !, Early studies focused on
the densification of perovskite via solid state methods . Heat transport properties of specific heat, thermal
diffusivity and thermal conductivity were also studied to examine how the material would react on exposure
to heat during storage. It was found that perovskite had good thermal properties (e.g., specific heat, thermal
diffusivity, and thermal conductivity) of materials that make up SYNROC !,

Irradiation damage of perovskite was studied using fast neutron doses (= 1 MeV) to simulate 6 X
10° years of actinide damage. The perovskite samples exhibited volume expansion between 2 and 6 %,
which caused a decrease in bulk density. With this volume expansion and decrease in density, there was
very little (0.01%) increase in the open porosity of the sample 3,

Perovskite showed the lowest aqueous durability when exposed to leachants of the phases present
in SYNROC; however, a layer of TiO- formed on the surface of leaching perovskite, increasing the aqueous
durability over time 3,

Elemental partitioning studies showed that REE such as Ce and Nd strongly partitioned to
perovskite over zirconolite %, In SYNROC, 97% of U and > 90% of REE were incorporated into either
zirconolite or perovskite. It was found that the REE choose which Ca lattice site to partition to (zirconolite
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or perovskite) based on ionic radii. The polyhedral volumes of the eight-fold coordinated Ca sites of
zirconolite and perovskite were 0.021 nm? and 0.030 nm?, respectively. Therefore, larger ions such as Nd**
and Ce’" preferentially partitioned to perovskite. The partitioning coefficients were also affected by the
presence of Na 3, Pu and Np incorporation into perovskite was explored by Begg *?. In the case of
pervoskites, firing in air yielded tetravalent, while annealing under reducing atmosphere, trivalent Np. In
the case of zirconolite, tetravalent Np was found in samples processed under oxidizing as well as reducing
conditions.

Powellite (CaMoQy) is a phase of interest because it contains Mo in its structure. Mo is an element
found in some high-level waste streams and cannot be easily incorporated into perovskite, pyrochlore or
zirconolite. Most studies involving powellite deal with glasses or glass-ceramics. Molybdenum has low
solubility in borosilicate glasses used for waste immobilization and can combine with other ions to form a
“yellow phase” when the saturation limit has been reached °. This yellow phase is formed during the
melting process of waste glasses, and contains molybdates, such as Cs-molybdate, which is very soluble in
water and lowers the overall chemical durability of the waste glass %, Powellite can also incorporate
actinides, REEs and Sr into its structure on the Ca-site 7). In terms of aqueous solubility, powellites are
water insoluble 8, improve the durability of glass-ceramic waste forms ! and can form a film of leached
actinides on the surface .

Mo had a low solubility in borosilicate waste glasses (< 1 wt.%) ¢, To increase the amount of Mo
that could be incorporated in the waste form, excess Ca and Zr have been added to glasses to purposefully
form a crystalline powellite phase resulting in up to 12 wt. % Mo in the glass-ceramic °!!. The addition of
Nd,Os into the glass has also been shown to increase the Mo incorporation 52, Calas and coworkers 1%
studied the local environment of Mo in glasses using the extended x-ray absorption fine structure (EXAFS).
They found that Mo was surrounded by alkali and alkaline-earth element and was not linked to the
borosilicate network. This aided in the formation of powellite phases. Additions of excess B,Os resulted in
modification of the Na* distribution in waste glasses, possibly contributing to the formation of low solubility
phases such as Na;MoOj *3!,

Hartmann and coworkers * investigated incorporation of **Tc into pyrochlore, Ln,Tc.O7, where
Ln represents Ln** cations and Tc, Tc** cations. The authors used XRD and Rietveld analysis to identify
the phases present in the samples and SEM, to study the morphology. Ruddlesten-Popper phase An+1BnO3ns1
with A%* = (Sr, Ba) and B* = (Ti, Ru, Tc) was another phase that was recently investigated for waste form
application 5, The authors used hot-forging to prepare samples and grazing incidence XRD (GIXRD) and
transmission electron microscopy (TEM) to characterize them. On irradiation with 200 keV He ions, the
lattice spacing of the samples increased. Amorphization was observed in some compositions in this family
of materials.

1.6 Preliminary Results

The project was started on January 1, 2013 at Alfred University. In this section, our preliminary results
are briefly summarized. First, three single-phase compounds were synthesized via solid state sintering.
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Constituent oxides and carbonates were mixed and heated to form compounds via solid-state reaction.

Additional major phases formed en route during processing. The processing details are summarized below:

1.6.1

Pyrochlore (Nd,Ti:07) — 1250°C for 10 h, 1350°C for 24 h, and 1450°C for 24 h; Pyrochlore
phase was present in 1250°C treatment, but formation was slow. Small amount of Nd>O3 persisted
through prolonged processing at 1350°C, but was eliminated at treatment at 1450°C; however, the
grain growth at 1450°C was significant, so a crushing-repelletizing step was implemented after
1350°C for 24 h treatment and calcined a second time at 1350°C for 12 h. This resulted in phase
pure powders.

Zirconolite (CaZrTi,O7) — 1400°C for 72 h followed by crushing, repelletizing, and calcination at
1450°C for 72 h; Processing at 1400°C for 24 hours yielded CaTiOs, which reacted with ZrO, to
form CaZrTi,07; however, after prolonged processing at this temperature for 72 hours, the major
phase formed was CaZrTi,O, along with ZrO, and small amounts of CaTiOs. After the second
calcination step, phase pure powders were obtained.

Hollandite — FigureFigure 1-4 1-4 shows the hollandite (Bao. 28Ti144Alp5604) formation. The
processing sequence was: 820°C for 4 h, 1320°C for 96 h, and 1350°C for 10 h. After processing
at 820°C, BaTiO; and BaAl,O4 formed along with residual Al,Os;, BaCOs, and TiO; from the
starting materials. On processing at 1320°C for 96 h, Bao2sTi1.44Alo5604 started forming with some
TiO» remaining. After processing at 1350°C for 10 h, TiO, was not detected and the sample was
phase-pure.

0.28T‘1.44A|0.5604 *TIOZ *BaCO4 ‘"AIZOB "BaAI204 ‘

® Ba

Final pellet after extra sintering (1350°C/10 hrs)

° 4 l ° o ®e 'o. @

s Calcined + Sintered (1320°C/96 hrs)

— T T T T T ey
10 15 20 25 30 35 40 45 50 55 60 65
26

Figure 1-4. XRD data of formation of hollandite

Spark Plasma Sintering

SPS was used to fabricate monoliths of the Nd,Ti,O7 pyrochlore single-phase compound. SPS

applies pressure and electric current simultaneously, which allows for more homogenous sintering, shorter

sintering times (heating rates of up to 400°C/min), and lower sintering temperatures (less grain growth)
compared to conventional sintering. Two SPS trials for Nd,Ti,O7 were completed. Pyrochlore was sintered
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at 1250°C for about 20 minutes. The sample from second trial had a density of 6.026 g/cm® (about 98.7%
of theoretical density). Figure 1-5 shows the sintering curve for the second trial that demonstrates that the
process is reproducible. The sample was heated at 100°C/min to 1250°C at 54 MPa pressure. The black
line represents the temperature, while the blue line, the piston speed, which is an indicator of when the
material is sintering. Most the sintering occurs at around 1150°C. The smaller shoulder adjacent to the
sintering peak is due to thermal expansion, as the sample contracts on cooling. The XRD data shows
preferred orientation of the 001 family of planes in this system (Figure 1-6). This is observed by comparing

the relative intensities to the 100 % peak at a 2-theta of 31°.
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Figure 1-5. SPS process variables — Piston speed and temperature vs. time
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Figure 1-6. XRD data of pyrochlore samples after SPS
12



Alternative High-Performance Ceramic Waste Forms
- Final Report M2NU-12-NY-AU # 0202-0410
December 15, 2016

SEM revealed large grains as well as pores in the SPS samples (Figurel-7). These microstructures
were obtained with the thermally etched samples. The average grain size was measured by the line intercept
method and is about Sum. There is a wide distribution of grain sizes ranging from about 1 to 10 um. The
densities of SPS samples sintered are about 99% theoretical density. Density was measured using ASTM
Standard C20, which involves boiling the sample in water. Large grains are indicative of agglomeration of
the particles, which was attributed to the pre-reacted (solid-state) powder from pellets used for reaction.
No attempt was made to grind the powder to any target particle size or distribution before the SPS trials.
Energy dispersive spectroscopy (EDS) results suggested some oxygen deficiency, which was attributed to
reducing conditions likely present within the graphite die used in the SPS.

Figure 1-7. SEM of selected areas of SPS pyrochlore

(Average grain size: 4.85 + 0.58 um; Density: 6.045 + 0.027 g/cm?®, 98.98% Theoretical Density)

SPS process was extended to other compounds and hollandite batches received from SRNL. In
parallel, reactive sintering via SPS of pyrochlore was explored. Reactive sintering is a one-step process,
which requires less processing time, resulting in lower volatilization loss. In the case of reactive sintering,
we started with the mixed oxide precursors instead of single-phase compound. Figure 1-8, left shows the
sintering curve of a run in which the precursors were heated to 1050°C at 50°C/min, held at that temperature
for 30 minutes, and then ramped up to 1250°C to sinter the material, like the simple SPS run on single-
phase pyrochlore. The sintering peak was observed around the same temperature as that of the previous
run with the single-phase compound. XRD data (Figure 1-8, right) showed that most the phase was Nd,TiOs
with some pyrochlore and unreacted neodymium oxide. When this run was repeated at a higher temperature
of 1200°C, the sintering peak position did not change, but the XRD data showed almost exclusively
Nd,TiOs and no pyrochlore. Hydroxide phase was due to the presence of Nd>O3, which had absorbed water
over time during processing. These results suggested that selecting the right starting materials, increasing
their activity, and sintering at a suitable temperature to get the desired phase can help to optimize the
process.
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Figure 1-8. Left: SPS reactive sintering curve; Right: XRD of the reaction-sintered sample

1.6.2 Melt-Processing

Three different single-phase hollandite (Bao.2sTi1.44Al0.5604) samples were initially prepared to

determine appropriate heat treatment schedules for melt processing of hollandite. Detailed thermal histories
of these samples were as follows:

Try_2: Sample was heated from room temperature to 1550°C at a heating rate of 5°C/min,
maintained at that temperature for 1 hour, and cooled inside a tube furnace

Try_3: Sample was placed in a drop bottom furnace at 600°C, heated to 1550°C at a
maximum heating rate allowed by the furnace, maintained at that temperature for 1 hour, and
air-quenched allowing cooling in air.

Try_4: Sample was placed in a drop bottom furnace at 1050°C, heated to 1550°C at a
maximum heating rate allowed by the furnace, maintained at that temperature for 2 hours,
and air-quenched allowing cooling in air.

