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8.1 Introduction

Legacy waste from national defense activities is currently being immobilized in glass
vitrification facilities at the Savannah River Site in South Carolina and the Hanford
Site in Washington State. Currently, commercial spent fuel is stored on-site in wet stor-
age or dry cask storage facilities. The technology exists to reprocess the 96% of the
remaining Uranium in spent nuclear fuel for further use; however, the resulting waste
streams must be considered [1]. The ultimate composition of the streams depends on
the separation process used but commonly have components of cesium and strontium
streams, lanthanide streams, minor actinides, and transition metals.

Options to store this waste include encapsulation in glass or vitrification, crystalline
ceramics, or some combination of the two approaches [2]. The resulting composite
consisting of waste and host matrix is termed a waste form. Ceramics are a materials
class defined by primarily ionic and covalent bonding with structural variations
ranging from fully ordered crystalline (called as crystalline ceramics) to disordered
amorphous (called as glass). Tailoring of a ceramic waste form is based on the knowl-
edge that there are many naturally produced minerals containing radioactive and
nonradioactive species very similar to the radionuclides of concern in wastes from
fuel reprocessing. For instance, there are natural analogs of hollandite including anka-
gite, found in dolomitic marble in the Apuan Alps in Tuscany, Italy. A hollandite-type
crystal structure appears to be a good candidate for Cs immobilization [3]. A crystal
structure called zirconolite is attractive for the immobilization of minor actinides.
This is a relatively rare mineral in nature but found to exist in geological environments
associated with silica-poor rocks [4]. Finally, perovskite and pyrochlore structures are
attractive for the incorporation of lanthanide series elements and have known natural
analogs [5].

Ultimately the waste form will be placed inside a metal canister, which will undergo
storage in a geologic repository. The waste form can be considered a source term for
the transport of radionuclides into the environmentdthe goal of international waste
form efforts is to design materials with low release rates over geologic time scales.

The design of crystalline systems aims to take advantage of the long-term thermo-
dynamic stability of crystalline ceramics to create more durable waste forms (as
compared to high-level waste glass) to reduce the reliance on engineered and natural
barrier systems. Titanate ceramics have been thoroughly studied for use in immobiliz-
ing nuclear wastes (e.g., the synthetic rock, or “SYNROC” family) due to their natural
resistance to leaching in water. Assemblages of several titanate phases consisting of
the following:

a. Zirconolitedexample, CaZrTi2O7

b. Perovskite/Pyrochloredexample, NdTiO3/Nd2Ti2O7

c. Hollanditedexample, Ba1Cs0.28Al1.46Fe0.82Ti5.72O16

have been successfully demonstrated to incorporate radioactive waste elements, and
the multiphase nature of these materials allows them to accommodate variation in the
waste composition.
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The focus of this chapter will be to review (1) mechanical properties, (2) corrosion
and leaching effects, (3) radiation damage effects, and (4) morphology drivers for irre-
versible species diffusion and transport in model crystalline ceramic systems for the
immobilization of waste streams resulting from potential commercial fuel
reprocessing.

8.2 Mechanical properties of ceramics as pertains to the
elemental release

In general, ceramic materials such as the ones used in SYNROC are brittle. Therefore,
the mechanical properties are commonly measured by Vickers hardness and fracture
toughness using indentation methods. The composition of each of the ceramic waste
forms can have a significant effect on the toughness of the material.

Vickers hardness measurement is a technique used to measure the hardness of a ma-
terial and compare it to other materials by using a Vickers hardness number. The Vick-
ers hardness number for the material is calculated using Eq. (8.1),

HV ¼ 2� F � sinð136=2Þ�
d1þ d2

2

�2 (8.1)

The technique is pictured in Fig. 8.1, where force is applied with a diamond crystal;
then, the dimensions of the indent are measured.

Indentation fracture toughness is estimated by a similar technique by measuring the
crack length that is results from indentation. The fracture toughness is then calculated
by Eq. (8.2) [6]:

KIC ¼ k

�
E

H

�1=2 Fm

c3=2
(8.2)
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22°
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Figure 8.1 Vickers hardness testing diagram showing the indentation geometry of the diamond
indention tool and on the right, the measurements used for calculating the hardness from the
resulting indention mark.
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where c is the crack length, Fm is load, E is Young’s modulus, H is hardness, and k
is a constant selected for the instrument tip, such as a Vickers type tip. Multiple
different equations have been applied for calculating fracture toughness. Different
equations lead to some minor deviation. For example, the KIC of Li0.33La0.57TiO3

can vary from 0.85 to about 1.2 MPa m1/2 [6�8]. The fracture toughness range aver-
ages out to about 1 MPa m1/2, which is similar to other ideal brittle materials, such as
glasses [7]. A table of some of the mechanical properties of perovskite and pyrochlore
is given in Table 8.1.

