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Containing no fertile materials, inert matrix fuel (IMF) has been introduced as a 

potential transmutation solution for the increasing inventory of both weapon grade and 

reactor grade plutonium (Pu).  In the present work, the MgO-pyrochlore (Nd2Zr2O7) 

composites and spinel magnesium stannate (Mg2SnO4) were selected as potential inert 

matrix (IM) materials.  A comprehensive investigation was conducted on evaluation of 

the engineering parameters of the potential IM materials. 

The MgO-Nd2Zr2O7 composites and Mg2SnO4 were fabricated through conventional 

solid state processing.  The crystal structure and microstructure of the synthesized 

composites and Mg2SnO4 were studied.  The irradiation tolerance of the potential IM 

materials was first assessed.  The resistance of Mg2SnO4 against irradiation induced 

amorphization was assessed experimentally using in situ TEM technique.  The critical 

amorphization doses for Mg2SnO4 irradiated by 1 MeV Kr2+ ions were determined to be 

5.5 dpa at 50 K and 11.0 dpa at 150 K, respectively.  The obtained results were 

compared with other spinels especially MgAl2O4, and the radiation tolerance of spinels 

were discussed. 
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The next evaluation was water corrosion resistance of the potential IM materials. 

Homogeneous MgO-Nd2Zr2O7 composites exhibited an improved hydrothermal 

corrosion resistance than inhomogeneous composites and pure MgO.  Even though 

spinel Mg2SnO4 was not stable in water at 300°C and saturation pressure, the corrosion 

was limited only to the surface, and the volume and mass changes were less than 1 % 

after 720 h corrosion. 

Feasibility of aqueous reprocessing was evaluated by studying the dissolution 

behavior of the potential IM materials in acidic solutions, with an emphasis on nitric acid.  

Dissolution of the MgO-Nd2Zr2O7 composites in HNO3 resulted in a selective dissolution 

of MgO.  Mechanical agitation such as magnetic bar stirring was necessary to achieve a 

completed dissolution of MgO and disintegration of porous Nd2Zr2O7 matrix.  It was 

demonstrated that Nd2Zr2O7 could be successfully digested in boiling concentrated 

H2SO4.  Similarly, dissolution of Mg2SnO4 in HNO3 also resulted in a selective leaching 

of Mg2+ from the matrix.  The undissolved substance consisted of SnO2 and substantial 

amorphous materials.  Final evaluation will be performed by irradiating the potential IM 

materials in the Advanced Testing Reactor at Idaho National Lab. 
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CHAPTER 1  
INTRODUCTION 

1.1 Statement of Problem and Motivation 

Excess plutonium (Pu) is a global problem and potentially a major threat related to 

proliferation and environmental safety.  Current excess stockpiles of Pu mainly came 

from dissembled nuclear weapons after the Cold War and from production of 

reprocessed spent nuclear fuels from nuclear power plants.  It has been reported that 

the total inventory of Pu has reached the order of 200 tons of weapon grade plutonium 

and 1000 tons of civilian plutonium, respectively at the end of last century.1  Besides Pu, 

disposal of minor actinides such as americium (Am) and curium (Cm) which are present 

in spent nuclear fuels is also a major concern for environmental safety because of their 

radiotoxicity and decaying heat generation. 

Most major and minor actinides are long lived radio nuclides.  For example, 239Pu 

has a half-life of 24,000 years and 243Am has a half-life of 7360 years.  Therefore, 

geological disposal of these actinides is a major challenge for the long-term integrity of 

storage facilities and the materials that are used for immobilization of nuclear waste 

should be chemically inert and irradiation-tolerant for hundreds and thousands years.2  

A different approach is to incinerate Pu and minor actinides in nuclear reactors.  It is a 

safe, effective, and economic solution to reduce the high level nuclear waste (HLW) and 

produce electricity.  Pu can be burned in the light water reactors (LWRs) in a fuel type 

called mixed uranium-plutonium oxide (MOX).  The MOX fuel is made of a mixture of 

UO2 and PuO2, so it contains 238U which is a fertile material that adsorbs thermal 

neutrons and converts into fission material 239Pu by irradiation in nuclear reactors.  As a 
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result, burning MOX fuel in a LWR is inefficient and does not allow a rapid reduction of 

stocked Pu.  Therefore, replacement of UO2 by a neutron transparent matrix which 

contains less or no fertile materials is desirable and the concept of inert matrix fuel (IMF) 

has been proposed.  Similar to 238U in conventional low enriched uranium (LEU) or 

MOX fuel, the inert matrix (IM) plays an important role as a diluent for the fissile phase 

to achieve the desired volume concentrations to serve as nuclear fuel in nuclear 

reactors. 

Figure 1-1 shows the methodology used to develop and qualify IMF in LWRs.3,4  In the 

flowchart, materials selection, synthesis, characterization, and irradiation testing are the 

first few steps which serve as the basis for the development of IMF.  A completed 

evaluation on the properties and performance of potential IM materials is not only 

essential for the development of IMF, but also important for understanding the structure-

property-performance relationships for nuclear materials.  In the present work, research 

is focused on selecting, synthesizing, and evaluating potential IM materials for 

transmutation of Pu and minor actinides in LWRs. 

Screening Studies
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Irradiation tests
Accelerators

Reactors

Modeling
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Fuel
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Figure 1-1. Methodology for Inert Matrix Fuel (IMF) development.3,4 
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1.2 Scientific Approach 

The high temperature and high irradiation dose environment in nuclear reactors is 

extremely hostile, so there are several critical requirements for IM materials.  Figure 1-2 

summarizes the requirements for IM in terms of materials properties.  The specific 

requirements are listed below,1 

1. Low neutron adsorption cross section, which is economically important to sustain 
reactivity and achieve high burn-up for nuclear fuels; 

 
2. Large safety margin provided by good thermophysical properties, such as high 

melting point and good thermal conductivity; 
 
3. Good chemical stability such as compatibility with cladding (Zircaloy, stainless steel) 

and coolant (water, Na); 
 
4. Good irradiation stability against thermal and fast neutrons, α-decay and fission 

fragments; 
 
5. Good mechanical stability during irradiation and interaction with cladding, such as 

suitable elastic constants and hardness; 
 
6. Good solubility in nitric acid if designed for reprocessing. 
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Fuel Pellet
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Figure 1-2. Requirements on material properties for multi-cycling Inert Matrix (IM).1 
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Several IM candidate materials have been proposed and investigated in the past few 

decades.  Some of the most studied materials are: magnesium aluminate (MgAl2O4), 

zirconium silicate (ZrSiO4), zirconia (ZrO2), ceria (CeO2), magnesia (MgO), carbide 

materials such as silicon carbide (SiC), and nitride materials such as silicon nitride 

(Si3N4).  All of those materials have advantageous properties and drawbacks compared 

to UO2 or the MOX fuel.  For example, MgAl2O4 is susceptible to fission fragments 

damage5-7, ZrSiO4 dissociates at relative low temperature (1690°C8) and is not 

“resistant” to irradiation9, ZrO2 has low thermal conductivity10, MgO hydrates easily 

when exposed to water11 (coolant in the primary coolant system in LWRs), SiC and 

Si3N4 are difficult to dissolve in acidic solutions posing a challenge for fuel 

reprocessing.12  Therefore, improvements are needed to overcome the drawbacks of 

these potential IM materials, and searching for new potential IM materials should 

continue. 

Recently, a composite concept was proposed to improve the shortcomings of the 

current candidate materials.  For instance, to improve the hydration resistance of MgO, 

Medvedev11 and coworkers investigated the introduction of a second phase that acts as 

a hydration barrier.  An MgO-ZrO2 composite was specifically studied and the results 

show that the composite exhibited improved hydration resistance compared to pure 

MgO.  However, ZrO2 was insoluble in HNO3 which is undesirable for fuel reprocessing.  

Moreover, the thermal conductivity of ZrO2 was low, typically less than 3 W·m-1·K-1 at 

1000 °C.10  Therefore, further improvement on MgO based composites is possible and 

worth investigation. 
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Even though MgAl2O4 exhibited large swelling during in pile testing, the spinel 

structure itself was found to be irradiation “resistant” in general.13  Other spinel 

compounds may exhibit better irradiation tolerance than MgAl2O4 and may be qualified 

as IM.  Therefore, a natural step forward is exploration and evaluation of other potential 

spinel compounds. 

Based on the above considerations, the selection will be narrowed down to MgO-

based composites and spinel compounds.  The materials selection will be conducted 

based on literature survey.  After the candidate materials are selected, materials will be 

synthesized in house and followed by characterization.  Different techniques and 

research tools will be used to characterize the materials.  The microstructure analysis 

will be performed using scanning electron microscopy (SEM) and transmission electron 

microscopy (TEM).  X-ray diffraction (XRD) will be used to identify the crystal structures.  

The structural analysis will be performed using Rietveld refinement method. 

After potential IM materials are fabricated and characterized, some of the key 

engineering parameters for IMF will be evaluated.  The irradiation tolerance will be first 

investigated.  Ideally, the irradiation tests should be conducted in a testing reactor.  

However, it is a time consuming process and usually takes years from planning an 

experiment to obtaining the final results, and thus reactor testing should be the final 

evaluation of the potential IM materials.  In order to assess the radiation resistance in a 

timely manner, preliminary tests using an ion beam accelerator will be performed as an 

alternative for a screening type of study.  The compatibility of the potential IM materials 

with coolant water will be evaluated in an autoclave which provides a hydrothermal 

condition similar to the primary coolant system in LWRs.  The suitability of aqueous 
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reprocessing will be assessed by performing aqueous dissolution tests for the potential 

IM materials.  Finally, reactor testing in the Advanced Test Reactor (ATR) at Idaho 

National Lab (INL) will be performed to evaluate the overall performance of the potential 

IM materials with an emphasis on the thermophysical properties. 

1.3 Organization of Dissertation 

Chapter 2 provides a background that covers some of the fundamentals on nuclear 

and material science.  The purpose of this chapter is to assist readers who are not 

familiar with this research field allowing them to gain a better understanding of the 

following chapters.  This chapter covers the following contents: the nuclear fuel cycle, 

crystal structures of the potential IM materials, radiation damage, TRIM calculation, and 

chemical dissolution of metal oxides. 

Chapter 3 discusses material selection, synthesis and characterization.  The process 

of selecting potential IM materials is presented.  Detailed experimental procedures on 

materials synthesis and characterization are described and results are presented.  

Results on structure analysis of spinel Mg2SnO4 are presented.  The relationships 

between microstructure and processing are discussed. 

Chapter 4 focuses on the irradiation behavior of investigated materials.  The 

irradiation tolerance of MgO, pyrochlores, and spinels is reviewed.  The experimental 

results on in situ ion irradiation of Mg2SnO4 are presented and discussed. 

In Chapter 5, the hydrothermal corrosion behavior of the MgO-pyrochlore 

composites and Mg2SnO4 is assessed.  Quantitative analysis on the contiguity and 

homogeneity of the composites is presented.  The relationship between the corrosion 

resistance and the composite microstructure is discussed. 
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Chapter 6 discusses the aqueous dissolution behavior of MgO-pyrochlore 

composites and Mg2SnO4.  Results and discussion are focused on nitric acid digestion 

as an assessment for the aqueous reprocessing feasibility. 

Chapter 7 briefly describes the research work and activities for the reactor testing of 

potential IM materials in the ATR. 

Finally in Chapter 8, a summary of the dissertation is presented and the future work 

in the relevant research areas is discussed. 

At the end of the thesis, three appendices are provided.  Appendix A presents the 

neutronic properties of the potential IM Materials; Appendix B presents the conceptual 

hardware design for reactor testing, and Appendix C presents a detailed thermal and 

safety analysis for the ATR test. 

1.4 Contributions to the Field 

The main contributions of this dissertation to the development of IM materials are 

summarized below: 

1. Two new IM candidate materials, the MgO-Nd2Zr2O7 composites and the single 
phase spinel Mg2SnO4 were proposed, and some of the in-service engineering 
parameters such as irradiation stability, water corrosion resistance, and aqueous 
dissolution behavior were evaluated. 

 
2. The structural information of Mg2SnO4 were studied using Rietveld refinement 

based on powder XRD pattern, and the lattice parameter and the oxygen dilation 
parameter were reported. 

 
3. The irradiation behavior of Mg2SnO4 was studied.  The critical amorphization dose 

at low temperatures 50 and 150 K were determined.  The thermal annealing effect 
was assessed.  Since Mg2SnO4 is an inverse spinel, the preliminary experimental 
results in the present work were in agreement with the recent atomic simulation 
studies. 

 
4. The water corrosion resistance of the MgO-Nd2Zr2O7 composites and Mg2SnO4 was 

evaluated.  The microstructure dependence on corrosion resistance for the 
composites was studied.  The relationships between MgO volume fraction, water 
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temperature and mass loss rate were studied.  The desired microstructure for 
enhanced water corrosion resistance was proposed. 

 
5. The aqueous dissolution behavior of MgO-Nd2Zr2O7 composites and Mg2SnO4 in 

HNO3 was studied.  The dissolution rate of MgO was determined at varied 
conditions.  It was suggested that mechanical agitation such as magnetic bar stirring 
is important to enhance the dissolution rate and disintegrate undissolved substance, 
and is necessary to achieve a completed dissolution of MgO.  Dissolution of 
Nd2Zr2O7 was achieved in boiling concentrated H2SO4.  The experimental results 
indicate that aqueous reprocessing of such IMF is possible.  The dissolution 
mechanism for Mg2SnO4 as a complex oxide in HNO3 was proposed. 

 
6. The present study resulted in a research opportunity for performing irradiation test in 

the ATR.  In collaboration with INL technicians and staff, the author acted as the 
main participant and completed the irradiation test preparation.  Target materials are 
now being irradiated in the ATR. 

 26



CHAPTER 2  
BACKGROUND 

The present chapter briefly summarizes some of the theoretical background and 

fundamentals required for understanding the research work discussed in the following 

chapters. 

2.1 Nuclear Energy and Fuel Cycle 

Nuclear energy is used worldwide now.  As of January 5, 2009, there were 436 

nuclear power reactors in operation throughout the world, generating over 372 

gigawatts (GW) of electrical energy according to the World Nuclear Association.14  The 

United States operates 104 reactors that produce approximately 20% of total electricity 

for the country and the government is heavily involved in the operations of the nuclear 

industry. 

The nuclear fuel cycle refers to all of the activities of handling fissile materials as 

main fuels in nuclear reactors.  It starts with the extraction of U ore from the ground and 

terminates with the disposal of radioactive wastes.  If the spent nuclear fuels are subject 

to direct geological disposal, the fuel cycle is referred to as an open fuel cycle or a 

once-through fuel cycle.  If the spent nuclear fuels are subject to reprocessing, the 

nuclear fuel cycle is referred to as a closed fuel cycle.  Details on each single step in the 

fuel cycle will not be discussed here; instead, a summary of the closed fuel cycle is 

illustrated in the diagram shown in Figure 2-1.  For the closed fuel cycle, the 

reprocessing plant is an important link that connects spent nuclear fuels, waste 

management, and fuel fabrication together as shown in the figure. 

 27



 
Figure 2-1. Nuclear fuel cycle. (Diagram after Japan Nuclear Fuel Limited, Rokkasho, 

Aomori, Japan).15 
 

2.2 Crystal Structures of Potential IM Materials 

One of the most important fundamentals in materials science is crystallography 

because the structure of a material is correlated to its properties and performance.  The 

investigated materials in this thesis relate to three different types of crystal structures, 

from the simple rocksalt structure to the complex pyrochlore and spinel structures.  The 

three crystal structures are briefly reviewed here, with an emphasis on spinel crystal 

structure. 
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2.2.1 Rocksalt Structure 

The general formula for the rocksalt structure is AX, where A is a cation and X is an 

anion.  A unit cell of rocksalt structure consists of four molecules (Z = 4) and there are 4 

anions and 4 cations in total.  This structure is named after NaCl, and there are over 

400 compounds with this type of structure.  Most alkali-earth metal oxides such as 

magnesium oxide (MgO) form the rocksalt structure.  The space group for the rocksalt 

structure is mFm3  ( mmF /23/4 , , No. 225 in the International Tables5
hO 16).  In general, 

materials with a rocksalt crystal structure are highly ionically bonded.  Large anions are 

arranged in cubic close packing (ccp) and all the octahedral interstitial positions are 

filled with cations.  The tetrahedral sites in the structure are all empty.  The coordination 

number (CN) for both cation and anion is 6.  The unit cell of the rocksalt structure is 

shown in Figure 2-2, using MgO as an example.  The lattice parameter for rocksalt 

oxides is on the order of ~ 5 Å. 

 
Figure 2-2. Cubic rocksalt structure of magnesia. 

 29



Figure 2-3 shows cation polyhedra arrangement in the rocksalt structure.  The cation 

octahedra share edges with the nearby cation octahedra in this structure. 

 
Figure 2-3. Cation polyhedra arrangement in the rocksalt structure. 

 

The location of the atoms, site symmetry, and atomic coordinates for rocksalt 

structure are given in Table 2–1.  In the table, the X anion is chosen as the origin to 

describe the atomic positions as the unit cell shown in Figure 2-2.  The bond length of 

A-X is half the lattice parameter (a/2), and the bond angles for A-X-A and X-A-X are 

both 90°. 

Table 2–1. Rocksalt (AX) structure. 

Ion Location Site 
Symmetry 

Coordinates 
(0,0,0; 0,1/2,1/2; 1/2,0,1/2; 1/2,1/2,0)+ 

4A 4a Oh 0,0,0 
4X 4b Oh 1/2,1/2,1/2 
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2.2.2 Pyrochlore Structure 

The general formula of pyrochlore can be written as A2BB2X7 which constitutes two 

different kinds of cations and one kind of anion that is usually oxygen.  The space group 

for pyrochlore structure is mFd3  ( mdF /23/41 , , No. 227 in the International 

Tables ).  A unit cell of pyrochlore structure consists of eight molecules (Z = 8) and 

there are 56 anions and 32 cations in total.  Pyrochlore can be seen as an anion 

deficient fluorite superstructure.  There are two types of subcells in the pyrochlore 

structure, and their relationship with fluorite structure is shown in . 

7
hO

16

Figure 2-4

Fluorite (AX2)

A X

Type I Cell

Type II Cell

Vacant 
Site

X’

X’

 
Figure 2-4. Type I and type II subcells of pyrochlore structure derived from the fluorite 

structure. 
 

  As shown in the Type I and II cells in Figure 2-4, the A and B cations are located at 

the corner and face-centered positions.  The anions sit in the tetrahedral positions 

coordinated with A or B cations inside the cube.  In the type I cells, the A cations sit on 
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face diagonals originating from an A ion at the upper right-hand corner and the anion at 

the lower left-hand corner is missing.  In the type II cells, the A cations are positioned on 

face diagonals originating from the lower left-hand corner and the oxygen opposite this 

corner is missing.  There are two types of anions in the subcells.  The regular anions 

are coordinated with two A cations and two B cations, and there are six regular anions 

in every sub cell.  The other type of anion is special and coordinated with four A cations.  

There is only one special anion located in every sub cell shown in Figure 2-4 as X’.  A 

unit cell of the pyrochlore structure consists of four type-I subcells and four type-II 

subcells, and each of them sits in an octant which is one eighth of the unit cell.  These 

subcells are arranged in a way such that the same type cubes are diagonally opposite 

one another, and only different type cubes are next to each other.  Figure 2-5 shows the 

arrangement of the subcells in a simplified unit cell of pyrochlore filled with only two 

octants on the diagonal directions.  Due to this superstructure, the lattice parameter of 

pyrochlore is typically ~ 10 Å, twice that of fluorites. 

 
Figure 2-5. Two octants of the pyrochlore structure filled with Type I and Type II 

subcells. 
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The location of the atoms, site symmetry, and atomic coordinates are given in Table 

2–2.  In the table, the B cation is chosen as the origin for describing the atomic positions 

in the pyrochlore structure.  The perfect octahedra (x = 5/16) or cubic coordination 

polyhedra (x = 3/8) cannot be simultaneously satisfied.  Thus the value of oxygen x 

parameter depends on the specific chemical composition and differs from one to 

another, which leads to multiple local structure variations.  The oxygen parameter can 

be determined by refining X-ray or neutron data obtained from synthesized materials. 

Table 2–2. Pyrochlore (A2BB2X6X’) structure data after Subramanian . 17

Ion Location Site 
Symmetry 

Coordinates 
(0,0,0; 0,1/2,1/2; 1/2,0,1/2; 1/2,1/2,0)+ 

16A 16d D3d 1/2,1/2,1/2; 1/2,1/4,1/4; 1/4,1/2,1/4; 
1/4,1/4,1/2 

16B 16c D3d 0,0,0; 0,1/4,1/4; 1/4,0,1/4; 1/4,1/4,0 
48X 48f C2V x,1/8,1/8; -x,7/8,7/8; 1/4-x,1/8,1/8; 

3/4+x,7/8,7/8; 
1/8,x,1/8; 7/8,-x,7/8; 1/8,1/4-x,1/8; 

7/8,3/4+x,7/8; 
1/8,1/8,x; 7/8,7/8,-x; 1/8,1/8,1/4-x; 

7/8,7/8,3/4+x 
8X’ 8b Td 3/8,3/8,3/8; 5/8,5/8,5/8 

x for regular octahedra: 0.3125 
x for regular cube: 0.375 

 

2.2.3 Spinel Structure 

The general formula of spinel can be written as AB2X4 which also contains two 

different types of cations and one type of anion that is usually oxygen.  The space group 

for spinel structure is mFd3 ( mdF /23/41 , , No. 227 in the International Tables7
hO 16).  

A unit cell of spinel structure consists of eight molecules (Z = 8) and there are 32 anions 

and 24 cations in total.  The two types of cations are distinguished by their coordination 

numbers: one is called the A-type cation and occupies a tetrahedral site with 
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coordination of four; the other one is called the B-type cation and occupies an 

octahedral site with coordination of six.  The A-type cation site is commonly chosen as 

the origin for the spinel structure.  The Bravais lattice of the unit cell is a face-centered 

cubic (fcc), and the basis consists of two formula units.  Many compounds with the 

spinel structure have important technological applications, including use as electronic 

materials, magnetic materials, refractory, and high temperature ceramics for 

applications in radiation environments.  In addition, silicate spinels are important 

constituents in the earth’s mantle.18  Therefore, the physical and chemical properties of 

spinels are of general interest in fields ranging from materials physics to geophysics.19 

The structure is named after a natural mineral, magnesium aluminate (MgAl2O4). 

The lattice parameter for spinel is ~ 8-9 Å, slightly smaller than a pyrochlore.  The lattice 

parameter for natural spinel MgAl2O4 is 8.0898(9) Å.20 

 

A-atom
tetrahedral site

B-atom
octahedral site

Figure 2-6. Unit cell of the spinel structure. 
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2.2.3.1 Detailed structure description 

Description of spinel depends on the choice of setting for the origin in the mFd3  

space group and, as mentioned before, the A-type cation site is taken as the origin here.  

The best way to see the spinel structure is from the cutaway view in Figure 2-6.  As the 

figure shows, the unit cell is divided equally into eight octants, and each octant contains 

either an A-site tetrahedron formed by one A-type cation in the center and four anions in 

the corners, or a distorted cube formed by four B-type cations and four anions in the 

corners.  The atomic location, the site symmetry, and the atomic coordinates are given 

in Table 2–3.  The coordinates of the anions located at 32e vary from one composition 

to another, and thus a parameter u is introduced to identify the anion positions similar to 

the parameter x in pyrochlore.  For a perfect cubic close-packed (ccp) anion 

arrangement u = 3/8 (0.375); however, anions in real spinel structures are usually 

dilated away from their ideal ccp positions.  This dilation is a very important factor that 

may induce some changes to the crystal and influence the structure stability. 

Table 2–3. Spinel (AB2X4) structure data after Sickafus and Wills21

Ion Location Site 
Symmetry 

Coordinates 

   (0,0,0; 0,1/2,1/2; 1/2,0,1/2; 1/2,1/2,0)+ 
8A 8a m34  0,0,0; 1/4,1/4,1/4 

16B 16d m3  5/8,5/8,5/8; 5/8,7/8,7/8; 7/8,5/8,7/8; 
7/8,7/8,5/8 

32X 32e 3m u,u,u; u,-u,-u; -u,u,-u; -u,-u,u;  
1/4-u,1/4-u,1/4-u; 1/4+u,1/4+u,1/4-u; 
1/4+u,1/4-u,1/4+u; 1/4-u,1/4+u,1/4+u 

 

The nearly perfect ccp stacking array of the oxygens is along the [111] direction.  

The octahedra are joined along edges to form rows and planes parallel to (111) of the 
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structure, and the tetrahedra provide cross links between layers of octahedra.  The 

polyhedral structure of spinel is illustrated in Figure 2-7.  A-type cations occupy 

tetrahedral-shaped cavities within the anion framework (shown in green), whereas the 

octahedral shaped cavities are occupied by B-type cations (shown in purple).  The A-

type cation tetrahedra do not share corners or edges with each other, but the B-type 

cation octahedra do share one edge with nearby octahedra.  Besides eight A-type 

tetrahedra and sixteen B-type octahedra, there are 56 tetrahedral vacancies and 16 

octahedral vacancies which are not shown in the figure. 

 
Figure 2-7. Cation polyhedra arrangement in one spinel unit cell. A-type tetrahedral 

sites are shown in green and B-type octahedral sites are shown in purple. 
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A more convenient way to explain a crystal structure is to show the structure by layer 

sequence along one crystallographic direction.  The layer sequence along [001] 

direction for spinel structure is shown in Figure 2-8.  The different cation and anion 

lattice sites are marked and labeled in the diagram. 

Z=0 Z=1/8 Z=1/4 Z=3/8

Z=1/2 Z=5/8 Z=3/4 Z=7/8

A type cation B type cation

Anion

 
Figure 2-8. Layer sequence along the z-axis ([001]) for spinel structure. 

 

2.2.3.2 Cation arrangement 

Many spinel compounds can accommodate significant amounts of cation disorder 

and therefore the designations “normal spinel”, “disordered spinel” and “inversed spinel” 

are introduced for the different configurations of cations in spinel compounds.22  The 

normal spinel refers to these spinel compounds that keep all A-type cations in 

tetrahedral sites and all B-type cations in octahedral sites.  Natural spinel MgAl2O4 is a 

normal spinel but all synthetic MgAl2O4 has certain degree of cation disorder.  The 

inversed spinel stands for the spinel compounds that retain all the A-type cations in 
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octahedral sites while one half of the B-type cations in tetrahedral sites and the other 

half in octahedral sites.  The disordered spinel refers to those compounds whose cation 

orders are located somewhere between the extremes of the normal and the inversed 

spinel.  To quantify the degree of cation disorder in disordered spinel compounds, the 

inversion parameter i is introduced and the structure formula for spinel with composition 

M(1)M(2)2X4 can be expressed as follows:21 

4
VI
2

2
i

2
i-2

IV
ii-1 X]M(1)[M(2)]M(2)[M(1)  (2-1) 

Therefore, for normal spinel i = 0, for inverse spinel i = 1, and for disordered spinel i 

is between 0 and 1.  Many factors can influence the cation inversion such as 

temperature, cationic radii, and cationic charge.23  Following the charge neutrality 

principle, the combination for cation charges can be 2-3, 4-2 and 6-1, where “2”, “3”, “4”, 

“1” and “6” refer to the charge of cation. 

2.2.3.3 Bonds length and bonds angles 

The bond lengths and selected lattice distances for A-A, A-B, B-B, A-X, B-X and X-X 

in spinel structure are listed in Table 2–4.  

Table 2–4. Spinel bond length and selected lattice distances, as a function of lattice 
parameter (a) and anion parameter (u). 