Figure 1-9 shows XRD results of these samples. The XRD patterns were identical consisting
mostly of single-phase hollandite with a second phase of Al TiOs. Based on these results, the
processing steps used for Try_3 sample were applied to the following batches received from
SRNL for melt processing:

Fe-SP-HOL - Single-phase hollandite (Fe)

Cr-SP-HOL - Single-phase hollandite (Cr)

CAF-SP-HOL - Single-phase hollandite (Cr/Al/Fe)

Cr-MPB1 — Multi-phase simulant (Cr)

CAF-MPB1 — Multi-phase simulant (Cr/Al/Fe)
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Figure 1-9. XRD data of melt-processed hollandites

These batches were milled in water and dried in an oven. Batch materials were ground and calcined at
800°C for 4 h. The melt-processed samples were characterized using XRD and scanning electron
microscopy-wavelength dispersion spectrometry (SEM-WDS). The XRD data showed appropriate single-
phase and multi-phase compounds in these samples, as expected. Selected results are shown in Figure 1-
10, which shows that TiO» was the only minor second phase detected in the case of single-phase hollandites.
Multi-phase ceramic samples contained hollandite, perovskite, and pyrochlore.
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Figure 1-10. Left: Single-phase vs. Multi-phase hollandites (Cr); Right: Single-phase vs. Multi-phase
hollandites (Cr/Al/Fe)
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Soblev and coworkers 5% compared the SYNROC ceramic samples processed via hot-pressing and
inductive melting. These samples had similar mineral compositions with hollandite, zirconolite, perovskite,
and rutile as major phases. Cesium incorporation was lower in the melt-processed SYNROC, compared to
hot-pressed SYNROC. Reducing conditions will be needed to avoid molybdate formation in these samples.
Morphology and waste form properties of samples prepared via melt-processing is expected to be
significantly different from the morphology of samples processed via SPS. Another issue observed in
SRNL work is that the melt-processed phases are highly substituted with various REE in a single phase that
might vary across the grain, whereas solid-state sintering methods produce discrete phases, which are not
as highly substituted. These microstructural changes will affect the waste form performance (e.g., radiation
stability, chemical durability).

1.7 Conclusion

Based on the status of the literature, research progress at SRNL and other researchers in this field,
and our preliminary results generated at AU, the selection of the compositional space is complete. The
project will focus on three families of compounds, pyrochlores, zirconolites, and hollandites. Besides the
SPS, reactive SPS, and melt-processing to optimize multi-phases in the waste forms, the project will
advance the fundamental understanding in this compositional space via modeling phase equilibria,
developing experimental phase diagrams under the processing conditions, and studying the kinetics of
multi-phase formation in these families of compounds. Single-phase and multi-phase compounds and
simple doping schemes will be used in this project. Cesium incorporation into the hollandites and cerium,
samarium, and prasedium into the pyrochlores and zirconolites will be studied to determine the limits of
the compositional space. High-temperature in situ quantitative XRD will be used in determining the
evolution of multi-phase waste forms. SEM, EDS, and WDS will be used to study the morphology and
phase boundaries and determine the dopant incorporation into the phases and their distribution across the
microstructure.

This final report summarizes the results of the project and details our results on the characterization
and testing of both single and multiphase materials for use as nuclear waste forms. Ce incorporation into
single phases of zirconolite and pyrochlore as well as Cs incorporation into hollandite is presented. The
microstructure, chemical durability, and radiation damage of multiphase ceramic waste forms prepared at
AU via two different processes, melt-processing and SPS are also presented in this report.

2) Multiphase Waste Form Compositions and Processing (Tasks 2 & 3)

Processing methods used to fabricate ceramic waste forms affect the final performance of these
waste forms in terms of chemical durability and radiation resistance. Table 2-1 shows specific multiphase
hollandite compositions prepared under the task 2 of our project.

In melt processing, combined carbonate and oxide precursors are heated to melting (above the
liquidus temperature) followed by cooling to room temperature during which crystalline phases precipitate
as the melt forms a solidified multiphase ceramic. Since melters are already being used for the vitrification
of high-level waste (HLW) in the United States as well as in many countries, melt processing allows for
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high throughput of waste forms with minimum airborne contamination due to the processing of fine
powders. Extensive reported literature and knowledge in melting and solidification of materials in general
help prediction of phase assemblage and performance of the waste form. In addition, crystallization kinetics
can be used to tailor a structure with maximum actinide concentration at the core and minimum at the rim,
thus reducing the leachability 7! of the actinides from the waste form. Disadvantages of melt formation are
the potential volatilization of waste elements at the elevated temperatures needed for melting to occur and
difficulty in controlling the cooling rate and microstructural features.

SPS is of interest as an alternative fabrication technique because of the comparatively short processing time
(a total of about 20 min) that is required to achieve a dense ceramic material. 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), which
creates fast heating rates of up to 1000°C/min 8. As shown in Figure 2-1, 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, and can produce high-density samples compared to melt processing. SPS is limited by the
throughput that can be obtained with current instrument configurations and carbon diffusion from the die
into the sample occurs at elevated temperatures 81, But, the carbon diffusion can be minimized or even
possibly eliminated by designing and incorporating suitable sacrificial barrier coating of the die. In addition,
post-SPS heat treatment in air or oxygen can burn off the carbon from the sample.

Compositions of multi-phase hollandite waste forms based on simulated waste streams
compositions were provided by SRNL based on the advanced fuel cycle initiative (AFCI) aqueous
separation process developed in the FCR&D. In the case of target compositions, oxide and carbonate
precursors were mixed together via ball milling with deionized water using zirconia media in a polyethylene
jar for 2 h. The slurry was dried overnight and then separated from the media. The blended powders were
then subjected to melt or SPS processing.
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Table 2-1. Multi-phase simulated waste form compositions

Oxide CAF-MP (wt.%) Cr-MP (wt. %)
ALO; 1.27 0
BaO 12.76 12.72
CaO 1.39 1.38
CI'203 6.33 14.5
CdO 0.11 0.11
Cez0; 3.10 3.09
Cs20 2.88 2.87
Ew0s 0.17 0.17
F6203 6.65 0
Gd,05 0.16 0.16
La203 1.58 1.58
MoOs3 0.85 0.84
NdO; 5.23 5.22
Pr,03 1.45 1.44
Rb2O 0.42 0.42
SeO; 0.08 0.08
Sm,0s 1.08 1.07
SnO» 0.07 0.07
SrO 0.98 0.98
TeO» 0.66 0.65
TiO, 49.16 49.01
Y203 0.63 0.63
ZrOs 2.99 2.98

Applied
Pressure

Current

Figure 2-1. Schematic of the graphite die set up in SPS
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Reaction via SPS was carried out using a FCT HP D 25 (FCT Systeme GmbH, Rauenstein,
Germany) furnace with graphite dies and punches. The unreacted powder was placed inside of the graphite
die with a thin layer of graphite paper between the die and sample. The reaction schedule was as follows: a
heating rate of 100 °C /min for both compositions to a maximum temperature of 1000°C or 1125°C for
CAF-MP and Cr-MP respectively, a hold time for 3 min, and a cooling rate of 100 °C/min. The samples
were subjected to 54 MPa pressure throughout the reaction.

XRD patterns of the two compositions fabricated by SPS and melt-processing are shown in
Figure 2-2. Similar phase assemblage is seen in all samples, with hollandite as the major phase,
perovskite and a zirconium-rich phase. The melt-processed samples contain some unreacted TiO,, while
the CAF-MP sample processed by SPS contains some CeQs.

Hollandite
(Ca,Nd)TIO,
Zirconium-rich
Pyrochlore
TiO,
CeO,

SPS

*
|
*
+
O
A

CAF-MP

SPS

Cr-MP
|

Melt

—7r1 '+ 1 1 1 1 r 1 r 1 r 1T T T ' 1 7
15 20 25 30 35 40 45 50 55 60 65 70
2 Theta (degrees)

Figure 2-2. XRD patterns of CAF- and Cr-MP samples produced by SPS and melt-processing
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Contrary to the phase formation results, the microstructures of the samples using the two processes
were dissimilar. Figure 2-3 compares the two microstructures. 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 larger islands of the different phases that are aggregated to each other.

Melt SPS

Figure 2-3. Microstructures of SPS and melt-processed CAF-MPB samples with phase fields indicated.
H = hollandite, P and P” = perovskite, Z = zirconium-rich, and T = TiO,

The phases seen in the microstructures were identified using a combination of EDS 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 TiO, 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 2-4 and Figure 2-5 compare the WDS maps
of selected elements in these multiphase samples.

20



Alternative High-Performance Ceramic Waste Forms
- Final Report M2NU-12-NY-AU # 0202-0410
December 15, 2016

Figure 2-4. Selected elemental maps by WDS in CAF-MP prepared by SPS
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Figure 2-5. 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 pmto ~10 um. EDS measurements
revealed two separate perovskite phases present, a gray colored phase and a brighter phase, denoted P and
P’ respectively in Figure 2-3. 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 CeO» 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
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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 may be a solid
solution of ZrO,.

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 TiO». Significant
porosity was observed in the microstructure. Small amounts of Cs were detected in WDS mapping (Figure
2-5) that appeared to be segregated towards the grain boundaries of hollandite phase. From all the WDS
maps in Figure 2-5, 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, REEs etc. in their lattices. This phase assemblage and
microstructure work was published in a paper titled 'Microstructures of Melt-Processed and Spark Plasma
Sintered Ceramic Waste Forms’ in the Metallurgical and Materials Transactions E .

This microstructure work was extended in a recent publication in the Journal of Solid State
Chemistry titled ‘Cesium Incorporation in Hollandite-rich Multiphasic Ceramic Waste Forms’ 6%, As-
prepared CAF-MP-Melt had a characteristic melt-solidified structure as evident from the wetting of Pt foil.
There was no chemical reaction with Pt and the sample could easily be removed off from the foil. CAF-
MP-SPS sample was relatively strong and dense, as typical of SPS processed material. The measured bulk
density was relatively high (4.64 g/cm®) compared to that of CAF-MP-Melt (4.07g/cm?).

As mentioned in our previous work (details in Nucleation and Growth Study section), initial phase
identification of these materials showed that hollandite was the major phase followed by perovskite and
pyrochlore/zirconolite along with small amounts of TiO,. Although it was initially presumed that this could
be the excess or unreacted TiO, ), our recent study showed that during melt-processing, rutile is one of
the final phases recrystallized during solidification of CAF-MP ¢!, However, in case of SPS, it could either
be recrystallized or unreacted TiO,. CAF-MP-Melt has the typical melt-solidified structure — with large
grains of different phases and large pores trapped between growing phases — while CAF-MP-SPS has less
porosity and fine-grain structure. The SPS microstructure is a matrix of hollandite phase with small islands
of other phases distributed at random. To confirm the phase identification and to study the microstructural
phase distribution, electron backscatter diffraction (EBSD) analysis was done. Electron back-scattered
patterns (EBSP) or Kikuchi bands collected from different phases matched with the phases identified from
XRD.

Figure 2-6 shows the band contrast maps and phase maps for SPS and melt-processing samples. In
addition to hollandite and perovskite in CAF-MP-SPS, unreacted CeO; was seen segregated and coexisting
with pyrochlore or zirconolite phase. In SYNROC-based formulations, Ce** or Pu** partitions into Nd-rich
pyrochlore or zirconolite phases. This SPS microstructure can thus be interpreted as an ongoing
transformation of CeO, and provided enough time, total Ce** in the composition would have substituted
into the pyrochlore lattice. EBSD maps together with backscatter electron (BSE) images reveal the
microstructural development of SPS samples. Although the visual and microstructural examination
indicated no bulk melting, there is a clear implication of long-range mass transport occurring within the
samples during the sintering process. Phase distribution map of CAF-MP-SPS shows that the zones of
perovskite and pyrochlore phases are randomly distributed in hollandite-rich microstructure and each zone
in turn is multi-crystalline.
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Pyrochlore/
Zirconolite

Hollandite Perovskite

Figure 2-6. Phase maps obtained from EBSD

Figure 2-7 shows the WDS maps of selected elements in CAF-MP-Melt. Hollandite, the major
phase, consisted of mainly Ba, Cr, Fe, Ti and Cs. While Ba and Cs are homogeneously distributed, Cr and
Fe have compositional gradients across individual grains, as seen in Figure 2-7. Cr content is the highest at
the core and diminishes towards the edges of the grains, whereas Fe has the exact opposite trend. The cause
of this Cr and Fe segregation is not well understood yet. We attribute this to the competition between Fe
and Cr for the oxygen within the grains. Ca is seen in both perovskite and pyrochlore phases but Zr is
partitioned preferentially into pyrochlore phase.
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Figure 2-7. WDS maps of selected elements of CAF-MP-Melt

The boundaries elemental maps of SPS sample shown in Figure 2-8 are not as distinct as for melt-
processed sample but provide key information. Ba and Cr are distributed throughout hollandite phase,
whereas Cs-rich regions are observed in the WDS map. Although the exact chemistry and crystal structure
of these Cs-rich phases are not known, they are considered undesirable for waste form application due to
higher propensity to Cs attack by water on exposure. The maps confirm that the perovskite (Ca- and Nd-
rich regions) and pyrochlore (Zr-rich) phases have appropriate targeted elements in the samples.