As specifically shown for perovskites, though true for the other SYNROC phases,
the processing temperature, processing technique, microstructure as well as the A and
B site cation species have an impact on the mechanical properties [6e9]. At room tem-
perature, the Li doping fraction has a minor effect on Young’s modulus as it only var-
ied between 154 and 182 GPa as x was increased from 0.30 to 0.37 [6]. Similarly, in
two other studies of Li0.33La0.57TiO3 Young’s modulus varied between 186 and
200 GPa depending on the microstructure properties [7,8]. However, at elevated tem-
peratures, between 1000 and 1300�C, the elastic moduli of a LixLaAlO3 decreased
from 63.07 to 24.7 with increasing temperature while the fracture toughness was
significantly high at about 3.15 MPa m1/2 [9]. The Vicker’s hardness of Li0.33La0.57-
TiO3 ranged from 8.4 to 9.7 GPa and was primarily effected by the porosity [7,8].

In comparison, pyrochlore is generally tougher than perovskite. The Vickers hard-
ness of a Gd2Ti2O7 composition was 10.48 GPa while (Nd1�xYbx)2Zr2O7 ranged from
7.5 to 10.5 GPa depending on the dopant level. For comparison the microhardness of
(La2(Zr1�xCex)2O7 ranges from 3.7 to 1.3 GPa [10,11]. The fracture toughness of the
(Nd1�xYbx)2Zr2O7 was lower than the (La2(Zr1�xCex)2O7 by about 0.33 MPa m1/2

likely due to the lower (La2(Zr1�xCex)2O7 hardness [10,12]. Interestingly the interme-
diate composition of (La2(Zr1�xCex)2O7 is composed of both the pyrochlore and fluo-
rite structures samples and had the highest fracture toughness. The fracture toughness
can be attributed to the thermal expansion coefficient mismatch between the pyro-
chlore and fluorite structures that contributes to induced internal stress [12]. A compar-
ison of the hardness and toughness of pyrochlore and perovskite is given in Fig. 8.2.

Radiation damage also has a softening effect on the fracture toughness of brittle ma-
terials, specifically pyrochlores [13]. An increase is dose leads to toughening then
further irradiation leads to relaxation. This is due to a mechanical mismatch between
irradiated regions and pristine regions leading to an increase in internal stress. This
effect and other effects of radiation damage will be discussed further in Section 4.

Table 8.1 The Young’s modulus, Vickers hardness, and fracture toughness of some of the
phases in SYNROC are given.

Phase
Youngs
modulus

Vickers
hardness

Fracture
toughness References

Perovskite 154e200 8.4e9.7 0.85e1.2 [1e3]

Pyrochlore 7.5e10.5 1.27e3.8 [6e8]
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8.3 Corrosion/leaching studies of candidate single-
phase and multiphase materials

8.3.1 Corrosion and leaching techniques

Since the 1980s several techniques have been developed to measure the durability of
glass waste forms. Many of these techniques are also applicable to ceramic waste
forms. Some of the more well-known methods of measuring elemental leaching in
ceramic waste forms are the ASTM C 1285 product consistency test (PCT) and the
ASTM C 1220 (MCC-1) monolithic specimen test. In Fig. 8.3, a diagram of the
PCT, MCC-1, and vapor hydration tests (VHT) is given. Both of the PCT and
MCC-1 tests submerge the sample in DI water at a specific pH and temperature.
Then, a small amount of solution is extracted after a given time, and inductively
coupled plasma mass spectrometry (ICP-MS) is performed to measure the elemental
composition of the water. The PCT and monolith methods have been used to create
benchmarks for waste performance and are currently used at waste processing plants.
Alternatively, the VHT experiment is used to develop reacted surface layers to study.

8.3.2 PCT product characterization test

The PCT is a method to examine the quantitative dissolution of elements over time
[14,15]. The samples are typically crushed into a fine powder, with known particle
size. The powders are then placed inside a 304L stainless steel reaction vessel filled
with demineralized water.

There are a standard PCT-A and a nonstandard PCT-B test. PCT-A is performed
specifically at 90�C for exactly 7 days with a water/sample mass ratio of 10:1, while
the PCT-B test has no set time, temperature, or any other controlled variables [14].
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Figure 8.2 Mechanical properties of some of the SYNROC phases [6e8,11e13].
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Once the tests are completed, the leachate is collected and analyzed using ICP-MS.
The purpose of the PCT test is to measure the chemical durability of waste forms in
carefully controlled conditions.

8.3.3 MCC-1 monolith test

The monolithic leach test, or ASTM C 1220, is performed on sample monoliths or
chunks with a chosen surface area to volume ratio [16]. In addition to the samples,
two blanks and a standard reference material, called as the approved reference mate-
rial, are prepared in addition. The samples and standards are loaded into seal stainless
steel pressure vessels filled with deionized water and heated at w90�C for w7 days.
The vessel is then cooled and the leachates are filtered, acidified, and the elemental
composition is measured by ICP-MS. The concentration of elements in the leachates
is compared to the elemental concentrations in the unleached samples to obtain a frac-
tion loss for each element. Generally, the monolith test is run in triplicate to filter out
effects from sample inhomogeneities. The purpose of the monolith test is to measure
the chemical durability of waste forms under low surface area to leachant volume con-
ditions. The monolith tests allows for grain boundary and surface effects that are not
captured by the PCT test.