Bond type Bond length (generic) 
A-A ( 4/3 )a=0.433013a 
A-B ( 8/11 )a=0.414578a 
B-B ( 4/2 )a=0.353553a 
A-X 2 a(u-1/4) 
B-X a[2(u-3/8)2+(5/8-u)2]1/2

X-X 2 2 a[1/2-u] (“shared” anions)
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The bond angles for the spinel crystal structure are independent of lattice parameter 

(a), but vary with anion parameter (u), except that the X-A-X bond angle is fixed to be 

109.47°.  The relationship is summarized in a plot shown in Figure 2-9. 
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Figure 2-9. Bond angles in spinel crystal structure as a function of anion parameter 
(u).21 

 

2.2.3.4 Stability of spinel and global instability index (GII) 

Global Instability Index (GII) evaluates the extent to which the valence sum rule is 

violated and can be used as an indication for the stability of crystals.  Brown24 has 

pointed out that values of GII larger than 0.05 are indicative of stress which produces 

intrinsic strain in the structure (lattice induced strain).  Crystals with GII >> 0.2 are 

generally unstable.  The value of GII is calculated as follows: 

N
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GII

N

i
calcioxi∑

=

−
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where N is the number of atoms in an asymmetric unit, Vi,ox is the oxidation state and 

Vi,calc is the summation of bond valence shown below: 

∑=
j

ijcalci sV ,  (2-3) 

where j is the number of bonds attached to the atom and equals the coordination 

number of the atom. The bond valences sij are calculated by using the equation 

proposed by Brown and Altermatt25: 

)exp(
B

rR
s ijij

ij

−
=  (2-4) 

Rij is the bond valence parameter, rij is the actual distance between bonded atoms and 

B is a universal constant that equals to 0.37 Å.  

The calculated GII for spinel MgAl2O4 with perfect ccp anion arrangement (u = 0.375) 

is 0.94, which is much greater than 0.2.  Therefore, spinel with perfect ccp anion 

arrangement is an extremely unstable structure.  As u increases, oxygen is displaced 

along the [111] direction resulting in an enlarged tetrahedral site and a reduced 

octahedral site.  The shift of oxygen ions releases lattice strain which stabilizes the 

spinel structure and the GII value is low.  The reported GII value for MgAl2O4 in literature 

is only 0.038.26  This value is even less than 0.05 indicating that the structure of 

MgAl2O4 is stable and the lattice stain is inconsiderable. 

2.3 Radiation Damage in Materials 

Radiation damage is important for nuclear materials, especially nuclear fuels.  This 

section discusses radiation damage mechanisms and the responses of materials to 

radiation. 
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2.3.1 Radiation Damage Mechanisms 

When an energetic ion passes through a material it interacts with the material and 

losses its energy in several ways.  The four main mechanisms of ion energy deposition 

in a solid are summarized schematically in Figure 2-10.  Nuclear transmutation is a 

process in which a nucleus captures an incident ion and forms daughter nuclei by 

nucleus decay.  Nuclear scattering is a process in which an ion loses energy due to 

elastic scattering by atomic nuclei in target materials.  Electron scattering is similar to 

nuclear scattering but the energy loss is due to inelastic scattering by electrons in the 

target.  An ion can also travel through a material without losing energy by having no 

interaction with the target material. 
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Figure 2-10. Energy deposition mechanisms of incident ions in target materials.27 
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The probability for each mechanism to occur depends on the ion-solid interaction 

parameters described in Figure 2-10.  The formula used to calculate the probability can 

be written as follows: 

dxNP Tσ=  (2-5) 

where P is the probability of ion target interaction, σ is the interaction cross section, NT 

is the atomic density of the target, and dx is the thickness of the target.  The standard 

unit for σ in nuclear science is the barn, and one barn equals to 10-28 m2. 

Different energy deposition mechanism results in different levels of damage in 

materials.  The transmutation mechanism annihilates the incident ions and substitutes 

them with transmutation products, such as fission fragments.  This mechanism can not 

only produce energetic ions that cause significant structural damage, but also change 

the material’s chemistry.  It also leads to activation of target materials due to the 

formation of radionuclides.  Therefore, transmutation is an important damage 

mechanism.  Nevertheless, the σ for transmutation is typically small so the probability 

for such “event” to occur is rare.  For IM materials, this damage mechanism is even less 

important due to high neutron transparency.  In a real scenario, the σ for nuclear and 

electronic scattering is much larger than the transmutation in almost all irradiation 

conditions.  As a consequence, the nuclear scattering and electronic scattering should 

be considered the main damage mechanisms for ion solid interactions. 

The characteristics of damages resulting from nuclear scattering and electron 

scattering are also different.  The partitioning of the energy loss of energetic ions in 

target materials due to electronic scattering and nuclear scattering determines which 

mechanism dominates the process.28  When the electronic scattering events dominate 

the energy deposition and the deposition rate is larger than the threshold values 
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(typically ranging from ~1 to 20 keV/nm for insulators depending on materials29), the 

radiation damage effects are mainly due to atomic redistributions associated with 

electronic excitation.  There is still controversy regarding the irradiation damage 

mechanisms in this energy deposition range.30  Among these proposed models, the 

Coulomb explosion model31,32 and the thermal spike model33-35 are generally accepted.  

Figure 2-11 schematically shows the concept of Coulomb explosion.  When a swift 

heavy ion such as a fission fragment impinges in a target material, it ionizes the atoms 

within a column along the incident ion’s path.  As a result, these ionized target atoms 

are all positively charged and subsequently repel one another.  The Coulomb force is 

large enough to knock these atoms out of its lattice sites and create a damage track 

along the ion trajectory.  The damage track can be amorphous or remains certain 

crystallinity.  The electron scattering is the main damage mechanism which is 

responsible for fission fragments damage due to their high kinetic energy (~ 70 MeV – 

100 MeV). 
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Figure 2-11. Illustration of the process of Coulomb explosion.27 
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Figure 2-12 shows typical TEM micrographs of ion tracks formed in ceramic materials 

by swift heavy ion irradiation.36  The thermal spike model has also been proposed to 

explain the formation of ion track.  Due to large electronic energy deposition rate, a 

high-temperature region can be formed along the trajectory of an energetic ion and may 

exceed the melting point of the material.  As a result, it melts within the trajectory and 

subsequently cools down at a high cooling rate of 1014 - 1015 K/s. The high quenching 

rate results in structure damage which can lead to amorphization. 

 
A                                                       B 

Figure 2-12. Ion track formation in Nd2Zr2O7 irradiated by 120 MeV I ions to a fluence of 
5.6 ×1010 cm-2 at A) normal electron beam condition, and B) tilted condition. 
(Image after Lutique36). 

 
If the nuclear stopping power exceeds the electronic stopping power and dominates 

the process, the target atoms are displaced from their original lattices primarily by 

ballistic collisions.  When an atom leaves its original atomic site it goes to an interstitial 

position.  The Frenkel pair defects are produced in this way which is shown 

schematically in Figure 2-13. 
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Vacancy

Interstitial

 
Figure 2-13. Frenkel pair formation resulted from displacement damage. 

 

The minimum energy required to create a stable interstitial-vacancy pair is called the 

displacement threshold energy (Ed), and the value depends on target material.  When 

an incident particle (charged or neutral) traverses in target materials, it transfers kinetic 

energy to a target atom and knocks it out from its lattice site.  The ejected target atom is 

known as a primary knock-on atom or PKA.  The PKA travels in the target material and 

may collide with other target atoms which are on the way, and these “knock-on” atoms 

are referred to second knock-on atoms or SKAs.  As long as the energy of these moving 

particles is greater than Ed, the process continues and more vacancies and interstitials 

are generated, forming a displacement cascade.  The density of defects usually 

increases quickly to a peak value in about 10-15 s and then drops off to an equilibrium 

level during the next 10-12 - 10-11 s (equivalent to 10 - 100 lattice vibrations), which is 
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due to spontaneously annihilation by interstitial vacancy recombination.27  The defects 

left behind after the cascade are referred to residual defects.  For the most part, these 

defects are responsible for the structure and property evolution of irradiated materials 

and need to be characterized. 

To quantify the atomic displacement induced by ion irradiation, the displacement per 

atom (dpa) unit is the most common unit of dose used for discussing radiation damage 

under nuclear stopping regime.  One dpa equals the ion fluence at which every target 

atom has been knocked from its lattice site one time on average.  The dpa unit can be 

converted from the unit of (number of i-v pairs)/nm/ion using the equation below:  
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where # is number of interstitial-vacancy pairs, Φ is the ion fluence, and NT is the atomic 

density.  The number of vacancies generated during irradiation can be calculated by 

computer programs, such as the Transport of Ions in Matter (TRIM) developed by 

Ziegler37. 

2.3.2 Radiation Damage in Nuclear Fuels 

Nuclear fuels are subjected to irradiation of nearly all kinds of origins, such as 

thermal (< 0.1 MeV) and fast neutrons(> 0.1 MeV) from fission reactions, α-particles (~ 

6 MeV) and heavy recoil atoms (100 keV) from natural actinides-decay, and fission 

fragments.  These energetic particles lead to different damage processes, small or large 

displacement cascades, and electronic interactions.  Neutron irradiation causes 

transmutation damage and ballistic displacement damage; α-particles and recoil atoms 

mainly lead to ballistic displacement damage; fission fragments lead to formation of 

fission tracks probably due to coulomb explosion and thermal spike.  It is important to 
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understand the different damage mechanisms and distinguish them because the 

response of materials differs from one mechanism to another. 

2.3.3 Irradiation Induced Amorphization and Crystal Structure Considerations 

Radiation tolerance of a material refers to the ability to resist any type of radiation 

damage, such as amorphization, defects, macroscopic swelling, phase transformation, 

etc..38  This section focuses on one particular criterion which is the resistance to 

radiation induced amorphization. 

The response to radiation damage of various oxides is considered to be related to 

their crystal structures.38  Even though great efforts have been made on investigating 

ion-beam-induced amorphization of ceramic oxide materials, a universal model for 

predicting the susceptibility of oxides to irradiation-induced-amorphization has not been 

developed so far.2,9  In general, oxide compounds with simple structures such as 

rocksalt and fluorite are relatively irradiation “resistant”, and compounds with complex 

structures are susceptible to irradiation-induced amorphization.  However, there are 

some exceptions such as some spinel and pyrochlore compounds, which have been 

found highly “resistant” to radiation induced amorphization.39  The mechanisms behind 

the enhanced irradiation tolerance for these complex oxides will be discussed in 

Chapter 3 and 4.  The relative susceptibility of crystalline ceramic phases to 

amorphization depends on not only crystal structure, but also on physicochemical 

factors such as bond strength, and bond type.  The critical amorphization dose is the ion 

dose at which a crystalline material is completely amorphized, and it is commonly used 

to evaluate the susceptibility of a material to amorphization. 
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2.3.4 Stopping and Range of Ions in Matter (SRIM) 

SRIM is a set of programs which utilize a quantum mechanical treatment of ion-atom 

collisions to calculate the stopping and range of ions from 10 eV up to 2 GeV into matter.  

This section focuses on one of the useful programs, which is called TRIM (the Transport 

of Ions in Matter).37 

TRIM is a program based on Monte Carlo methods.  It provides results of the final 

3D distribution of the ions and the kinetic phenomena associated with the ion's energy 

loss, such as target damage, sputtering, ionization, and phonon production.  It can 

handle complex target materials with up to eight different layers.  A limitation to this 

calculation is that there is no temperature effect included in TRIM, so "self-annealing" or 

thermal annealing is not considered.37 

In order to run TRIM, several parameters regarding the incident ions and the target 

materials have to be defined in the program.  Figure 2-14 shows the input window 

where the initial parameters required by the program are entered (example is based on 

irradiation of Mg2SnO4 by 1 MeV Kr2+).  The incident ion is defined by atomic number, 

ion mass (usually the most abundant isotope), ion energy (units = keV), and incident 

angle with respect to the target surface.  If the ion is perpendicular to the target surface, 

the incident angle is defined as 0°.  The number of ions can be selected up to 9999999, 

but adequate statistics can be obtained from thousands of ions or even less.  The 

parameters for target materials include chemical composition, target thickness, and 

target density.  The displacement threshold energy (Ed), surface binding energy (SBE), 

and lattice binding energy (LBE) for elements are defined in TRIM by default.  These 
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parameters are crucial for obtaining representative results.  In most cases, users have 

to find out specific values of these energies based on specific materials and structure. 

Figure 2-14. Transport of Ions in Matter (TRIM) calculation parameters window (V 
2006.02). 

 

Several output files can be generated from TRIM calculation.  The RANGE.TXT file 

provides information to calculate the implanted ion concentration in a target material.  

The COLLISON.TXT file keeps a record of the detailed results of collision cascades.  It 

contains comprehensive information about the ion atom interaction, such as number of 

displacement collisions, number of generated vacancies, electronic stopping power, and 

recoil energy.  The VACANCY.TXT file provides the number of vacancies generated by 
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incident ions and recoil ions.  With these values, the dpa can be calculated for the target 

material using the method described in section 2.3.1.  The number of vacancies can be 

converted into the energy which is required to create these vacancies.  In the 

IONIZ.TXT file, the energy losses of ions and recoils due to electron excitation (inelastic 

electronic scattering) are provided and can be used to calculate the electron stopping 

powder.  The PHONON.TXT file lists the number of phonons generated as a function of 

depth.  If the phonon energy is known, the number of phonons can be converted into 

phonon energy.  The total nuclear stopping power is simply a summation of this phonon 

energy and the vacancy production energy, which can be obtained from the 

VACANCY.TXT file. 

2.4 Chemical Dissolution of Metal Oxides 

The dissolution behavior and kinetics of metal oxides in acidic solutions has been 

extensively studied and the knowledge has been applied in various fields such as metal 

etching, extraction of ores, removal of deposits from thermal power equipment, and 

nuclear fuel reprocessing.40-49  Since dissolution of spent nuclear fuels is always the first 

step for fuel reprocessing, the dissolution behavior is of special interest and worth 

investigating.  The dissolution behavior of metal oxides in aqueous solutions is highly 

dependent on its structural characteristics such as crystal structure, the bond type and 

energy, coordination, and the electronic structure.50 

2.4.1 Dissolution Mechanism 

The dissolution of metal oxides in aqueous solutions can be simply viewed as 

destruction of metal-oxygen bonds and subsequent separation and stabilization in 

solutions.  In general, the dissolution mechanisms can be classified into two categories: 
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dissolution involving charge transfer and dissolution without charge transfer.  For 

insulating metal oxides, i.e. primarily ionic oxides and covalent oxides, the dissolution 

does not involve charge transfer.  The dissolution of insulating metal oxides is mainly 

governed by electrophilic or nucleophilic attack, or both.  Figure 2-15 illustrates the two 

dissolution mechanisms.  M denotes a metal cation, O represents an oxygen ion, and 

HX is an acid in solution.  The electrophilic attack refers to the process that surface 

oxygen atoms are attacked by positively charges ions from solution.  Hydrogen ion (H+ 

or presents as H3O+) is an effective reagent to achieve this attack.  The nucleophilic 

attack occurs on the surface metal ions which attract negatively charged ions from 

solution.  A typical nucleophilic anion is OH-.  Some other anions are more powerful 

than OH- such as fluoride (F-), phosphate ion ((PO4)3-), sulfate ion ((SO4)2-), and 

complexation ligands, such as ethylenediaminetetraacetic acid (EDTA). 
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Figure 2-15. Illustration of nucleophilic and electrophilic attack. 
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The dissolution behavior of insulating oxides depends on their bond type.  Most ionic 

oxides such as compounds with rocksalt structure (i.e. MgO) can be readily dissolved in 

water or acids.  In covalent oxides, the affinity of oxygen ions for protons decreases and 

the oxides become more acidic.  The dissolution behavior of these oxides differs 

depending on the acid strength.  Strong acidic oxides such as CrO3 and Mn2O7 can be 

dissolved in aqueous solutions easily, while the solubility of weakly acidic oxides such 

as Al2O3, SnO2, and ZrO2 is very limited.  Usually in a practical attempt to achieve 

dissolution of weakly acidic covalent oxides, high pH enchants such as strong bases are 

more effective than low pH enchants such as strong acids, because OH- ions are able 

to provide an adequate thermodynamic driving force to break the strong covalent bonds 

in a reasonable kinetic regime.  Clearly, stronger anions such as F- can be used to 

achieve a more effective and efficient dissolution. 

The dissolution behavior of semiconducting oxides and transition metal oxides is 

more complicated than insulating oxides, because charge transfer may be involved in 

the dissolution reaction.  The dissolution accompanying with the charge transfer is 

called redox dissolution.  Charge transfer does not lead to dissolution, and requires the 

presence of at least one of the nucleophilic and electrophilic attack at the critical stage.  

Thus, charge transfer is an additional, parallel pathway that may lead metal ions to be 

more susceptible to nucleophilic or electrophilic attack.  In many cases, the dissolution 

kinetics can be altered dramatically and the dissolution rate may be several orders of 

magnitude faster.51 

An exception is dissolution of the transition metal oxides with metal ions in high 

oxidation states, i.e. TiO2, and ZrO2.  These oxides share the same characteristics as 
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the covalent oxides in the way they interact with aqueous species, such as Al2O3, SiO2 

and SnO2. 

Since complex metal oxides contain at least two cations in the structure, their 

dissolution behavior can be characterized as either congruent dissolution or incongruent 

dissolution.  If an oxide is dissolved congruently, the composition of the oxide and the 

dissolved solute stoichiometrically match.  By contrast, if an oxide is dissolved 

incongruently, the composition of the solute in solution does not match that of the solid.  

The dissolution can be completely selective, meaning some phases can be dissolved 

completely but others cannot be dissolved at all.  In this case, the soluble phases may 

be leached out from the insoluble phases which are intact during dissolution, or it may 

be a congruent dissolution followed by precipitation of insoluble phases.  An example of 

selective dissolution is leaching perovskite CaTiO3: only Ca2+ ions can be dissolved in 

acidic solutions but dissolution of Ti4+ is unnoticeable.  Nevertheless, the 

interpenetrating TiO6 is attacked and followed by a formation of an amorphous film and 

subsequent recrystallization of brookite and anatase.52,53 

2.4.2 Dissolution Kinetics 

Dissolution of metal oxide in acids involves production and transfer of multiple 

species, and is a heterogeneous process.  It consists of a few consecutive steps, 

including (1) diffusion of the reactant to the surface, (2) adsorption of reactant molecules, 

(3) chemical reaction, (4) desorption of reaction products, and (5) diffusion of reaction 

products into the solution.54  Steps (1) and (5) are determined by diffusion kinetics, and 

steps (2), (3), and (4) are usually characterized as chemical processes.  The overall 

dissolution rate is determined by the slowest step.  In general, the rate of dissolution of 
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a solute in a solvent depends on the intrinsic mass transfer coefficient ks1, the surface 

area S, and the driving force of concentration difference (Ceq - C) as shown below: 

)(1 teqs CCSkR −⋅⋅=  (2-7) 

where Ct is the ion concentration in solution at time t. 

2.4.2.1 Kinetics models 

The kinetics for dissolution of metal oxides in the acidic media can be linked with the 

well-known shrinking core models, which are classified into three categories: dissolution 

controlled by diffusion through liquid film, dissolution controlled by surface reaction, and 

dissolution controlled by diffusion through build-up product layers.55  The rate controlling 

mechanism depends on the type of reaction and reaction conditions such as 

temperature, viscosity of solvent, concentrations of reactants and products, and fluid 

dynamics.  Models have been derived for three simple geometries which are sphere, 

infinite flat plate, and infinite cylinder.  Taking spheres as an example for the following 

reaction: 

both) (or products solid or fluid  bB(solid)  A(fluid) →+  (2-8) 

where b is the stoichiometric coefficient.  The three kinetics models can be expressed 

as follows: 

tkx F= , for film diffusion control (2-9) 

tkxx D=−⋅+−⋅− 23
2

)1(2)1(31 , for product layer diffusion control (2-10) 

tkx S=−− 3
1

)1(1 , for surface reaction control (2-11) 

where x is the reacted fraction at time t and kF, kS, and kD are apparent rate constants 

given in the following equations: 
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where ρ is the density of the reacted particle, r0 is the initial particle radius, k is the 

intrinsic mass transfer coefficient between fluid and solid, D is effective diffusivity, C is 

the bulk concentration of reactant, and n is the order of reaction.55 

2.4.2.2 Effect of temperature 

The temperature effect on dissolution rate of metal oxide can be expressed , in 

principle, by the empirical Arrhenius equation:51 
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where R is dissolution rate, T is temperature in Kelvin, Ea is apparent activation energy, 

and Rg is gas constant.  The difference of activation energy values between a diffusion 

controlled process and a chemical reaction controlled process is typically large enough 

to distinguish these two mechanisms.  The activation energies for diffusion in water are 

in the range of 4 to 12 kJ/mol, so that experimental Ea values near or below ~15 kJ/mol 

indicate a significant contribution from diffusion kinetics.56  Dissolution reaction with an 

activation energy that is higher than the value is usually considered a reaction controlled 

process.56 

2.4.2.3 Dissolution rate determining factors 

The effect of temperature on dissolution rate is discussed above, however, there are 

many other rate determining factors which have not been covered, yet.  As a summary, 

the most important factors are provided in the following list for reference:57 
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1. reaction temperature 
2. pH of the solution 
3. stoichiometry of metal oxide 
4. redox potential of the solution 
5. concentrations of oxidizing and reducing component in a redox system 
6. presence of complexation ligand 
7. interfacial characteristics, such as crystallographic orientation and density of defects 
8. presence of catalysts 
9. doping of metal oxides. 
 

2.5 Description of the Advanced Test Reactor (ATR) 

Aiming at developing nuclear energy and promoting collaboration between academia, 

industry and federal government, the U.S. Department of Energy (DOE) designated the 

ATR at the Idaho National Laboratory (INL) as a National Scientific User Facility (NSUF) 

in April 2007. 

The ATR is located at the ATR Complex on the INL site.  It is a water cooled thermal 

test reactor with a maximum thermal power of 250 MWth and a maximum thermal 

neutron flux of 1015 n/cm2⋅s.  The ATR is cooled by light water pressurized at ~2.5 MPa.  

When operating at full powder, the inlet and outlet water temperatures are about 52°C 

and 71°C, respectively.  As a research based test reactor, the ATR offers versatile 

irradiation conditions with different neutron fluxes and heating rates at different locations.  

The configuration of the ATR is show in Figure 2-16.  Two types of experiments can be 

performed in the ATR: one is called static drop-in test and the other one is called 

instrumented-lead test.  In the static test, testing materials are “dropped” into the reactor 

with no dynamic control of the irradiation environment.  The instrumented-lead test 

offers more flexibility and controls on the irradiation conditions such as varying 

temperature, gas mixture, coolant and coolant flow, but it costs much more than the 

static test and requires a much longer preparation time. 

 56



 
Figure 2-16. Advanced Test Reactor Core.58 
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CHAPTER 3  
MATERIALS SELECTION, SYNTHESIS AND CHARACTERIZATION 

3.1 Materials Selection 

As mentioned previously in Chapter 1, in the present work material selection is 

narrowed down to MgO based composites and a single phase spinel compound.  The 

selection process is discussed in this section. 

3.1.1 MgO Based Composites 

As a potential IM material, MgO has several favorable properties such as high 

melting point (2827°C)59, high thermal conductivity (13 W/K·m at 1000°C)59, low neutron 

adsorption cross section, and good irradiation “tolerance”.60,61  To overcome the poor 

hydration resistance of MgO, the concept of MgO based composites has been proposed 

and thus the secondary phase should be selected. 

Very recently, there has been considerable interest in utilizing pyrochlore 

compounds for immobilization of nuclear waste, mainly due to the good irradiation and 

chemical stability.  Series of compounds with pyrochlore structures have been studied, 

such as titanate pyrochlores62, zirconate pyrochlores63, and stannate pyrochlores64.  

Lanthanide titanate pyrochlores are generally susceptible to radiation-induced 

amorphization.62  The lanthanide stannate pyrochlores show greater variation in their 

response to ion irradiation: La, Nd, and Gd stannates can be amorphized at relatively 

low dpa and their critical amorphization temperatures are correspondingly high, while Y 

and Er stannates cannot be amorphized even at 25 K.64  Most zirconate pyrochlores are 

irradiation-resistant.63,65  Gd2Zr2O7 cannot be amorphized even at doses as high as 
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~100 dpa at room temperature, showing excellent irradiation stability.  However, Gd has 

extremely high neutron adsorption cross section, which excludes it from IM applications. 

Another zirconate pyrochlore Nd2Zr2O7, also shows excellent irradiation stability.  It 

has been reported that Nd2Zr2O7 transferred to a defect fluorite structure at ~7 dpa and 

25 K under 1.5 MeV Xe+ irradiation but complete amorphization could not be 

achieved.63,65  Moreover, the resistance of Nd2Zr2O7 against fission fragment impact has 

also been studied.36  Furthermore, an adequate thermal conductivity of 6 W·m-1·K-1 at 

1000 °C for the MgO-Nd2Zr2O7 composite with 90 vol% MgO has been reported.36,66  

Last but not least, Nd2Zr2O7 is chemically inert in general and is expected to be 

compatible with coolant water and cladding at 300°C.  Based on these considerations, 

Nd2Zr2O7 was selected as the additive to MgO, and the performance of MgO-Nd2Zr2O7 

composites as potential IM materials was evaluated thereafter. 

3.1.2 Single Phase Spinel Compound 

Similar to pyrochlore, spinel has a remarkable range of compositions and over 200 

compounds with spinel crystal structure have been reported.21,67  Unlike pyrochlore of 

which the irradiation stability has been systematically studied, the irradiation behavior of 

spinel compounds is not well investigated except for MgAl2O4.  As discussed in Chapter 

2, spinel is a complex metal crystal structure that is “resistant” to radiation damage.  

Even though MgAl2O4 shows poor irradiation resistance to fission fragments damage, 

other spinel compounds may exhibit good irradiation resistance to both ballistic 

displacement and fission fragment damage.   

Spinel selection was based on a screening type study.  The neutron adsorption 

cross section (σn) was the first selection criterion.  A summary plot based on the 
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periodic table for the σn of elements is shown in Figure 3-1 to assist material selection.  

One criterion for IM materials is that σn should be less than 2.7 barns, so the elements 

in green and yellow are highly interested.68  In order to expand the selection and explore 

more possibilities, the elements in gray and blue could also be considered.  Elements in 

red were not considered as potential IM constituents for spinel compounds due to their 

unfavorably large σn. 

 
Figure 3-1. Neutron adsorption cross section of elements.69 

 

As discussed in Chapter 2, the spinel compounds can be classified into three 

categories based on cation charge: 6-1 spinel, 4-2 spinel, and 2-3 spinel (number refers 

to cation charge).  Spinel solid solutions were not the scope of the current study.  The 

most common 2-3 type spinels are aluminate spinels, chromite spinels, gallate spinels, 

ferrite spinels, and indium oxide spinels.  The A-site cation can be Ni2+, Cu2+ (most are 

not thermodynamically stable), Mg2+, Co2+, Zn2+, Fe2+, Mn2+ and Cd2+.  Mn, In, and Cd 

have large σn and their spinel compounds were not considered in this study.  Among 
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other 2-3 type spinels, the irradiation tolerance of MgCr2O4, ZnAl2O4, MgGa2O4, 

ZnFe2O4, MgFe2O4, NiFe2O4, and Fe3O4 has been studied either experimentally or 

theoretically using computer simulation.70-77  However, none of them can be concluded 

to possess better irradiation tolerance than MgAl2O4.  Computer simulation suggests 

that the 2-3 type spinels with less cation disordering exhibit better ability to suppress 

defects formation.  Therefore, aluminate spinels and chromite spinels are worth further 

investigation, particularly NiAl2O4, NiCr2O4, ZnAl2O4 and ZnCr2O4. 