Figure 2-8. WDS maps of selected elements of CAF-MP-SPS

TEM observation of focused ion beam (FIB) milled sample was done to investigate hollandite
phase. Since SPS samples were found not to have Cs incorporated into the hollandite lattice, TEM of CAF-
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MP-SPS was not performed in this study. Selected area electron diffraction (SAED) patterns collected
from hollandite lattice region of CAF-MP-Melt could be indexed using monoclinic (I2/m) unit cell
structural model 2!, Figure 2-9 shows the FIB milled fragment, hollandite lattice, and the corresponding
electron diffraction pattern along [011] zone axis in Figure 2-9 (a), (b), and (c) respectively. In addition to
the strong Bragg reflections resulting from the octahedral framework shown in Figure 2-9 (c), diffuse spots
and streaks of low-intensity reflections can be seen. These additional satellite reflections are common in
modulated structures and, in general, result from planar defects like stacking faults, twinning or
compositional modulations ¥, In case of barium hollandites, the presence of these reflections is generally
attributed to compositional modulations.

Figure 2-9. (a) FIB-milled CAF-MP-Melt sample used for TEM observation, (b) Hollandite lattice as
viewed form [011] zone axis, and (c) the corresponding SAED pattern

The hollandite compositions for waste forms are typically designed in such a way that only a
fraction of tunnel sites is occupied by Ba/Cs. It has been widely reported that the cations/vacancies adopt
an ordered arrangement within the tunnels forming superlattice structures 4. Along with this intratunnel
ordering, in many cases, intertunnel correlation also exists resulting in three-dimensional modulated
structures. This was demonstrated by comprehensive electron diffraction analysis as reported in several
works 931, 'While the Bragg spots can be indexed by integral multiples of reciprocal lattice vectors a*,
b* and c*, satellite reflections are described by the nature of modulation 3 %1, In the SAED pattern shown
in Figure 2-9 (c), the satellite reflections and diffuse streaks run parallel to a* as indicated and lie in the
plane of a* and b*-c*. Comparing it to the similar reported SAEDs " it can be understood that there is
presence of compositional modulation in three-dimensions that is, ordering of cations along the tunnels
together with intertunnel correlation in hollandite lattice. Due to the limited degree of rotation of the FIB
sample, SAED patterns along the principal axes could not be collected and hence, modulations or
multiplicities along different directions could not be analyzed. Nevertheless, our data suggests that the
hollandite lattice in melt-processed multiphase waste form has three-dimensional ordering of Ba, Cs and/or
vacancies. It is to be noted that the location of satellite reflections or the distribution of modulation vectors
is sensitive to the local composition. Different crystallites can have different degrees of ordering of tunnel
ions resulting in different multiplicities 18,
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It is also important to consider the implications on the performance as a waste form. Ba and Cs
sites are typically enclosed in a box-shaped network of eight oxygen atoms. When Ba ions along the tunnels
are replaced by larger Cs ions, local deformation occurs that must be compensated by the surrounding
tunnel sites to maintain lattice stability. Hence, Cs ions tend to occupy isolated sites rather than sites next
to occupied Ba/Cs sites and adapt an ordered arrangement with Ba ions resulting in superstructures [,
These superstructures can result in an increased activation barrier for Cs ions migrating to the adjacent
tunnel sites [+,

3) Nucleation and Growth in Multiphase Ceramic Waste Forms (Task 4)

3.1. Approach for Present Study

The overall objective of this part of the present project is to study and understand nucleation and
growth of multi-phase ceramic waste forms during melt-solidification. Since detailed kinetic analyses of
different phases with 20+ elements are challenging, this study is focused on mainly determining
crystallization sequence during melt processing, phase transformations at different temperatures, and
elemental partitioning. Crystallization peaks were identified from differential scanning calorimetry (DSC)
runs (as discussed in section 3.3) and multiple annealing/quenching experiments were done followed by
extensive XRD and electron microscopy characterization.

3.2 Materials and Methodology

The composition designated CAF-MP (Table 2-1) was used for this study. To study the nucleation and
growth of different phases, partitioning of elements during melt processing, a combination of different
techniques was used. Crystallization events were identified from DSC curves. Melting and quenching
experiments were done to identify the phases present at the corresponding DSC peaks. Phases were
identified by XRD, microstructures were observed using SEM, elemental distribution by EDS and WDS.
The experimental methods, data and results are discussed in the following sections.

3.3 DSC Measurements

Heat flow at a specific temperature on a DSC curve, during heating and cooling, indicate any
exothermic or endothermic events occurring during the process. An exothermic peak during solidification
can correspond to a crystallization or nucleation event.

Batches of 10 — 20 mg of starting material (stoichiometric batch) were taken in Pt crucibles to
obtain the DSC curves from the following heat cycle. As can be observed in Figure 3-1, the heat cycle was
chosen so that phase transformation behavior of CAF-MP, starting from unreacted stoichiometric mixture
or as-formed compound, can be studied. Different heating and cooling rates used for this study are
20°C/min, 5°C/min, and 2°C/min. As there was significant background noise observed in 2°C/min cycle
data, it was not used for further analysis.
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Exothermic peaks were observed in the cooling cycles. In Figure 3-2, cooling paths and
crystallization peaks are indicated. Different peaks, which might correspond to nucleation of different
phases, are located closely between 1250 and 1350°C (Figure 3-2(a)). At higher cooling rates, single broad
peak was observed (Figure 3-2(b)), as expected in case of rapidly cooled samples. The temperatures of the
peaks are indicated in Figure 3-2.

Room temperature

1500°C (hold for20 min) | L Heating and cooling cycles starting with
unreacted stoichiometric batch

V
150°C (hold for 20 min)

V
1500°C (hold for 20 min) Heating and cooling cycles st.arting with
CAF-MP formed firom previous heat

\L cycle

Room temperature

Figure 3-1. Flow chart showing the heat cycle used for DSC measurements
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Figure 3-2. DSC cooling curves for Cr/Al/Fe-MP (a) 5C/min (b) 20C/min
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3.4 Nucleation and Growth of Different Phases

To identify nucleation and crystallization/nucleation of phases corresponding to these peaks,
melting and quenching experiments were done. Small amount (4 - 5 g) of stoichiometric mixture of raw

materials was enclosed in Pt foil. It was melted at 1500°C, held for 20 min, and cooled down to a

temperature ‘7” where it was equilibrated for a time ‘%,’. The sample was then quenched in water. The
temperatures ‘T”, where different samples were quenched from, are the temperatures corresponding to the
exothermic peaks in DSC curves. One additional sample was quenched directly from melting temperature,

1500°C, to determine whether there were any crystalline phases existed at melting temperatures. Nucleation
and growth of different phases can be observed by annealing the sample at the desired for temperature for
varying times. Hence, different samples were annealed for different times, quenched and characterized.
Figure 3-3 summarizes temperature — time cycle used for these experiments. Table 3-1 shows the

temperatures ‘7" and corresponding holding times ‘z.,’.

1600

20 min. 5°C/min
1500°C - - ===~ hild /
1400 T ommmmm - -\
] €--mmmmmm f mmeeoo- »>|
1200 H
1000
S)\ ) 5°C/min
~ 800 -
Y _
S
2 600
400
200
1 (quench in water)
0 v LI | T T T
0 2 4 6 8 10
time (h)

Figure 3-3. Heating/cooling cycle used for melting/quenching experiments

Table 3-1. Temperatures and corresponding holding times from where different samples are quenched

T (oc) teq (h)
1500 - -
1325 12 24
1285 12 24
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Powder XRD patterns were obtained for these samples. Different phases were identified and
quantitative analysis was performed using Rietveld refinement of the patterns with TOPAS software.
Refinement was done keeping the mismatch between measured pattern and calculated pattern as low as
possible. For all the plots shown below in this section, Rietveld weighted parameter (R.,), was observed to
be less than 8. Mounted and polished samples were observed for phase and elemental distribution.
Quantitative XRD data, corresponding SEM microstructures and WDS maps are presented and discussed
in this section.

3.4.1 Phase Assemblage at 1500°C

Sample quenched from 1500°C was crystalline, as observed from XRD pattern (Figure 3-4(a)) and
back-scattered images (Figure 3-4(b)). TiO, was observed to the major phase followed by hollandite. Peaks
corresponding to another phase that would match with (Ca,Zr,Ti)O, were also identified. The
microstructure reveals large rutile grains and fine, long hollandite grains in a bright matrix. Different phases
are indicated in Figure 3-4. The microstructure suggests the ongoing transformation from TiO- to hollandite
phase at 1500°C — nucleation of hollandite phase within TiO> grain can be seen in BSE images. EDS of
bright colored matrix, indicated as (Ca,Zr,Ti)O,, was found to have all possible elements in the composition.
WDS maps of selected elements are shown in Figure 3-5. These maps also support XRD findings about the
presence of hollandite, unreacted TiO,, and some third phase rich in Ca and Zr. Here after this phase would
be represented by (Ca,Zr,Ti)O,.

H - Hollandite: 50.87% , T - Ti02: 42.22%, C - (Ca, Zr, Ti)O,: 4.76%
L)

Powder XRD pattern

Calculated pattern

Difference

@ 5000 200 , =

Figure 3-4. (a) Rietveld quantitative XRD analysis and (b) Back-scattered image of CAF-MP at
1500°C/1h
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Figure 3-5. WDS maps of selected elements of CAF-MP at 1500°C/1h

3.4.2 Phase Assemblage at 1325°C

Figure 3-6, 3-7, and 3-8 show Rietveld quantitative phase analyses and SEM images of samples annealed
at 1325°C for 1h, 10h, and 24h, respectively. Perovskite group peaks are present in all these plots and the
relative amount of the phase increased with holding time. It can be understood that nucleation and growth
of perovskite phase occurs at lower temperatures (~1325°C). Figure 3-9 shows the WDS maps of selected
elements.

Hollandite was the major phase observed when held for 1h at 1325°C, followed by TiO» (15.7%)
and Zr-rich phase (8%). With time, the amount of unreacted TiO> decreased due to the simultaneous growth
of perovskite and hollandite phases. Large grains of TiO; disappeared and the number of nucleation sites
of hollandite appeared to have increased (Figure 3-7). However even after 24h of annealing at 1325°C,
unreacted TiO2 was observed. Perovskite and Zr-rich phase could not be differentiated from the BSE images
although the bright colored matrix can be clearly seen to have two phases.

It was not possible to identify the Zr rich phase from the present data since both zirconolite and
(Ca, Zr, Ti)O, have similar positions for the diffraction peaks. However, the calculated XRD pattern for
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1325°C/24h fits better with the presence of both phases zirconolite and (Ca, Zr, Ti)O,. Holding for longer
times would have resulted in transformation of (Ca, Zr, Ti)O; lattice to zirconolite lattice.