8.3.4 Vapor hydration test

Vapor hydration test (VHT) is a method to study the corrosion and alteration of waste
glass and ceramic materials by simulating the humid environment where waste forms
are stored [17e19]. Monolithic samples are suspended inside a 304-L stainless steel
vessel. The sample is suspended by a platinum wire that is tied to stainless steel stand
inside the vessel. To achieve 100% humidity inside the reaction vessel, a calculated
amount of water is added, depending on the volume of the vessel and testing temper-
ature. The amount of water does not affect the rate of alteration [19]. Due to the high
humidity, inside of the chamber, a thin layer of water will condense on the surface of
the samples allowing for aqueous leaching to occur and the formation of an alteration
layer on the surface.

There are no standard times or temperatures for VHT. Experiments have been car-
ried out up to 7 years and anywhere from 40 to 300�C [17,20]. The purpose of VHT is
to generate larger alteration layers and secondary phase formation to gain knowledge
of the long-term corrosion processes of waste forms.

8.3.5 Corrosion studies of glass waste forms

Corrosion of glass waste forms involves the surface of glass dissolving and forming an
amorphous hydrated gel, called an alteration layer. There are four stages of glass corro-
sion that form the alteration layers [18,19,21]. The first stage involves glass reactive
with the dilute solution at a constant rate. The second stage of reaction occurs when
the alteration product concentration is high enough to limit the reaction rate. The third
stage occurs when the alteration products start to nucleate and grow. The fourth stage
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of alteration is identified when the alteration becomes constant again [19]. Leaching
experiments at various temperatures and times have shown that engineered glass pro-
duces similar alteration products as natural glass [18,19,21]. In comparison to the VHT
testing of zirconolite rich SYNROC, waste glasses examined after VHT typically
exhibited a larger alteration area in a less amount of time and an initial dissolution
rate of about 1 g/m2/d [22,23].

Glass-ceramic composites have also been developed to enable higher loading and
better retention of specific radionuclides of ceramic phases while maintaining the
compositional flexibility of glass [24e26]. In a study by Crum et al. PCT-B testing
was used to examine Cs leaching on glass-ceramic composites for 3 and 28 days [25].
The three glass-ceramic composites had varying compositions but similar leach rates.
Although Cs showed preferential portioning into the glass phase of the multiphase
structure, the leached concentrations were similar to single-phase waste glass [25].

8.3.6 Corrosion studies of multiphase waste forms

8.3.6.1 SYNROC type waste forms C

The component phases for the SYNROC type waste form assemblage have been stud-
ied since the 1980s. A significant amount of studies have focused on the chemical
durability to aqueous leaching of these phases both separately and together. When
Cs is present it is often used to measure leaching, as it has high water activity
[27e33]. For waste forms containing highly active ions, such as Cs, structural and
chemical analysis of the system is very important. In the case of Cs and Mo containing
waste forms, a preferential CseMo secondary phase is likely to form due to their
affinity if they are not immobilized in separate durable phases. Owing to the high
aqueous solubility of CseMo formulations, waste forms containing these phases
exhibit poor aqueous durability. This result has encouraged the development of
Cs-containing hollandites that are durable and compatible with a melt and crystalliza-
tion process [34e36].

SYNROC C and SYNROC D both have the capacity to immobilize the waste
stream elements in multiphase ceramic agglomerations. SYNROC D is composed of
the zirconolite, perovskite, pyrochlore, and nepheline phases, while SYNROC C is
composed of zirconolite, perovskite, pyrochlore, and hollandite phases. In general,
the leaching durability of SYNROC phases from the highest to the lowest is zirconolite
(C,D), then perovskite(C,D) and pyrochlore (C,D) (spinels), and then hollandite (C),
pollucites, nepheline (D) [32].

A difficulty with developing multiphase waste forms is understanding the interac-
tions between the phases and emerging secondary phases. Controlling the secondary
phases is especially important in leaching as secondary phases typically have poorer
leaching resistance than the parent phase [37]. The surface alteration layer of
Pu-bearing zirconolite-rich SYNROC was measured by TEM and showed a
100e200 nm thick alteration layer on the surface of the ceramic. The formation of
this layer was believed to have resulted from the dissolution of some secondary
phases. This seems reasonable as the parent zirconolite phases exhibited no corrosion
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and there was an iron-rich Pu containing precipitates on the zirconolite. Although the
zirconolite parent phase exhibited no corrosive indicators, the presence of a parasitic
secondary phase leads to unexpected increases in leaching rates and should be
considered when planning waste form compositions.