The 6-1 type spinels are rare and not stable at high temperatures.  Their melting 

temperatures are typically low (< 1000°C), so the 6-1 type spinels were not 

considered.78,79  The 4-2 type spinels consist of silicate spinels, germanate spinels, 

titanate spinels and stannate spinels.  The irradiation behavior of Mg2SiO4 has been 

studied but the results show it is not a radiation “resistant” material.80  Other silicate 

spinels such as Co2SiO4
81, Zn2SiO4

82, Fe2SiO4
83, and Mn2SiO4

84 have low melting 

temperatures less than 1512°C.  The irradiation behavior of germanate spinels, titanate 

spinels and stannate spinels has not been reported in open literature. 

Based on literature survey, MgAl2O4 still seems to be the most irradiation tolerant 

spinel among the current investigated spinel compounds.  As a result, selection was 

focused on the spinel compounds of which the irradiation behavior is not known instead 

of continuing to study a spinel material that has been investigated.  Due to little 

knowledge about the irradiation behavior of 4-2 type spinels, it is of significance to 

investigate 4-2 type spinels for screening study.  Selection was first limited to stannates 

due to the low σn of Sn, and then finalized at magnesium stannate (Mg2SnO4) since Mg 

also has low σn. 
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Although the thermodynamic stability of the stannate spinels has been referred to by 

several authors, the results for the enthalpy of formation of the oxides are disputable.85-

88  There is relatively limited amount of research available on the Mg-Sn-O system, and 

no reliable temperature-composition phase diagram exists.  Nevertheless, the existence 

of the stable phase Mg2SnO4 has been found, and dense polycrystalline Mg2SnO4 can 

be achieved by sintering at 1600°C.86,88-90  Mg2SnO4 has a similar crystal structure to 

MgAl2O4 with the same space group No. 227 ( m3Fd ).  The tetravalent Sn ions are 

located only at octahedral sites; while one half of the divalent Mg ions occupy 

octahedral sites, and the other half occupy tetrahedral sites.  Sn has low σn (0.626×10-28 

m2) which is desirable for IM materials.  Moreover, the atomic weight of Sn is 118.710 

g/mol and the ionic radius of Sn4+ (VI) is 0.69 Å, which makes Sn a much heavier and 

larger ion than Al3+ (VI).91  Since the main barrier to the motion of target atoms out of 

their original lattice positions and result in damage tracks (primary damage 

phenomenon in fission fragment damage) is the existence of neighboring target atoms 

which are simply in the way, the compound with the same crystal structure but bigger 

and heavier atoms may be more “resistant” to swift heavy ion damage.  The inverse 

spinel structure also makes Mg2SnO4 interesting to study because very little is know 

about the irradiation stability of inverse spinel experimentally. 

3.2 Experimental Procedures 

All the testing samples were synthesized from raw materials in the electroceramics 

processing lab in the Department of Materials Science and Engineering at the University 

of Florida. 
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3.2.1 Fabrication of MgO-Nd2Zr2O7 Composites 

3.2.1.1 Solid state synthesis of Nd2Zr2O7 

Solid state processing is an important synthesis method for ceramic materials.  In 

solid state processing, high purity oxide powders of the components are added to a 

vessel that contains an optimized size and volume of milling media.  A solvent, such as 

water or ethanol, is added to improve the effectiveness of the process due to the higher 

energy utilization of the mill, to reduce the wear of the milling media and any sample 

contamination that may result from such wear.  A dispersant is added to the slurry to 

prevent the milled powder from agglomeration as the particle size decreases during 

milling.  The vessel will then be rolled for a specific period of time, during which the 

media will both mix and crush the oxide powders, producing a homogeneous mixture 

and narrow particle size distribution.  The characteristics of the powder after milling 

depends on the particle size of the starting sample, sample volume, media type and 

distribution, mill time, and mill speed.  An ideal solid state process would have all of the 

parameters optimized to produce a consistent particle size that would minimize the 

variations in calcination and final grain size in a sintered pellet. 

To synthesize pyrochlore Nd2Zr2O7, equimolar ratios of Nd2O3 (Alfa Aesar 99.9%) 

and ZrO2 (Alfa Aesar 99.7%) were weighed to ± 0.0005 g and added to the milling 

media in a 102 mm diameter Teflon ball mill jar with 70 ml of deionized (DI) water and 2 

wt% of ammonium polyacrylate dispersant (PAA, Darvan 821A).  The milling media 

contained 35 g of 10 mm YSZ spheres and 70 g of 3 mm YSZ spheres.  The slurry was 

milled for 24 hours on the ball mill at 85 rpm, poured onto a 0.0254 mm thick Teflon 

sheet lining a 305 mm square glass dish, and covered with aluminum foil punctured with 

small holes.  The slurry was dried overnight in an oven at 120°C.  The dried powder was 
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then ground with a corundum mortar and pestle and sieved through a 212 μm mesh.  

The powder was then placed in an alumina crucible and calcined at 1350°C in air for 12 

h.  After calcination, the Nd2Zr2O7 was added to the prepared media in the Teflon ball 

mill jar with 70 ml of DI water and 2 wt% of PAA dispersant.  The slurry was milled for 

another 24 h on the ball mill, and dried overnight at 120°C.  The dried powder was then 

ground with the corundum mortar and pestle and sieved through the 212 μm mesh.  

Figure 3-2 shows the flowchart for the solid state synthesis of Nd2Zr2O7. 

 

Slurry
Preparation Ball Milling Drying

Sieving
212 μmCalcination

Nd2Zr2O7
Powder

Sieving
212 μm

Grinding

Grinding

Nd2O3       ZrO2 24 h 24 h

12 h     1350 °C

120 °C

Oversize

Oversize

Ball Milling

24 h

Figure 3-2. Solid state synthesis of Nd2Zr2O7. 

 

3.2.1.2 Sol-gel synthesis of Nd2Zr2O7 

The objective of using sol-gel method to make Nd2Zr2O7 powder is to reduce the 

particle size and subsequently achieve distinct microstructure from solid state 

processing.  Since Nd2Zr2O7 is added as a secondary phase to MgO to serve as a 
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hydration barrier, it is envisioned that a homogeneous dispersion of small Nd2Zr2O7 

grains in the composites would lead to high thermal conductivity and adequate 

hydration resistance. 

The sol-gel process is a wet chemical route for making ceramic and glass materials 

by polymerization reactions.  In the sol-gel process, organo-metallic precursors are 

used and react in liquid solutions through hydrolysis and condensation reactions leading 

to a new phase formation.  The powder produced through sol-gel process has several 

advantages compared with the powder produced in the solid state reaction such as 

higher purity, better homogeneity, smaller particle size, and narrower size distribution.92 

To prepare Nd2Zr2O7 powder by the sol-gel method, a 1 M solution was prepared by 

dissolving 0.02 mol of Nd(NO3)3·6H2O (99.9%, Alfa Aesar) in 20 ml of Acetic acid (99+%, 

Alfa Aesar).  The solution was stirred at 300 rpm and heated to 105 °C for 5-10 min to 

evaporate the water.  The solution was then cooled to room temperature, and zirconium 

(IV) n-propoxide (70% w/w in n-propanol, Alfa Aesar) was added to the solution in an 

equimolar ratio.  The solution was stirred for another 15 min, and 5 ml of deionized 

water was then added drop by drop while stirring.  The sol was dried at 120 °C in oven 

for 24 h and then pre-heated to 600 °C for 2 h to burnout the organic materials.  The 

obtained powder was ground and subsequently calcined at 1200 °C for 6 h to achieve 

the pyrochlore phase.  The calcined powder was ground again and sieved through 45 

μm mesh.  Figure 3-3 summarizes the sol gel synthesis of Nd2Zr2O7 in a flowchart. 
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Figure 3-3. Sol gel synthesis of Nd2Zr2O7. 

 

3.2.1.3 Synthesis of MgO 

Magnesium carbonate (Mg2CO3, Alfa Aesar ~40-43.5% MgO) was loosely packed 

into an alumina crucible and calcined at 600°C for 2 h, and then the temperature was 

increased  to 900°C for another 2 h. 

3.2.1.4 Powder mixing 

Cercer composites with MgO volume fraction varying from 40 % to 70 % were 

fabricated.  The powders were mixed in three different ways, including mortar and 

pestle mixing, water magnetic bar stirring and ball milling to produce different 

microstructures. 

In the mortar and pestle mixing method, MgO and Nd2Zr2O7 were added to an 

alumina mortar and pestle and ground for 5 minutes to combine the oxide constituents. 
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In the water magnetic bar stirring method, MgO and Nd2Zr2O7 were added to a 

beaker filled with 100 ml of DI water.  The slurry was then stirred with a magnetic bar for 

6 h at 200 rpm and dried overnight in an oven at 120°C.  The dried powder was ground 

and sieved through 300 μm mesh screen before being pressed into pellets.  Yates93 has 

found completed hydration of MgO after water magnetic bar stirring and subsequent 

drying, and applied an additional calcination step at 1000°C for 2 h.  However, in the 

present study, the additional calcination was not used. 

In the ball milling method, MgO and Nd2Zr2O7 were added to YSZ milling media in a 

Teflon ball mill jar with 70 ml of anhydrous ethanol (99.5%, Acros Organics) and 2 wt% 

of PAA dispersant.  The slurry was milled for 24 h and dried in hood at ambient 

condition overnight.  The dried powder was then ground and sieved through 45 μm 

mesh screen before being pressed into pellets. 

3.2.1.5 Pellet formation 

The flowchart for fabrication of the composites through the different mixing methods 

is shown in Figure 3-4.  To synthesize the pellets, the powder mixture and ~2 wt% of 

binder (Celvol 103 Polyvinyl Alcohol, PVA) were added to the mortar and pestle and 

ground to combine thoroughly.  The powder was dried in oven at 120°C for 5 min.  

Approximately 0.2 - 0.5 g of the powder was added to a 7 - 13 mm punch and die set 

cleaned with acetone, lubricated with WD-40, and pressed with 200 MPa on a Carver 

press.  The pellet was removed from the die and examined for cracks and surface finish.  

A geometric green density was calculated, and the pellets that met or exceeded the 

50% of theoretical density were sintered in air at 1400 - 1650°C.  The sintered pellets 

were checked for cracks and surface finish.  The weight and dimension of the pellets 
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were measured using a digital balance and a digital caliper, and the density of the 

pellets was determined first geometrically and then using Archimedes method.  The 

density was then compared to the theoretical values to get sample porosity. 

Weigh Nd2Zr2O7 and MgO
Powders

Add Nd2Zr2O7 and
MgO to the Mortar Prepare the Slurry

Combine Using the
Pestle

Sieve the Mixed 
Nd2Zr2O7 and MgO

Add Nd2Zr2O7 and
MgO to Water

Stir at 200 rpm Ball Milling

Dry the Slurry

Grind and Sieve 
Nd2Zr2O7 and MgO

Pellet Formation Sintering

Method 1 Method 2 Method 3

 
Figure 3-4. Processing flowchart for fabrication of composite pellets through three 

different mixing methods. 
 

3.2.2 Fabrication of Single Phase Spinel Mg2SnO4 

3.2.2.1 Solid state synthesis of Mg2SnO4 

Mg2SnO4 samples were synthesized through solid state processing.  Stoichiometric 

ratios of MgO (Cerac Inc. 99.95% or obtained from calcination of MgCO3) and SnO2 

(Alfa Aesar 99.9%) were added to YSZ milling media in a Teflon jar with 70 ml of 

anhydrous ethanol and 2 wt% PAA dispersant.  The slurry was milled for 24 h on the 

ball mill at 85 rpm and dried in hood at ambient condition overnight.  The dried powder 

was ground, sieved and calcined at 1200°C in air for 12 h to achieve the spinel phase.  
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After calcination, the Mg2SnO4 powder was added again to the YSZ media in the Teflon 

ball mill jar with 70 ml of deionized water and 2 wt% PAA dispersant.  The slurry was 

milled for another 72 h on the ball mill, and dried overnight in an oven at 120°C.  The 

dried powder was finally ground and sieved through a 212 μm mesh. 

3.2.2.2 Pellet formation 

The overall processing for Mg2SnO4 is shown in Figure 3-5.  The green pellets of 

Mg2SnO4 were fabricated in the same way as the composites described in section 

3.2.1.5.  The green pellets were sintered in air at 1400 - 1550°C for different periods of 

time.  The density of pellets was measured in the same way as the composites. 

2MgO + SnO2

Ball milling for 24 h

Calcining at 1200 °C for 12 h

Forming pellets

Burning out binder at 450 oC for 2 h

Grinding and sieving through 212 μm mesh

Ethanol Dispersant

Binder

Drying for 16 h in air in fume hood

Sintering at 1400 - 1550 oC

Grinding and sieving through 212 μm mesh

Ball milling for 72 h

Drying for 16 h in air in fume hood

Deionized water Dispersant

2MgO + SnO2

Ball milling for 24 h

Calcining at 1200 °C for 12 h

Forming pellets

Burning out binder at 450 oC for 2 h

Grinding and sieving through 212 μm mesh

Ethanol Dispersant

Binder

Drying for 16 h in air in fume hood

Deionized water Dispersant

Ball milling for 72 h

Drying for 16 h in air in fume hood

Grinding and sieving through 212 μm mesh

Sintering at 1400 - 1550 oC  
Figure 3-5.  Processing flowchart for solid state synthesis of Mg2SnO4. 
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3.2.3 Characterization 

3.2.3.1 X-ray diffraction 

The crystal structures of raw materials, calcined powders and sintered pellets were 

characterized by X-ray diffractometry (XRD, Philips APD 3720).  The XRD was 

conducted using CuKα radiation and the operation power for the generator was set to 

45 KV and 40 mA. 

3.2.3.2 Rietveld refinement 

 Rietveld refinement is a technique which utilizes mathematical methods to obtain 

crystal structural information by fitting neutron or X-ray diffraction patterns.94  The least 

square approach was used to refine the computed profile until the best fit to the 

theoretical profile was achieved.  Valuable crystallographic information was obtained 

from Rietveld refinement, such as lattice parameter, atomic position, and thermal 

parameter.  The goodness of the fit was evaluated by R values.  The weighted profile R 

value (RWP) was used here and the formula is given as: 
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where yi(obs) is the observed intensity at step i, yi(calc) is the calculated intensity at 

step i, and Wi is the weight.   

The best possible RWP quantity is called expected R (Rexp), which can be expressed 

in the following equation: 
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Where N is number of observations, p is number of parameters.  Rexp represents the 

quality of data. 
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The structure refinement was performed based on XRD patterns using software 

MAUD V2.058 (Material Analysis using Diffraction) developed by Lutterotti95. 

3.2.3.3 Particle size measurement 

The particle size and size distribution of ceramic powders was characterized using 

laser scattering (Beckman Coulter LS 13320).  The samples collected for particle size 

measurement were suspended in deionized water and placed in an ultrasonic bath for 

30 s before analysis. 

3.2.3.4 Transmission electron microscopy (TEM) 

The TEM analysis was conduced on JOEL 200CX operated at 200 keV.  Ceramic 

powder was dispersed in ethanol and the suspension was subsequently dropped onto a 

copper grid for TEM observation. 

3.2.3.5 Scanning electron microscopy (SEM) 

The microstructure of the sintered ceramic pellets was characterized using scanning 

electron microscopy (SEM, JEOL 6335F).  The sintered ceramic samples were 

mechanically polished to a mirror finish using alumina dispersed polymer grinding discs 

of different grit sizes from 8 down to 1 μm.  After polishing, ceramic samples were 

cleaned in ethanol in an ultrasonic cleaning bath for 5 m. The cleaned samples were 

thermally etched at a temperature 50°C below the respective sintering temperature for 

0.5 h.  The heating and cooling ramp rates were 400°C/h.  Some ceramic samples were 

not polished or thermally etched and were subject to a direct SEM examination.  All 

SEM samples were sputtered with a carbon film with thickness of ~20 nm prior to 

examination.  The SEM was operated with an accelerating voltage of 15 kV, a probe 

current of 8 μA, and a working distance of approximately 15 mm. 
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3.3 Results and Discussion 

In this section, characterization of the MgO-Nd2Zr2O7 composites and the spinel 

Mg2SnO4 is discussed separately.  The composite characterization is discussed first, 

focusing on pyrochlore phase formation and microstructure of the composites.  The 

spinel characterization focuses on structural analysis and microstructure development. 

3.3.1 MgO-Nd2Zr2O7 Composites 

3.3.1.1 Pyrochlore phase formation 

The XRD patterns for the sol-gel derived Nd2Zr2O7 powder calcined at 1000–1200°C 

are shown in Figure 3-6.  Phase pure pyrochlore could not be formed until the 

calcination temperature reached 1200°C.  At 1000°C, the formed phase shows cubic 

fluorite like structure (JCPDS PDF 49-1642) and the corresponding peaks are labeled 

as C in the figure.  At 1150°C, formation of the Nd2O3 phase was observed (JCPDS 

PDF 43-1023) and the corresponding peaks are labeled as N in the figure.  The 

calcination temperature at which pure pyrochlore phase can be achieved as indicated 

by the figure is 1200°C, which is ~150°C lower than the solid state reaction (pure 

pyrochlore phase was obtained by calcination of the solid-state derived Nd2Zr2O7 

powder at 1350°C for 12 h and the XRD pattern is not shown here96).  The lower 

calcination temperature for the sol-gel derived Nd2Zr2O7 powder can be attributed to the 

homogeneous mixing of the raw materials at a molecular level. 

Structure analysis for Nd2Zr2O7 was not performed here because the structure of 

Nd2Zr2O7 has been well studied both by x-ray and neutron diffraction.97,98  The lattice 

parameter (a) and oxygen parameter (x) determined for Nd2Zr2O7 by neutron diffraction 

are 10.67587(3) Å and 0.33481(3) Å, respectively.98 
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Figure 3-6. X-ray Diffraction profiles of Nd2Zr2O7 made from sol-gel processing after 

calcination at 1000 °C, 1150 °C and 1200 °C for 6 hours.  Letters indicate 
phases. C = cubic fluorite like phase, N = Nd2O3 phase.  Pyrochlore phase is 
indexed. 

 

The XRD profiles for the obtained MgO powder, sol-gel derived Nd2Zr2O7 powder 

and a sintered MgO-Nd2Zr2O7 composite are shown in Figure 3-7.  All the peaks for the 

sintered composite can be identified as the two phases MgO and Nd2Zr2O7, and no 

other phase is detected.  The peak positions for Nd2Zr2O7 and MgO are also found to be 

identical to these for the powders, indicating that the two phases in the composite are 

stable and do not react with each other at sintering temperature. 
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Figure 3-7. X-ray Diffraction profiles of calcined MgO, Nd2Zr2O7, and the sintered 

composite pellet. 
 

3.3.1.2 Powder characterization 

The particle size and size distribution of the Nd2Zr2O7 powder synthesized through 

the solid state route and the sol-gel route are compared in Figure 3-8.  It can be seen 

that the sol-gel processing can significantly reduce the mean particle size.  This is 

mainly attributed to the molecular level mixing and the lower calcination temperature 

achieved in the sol-gel processing.  Nevertheless, particles aggregation is still a 

problem for the sol-gel derived powder, as indicated by the small peak between 1 and 

10 μm.  Even though the calcination temperature required for the sol-gel derived powder 

is 150°C lower than the solid state derived powder, it is still high enough to cause 

particle aggregation. 

 74



0.1 1 10
0

1

2

3

4

5

6 Solid state route
V

ol
um

e 
%

Particle Diameter (μm)

Sol-gel route

 
Figure 3-8. Particle size and size distribution of sol-gel process derived and solid state 

process derived Nd2Zr2O7 powder. 

 
The sol-gel derived Nd2Zr2O7 powder was further examined in TEM.  Figure 3-9 

shows a micrograph image and a selected area diffraction pattern (SAED).  The bright 

field (BF) image shows two large particle aggregates (~1-2 μm) and several single 

crystalline particles (~100-200 nm).  Submicron size particles can be seen inside the 

aggregates, indicating that particles coalesced during calcination.  The SAED was taken 

for a single particle, and the pattern can be indexed as Nd2Zr2O7 along the zone axis 

[001]. 
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Figure 3-9. Sol-gel derived Nd2Zr2O7 powder. A) BF image, and B) SAED taken on zone 
[001]. 

3.3.1.3 Microstructure analysis 

The microstructures of the composites made by different mixing methods are shown 

in Figure 3-10.  All composites contain 50 vol% of MgO.  The images were taken using 

the secondary electron detector, so the dark grains on the SEM are MgO and the light 

grains are Nd2Zr2O7, because Nd2Zr2O7 has a higher atomic mass than MgO.  The 

microstructures of the composites are found highly dependent on processing methods.  

As shown in Figure 3-10(A) and (B), the microstructure produced by the mortar and 

pestle mixing and water magnetic bar stirring are not homogeneous.  Both 

microstructures contain agglomerates of MgO and Nd2Zr2O7.  The Nd2Zr2O7 in these 

two composites were made through the solid state processing.  The heterogeneity of 

the microstructure obtained by the mortar and pestle mixing could be attributed to a 

poor mechanical mixing of the two ceramic powders.  The water magnetic bar mixing 

didn’t achieve a homogeneous mixture either.  This could be attributed to a poor 

dispersion of the ceramic powders in water because no dispersant was used and the 
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two powders have relatively large particle sizes (~1-10 μm).  Moreover, MgO dissolved 

in water and precipitated as Mg(OH)2, which could cause the mixing of the two phases 

to be even less predictable.  So it is not surprising that water magnetic bar stirring could 

not produce a homogeneous microstructure.  A relatively homogeneous microstructure 

was achieved by ball milling as shown in Figure 3-10(C).  The Nd2Zr2O7 in the 

composites mixed by ball milling was synthesized through the sol-gel processing.  The 

grain sizes of both MgO and Nd2Zr2O7 are ~1 μm, which is smaller compared to the first 

two methods due to the continuous mechanical grinding.  A detailed microstructure 

analysis and quantification on the ball milling produced microstructure will be discussed 

in Chapter 5. 

   
A                                            B 

 
C 

Figure 3-10. Microstructures of the MgO-Nd2Zr2O7 composites. A) Mortar and pestle 
mixing, B) water magnetic bar stirring, and C) ball milling. 
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3.3.2 Single Phase Spinel Mg2SnO4 

3.3.2.1 Phase formation 

The XRD profiles for the starting powders and obtained Mg2SnO4 after calcination 

are shown in Figure 3-11.  The results indicate that a pure spinel phase of Mg2SnO4 

(JCPDS PDF 24-0723) can be obtained by calcining the ball milled powder mixture at 

1200°C for 12 h. 
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Figure 3-11. X-ray Diffraction profiles of starting materials SnO2 and MgO, and obtained 

Mg2SnO4 by calcination at 1200°C for 12 h. 
 

3.3.2.2 Structure analysis 

It is known that Mg2SnO4 is an inverse type spinel (i = 1) with the same space group 

as MgAl2O4 (No. 227, m3Fd ).  The lattice parameter (a) reported in literature is 8.60 Å.99  

Other than that, there is limited information on the crystal structure of Mg2SnO4.  In 
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order to better understand the structure of Mg2SnO4, Rietveld refinement was performed 

based on the obtained X-ray diffraction pattern for the synthesized Mg2SnO4 to obtain 

structural information, especially the lattice parameter (a) and oxygen dilation parameter 

(u). 
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Figure 3-12. The calculated observed X-ray Diffraction profiles and the difference for 

Mg2SO4.  Lattice parameter (a) is 8.6065(4) Å, Rw (%) = 6.74% and Rexp (%) = 
4.32%. 

 

The XRD profile and the fitting by the Rietveld analysis are shown in Figure 3-12.  

The powder X-ray diffraction profile for Mg2SnO4 was obtained at 25°C.  The calculation 

and observed profiles are shown as the red solid line and solid blue dots, respectively.  

The difference between the calculated and observed intensities is plotted on the bottom 

of the figure.  The R values for the refinement are Rwp (%) = 6.74% and Rexp (%) = 

4.32%.  Table 3–1 shows the calculated peak position and d-spacing for Mg2SnO4.  The 

refined structural parameters are listed in Table 3–2.  The refined lattice parameter (a) 
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for Mg2SnO4 is 8.6065(4) Å, and the oxygen dilation parameter (u) is 0.3834(4).  The 

obtained lattice parameter is consistent with the value reported in literature.99  Since X-

rays are not sensitive for the measurement of oxygen in the presence of heavy ions, the 

thermal parameter for oxygen was not refined.98 

Table 3–1. X-ray Diffraction (XRD) reflections of spinel Mg2SnO4. Data were obtained 
from Maud V2.058. 

h K l 2θcal (°) dcal (Å) Relative 
Intensity

1 1 1 17.836 4.96897 79.76 
2 2 0 29.328 3.04286 6.71 
3 1 1 34.536 2.59496 100 
2 2 2 36.124 2.48448 20.11 
4 0 0 41.956 2.15162 65.61 
3 3 1 45.925 1.97447 12.67 
4 2 2 52.012 1.75679 2.08 
5 1 1 55.429 1.65632 31.77 
3 3 3 55.429 1.65632 6.06 
4 4 0 60.835 1.52143 57.55 
5 3 1 63.943 1.45476 14.82 
4 4 2 64.961 1.43442 0.01 
6 2 0 68.952 1.36081 0.65 

 

Based on electrostatic potential considerations, the inverse 4-2 type spinels are 

more stable compared to the normal 4-2 spinels when u > 0.381.21,100  The obtained u 

value for Mg2SnO4 agrees with the fact that Mg2SnO4 is an inverse spinel.  The 

calculated electrostatic contribution to the lattice energy for inverse spinels indicates 

that cations at B-sites tends to be orderly distributed when u < 0.385 and disordered 

when u > 0.385.100  Therefore, the obtained u value suggests that Mg2SnO4 may have 

an ordered distribution of Mg2+ and Sn4+ at B-sites.  However, this may not be the case; 

it has been suggested that Mg2SnO4 is entropy stabilized and a major contribution to its 
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entropy comes from the cation disordering at B-site.101  An ordered arrangement at B-

site may lead to a less stable structure.  It is worth noting that the boundaries defined 

based on the electrostatic potential calculations may not be exact, mainly because the 

parameter values for the 4-2 type spinels are not very accurate.100  Therefore, the cation 

ordering at B-site in the structure of Mg2SnO4 requires further investigation and 

clarification, i.e. doing synchrotron X-rays or neutron diffraction studies. 

Table 3–2. Refined structural parameters from x-ray diffraction data for the spinel 
Mg2SnO4 phase.  The atomic positions x, y, z are presented.  Lattice 
parameter (a) is 8.6065(4) Å, Rw (%) = 6.74% and Rexp (%) = 4.32%. 

Atom Position Occupancy x y z U×100(Å) 
Mg 8a 1 0 0 0 1.5(2) 
Mg 16d 0.5 0.625 0.625 0.625 0.3(19) 
Sn 16d 0.5 0.625 0.625 0.625 0.329(5) 
O 32e 1 0.3834(4) 0.3834(4) 0.3843(4) N/A 

 

The selected bond lengths and bond angles for Mg2SnO4 were obtained from Crystal 

Maker with the refined structure parameters, and the results are listed in Table 3–3 and 

also shown in Figure 3-13. 
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A                                                                   B 

Figure 3-13. Bond lengths and bond angles for Mg2SnO4 are shown in A) tetrahedra 
site, and B) octahedra site. 
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Table 3–3. Bond length and bond angle obtained from refined Mg2SnO4 structure. 