H - Hollandite: 72.56% , T - Ti02: 15.73%,
P - Perovskite: 3.83%, C - (Ca, Zr, Ti)O:: 7.98%
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Figure 3-6. (a) Rietveld quantitative XRD analysis and (b) Back-scattered image of CAF-MP at
1325°C/1h
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Figure 3-7. Rietveld quantitative XRD analysis and CAF-MP at 1325°C/12h
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Figure 3-8. (a) Rietveld quantitative XRD analysis and (b) Back-scattered image of CAF-MP at
1325°C/24h

Figure 3-9. WDS maps of selected elements of CAF-MP at 1325°C/24h
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3.4.3 Phase Assemblage at 1285°C

XRD phase analysis (Figure 3-10, 3-11, and 3-12) of different samples, annealed at 1285°C for
different holding times and quenched, show similar changes in phase assemblage as observed at 1325°C.
Figure 3-13 shows the WDS maps of selected elements. Hollandite and perovskite phases grow at the
expense of unreacted TiO» and Zr-rich phases. Quantitative data are presented in respective XRD plots.

H - Hollandite: 48.09% , T - Ti02: 35.73%,

P - Perovskite: 12.28%, C - (Ca, Zr, Ti)O,: 3.89%

Powder XRD pattern

Calculated pattern
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(a) (b)
Figure 3-10. (a) Rietveld quantitative XRD analysis and (b) BSE image of CAF-MP at 1285°C/1h
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Figure 3-11. Rietveld quantitative XRD analysis of CAF-MP at 1285°C/12h
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Figure 3-13. WDS maps of selected elements of CAF-MP at 1285°C/24h

3.5 Discussions on Microstructure Evolution

Multiple trials of quenching experiments and XRD characterization indicated that CAF-MP, when
quenched from 1500°C has TiO, hollandite, and (Ca,Zr,Ti)O» as major phases with little to none amorphous
phase. This suggests that hollandite phase could have formed during the heating cycle, remained in
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crystalline form at melting temperatures, and on cooling, other phases nucleated from the liquid. An earlier
study "% under the same project has reported the nucleation of (Ba,Cr)-hollandite at temperatures as low as
900°C during the heating cycle. WDS elemental maps (Figure 3-5 and Figure 3-9) corresponding to
hollandite grains show that the center of the grain is rich in ‘Cr’ compared to the edges. It can be inferred
that, during melt processing of CAF-MP, nucleation of (Ba,Cr)-hollandite occurs during heating cycle and
then continues to grow.

An interesting feature in the growth of hollandite grains is the compositional gradient of the
trivalent cations (Cr, Al and Fe) across the grains. The main reason of adding Fe,O3 and Al,O3 to multiphase
waste form composition is to lower its melting point by forming low melting hollandites like (Ba,Fe)-
hollandite and/or (Ba,Al)-hollandite. As can be seen by comparing Cr and Fe elemental maps in Figure 3-
9 and Figure 3-13, hollandite rich in Fe is stabilized only at lower temperature (1285°C). High concentration
rings of Fe along the edges of different hollandite grains and drop in Cr intensity towards the edges can be
seen. No significant trend is observed in Al distribution. In other words, it can be said that (Ba,Fe)-
hollandite grows on the existing (Ba,Cr)-hollandite nuclei (grains) at lower temperatures during the cooling
cycle. However, no significant changes in Cs distribution with hollandite growth can be seen from these
WDS maps.

Nucleation of perovskite at 1325°C is evident from XRD data (Figure 3-7). BSE images in Figure
3-6, 3-7, and 3-8 are labeled indicating perovskite and (Ca,Zr,Ti)O phases. These phases are indexed as
such based on WDS elemental maps. Zr rich areas can be seen distinctively in Figure 3-9. Ca can be
observed to have similar distribution in areas other than TiO, and hollandite. Hence, the bright phase,
depleted in Zr is thought to be perovskite. It is not conclusive whether the Ca and Zr rich phase,
(Ca,Zr,Ti)Oy, at 1500°C and lower temperatures has similar structure or chemistry. The ambiguity arises
from the challenge in identifying this phase is also due to the possibility of presence of multiple phases for
the same chemistry (Ca, Zr, Ti and O) at similar 20 positions during XRD analysis.

The samples quenched from different temperatures with holding times of 1h had significantly
higher amount of TiO,. This is unreacted TiO» that would transform and grow into any of the existing
phases at that temperature. Given enough time, the reaction would be complete, as evident from XRD data
presented in Figure 3-6 to 3-8 and Figure 3-10 to 3-12. Corresponding BSE images also show the significant
grain growth of hollandite phase.

To advance a better understanding of this nucleation and growth process with time, BSE images of
CAF-MP quenched from 1285°C with different holding times are compared in Figure 3-14. Lower
magnification images show ‘grouping’ TiO, grains that would coalesce with time and simultaneously
transform to other phases.
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Figure 3-14. BSE images of CAF-MP held at 1285°C/1h (a) 50x (b) 100x (c) 500x (Dark gray phase
corresponds to TiO,, medium gray phase is hollandite and the bright colored matrix has perovskite and
other Zr rich phases)

3.6 Sequence of Phase Transformations

Figure 3-15 shows the variation in relative amounts of different phases with annealing
time/temperature is plotted. It could be seen that similar phase equilibrium attained at either temperature
1325°C or 1285°C: 70-75% hollandite, 12-15% perovskite and 10-15% (Ca,Zr,Ti)Ox/zirconolite. WDS
elemental maps support our interpretations. Elemental maps corresponding to Cr and Fe show the non-
uniform growth of hollandite as a function of temperature. (Ba, Fe)-hollandite stabilized at lower
temperatures (1285°C). Figure 3-16 shows a flow chart that explains the phase transformation behavior
during the melt processing of CAF-MP.
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Figure 3-15. Variation of relative phase amounts with annealing time. Thick lines correspond to 1325°C
and dotted lines to 1285°C.
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1500°C
(Ba, Cr)-Hollandite + TiO, , (Ca,Zr,Ti)O,

v

1325°C (Ba, Cr)-Hollandite + Perovskite + TiO,
+(Ca,Zr,Ti)O,

i

(Ba, Cr, Fe)-Hollandite + Perovskite +

1285°C TiO, +(Ca,Zr,Ti)O,

Figure 3-16. Sequence of phase transformations in CAF-MP while cooling from melting temperature

3.7 Conclusions

Our results show that the hollandite phase nucleates during the heating cycle before the maximum
temperature is reached and then continues to grow. The structure of (Ca, Zr)-rich phase, indicated as
(Ca,Zr,Ti)O,, could not be identified within the limitations of the present dataset. Perovskite phase
nucleate at 1325°C during cooling part of the processing cycle. Quantitative XRD data show that all
unreacted TiO» transform into existing stable phases like hollandite or perovskite with prolonged heat
treatment through the melt processing.

4) Simulated Radiation Damage of Titanate Multiphase Ceramic Waste Forms (Task 6)

Major sources of radiation during storage of waste forms are a- and B-decay of waste ions. Atomic
displacements are mainly generated during a-decay events, which occur during the decay of actinides.
These displacements can cause atomic-scale rearrangements, which lead to both physical and chemical
property alteration, making the analysis of these events of critical importance. An a-decay event consists
of the release of an a-particle (light particle) and an a-recoil nucleus (heavy particle). Actinides and their
daughter products have long half-lives and therefore a-decay becomes dominant over long time scales. This
necessitates the need to use ion implantation techniques to study the effects of a-decay on a laboratory time
scale.

The a-particles and recoil nuclei interact with materials in different ways. The a-particles transfer
their energy to electrons through ionization and electronic excitations and deposit their remaining energy
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by engaging in ballistic processes at the end of their track (16 to 22 um). In contrast, a-recoil nuclei lose
nearly all their energy in ballistic processes over a considerably shorter range of 30 to 40 nm. The a-recoils
produce several thousand displacements in a localized area while o-particles generate several hundred
displacements during their longer travel "', Tt is important to study these differing damage mechanisms.
This is accomplished by using He* ions to simulate a-particles and heavy ions, such as Au**, to simulate a-
recoils.

The use of charged particle implantation has been widely utilized to study single phase crystalline
ceramic waste forms %072 The amorphization of zirconolite, pyrochlore, and Nd-doped perovskite has
been studied using of GIXRD and TEM. Few studies have been performed on multiphase crystalline
ceramics for nuclear waste immobilization applications . One study irradiated multiphase ceramic
samples consisting of perovskite, zirconolite, and powellite with He and Kr ions to test their radiation
stability. Little change to the material was seen via GIXRD after He irradiation, but amorphization occurs
after heavy ion irradiation. TEM revealed amorphization of the perovskite phase, while the remaining
phases remained crystalline. In the present paper, we report our results on the effects of radiation damage
of multiphase titanate-based simulated waste forms (containing hollandite, perovskite, and zirconium-rich
phases) produced by SPS and melt-processing and compare the radiation resistance of these samples on
irradiation with light (He") as well as heavy (Au**) ions using GIXRD and TEM.

Samples for ion irradiation experiments were polished down to 1 um using a diamond suspension.
The experiments were carried out at room temperature at the Environmental Molecular Sciences Laboratory
(EMSL), Pacific Northwest National Laboratory (PNNL) and at the Ion Beam Materials Lab (IBML), Los
Alamos National Laboratory (LANL). 7 MeV Au** implantations were performed at EMSL on a National
Electrostatics Corporation (NEC) model 9SDH-2 3.4 MV tandem accelerator [ simulating three damage
levels in SPS samples: 0.05, 0.5 and 5 displacements per atom (dpa) and 5 dpa in melt-processed samples.
These levels were chosen to simulate varying levels of storage times, from roughly 10%-10° years 1. The
implanted area was 6 X 6 mm for both melt-processed and SPS samples. A 200 kV Danfysik high current
ion implanter was used to generate 200 keV He* ions at IBML.

The radiation dose in these materials was estimated using the Stopping and Range of Ions in Matter
(SRIM) program !, The dpa as a function of depth for CAF-MP (similar results are obtained for Cr-MP)
using 7 MeV Au’* and 200 keV He* is shown in Figure 4-1. The peak in dpa (5, 0.5 or 0.05) is located at
870 nm (Au’**) and 700 nm (He*), while the Au** ions damage up to 1.5 um into the material. The dpa is
adjusted by changing the fluence of the incoming gold ions (ions/cm?).

GIXRD was performed on the implanted samples using a grazing angle of 2° on the EMSL samples
and 1° for the LANL (He*) samples with a Bruker AXS D8 Advance (Bruker, Massachusetts, USA)
instrument using Cu Ka radiation in theta — 2 theta geometry. The unirradiated areas of the Au** samples
were ground off prior to measurement. Damaged cross-section specimens were prepared for TEM by using
the lift-out method with a FIB. The damaged areas were examined using a FEI Tecnai F20 TEM operating
at 200 kV.

39



Alternative High-Performance Ceramic Waste Forms
- Final Report M2NU-12-NY-AU # 0202-0410
December 15, 2016

CAF-MP
5
—— Au dpa
—+— He dpa
44
@ 37
o
©
2_
1
04
T T T T T T T T

: e :
00 02 04 06 08 10 12 14 1.6
Depth (um)

Figure 4-1. Damage profile in CAF-MP using 7 MeV Au** and 200 keV He* ions

Figure 4-2 shows the GIXRD patterns of CAF- and Cr-MP samples prepared using SPS and melt-
processing subjected to 7 MeV Au’* at a fluence corresponding to 5 dpa. All samples show amorphization
evidenced by a decrease in intensity of the peaks and the presence of diffuse scattering between 26 and 35
°20. 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 of the technique. The highest intensity peaks of the major phases in Cr-MP
samples are labeled in Figure 4-2. By comparing the intensity of these peaks, the TiO; 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 ",

Bright field TEM images of damaged cross-sections of both melt-processed and SPS CAF-MP
samples irradiated with 7 MeV Au** to 5 dpa are shown in Figure 4-3. 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 SAED pattern (space group C2/m, grain oriented in the [010] direction)
and EDS (Figure 4-3). Cu is picked up by the EDS from the sample grid holder. The amorphized region in
the hollandite grain is approximately 2.08 um in depth.