SYNROC samples are more resistant to leaching than borosilicate glass waste
forms [21]. However, as there are no benchmark or ASTM standards for ceramic waste
forms and the dissolution mechanisms and processes are different, it is difficult to
directly compare the two different waste form systems. Additionally, the dissolution
mechanisms for SYNROC is less well defined compared to borosilicate waste forms.

8.3.7 Corrosion studies of single-phase waste forms

8.3.7.1 Zirconolite and pyrochlore

The structures of zirconolite and pyrochlore are similar. Owing to mutual ion substi-
tution, both phases have to be considered when determining solubility limits and phase
formation for waste form planning [38e40]. These two phases can immobilize the
M3þ and M4þ actinides present in the waste stream. The initial leaching rate from these
phases is on the order of 10�2 g/m2/d while the long-term leaching rate is 10�5 to
10�6 g/m2/d [38,41�44].

Several factors contribute to the dissolution rate. First being the immobilized spe-
cies, for example, Ca versus Nd, but also temperature, pH, and surface alteration (via
dissolution or by radiation damage) can have a factor. For zirconolite and zirconolite-
pyrochlore systems, higher temperatures lead to faster alteration of the surface layer as
seen in a study of (Ca0.8Nd0.2) (ZrTi1.8Al0.2)O7 at 100 and 200�C [41]. Ionic diffusion
can be slowed by the surface alteration layer. This feature of leaching has been shown
in several studies and is sometimes avoided by prewashing the samples in DI water. By
washing the initial leaching rate is bypassed and the long-term leaching rate is more
rapidly acquired [38,41e44].

The pyrochlore structure behaves similar to zirconolite in terms of leaching rates. In
a study of a series of Ca1�xZr1�xGd2xTi2O7 samples regardless of the formed structure
the normalized release rate were all normalized leach rates were low on the order of
10�6 to 10�8 g/m2/day [38]. Additionally, when pyrochlore is compared to brannerite
(UTi2O6), another U immobilizing waste form, pyrochlore, is found to be superior in
terms of leach resistance, w10�5 [45].

Radiation damage does effect the leach resistance of structures, primarily when the
structure undergoes a structural amorphization. This is due to a disruption of the order
structure that is providing a favorable environment for the target ions. The leaching of
Cu and Pu from Gd2Ti2O7 and GdZrTi2O7 pyrochlore systems is normally on the order
of 0.01 and 0.12 g/m2. After radiation-induced amorphization, the leach rate increased
by 10e50 times [46].

8.3.7.2 Perovskite

Leaching of the perovskite is slightly worse than zirconolite and pyrochlore [47].
Generally, the lighter rare earth elements such as Ce and Nd partition into perovskite.
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Fig. 8.4 shows the trend of Nd leaching for different zirconolite, perovskite, and pyro-
chlore composites. Samples containing perovskite generally exhibit poorer Nd leach-
ing compared to zirconolite and pyrochlore. When comparing zirconolite, pyrochlore,
and perovskite composites, the Nd leaching was slightly high than similar composites
not containing perovskite. It was noted that this result was likely due to the partial
incorporation of Nd into the perovskite phase that has poorer relative leaching. The
Nd leaching was still lower than SYNROC and borosilicate glass leaching [48,49].

8.3.7.3 Hollandite

Articles discuss hollandite leaching [22,28e31,50e59]; Hollandite leach resistance is
two orders of magnitude lower than current glass waste forms [28]. The leaching rate
or amount of release ions varies some with the composition and is mostly independent
of surface area and as reported by Fillet et al. about 4 � 10�2 g/m2/d [31,41].

Carter et al. performed PCT-B testing on single-phase hollandites, specifically Al
and Mg hollandites [28]. As is characteristic of leaching from ceramics during the
initial few days the leaching rate spikes and quickly drops off, which is sometimes
avoided by prewashing the hollandite with DI water. Carter showed that at longer
leaching times, 84e128 days, the release rate decreased by two orders of magnitude
compared to the 7-day tests. Additionally, they found that Ba and Cs leach congru-
ently and after 56 days the normalized leach rate was <0.001 g/m2/day, which is
similar to other reported results [28,30,54]. Some of these results have been given
in Fig. 8.5.

For the most part, the effect of pH on leaching is inconsequential. However, below
pH ¼ 1 the release of Cs and Ba from the hollandite structure is accelerated by a factor
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forms [44,48,49].
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of 10 due to the reactive surface being completely altered to rutile [31]. Additionally,
most studies found that there are no solubility constraints on Ba and Cs leaching as the
surface area, or more specifically the SA/V ratio, had little to no effect on the leaching
rate [31]. In the same way, subsurface damage by mechanical polishing does not affect
the leaching rate of Ba and Cs from hollandite either [52].

Radiation damage can have an impact on elemental leaching. In heavy-ion radiation
experiments by Grote et al., the elemental release of Cs ions nearly doubled after being
exposed to a sufficient dose to cause radiation-induced amorphization [50]. It was sug-
gested that the amorphization leads to a collapse of the tunnel allowing for easier Cs
diffusion. g- and b-radiation have significantly less effect on elemental leaching
[30,54,57].