A site Bond length (Å) B site Bond length (Å) 
Mg-O (Å) 1.9886 Mg-O (Å) 2.0818 

  Sn-O (Å) 2.0818 
 Bond angle (°)  Bond angle (°) 

O-Mg-O 109.471 O-Mg(Sn)-O 94.047° 
  O-Mg(Sn)-O 85.953° 

 

GII was calculated to evaluate the structure stability of Mg2SnO4.  The R values for 

MgII-O and SnIV-O were taken as 1.693 Å and 1.905 Å from Brese’s paper.26  The bond 

length of A-X and B-X in Mg2SnO4 were obtained from Table 3–3.  The calculation 

procedure was described previously in section 2.2.3.4.  The calculated GII for Mg2SnO4 

was 0.153.  As discussed previously in Chapter 2, the GII values greater than ~0.05 are 

indicative of stress, which produces intrinsic strain in the structure.  Structures with GII 

>> 0.2 are generally unstable.  The Mg2+ ions at A-site and the Sn4+ ions at B-site are 

both underbonded as indicated in Table 3–4, and the GII value for Mg2SnO4 is greater 

than 0.05.  These results indicate that the structure of Mg2SnO4 is stable but subject to 

some lattice strain. 

Table 3–4. Bond valence calculations for Mg2SnO4. 

Site Bond valence Bond valence sum Oxidation state 
Mg(IV) 0.450 1.799 2 
Mg(VI) 0.350 2.098 2 
Sn(VI) 0.620 3.721 4 

 

3.3.2.3 Microstructure analysis 

The microstructures of the Mg2SnO4 pellets sintered at different temperatures and 

soak time are shown in Figure 3-14.  Images (A) and (B) were taken for one sample 

sintered at 1400°C for 6 h at two different magnifications, image (C) and (D) were taken 
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for one sample sintered at 1500°C for 6h, and image (E) and (F) were taken for one 

sample sintered at 1500°C for 24 h.  The Mg2SnO4 pellets sintered at 1400°C for 6 h 

was highly porous and the grain size ranged from submicron to ~4 μm.  The average 

density of the sample was ~82%, which is lower than the value reported at the same 

sintering condition in literature (~89%).86,88  However, by increasing the sintering 

temperature to 1500°C and extending the sintering time to 6 h, the porosity of the 

Mg2SnO4 pellet was significantly reduced.  Pellets with density above 90% were 

fabricated.  A comparison between figure (B) and (D) indicates increasing sintering 

temperature by 100°C resulted in not only densification but also grain growth.  In order 

to examine the surface morphology, the surfaces of these pellets were not polished or 

thermally etched.  Some of the grains showed growth terraces on the grain surface, 

which is probably an indication of enhanced surface diffusion or an early stage of 

sublimation.102  By extending the soak time from 6 h to 24 h, the densification of the 

samples was further improved along with a significant grain growth. 

   
A                                                               B 

Figure 3-14. Microstructure Mg2SnO4 sintered at A) and B) 1400°C for 6 h (ρ = ~82%), 
C) and D) 1500°C for 6 h (ρ = ~92%), E) and F) 1500°C for 24 h (ρ = ~96%). 
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C                                                             D 

   
E                                                             F 

Figure 3-14. Continued. 
 

3.4 Summary and Conclusions 

Based on literature survey and engineering parameters, the MgO-Nd2Zr2O7 

composites and single phase spinel compound Mg2SnO4 were selected as the potential 

IM materials for further evaluation. 

Pyrochlore Nd2Zr2O7 was synthesized through the conventional solid state 

processing and the sol-gel processing.  As the calcination temperature increased, the 

sol-gel derived Nd2Zr2O7 powder first formed fluorite like structure at 1000°C, and Nd2O3 

subsequently precipitated out at 1150°C.  A calcination temperature of 1200°C was 
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required to achieve pure pyrochlore phase.  The sol-gel processing can significantly 

reduce the main particle size from a few microns down to a few hundred nanometers, 

however, some particles aggregated and grew as large as microns.  Distinct 

microstructures of the composites were obtained from three processing methods, 

including mortar and pestle mixing, water magnetic bar stirring, and ball milling.  The 

ball milling produced a relatively homogeneous microstructure compared with the other 

two processing methods. 

The spinel phase Mg2SnO4 was achieved by calcination of ball milled MgO and 

SnO2 powder mixture in the stoichiometric ratio at 1200°C for 12 h.  Rietveld refinement 

was performed for spinel Mg2SnO4, and the obtained lattice parameter (a) and oxygen 

dilation parameter (u) were 8.6065(4) and 0.3834(4) Å.  The electrostatic potential 

calculation suggests that Mg2SnO4 has an ordered inverse spinel structure; however, 

the thermodynamic calculations suggest that the B type cations are mixed and 

disordered.  The calculated GII for Mg2SnO4 was 0.15, indicating that the structure is 

stable, even though combined with some lattice strain.  Dense Mg2SnO4 pellets were 

fabricated by sintering at 1500°C for 24 h. 
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CHAPTER 4  
EVALUATION OF RADIATION TOLERANCE 

4.1 Introduction 

As discussed in Chapter 2, nuclear fuels and IM materials are subject to various 

types of radiation damage.  The objective of this chapter is to investigate and assess 

the radiation tolerance of the potential IM materials.  The radiation tolerance of rocksalt 

MgO, pyrochlore Nd2Zr2O7, and spinel MgAl2O4 are briefly summarized based on 

literature review.  Since the radiation behavior of Mg2SnO4 has not been studied, an in-

situ irradiation test was performed for Mg2SnO4 and the resistance to irradiation induced 

amorphization was evaluated. 

4.2 Literature Review 

In this section, the irradiation tolerance of MgO, Nd2Zr2O7, and MgAl2O4 is briefly 

reviewed.  The radiation tolerance is mainly characterized by resistance to radiation 

induced amorphization, microstructure and structural evolution.  Neutron irradiation, 

heavy ion irradiation and fission fragments damage are discussed. 

4.2.1 Irradiation Stability of MgO 

It has been shown that MgO has excellent irradiation stability against radiation 

induced amorphization.  Similar to most fluorite oxides such as ZrO2 and UO2, MgO 

cannot be amorphized even at 20 K.39 

The behavior of MgO under neutron irradiation has been extensively studied.103-107  

Even though MgO cannot be amorphized, low temperature neutron irradiation may 

result in significant swelling.  It has been reported that the swelling is ~3.0 vol% for 

polycrystalline MgO irradiated by fast neutron to an estimated 30 dpa at 430 K.103  The 
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swelling can be attributed to defect formation, more specifically the elongated interstitial 

loops and dislocation clusters.103  The thermophysical properties and mechanical 

properties have been found degrading as a consequence of neutron radiation.108  In 

addition to the displacement damage described above, the nuclei of Mg and O are 

subjects to transmutation by fast neutron fluence, which produces He and Ne in MgO 

and could result in gas bubble formation upon thermal annealing.109,110 

It has been found that MgO is resistant to fission fragments induced damage.  

Minimum swelling was observed for MgO compared with several other compounds such 

as ZrO2 and SiC after being irradiated to an ion dose of 5 × 1018 fission fragments/m2.111  

Swift heavy ion irradiation tests conducted by Beauvy112 indicate that MgO exhibits best 

radiation tolerance compared to MgAl2O4 and Al2O3. 

4.2.2 Irradiation Stability of Nd2Zr2O7 

As discussed earlier in Chapter 3, Nd2Zr2O7 shows excellent irradiation stability 

against ballistic displacement damage and complete amorphization could not be 

achieved.63,65 

Lutique36 uses swift heavy ion (120 MeV Iodine ion) irradiating Nd2Zr2O7 to study the 

fission fragment damage.  TEM observation shows formation of ion tracks with a 

diameter of ~ 10 nm.  These ions tracks do not become amorphize, but transform into 

an unknown structure.  Nevertheless, amorphization is achieved by overlapping of these 

damage tracks.  They compare the results with Wang’s studies113 on ZrO2 and conclude 

that the radiation resistance of Nd2Zr2O7 against swift heavy ions is not as good as ZrO2. 

The radiation behavior of Nd2Zr2O7 or other pyrochlore compounds under neutron 

irradiation has not been studied, yet.  Based on the studies on ion irradiation of 
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pyrochlores, it is expected that Nd2Zr2O7 should possess excellent resistance against 

neutron induced displacement damage.  The transmutation damage and associated 

chemical effects are hardly known and requires further studies.  The influence of 

irradiation damage on thermophysical and mechanical properties of Nd2Zr2O7 has not 

been investigated yet. 

4.2.3 Irradiation Stability of MgAl2O4 

As mentioned earlier in Chapter 3, the irradiation behavior of MgAl2O4 has been 

extensively studied.  MgAl2O4 exhibits excellent resistance to radiation induced 

amorphization caused by neutron or low energy ion irradiation.103,114-117  It has been 

reported that the amorphization dose of MgAl2O4 under irradiation of 1.5 MeV Xe+ ions 

at 30 K is equivalent to 35-40 dpa.118  Single crystal MgAl2O4 exhibits zero swelling after 

fast neutron irradiation to ~23 dpa at 925 K.103  The mechanisms underlying the 

radiation resistance of the spinel structure have been determined as cation disorder 

(anti-site defects65) and interstitial-vacancy (i-v) recombination.119  Moreover, MgAl2O4 is 

a complex oxide compound with two types of cations in the structure.  It has been 

suggested that this multi-component chemistry suppresses the nucleation and growth of 

interstitial dislocation loops during irradiation.103  Nevertheless, polycrystalline MgAl2O4 

does swell due to the presence of grain boundaries.  It has been observed that voids 

can be formed near grain boundaries, indicating that these boundaries are effective 

sinks for interstitials.103  The swelling is determined to be ~ 1.6 vol% for polycrystalline 

MgAl2O4 irradiated by neutron to ~23 dpa at 1100 K.103 

Regardless of swelling of polycrystalline MgAl2O4 under neutron irradiation, the key 

problem of MgAl2O4 is that it swells significantly during in-pile irradiation tests, which 
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excludes it from utilization as an IM material.  Recent studies suggest that the swelling 

may be attributed to fission fragment induced damage and amorphization, but the 

mechanisms are not well understood.5 

Very limited research work has been conducted on investigating the irradiation 

behavior of the 4-2 type spinel compounds.  To further explore spinel compounds as 

potential IM materials, an inverse 4-2 type spinel Mg2SnO4 was selected for studying.  

The radiation stability of Mg2SnO4 was first evaluated by the resistance to irradiation 

induced amorphization.  The following part of this chapter presents the performed 

irradiation experiment, results, and discussion for Mg2SnO4. 

4.3 Experimental Procedure 

4.3.1 Specimen Preparation 

The TEM specimens for in situ ion irradiation were prepared by crushing the ceramic 

samples or using focused ion beam (FIB).  Using the former method, the calcined 

Mg2SnO4 powder was crushed in ethanol using a small agate mortar and pestle, and 

the suspension was subsequently dropped onto a carbon coated copper grid.  Using the 

latter method, an electron transparent lamella was prepared with an FEI Strata DB 235 

FIB/SEM dual-beam system.  An auto-FIB script for TEM sample preparation was used 

and the sample was ion-milled until the desired thickness (~200 nm) was achieved.  The 

specimen was then cut free and lifted out ex situ using an optical microscope and 

micromanipulators. 

4.3.2 In situ Ion Irradiation and Characterization 

The irradiation tests and characterization were carried out at the IVEM-Tandem 

facility in the Electron Microscopy Center (EMC) at Argonne National Laboratory.  Kr 
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ions were used as the irradiation source, and were double-charged and accelerated to 1 

MeV using a 650 kV NEC Ion Implanter.  The irradiation tests were performed at 

cryogenic temperatures (50K and 150 K), using a liquid-helium-cooled cold stage.  The 

temperature was monitored using a thermocouple attached to the sample holder near 

the sample position.  In situ characterization was performed on a HITACHI H-9000NAR 

electron microscope operated at 300 kV.  The electron beam traveled vertically down 

through the specimen and the irradiating ion beam was incident on the specimen at 30° 

to the vertical.  TEM samples were irradiated at a dose rate between 1014 and 1016 Kr2+ 

ions/m2/s.  The maximum ion fluence obtained in this work was 1020 Kr2+ ions/m2.  

Periodically during the irradiation, the ion beam was shut off and the specimens were 

inspected in situ so that bright field (BF) images and selected-area electron diffraction 

(SAED) patterns could be recorded.  The chemical compositions of TEM specimens 

were determined ex situ at room temperature using energy dispersive spectroscopy 

(EDS) on JOEL 2010F TEM in the Major Analytical Instrumentation Center (MAIC) at 

the University of Florida. 

4.4 Results 

4.4.1 Transport of Ions in Matter (TRIM) Based Calculation 

The average penetration depth of 1 MeV Kr2+ in Mg2SnO4 was calculated using the 

program TRIM-2008.37  The projected range of 1 MeV Kr2+ ions in Mg2SnO4 was about 

370 nm, with a longitudinal straggling (defined as the square root of the variance, which 

is an average of  the square of the deviations of the ion ranges from the mean projected 

range) of about 103 nm.  Only the grains with grain size at or less than 200 nm were 

chosen to be characterized for irradiation stability.  The irradiation damage profile and 
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ion implantation concentration as a function of target depth are plotted in Figure 4-1.  

The TRIM calculation results indicate that at sample depths between 100 and 300 nm, 

the atomic displacement damage ranges from about 1.0 displacement per atom (dpa) to 

1.2 dpa per 1019 Kr2+ ions/m2, averaged over the sublattices of spinel.  A threshold 

energy for displacement was assumed to be 40 eV for Mg, Sn, and O based on values 

published in literature.120  As indicated in Figure 4-1, the concentration of implanted Kr 

ions at depth of 200 nm was about 0.0135 at.% at ion fluence of 1019 Kr2+ ions/m2.  For 

the maximum fluence used in this experiment, the implanted Kr concentration was 

about 0.135 at.% at depth of 200 nm. 
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 Figure 4-1. Total target atom displacements (averaged over all sublattices of the 

material) in dpa, and the concentration of implanted Kr ions, in Mg2SnO4 
spinel as a function of target depth, for irradiations using 1 MeV Kr2+ ions. 
Values on the ordinates are normalized to a fluence of 1 × 1019 ions/m2. 
TRIM simulations based on 10000 ions. 

 

4.4.2 Irradiation of Mg2SnO4 at 50 K 

The FIB prepared Mg2SnO4 specimen was irradiated by 1 MeV Kr2+ ions to a 

maximum fluence of 5×1019 ions/m2 at 50 K.  A BF image of the entire specimen before 

 91



irradiation is shown in Figure 4-2(A).  The specimen was a 15 μm × 6 μm electron 

transparent lamella with a thickness of ~ 200 nm.  The dark strip on one side of this 

lamella was Pt, a foreign material that was coated to protect the surface of the sample 

from ion damage.  The hole in the lamella originated from a pore inside the sintered 

Mg2SnO4 pellet.  Two SAED patterns were recorded for areas b (0.1 dpa) and c (0 dpa) 

in the BF image and are shown in Figure 4-2(B) and (C).  The specimen was slightly 

tilted so that the zone axis was [114] for area b and [125] for area c.  Figure 4-2(D) 

shows a BF image of the specimen after irradiation by 1 MeV Kr2+ ions at an ion fluence 

of 5×1019 ions/m2.  It can be seen that the amorphous carbon film was extensively 

damaged by ion irradiation.  Figure 4-2(E) and (F) show the SAED patterns for areas e 

and f in the BF image after irradiation, which are the same locations as areas b and c in 

Figure 4-2(A).  As shown in Figure 4-2(E) and (F), no diffraction spots can be seen, 

which indicates that the specimen was completely amorphisized.  The BF image shows 

less contrast than the unirradiated sample, with the grain boundaries fading or 

disappearing.  While the SAED patterns recorded at lower ion doses (1018 ions/m2, 

2×1018 ions/m2, 5×1018 ions/m2, 1019 ions/m2 and 2×1019 ions/m2) are not shown here, 

all of them show diffracted spots or diffused spots, suggesting that the specimen was 

not completely amorphisized at those ion fluences.  Besides the two monitored areas, 

several grains of the specimen were examined at the ion influence of 5×1019 ions/m2, 

and none of them showed diffraction spots.  Therefore, the critical amorphization dose 

for Mg2SnO4 at the cryogenic temperature 50 K can be concluded as 5×1019 ions/m2, 

which corresponds to an atomic displacement dose of approximately 5.5 dpa at a depth 

of ~200 nm. 
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E F 

Figure 4-2. Focused Ion Beam (FIB) prepared Mg2SnO4 specimen: A) BF image of the 
specimen before irradiation, B) SAED pattern for area b, C) SAED pattern for 
area c, D) BF image of the specimen irradiated by 1 MeV Kr2+ to fluence of 5 
× 1019 Kr2+ ions/m2 (5.5 dpa), E) SAED pattern for area e, and F) SAED 
pattern for area f. 
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The liquid helium was released after irradiation and the specimen was warmed up to 

room temperature.  The specimen was examined again using TEM on the next day in 

order to study the thermal annealing effects.  Figure 4-3(A) shows a BF image of the 

irradiated specimen at room temperature.  The specimen was tilted in order to align the 

electron beam near zone axis for areas b and c in the BF image, which matched the 

same locations as shown in Figure 4-3.  The SAED patterns were recorded and are 

shown in Figure 4-3(B) and (C), which can be indexed as spinel Mg2SnO4 along [001] 

zone axis.  The results indicate that the spinel crystal structure was formed at these 

regions, suggesting that annealing at room temperature is effective in thermally 

recovering the spinel crystalline phase from the fully amorphous Mg2SnO4.  The 

emergence of grain boundaries in the BF image confirms that the annealed specimen is 

a polycrystalline material. 

Nevertheless, a thin layer of ~600 nm in width was observed on the side of the 

sample (shown in Figure 4-3(A)) after the irradiation and annealing.  A BF image 

recorded for the area d (see Figure 4-3(D)) shows a heterogeneous microstructure.  

Chemical analysis was performed using EDS and the collected spectra for areas e and f 

are shown in Figure 4-3(E) and (F).  The ion source of the FIB, Ga, was detected 

throughout the sample.  Ga ion implantation and structural damage caused by FIB in 

the TEM sample preparation is a typically problem even though Ga ions travel at 

glancing angles of < 1° on sample surface.121  Semi-quantitative EDS analysis reveals 

that area e was a Sn depleted region with an atomic ratio of Mg to Sn about 20, and the 

dark precipitate at area f was a Sn rich region, with an atomic ratio of Mg to Sn about 

1.7 (slightly lower than the expected 2:1 stoichiometry). 
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Figure 4-3. Mg2SnO4 sample irradiated by 1 MeV Kr2+ at a fluence of 5 × 1019 Kr2+ 
ions/m2 at 50 K and structure was thermally recovered at room temperature: 
A) BF image, B) SAED pattern for area b, C) SAED pattern for area c, D) BF 
image of area d, E) EDS spectra of area e, and F) EDS spectra for area f. 
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A SAED pattern recorded at the area d is shown in Figure 4-4, where a 

polycrystalline ring pattern was obtained and can be indexed as MgO.  Some diffraction 

spots cannot be identified as MgO, indicating that other crystalline phases were also 

present.  The specimen was also annealed at 573 K for 0.5 h in a conventional oven but 

no significant change was observed.  The formation of this segregation layer is not clear 

at this moment.  Wang and his co-workers13 have found spinel γ-SiFe2O4 first becomes 

amorphous and then crystallizes into Fe3O4 and SiO2 under continued Kr+ irradiation at 

873 K, and they attributed it to the high pressure metastable phase of γ-SiFe2O4.  

However, this is unlikely the case for Mg2SnO4 because the thermal recovery of spinel 

structure was achieved elsewhere and confirmed by SAED patterns as shown in Figure 

4-3.  This segregation layer could be the result of surface contamination by implanted 

Ga+ ions during FIB preparation.  It may also be formed during irradiation as a result of 

differential Mg and Sn sputtering followed by non-stoichiometric crystallization at room 

temperature.  Further investigation is needed to elucidate the formation of this 

segregation layer. 

 
Figure 4-4. Selected area electron diffraction (SAED) pattern recorded on the 

segregation layer. 
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4.4.3 Irradiation of Mg2SnO4 at 150 K 

Crushed Mg2SnO4 grains were irradiated at 150 K and six randomly orientated 

grains or grain clusters were chosen and monitored.  The random orientations were 

chosen to avoid the potential effects of ion channeling.  The SAED patterns were 

recorded at ion fluences of 0, 1019, 5 × 1019 and 1020 Kr ions/m2 and a series of patterns 

for a grain cluster are shown in Figure 4-5.  The orientation of grains usually changed 

after ion irradiation, which was probably due to buckling of the carbon film as a result of 

ion-induced breakdown of formvar which came from the film fabrication.122  The 

presence of diffracted spots in the SAED patterns in Figure 4-5(B)-(C) indicates that the 

specimen was not completely amorphized at those ion fluences.  The diffraction spots 

vanished finally at an ion fluence of 1020 ions/m2, which was equivalent to an atomic 

displacement damage of about 11.0 dpa for grains with a diameter of ~200 nm.  The 

specimen was translated and several other grains were examined using SAED after the 

final ion dose.  It was observed that approximately one out of five grains was not 

amorphous and still retained crystallinity.  A similar case was also reported by Smith 

and his co-workers122; and the grains that cannot be amorphisized were referred to as 

outliers.  Several possible explanations were given in Smith’s paper122 for the existence 

of outliers, but the most likely scenario in this case was that the elevated temperatures 

due to poor thermal connection between the outliers and the carbon film caused 

annealing of irradiation damage.80  Therefore, the outliers were not considered in 

determining the amorphization dose, which was then concluded to be 11.0 dpa for 

Mg2SnO4 at 150 K. 
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Figure 4-5. Selected area electron diffraction (SAED) patterns of the crushed Mg2SnO4 
grains irradiated at 150 K: (A) prior to ion irradiation and (B)-(D) following 
exposure to 1.0 MeV Kr2+ ions to fluences of 1019 (1.1 dpa), 5 × 1019 (5.5 
dpa), and 1020 (11.0 dpa) Kr2+ ions/m2, respectively. 

 

Since defects created by ion irradiation can be annihilated by the thermal annealing 

process, the irradiation stability of a material is expected to be improved at elevated 

temperatures.123  As a result, the amorphization dose should increase with irradiation 

temperatures because the thermal annealing becomes more efficient in restoring 

crystallinity.  The temperature dependence of amorphization is a result of the 

competition between amorphization and recovery processes.  It is worth noting that the 

geometries of the samples irradiated at 50 K and 150 K are different: the one irradiated 

at 50 K is a thin slab cut out from a sintered polycrystalline Mg2SnO4 using FIB and the 
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one irradiated at 150 K are a bundle of crushed particles.  Nevertheless, the 

amorphization dose for Mg2SnO4 increases from 5.5 dpa to 11.0 dpa as the irradiation 

temperature increases from 50 K to 150 K, regardless the geometry of the specimens. 

4.4.4 Irradiation Damage Mechanism of Mg2SnO4 by 1 MeV Kr2+ 

As discussed previously in Chapter 2, the energy loss of energetic ions in target 

atoms is mainly due to electronic scattering and nuclear scattering.28  The partitioning of 

energy transferred into electronic scattering and nuclear scattering is an important 

process controlling the effect of radiation.2  In order to study the irradiation damage 

mechanisms of 1 MeV Kr2+ ions in the inverse spinel Mg2SnO4, the electronic and 

nuclear stopping powers were calculated using TRIM simulations and the results are 

presented in Figure 4-6.  It is shown that the electron stopping power, (dE/dX)e (the 

peak value ~1.5 keV/nm/ion at the sample depth of 200 nm), exceeded the nuclear 

stopping, (dE/dX)n (the peak value ~1.0 keV/nm/ion at the sample depth of 300 nm), 

except at the end of range of ions.  The results indicate that both nuclear (ballistic) 

scattering events and electronic (ionization) scattering events played important roles on 

the ion-solid interaction.  Since fission tracks were not observed and the deposition rate 

for the electronic scattering was only above 1 keV/nm, the Coulomb explosion and 

thermal spike were not likely to be the dominant damage mechanisms even though the 

electronic stopping power exceeded the nuclear stopping power.29,31  As a result, the 

major damage mechanism was the atomic displacement induced defect accumulation. 
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Figure 4-6. Electronic ((dE/dx)e) and nuclear ((dE/dx)n) stopping powers for 1 MeV Kr2+ 
ions in the Mg2SnO4 target.  The figure is plotted in two types of units: 
[keV/nm/ion] and [eV/atom], the latter for an arbitrary fluence of Φ = 1019 Kr2+ 
ions/m2. 

 

4.4.5 Irradiation Tolerance of Mg2SnO4 

Since most studies have focused on the irradiation behavior of MgAl2O4, the critical 

amorphization doses for other spinel compounds are not well known.  It has been 

reported that the amorphization dose is ~4 dpa for FeCr2O4 at 20 K and 0.2 dpa for γ-

SiFe2O4 below 723 K.13  Mg2SnO4 exhibits a moderate irradiation resistance against ion 

damage at intermediate energies (typically a few MeV), but the ability to annihilate 

atomic displacement induced defects is not as good as the normal spinel 

MgAl2O4.13,118,124 
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Some considerations are given here to explain the irradiation tolerance of Mg2SnO4. 

Mg2SnO4 is an inverse 4-2 type spinel.  The obtained experimental results indicate that 

inverse spinels may be less irradiation tolerant compared to normal ones in the nuclear 

stopping regime.  Recently, the effect of cation inversion on irradiation tolerance of 

spinel compounds has been investigated using atomic simulations.  More specifically, 

MgAl2O4, MgGa2O4, and MgIn2O4 have been studies.  Bacorisen and co-workers73 

have used molecular dynamics (MD) to simulate collision cascades and found that the 

irradiation induced damage to the structure is more extensive for the fully inverse 

MgIn2O4 compared with the half-inverse MgGa2O4 and normal MgAl2O4.  Uberuaga 

and co-workers74 have used temperature accelerated dynamics (TAD) to simulate and 

characterize the kinetics of defects for the same three spinel oxides in order to study 

the cation ordering effects.  It was concluded that the cation disorder greatly 

complicated and inhibited the motion of point defects through the spinel structure, 

which leads to defect accumulation and less irradiation tolerance.  Nevertheless, it 

might be misleading to correlate the irradiation behaviors purely with inversion 

because many other factors (such as ionic radius and bond type) may also have large 

effects on irradiation tolerance.  In addition, the inverse spinel compound in the atomic 

simulation studies is the 2-3 type MgIn2O4, which differs from the 4-2 type Mg2SnO4 in 

chemistry.  Therefore, an atomic simulation on Mg2SnO4 would still be necessary to 

understand the effect of cation disordering on radiation damage in this material. 

The irradiation tolerance of oxide compounds may be correlated to the chemical 

bond.125-127  It has been found that the irradiation stability is governed by the ionicity of 

bonding in general, with higher ionicity leading to more stable materials under irradiation.  
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The theory is in good agreement with experimental results for simple oxide compounds.  