In contrast, multiple grains are contained within the FIB sample of CAF-MP SPS. This is confirmed
by examining the SAED pattern in the crystalline region. The pattern is unable to be indexed properly due
to the interaction of the beam with multiple grains. The amorphized region of the SPS sample extends about
1.83 um from the surface. The penetration depth of the Au**ions is greater in the melt-processed than that
in the SPS fabricated sample. This is attributed to the interaction of the ions with multiple phases of various
grain sizes and with the pores present in melt-processed samples. This can also be seen by looking at the
interface between the crystalline and amorphous regions; the interface in the SPS sample is jagged, while
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it is smooth in the melt-processed sample. The ion penetration depth in both samples is greater than that
predicted by SRIM. The underestimation of Au ion penetration by SRIM has been investigated in SiC 78,
The difference in experimental vs simulated penetration depth when using 7 MeV Au ions was about 0.4
um, due to overestimation of the stopping power of Au in the material.
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Figure 4-2. GIXRD of CAF- and Cr-MP samples fabricated by SPS and melt-processing exposed to 5 dpa
of heavy ions
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Figure 4-3. 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 heavy ions

Samples fabricated by SPS were also subjected to 3 different fluences of 7 MeV Au** ions
corresponding to 0.05, 0.5, and 5 dpa. Figure 4-4 shows the GIXRD patterns for CAF- and Cr-MP samples.
An increase in the amorphization of the samples is seen with the increase in dpa. Little change is seen in
the 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 display an increase in diffuse
scattering.
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Figure 4-4. GIXRD of CAF- and Cr-MP SPS samples irradiated with 3 different damage levels

Samples of Cr- and CAF-MP consolidated by SPS were exposed to 200 keV He* ions. The dose of
ions was equivalent to 5 dpa. Figure 4-5 compares the GIXRD results of the pristine and damaged samples.
There is a large hump of diffuse scattering seen from 26 and 35 °260 and the presence of new peaks. Some
of these new peaks can be indexed to 2BaO/9TiO,. This, along with the disappearance of the peaks
belonging to the hollandite phase, suggests that structural breakdown of the hollandite phase occurs along
with amorphization under these irradiation conditions. The perovskite phase does not amorphize as severely
as the hollandite phase when irradiated with He* ions, indicating radiation stability under light ion
irradiation up to 5 dpa.
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Figure 4-5. GIXRD of CAF- and Cr-MP SPS samples irradiated with He ions

In conclusion, different damage mechanisms are evident when simulating radiation damage with
light and heavy ions in multiphase titanate ceramics. Heavy ions (Au**) produce amorphization through
atomic displacements and is characterized by a decrease in peak intensity as well as diffuse scattering in
GIXRD. Light ions (He") cause the hollandite phase in these simulated multiphase waste forms to break
down. Samples fabricated by both melt-processing and SPS exhibit similar amorphization behavior when
irradiated with Au** ions. The penetration depth of Au’* ions is less in the CAF-MP material fabricated by
SPS than those prepared by melt-processing due to a denser fine-grained microstructure and hence more
grain boundary interaction.

5) Chemical Durability of Multiphase Ceramic Waste Forms (Task 6)

The chemical durability of nuclear waste form materials is of critical importance in defining the
storage performance. Various test methods have been proposed for studying the leaching behavior including
the Product Consistency Test (PCT) !, the MCC standard %, and the vapor hydration test (VHT) Y. The
leaching behavior of Cs is important to the chemical durability of multiphase waste forms due to its ability
to form non-durable phases 32, Leaching of Cs and Ba in hollandites is rapid upon initiation of the tests
and then the release rate drops due to a thin passivating layer of Ti oxide ®*!. Long-term leach tests have
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been performed using a wide range of pH solutions and determined that pH was not a factor except at very
low values (1) ##. The leach resistance of Cr-hollandites has been shown to be superior to that of alternate
hollandite compositions 3 due to the lack of secondary phase formation.

Designer waste forms (DWFs) are presented herein as a novel way to test the effect of different
phase composition on the chemical durability of Cs-containing hollandite. A schematic of a DWF sample
is shown in Figure 5-1. The PCT was chosen to evaluate the Cs leaching from the hollandite phase and the
VHT was chosen to determine any effect a saturated, high temperature environment would have on a
monolithic sample. These two tests will aid in the determination of the effects of additional phases, which
contain no simulated waste ions, on the leach durability.

. Hollandite

Figure 5-1. Schematic of a 'designer waste form'

Multi- and single-phase hollandite samples with metal oxide additions of Cr, Al, and Fe (designated
CAF-MP, SP) and metal oxide additions of Cr (designated Cr-MP, SP) were prepared by melt-processing
and SPS as described above. The microstructure and phase assemblage of CAF-MP and Cr-SP has been
described previously .. The phase assemblage of Cr-MP is similar. The microstructures of Cr-MP samples
processed by melting and SPS are displayed in Figure 5-2. For SPS samples, hollandite (H) phase forms
the matrix while two perovskite (P and P’) phases and zirconium-rich (Z) phases are dispersed throughout.
Melt-processed samples contain dendritic hollandite (H) grains dispersed throughout TiO. (T),
pyrochlore/zirconolite (Py/Z), and perovskite (P) phases.
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Figure 5-2. Microstructures of SPS and melt-processed simulated ceramic waste forms.

Leaching tests (using the PCT) were performed to assess the comparative Cs and Mo retention
between melt-processing and SPS fabrication methods. To calculate the normalized Cs release from the
DWEF samples, the following equation was used:

NC, = ¢, (sample) xé 0
fi 3

where NC; is the normalized release of element i, c;is the concentration of element i in the leachate, f; is the

fraction of the element in the unleached sample and 5/3 is a dilution factor. Elemental release values of Cs

and Mo from CAF-MP, SP and Cr-MP, SP is shown in Figure 5-3.

Although the material was sieved and size fractioned, the surface area affects the PCT response
and the magnitude of the release rates should be carefully considered as the measurements are based on the
geometric surface area of the particles tested and not the actual material surface area (e.g. porosity, voids,
etc. that would increase surface area were not considered). Therefore, it is desirable to systematically study
the Cs release using a highly dense multiphase ceramic. This is accomplished by using SPS to consolidate
known amounts of phases into dense compacts.
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Figure 5-3. Comparison of Cs and Mo release across single phase and multiphase ceramics prepared via
melt-processing and SPS

To prepare the DWF samples, varying amounts of hollandite (Ba;.iCso1Cr23Tis7016 or
Bag.oCso.sCr23Tis7016), zirconolite (CaZrTi,O;), and pyrochlore (Nd,Ti>O7) produced via solid-state
synthesis were consolidated by SPS. The DWF compositions are listed in Table 5-1 in volume percent. The
designations ‘HHC’ and HLC’ stand for ‘hollandite high cesium’ and ‘hollandite low cesium’ respectively
corresponding to high or low cesium content in the hollandite phase. The zirconolite to pyrochlore ratio is

like that found in SYNROC compositions.

Table 5-1. DWF compositions

Sample ID Ba1.1Cs0.1Cr23Ti57016 CaZrTi O, Nd:Ti,07
80%-HLC 80 11.75 8.25
60%-HLC 60 23.5 16.5
40%-HLC 40 35 25
20%-HLC 20 47 33
Bay.9Cso.5Cr23Tis7016 CaZrTi, 0, Nd;Ti.O~
80%-HHC 80 11.75 8.25
60%-HHC 60 23.5 16.5
40%-HHC 40 35 25
20%-HHC 20 47 33
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The sintering curves displaying the temperature and piston speed as a function of time of the HHC
compositions are shown in Figure 5-4. The HLC curves are similar and are not shown. Consolidation of the
materials occurs immediately prior reaching maximum temperature. The maximum temperature was
slightly reduced with increasing hollandite content.
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Figure 5-4. SPS densification curves of HHC DWF compositions

XRD was performed on powdered samples to determine if any interaction occurs between the
phases during SPS. The patterns of HLC DWF samples are shown in Figure 5-5. Like the sintering curves,
the HLC and HHC XRD patterns are nearly identical, so the additional patterns are not shown. All the peaks
correspond to hollandite, zirconolite, or pyrochlore phases. The microstructure of 60%-HLC is also shown
in Figure 5-5. The matrix is hollandite with islands of varying sizes of zirconolite and pyrochlore.
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Figure 5-5. XRD patterns of HLC DWF samples and the microstructure of 60%-HLC

The PCT of these samples was performed to reveal the effect of the phase composition of a material
on the Cs leaching from the hollandite phase. As in the case of the simulated multiphase waste forms, the
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Cs release was normalized to the amount of Cs present in the samples prior to testing. Normalized Cs release
from the samples is presented in Figure 5-6 as a function of hollandite content. The normalized release
decreases as the amount of hollandite increases.
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Figure 5-6. Normalized Cs realease from both low and high Cs containing hollandite DWF compositions

VHT was also conducted on HLC compositions to determine waste form behavior at elevated
temperature in a saturated atmosphere. After 1500 h at 200°C, the sample surfaces appeared to be visually
unaffected. XRD data show one peak belonging to Pt developed during testing. SEM along with EDS line
scans were used to determine if any damage had been done to and if any elemental diffusion had occurred.
An EDS line scan through the hollandite phase in the 80%-HLC sample and the corresponding SEM image
are shown in Figure 5-7. No damage to the sample surface could be seen by SEM. EDS line scans were
performed ~12-15 pm from the surface into the sample. No elemental diffusion was detected.

80% HLC

ZAF At%

-2 0 2 4 6 8 10 12 14
Distance (pm)

Figure 5-7. EDS line scans results from the hollandite phase of the 80%-HLC DWF sample
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Of significance is the trend that SPS samples exhibit a greater Cs release compared to the melt
processed samples, indicating that melt processing results in a more chemically durable product. It should
be noted that the Cs and Mo releases are normalized to the measured composition, so volatilization of
species would not affect the results. The Mo release rates were comparable for the two multiphase samples,
suggesting that Cs-Mo contacting compounds were suppressed supporting previous results. However, the
relative high release of Mo also indicates the Mo partitions to a relatively non-durable phase of the waste
form.

The XRD and SEM reveal that little to no interaction occurs between the three phases during SPS
of DWF compositions. This demonstrates the practicality of SPS to consolidate multiple phases into a
monolithic sample with limited interaction among different phases and practically no change in morphology
or phase assemblage.

The normalized Cs release decreases as the amount of hollandite in the DWF increases. We attribute
this trend to high chemical resistance of the hollandite phase. The Cs release remains low and about the
same in all these samples. Therefore, the Cs release appears to be decreasing with increasing hollandite
content. Our data suggests that other phases in a multiphase ceramic waste form have little effect on the
leaching of a specific phase.

The stability of these materials under saturated atmospheres at elevated temperatures has been
demonstrated by VHT. The surfaces of each sample were examined with SEM. No alterations were
detected. Each of the three phases were scanned with EDS to determine if elemental diffusion had occurred.
No changes to any of the phases were detected in any of the four samples subjected to VHT. It should be
noted that both C and O are removed from the EDS results. Attempts were made to detect Cs with EDS,
however, The Cs peak partially overlaps with that of Ti, making it difficult to detect.

6) Cerium Substitution in Zirconolite and Pyrochlore Materials (Task 5)

Zirconolite (CaZrTi»O7) materials are potential crystalline phase host materials for both tri- and
tetravalent actinides, either as single phase waste forms or as part of a multiphase assemblage ¢ 30: 32 86],
The valence state of the substituting actinide will affect the site of substitution as well as the quantity of the
ion (waste loading) that can be incorporated. Therefore, this information is critical for the informed design
of waste forms.