8.3.8 Uranium dioxide

The potential use of spent UO2 fuel as a direct storage media from light water reactors
has prompted developing of an understanding of the leaching behavior and leaching
mechanism for UO2 [60,61]. High burnup UO2 fuel has been shown to develop a
porous outer ring that can severely impact the leaching rate, due to the outer rings
high porosity and grain subdivision, that is, smaller grain size [60]. Although UO2
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Figure 8.5 Cesium leaching from hollandite waste forms.
Data from M.L. Carter, E.R. Vance, D.R.G. Mitchell, J. V Hanna, Z. Zhang, E. Loi, Fabrication,
characterization, and leach testing of hollandite, (Ba, Cs) (Al, Ti)2 Ti6 O16, J. Mater. Res. 17
(October 2002); T. Suzuki-Muresan, J. Vandenborre, A. Abdelouas, B. Grambow, S.
Utsunomiya, Studies of (Cs,Ba)-hollandite dissolution under gamma irradiation at 95�C and at
pH 2.5, 4.4 and 8.6, J. Nucl. Mater. 419 (1e3) (2011) 281e290; F. Angeli, P. McGlinn, P.
Frugier, Chemical durability of hollandite ceramic for conditioning cesium, J. Nucl. Mater. 380
(2008) (1e3) 59e69.
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does not become amorphous high concentrations of fission products or high damage
lead to grain subdivision that is undesirable. If the damage is high enough to lead to
grain subdivision, the leaching rate, or rather surface oxidation rate, increases.

8.4 Radiation effects on surface, mechanical properties,
and leaching

8.4.1 Radiation damage processes

For a waste form to be functional, a certain resistance to radiation-induced damage is
necessary to the decay of the incorporated of radioactive nuclides. There have been
several studies looking at the effect of radiation on ceramic waste forms. To inves-
tigate the durability of ceramic waste forms, studies using radioactive bearing phases
and experiments using electron, neutron, g, and accelerated heavy ions have been
performed [54,62e66]. For example, Kr2þ ions have been used to simulate a-dam-
age of constituent SYNROC phases, hollandite, zirconolite, and perovskite [24,67].
Radionuclide decay affects crystalline materials through the interactions of the
emitted b-particles, a-particles, recoil nuclei, and g-rays with the waste form mate-
rial. These interactions fall into two categories: the transfer of energy to electrons, by
ionization and excitation reactions, and by the transfer of energy to nuclei, by ballis-
tic two-body collisions, as illustrated in Fig. 8.6 [68]. For b-particles and g-radiation,
the energy transfer process is dominated by ionization processes, leading to
electronic defects. However, the energy transfer process for a-particles and recoil
nuclei involves ionization and elastic collisions, forming electronic and atomic
defects. The energy loss of a-particles is attributed primarily to ionization processes,
while recoil nuclei primarily lose energy by elastic collisions. The average energy
absorbed by ionization and electronic excitation is similar for ceramic waste forms
and glass waste forms [69,70]. The resulting micro- and macrostructural changes
(volume swelling, structural transformations, and crystalline-to-amorphous transi-
tion) resulting from radiation damage can lead to increased leaching rates [65].
Therefore, understanding and developing radiation-resistant materials is important
for responsibly disposing of nuclear waste.

8.4.2 Radiation damage process for crystalline structures

8.4.2.1 Frenkel pair defects

Frenkel pair defect is a point defect consisting of a vacancy and interstitial defect pair.
It is formed when a lattice ion is displaced from its site, forming a vacancy, and the
displaced ion comes to rest at an unoccupied lattice site or interstitial site. The
displacement of lattice atoms in ceramic materials generally requires between 20
and 80 eV [71,72]. This is called the threshold displacement energy, Ed, which is
the minimum required kinetic energy for atom displacement. Structural amorphization
is a result of the accumulation of simple Frenkel defects and amorphous, or aperiodic,
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regions generated from a-decay events. The accumulation of these defects and result-
ing amorphous regions are characteristic of the loss of long-range order [73,74].
Atomic displacement is primarily caused by a-particle and recoil nucleus radiation
as they have the necessary energy to displace a lattice ion.

8.4.2.2 Electronic defects

Electronic defects form through ionization and excitation reactions produced from
a-particles, b-particles, and g-rays. The most significant energy loss mechanism for
b-particles and a-particles is via coulombic interactions. Similarly, g-rays lose most
of their energy through photoelectric effect interactions via Compton scattering and
electronepositron pair production. The ionization and excitations created from these
particles and rays produce a large number of electronehole pairs [69,75e77].

Some examples of electronehole pair defect formation that have been reported for
hollandite are paramagnetic defects [62]. The first is a hole center due to a superoxide
ion O�

2 resulting from hole trapping by interstitial oxygen. The second, an electron
center is formed where Ti4þ captures an electron, becomes Ti3þ, and is adjacent to
an oxygen vacancy. The third, an electron center formed where Ti4þ captures an elec-
tron, becomes Ti3þ, and is adjacent to an extra Ba2þ, the extra Ba2þ arose from barium
displacement by elastic collision [62,78]. Electron irradiations have been shown to
simulate b-particle and g-ray Compton electron defect formation [69,77].

