


experiments and advanced simulations (e.g., atomistic and
quantum chemical simulations, nuclear simulations, cross-scale
reactive transport simulations, etc.) using high-performance
computing and data science approaches, 2) use of micronized
radioactive sample materials for facilitation of experiments,
and 3) application of state-of-the-art microscopic and (micro)
spectroscopic methods. As solid solutions are intrinsic constitu-
ents of various components of a repository system, from the
waste form (e.g., uranium oxide (UO2) and mixed uranium–

plutonium oxide (MOX; (U,Pu)O2) SNF) and engineered barrier
materials (e.g., bentonite or calcium–silicate–hydrate (C–S–H)
phases in cementitious barriers) to minerals in the geosphere,
a sound understanding of the thermodynamics and kinetics of
solid solution systems is an integral component of this research.

The long-term isolation and containment of the radioactive
wastes in a geological disposal facility is achieved through a mul-
tiple barrier system, combining man-made engineered barriers,
comprising durable waste forms, corrosion-resistant waste con-
tainers as well as buffer and backfill materials, with a suitable
geological barrier, the repository host rock. The selected geologi-
cal formations envisaged for geological disposal of HLW vary
among countries, but the main options are crystalline rocks
(e.g., granite), clays and clay rocks, and salt rocks. Table 1 sum-
marizes key features and the materials used in some concepts for
deep geological disposal of HLW.

The HLW/SNF containers emplaced in deep geological repos-
itories built in clay formations or crystalline rocks will inevitably
come into contact with groundwater after the closure of the
repository. Even for repositories in salt rocks, the presence of
water cannot be completely ruled out for less probable scenarios,
for example, early failure of shaft seals and plugs. As a conse-
quence, after container failure due to aqueous corrosion, radio-
nuclides can be released from degrading waste forms and
subsequently migrate into the geo/biosphere via the water
pathway. Thus a fundamental mechanistic understanding of
the processes governing 1) the long-term evolution of the mate-
rials present in the repository system, 2) the dissolution of
the waste matrices and the associated release of radionuclides
(radionuclide source term), and 3) the migration behavior of
radionuclides in the near and far field and their potential reten-
tion in newly formed solids in the repository near field (so called

secondary phases) on a molecular level is necessary to demon-
strate and substantiate the long-term safety of the repository
for the required timescales of up to one million years.

2. Importance of Solid Solutions in Nuclear
Waste Disposal

Many materials relevant for the management of nuclear wastes
are not pure substances but solid solutions, existing over a range
of chemical compositions. Radionuclide-containing solid solu-
tions relevant to the deep-geological disposal of HLW include
1) primary phases (waste forms): spent nuclear fuel, borosilicate
glass, single phase/multiple phase ceramics; and 2) secondary
(alteration) phases which form during the long-term evolution
of such a repository system (waste forms and near-field barrier
components): alteration phases of waste form corrosion, iron
(container) corrosion phases (green rust, magnetite) and cement
phases (e.g., C–S–H).

Substitutional solid solutions form by the replacement of one
atom by another atom. A disordered arrangement of different
atoms over the same lattice is stabilized by the entropy. The size
and charge difference of the substituting atoms and the flexibility
of the host structure, e.g., its Young´s modulus, determine

Table 1. Characteristics of selected disposal systems for SNF and vitrified HLW.[3–5]