For instance, the radiation stability of SnO2, TiO2, and ZrO2 increases because of 

greater ionicity.125  The ionicity of a chemical bond can be estimated using Pauling’s 

electronegativity and indicated by the difference of electronegativity between a cation 

and an anion.128  The relative electronegativities determined by Pauling for Mg, Sn (IV), 

Al and O were 1.31, 1.96, 1.61 and 3.44, respectively.  The electronegativities were 

further modified by Batanov129 for crystalline compounds with a consideration of the 

valence state and the coordination of atoms, and the obtained values for Mg, Sn (IV), Al 

and O were 0.8, 2.0, 1.4 and 3.2, respectively.  The difference of electronegativity 

between Sn and O is smaller than Al and O and also smaller than Mg and O, 

suggesting that the covalency of <Sn-O> bond is higher than <Al-O> and <Mg-O>, and 

Mg2SnO4 is more covalently bonded than MgAl2O4.  Similarly in pyrochlore stannate 

compounds, high covalency of <Sn-O> bond has also been found both experimentally 

using neutron and x-ray diffraction and theoretically using density functional theory (DFT) 

computer simulation.64,130-132  Therefore, the potentially high covalency of <Sn-O> bond 

may lead Mg2SnO4 more susceptible to radiation damage compared to MgAl2O4.  It is 

worth noting that it is relatively difficult to predict the irradiation tolerance of complex 

oxides purely based on ionicity, because subtle structural changes such as bond length 

may change the bond type of cations in the structure.64  It has been mentioned earlier in 

this chapter that the stannate pyrochlores show greater variation in irradiation stability 

and not all stannate pyrochlores are susceptible to radiation damage.  Actually, Y2Sn2O7 

and Er2Sn2O7 have excellent irradiation stability and cannot be amorphized even at 25 

K.  Therefore, It is useful to further study the irradiation tolerance of other stannate 
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spinels, such as Zn2SnO4, Mn2SnO4, and Co2SnO4, and to investigate if there are subtle 

changes in bond type as found in stannate pyrochlores and how they are correlated to 

irradiation stability.64 

As mentioned previously, the irradiation tolerance of pyrochlores has been 

intensively studied both experimentally and theoretically.  The contour plot of anti-site 

formation energy in pyrochlores generated by atomic simulation is in agreement with the 

experimental results in general.  Similarly, anti-site formation is also an important factor 

that determines irradiation tolerance of spinels.  Sickafus and co-workers133 have 

observed a significant amount of cation disorder in the normal spinel MgAl2O4 upon 

neutron exposure in excess of 50 dpa at 670 K.  The obtained experimental results in 

the present study suggest that the barrier for the anti-site formation in Mg2SnO4 may be 

higher than MgAl2O4 and result in less irradiation tolerance.  Even though the anti-site 

formation energy for spinels has not been calculated by atomic simulations, one may 

link the anti-site formation energy to cation radii difference and analyze the anti site 

formation barrier qualitatively.  In normal spinel MgAl2O4, the ionic radii of Mg2+ at 

tetrahedral sites and Al3+ at octahedral sites are 0.57 Å and 0.535 Å, respectively.  In 

the inverse spinel Mg2SnO4, the ionic radii of Mg2+ at tetrahedral sites and Sn4+ at 

octahedral sites are 0.57 Å and 0.69 Å, respectively.  All ionic radii are obtained from 

Shannon.91  The ionic radius ratio of rB/rA for MgAl2O4 and Mg2SnO4 are calculated to be 

0.94 and 1.21, which indicates that the cation radii difference in Mg2SnO4 is larger than 

in MgAl2O4.  The larger cation radii difference in Mg2SnO4 may cause higher anti site 

formation barrier.  Moreover, Sn4+ is a tetravalent ion and Al3+ is a trivalent ion.  
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Swapping between Sn4+ and Mg2+ will most likely cause more lattice instability or 

distortion due to the greater charge difference. 

The spinel structure is also well known for its abundant structural vacant sites on 

both tetrahedral positions (87.5 % are vacant) and octahedral positions (50 % are 

vacant).  The large fraction of vacancy sites in the structure is responsible for effective 

interstitial-vacancy (i-v) recombination, which is also an important mechanism for 

annihilation of point defects created by irradiation.  Nevertheless, MgAl2O4 and 

Mg2SnO4 both have equal numbers of vacancy sites in their structures, and it is not 

likely to become an important factor that results in different irradiation tolerances. 

Overall, Mg2SnO4 is not as resistant as MgAl2O4 against ballistic displacements 

under intermediate energy ion irradiation.  Since the stopping power for swift heavy ions 

traversing in solids is mainly electronic stopping, which is a different damage 

mechanism, the irradiation tolerance of Mg2SnO4 in the electronic stopping region is still 

not known.  Therefore, it is useful to conduct high energy ion irradiation to further 

evaluate the irradiation stability of Mg2SnO4 and compare it with MgAl2O4. 

4.5 Summary and Conclusions 

Irradiation tolerance of MgO, Nd2Zr2O7, and prototype spinel MgAl2O4 has been 

briefly summarized.  All the three materials exhibit excellent resistance to irradiation 

induced amorphization.  MgO has good stability against fission fragment damage, while 

MgAl2O4 exhibit large swelling in in-pile irradiation tests, which is most likely due to 

fission fragment damage.  It has been observed that Nd2Zr2O7 could be amorphized by 

overlapping fission tracks under swift heavy ion irradiation.  MgO exhibits significant 
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swelling under neutron irradiation due to defects formation, while single crystal MgAl2O4 

shows nearly zero swelling under neutron irradiation. 

A preliminary study was conducted to evaluate the resistance of Mg2SnO4 to 

radiation induced amorphization.  Samples were irradiated with 1.0 MeV Kr2+ ions at 50 

K and 150 K to a maximum fluence of 5 × 1019 Kr2+ ions/m2 and 1020 Kr2+ ions/m2, 

respectively.  Microstructure and crystal structure evolutions were monitored and 

recorded in-situ by BF images and SAED patterns.  The amorphization doses for 

Mg2SnO4 irradiated by 1.0 MeV Kr2+ ions at 50 K and 150 K were determined to be 5 × 

1019 Kr ions/m2 and 1020 Kr ions/m2, which corresponded to an atomic displacement of 

5.5 dpa and 11.0 dpa, respectively.  The spinel crystalline structure was thermally 

recovered at room temperature from the amorphous Mg2SnO4 which was irradiated at 

50 K.  The electronic stopping power exceeded the nuclear stopping power except the 

end of range of ions, but was only ~1.5 keV/nm.  This suggests that the amorphization 

phenomenon observed in this study was mainly due to atomic displacement induced 

defect accumulation.  Mg2SnO4 showed less irradiation resistance compared with 

MgAl2O4 against ballistic displacement damage, which can be attributed to its inverse 

structure, higher covalency of the <Sn-O> bond, larger ionic size and charge difference 

between Mg2+ and Sn4+. 

 105



CHAPTER 5  
EVALUATION OF HYDRATION RESISTANCE 

5.1 Introduction 

A very important requirement for IM materials is the compatibility with coolant.  In 

LWRs, the coolant in the primary coolant system is water.  The fuel materials should 

exhibit high resistance to hot water corrosion at ~300°C.  This chapter focuses on 

evaluation of the chemical stability of the potential IM materials at hydrothermal 

conditions.  The hydration behavior of MgO is briefly reviewed.  The hydrothermal 

corrosion behavior of the MgO-Nd2Zr2O7 composites and Mg2SnO4 are then discussed. 

5.1.1 Hydration of MgO 

The hydration of MgO has been extensively studied and is briefly reviewed here.  

Water molecules can be adsorbed onto the MgO surface readily and react with MgO.134  

The hydration product of MgO is Mg(OH)2, or brucite, which is a stable mineral 

crystallizing in a layered structure.  Mg(OH)2 forms a nearly close-packed array with a 

hexagonal crystal structure, and space group No. 164 ( 13mP ).  Figure 5-1(A) shows 

unit cell of Mg(OH)2.  The lattice parameters of Mg(OH)2 are a = 0.3142 nm and c = 

0.4766 nm.135  Figure 5-1(B) shows a layered structure of Mg(OH)2.  The Mg ions are 

coordinated by six O-H groups with the hydrogen pointing to the next layer.  As seen 

from the figure, only hydrogen bonds exist between the two layers, even though the 

distance between hydrogen and the nearest oxygen in the nearby layer is relatively 

large for hydrogen bonds (~2.5 Å).  Nevertheless, these weak hydrogen bonds seem 

the only possible explanation for the stability of the structure.136  The unit cell of MgO 

consists of four Mg ions and the volume of the unit cell is 0.075 nm3.  The unit cell of 
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Mg(OH)2 consists of one Mg ion and the volume of the unit cell is 0.041 nm3.  Therefore, 

the volume expansion for the transformation of equal molar MgO to Mg(OH)2 is 

calculated to be 118%.  The hydration reaction can be described as follows: 

22 )(OHMgOHMgO →+  (5-1)

 

O

H

Mg
 

A 

 
B 

Figure 5-1. Crystal of Mg(OH)2. A) Unit cell, and B) layer structure showing hydrogen 
bonds. 
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It has been well established that hydration of MgO is the result of MgO dissolution 

followed by precipitation of Mg(OH)2.137,138  The overall hydration process can be 

summarized as (1) water molecules are adsorbed onto the MgO surface and dissociate 

into protons and hydroxyl ions, (2) the surface of MgO is reconstructed and dissolves 

into Mg2+ and OH-, and (3) nucleation of Mg(OH)2 occurs.137,139-141  It has been 

suggested that the hydration reaction is mainly governed by dissolution of MgO.137 

The hydration of MgO by water vapor involves one more step which is the 

adsorption and condensation of initial water vapor onto the MgO surface to form a liquid 

layer, and the remaining steps are the same as in liquid water.142,143  The hydration rate 

of MgO depends on the reactivity of MgO, which is related to material history and 

production processes, such as calcination temperature and the raw materials which it is 

made from.138,144,145  For example, the dead-burned MgO obtained at a higher 

calcination temperature (~1200°C or above) exhibits higher hydration resistance than 

light burned MgO obtained at a lower calcination temperature (~900-1200°C).139  The 

difference in hydration resistance of these MgO samples can be attributed to the 

surface chemistry.  The dissolution of MgO is a heterogeneous surface reaction, and 

therefore the role of the surfaces which are exposed to liquid water or water vapor is 

important.  The reactivity of MgO depends on surface area and surface morphology, 

especially defect sites and density of defects.146  Different fabrication process and firing 

temperature result in varied surface areas and distinct surface morphology which leads 

to different hydration resistance. 

Dissolution of MgO is a thermally activated process, and the temperature 

dependence of the dissolution rate typically follows Arrhenius relation.  The dissolution 
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rate can be either diffusion controlled or reaction controlled.138,147,148  The activation 

energy reported for the MgO hydration process varies from 50 to ~100 kJ/mol at a 

temperature range typically from 20°C to 200°C, which attributes to different reactivity 

and physical properties of MgO as well as test conditions.139,144,147,149-152  The activation 

energy for MgO hydration at temperature higher than 200°C has not been reported, yet. 

5.1.2 Hydration of Polycrystalline MgO 

The hydration behavior of polycrystalline MgO is quite different from single crystal 

MgO because of the presence of grain boundaries.  The dissolution of MgO usually 

starts from defect sites where water molecules are easily adsorbed and dissociated, 

and therefore MgO grain boundaries are more susceptible to hydration.153  Kitamura et 

al.154 have proposed a hydration mechanism for MgO polycrystals based on these 

observations: hydration begins on the grain boundaries near the surface of 

polycrystalline magnesia, which causes grain boundary separation as a consequence of 

lattice expansion; the bulk material is therefore separated into finer particles or 

aggregates and then into single crystalline grains, with consequent hydration of the 

single crystals.  This process is thus referred to “dusting processing”.  Therefore, 

polycrystalline MgO hydrates much faster than single crystal MgO at the same test 

conditions. 

Although the hydration of MgO in varied forms has been well studied, the hydration 

behavior for MgO based composites is not well understood, and the relationship 

between hydration resistance and microstructure has yet to be studied.  Moreover, the 

stability of Mg2SnO4 in hot water is unknown.  Therefore, the hydrothermal corrosion 
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behavior of the MgO-Nd2Zr2O7 composites and Mg2SnO4 were both studied 

experimentally.  The results are discussed in the following part of this chapter. 

5.2 Experimental Procedure 

5.2.1 Hydrothermal Corrosion Testing Setup 

To simulate the condition in case of cladding breach accidents, an autoclave was 

used to provide a high temperature and high pressure environment.  Since the coolant 

water circulates in the reactor, the ideal test should be a dynamic study involving water 

circulation in the setup.  However, static test was first applied as a simple and low cost 

alternative to investigate the hydrothermal corrosion behavior of the potential IM 

materials.  The tests were performed in a 600 ml commercial stainless steel pressure 

vessel (Parr Instrument Company, model 4768).  The pressure vessel was equipped 

with a pressure relief valve set, a rupture disk, a pressure gauge, a heating mantle, and 

a temperature controller with one thermocouple. 

As-sintered ceramic pellets were placed into the vessel which was filled with 200 ml 

of de-ionized water and sealed.  The temperature controller was set at 300 °C and a 

heating time of approximate 45 minutes was required for water to reach the final 

temperature and saturation pressure (~9 MPa).  The test continued until desired 

exposure time was attained.  The autoclave was shut off periodically, and samples were 

taken out and rinsed to remove the hydration product.  The pH values of the water in the 

autoclave were measured by pH meter (OAKTON, pH 5 series) and recorded.  Pellets 

were visually inspected, dried, and weighed.  After the measurements were finished, the 

pellets were placed back into the autoclave which was refilled with fresh DI water and 

the corrosion test was resumed.  
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5.2.2 Sample Preparation for Characterization 

In order to characterize the microstructure, chemical composition and crystal 

structure, samples were examined by SEM, EDS and XRD.  A detailed sample 

preparation for characterization and instrument operating conditions were described 

previously in Chapter 3.  The cross section of the hydrated pellet for SEM 

characterization was prepared by embedding the pellet in an epoxy resin and polishing 

down to desired cross section. 

5.2.3 Composite Microstructure Quantification 

Corrosion originates from the hydration of MgO; therefore, the hydrothermal 

corrosion resistance of an MgO composite is naturally related to the distribution of MgO.  

The contiguity of MgO can be quantified by calculating the fraction of the total interface 

area of the MgO phase that is shared by the MgO phase.155  For a composite structure 

with MgO grains dispersed in Nd2Zr2O7 matrix, the contiguity of MgO is given by the 

following equation:156 
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where (SV)MM and (SV)MN are the interface areas per unit volume between MgO-MgO 

and MgO-Nd2Zr2O7 phases.  Saltykov157 derived a basic equation that correlates the 

area of surfaces and the intercepts with grain boundaries on a section plane: 

LV PS 2=  (5-3) 

where SV is the interface areas and PL is the number of intercepts.  Combining 

Equations (2) and (3), the contiguity of MgO can be expressed as:156 
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where (PL)MM and (PL)MN are the number of intersections per unit length of test line with 

MgO-MgO and MgO-Nd2Zr2O7 grain boundaries.  About 20 straight test lines were 

drawn randomly on one SEM image at 2000X or 5000X per composition and at least 

500 intersections were counted for each image.   

The grain size of MgO and Nd2Zr2O7 was calculated using modified lineal intercept 

technique for two-phase polycrystalline ceramics.158  The formula can be expressed as: 
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where D is the average grain size of phase a, C is the test-line length, ν is the volume 

fraction of phase a, M is the magnification of the SEM image, Naa is the number of 

intercepts with the boundaries of contiguous grains of phase a, and Nab is the number of 

intercepts with the interfaces between the phase a and phase b. 

The microstructure homogeneity was characterized by the spatial distribution of 

MgO.  A dimensionless parameter (HPMgO) was used to indicate the degree of 

homogeneity and can be expressed by the normalized standard deviation (σMgO) of the 

distribution of MgO in small blocks separated by a NN ×  grid as shown below:159,160 
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where xj is the MgO area fraction in the jth separated block, μMgO is the total area 

fraction, and N is the number of blocks.  Maximum homogeneity was characterized by a 

minimum value of HPMgO.  To quantify the microstructure homogeneity of the MgO-
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Nd2Zr2O7 composites, one microstructure image at 5000x per each composition was 

converted into a binary image and separated by a 4×4 grid into 16 equal size 

nonoverlapping squares.  The MgO area fraction was measured and calculated for each 

square using the software Image J (V. 1.38x)161 and the homogeneity parameter was 

calculated using Equations (6), (7), and (8). 

5.3 Results and Discussion 

5.3.1 Hydrothermal Corrosion of the MgO-Nd2Zr2O7 Composites 

5.3.1.1 Preliminary results 

The composites made from all three mixing methods were exposed to 300 °C 

deionized water in the autoclave to assess the hydrothermal corrosion resistance.  Pure 

Nd2Zr2O7 and pure MgO pellets were also tested in order to compare with the 

composite samples.  As expected, the pure MgO pellet completely dissolved in less 

than 1 hour.  The fast hydration rate of the MgO pellet can be attributed to the presence 

of grain boundaries and the “dusting process” described in the previous section.154  By 

contrast, the pure Nd2Zr2O7 pellet showed no mass loss and no phase transformation 

for up to 30 days.  The phase stability of Nd2Zr2O7 is an advantage compared with yttria 

stabilized zirconia which transforms into the monoclinic phase in hydrothermal 

conditions.162  It is consequently anticipated that if introducing Nd2Zr2O7 could prevent 

the “dusting” process, the corrosion resistance of an MgO composite can be improved.  

The pH of the DI water before corrosion test was measured to be ~5.5 at room 

temperature, and the pH of the water after corrosion test was measured to be ~6.9.  The 

increase of the pH value was probably due to dissolution of hydration product, i.e. 

Mg(OH)2. 
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As described in Chapter 3, the composites mixed by ball milling had more 

homogeneous microstructures than the composites mixed by mortar and pestle grinding 

and water magnetic bar stirring which contained agglomerates of Nd2Zr2O7 and MgO.  

As expected, the hydrothermal corrosion resistance was strongly microstructure 

dependent.  The inhomogeneous composites made by the mortar and pestle mixing and 

water magnetic bar mixing completely dissolved in less than 1 hour after exposure to 

300 °C deionized water regardless of MgO volume fraction from 40 vol% to 70 vol% 

showing poor corrosion resistance as pure MgO. 

In order to characterize the microstructure of the corroded composite, one test was 

conducted in a less aggressive condition at 150 °C and saturation pressure.  Figure 5-2 

shows the surface of a composite (40 vol% MgO) made by mortar and pestle mixing 

after 24 h exposure.  The surface was highly heterogeneous as shown in the figure.  

Minimum corrosion was observed for the Nd2Zr2O7 agglomerate regions with few 

missing grains caused by dissolution of MgO grains.  The regions that were destructed 

much more severely were covered by hydration product suggesting that they were the 

MgO agglomerate regions.  The observation indicates that hydration of isolated MgO 

grains or small MgO grain clusters did not cause extensive destruction; on the other 

hand, the hydration of MgO agglomerated regions caused destruction not only on the 

surface but deep into the interior of the composite.  Although not shown here, it was 

observed that a large amount of hydration product built up on the fractured surfaces 

suggesting that the composites fractured along the extensively destructed regions 

where MgO grains were agglomerated.  The observed hydration product Mg(OH)2 had a 

plate-like shape which is consistent with literature.139,149 
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Figure 5-2. Characterization of the hydrated composite with inhomogeneous 
microstructure. (A) Surface of composite pellet after exposure to 150 °C DI 
water for 24 h, and (B) surface of the composite at higher magnification, 
where morphology of hydration product Mg(OH)2 is shown. 
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The homogeneous composite made by the ball milling process exhibited much 

higher hydration resistance.  Instead of being dissolved instantly in DI water at 300 °C, 

the composites with up to 60 vol% of MgO were able to withstand hundreds of hours in 

the autoclave.  However, the composite with 70 vol% MgO did not survived but 

dissolved after 1 h exposure in 300 °C water.  Due to the improved hydrothermal 

corrosion resistance, the composites mixed by ball milling process were selected for 

further study. 

5.3.1.2 Microstructure characterization 

Figure 5-3(A)-(D) shows the microstructure evolution of the composites made by ball 

milling as the volume fraction of MgO increased from 40% to 70%.  The composites 

were sintered at 1550°C for 4 h.  The microstructure of the composites can be 

qualitatively characterized as follows: (A) interconnected Nd2Zr2O7 grains with dispersed 

MgO grains; (B) and (C) interpenetration of the two phases; and (D) interconnected 

MgO phase with dispersed or clustered Nd2Zr2O7 phase.  The average grain size of 

MgO and Nd2Zr2O7 and contiguity and homogeneity of MgO were calculated and given 

in Table 5–1. 

Table 5–1. Microstructure analysis results for the MgO-Nd2Zr2O7 composites (CMM is 
contiguity of MgO, HPMgO is homogeneity parameter, and errors are 
calculated as standard deviations of the mean). 

MgO (vol%) MgO (μm) Nd2Zr2O7 (μm) CMM HPMgO

40 1.0 ± 0.2 0.8 ± 0.1 0.14 0.08 
50 0.9 ± 0.2 0.8 ± 0.1 0.27 0.09 
60 2.2 ± 0.5 1.1 ± 0.3 0.34 0.14 
70 2.7 ± 0.3 1.2 ± 0.2 0.42 0.17 
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It was found that the average grain size of MgO increased with the volume fraction 

of MgO while the average grain size of Nd2Zr2O7 remained relatively constant.  The 

results indicate that the MgO phase was the faster growing species and the Nd2Zr2O7 

phase was the slower growing species that limited the grain growth of MgO.  The 

observation was consistent with the pinning and constraint behavior, also known as 

coupled grain growth, which has been well studied in the zirconia-toughened alumina 

(ZTA) composite system.163-166 

   
A                                                                    B 

   
C                                                                D 

Figure 5-3. Microstructure of MgO-Nd2Zr2O7 composites made by ball milling process.  
The MgO volume fractions are A) 40%, A) 50%, C) 60%, and D) 70 %, 
respectively.  The dark phase is MgO and the light phase is Nd2Zr2O7. 
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The calculated contiguity of the MgO phase increased from 0.14 to 0.42 as the MgO 

volume fraction increased from 40 vol% to 70 vol% which was in agreement with visual 

inspection of SEM images.  The homogeneity parameter also increased from 0.08 to 

0.17 as the MgO volume fraction increased from 40 vol% to 70 vol% indicating that the 

dispersion of MgO became less homogeneous which was probably due to coarsening of 

MgO grains. 

5.3.1.3 Hydrothermal corrosion of the composites made by ball milling 

The hydration product was found being attached to the composite surface.  The 

thickness of the hydration product layer increased as corrosion time and could be as 

large as a few hundred microns after 5 days of corrosion testing.  In order to analyze the 

microstructure of the hydrated surface, a cross section of an un-rinsed hydrated 

composite containing 40 vol% of MgO was polished and then examined by SEM.  

Figure 5-4(A) shows an area of the interface between the hydration product and the 

unattacked composite at relatively low magnification.  The hydration product formed a 

porous layer where water can diffuse through readily.  XRD was performed on the 

surface of the hydration product layer to characterize the crystal structures of the 

hydration products and the profile is shown in Figure 5-4(B).  The XRD profile for the 

unhydrated composite is also shown in the figure for a comparison.  As expected, only 

the brucite phase Mg(OH)2 and the pyrochlore phase Nd2Zr2O7 were identified from the 

hydration product.  The results confirm that MgO dissolved and precipitated out only as 

Mg(OH)2 and that Nd2Zr2O7 did not react with water at 300°C.  The hydration product 

Mg(OH)2 and pyrochlore Nd2Zr2O7 can be simply distinguished in the SEM image by 

contrast due to different atomic masses (the light phase is Nd2Zr2O7 and the dark phase 
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is Mg(OH)2).  In the hydration product layer, the Nd2Zr2O7 grains were randomly 

embedded in the agglomerated Mg(OH)2 and the platelet shape of Mg(OH)2 was 

consistent with previous observation. 
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Figure 5-4. Characterization of the hydrated composite with homogeneous 
microstructure. A) Cross-section of a hydrated composite pellet, and B) XRD 
profiles of hydration product and unattacked composite. 
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Figure 5-5 shows the interface at a higher magnification where different microstructural 

features on both sides of the interface can be seen.  Hydration induced destruction was 

only observed near the hydrated surface but not in the interior composite.  The 

observation suggests that the hydration of MgO was primarily limited to the surface 

region of composites. 

Cracks

10 μm

Detached grains
and cracks

Detached Nd2Zr2O7
and MgO grain clusters

Fractured Nd2Zr2O7 grain

1 μm
 

Figure 5-5. Microstructure of the interface between the composite and the hydration 
product layer at high magnification. 

 

Several destructed areas near the interface are marked in the figure show cracked 

MgO grains, fractured Nd2Zr2O7 grains, and detached grain clusters with unhydrated 

MgO grains.  Most Nd2Zr2O7 grains were connected with other Nd2Zr2O7 grains in the 

unattacked composite forming Nd2Zr2O7 grain clusters.  However, the majority of 

Nd2Zr2O7 grains in the hydration product layer were single grains.  The surface 
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destruction and Nd2Zr2O7 grain separation are probably caused by the stresses induced 

by hydration of MgO grains and grain boundaries.  Similar to the “dusting” process for 

polycrystalline MgO, water can migrate fast along the connected MgO grain boundaries 

and cause grain boundary hydration and grain separation.  However, due to the 

presence of Nd2Zr2O7 grains, the contiguity of MgO phase was reduced significantly as 

shown in Table 5–1.  As a result, the migration of water through MgO grain boundaries 

was localized and primarily limited to the surface region of the composite.  Therefore, 

the hydration of MgO grains and grain boundaries caused destruction only on the 

surface but not in the interior. 

The hydration product could be easily removed after rinsing and wiping with a paper 

towel.  The agglomeration of hydration product and its weak adhesion to the composite 

surface are probably due to the presence of attractive forces as a result of secondary 

bonds such as attractive Van der Waals bonds and hydrogen bonds.  It is worth noting 

that the hydrothermal tests were performed under a static condition and the free 

convection in the autoclave seemed ineffective in removing the hydration product from 

composite surface.  However, in LWRs water is dynamically circulating and the forced 

convection may result in washing hydration product away instantly depending on the 

forced flow rate and the magnitude of the attractive forces. 

5.3.1.4 Normalized mass loss rate and temperature dependence 

Given that the homogeneous composites exhibited improved corrosion resistance, 

the performance of the composites was further evaluated by the mass loss rate.  It was 

expected that the mass loss rate depends on the exposure area of the sample, so the 

mass loss was normalized by the geometric area and is referred to normalized mass 
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loss (NML).11,162  The hydration product was removed from the surface after every 

exposure.  The pellet diameter, thickness, and weight were then recorded and the NML 

was calculated as follows: 

A
mmNML fi −

=  (5-9) 

where mi and mf are sample mass before and after each exposure and A is an average 

of the geometric area before and after each exposure.  The NML was plotted against 

exposure time shown in Figure 5-6(A) and the systematic errors were taken into 

consideration.  A linear relationship between the NML and the exposure time was found, 

so the data points were fitted by linear regression and the NML rate for each 

composition was empirically determined by the slope of the fit.  The NML rate remained 

constant even at different time intervals suggesting that the corrosion process was not 

affected by the thickness of the built-up hydration layer and thus not limited by the 

diffusion of water through the built-up layer.  The observed linear relationship was 

consistent with literature for the MgO-ZrO2 composites system, and the NML rate was 

on the same order of magnitude compared to the composites with similar volume 

fraction of MgO.11 

It was also observed that as the volume fraction of MgO increased, there was a 

corresponding increase in the NML rate.  Medvedev and coworkers11 correlated the 

NML rate with the MgO weight fraction by using an exponential fit for MgO-ZrO2 

composites.  A similar exponential relationship could be found here for the MgO- 

Nd2Zr2O7 composites.  Nevertheless, the exponential relationship was determined 

empirically and requires further investigation and physical explanation.  The increased 

NML rate with MgO volume fraction is most likely due to the improved MgO contiguity 
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because the connected MgO grains and grain boundaries serve as fast hydration paths.  

Even though the corrosion was limited to the surface region, water molecules were still 

able to migrate and initiated hydration through the connected MgO grain boundaries 

causing destruction and grain separation near the composite surface.  The surface area 

consequently increased and the NML rate was enhanced. 
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Figure 5-6. Quantitative analysis results.  A) NML versus exposure time in 300 °C DI 
water, and B) extracted Arrhenius relationship. 