8.4.2.3 Volume change

Waste forms exposed to radiation undergo volume change induced by defect forma-
tion. The volume change can be attributed to structural changes in the crystalline
phase, formation of secondary phases, void or defect agglomeration, and amorphiza-
tion. In glass waste forms, depending on the type of radiation, the volume can increase
or decrease. In some cases, volume expansion of 50% has been observed under elec-
tron radiation [70,79]. In ceramic waste forms, volume expansion can be as much as
20% depending on the phase [70]. The swelling of SYNROC C is typically about
6%e7%, which is greater than the swelling of its constituent phases, given in
Fig. 8.7, but this can vary depending on the composition [69,70,80]. Most of the vol-
ume change for glass and ceramic waste forms occurs before amorphization at radia-
tion doses below the critical amorphization dose [75,81e83].

8.4.2.4 Crystalline long-range order amorphization

Amorphization of ceramic waste forms is an important topic as most ceramic waste
form materials experience a structural change upon irradiation that is typically a
crystalline-to-amorphous transformation and results in increased leaching of the irra-
diated material [5,50]. The onset of amorphization is typically described as the dose
required to form an identifiable halo in the SAED pattern. This indicates the long-
range order of the structure is becoming disrupted. The critical amorphization dose
is the dose required for the structure to be fully amorphous, which can be identified
by having no residual crystalline pattern in the selected area electron diffraction
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(SAED) image. The dose for these two benchmarks primarily depends on the structure,
for example, zirconolite and hollandite, and secondarily depends on the composition.

Although the process of amorphization is not precisely defined, the amorphization
of the ceramic waste form materials has been shown to occur heterogeneously by
either: an a-recoil displacement cascade, an overlap of a-recoil cascades reaching a
sufficiently high concentration, or a combination of the two phenomena. Amorphiza-
tion leads to an aperiodic structure that often is coupled with a significant volume
change [65].

The amorphization process is initiated by a damage cascade where the incident par-
ticle in-elastically collides with lattice atoms. These collisions transfer momentum and
heat, which lead to melting and secondary defect formation in the cascade zone
[65,84]. All crystallinity in this cascade zone is disturbed; then, some fraction is recrys-
tallized via epitaxial recrystallization from the surrounding intact structure. If recrys-
tallization is incomplete, then an amorphous region forms that will accumulate upon
subsequent irradiation. The final crystal structure depends on the initial structure chem-
istry, temperature, as well as the irradiation parameters.

In the case of electron irradiation of hollandites, the electronic defects formed from
this irradiation typically do not recombine upon annealing and some, such as Ti3þ and
O2�, migrate to form defect clusters [62,77].

When exposed to heavy ion irradiation, such as Arþ, Kr2þ, or Ne2þ, the inclusion
of heavy ions and interruption of the unit cell structure can lead to structural distortion
and amorphization [50,73,85]. Annealing is effective in some circumstances as studies
of the amorphization behavior of pyrochlore and hollandite have been performed at
elevated temperatures to show the defect recovery behavior of ceramics [82e84].
As with most materials, at elevated temperatures, ceramic waste form materials
have a critical amorphization temperature at which the annealing kinetics outweigh
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the damage kinetics and full recrystallization occurs within the cascade zone. Materials
are highly resistant to radiation damage when above the critical amorphization temper-
ature. The critical amorphization temperature varies between materials, from 200 to
1200�C, and is a useful property to consider when developing an effective waste
form [50,82,83,86]. Fig. 8.8 shows the transition of pristine hollandite to the fully
amorphous structure and the structure change that MgIn2O4, an inverse spinel, to a
rock salt-like structure.

One way to improve the radiation tolerance of materials is by processing the mate-
rial in such a way to produce a nanocrystalline microstructure. It has been shown in

Figure 8.8 SAED micrographs pristine, the onset of amorphization, and full amorphization of
hollandite and the pristine, intermediate to amorphous phase transitions for MgIn2O4.
Figures from R. Grote, T. Hong, L. Shuller-Nickles, J. Amoroso, M. Tang, K.S. Brinkman,
Radiation tolerant ceramics for nuclear waste immobilization: structure and stability of cesium
containing hollandite of the form (Ba,Cs)1.33(Zn,Ti)8O16 and (Ba,Cs)1.33(Ga,Ti)8O16, J. Nucl.
Mater. 518 (2019) 166e176; M. Tang, J.A. Valdez, Y. Wang, J. Zhang, B.P. Uberuaga, K.E.
Sickafus, Ion irradiation-induced crystal structure changes in inverse spinel MgIn2O4, Scripta
Mater., 125 (2016) 10e14.
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several studies that bulk and nanocrystalline structures have different responses
[88e92]. This behavior is believed to be driven by the more rapid annihilation of
ion-induced defects in nanocrystalline structure due to the larger amount of grain
boundaries [93]. Additionally, structural ordering can play a role in improving radia-
tion tolerance. This behavior has been shown by a pyrochlore waste form composition.
The crystalline and composition were the same; however, the degree of disordering
was different [93].