Country Waste Host rock Buffer-material Container material

Belgium HLW/SNF Clay (boom clay) Cementitious C-steel/concrete

Canada SNF Granite or sedimentary rocks Bentonite Cu/C-steel

Finland SNF Granite Bentonite Cu/cast iron

France HLW/SNF Clay (Callovo-Oxfordian) C-steel

Germany HLW/SNF Granite/clay/salt Not decided Not decided

Japan HLW Generic Bentonite C-steel

Spain HLW/SNF Granite/clay Bentonite C-steel

Sweden SNF Granite Bentonite Cu/cast iron

Switzerland HLW/SNF Clay (Opalinus Clay) Bentonite C-steel

UK HLW (SNF) Generic Bentonite C-steel; Cu

USA SNF/HLW Tuff (unsaturated) Bentonite Ni–Cr, Ti drip shields
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the extent of solid solution formation. In general, the chemical
composition of a mixed phase is specified in terms of fixed
end-member compositions—e.g., the binary solid solution
U1–xPuxO2 can exist in a range of compositions specified by
the mole fraction, x, of the end-member PuO2. Solid solution
formation is typically favored between isostructural end mem-
bers, where the exchangeable atoms have the same charge
and similar ionic radii. In many systems the mixing is incom-
plete. In general, solid solution formation is limited at low tem-
peratures and is favored at higher temperatures.

Ceramic waste forms benefit from an extensive solid solution
formation favoring large loads of incorporated radionuclides.
However, even a limited concentration of an extra component
could be useful. For example, the mechanical strength and ther-
mal conductivity of UO2-based nuclear fuel depend on trace level
concentrations of Cr.[6] An incorporation of cations and/or
anions whose charges deviate from the charges of anions and
cations in a host end-member typically occurs along a coupled
substitution scheme.

2.1. Thermodynamic Aspects

To describe the thermodynamic stability of solid solutions, cer-
tain thermodynamic functions need to be defined, namely, the
configurational entropy and the enthalpy of mixing, which both
contribute to the Gibbs free energy of mixing. The simplest level
of theory corresponds to the so-called regular solid solution
model, which implies a random distribution of the substituting
atoms and a one-parameter equation to describe the enthalpy of
mixing

ΔHmix ¼ xð1� xÞW (1)

where x is the mole fraction of an arbitrarily chosen end member.
The knowledge of the regularmixing parameterW (dimensionless
form: a0¼W/(RT0), T0¼ 298.15 K) allows for the calculation of
the thermodynamic activities of the end members AL and BL
in an A1�xBxL solid solution, which are indispensable for the
description of thermodynamic equilibria in solid solution–
aqueous solution (SS–AS) systems, i.e., A1–xBxLþH2O.

[7]

In SS–AS systems, the commonly known concept of the aque-
ous solubility product needs an important extension. In contrast
to pure phases, where the aqueous solubility is independent of
the amount of solid present, the solubility of a solid solution
phase depends on the molar ratios and the solubilities of the
end members. Such a relationship is often visualized with
so-called Lippmann diagrams.[7] Figure 1 shows a Lippmann dia-
gram of the (Ba, Ra)SO4 system, illustrating the effects of differ-
ent solubilities of the end members BaSO4 and RaSO4 and of
varying the regular mixing interaction parameter.

Another important aspect that reveals itself in SS–AS equilib-
ria is the dependence of the partitioning of a radionuclide
between solid and aqueous phases on the total fraction of the
radionuclide component in the system. Generally, the aqueous
activity of a radionuclide species decreases proportionally to
its mole fraction in the system. This is because the small mole
fraction in the system determines the final dilute composition of
the minority component in a solid solution phase and this, in
turn, determines reduced activities of the corresponding

dissolved radionuclide species in the aqueous phase. In the case
of full equilibration of an aqueous solution with a solid solution
phase, in which a radionuclide is present in trace amounts, the
solubility of the radionuclide in the aqueous solution can be
reduced by orders of magnitude. Therefore, in some cases, solid
solution formation can be a highly relevant process for the safety
assessment, depending on the scenario.[9,10]

In many cases, only a partial equilibration of SS–AS systems is
observed. This is revealed, for example, as sector and/or oscillatory
compositional zoning.[11] Once a solid solution containing a cer-
tain nonequilibrium concentration of a radionuclide is precipi-
tated from a supersaturated aqueous solution, a re-equilibration
via solid state diffusion is practically impossible at temperatures
below about 100 �C. However, some SS–AS systems could still
evolve toward equilibrium via a dissolution reprecipitation pro-
cess. In such cases, structural uptake of radionuclides from aque-
ous solutions is feasible with an effect of a significant decrease in
aqueous radionuclide concentrations.