Cerium oxide is used as a surrogate material for plutonium oxide (and other actinide elements) in
simulated nuclear waste forms 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 87,
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 381,

The incorporation of Ce into zirconolite materials has been studied previously. Vance and
coworkers ! 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, Cag3Ceo2ZrTi;3Alo207,

when using aluminum as a compensating ion. When tetravalent Ce was targeted on the zirconium site
51



Alternative High-Performance Ceramic Waste Forms
- Final Report M2NU-12-NY-AU # 0202-0410
December 15, 2016

(CaZrosCeo.,Ti207), two zirconolites were reported to be formed, with one polymorph containing most the
Ce. No valence data was reported.

In 1997, Begg ! reported formation of two zirconolites when targeting tetravalent Ce on the
zirconium site (CaZrogCeo2Ti»07). The synthesis of these materials was performed in air as opposed to the
reducing atmosphere used in Vance’s experiments. 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 Rossel ! as having an anion deficient fluorite structure with
layers of corner sharing TiOs octahedra that are separated by layers containing ZrO; and CaOg polyhedra.
This polymorph forms with compositions of CaZr,Ti3xO7 with 0.8 < x < 1.37. The 4M-zirconolite is
described by Coelho "1 as having an enlarged unit cell (~22A compared to ~11A 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 ¢ axis to accommodate. The 4M zirconolite is formed
when cations (such as Nd used by Coelho) 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 6-1.

52



Alternative High-Performance Ceramic Waste Forms
- Final Report M2NU-12-NY-AU # 0202-0410
December 15, 2016

o0gee

2M-Zirconolite

ec0(e

Figure 6-1. Structures of 2M zirconolite (Top) and 4M zirconolite (Bottom)
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Solid-state synthesis of CaZr;.xCe,Ti,07 and Nd»«Ce,Ti,O7 materials was performed. High purity
oxide precursors of CaO, ZrO,, Nd,Os, TiO; and CeO, (Alfa Aesar) were used in the experiments. The
milling procedures for the zirconolite and pyrochlore materials were different due to the slow reaction rate
of the zirconolite.

For zirconolite materials, the formula CaZr..CexTi207; was used with x = 0.1-0.5. The appropriate
amount of precursor material was weighed and placed in a ZrO» milling jar with 2 mm YSZ milling media
(Across International). 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) 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
reacted in a furnace at 1375°C for 72 h, crushed into powder, milled for 5 min using the same procedure,
dried and homogenized.

For pyrochlore materials, the formula Nd>..CexTi207 with x = 0.1-0.5 was used. The weighed-out
precursor powders 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 reacted 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. The synthesized powders
were analysed using XRD (D2 Phaser, Bruker, Massachusetts, USA) for phase identification.

Figure 6-2 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 6-1. By x = 0.5,
the zirconolite is present in the 4M polymorph. A small amount of perovskite is also seen in all the 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.

54



Alternative High-Performance Ceramic Waste Forms

- Final Report M2NU-12-NY-AU # 0202-0410

December 15, 2016

CaZr, Ce,Ti,0,

x=0.5 JL
A N
x=04 L
| . Ty
x=0.3
x=0.2
x=0.1
x=0 l
" n Ak i) Ao Y

4M-Zirconolite .
l Perovskite

i

r\ x=0.5
A x=04
A\ x=0.3

ﬂ x=0.2
{Q x=0.1

X I x=0

Degrees (2 Theta)

LI L L BN B BN B B
15 20 25 30 35 40 45 50 55 30 31 32 33

|2M-|Zirc9nolilte .

Degrees (2 Theta)

Figure 6-2. XRD patterns of Ce-zirconolites

Table 6-1. Percentages of phases present in zirconolite powder samples synthesized via solid-state
sintering determined by Rietveld analysis

Sample Zirconolite-2M Zirconolite-4M Perovskite
CaZro.oCeo.1 Ti207 99.0(1) wt.% 0 wt.% 0.9(1) wt.%
CaZro3Ceo2Ti,07 74.5(3) wt.% 19.3(3) wt.% 6.2(1) wt.%
CaZro7Ceo3Ti,07 45.6(3) wt.% 49.0(3) wt.% 5.4(1) wt.%
CaZro.6Ceo4Ti207 3.6(3) wt.% 89.4(3) wt.% 6.9(2) wt.%
CaZrosCeosTi,07 0 wt.% 95.6(4) wt.% 4.3(3) wt.%

A representative SEM image of synthesized CaZr;Ceo3T1207 taken in backscatter electron (BSE)
mode is displayed in Figure 6-3. Two phases can clearly be distinguished and are evenly distributed, which
agrees 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 Ce is evenly distributed on the Ca
and Zr sites in the 2M-zirconolite, while uneven splitting is seen in the 4M-zirconolite, with a greater

amount partitioning on the Zr site.
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Figure 6-3. Representative BSE image of synthesized CaZro7Ceo3Ti,0O7 and corresponding EDS spectra
from the two phases seen

X-ray absorption near edge spectroscopy (XANES) was performed on powdered samples of
CaZr5Ceo5T1207 to detail the Ce valence state in these Ce zirconolites. The valence state of the Ce did not
vary with composition. Therefore, only the x=0.5 composition results are shown. Figure 6-4 displays the
XANES results from the standards, CeO, and CePOs, 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 ®!. 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 892,
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Figure 6-4. XANES results from standard materials and synthesized Ce-zirconolite powder

To consolidate the powder into monoliths, SPS was performed on the Ce-zirconolites. The sintering
behavior of CaZrooCeo.1Ti2O7; was very like 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 6-5). The sintering peak of
CaZroCeo4T1207 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 6-5.
The destabilization of 4M-zirconolite in favor of 2M-zirconolite after sintering should also be noted.
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Figure 6-5. Temperature profile and piston speed during SPS of CaZr0.9Ce0.1Ti207 and
CaZr0.6Ce0.4Ti207 including XRD comparison of the powder and resulting SPS pellet
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This result demonstrates that the conversion to perovskite is a fast process and that 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
6-6. The stabilization of a perovskite phase from zirconolite in reducing conditions (as in the case of SPS)
has been reported previously B!l XANES reveals that about 90% of the Ce is present in the trivalent state
after SPS (Figure 6-6). Zirconolite transformation into perovskite is due to the partial reduction of Ti* to
Ti** 31, 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 6-6. XRD comparison of SPS Ce-substituted zirconolites along with XANES results showing most
trivalent Ce

The formation of perovskite during SPS is undesirable due to the superior chemical durability of
zirconolite ¥ compared to the perovskite phases. Thus, a heat treatment in air after SPS is required to
convert the perovskite back into zirconolite. High temperature XRD (HTXRD) was used to monitor the
phase conversion during heat treatment. Schedule 1 (Table 6-2) reveals that CaCeTi,O7 forms as an
intermediate phase at temperatures up to 1300°C, as seen in the XRD patterns in Figure 6-7. 4M-zirconolite
does not form in the CaZrosCeo4T1207 sample during Schedule 1. No significant changes to the patterns
were seen in the subsequent measurement at 1300°C.

58



Alternative High-Performance Ceramic Waste Forms
- Final Report M2NU-12-NY-AU # 0202-0410
December 15, 2016

Table 6-2. HTXRD schedules used to study phase conversion of Ce-zirconolite post-SPS

Schedule Ramp Rate Max Temperature Hold Time (hr) Scan Rate at T
1 30 1300 1 3
2 30 1350 6 2

Cazr,Ce,,Ti,0, SPS

i
C

A,

Z - 2M-Zirconolite
C - CaCeTi,0,
P - Perovskite

Sz » 1300°CAir »

Cc

3l

20 min
g 1300°C Air J$_
¥4 P — "
A z r 30°CAIr § £
Z2Z Z _L Eh_
U I} U I} U I U | y 1
30 35 40 45 50 55 60

Degrees (2 theta)

Figure 6-7. in situ XRD patterns of CaZrosCeo4T1207 at 1300°C showing the conversion of perovskite

into CaCeTi,05

A second HTXRD schedule was performed to eliminate the CaCeTi,O; that forms as an
intermediate phase. At 1350°C, CaCeTi,O7 and 2M-ziconolite are converted into 4M-zirconolite (Figure 6-
8). 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 6-8. It is seen that perovskite reacts to form CaCeTi.O; at
temperatures below 1350°C. During the 5 hour hold at 1350°C, the perovskite content reaches a plateau at
around 9 wt.%. The CaCeTi,O; and 2M-zirconolite react during the first 2 hours of the hold at 1350°C to
form 4M-zirconolite which plateaus by around 3.5 hours. The reaction did not go to completion (100% 4M

-zirconolite) during the HTXRD experiment.
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Figure 6-8. Phase amounts and corresponding XRD patterns during heating and isothermal hold at

1350°C of CaZro_6C60,4TizO7

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
CaCeTi207 into zirconolite (both 2M and 4M), which is desirable for the intended application. XRD
patterns representing the phase changes are shown in Figure 6-9.

CaZr,,Ce ,Ti,O,

= 4M-zirconolite +2M-zirconolite * Perovskite

Heat Treated (Air, 1350°C 24 h)

L] [ ] ] n
++ ] R
AR, AN
+
*

+H SPS Pellet
N + T * o+

Synthesized Powder

I

..

30

40

T

50

60

Degrees (2 theta)

Figure 6-9. XRD patterns comparing the phase assemblage in CaZr0.7Ce0.3Ti207 under different

processing conditions
60



Alternative High-Performance Ceramic Waste Forms
- Final Report M2NU-12-NY-AU # 0202-0410
December 15, 2016

Figure 6-10 shows the XRD patterns of Ce substituted pyrochlore. The materials remain single
phase throughout the range of substitution. The substitution mechanism of Ce into this pyrochlore structure
was investigated using the General Utility Lattice Program (GULP) and the results are summarized below.
It was found that the most likely substitution mechanism was replacing the Nd** with Ce**. This mechanism
seemed unlikely due to using CeO, as the Ce precursor. XANES was performed on Nd; sCesTi.0O7
synthesized powders to determine the valence state of Ce in pyrochlore materials. The Ce reduces to the
trivalent state during synthesis in air to fit within the structure. The XANES results are shown alongside
the XRD in Figure 6-10.
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Figure 6-10. XRD patterns and XANES spectra of Ce substituted pyrochlore materials

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 . In
general, an energy minimization technique is used with Buckingham potentials to obtain a relaxed structure.
One program that utilizes this technique is GULP. This program takes the internal energy (which is made
up of columbic, polarizability, dispersion, etc.) and writes it as a Taylor series, calculates the derivative (g)
and the second derivative (H), and uses the equation Ax = —H 1g 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 7,

Defect calculations are then performed to find the defect energies of the Ce substitutions using the
Mott-Littleton technique 8. This technique utilizes two regions surrounding the defect to calculate the
energy and is illustrated in Figure 6-10. The defect is in the center, or midpoint between multiple defects.
Regions are specified by radii, to include an appropriate number 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
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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.

Region 11B

Region IIA

373 Region |

Figure 6-10. Illustration of the regions surrounding a defect in the Mott-Littleton technique

The structure was 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 6-3.

Table 6-3. Values of lattice constants and densities for zirconolite and pyrochlore materials found in the
literature and after structural relaxation using GULP

Nd.Ti,0-
Propert
perty Experimental ! Calculated

Lattice Vol A3

attice Volume (A7) 539.24 541.61 (4.4)
a(A) 7.6747 7.56 (-1.5)
b (A) 13.0025 13.21 (1.6)
c(A) 5.640 5.47(0.2)
Bory(°) 98.517 98.2 (-0.3)
p (g/cm’) 6.110 6.09 (-0.4)

*percent variation in parentheses ‘

The heat of solution was calculated by calculating 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.
Five possible substitution mechanisms for Ce into pyrochlore listed in Table 6-4. Note that different

Buckingham potential parameters were used whether Ce was present as tri- or tetravalent. The most likely
62



Alternative High-Performance Ceramic Waste Forms
- Final Report M2NU-12-NY-AU # 0202-0410
December 15, 2016

substitutions per these defect calculations are trivalent Ce substitution on the Nd site. Defect energies
were calculated for different combinations of atomic sites.