8.4.3 Radiation induced surface damage

The depth of the surface layer for a ceramic exposed to radiation is dependent on the
ionizing energy and material composition. However, radiation damage can lead to
amorphization, volume expansion, and microcracking (or fracturing) in the near sur-
face that greatly increases the microstructure complexity [69,70,73,82,94]. Addition-
ally, the analysis of the surface layer can be difficult due to the thinness of the
layer, which is generally only a few hundred nanometers thick. Techniques such as
cross-sectional TEM and grazing incidence X-ray diffraction can be useful for charac-
terizing the crystalline structure of these thin regions [50].

8.4.3.1 Amorphization

The entire volume of a radionuclide bearing material will be subjected to the radiation
dose. However, in the case of multiphase waste forms such as SYNROC C, this
assumption is not entirely valid. Phases, such as hollandite, which do not contain
a-emitting isotopes, will suffer radiation damage only on the surface. The penetration
depth of the damaged layer depends on the ion energy and material composition.
Studies on waste form ceramics have shown that the crystalline structure can become
amorphous when exposed to a-irradiation [49]. In the case of Pb3þ ion bombardment,
at a dose of 3 � 1014 ions/cm [2], the crystalline structure of zirconolite becomes fully
amorphous to a depth of 100 nm [41]. Similarly, the surface of the hollandite will
become amorphous when exposed to Kr2þ ion bombardment. At a dose of
1.5e3.9 � 1014 ions/cm2 (depending on the composition), the hollandite surface
will become fully amorphous to a depth of 250 nm [50].

8.4.3.2 The effect of volume expansion on the surface

Amorphization can lead to macroscopic changes such as surface cracking and swelling
of the surface layer. Additionally, macroscopic changes can be caused by the accumu-
lation of point defects, emergent phases, and the growth of microstructural defects
(voids, gas bubbles, and dislocations) [13,69]. At the smallest scale, point defects
lead to unit cell volume change. These volume changes can be propagated up the
length scales and result in cracking due to either residual stress or void agglomeration.
Cracking has also been shown to occur if the concentration of bubbles reaches and crit-
ical threshold [68,69].
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8.4.3.3 How radiation effects mechanical properties

For both metals and ceramics, ion implantation has been used to change the mechan-
ical properties of the surface of a material. The effect of amorphization on hardness,
elastic modulus, and fracture toughness has been investigated for several ceramic
phases using radioactive isotopes and heavy-ion irradiation [13,46,69,95]. Under
a-irradiation, the microstructure consists of individual amorphous tracks following
the path of the high energy a-recoil particles and fission fragments. At low doses,
the microstructure could be described as a composite crystalline-amorphous structure
in which the internal strain between phases prevents crack propagation and increases
fracture toughness [13,46,95]. At a higher dose, the amorphous phase becomes domi-
nant with residual dispersed crystallites. The fracture toughness decreases as the inter-
nal stored energy is reduced [69,95,96]. The effect of radiation on fracture toughness
can be seen in Fig. 8.9.

The result a-decay on crystalline ceramics is that the fracture toughness is increased
due to a softening of the hardness and reduction of the elastic modulus. This property
change makes a-irradiated ceramic waste forms more resistant to crack propagation.

8.4.3.4 How radiation effects leaching

Depending on the phase, radiation damage can have a significant effect on the leach
rate. For example, hollandite is highly resistant to ionizing radiation, b-particles, and
g-rays, as experimentally determined by electron irradiation experiments [54,98].
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nuclear waste management VIII, Mater. Res. Soc. 663 (1986).
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Although there is significant electronic defect formation, leaching experiments of
g-irradiated hollandite show that these defects are insignificant to the leaching resis-
tance [54]. However, a-irradiation does have a negative effect on the leaching resis-
tance of hollandite after irradiation as illustrated in Fig. 8.10 [50]. The leach rate of
pristine hollandite is similar to the durable zirconolite actinide waste form and
slower than other Cs containing phases such as Cs-pollucite and Cs-silicotitanates
[41,54]. It has been noted that in glass waste forms, radiation-induced swelling
and amorphization lead to a leaching increase of nonnetwork ions by a factor of
10e50 [46]. A similar effect of increased leaching rate has been noted for some
waste forms, including hollandite, when radiation-induced swelling and amorphiza-
tion occurs [46,50,60,99,100].

However, exposure to radiation causes negative changes in the properties of waste
form materials. The durability of ceramic waste forms is competitive and in some cases
superior to other waste form options.