2.2. Experimental Approaches at Forschungszentrum Jülich

In recent years, new microscopic and spectroscopic instruments
were set up in the Helmholtz Nano Facility (HNF) as well as
at the Ernst Ruska-Centre for Microscopy and Spectroscopy with
Electrons (ER-C) and the Central Institute of Analytics (ZEA-3) at
Forschungszentrum Jülich. Complementarily, a new focused ion
beam (FIB) instrument was installed in the radiochemistry lab-
oratories of the Institute of Energy and Climate Research (IEK)
of the Forschungszentrum Jülich, enabling the preparation of
micronized samples from radioactive materials, e.g., tips for
atom probe tomography (APT) or lamellae for high-resolution
transmission electron microscopy (HRTEM). The advantage of
sample micronization is the reduction of the radioactivity to lev-
els below the exemption limit. This enabled the combination of

Figure 1. Example of a Lippmann diagram illustrating effects of different

solubilities of end members and of the interaction parameter a0.
Calculated based on log K0

BaSO4
¼�9.97 and log K0

RaSO4
¼�10.26. The

equilibrium composition of the aqueous phase in equilibrium with a solid

of a given composition can be obtained by drawing a horizontal line con-

necting the solidus and solutus lines. Reproduced with permission.[8]

Copyright 2013, Elsevier.
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classical wet chemical experiments, ceramic synthesis, and other
preparation techniques with state-of-the-art microanalyses. For
example, the uptake of 226Ra was observed in classical batch-type
experiments and the solids were subsequently characterized in
depth via HRTEM and APT, as well as time-of-flight secondary
mass spectrometry (ToF-SIMS) (cf. Section 3.2).

2.3. Computational Approaches at Forschungszentrum Jülich

New computational approaches combined with the availability of
high-performance supercomputing have recently paved the way
for groundbreaking results regarding solid solution formation
and the computation of such systems with quantum chemical
methods—also for actinide elements with their highly correlated
5f electrons.

The determination of mixing properties of solid solutions
from ab initio methods is a challenging task when it is performed
via sampling and averaging over a plethora of polyatomic super-
cell configurations. The approach followed here consists in the
notion that the configurational variability is greatly reduced in
the dilute limit, whereas the thermodynamically useful proper-
ties can still be determined. Particularly, the regular mixing inter-
action parameter,W, whose importance for the thermodynamics
of SS–AS systems is briefly discussed earlier, could be relatively
easily derived from first principles via the so-called single defect
method, by computing the increase in the total energy of a super-
cell of a host end member due to an insertion of a single substitu-
tional defect corresponding to a dopant compound.[12]Calculations
along the single defect methodology (SDM) were successfully
performed for binary systems within the ternary (Ba, Sr, Ra)
SO4 barite-type sulfates, for ternary orthorhombic carbonates,
(Ca, Sr, Ba)CO3,

[8] and for La1–xLnxPO4 (Ln¼Ce, …, Tb) and
La1–xAnxPO4 (An¼ Pu, Am, Cm)monazite-type solid solutions.[13]

The next level of sophistication in this approach to solid solu-
tions consists in the consideration of increments in the total energy
of a host supercell from paired (double) substitutional defects.
From these increments, one derives pairwise ordering interaction
energies, through which temperature-dependent Gibbs free ener-
gies of mixing are computed reflecting effects of short- and
long-range ordering. Calculations along the double-defect method
(DDM) have been applied to all binary solid solutions systems
within ternary (Ba, Sr, Ra)SO4 barite-type sulfates, allowing for
a detailed mapping of the ternary miscibility gap.[14]