 

The temperature dependence on the NML rate was also investigated by conducting 

the corrosion tests at 150 °C, 200 °C, and 250 °C, respectively.  Similar to the tests 

conducted at 300 °C, a linear kinetics was found between the NML and the corrosion 

time.  The NML rates were determined for all the tests by the slope of the linear fit and 

the results are summarized in Table 5–2.  The natural logarithm of NML rate versus the 

reciprocal value of absolute temperature at which the hydrothermal corrosion tests were 

conducted is plotted in Figure 5-6(B).  The data points were fitted by linear regression 

and the apparent activation energy (Ea) was extracted using the Arrhenius equation.  In 

this case, the apparent Ea was merely a measure of the temperature dependence of the 
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NML rate.  The final results are listed in Table 5–2, showing similar apparent Ea for the 

composites with 40, 50, and 60 vol% of MgO and the calculated values were ~39-41 

kJ/mol.  The results suggest that same corrosion mechanism(s) may be applied to these 

composites at the temperature range from 150°C to 300°C.  The SEM observation 

indicates that the corrosion process is mainly governed by surface hydration of MgO, 

but the estimated Ea for the composites is slightly lower than the typical values reported 

for hydration of MgO in literature (50-65 kJ/mol).144,147,154  The difference in activation 

energy is most likely due to different test conditions.  The testing temperatures in the 

present work are in the range of 150 – 300°C, which is higher than the other 

experiments reported in literature.  Moreover, the physical values used to quantify the 

hydration process are different.  In the present work the mass loss of the composites 

was quantified but in other studies, the hydration of MgO was quantified by conversion 

rate.  Even though the mass loss of the composites is due to hydration of MgO, it is also 

related to other physical properties of the composites such as the MgO volume fraction 

and sample density.  The discrepancy also suggests that the hydrothermal corrosion of 

the composites may be governed by multiple mechanisms which were competing with 

surface hydration such as water migration and hydration along MgO grain boundaries. 

Table 5–2. Normalized mass loss (NML) rate and apparent activation energy (Ea) 

NML Rate (10-4 g·cm-2·h-1) MgO 
(vol%) 150 °C 200 °C 250 °C 300 °C 

Apparent Ea
(kJ/mol) 

40 Not tested 0.36 ± 0.01 1.27 ± 0.05 2.01 ± 0.03 39 ± 8 
50 Not tested 1.44 ± 0.04 3.56 ± 0.02 9.3 ± 0.2 41 ± 3 
60 1.40 ± 0.07 4.13 ± 0.04 Not tested 29.5 ± 0.3 41± 2 
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It is worth noting that the hydration of MgO is a thermodynamically favorable 

reaction.  Introducing Nd2Zr2O7 as a second phase cannot stop hydration of MgO but it 

can slow down the NML rate by reducing the surface area and contiguity of MgO.  The 

composite with a higher MgO volume fraction is desirable due to its higher thermal 

conductivity.  Nevertheless, the current status shows that the composite with 70 vol% 

MgO failed because of high contiguity of MgO.  In order to improve the hydrothermal 

corrosion resistance of 70 vol% MgO composite, the contiguity of MgO must be reduced.  

Reducing the contiguity of MgO may lower the thermal conductivity of the composite, 

but the effect is not expected to be large because of the volume fraction of MgO 

remains the same.93  The contiguity usually increases with volume fraction; however, 

some composites may keep phase contiguity independent of volume concentrations 

such as the composite spheres assemblage (CSA), a theoretical model for spherical 

particles surrounded by a concentric matrix shell.167  Therefore, the desired 

microstructure can be made for the composite with 70 vol% MgO by sintering a compact 

of Nd2Zr2O7-coated MgO particles with desired coating thickness. The hydrothermal 

corrosion resistance may be further improved by enlarging grain size of MgO.  The 

density of MgO grain boundaries can be reduced if the grain size of MgO is enlarged.  

Since the “dusting” process and surface destruction are caused primarily by MgO grain 

boundary hydration, minimizing MgO grain boundaries can reduce the hydration 

pathways thus lowering the NML rate. 

5.3.1.5 Coprecipitation and gel-casting 

In order to improve the hydration resistance of the composites with 70 vol% MgO, 

some other processing methods such as coprecipitation and gel-casting were used as 
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attempts to produce the desired composite microstructure.  Even though these 

processes were not successful to produce the composites with improved hydration 

resistance by far, they are briefly reported here so that the same paths will not be 

repeated or new ways to succeed based on these experiments can be realized. 

The coprecipitation method is described here in brief.  An MgCl2 solution was 

prepared by dissolving 0.0141 mol of MgCl2⋅6H2O (Fisher, 99.0-101.0%) in DI water.  

The MgCl2 solution was then added drop by drop into an NH3·H2O solution agitated by a 

magnetic bar at the pH of 9.5-10 to form Mg(OH)2 suspension.  The pH of the solution 

was then increased to ~11 by adding NH3·H2O.  Another solution of NdCl3 and ZrCl4 in a 

stoichiometric ratio was prepared.  To prepare this solution, 0.0015 mol of NdCl3⋅6H2O 

(Acros Organics, 99.9%) and 0.0015 mol of ZrCl4 (Acros Organics, 98%) were dissolved 

in DI water.  The solution was then added into the Mg(OH)2 suspension drop by drop.  

Figure 5-7 shows the flowchart of the coprecipitation process. 

 

MgCl2·6H2O 
28.9261 g 
28 ml H2O 

NH3⋅H2O 
Solution 

pH = 9.5-10 
T = 80 °C  

Drop by Drop 

Nd(NO3)3 
5.3255 g 

ZrCl4 
3.5269 g 

Mixture solution 

Mg(OH)2 

Suspension 
pH = 11, T = 80 °C 

Drop by drop 

Mg(OH)2 

Nd(OH)3 

Zr(OH)4 

H2O 
29 ml 

 
Figure 5-7. Flowchart of the coprecipitation process for fabrication of the MgO-Nd2Zr2O7 

composites. 
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  The precipitates were collected, dried and calcined at 1300 °C for 6 h.  The 

pyrochlore phase and MgO phase were confirmed by XRD.  The powder was pressed 

to form green pellets which were sintered at 1550°C for 4 h.  A detailed procedure on 

composite forming and sintering was described previously in Chapter 3. 

Figure 5-8 shows the microstructure of the composites made by coprecipitation.  The 

microstructure produced by the coprecipitation process was not homogeneous and can 

be characterized as Nd2Zr2O7 agglomerates surrounded by a continuous MgO phase.  

Therefore, the desired composite microstructure was not successfully produced using 

coprecipitation in the present study. 

 
Figure 5-8. Microstructure of the composites made by the coprecipitation method. 

 

The hot water corrosion tests for the composites made by the coprecipitation method 

were conducted at 300 °C and 9 MPa.  The composites dissolved quickly in one hour.  It 

is not surprising that the composites exhibited poor hydrated resistance because the 

desired composite microstructure was not achieved. 

The other processing method is gel-casting.  In an attempt to produce 

homogeneously dispersed Nd2Zr2O7 coated MgO particles in aqueous solutions, 
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polyelectrolyte dispersants was used to increase the surface charge of particles and to 

stabilize the slurry.  Figure 5-9 shows the conceptual design of the experiment to 

achieve the CAS microstructure.  The Nd2Zr2O7 and MgO particles were first coated 

with polyelectrolytes of opposite charges.  Under electrostatic forces, Nd2Zr2O7 can be 

attracted onto the surface of MgO to form the coated particles.  In this experiment, poly 

sodium 4-styrenesulfonate (PSS) (Aldrich, 20% solution) and poly 

diallyldimethylammonium chloride (PDAC) (Aldrich, 20 wt% in water) were chosen as 

the polyelectrolytes. 
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Figure 5-9. Schematics of experiment design. 
 

The Nd2Zr2O7 slurry was prepared by dispersing Nd2Zr2O7 powder with 0.5 wt% 

PDAC in 70 ml DI water.  The Nd2Zr2O7 slurry was ball milled for 8 days.  The MgO 
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slurry was prepared by dispersing MgO powder with 0.5 wt% PSS in 70 ml DI water.  

The MgO slurry was ball milled for one day.  The particle size and size distribution of the 

two slurries after ball milling are shown in Figure 5-10. 
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Figure 5-10. Particle size distribution of the MgO and Nd2Zr2O7 slurry. 

 

The mixed slurry was prepared by adding the PDAC coated Nd2Zr2O7 slurry into the 

PSS coated MgO slurry drop by drop.  The purpose of the mixing sequence and the 

slow mixing speed was to avoid rapid coagulation and sedimentation of the two slurries 

by electrostatic attraction.  The slurry was vigorously agitated by magnetic bar stirring.  

Zeta potentials for the non-coated and PSS coated MgO slurries, non-coated and PDAC 

coated Nd2Zr2O7 slurries, and the mixed slurry were measured and the results are 

shown in Table 5–3.  As the table shows, the sign of the zeta potentials of the MgO and 

Nd2Zr2O7 slurries were reversed when polyelectrolytes were added.  The values were 
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large enough to stability the slurries.  The zeta potential of the mixed slurry had the 

same sign and similar value to the PDAC coated Nd2Zr2O7 slurry, suggesting the 

Nd2Zr2O7 coated MgO particles may be formed in the solution. 

Table 5–3. Zeta potential and pH of the slurries. 

Slurry Zeta Potential pH 
Nd2Zr2O7 -21.9±2.5 8.5 

PDAC coated Nd2Zr2O7 68.4±3.1 6.5 
MgO 36.1±1.9 10.0 

PSS coated MgO -78.4±2.2 10.3 
Mixture (70 vol% MgO) 64.7±3.2 9.8 

 

SEM and TEM were used to examine the morphology of the particles in the mixed 

slurry.  The images are shown in Figure 5-11.  It can be seen that some of the Nd2Zr2O7 

particles (mainly below 1 μm) attached to the surface of MgO (or Mg(OH)2) but a 

completed coverage was not achieved.  The partial coverage was effective to reverse 

the sign of the zeta potential of the PSS coated MgO slurry, but it may be too low to 

achieve the final desired CAS microstructure. 

Nd2Zr2O7

MgO or Mg(OH)2

  

Nd2Zr2O7

MgO or 
Mg(OH)2  

A                                                             B 
Figure 5-11. Morphology of the particles in the mixed slurry.  A) SEM image and B) TEM 

image. 
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Figure 5-12 shows the pictures of the MgO and Nd2Zr2O7 slurries with and without 

dispersants before and after 24 h.  It can be see that the slurries without dispersants 

precipitated out in less than 24 h, while the slurries with dispersants were still stable.  

The observation confirms that the slurries with dispersants were more stable than the 

slurries without the dispersants. 

 
Figure 5-12. Stability of slurries with and without polyelectrolytes. 

 

In order to maintain the characteristics of the mixed slurry, a direct casting method 

should be applied to form green body so as to avoid further processes such as dry 

grinding and pressing.  It was intended to use the gel-casting technique to form the 

green body.  Due to the limited solid oxide powder, the slurry was prepared starting with 

low solid loading (5-10 vol%) and agitated by a magnetic bar in a beaker to evaporate 

water to increase the solid loading.  The highest solid loading of the mixed slurry that 

could be handled in the experiment was only ~22 vol%.  The solid loading need to be 
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further increased to at least 45 vol% for green body forming and sintering.  Therefore, 

the process must be optimized to reduce the viscosity of the slurry and to increase the 

solid loading, such as optimizing the amount of dispersant. 

5.3.2 Hydrothermal Corrosion Resistance of Mg2SnO4 

To evaluate the hydrothermal corrosion resistance of Mg2SnO4, sintered Mg2SnO4 

pellets were exposed to water at 300°C and saturation pressure in the autoclave.  The 

mass and geometry of the sample were measured and recorded at a time interval of 10 

days.  Figure 5-13 shows the mass and volume changes of Mg2SnO4 as a function of 

time.  As can be see from the figure, both the mass and the volume the sample 

increased at the first few days and then decreased.  However, the changes were small 

and less than 1% up to 30 days.  The mass change was so small that the value was 

within the uncertainty of the measurement, and thus Mg2SnO4 exhibited no measurable 

mass change after 30 days corrosion.  The results indicate that sintered Mg2SnO4 

pellets were able to maintain the geometry integrity without a mass change up to 30 

days. 
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Figure 5-13. Mass and volume change as a function of corrosion time for Mg2SnO4. 
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To evaluate the phase stability of Mg2SnO4 under hydrothermal conditions, XRD was 

performed on the surface of an Mg2SnO4 pellet after 120 h exposure to water at 300°C 

and 9 MPa.  Figure 5-14 shows the XRD pattern.  Three phases can be identified from 

the XRD profile, which are Mg(OH)2, SnO2 and Mg2SnO4.  Some peaks which do not 

belong to either of them are marked as stars in the pattern, indicating other crystalline 

materials also existed. 
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Figure 5-14. X-ray Diffraction profile of the corroded Mg2SnO4 surface after 120 h 

exposure to H2O at 300°C and saturation pressure. 
 

The 3 highest intensity d-spacing method was used in order to identify the peaks 

marked with stars.  The d-spacing values for three unidentified peaks with highest 

intensities were 1.7202, 2.5651 and 2.2931 Å.  The search range was set as ± 0.01 Å of 

the d-spacing values and there were 111 hits found in the database.  All the patterns 

were compared to the obtained XRD pattern but a match could not be found.  The 

unidentified phases could belong to hydration products formed by Mg and Sn.  The XRD 

results indicate that Mg2SnO4 was not stable in water at 300°C and saturation pressure, 

and the two main phases formed after hot water corrosion were Mg(OH)2 and SnO2. 
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The microstructure of the corroded surface of Mg2SnO4 was also characterized 

using SEM.  Figure 5-15 shows the SEM images recorded at different magnifications for 

the corroded surface of Mg2SnO4 after exposure to water at 300°C and saturation 

pressure for 120 h.  The volumetric change was not noticeable by examining the 

morphology of the corroded surface shown in Figure 5-15(A).  Figure 5-15(B) shows the 

surfaces of grains at a relatively high magnification.  It can be seen that the grain 

surface was attacked by water and covered with precipitates of nanometer size and 

some platelets.  Figure 5-15(C) shows the morphology of the precipitates and a platelet 

formed near grain boundaries at a high magnification. 

50 μm   5 μm  
A                                                    B 

2 μm

Mg(OH)2

SnO2

 
C 

Figure 5-15. Morphology of the Mg2SnO4 pellet after exposure to water at 300°C and 
saturation pressure for 120 h.  Images were taken at a magnification of A) 
1000x, B) 10,000x, and C) 20,000x.  The precipitates are SnO2 and the 
platelets are Mg(OH)2 as labeled in the image. 
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In order to identify the chemical composition of the nano precipitates, point EDS was 

performed and the EDS spectra were collected.  Since the interaction volume of the 

electron beam with the sample was on the order of 1 μm3, it was not feasible to get 

exact chemical composition of the precipitates of nanometer size without collecting 

background information, so it was merely a qualitative analysis.  Figure 5-16 shows two 

EDS spectra collected at different regions where the surface was covered with and 

without precipitates.  It was found that the weight ratio of Sn to Mg for the surface 

covered with precipitates was higher than the surface without precipitates, suggesting 

the areas covered with precipitates were rich in Sn.  The EDS results imply that the 

precipitates may be crystalline SnO2 identified from the XRD pattern, and the platelets 

could be Mg(OH)2 based on the morphology.  The formation of nano precipitates 

suggests that Sn4+ may also be leached out from the matrix but subsequently 

precipitated out as SnO2.   
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Figure 5-16. Electron Dispersive Spectroscopy (EDS) spectra.  A) The spectrum was 
collected on a region covered with precipitates and B) without precipitates. 
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Based on the XRD results and SEM observations, the corrosion process for 

Mg2SnO4 is proposed as follows: the surface of Mg2SnO4 is attacked by water; both 

Mg2+ and Sn4+ ions are leached out from the matrix; the Mg2+ ions precipitate out as 

Mg(OH)2 which may loosely attach to the corroded Mg2SnO4 surface, and Sn4+ forms 

SnO2   Due to the low solubility of Sn4+ in water, it is expected that precipitation of SnO2 

occurs instantly, and the size of precipitates is essentially small.  The results shown in 

Figure 5-13 indicate that the dissolution of Mg2SnO4 in water at 300°C is a slow process, 

and could be kinetically hindered by the attached hydration products on the sample 

surface. 

5.4 Summary and Conclusions 

The corrosion behavior of the MgO-Nd2Zr2O7 composites in hydrothermal conditions 

was studied.  It was found that the corrosion resistance depends on microstructural 

homogeneity.  The inhomogeneous composites made by mortar and pestle mixing and 

water magnetic bar stirring dissolved quickly in water at 300°C showing no improvement 

over pure MgO.  The homogeneous composites made by ball milling exhibited improved 

hydration resistance and the corrosion was primarily limited to the surface region.  A 

linear relationship was found between the NML and the corrosion time.  The NML rates 

for the composites with MgO volume fraction of 40%, 50% and 60% were determined to 

be 0.0002, 0.0009, and 0.0028 g⋅cm-2⋅h-1 at 300°C.  It was observed that the NML rates 

increased with MgO volume fraction, which can be attributed to the contiguity of MgO 

and hydration induced surface destruction.  The NML rate also increased with corrosion 

temperature from 150 to 300°C and it followed an Arrhenius relationship.  The apparent 

activation energy was calculated to be ~39-41 kJ/mol.  A desired microstructure with 
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enhanced corrosion resistance should have minimum contiguity of MgO, good 

homogeneity, and large MgO grain size (minimizing grain boundaries). 

Mg2SnO4 was not stable in water at 300°C and saturation pressure.  Both Mg2+ and 

Sn4+ were leached out from the matrix and precipitated out as Mg(OH)2 and SnO2.  The 

corrosion was limited to the sample surface and probably hindered by the formed 

hydration products on the corroded surface.  Mg2SnO4 maintained its geometric integrity 

with volume expansion less than 1% and no mass change after exposure for 720 h.  

Therefore, single phase Mg2SnO4 exhibited much higher hydration resistance than the 

MgO-Nd2Zr2O7 composites. 
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CHAPTER 6  
EVALUATION OF AQEUOUS REPROCESSING FEASIBILITY 

6.1 Introduction 

Reprocessing was originally used in weapon programs to extract Pu for fabrication 

of atomic bombs.168  The US was against reprocessing in the commercial nuclear 

program since middle 70s mainly because of proliferation concerns.4  However, the 

spent nuclear fuels become nuclear waste instead of a valuable energy source without 

reprocessing.  Recently, the interests of reprocessing spent nuclear fuels have revived 

in the Advanced Fuel Cycle Initiative (AFCI) and the Global Nuclear Energy Partnership 

(GNEP).4 

Two aqueous based reprocessing techniques are briefly reviewed here.  The first 

one is called PUREX process.  PUREX is an acronym standing for plutonium and 

uranium recovery by extraction.  It is a liquid-liquid extraction method, and is the only 

large-scale system at present for reprocessing spent nuclear fuel to separate Pu, U, and 

fission products.169  The important chemical used in this process is a complexing 

molecule called tributyl phosphate (TBP).  U and Pu can be complexed by TBP and 

extracted from solution while other fission fragments and minor actinides cannot.170  The 

separated Pu is then mixed with depleted U to form MOX fuel for LWRs.  A major 

concern about PUREX is that Pu is able to be recovered seperately from commercial 

spent fuels, posing a big threat to proliferation.171 

The second technique is called UREX+1a, which is a set of processes that has been 

designed recently to overcome the drawbacks of the PUREX process, such as the 

proliferation problem.45  The first step is the UREX process which separates only U and 
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Tc, and the transuranium (TRU) isotopes stay in solution with the fission products.  The 

following step removes Cs and Sr using chlorinated cobalt dicarbollide (CCD) and 

polyethylene glycol (PEG).  The third step removes all but the lanthanides and actinides 

from the waste, and the last step separates TRU from the lanthanides.  Pu stays with 

the minor actinides and is no longer separated.172  Mixing Pu with the minor actinides 

not only makes Pu less attractive for making nuclear weapons but also raises the power 

output by having more fissionable materials such as the minor actinides.4 

Today, the main objective of reprocessing nuclear spent fuels is to better utilize U 

and Pu and to reduce demands on natural resources.  Since the motivation for utilizing 

IMF is for transmutation of Pu and minor actinides, which come from dismantled nuclear 

weapons and spent nuclear fuels, it is natural to design IMF as a multi-recycling type of 

fuel so that the unconsumed fissile materials can be recycled more than once.  Among 

those reprocessing techniques such as PUREX and UREX+1a, dissolution of spent 

nuclear fuels in aqueous solution is the head-end process.168  The research motivation 

in this chapter is to study the dissolution behavior of the potential IM materials in 

aqueous solutions as an evaluation for the feasibility of aqueous reprocessing.  The 

research objective is to understand the dissolution behavior and kinetics of the potential 

IM materials in acidic solutions.  The research goal is to find simple, effective, and 

economic methods and etchants that are capable of dissolving the potential IM 

materials. 
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6.2 Experimental Procedure 

6.2.1 Dissolution Test Setup 

Three dissolution methods were applied, including static dissolution, dynamic 

dissolution and ultrasonic dissolution.  The static dissolution tests were carried out in a 

250 ml beaker filled with 100 ml aqueous solution.  Samples were immersed in the 

solution with no agitation.  The dynamic dissolution tests were performed in 100 ml 

solution in a flask connected with a water cooled condenser.  To provide uniform heat 

and constant mechanical agitation, the flask and thermometer were immersed in a 

water bath heated on a hot plate and agitated by a magnetic bar in the solution.  The 

magnetic bar was usually stirring at a constant rate of 350 rpm.  In the ultrasonic 

dissolution tests, an ultrasonic bath with a capacity of 2.8 L and 40 kHz transducer 

(Fisher Scientific Mechanical Ultrasonic Cleaners, Model FS20H) was used, and the 

tests were carried out by positioning a 250 ml flask in the central top zone of the 

sonication bath at 60°C.  The ultrasound power was obtained calorimetrically by the 

temperature increase over the first 5 min using the following equation:173,174 

sm
dt
dTWPower ⋅⋅=)(  (6-1) 

where T is the temperature (K), t is time (s), m is mass of solution (g) and s is the 

specific heat of the solution (J/g⋅K). 

Solution samples of 0.3 ml were drawn from the beaker at certain time intervals 

using a micron pipette with an error in the range of 10%, and these samples were 

diluted to 12 ml solution by adding distilled water and stored in a 15 ml low alkali glass 

vial.  The ion concentrations in sample solutions were measured using inductively 

coupled plasma atomic emission spectroscopy (ICP-AES, Perkin-Elmer Plasma 3200).  
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Linear calibration was applied.  The standard solutions with different ion concentrations 

varying from 1 to 100 mg/L were measured to generate the linear intensity-

concentration relationship.  The calibration curves with R value greater than 0.99 were 

used.  The dissolved ion concentrations were calculated by multiplying the measured 

ion concentration, the dilution factor and the volume of solvent. 

In an attempt to dissolve pyrochlore Nd2Zr2O7, the dissolution tests were also 

performed using boiling concentrated H2SO4 in collaboration with Prof. Czerwinski in the 

Department of Chemistry and Harry Reid Center at the University of Nevada, Las Vegas.  

The tests were performed by his graduate student Kiel Holliday.  Samples were placed 

in concentrated sulfuric acid (200 ml) filled in a round bottom flask equipped with reflux 

condensers and heated to boiling using a heating mantle.   Sample solutions of 0.5 ml 

were taken periodically using glass Pasteur pipettes and diluted to 10 ml using DI water, 

and were then run through a Spectro Ciros ICP-AES to determine ion concentrations. 

6.2.2 Structural Characterization 

The microstructure and crystal structure of the composites were characterized using 

scanning electron microscopy (SEM) and X-ray diffraction (XRD).  The particle size and 

size distribution of dissolution residue were characterized using laser light scattering.  

The sample preparation for characterization and instrument specification are described 

previously in Chapter 3. 

6.3 Results and Discussion 

6.3.1 Dissolution of the MgO-Nd2Zr2O7 Composites in HNO3 

Since HNO3 is widely used in the current reprocessing techniques, the dissolution 

behavior of MgO-Nd2Zr2O7 composites in HNO3 was the initial focus of this study.  High 
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molarity of HNO3 (11 M) was selected for all tests to achieve high activity and 

dissolution rate.  The fraction of consumed H+ ions during dissolution was on the order 

of 10-3, suggesting that the dissolution reaction has a minimum effect on the pH.  The 

molarity of dissolved Mg2+ ions was always less than 0.1 mol/L, which is at least one 

order of magnitude lower than the saturation concentration (the solubility of Mg(NO3)2 is 

calculated to be 6.2 mol/L at 60°C175), indicating that the dissolution reaction did not 

reached equilibrium. 

6.3.1.1 Dynamic dissolution and dissolution rate of MgO 

Figure 6-1 shows the results of one test conducted at 60°C with magnetic bar stirring.  

The composite consisted of 70 vol% MgO with a density of 96 %.  It was found that only 

Mg2+ ions were leached out from the composite, and that no Nd3+ or Zr4+ ions were 

detected in solution. 
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Figure 6-1. Dynamic dissolution of the composite with 70 vol% of MgO in 11 M HNO3 

at 60°C.  The number of moles is normalized by the geometric area of MgO.  
For an explanation of the units utilized, see text. 
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As discussed previously in Chapter 2, the dissolution of metal oxides in aqueous 

solutions is a heterogeneous reaction, and the rate of reaction depends on the intrinsic 

mass transfer coefficient ks1, the surface area S, and the driving force of concentration 

difference (Ceq - C).  To compare the dissolution rates at different dissolution conditions, 

examining the initial rate where the solutions are far from equilibrium is a common 

approach.50,176  The dissolution rate is typically normalized by the surface area.  Since 

only MgO can be dissolved, the dissolution rate of MgO was normalized by its 

geometric area.  The geometric area of MgO was calculated by multiplying the MgO 

volume fraction and the total geometric area of the composite.  The calculation is based 

on the conclusion that the area fraction of one phase in a random 2-D section plane in a 

composite equals to its overall volume fraction.156  In Figure 6-1, the y-axis on the left 

shows the geometric area normalized ions in solution, which is converted into dissolved 

fraction shown on the right y-axis.  As the figure shows, the dissolution of MgO was 

completed after 25 h.  A linear relationship was found between the number of dissolved 

Mg2+ ions and the dissolution time at the beginning of dissolution, so the normalized 

dissolution rate (NDR) of MgO can be described by: 

dt
dC

A
VNDR
MgO

⋅=  (6-2) 

where V is equal to the volume of solvent, AMgO is the initial geometric area of MgO, and 

dC/dt is the change of the concentration as a function of time, which can be obtained by 

fitting the data using linear regression.  The calculated NDR for this test is 3.61 mol/m2⋅h.   

The temperature effect on the NDR of MgO was evaluated by conducting another 

dynamic test at room temperature around 20°C and comparing the results with the one 

obtained at 60°C.  It was found that the NDR of MgO increased by a factor of 36 as the 
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temperature increases from 20 to 60°C, indicating the temperature has great effect on 

the NDR of MgO. 

The dissolution of spherical particles in aqueous solutions can be associated with 

the well-known shrinking core models, and the rate controlling mechanism can be 

classified into liquid film diffusion, surface reaction and product layer diffusion.55  

However, the composite has a finite cylindrical shape and the dissolution is selective, 

which significantly complicates the model.  Since the pellet has a relatively large aspect 

ratio greater than 8 with diameter to thickness, the flat plate model can be used as an 

approximate for the initial dissolution of MgO because the initial change on the radial 

direction is not significant.  In the case of flat plate, the three mechanisms can be 

expressed as follows:55 

tkx F= , for film diffusion control (6-3) 
tkx D=2 , for product layer diffusion control (6-4) 

tkx S=  for surface reaction control (6-5) 

where x is dissolved fraction at time t and kF, kD, kS are apparent rate constants.  For 

the dynamic dissolution, the film diffusion can be eliminated due to strong stirring.177  

Therefore, the obtained linear relationship between the dissolved fraction and 

dissolution time indicates that dissolution of MgO is a surface reaction controlled 

process at this reaction condition. 