8.5 Morphology drivers for irreversible species diffusion
and transport in HeteroFoams

8.5.1 Flux of an included species

Consider the storage of Cs waste material in a heterogeneous medium, specifically, a
Hollandite structure with morphology as shown in Fig. 8.11. The question addressed
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Figure 8.10 Elemental leaching of hollandite increased after a-irradiation-induced
amorphization.
Data from R. Grote, T. Hong, L. Shuller-Nickles, J. Amoroso, M. Tang, K.S. Brinkman,
Radiation tolerant ceramics for nuclear waste immobilization: structure and stability of cesium
containing hollandite of the form (Ba,Cs)1.33(Zn,Ti)8O16 and (Ba,Cs)1.33(Ga,Ti)8O16, J. Nucl.
Mater. 518 (2019) 166e176.
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here is the effect morphology has on the effectiveness over time of the storage medium
to keep the radioactive material from escaping to the surroundings. To be most effec-
tive, should the storage phase be a single mass surrounded by the second phase or
finely divided into a distributed phase? A detailed discussion of the problem in its en-
tirety is found in Ref. [101]. An outline of that discussion serves our present purposes.

The following discussion on the effect of morphology will use the NernstePlank
relationship, as presented below.

Ni¼ � DiVci � zium;iFciV�þ ciu (8.1)

Ni¼ flux of species; i ðmol=m2 $ s
�

Di¼ flux of species; i ðm2=s
�

zi¼ valance of species

ci¼ flux of species; i
�
mol=m3�

The first necessary assumption is that there is no fluid flow present within the ge-
ometry so that the velocity term ui is ignored, and the second is that there is no elec-
trical potential applied over the boundaries so that the migration term becomes zero.

Therefore, here the leaching of Cesium ions will primarily take place by the diffu-
sion of the waste species present in the waste form. Therefore, the focus is on the effect
of morphology due to the diffusion from distributed phases in HeteroFoams. The prob-
lem is set on the following effective volume model.

Flux is calculated using a discrete element method set on the actual microstructure
rendered by W. Chiu from micro-X-ray images of actual waste form materials.
In addition, certain idealized microstructures (such as the spheres with different sizes

Figure 8.11 Heterogeneous morphology of a hollandite-Nd2Ti2O7 waste form material made by
Brinkman et al. [101,102] material [10].
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shown in the right of Fig. 8.12) were used to study the principles controlling the flux
out of the waste form with time. Only the 2-D results will be considered here, with
very little loss of generality. Some conclusions can be drawn from a comparison of
the number of inclusions to the boundary flux at various times, initial, 10 days,
100 days. For a given volume fraction of stored waste, dividing the stored material
into smaller pieces (i.e., finer microstructure) results in larger surface to volume ra-
tios causing more exit flux in the early stages of storage, but surprisingly, less total
loss in the later stages of storage. The concentration in the smaller particles is reduced
earlier making the average concentration gradient slope that “pushes” the flux
smaller over time. The analysis revealed a surprising result that this and other micro-
structure properties have a small or negligible effect for volume fractions below
about 0.4. Therefore, volume fractions below about 0.4 is a “threshold” of concen-
tration for microstructure effects.

Interestingly, this surface-to-volume ratio versus the history of flux rates carries
over to changes in microstructure shape. To study that effect, the elliptical versus cir-
cular shapes were considered for the same volume fractions, again as a function of
global time, from 0 to 100,000 days. The number of particles was held constant and
only the shape was changed. For long periods of time (greater than 10 days in this
case), the total flux out was essentially identical. However, the surface-to-volume
effect (more surface to volume for the elliptical case) revealed another physical prin-
ciple. In general, after some days, the local gradients ceases to be the principal driver
for diffusion, and the total volume element gradient becomes dominant. This change
resulted in slower flux out of the exit surface and a more “stable” rate of exit. The
global flux gradient is the principal driver at about 50,000 days for the high surface-
to-volume elliptical particles, while it takes until about 100,000 days for the global
flux gradient to become the principal driver for the circular/spherical waste form
particles. This is a general principle; the higher surface-to-volume microstructures
have more “early” loss and earlier stable rates of flux than the lower surface-to-volume
cases. However, for this change in shape only, the total long-term loss is the same, or
indistinguishably different in the calculations.

Finally, for this element of the study, it is possible to discuss space-filling micro-
structure effects using Voronoi tessellation to fill the volume element so that it looks
more like Fig. 8.11. Fig. 8.13 shows an example of that calculation, comparing flux
from a top surface (center) to a bottom surface (right).
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Figure 8.12 Calculated flux paths of Cs ions from the bulk center toward the boundaries
through a hollandite waste form structure.
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Figure 8.13 Flux from space-filling microstructures generated using Voronoi tessellation showing flux from a top free surface (center) compared to a
bottom free surface (right).
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The waste storage phase is lighter in tone in that figure, and it is clear that particles
near the surface influence very early exit flux, but the global gradient quickly becomes
dominant. Therefore, the general principles identified from the idealized shape study
seem to remain applicable.
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