Table 6-4. Possible substitution mechanisms for Ce incorporation into Nd2Ti207. The highlighted rows
indicate the most likely mechanisms

Substitution Mechanism Heat of Solution (eV)*
4CeOz > 4CeNd +Vn+ 2Nd203 + Ti02 16.78 14.74 20.62 10.91
CeOz > CeTi + Ti02 8.74 8.74

3CeOz > 3CeNd + Vg + 2Nd203 6.59 5.85 10.25 2.183
C6203 > 2C6Nd + Nd203 2.22 -0.04

2CeOz + A1203 > 2CeNd + 2A1Ti + 2Ti02 + Nd203 13.66 12.72 15.66 10.73

*yarious combinations of defects on atomic sites

The sintering of these materials by SPS was also investigated. No phase changes occur as a result
of sintering. A blank was run to subtract the ‘background’ piston movement due to the graphite and foil.
The sintering behavior is shown in Figure 6-11. All materials exhibit similar behavior indicating a similar
sintering mechanism in play. An increase in Ce substitution did not seem to inhibit the sintering of the
material.
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Figure 6-11. Sintering curves of Nd2-xCexTi207, x =0, 0.1, 0.3, and 0.5

The sintering mechanism of Nd,Ti07 was investigated using the modified hot-pressing equations
proposed by Bernard-Granger and Guizard "%, The thermodynamic driving force during sintering can be
neglected due to the applied external load and the hot-pressing kinetic equation can be rewritten as:
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14D _ BOuessb (2)" Terr)" ?)
D dt KT G Heff

where D is the instantaneous relative density, B is a constant, G is the grain size, @ is the diffusion
coefficient, b is the Burgers vector, k is the Boltzmann’s constant, 7 is the absolute temperature, p is the
grain size exponent, o,y 1is the instantaneous effective stress acting on the powder bed, .y is the
instantaneous shear modulus acting on the powder bed and # is the stress exponent.

The instantaneous effective stress can be written as follows according to 10

1-D
Oeff = W_Zo)amac (3

where Dy is the starting green density and o is the macroscopic applied pressure. In addition, the
instantaneous shear modulus can be written as:

—__Ewm D7Dy
Herr = 2(1+vers) 1-Dg )

where Ej;, is the effective Young’s modulus and v, is the effective Poisson’s ratio. When the grain size is

constant throughout the soak time during sintering, the equation can be transformed to:
Q4

=G n
1 1dD RT (O
14D _ e (i) )
Hefy D dt T \Hess

where Qy is the activation energy and Ky is a constant. Assuming one mechanism, the value of Q, is a
constant and the equation can finally be written in a form to determine the n value:

n( ! ld—D)=n*ln(aeff)+1(1 (6)

Hefr D at Hefs

where K; is a constant for a fixed soak temperature. Based on the stress exponent, the densification
mechanism can be extracted. Possible densification mechanisms are listed in Table 6-3.

Table 6-3. Densification mechanisms and the corresponding stress and grain size exponents

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
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The equation above was applied to sintering displacement data of an Nd,Ti,O7 sample sintered to
1050°C during the hold time of 5 min with an applied pressure of 54 MPa. The slope of the corresponding
line is about 0.4, which does not match up with any of the given n values (Figure 6-1). We are further testing
to confirm the mechanism.
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Figure 6-13. Effective stress exponent for Nd2Ti207 calculated for a sample sintered to 1050°C for 5 min

Ce-zirconolite and pyrochlore samples will be tested for stability under storage conditions. The
radiation damage in samples will be simulated via ion implantation using Kr and He ions to simulate alpha
recoils and alpha particles respectively. The experiments will be carried out at the Ion Beam Laboratory
(IBL) at the University at Albany. The samples will be characterized with GIXRD and TEM to determine
the radiation damage.

The chemical durability will be tested by subjecting 3 Ce-zirconolite and 3 Ce-pyrochlore samples
to the PCT 12, The leachates will be analyzed via inductively coupled plasma (ICP) for Ce release. The
leaching mechanism will be investigated by subjecting monoliths of select compositions to testing via
ASTM standard C1220 "%, Monoliths will be suspended in water at 90°C for different lengths of time (1,
7, 28, and 42 days). The Ce leach rate can then be determined and the monoliths will be analyzed with
GIXRD, SEM and EDS to determine the leaching mechanism.

7) Structural characterization and Cs retention of Ba-Cr hollandites (Task 5)

Our earlier studies I on Cs-substituted single-phase hollandites and the research done at SRNL ©*!
strongly indicated that barium hollandites with Cr** as a promising lattice for effective Cs retention.
Ba.0Cs0.3Cr23Tis 7016 was observed to retain highest amount of Cs after PCT when compared to other
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chemistries Ba; ¢Cso3M>3Tis 7016 (M: Fe/Al) Bl. Also, (Ba,Cr)-hollandite could be easily formed, with no
impurity phase, at lower temperatures ", This part of the project focusses on research to further analyze
and validate Bai.is5..Cs2.Cr23Tis7016 lattice as a potential Cs host. Series of compositions Bai.is.
xCs2:Cr23Ti157016 with increased Cs loadings (0 < x < 1.15) have been prepared by sol-gel synthesis to
determine Cs solubility. Structural parameters of different Cs-substituted hollandites are determined by
powder XRD and neutron diffraction. Phase-pure compositions will subsequently be tested for Cs retention
by PCT testing. The effects of structural parameters on Cs leachability, if any and the controlling factors
for Cs retention will be investigated.

To obtain powders with homogeneous chemistry and minimum Cs losses, sol-gel method was
chosen 3+ 194 Precursor materials and corresponding solutions used in this method are listed in Table 7-1.
Solutions containing stoichiometric amounts of precursor solutes and corresponding solvents were mixed
together resulting in a dark green solution with no agglomerates. Since the overall volume of the mixed
precursor solution was high (~100ml/1g of required material), rotary evaporator is used to extract the
solvent from the solution. The resultant homogeneous dry residue is used as precursor for further solid-state
processing. Initial calcination of the as-obtained dry residue was done at 400°C for 2h to remove all
volatiles. Figure 7-1 shows the differential thermal analysis/thermogravimetric analysis (DTA/TGA) data
of calcined powder for all compositions. Small exothermic event close to 900°C (indicated in Figure 7-1(b))
is identified as the hollandite reaction temperature. Hence, calcined powders are further sintered at
1000°C/3h to form hollandites.

TGA plots in Figure 7-1(a) show the corresponding weight loss at hollandite reaction temperature.
In addition, the slopes weight loss curves at high temperatures show interesting features. At lower Cs levels
(x £0.55), the weight losses either tend to plateau or the slope of the curve is low. For compositions x >
0.55, the slope is significantly higher implying the higher Cs loss from the material. This behavior can also
be attributed to phase purity of the compositions as discussed below.

Table 7-1: Precursor materials used for sol-gel synthesis

Precursor solution
Cation
Solute Solvent
Ba** Barium acetate (Ba(O,H3C,),) Acetic acid
Cs* Cesium carbonate (Cs2CO3) Acetic acid
Ti** Titanium isopropoxide (Ti(OCsH7)4) Acetic acid + ethanol
Cr Chromium nitrate (Cr(NO3)3.9H,O) Isopropanol

66



Alternative High-Performance Ceramic Waste Forms
- Final Report M2NU-12-NY-AU # 0202-0410
December 15, 2016

22 T T T T y T T T T T y T T T T T

loss %
AT (°C)

5 8 .

T T T T T T T T 1.0 T T T T
400 600 800 1000 1200 400 600 800 N_7 1000 1200
Temp (°C) Temp (°C)
(a) (b)

Figure 7-1(a) TGA and (b) DTA plots for different compositions studied

Figure 7-2 compares the powder XRD patterns of the series of Cs-substituted hollandites. Phase-
pure hollandite was observed for compositions Baj.15.:Cs2Cr2.3Ti57016 where 0 <x <0.55. Additional peaks
appeared for compositions where more than 50% of Ba is substituted with Cs indicating that the maximum
solubility of Cs in hollandite of BaO-Cr205-TiO: system is ~ 50%. Cross-sections of sintered pellets were
observed using SEM. Back-scattered images showing the microstructural variations as a function of Cs
loading are shown in Figure 7-3. Ba end member (x = 0) was observed to very fine equiaxed type of grain
structure whereas the Cs end member (x = 1.15) had large rod-like grains. All intermediate compositions
(0 < x < 1.15) had similar microstructures — elongated grains with a higher aspect ratio when compared to
pure Ba hollandite. Preferential growth of hollandite was seen on substituting Ba with Cs in the
compositions. No compositional contrast was observed in the back-scattered images for higher Cs
compositions (x > 0.55) where powder XRD patterns differ from that of phase-pure hollandite. The results
clearly indicate that the compositions with x > 0.55 adapted different structure or resulted in different
phase(s). The slopes of TGA curves for compositions x > 0.55, as shown in Figure 7-1a, are relatively
higher at high temperatures indicating increased Cs volatilization. This further suggests that the resultant
phase(s) could not retain Cs and hence might not be pure hollandite. Since phase-pure hollandites are the
focus of this study, compositions with x > 0.55 are not further studied.
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Figure 7-2: Powder XRD patterns of Bal.15-xCs2xCr2.3Ti5.7016. All dotted lines indicate peaks
corresponding to hollandite phase. For x > 0.55, secondary peaks, labeled by red arrows, appeared.
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Figure 7-3: Back-scattered electron images of different compositions of Bal.15-xCs2xCr2.3Ti5.7016

7.1 Rietveld Analysis

Among different tetragonal (I4/m) and monoclinic (12/m) models used for Rietveld refinement of
powder XRD data, [2/m symmetry (PDF: 00-051-1900) yielded the best fit, in terms of 20 peak positions
and fit statistics, for all three compositions. Figure 7-4 shows a representative XRD refinement comparing
the measured and calculated patterns. Although all peak positions are accounted for and the generated bond-
lengths were found to be reasonable, there is a noticeable mismatch (weighted Rietveld parameter, Ryp:
12.7%) and the model is clearly inadequate to describe the unit cell.

As neutron scattering is more sensitive to oxygen sub-lattice than x-rays, neutron powder
diffraction (NPD) data can help extract further structural information. For refinement of NPD data,
corresponding 12/m structural models generated from XRD refinement were used as starting models. Figure
7-5 shows a standard I2/m hollandite unit cell with one tunnel site for Ba/Cs (A site), two distinct
crystallographic octahedral sites for Cr/Ti (M; and M>) and four distinct oxygen sites (O;, Oz, O3 and Oy).
A typical refinement procedure is performed as follows. A Chebysvchev polynomial with 10 coefficients
was used to describe the background and the peak profiles are described using a pseudo-Voight function.
Occupancies/atomic positions are refined starting with strongest neutron scatterers to the weakest ones. All
oxygen sites are assumed to have full occupancy and are only refined for positions followed by refinement
of occupancies and positions of tunnel cation sites and octahedral sites (Figure 7-6). The sum of occupancies
of Cr and Ti on each of the sites M; and M:is constrained to unity. Isotropic displacement parameters were
applied for all sites except for Ba/Cs. Anisotropic displacement parameters (ADPs) were used for tunnel
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cations to account for any disorder in their locations since they are located along one-dimensional tunnels
in the structure.