A very important aspect of first-principles-based atomistic
simulations of structural or thermodynamic parameters of mate-
rials, including solid solutions, is the use of proper and accurate
computational methods. Many relevant radioactive elements con-
tain strongly correlated d and f electrons and are thus challenging
to first-principles-based computational methods, including den-
sity functional theory (DFT)—a workhorse of current computa-
tional chemistry and materials science. As an example, DFT fails
to predict the semiconducting state for UO2 (e.g., present in
SNF), instead describing it as a metal.[15,16] Thus, feasible exten-
sions of DFT such as DFTþU with the Hubbard U parameter
derived from first principles were developed and extensively
tested.[16–19] It was found that this approach significantly
improves the prediction of structural and thermodynamic
parameters of lanthanide phosphates and actinide-bearing

molecular and solid compounds.[17,19,20] This method has been
applied also to explain various properties and parameters of mate-
rials, such as their structural[17,21] and thermodynamic parame-
ters,[22] their relative stability,[23,24] their electronic structure
and X-ray absorption near edge structure (XANES) signatures,[25]

and their defect formation energies.[26,27] It was also applied to
derive reliable force fields for large-scale simulations of radiation
damage processes[28] and to test the performance of different
computational approaches for d and f electrons,[20] including
advanced methodologies for computing solid solutions.[29,30]

3. Materials Research for Nuclear Waste
Management in Jülich

3.1. Safety of Spent Nuclear Fuel Disposal

Nuclear fuel for most commercially used nuclear power reac-
tors is based on ceramic uranium oxide (UO2), or MOX contain-
ing the fissile isotopes 235U and/or 239Pu, in the form of pellets
inserted in a cladding material (made in particular from zirco-
nium alloys), forming a fuel rod. In addition to these commer-
cial fuels from power reactors, a variety of nonconventional
fuels from research reactors and prototype/test reactors exist.
The fuel of so-called pebble-bed high-temperature reactors
(HTR) is very different in design: A fuel pebble consists of
up to 10 000 small fuel kernels with diameters of about
500 μm, coated with pyrocarbon and silicon carbide (SiC),
which are embedded in a moulded graphite sphere with a diam-
eter of �60mm (Figure 2). Furthermore, research reactors and
materials test reactors mainly use aluminum-clad intermetallic
fuels (e.g., UAlx–Al and U3Si2–Al).

Due to neutron irradiation during reactor operation, the fuel
material undergoes dramatic changes in its chemical composi-
tion and microstructure. More than one hundred short and
long-lived radionuclides are formed due to fission and neutron
capture reactions. Such SNF is a very complex and heteroge-
neous material in which solid solution phenomena play an
important role.[4,32]

Figure 2. Design of an HTR fuel element and of a tristructural isotropic-

coated fuel particle (modified after a previous study[31]). Reproduced with

permission.[31] Copyright 2006, Elsevier.
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Its radioactivity has increased by nine orders of magnitude

(1019 Bq metric ton�1 of heavy metal) in comparison to unirra-
diated fuel. For example, the dose rate measured 1m from the

fuel assembly of a spent commercial light water reactor (LWR)
fuel is 106mSv h�1 (for comparison, the natural background

dose is of the order of 2 mSv year�1 in Europe). A person exposed
to this level of radioactivity would receive a lethal dose in less

than a minute; hence, SNF must be handled remotely
in a hot cell facility (Figure 3).[4,33] However, radioactivity

(in Bq g�1) and dose rate (in Sv h�1) from SNF drop quickly

and after 300–500 years, most beta and gamma emitters have
decayed and alpha radiation will dominate the radiation field

for several 100 000 years.
The temperature distribution in conventional UO2/MOX fuel

pellets during irradiation is not homogeneous, but a steep tem-

perature gradient (several hundred degrees) between the hot cen-
ter (up to 2000 �C) of the pellet (diameter: 10mm) and the outer

edge of the pellet (rim) exists. This gradient is mainly responsible

for the radial heterogeneous segregation and distribution of the
radionuclides. Due to mechanical stresses, further irradiation

effects such as fuel swelling, pellet cracking, and pellet-cladding
interaction are observed.