To obtain a better model for describing the dissolution behavior of MgO, the flat plate 

model was modified here, and a new model was proposed by taking into account the 

shrinkage on the radial direction.  By assuming that nitric acid penetrates at a constant 

rate from the outer surface of the composite to the interior and is able to dissolve MgO 
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completely at the penetration depth, the penetration rate p (or the rate of displacement 

of the interface), can then be calculated in this formula:50 

RMp
ρ

=  (6-6) 

where p is the penetration rate, M is the molecular mass of MgO, ρ is the density of 

MgO and R is the NDR of MgO.  For the same test conducted at 60°C, the penetration 

rate was calculated to be 40.3 μm/h.  The dissolution curve was then calculated based 

on this model and is plotted as a dashed line shown in Figure 6-1. 

6.3.1.2 Effect of porosity and MgO content 

Figure 6-2(A) compares the initial dissolution for the composites with densities varying 

from 88.2% to 95.5%.  It was found that, as expected, the NDR of MgO increased with 

sample porosity.  The surface area of MgO increases due to the presence of open 

porosity, and the closed porosity may become open porosity when the adjacent MgO 

grains are dissolved.  The pores also provide additional transport channels for the 

migration of protons and Mg2+ ions, so the penetration rate is expected to be increased 

with porosity. 

Figure 6-2(B) compares the initial dissolution curves for the composites with the same 

density but different MgO volume fraction from 40% to 70%.  It was found that the NDR 

of MgO increased with the volume fraction of MgO.  For a surface reaction controlled 

process, the dissolution rate was expected to be proportional to the surface area.  The 

geometric area was just the initial surface area, but the true surface area of MgO during 

dissolution was unknown.  It is anticipated that the dissolution reaction proceeds along 

connected MgO grains.  So the contiguity of MgO, which is defined as the fraction of the 

interface area of MgO that is shared by MgO, is an important determining factor for the 
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surface area of MgO during dissolution.156  As discussed previously in Chapter 5, the 

contiguity of MgO in the composites can be quantified using stereology described in 

Underwood’s book,156 and was found to increase from 0.14 to 0.42 as the volume 

fraction of MgO increases from 40% to 70%.  Therefore, higher contiguity of MgO may 

result in a larger surface area of MgO during dissolution and correspondingly a higher 

NDR of MgO, which is in agreement with the experiment. 
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Figure 6-2. Dissolution of MgO-Nd2Zr2O7 composites in HNO3. A) Effect of sample 
porosity on NDR of MgO, and B) effect of MgO volume fraction on NDR of 
MgO. 
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6.3.1.3 Characterization of the composites before and after dissolution 

The microstructural evolution of the composites tested with magnetic bar stirring was 

recorded and shown in Figure 6-3(A)-(C).  Figure 6-3(A) shows microstructure of a 

sintered composite with 60 vol% of MgO.  The dark grains are MgO and the light grains 

are Nd2Zr2O7.  Figure 6-3(B) shows a porous matrix which developed during dissolution.  

The developed porosity was a result of dissolution of MgO grains, and the 

interconnected pores served as transport channels for HNO3 to continue digesting the 

MgO grains inside the matrix.  Further magnetic bar stirring resulted in a complete 

disintegration of the porous matrix due to the constant mechanical agitation.  Figure 

6-3(C) shows the morphology of the dissolution residue collected at the end of the test, 

which consists of single grains and grain clusters.  The large grain clusters are shown 

as an inset at the upper right corner.  The particle size and size distribution of the 

residual powder are shown in Figure 6-3(D).  The dissolution residue had a broad size 

distribution primarily ranging from 1 to 100 μm.  The main peak between 1 and 10 μm 

corresponds to the size of single grains and small grain clusters.  The few minor peaks 

between 10 and 100 μm indicate that large grain clusters with size above 10 μm were 

also present in the residue.  The results are consistent with the SEM observation in 

general.  Even though HNO3 alone cannot completely dissolve the composite, 

disintegration of the undissolved porous matrix is a benefit for dissolution because the 

surface area of dissolvable phases is expected to increase, which leads to a higher 

dissolution rate and dissolved fraction. 
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Figure 6-3. Structural characterization. A) the composite with 60 vol% MgO, B) the 
porous matrix developed during dissolution, C) the dissolution residue, and 
D) particle size and size distribution of the dissolution residue. 

 

Figure 6-4 shows the XRD profiles for the surface of the composite, the surfaces of the 

porous matrix, and the dissolution residue.  By comparing these XRD profiles, it was 

concluded that the pyrochlore Nd2Zr2O7 remained intact during the whole dissolution, 

and all MgO has been dissolved.  The results confirm a selective dissolution of MgO, 

and there was no phase transformation for pyrochlore Nd2Zr2O7 after exposure to 11 M 

HNO3 at 60°C. 
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Figure 6-4. X-ray Diffraction profile of the sintered composite, surface of the porous 

matrix, and the residual powder collected from the flask after dissolution test. 
 

6.3.1.4 Static and ultrasonic dissolution 

The composites tested here were made from the same batch as those tested in the 

dynamic dissolution.  Figure 6-5(A) shows the results of the static dissolution test 

conducted at 60°C in 11 M HNO3.  It was found that only MgO can be dissolved, and 

the dissolution behavior was similar to the dynamic dissolution.  Without agitation, the 

porous pyrochlore matrix remained intact despite the dissolution of the MgO phase.  

The NDR of MgO was calculated to be 1.50 mol/m2⋅h, which is less than half of the NDR 

obtained from the dynamic dissolution, suggesting the mass transfer rate was lower in 
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the static dissolution, and the dissolution process was limited by film diffusion.  The 

calculated penetration rate was 16.0 μm/h.  The dissolution of MgO was not completed 

at the end of test, and the dissolved fraction reached about 90% and then leveled off.  

This could be a result of isolated MgO grains that have minimum connectivity to other 

MgO grains.  Dissolution of these MgO grains was limited by diffusion of reactants and 

products through Nd2Zr2O7 grain boundaries, which was a much slower process 

compared with the dissolution reaction.  By contrast, magnetic bar stirring provided 

additional mechanical force to disintegrate the porous matrix and break the clusters 

apart, resulting in a completed dissolution of MgO. 
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Figure 6-5. Dissolution of the MgO-Nd2Zr2O7 composites 11 M HNO3 at 60°C. A) Static 
dissolution and B) ultrasonic dissolution. 

 

It has been found that ultrasound can accelerate dissolution of metal oxides in 

aqueous solutions and trigger reactions that do not occur at normal conditions.178,179  

Studies show there are two main effects: one is mechanical effect that can increase 

mass transfer rate, surface area, and driving force; the other one is chemical effect that 

initiate reactions caused by formed reactive free radicals.173,180,181  The preliminary 
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ultrasonic dissolution test was an attempt to dissolve Nd2Zr2O7 and further increase 

NDR of MgO in HNO3.  The ultrasonic power was measured and the value was 10.3 ± 

1.0 W/s.  The ultrasound was applied for the first 8 h and then turned off, but the 

dissolution test continued at a static condition.  Figure 6-5(B) shows the results of the 

ultrasonic dissolution conducted at 60°C in 11 M HNO3.  The obtained NDR of MgO was 

1.8 mol/m2⋅h, which is comparable to the static dissolution but much lower than the 

dynamic dissolution.  Nd2Zr2O7 did not dissolve, indicating that ultrasound had no 

chemical effect on dissolving Nd2Zr2O7 at this reaction condition.  The inefficiency of 

ultrasonic dissolution of MgO was probably due to the large sample size compared with 

cavitation bubbles.  The microstreaming effect is efficient when the size of reactant is 

comparable to the cavitation bubbles, which are typically in the micron range (at 20 kHz, 

the critical size is ~170 μm in diameter).182  Asymmetric implosion of cavitation bubbles 

on a large surface produces microjets that erode the surface and create active sites, 

which can also enhance the dissolution rate.173  Nevertheless, MgO underwent dramatic 

surface reconstruction immediately when exposed to aqueous solutions, and the active 

sites might be already saturated before ultrasound is applied.183  It is worth noting that 

the ultrasonic effects depends on the ambient conditions of the reaction system.173  

More reaction conditions such as variant reaction temperatures, different sample sizes, 

and whether agitation is applied, should be tested to fully evaluate the ultrasonic effects 

on dissolution of the composites in HNO3. 

6.3.2 Dissolution the MgO-Nd2Zr2O7 Composites in H2SO4 

The dissolution of MgO-Nd2Zr2O7 composite in H2SO4 was first conducted in 7.9 M 

H2SO4 at 60°C with magnetic bar stirring in the electroceramics processing lab at the 
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University of Florida, and the results are plotted in Figure 6-6(A).  The results show 

similar dissolution behavior and comparable NDR of MgO as to the dynamic dissolution 

in HNO3. 
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Figure 6-6. Dissolution of the composites in H2SO4. A) 70 vol% of MgO composite in 
7.9 M H2SO4 at 60°C, and B) 50 vol% of MgO composite in the boiling 
concentrated H2SO4. 
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In an attempt to dissolve pyrochlore Nd2Zr2O7, the dissolution tests were carried out 

in boiling concentrated H2SO4 and the results are plotted in Figure 6-6(B).  The y-axis 

shows the concentration of the three ions in solution.  The obtained results indicate that 

both MgO and Nd2Zr2O7 can be dissolved in boiling concentrated H2SO4.  The ability to 

dissolve Nd2Zr2O7 can be attributed to the presence of strong nucleophile (SO4)2- in 

concentrated H2SO4.  The results indicate that the nucleophilic attack by (SO4)2- on the 

cation sites in pyrochlore Nd2Zr2O7 is effective and also efficient at the boiling point of 

H2SO4.  It is worth noting that dissolution of MgO-Nd2Zr2O7 composites in concentrated 

H2SO4 at room temperature didn’t lead to a noticeable dissolution of Nd2Zr2O7, which 

was probably hindered by kinetics factors.  Therefore, the concentration of H2SO4 and 

reaction temperature both play important roles in dissolving Nd2Zr2O7.  The dissolution 

of Nd3+ and Mg2+ reached equilibrium and neither of them was completely dissolved, 

indicating their solubility in concentrated H2SO4 was limited.  The fraction of dissolved 

Mg2+ and Nd3+ were calculated to be 72.9% and 91.8% respectively for a 0.4 g 

composite with 50 vol% of MgO in 200 ml concentrated H2SO4 at its boiling temperature 

around 338°C.  The dissolution of Mg2+ and Nd3+ followed first order kinetics and the 

data points were fitted using first order equation as below: 

))exp(1( ktCC eq −−=  (6-7) 
  

where C is the concentration of ions in solution, t is dissolution time, Ceq is the 

equilibrium concentration, and k is the reaction constant indicating how fast the reaction 

reaches equilibrium.  The reaction constant k and equilibrium constant Ceq were 

obtained from the fit at the boiling point of H2SO4 and are shown in Figure 6-6(B).  The 

reaction constant for Nd3+ and Mg2+ were calculated to be 0.0220 ± 0.0039 h-1 and 
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0.0259 ± 0.0014 h-1, and the equilibrium concentrations of Nd3+ and Mg2+ in solution 

were determined to be 0.0041 ± 0.0003 mol/L and 0.0133 ± 0.0003 mol/L.  It was 

observed that the dissolution rate of Nd3+ was nearly twice as that of Zr4+ at the first 20 

h, suggesting that Nd2Zr2O7 dissolved non-stoichiometrically in boiling concentrated 

H2SO4 and it was incongruent dissolution.  Moreover, dissolution of Zr did not follow the 

same kinetics.  The dissolved Zr was first suspended as colloids in solution through the 

dissolution of Nd3+ from the pyrochlore.  As the colloids polymerized they precipitated 

out of solution leaving an insoluble compound at the bottom of the flask.  This was due 

to the low solubility of the Zr in concentrated H2SO4.  By constantly removing dissolution 

products from the solution, the dissolution reaction can be maintained until desired 

dissolution fraction is achieved.  Therefore, it is possible to dissolve the whole 

composite in boiling concentrated H2SO4, thus eliminating the undesirable use of 

hydrofluoric acid (HF).  Nevertheless, additional steps are required to transfer materials 

from H2SO4 to HNO3, which may increase the complexity and cost of the process. 

6.3.3 Dissolution of Mg2SnO4 in HNO3 

In order to study the aqueous dissolution behavior of Mg2SnO4, dissolution tests 

were conducted for Mg2SnO4 pellets in 11 M HNO3 at 60 °C.  Figure 6-7 shows the 

results of one dissolution test.  As shown in the figure, Mg2+ could be leached out and 

completely dissolved in HNO3, but the solubility of Sn4+ ions was very limited.  The 

molarity of Sn4+ ions in solution at the end of test was less than 2 × 10-3 mol/L. 
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Figure 6-7. Dissolution of Mg2SnO4 in 11 M HNO3 at 60°C with magnetic bar stirring. 
 

The microstructure evolution of Mg2SnO4 after exposure to HNO3 was characterized 

by SEM and two SEM images are shown in Figure 6-8(A)-(B).  Figure 6-8(A) shows the 

morphology of a partially dissolved surface where some of the grains were not attacked.  

EDS analysis was performed on the white precipitates, and the semi-quantitative results 

indicate that they were Mg-depleted regions but rich in Sn.  Figure 6-8(B) shows an 

SEM image of a completely dissolved surface, where EDS was performed and the 

spectra is shown in Figure 6-8(C).  Except oxygen and carbon, which came from the 

conductive coating, only Sn was detected and no Mg peak showed in the spectrum.  

The results were in agreement with the ICP measurement, and the morphology was 

similar to the white precipitates shown on the partially dissolved surface. 
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Figure 6-8. Microstructure and chemical analysis of dissolved Mg2SnO4. A) Partial 
dissolved surface, B) completely dissolved surface and C) EDS spectra 
collected from image B. 

 

The dissolution caused porosity to increase, and consequently lowered the 

mechanical strength of the pellet.  Because of the constantly mechanical agitation by 

magnetic bar stirring, the pellet was completely disintegrated and became powder after 

~7 days agitation in HNO3.  The residual powder was collected after the dissolution test, 

washed with DI water and dried in an oven at 120°C for 10-15 min.  Figure 6-9(A) 

shows an SEM picture of the residual powder collected after the dissolution.  The 
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particle size of the powder was measured by laser light scattering and the results are 

plotted in Figure 6-9 (B).  The multiple peaks indicate that the residual powder consisted 

of large number of submicron particles as well as large particles that were above 100 

μm.  In order to characterize the crystal structure of the undissolved substance, XRD 

was performed on the residual powder and was compared with the XRD spectra for the 

sintered Mg2SnO4 as shown in Figure 6-9(C).  The strong background of the XRD 

pattern suggests that there was a considerable amount of glassy non-crystalline 

substance formed in the residual powder.  None of the spinel peaks showed on the 

pattern for the dissolution residual, which indicates that the spinel crystal structure was 

completely destroyed by nitric acid.  The new peaks were identified as the SnO2 phase 

by comparing with the PDF card #41-1445, implying that SnO2 phase was formed 

during the dissolution.  The crystallize size was determined by broadening of the XRD 

peaks using the Scherrer’s formula that is expressed below,184 

θ
λ

cos
9.0

B
t =  (6-8) 

where t is the crystallite size (Å),  λ is the wave length of the X-rays (1.54056 Å), θ is the 

Bragg’s angle, and B is the full-width at half-maximum measured in radians.  The 

calculation was performed based on the peak (211), and the calculated crystallize size 

is ~3 nm.  The instrument broadening and broadening caused by temperature or strain 

effects were not considered here, so the calculated crystalline size was merely an 

estimate.  The crystallinity and crystallite size can be further investigated and confirmed 

using high resolution TEM. 
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Figure 6-9. Characterization of dissolution residue.  A) SEM image of the dissolution 
residue, B) particle size distribution of the dissolution residue, C) XRD 
profiles of the Mg2SnO4 pellet and the dissolution residue. 

 

Theoretically, SnO2 can be formed by either lattice reaction or nucleation after 

dissolution.  The SnO2 particles in the nanometer range detected by laser scattering 

shown in Figure 6-9(B) may be a result of dissolution followed by precipitation, which is 

similar to the decomposition of Mg2SnO4 in water at 300°C.  Nevertheless, one should 
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not expect substantial amorphous material formed in the dissolution residue if SnO2 is 

formed by dissolution and precipitation.  The formation of the amorphous material was 

probably due to an incongruent dissolution of Mg2SnO4 in HNO3, and that the 

dissolution of Mg2+ was faster than dissolution of Sn4+.  When Mg2+ ions were leached 

out from their lattice sites, the spinel structure was destroyed and the undissolved Sn-

containing matrix tended to form crystalline SnO2, which is thermodynamically more 

stable than amorphous SnO2.  The crystalline SnO2 has a rutile structure and a same 

coordination number for Sn as Mg2SnO4 (CN=6), which could reconcile such 

transformation.  Since the reaction was conducted at 60°C, it was mostly likely that the 

transformation was hindered by kinetics factors, and thus large amount of glassy 

substance was left behind.  The dissolution reaction of Mg2SnO4 in HNO3 was proposed 

as the equation shown below: 

)(2)()(2)(4)( 22
2

42 aqOHsSnOaqMgaqHsSnOMg ++→+ ++  (6-9) 

Based on the observations discussed above, it was concluded that dissolution of 

Mg2SnO4 in 11 M HNO3 at 60°C with magnetic bar stirring resulted in a selective 

dissolution of Mg2+, and the undissolved substance formed SnO2 in either an 

amorphous phase or a nano crystalline phase.  It is worth noting that SnO2 is difficult to 

dissolve in aqueous solutions and would require using hydrobromic acid (HBr).185  

However, HBr is a toxic etchant and thus unlikely to be implemented in the current 

reprocessing scheme.  Nevertheless, it is unclear right now that whether a completed 

dissolution of Mg2SnO4 is necessary in order to fully dissolve the materials of interest 

such U, Pu and minor actinides.  Further investigation on dissolution of Pu (or 
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surrogate)-bearing inert matrix is needed to determine the effects of selective leaching 

of Mg2+ on dissolution of Pu. 

6.4 Summary and Conclusions 

In order to evaluate the feasibility of aqueous reprocessing the potential IM materials, 

the dissolution behavior of the MgO-Nd2Zr2O7 composites and Mg2SnO4 in acidic 

solutions was investigated. 

The dissolution behavior of the MgO-Nd2Zr2O7 composites was studied in HNO3 and 

H2SO4 at different conditions.  It was shown that MgO was able to be dissolved in 11 M 

HNO3 and 7.9 M H2SO4 at 60°C, but Nd2Zr2O7 was insoluble.  The NDR of MgO 

depended on the MgO volume fraction, sample porosity, dissolution temperature, and 

agitation methods.  Magnetic bar stirring was an efficient agitation method to accelerate 

dissolution process and disintegrate the undissolved Nd2Zr2O7 porous matrix into 

residual powder.  The NDR value was determined to be 3.6 mol/m2⋅h for the dynamic 

dissolution, which corresponded to a penetration rate of ~40 μm/h.  Both MgO and 

pyrochlore Nd2Zr2O7 were able to be dissolved in boiling concentrated H2SO4, but the 

solubility of Mg2+, Nd3+ and Zr4+ were limited compared within aqueous solutions.  The 

dissolution of Mg2+ and Nd3+ followed first order kinetics, but Zr4+ precipitated out due to 

low solubility in concentrated H2SO4.  The reaction constant for Nd3+ and Mg2+ were 

calculated to be 0.0220 ± 0.0039 h-1 and 0.0259 ± 0.0014 h-1, and the equilibrium 

concentrations of Nd3+ and Mg2+ in solution were determined to be 0.0041 ± 0.0003 

mol/L and 0.0133 ± 0.0003 mol/L.  By constantly removing dissolution product, it is 

possible to dissolve the whole composite in boiling concentrated H2SO4.  The 

dissolution behavior of the MgO-Nd2Zr2O7 composites in acidic solutions suggests that 
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aqueous reprocessing is possible for this inert matrix material, but may require using 

boiling concentrated H2SO4 and additional steps to transfer materials from H2SO4 to 

HNO3. 

The dissolution behavior of Mg2SnO4 was studied in 11 M HNO3 at 60°C.  It was an 

incongruent dissolution with selectively leaching Mg2+ from the matrix.  Sn was not able 

to dissolve but formed amorphous or nano crystalline SnO2.  Other acid such as HBr is 

needed to dissolve SnO2 but unlikely to be utilized in reprocessing due to its toxicity and 

corrosiveness. 

The dissolution behavior of the MgO-Nd2Zr2O7 composites and spinel Mg2SnO4 in 

acidic solutions suggests that aqueous reprocessing may be feasible for the potential 

inert matrix materials, but additional steps such as changing acids would be needed. 
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CHAPTER 7  
REACTOR TESTING 

7.1 Introduction 

As discussed in Chapter 1, the performance of nuclear fuel materials can be better 

assessed by doing reactor irradiation tests.  Compared with other irradiation techniques, 

neutron irradiation in thermal reactors offers several advantages as listed below: 

1. Irradiation induced damages can be achieved homogeneously in bulk specimens, 
making it easier to measure physical property changes such as thermal diffusivity and 
macroscopic swelling.2 

 
2. Some transmutation damages can be characterized such as the generation of α-

particles by (n, α) reactions due to fast neutron irradiation.186 
 
3. If fission or fissile nuclides are incorporated, the fission fragments damage can be 

characterized. 
 
4. Since radiation induced damage is usually sensitive to damage production rate, reactor 

tests can provide the most representative irradiation condition compared to other 
irradiation techniques such as accelerated charged-particle irradiation using 
accelerators. 

 
Due to these merits of neutron irradiation, reactor testing of the potential IM materials is 

highly desirable.  In April 2007, the U.S. Department of Energy (DOE) designated the 

Advanced Test Reactor (ATR) at the Idaho National Laboratory (INL) as a National 

Scientific User Facility (NSUF), which offers great opportunities to conduct reactor testing.  

In an effort to evaluate irradiation behavior of the potential IM materials in a test reactor, a 

proposal for conducting irradiation tests in the ATR was drafted by the author with guidance 

from his advisor who served as the principle investigator of the project at UF.  The proposal 

was submitted by his advisor and was awarded by the ATR-NSUF. 

Performing irradiation tests in test reactors is a great effort, and the preparation process 

itself can be a long term project, which may last one or a few years depending on the type 
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of experiment.  Involvement in the whole preparation process is a rewarding and valuable 

research experience.  Since it is an on-going project, experimental results are not the focus 

in this chapter.  Instead, the preparation process for the irradiation test is presented in brief 

and the internship activities are summarized in the end. 

7.2 Objectives 

The main objective is to study the irradiation behavior of the potential IM materials in a 

real reactor environment.  Research is going to be focused on a systemic investigation of 

irradiation induced structural evolution and thermophysical properties changes.  The 

irradiation tests will be conducted at two temperatures (nominally 200 °C or the available 

lowest temperature and ~700 °C or the highest temperature) and two dose accumulations 

(nominally 1 dpa and 2 dpa).  The effects of temperature and radiation dose on materials 

properties will be determined. 

7.3 Description of the Process 

Figure 7-1 shows the flowchart of the overall experiment process.  As mentioned earlier in 

this chapter, this is an on-going project.  From the proposal submission to the final 

characterization and discharge of irradiated samples, the whole process takes more than 

two and half years.  Following the flowchart shown in Figure 7-1, the completed work is 

summarized here. 

The process started with proposal preparation.  After the proposed was awarded to 

conduct irradiation test in the ATR, a project schedule was developed under a joint effort 

with INL staff, including the ATR-NSUF interim director Mitchell K. Meyer, the ATR 

irradiation testing manager Frances M. Marshall, the project manager Julie A Foster, the 
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ATR hardware specialist Gregg W. Wachs, and the INL principle investigator Pavel G. 

Medvedev. 

 
Figure 7-1. Roadmap for experiment irradiation.58 
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Detailed experiment specifications were determined, such as neutron energy, total 

fluence, temperature, and heating rate.  Based on the specified irradiation conditions and 

position availability of the ATR, the position B-1 was assigned for the experiment.  The next 

important step was developing the irradiation test plan.  In the test plan, the experiment 

conditions were clearly defined, such as irradiation position, temperature, and target 

neutron dose.  In order to maximum the usage of the space in the ATR, the existing 

capsule was modified to accommodate more test conditions such as radiation temperature 

and dose.  The conceptual hardware design was documented in the irradiation test plan, 

serving as the basis for technical drawings and fabrication.  Here the hardware was 

referred to irradiation test vehicles which include holders, capsules, baskets, and all other 

components for holding and positioning target materials.  In Appendix B, the conceptual 

hardware design is described in detail.  Based on the experiment configuration defined in 

the irradiation test plan, the safety analyses such as neutron, thermal, and structural 

analysis were subsequently performed.  The neutron analysis was performed by neutron 

analyst James R. Parry and Joseph W. Nielsen.  The thermal and safety analysis was 

performed by the author under guidance of the thermo hydraulic analyst Paul E. Murray.  

Appendix C presents a detailed thermal analysis and safety evaluation.  In the meanwhile, 

the supporting hardware such as specimen holders and capsules was fabricated at INL, 

and the target materials were fabricated at the University of Florida by the UF student 

Donald T. Moore in Nino Research Group (NRG).  The safety document, experiment safety 

assurance package (ESAP), was developed by the nuclear safety analyst Tamara. E. 

Shokes to address safety basis requirements.  Specimen loading was performed at INL by 

the UF student Donald T. Moore, INL principle investigator Pavel G. Medvedev, hardware 
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specialist Gregg W. Wachs and other INL technical supporting staff.  The sealed capsules 

were tested to ensure no leaks or mechanical flaws, and were then loaded into an 

aluminum sleeve and basket, packed, transported to the ATR for insertion. 

The present and future work of this project is briefly summarized here.  As-run neutron 

analysis will be performed to provide the information of the actual irradiation conditions.  

After the desired radiation dose is achieved, the capsules will be removed from the ATR 

and stored in canal until they can be safely handled for transportation.  Once the capsules 

can be safely handled, they will be transport to the hot cell and dissembled.  The post 

irradiation examination will be performed with INL experts and the PIE report will be 

compiled.  The activated capsules, targets and all other materials will be properly disposed. 

7.4 Summary of Internship Activities 

Some of the internship activities and involvement at INL are listed below: 

1. developing and delivering the irradiation test plan under Dr. Medvedev’s guidance 
2. designing hardware with Mr. Wachs’ assistance 
3. performing thermal analysis using Abaqus model under Dr. Murray’s guidance 
4. developing and delivering the thermal and safety analysis report. 
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CHAPTER 8  
SUMMARY AND FUTURE WORK 

8.1 Summary 

There is an increasing inventory of radioactive nuclear waste from both spent 

nuclear fuel and weapon programs, such as Pu and minor actinides.  In order to reduce 

the current stock of Pu and other transuranium elements and to provide electricity, IMF 

has been proposed for a uranium free transmutation of fissile actinides which excludes 

continuous U-Pu conversion in nuclear reactors.  There are several requirements for 

candidate IM materials that include high melting point (> 2173 K), low thermal neutron 

adsorption cross section (< 2.7 barns), minimum solubility in coolant, adequate thermal 

conductivity (≥ UO2) and good radiation stability.  Based on literature survey, the MgO-

Nd2Zr2O7 composites and the spinel Mg2SnO4 were selected as potential IM materials 

for the present study. 

The selected potential IM materials were successfully fabricated through 

conventional solid state processing.  Pyrochlore Nd2Zr2O7 was synthesized through the 

conventional solid state processing and the sol-gel processing.  The calcination 

temperature for the sol-gel derived Nd2Zr2O7 powder was 1200°C, which was ~150°C 

lower than the solid state derived Nd2Zr2O7 powder.  The sol-gel processing can 

significantly reduce the main particle size from a few microns down to a few hundred 

nanometers, however, some particles aggregated and grew as large as microns.  To 

form composites, three mixing methods were used which were mortar and pestle mixing, 

water magnetic bar stirring, and ball milling.  Distinct microstructures of the composites 
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were obtained from the three mixing methods.  The ball milling produced a relatively 

homogeneous microstructure compared with the other two processing methods. 