Measured pattem
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Figure 7-5: Hollandite unit cell with 12/m symmetry with all crystallographic sites labeled
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Figure 7-6. Illustrations of oxygen environments surrounding each cation site

Structure refinement of composition with no Cs was relatively straightforward and appropriate
structural data was obtained, as discussed further. However, the initial refinement trials of Cs-substituted
hollandites (x = 0.15 and 0.25) converged with unreasonably large e.s.ds (estimated standard deviations).
Two adjustments needed to be done to get final structural models with realistic parameters and e.s.ds.
Firstly, Ba was used as the only tunnel occupant. Considering similar neutron scattering lengths of Ba (5.1
fm) and Cs (5.4 fm), this is a rational assumption. The resultant refined compositions are presented in Table
7-2, and are primarily intended to show the increasing occupancy of the tunnels with x that further confirms
that Cs is indeed taking the tunnel site in the lattice. Once this trend was established, refinements were
performed for Cs compositions by constraining the Ba and Cs occupancies to the values measured by x-ray
fluorescence. Secondly, the tunnel cations Ba and Cs were fixed at origin, (X, y, z) = (0, 0, 0). Since ADPs
were used for tunnel cations, any disorder relative to the origin would be manifested in those values. Further
remarks on this are discussed in Section 3.3.2. A typical NPD refinement with these considerations is shown
in Figure 7-7.

Table 7-2: Comparison of target vs. refined compositions when only Ba was used as tunnel cation.

x Target composition Refined composition
0.0 Bai.15Cr2.3Ti5.7016 Bai.12Cr22Tis 8016
0.15 Bai.0Cs0.3Cr23Ti57016 Bai.18Cr2.14Ti5.86016
0.25 BagyCso.5Cr23Ti57016 Bai.25Cr2.08Ti5.92016
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Figure 7-7. Rietveld refinement of NPD data for the composition Ba; ¢Cs3Cr2.3Tis7Ois.

7.2 Structure of Baj 15.xCs2:Cr23Tis7016

The lattice parameters and fit parameters generated from NPD refinements are listed in Table 7-3.
Except for the increase in the monoclinic nature (), no specific trend was observed from the unit cell
dimensions, a, b and c. In addition, the mean diagonal length of tunnel cross-section (d) reduced for lower
Cs compositions but further increased at higher Cs loadings. This is counter intuitive to the idea that the
tunnel/lattice parameters increase with the average size of the tunnel cations, and does not corroborate with
other studies. We attribute this primarily to partial occupancy of tunnel sites. The fraction of vacant tunnel
sites for compositions x = 0 and 0.15 are 42.5% and 35%, respectively. When Cs is introduced into the
tunnel, the local expansion of the tunnel cavity is compensated by adjacent vacancies. Furthermore, the
electrostatic attraction of Cs towards the oxygen ions surrounding the vacant sites would have intensified
the shrinkage resulting in decreased lattice parameters.

The octahedral structural framework for all compositions was of typical monoclinic hollandite
system, where only slight distortion from tetragonal symmetry would be observed, and the monoclinic
nature (B) increased with the amount of Cs loading (Table 7-3). Final structural parameters for
Bai.15Cr23Tis 7016 are presented in Table 7-4 and selected bond lengths in Table 7-5. Assuming this as the
base structure, the structural features and variations that reflect the effects of Cs loading in other
compositions are discussed.
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Table 7-3. Unit cell dimensions and fit parameters from Rietveld refinement of Baj.15.:Cs2Cr2.3Ti5701s.
R, is the weighted Rietveld parameter and #* is the goodness-of-fit.

Composition x=0 x=0.15 x=0.25
Space group 12/m I2/m 12/m
a, A 10.0847(3) 10.0244(6) 10.1917(13)
b, A 2.9590(1) 2.9333(2) 2.9776(4)
¢ A 10.0746(3) 10.0075(6) 10.1590(13)

Unit cell t
nit cell parameters ﬁ 90.032 (2)  90.058(2) 90.126(3)

Volume. V. A° 300627 298953  303.343
d=(d +d)2 A 50965 5.0865 5.1790
R, % 3.14 3.68 4.83

. wn’
Refmement parameters ZZ 3.17 322 4.45

Table 7-4. Refined lattice parameters for the composition Ba;.15Cr2.3Ti57016

X y z Occupancy U
Ba. 0.0 0.0 0.0 0.563(20) -
4+
" 03292) 0.0 0.140(1)  0.755(14)
M, T 0.083(26)

cr 0.3306) 0.0 0.135(5) 0.245(14)
0.844(2) 00 0337(1)  0.694(15)

M, T 0.032(50)
ot 0836(3) 0.0 0335(2)  0.306(15)
o 0.66252) 0.0 0.04102) 1 0.072(3)
oF  004212) 00 033122) 1 0.077(5)
oF  0.65332) 00 029502) 1 0.067(4)
oF  029882) 0.0 034622) 1 0.074(6)
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Table 7-5. Selected bond lengths obtained for the structure of Bal.15Cr2.3Ti5.7016. Different bond
lengths listed below can be visualized from Figure 7-6.

Ba-O M 1—0 M 2-0

Cr-02/Ti-O2 1.991/1.989  Cr-03/Ti-O3 2.011/2.025
Ba-Os 2.943 Equatorial

Cr-O4/Ti-O4 1.979/1.967  Cr-O:/Ti-O, 1.934/1.920

Cr-O4/Ti-O4 2.153/2.095  Cr-O./Ti-O; 2.074/1.999
Ba-O4 2.950 Axial

Cr-01/Ti-0O, 1.773/1.831  Cr-03/Ti-O3 1.882/1.961

7.3 Framework Changes

Incorporation of Cs in the lattice was attained by redistribution of Ti and Cr on M; and M: sites and
the corresponding octahedral distortions. For composition x=0, the ratio of Ti/Cr on M; site is clearly higher
compared to that of M (Table 7-4Table 7-4). On addition of Cs, the ratio decreases on M; site and increases
on M; site i.e., part of Ti ions on M site are substituted by Cr from M; site and vice-versa. Table 7-6 shows
this trend. There is slight deviation in the refined total occupancy ratio Ti/Cr from the target values that is
within the range of observed e.s.ds in all cases. All oxygen octahedra, (Cr/Ti)Os, are severely distorted, as
seen from different Cr/Ti-O bond lengths listed in Table 7-5. The effects of addition of Cs into the lattice
are particularly seen on the octahedral axial bonds, M;-O; and M>-O:, compared to equatorial bonds (Figure
7-6). Both M; and M; sites host Cr and Ti, which in turn have different lattice positions. Hence, the effects
on individual bonds, Cr-O and Ti-O, could be examined on these sites. The corresponding bond lengths’
comparison (Figure 7-8) shows that the Cr-O bond on either site has higher elongation compared to Ti-O
bond. One of the characteristics of transition metal-oxygen octahedra is Jahn-Teller (JT) effect that could
be linked to the overall octahedral distortion. To verify that the higher deformation of CrOs octahedra in
our case is not due to JT effects, high-resolution x-ray photoelectron spectroscopy (XPS) experiments were
performed on the powder samples. The XPS data confirmed the oxidation state of Cr as +3 in all
compositions where the electronic configuration is not suitable to produce JT effects. The refinements hence
indicate that addition of larger Cs preferentially stretches the Cr-O bond in the surrounding octahedra. This
is further linked to the redistribution of Cr/Ti on M; and M sites observed from the refined occupancies
(Table 7-6). The refinements have stabilized the Cs containing structures by the enlargement of average
M;-O; and M>-O; bonds, which necessitate adjusting the individual occupancies on M; and M>.
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Table 7-6. Occupancies of M1 and M2 sites showing the redistribution of Cr and Ti. Occupancies of Ba
and Cs are constrained to the corresponding highlighted values.

X X y Y/ Occupancy Uiso

Ba**/Cs* 0.0 00 0.0 0.50/0.15 -
0.15 M; Ti*/Cr’* 0.332(2)/0.336(4) 0.0  0.142(2)/0.137(5) 0.736/0.264 0.083(26)
M, Ti*/Cr** 0.840(3)/0.830(2) 0.0  0.337(1)/0.334(2) 0.730/0.270 0.032(50)

Ba**/Cs* 0.0 00 0.0 0.40/0.25 -
025 M; Ti*/Cr* 0.332(21)/0.332(50) 0.0  0.147(20)/0.148(47) 0.714/0.286 0.083(26)
M, Ti*/Cr** 0.826(4)/0.841(2) 0.0  0.329(3)/0.333(1) 0.751/0.249 0.032(50)
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Figure 7-8. Variation of Cr-O and Ti-O bond lengths on M; (dotted line) and M- site (solid line). Error
bars of all the data points are smaller than the corresponding data markers.

7.4 Tunnel Ion Order/Disorder

Table 7-7 shows the ADPs (Uj; - i,j = 1, 2, 3) obtained from the refinements. Compared to
other components, Uz, is significantly higher for all compositions. Large Uz denotes the
uncertainty or disorder associated with the location of tunnel cation along the tunnel direction.
This is illustrated in Figure 7-9, where the oblong ellipsoids represent the tunnel cation disorder.
The presence of partially occupied tunnels giving rise to supercell structures has been mentioned
in Section 1. In such cases, within each supercell, the tunnel ion sites relative to the corresponding

75



Alternative High-Performance Ceramic Waste Forms
- Final Report M2NU-12-NY-AU # 0202-0410
December 15, 2016

unit cells are not fixed. Hence, the high value of U>> component that represents the overall
positional range within a supercell. In addition, a closer examination of the powder XRD patterns
(Figure 7-10) reveals small diffuse satellite peaks at 20 ~ 19.5°. The formation of superstructures
in Ba-hollandites is often evident from the presence of satellite reflections in XRD and electron
diffraction patterns %441 Domains within the hollandite structure containing ordered tunnel
cations/vacancies contribute to the diffuse reflections in XRD patterns !, Higher the degree of
ordering, or larger the domain size, sharper are the satellite reflections. In the case of Cr-
hollandites, with increasing Cs content, the satellite reflections tend to be more diffused (Figure 7-
10). Substitution of one smaller Ba (rg 2+ ~1.5A) with two Cs (1;¢+ ~ 1.84) atoms may slow down
the diffusion kinetics of Cs the tunnels resulting in relatively smaller degree of ordering.
Collectively, the neutron and x-ray diffraction observations related to the positional order/disorder
of Ba/Cs in the tunnel strongly suggest the presence of hollandite superstructures in our samples.

Table 7-7. Refined ADPs of tunnel cations, U12=U23=0 (by I2/m symmetry)

Un Ua: Us; Ui
x=0 0.012(3) 0.162(11) 0.023(1) -0.015(4)
x=0.15 0.018(3) 0.175(11) 0.041(5) -0.028(4)
x=0.25 0.079(11) 0.168(17) 0.037(7) 0.052(7)

®Ba/Cs oCr Ti @0

Figure 7-9. Elliptical thermal ellipsoids of tunnel sites show represent the large Uz2 displacement
parameter for the composition Bai.15Cr2.3Tis7016
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Figure 7-10. Powder XRD patterns showing the satellite reflections at low 28 as indicated

7.5 Conclusion

The present study showed that in hollandite system Ba;.15Cr2.3Tis7016, approximately ~35% of Ba
can be replaced by Cs beyond which secondary phases were observed. Structural models of phase-pure
compositions were developed by refinement of XRD and NPD data. Framework variations to accommodate
Cs, relative to the base structure Bai.15Cr23Ti57016, are evident from the refined parameters and indicate
that Cs sites are surrounded locally by CrOs octahedra. However, the overall superlattice structure is

preserved as seen from the U», parameters and with XRD satellite reflections.
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