The spinel phase of Mg2SnO4 was achieved by calcination of ball milled MgO and 

SnO2 powder mixture in the stoichiometric ratio at 1200°C for 12 h.  Rietveld refinement 

was performed for spinel Mg2SnO4, and the obtained lattice parameter (a) and oxygen 

dilation parameter (u) were 8.6065(4) and 0.3834(4) Å.  The electrostatic potential 

calculation suggests that Mg2SnO4 has an ordered inverse spinel structure; however, 

the thermodynamic calculations suggest that the B type cations are randomly mixed and 

disordered.  The calculated GII for Mg2SnO4 was determined to be 0.15, indicating that 

the structure is stable, even though combined with some lattice strain. 

The first evaluation of the potential IM materials was irradiation tolerance.  A 

preliminary study was conducted to evaluate the resistance of Mg2SnO4 to radiation 

induced amorphization.  The in situ irradiation tests were performed using IVEM-

Tandem facility at ANL.  Samples were irradiated with 1.0 MeV Kr2+ ions at 50 K and 

150 K to a maximum fluence of 5 × 1019 Kr ions/m2 and 1020 Kr ions/m2, respectively.  

Microstructure and crystal structure evolutions were monitored and recorded by BF 

images and SAED patterns.  The amorphization doses for Mg2SnO4 irradiated by 1.0 

MeV Kr2+ ions at 50 K and 150 K were determined to be 5 × 1019 Kr ions/m2 and 1020 Kr 

ions/m2, which corresponded to an atomic displacement of 5.5 dpa and 11.0 dpa, 

respectively.  Thermal annealing at room temperature was efficient for Mg2SnO4 to 

restore its crystallinity from the amorphous phase irradiated at 50 K.  The electronic 

stopping power exceeded the nuclear stopping power except the end of range of ions, 

but is only ~1.5 keV/nm.  This suggests that the irradiation induced amorphization by 1 
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MeV Kr2+ in Mg2SnO4 was mainly due to ballistic displacement damage and defect 

accumulation.  Mg2SnO4 shows less irradiation resistance compared with MgAl2O4 

against atomic displacement damage, which can be attributed to its inverse structure, 

higher covalency of the <Sn-O> bond, larger ionic size and charge difference between 

Mg2+ and Sn4+. 

The second evaluation in this work was water corrosion resistance.  The corrosion 

behavior of the MgO-Nd2Zr2O7 composites in hydrothermal conditions was studied.  It 

was found that the corrosion resistance depended on microstructural homogeneity.  The 

inhomogeneous composites made by mortar and pestle mixing and water magnetic bar 

stirring dissolved quickly in water at 300°C showing no improvement over pure MgO.  

The homogeneous composites made by ball milling exhibited improved hydration 

resistance and the corrosion was primarily limited to the surface region. 

Due to the improved hydration resistance of the homogeneous composites, the ball 

milling produced composites were further investigated.  The microstructure of the 

composites made by ball milling was analyzed in terms of MgO and Nd2Zr2O7 grain 

sizes, MgO contiguity and homogeneity.  It was found the contiguity of the MgO phase 

in the composites increased from 0.14 to 0.42 with the volume fraction of MgO 

increasing from 40% to 70%.  The dispersion of MgO became less homogeneous as the 

MgO volume fraction increased from 40 vol% to 70 vol% probably due to coarsening of 

MgO grains.  The average grain size of MgO increased with the volume fraction of MgO 

while the average grain size of Nd2Zr2O7 remained relatively constant. 

The mass loss of MgO-Nd2Zr2O7 composites was due to hydration of MgO.  A linear 

relationship was found between the NML and the corrosion time.  The NML rate 
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increased with MgO volume fraction which can be attributed to the contiguity of MgO 

and hydration induced surface destruction.  The NML rate also increased with corrosion 

temperature from 150 to 300°C and it followed an Arrhenius relationship.  The activation 

energy was calculated to be ~39-41 kJ/mol.  It can be inferred that a desired 

microstructure with enhanced corrosion resistance should have minimum contiguity of 

MgO, good homogeneity, and large MgO grain size (minimizing grain boundaries). 

Mg2SnO4 was not stable in water at 300°C and saturation pressure.  Both Mg2+ and 

Sn4+ were leached out from the matrix and precipitate out as Mg(OH)2 and SnO2.  

However, the dissolution of Mg2SnO4 in water at 300°C was a slow process and 

probably hindered by the formed hydration products on the corroded surface.  As a 

result, the corrosion was limited only to the sample surface, and the mass and volume 

changes were less than 1% up to 30 days.  The results indicate that single phase 

Mg2SnO4 exhibited much higher hydration resistance than the MgO-Nd2Zr2O7 

composites. 

The third evaluation was aqueous reprocessing feasibility.  The dissolution behavior 

of the MgO-Nd2Zr2O7 composites was studied in HNO3 and H2SO4 at different 

conditions.  It was found that MgO was able to be dissolved in 11 M HNO3 and 7.9 M 

H2SO4 at 60°C, but Nd2Zr2O7 was insoluble.  The NDR of MgO depended on the MgO 

volume fraction, sample porosity, dissolution temperature, and agitation methods.  

Magnetic bar stirring was effective to accelerate dissolution process and disintegrate the 

undissolved Nd2Zr2O7 porous matrix into residual powder.  A completed dissolution of 

MgO was achieved with magnetic bar stirring.  It could be inferred that soluble species 

in the composites such as U and Pu are able to be fully dissolved in agitated HNO3 in a 
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similar way as to MgO.  Both MgO and pyrochlore Nd2Zr2O7 were able to dissolve in 

boiling concentrated H2SO4, but the solubility of Mg2+, Nd3+ and Zr4+ were limited 

compared within aqueous solutions.  The dissolution of Mg2+ and Nd3+ followed first 

order kinetics, but Zr4+ precipitated out due to low solubility in concentrated H2SO4.  By 

constantly removing dissolution products, it is possible to dissolve the whole composite 

in boiling concentrated H2SO4.  The dissolution behavior of the MgO-Nd2Zr2O7 

composites in acidic solutions suggests that aqueous reprocessing is possible for this 

inert matrix material, but may require using boiling concentrated H2SO4 and additional 

steps to transfer materials from H2SO4 to HNO3. 

The dissolution behavior of Mg2SnO4 was studied in 11 M HNO3 at 60°C.  It was 

found that it was an incongruent dissolution with selectively leaching Mg2+ from the 

matrix.  Sn was not able to dissolve in HNO3 but formed amorphous or nano crystalline 

SnO2.  Dissolution of SnO2 requires using HBr which is unlikely to be utilized in 

reprocessing due to its toxicity and corrosiveness.  Similar to the MgO-Nd2Zr2O7 

composites, the dissolution behavior of spinel Mg2SnO4 in HNO3 suggests that aqueous 

reprocessing may be feasible, but additional steps such as changing acids would be 

needed. 

Final evaluation will be performed after irradiating the potential IM materials in the 

ATR.  Target materials were inserted into the reactor and will be irradiated to 1 and 2 

dpa at ~350 and ~700°C, respectively.  The PIE will start in 2010, and will be performed 

by a different NRG member focusing on radiation induced modifications of the potential 

IM materials, such as thermophysical properties changes, structural and microstructural 

evolution, and volumetric swelling.  It is envisioned that a better understanding of the 
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irradiation behavior of the potential IM materials can be achieved by performing reactor 

irradiation tests. 

8.2 Future work 

8.2.1 Processing and Water Corrosion Resistance 

It was observed that the hydrothermal corrosion resistance of MgO-Nd2Zr2O7 

composites was microstructural dependent.  The corrosion resistance can be further 

improved by minimizing MgO aggregates, reducing MgO contiguity, and enlarging MgO 

grain size.  Ball milling is able to produce homogeneous microstructure, but it limits the 

grain size of MgO due to particle size reduction by mechanical grinding.  Sintering at a 

higher temperature (i.e. 1700°C) and extending sintering time may lead to grain growth 

and result in large grain size.  One way to produce a homogeneous microstructure with 

minimum contiguity of MgO has been described previously in Chapter 5, which is to 

compact and sinter Nd2Zr2O7-coated MgO particles.  The desired microstructure was 

not able to be produced through the coprecipitation and gel-casting methods.  Chemical 

vapor deposition (CVD) may be used to produce the Nd2Zr2O7-coated MgO particles 

and achieved completed coating, but the cost of production increases and the coating 

thickness may be limited due to the slow production rate. 

8.2.2 Radiation Tolerance 

Due to the high operating temperature of nuclear fuels (average ~700-900°C, but 

center peak value may reach 1200°C or even higher), effect of dynamic thermal 

annealing at this temperature range becomes important.  Even though amorphization 

may not occur, materials could undergo significantly structural evolution.  They may 

contain large number of defects, form nano crystalline aggregates187, or even 
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decompose into other phases13.  The undesirable behavior could result in significant 

swelling and catastrophic material failure.  Therefore, high temperature irradiation tests 

should be performed for the potential IM materials.  Moreover, the irradiation behavior of 

Mg2SnO4 under electronic stopping regime is still unknown.  To further evaluate the 

irradiation stability of Mg2SnO4, irradiation tests should be conducted using swift heavy 

ions to simulate fission fragment effects.  A side-by-side comparison should be made 

between the MgAl2O4 and Mg2SnO4.  The transmutation damage caused by neutron 

irradiation should also be characterized. 

As a step forward, a systematic study on radiation tolerance of spinel materials 

should be conducted.  Series of spinel compounds should be investigated and 

contrasted in order to fully understand the irradiation damage mechanisms in spinel 

compounds especially in the electronic stopping regime.  The potential spinel 

compounds described in the material selection section in Chapter 3 should be the focus.  

An in-pile irradiation testing is much desirable. 

8.2.3 Aqueous Reprocessing 

It was shown that dissolution in HNO3 alone resulted in a selective dissolution for 

both the MgO-Nd2Zr2O7 composites and spinel Mg2SnO4.  Even though it is possible to 

completely dissolve the two potential IM materials in other acids such as concentrated 

H2SO4 at boiling and HBr, changing acids require additional steps associated with 

increased processing cost, but may not be necessary for reprocessing.  Providing 

adequate mechanical agitation, other soluble materials of interest may dissolve 

completely similar to Mg2+ in a reasonable time frame.  However, in order to validate it, 

Pu-bearing or U-bearing (or surrogate) IM materials should be fabricated and the 
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dissolution behavior in HNO3 should be characterized.  To simulate fission fragments, 

the IM materials can be doped with Cs, Sr or other fission products of interest and 

tested for dissolution.  If breaking down the insoluble materials into powder is not 

effective to fully dissolve fissile materials or interested fission products, then changing 

acids becomes a necessary step for aqueous reprocessing the IMFs. 

8.2.4 Reactor Testing and Post Irradiation Examination (PIE) 

The PIE for the irradiated potential IM materials taken out from the ATR will start in 

2010. The main focus in the PIE is to investigate radiation induced thermophysical 

properties changes and structural evolution.  The macroscopic response of the 

materials to neutron irradiation such as volumetric changes will be quantified and 

correlated to microscopic features observed in electron microscopes such as defects 

and defect clusters.  Effects of radiation dose and temperature on the radiation damage 

in the potential IM materials will be evaluated. 

8.2.5 Other In-service Engineering Parameters for Potential IM Materials 

Irradiation tolerance, water corrosion resistance, and aqueous dissolution capability 

are the three main in-service engineering parameters that have been characterized for 

the potential IM materials in the present study.  As mentioned above, the thermal 

conductivity of these materials after irradiation will be characterized in the PIE.  It is 

worth noting that several other in-service engineering parameters have not been 

considered here, but they are equally important, such as the chemical compatibility with 

cladding, in-pile irradiation behavior (fissile materials contained experiment), chemical 

stability with fission products, and fission gas solubility and retention.  The exact melting 

temperature for Mg2SnO4 should be determined.  The safety margin for the potential 
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IMFs should be evaluated using finite element software such as Abaqus to predict the 

fuel temperatures at normal and transient conditions based on the determined 

thermophysical properties (melting point, specific heat, and thermal conductivity). 
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APPENDIX A  
NEUTRONIC PROPERTIES OF POTENTIAL IM MATERIALS 

A.1 Introduction 

The effect of the additives absorption cross section on the reactivity of the fuel 

element needs to be examined for IM materials.  These calculations establish the 

acceptability of a material from a nuclear reactivity standpoint.  The calculation can be 

performed using the computer codes, such as CASMO-3 code, MCNP code, ORIGIN 2 

code, and MONTEBURNS code. 

The CASMO-3 Code is a fuel assembly burnup program developed by Studsvik of 

America Inc.  It is a multi-group, two-dimensional transport theory code for burnup 

calculations on BWR and PWR assemblies or simple pin cells.  The code handles a 

geometry consisting of cylindrical fuel rods of varying composition in a square pitch 

array with allowance for fuel rods loaded with gadolinium, burnable absorber rods, 

cluster control rods, in-core instrument channels, water gaps, boron steel curtains and 

cruciform control rods in the regions separating fuel assemblies. 

The MCNP stands for Monte Carlo N-Particle Transport.  It is a particle transport 

code for neutrons and photons created by Los Alamos National Laboratory and 

distributed by the Radiation Safety Information Computational Center (RSICC) in Oak 

Ridge, Tennessee.  It uses the Monte Carlo technique to generate a statistical history 

for a particle based on random samples from probability distributions.  It can be used as 

a stand alone code for single step modeling to get a point in time analysis of flux, 

energy deposition, or criticality.  It can also be used in conjunction with ORIGEN 2 

inside MONTEBURNS in depletion calculations. 
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The ORIGEN 2 code is another RSICC code package that computes decay and 

isotope depletion information for irradiated materials.  The code considers time-

dependent formulation, destruction, and decay concurrently.  The input file for ORIGEN 

2 should include the following information: (1) chemical composition and amount of 

material, (2) one-group microscopic cross-sections for each isotope, (3) material feed 

and removal rates, (4) length of irradiation period, and (5) the flux or power of the 

irradiation. 

The MONTEBURNS code is a RSICC code that couples MCNP and ORIGEN 2 to 

generate depletion and burnup calculations.  Users have to generate three files to 

complete the depletion model, including a MCNP input file, a MONTEBURNS input file, 

and a feed rate input file. 

A.2 Neutronic Properties of MgO-Nd2Zr2O7 Composite and Mg2SnO4 

Monteburns and MCNP were used for this calculation performed by Jiwei Wang. 

There were 50 burnup steps in Monteburns calculation for 2000 days total (About 60 

MWD/KG equivalent burnup).  A hundred active cycles were used in MCNP calculation, 

and one thousand histories per cycle.  Same volume percent (8%) weapon grade PuO2 

(239Pu:240Pu:241Pu = 93:6.5:0.5) was used, which means that the amount of PuO2 was 

the same in all kinds of fuels.  In this way, the amount of PuO2 in 1 cm3 fuel was equal 

to the volume fraction of PuO2 multiplied by its density or (1cm3) x (8 %) x (11.04 g/cm3) 

= 0.8832 g. 

The neutronic calculation shows that Mg2SnO4 has a similar behavior to MgAl2O4, 

and the composite with 70 vol% of MgO can provide enough reactivity to sustain the 

reaction at the end of life (EOL). 

177 



 

0 10 20 30 40 50 60

0 10 20 30 40 50 60

0.8

1.0

1.2

1.4

1.6

0.8

1.0

1.2

1.4

1.6

 

 

 
k ef

f

Equivalent Burn Up (MWD/KG)

 MOX
 MgO-Nd2Zr2O7

         (70/30 by vol.)
 MgAl2O4

 Mg2SnO4

 
Figure A8-11. Neutron multiplication factor as a function of equivalent burn up. 
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APPENDIX B  
CONCEPTUAL HARDWARE DESIGN FOR REACTOR TESTING 

B.1 Introduction 

This appendix is based on the INL internal report (INL-PLN-2874) titled “Irradiation 

Test Plan for the ATR NSUF University of Florida Experiment”.  The existing hardware 

design for B-1 position consists of a single 18 in. long capsule.  In order to maximize the 

usage of the space in the reactor and obtain more results for analysis, the existing 

design was modified so that samples of different geometries can be loaded and different 

irradiation conditions such as neutron fluence and radiation temperature can be 

achieved simultaneously. 

B.2 Conceptual Design 

The experiment capsule assembly designed for the B-1 position utilized fixtures and 

internal TEM sample holders.  The original single capsule design was modified so that 

two combined capsules with equal length are stacked and the length of the overall 

capsule stack matches that of the original capsule.  The fixture assemblies were used to 

position the samples and prevent from contact with the capsule to stabilize the 

temperature.  The design of the sample holder for the TEM samples is shown 

schematically in Figure B-1.  TEM samples were loaded into the sample holder and the 

sample holder was inserted into the fixture loaded into the capsule.  The experiment 

capsule was vacuumed and filled with He/Ar gas, and the final end plug was welded to 

assure a leak tight environment.  The helium/argon mixture was adjusted during 

experiment fabrication and the thermal insulating discs were used to achieve desired 

irradiation temperatures. 
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Figure B8-21. Conceptual design of the Transmission Electron Microscopy (TEM) sample 

holder. 

 

A total of 3 capsule assemblies were used for the UF experiment, which included 

two low-dose capsules (capsule A and capsule B) and one high-dose capsules (capsule 

C).  The two low-dose capsules have the same outer dimensions and will be exchanged 

after approximately half of the irradiation duration so that they both attain approximately 

1 dpa while the high-dose capsule attains 2 dpa.  A schematic of the capsule 

configuration is shown in Figure B-2. 
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Figure B8-32. Capsule assembly. A) configuration of stacked capsules, B) Capsule A or B 
with the dummy tube, and C) Capsule C. 
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APPENDIX C  
THERMAL AND SAFETY ANALYSIS FOR REACTOR TESTING 

C.1 Introduction 

This appendix is based on the INL internal report (INL-ECAR-455) titled “Thermal 

Analysis of ATR-NSUF University of Florida Experiment”.  The analysis was performed 

by the author under guidance of the thermal-hydraulic analyst Paul E. Murray.  The 

purpose of the analysis was to demonstrate compliance with the thermal safety 

requirements and to determine the temperature of the specimens during reactor 

operation at nominal cycle power. 

The evaluated thermal load cases include (1) steady-state reactor operation at 

nominal cycle power; (2) steady-state calculation for pump coast-down conditions at 

25% over-power, outer shim control cylinders at 155°, and 25% reduced coolant flow 

rate; (3) a condition 4 reactivity insertion accident (RIA) transient at initial conditions of  

25% over-power and outer shim control cylinders at 155°; (4) steady-state heat transfer 

in air after the experiment is removed from the reactor 5 h after shutdown.  The pump 

coast-down transient is a reactor accident caused by loss of the commercial to the 

recirculation pumps in the reactor.  In the pump coast-down transient, the coolant flow 

rate decreases with time and the reactor is shut down in ~1 s after losing the 

commercial power.  The transient condition was simplified into a steady-state 

calculation that bounds the safety limit.  The power transient in condition 4 RIA is shown 

in Figure C-1. 
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Figure C8-41. Reactor power transient in condition 4 Reactivity Insertion Accident (RIA). 

 

C.2 Experimental Procedure 

A finite element, steady-state and transient heat transfer analysis of the capsule 

assembly, cooling water channels, and adjacent reflector was performed using 

ABAQUS version 6.7-3 on an SGI Altix ICE 8200 distributed memory cluster.  The 8-

node linear brick element was used to model the capsules, TEM holders and specimens.  

The 4-node linear shell element was used to model the fixtures, sleeve, basket, and 

reflector.  The 8-node forced convection brick element was used to model the cooling 

water with a prescribed mass flow rate in the axial direction.  Heat transfer across gas 

gaps was modeled using the gap conductance models.  Contact surfaces for He gas or 

He-Ar gas gap conduction included the inside surface of capsule, inside and outside 

surfaces of fixture and TEM holder, and outside surface of specimen.  Thermal contact 

between specimens, inside and outside surfaces of fixture bottom, and inside surface of 

bottom end plug of capsule was modeled using a tie constraint.  Heat transfer to the 

primary cooling water was modeled using the gap conductance model.  Contact 

surfaces for forced convection include the outside surface of capsule, inside and outside 

 182



 

surfaces of sleeve, inside and outside surfaces of basket, inside surface of reflector, 

and water.  An example is given in Figure C-2, showing the finite element mesh of tube 

2 in capsule C assembly.  The parts are color coded for identification: capsule is yellow, 

fixture is blue, TEM sample holder is red, specimens are gray, thermal insulator is gray. 

Thermal insulator

Diffusivity specimens

TEM specimens
Fixture

TEM sample holder

Capsule C-tube 2

 
Figure C8-52. Finite element mesh of Capsule C assembly. 

 

C.3 Results and Discussion 

C.3.1 Steady-State Operation at Nominal Cycle Power 

Contour plots of the temperature of capsule assembly A, B and C are shown in 

Figure C-3(A)-(C).  The plots include fixtures, TEM sample holders and stainless steel 

spacers (only in capsule A and B).  Temperature units are shown in Kelvin in the plots.  

Tube 1 (A1) and Tube 2 (A2) in capsule A, Tube 1 (B1) in Capsule B and Tube 2 (C2) in 

Capsule C contained 100% pure He gas.  The desired specimen temperature (473 K or 
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973 K) is indicated in the figures.  Tube 2 (B2) in Capsule B and Tube 1 (C1) in Capsule 

C contained a gas mixture of 15% He and 85% Ar. 
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TEM holder

Fixture

Stainless Steel Spacer

 
B 

Figure C8-63. Temperature contour plots for A) Capsule A, B) Capsule B and C) Capsule 
C.  Temperature is shown in Kelvin. 
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Capsule C, Tube 2
(473 K)

Capsule C, Tube 1
(973 K)

TEM holder

Fixture

 
C 

Figure C-3. Continued. 
 

Peak capsule temperature was observed at the end plugs which contacted fixtures 

or thermal insulators, and is shown in Figure C-4 for high temperature Tubes B2 and C1. 

 
A                                                                 B 

Figure C8-74. Temperature of bottom end plug. A) Tube B2 and B) Tube C1. 
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The minimum and maximum temperatures of the specimens are shown in Figure C-

5.  The experiment aimed to control the specimen temperature at 700 and 200°C (or as 

low as possible) in different capsule tubes.  The temperature of the specimens in the 

high temperature capsule tubes were within an acceptable variation of ±50°C of nominal 

high temperature (~700°C), and the temperature of the specimens in the low 

temperature capsule tubes can be as low as ~300°C with a variation of ±50°C.  The 

obtained results indicate target temperatures were able to be achieved by the current 

design and gas mixture.  TEM specimens had relatively uniform temperatures which 

were higher than the diffusivity disks for the same type of samples, because the 

stainless steel TEM holders had a greater mass and a higher heating load than 

specimens. 
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Figure C8-85. Temperature of selected specimens. A) MgO-Nd2Zr2O7 composites (70 
vol% MgO), and B) Mg2SnO4. 

 

C.3.2 Pump Coast-down and Reactivity Insertion Accident (RIA) 

A steady state calculation was carried out assuming the water flow rate was reduced 

by 25% for the pump coast-down accident.  The forced convection heat transfer 
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coefficient was re-calculated at this condition.  It was found that the maximum water 

channel temperature and the maximum heat flux were 67.9°C (341.1 K) and 140.1 

W/in2 respectively.  Among all three water channels, the capsule-sleeve water channel 

had the maximum temperature because it directly contacted capsule.  The temperature 

profile of the capsule-sleeve water channel and the heat flux at the capsule outer 

surface are shown in Figure C-6.  The model was oriented with the reactor cooling 

water flowing from left to right.  The maximum temperature rise of the water was 16.3°C 

compared with inlet water temperature (from 51.6 to 67.9°C).  The critical heat flux for 

forced convection was obtained from the Bernath correlation.  For the hydrodynamic 

conditions occurring in the cooling channel, the critical heat flux was 4015 W/in2.  The 

ratio of critical heat flux to maximum heat flux (DNBR) was 28.7.  The cooling water 

saturation temperature at the outlet pressure was 208.9°C.  The difference between the 

saturation temperature and inlet temperature was 157.2°C.  Since the water 

temperature rise was 16.3°C, the ratio of the critical temperature rise to the actual 

temperature rise (FIR) was 9.7. 

 
A                                                            B 

Figure C8-96. Pump coast-down analysis. A) Temperature profile of the capsule-sleeve 
water channel, and B) heat flux at the pressure tube outer surface. 
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Another evaluation was performed using a transient calculation for condition 4 RIA 

(SIPT pump discharge breach), assuming the initial conditions were 25% over-power 

and outer shim control cylinders at 155°.  It was found that the maximum temperature of 

the experiment components occurred at 0.225 s after the start of the RIA transient.  A 

contour plot of temperature of the Capsule C assembly is shown in Figure C-7(A).  As 

shown in the figure, the maximum temperature was 940°C (1213 K).  The peak 

temperature of all experiment components increased by 158°C from 782 to 940°C 

compared with the nominal operation condition.  Figure C-7(B) shows the hot spots in 

the whole assembly.  The peak temperature in RIA was less than the melting 

temperature of all components in the capsule assembly.  The peak water channel 

temperature was 68.4°C (341.4 K) and it occurred at 0.225 s as well.  As a result, the 

transient power increase during RIA will not post danger to the experiment and reactor 

safety. 

 
A                                                                 B 

Figure C8-107. The Reactivity Insertion Accident (RIA) transient. A) Temperature of the 
experiment components at 0.225 s, and B) hot spots. 
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C.3.3 Passive Cooling in Air 

An evaluation was performed to determine the maximum temperature of the 

experiment when it is stored in air after being removed from the reactor.  The heat load 

was due to decay heat of activation products evaluated at 5 h decay time following 6 

irradiation cycles (~300 days) for Capsule C, basket, and sleeve, and 3 irradiation 

cycles (~150 days) for Capsule A and B. 

A contour plot of temperature of the Capsule C assembly is shown in Figure C-8.  

The maximum steady-state temperature is 39.5°C (312.5 K), which is much less than 

the melting temperature of the experiment components. 

 
Figure C8-118. Temperature of Capsule B and C assembly with sleeve and basket in air 

after 5 h decay. 
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C.4 Summary and Conclusions 

The calculated results for normal operation indicate that the high specimen 

temperature (~700°C) can be achieved with a gas mixture of 15% He and 85% Ar, and 

the low specimen temperature (~200°C, or as low as possible) can be achieved with 

pure He gas.  Peak structural material temperature occurred at the bottom end plugs of 

capsules which contacted fixtures or thermal insulators.  The temperature of the 

specimens in the high temperature capsule tubes were within an acceptable variation of 

±50°C of nominal high temperature (~700°C), and the temperature of the specimens in 

the low temperature capsule tubes can be as low as 300°C with variation of ±50°C.  

Results of this evaluation indicate target temperature can be achieved by the current 

design and gas mixture. 

The analysis results for pump coast-down to emergency flow and RIA demonstrate 

compliance with safety requirements. The DNBR (departure from nucleate boiling ratio) 

was 28.7 and the FIR (flow instability ratio) was 9.7, which exceeded the minimum value 

of 2 with a substantial margin of safety.  The maximum temperature of all the 

experiment components during RIA was 940°C (1213 K), which was less than the 

melting temperature.  The results indicate that the transient power increase during RIA 

will not cause danger to experiment and reactor safety.  Assuming an activation product 

decay heat load after 5 h decay time following six irradiation cycles for Capsule C, 

basket, and sleeve, and three irradiation cycles for Capsule A and Capsule B, the 

maximum steady-state temperature of the assembly stored in air was 39.5°C, which 

was much less than the melting temperature of the experiment components.  
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