After unloading from the reactor after some years of operation,

the SNF still contains 95 wt% of uranium oxide and about 5 wt%
fission products as well as transuranium elements,[33] which can

be classified into four groups:[34] 1) volatile and gaseous fission

products (Kr, Xe, I) which can be found along grain boundaries,
within intra and intergranular gas bubbles and in the gap between

the fuel and cladding;[35] 2) fission products forming metallic pre-
cipitates (solid solutions) immiscible with the UO2matrix (Mo, Tc,

Ru, Rh, Pd, Ag, Cd), so-called epsilon particles; 3) fission products
forming complex solid solution oxide precipitates (Rb, Cs, Ba, Zr,

Nb, Mo, Te); and 4) fission products (Sr, Zr, Nb, lanthanides) and
actinides (Pu, Am, Cm) that are retained in the fuel matrix, form-

ing solid solutions with UO2. The morphological, macro-, and

microstructural changes and the amount of fission products
and activation products (produced by neutron capture) in SNF

are highly dependent on the burn-up of the fuel.[36,37]

Since (ground) water is considered as the principal pathway
by which radionuclides could be transported from the waste
material into the environment, the interaction of SNF with aque-
ous solution has been studied extensively (e.g., within collabora-
tive European projects such as SFS, Micado, or First Nuclides)
and a comprehensive view on corrosion phenomena of
UO2-based SNF has been developed in recent years.[4,33,36,38–40]

The radionuclide release from SNF due to aqueous corrosion can
be described by two components: 1) the fast (instant) release of
radionuclides located in the rim and gap region and on grain
boundaries (incl. 36Cl, 79Se, 129I, 135Cs), immediately after the
fuel comes into contact with groundwater, and 2) the release
of radionuclides due to the dissolution of the UO2 matrix, which
is driven by radiolysis due to alpha radiation in aqueous solution,
thus forming locally oxidizing species (e.g., H2O2).

[41–43]

In the following, the focus will be on recent corrosion studies
performed at Forschungszentrum Jülich, related to less fre-
quently investigated SNF materials, namely, HTR fuel, research
reactor fuel, and MOX fuel.

3.1.1. HTR Fuel

Corrosion studies showed that the HTR fuel elements represent
a very stable waste matrix as long as the integrity of the SiC coat-
ings of the kernels is not impaired.[31,44,45] The instant release
fraction from high burn-up (�100 GWd tHM

�1) HTR kernels
(without SiC coating) is different compared to 60 GWd tHM

�1

LWR fuel and affected by the uniquely low oxygen potential
within HTR fuel kernels.[46] Microscopic and microanalytical
studies of irradiated HTR fuel kernels showed that, compared
to LWR SNF, in this material the solid solutions in the metallic
epsilon particles are enriched in Mo and contain unexpectedly
high Zr concentrations.[46]

3.1.2. Research Reactor Fuel

Corrosion experiments of nonirradiated and irradiated research
reactor fuel elements (UAlx–Al and U3Si2–Al) in salt brines, clay
waters, and granite waters revealed complete dissolution of these
fuel types within a time frame of a few years.[47–51] The measured
corrosion rates are up to four orders of magnitude larger than
matrix corrosion rates of UO2-based LWR fuels under similar
conditions, with the highest corrosion rates in MgCl2-rich brines
and lower rates (about a factor 3) in clay and granite waters.

3.1.3. MOX Fuel

Dissolution experiments with irradiated MOX fuels (burn-up
between 25.8 and 47.9 GWd tHM

�1) were recently started in col-
laboration with Studiecentrum voor Kernenergie–Centre d’Etude
de l’Energie Nucléaire (Mol, Belgium).[52] The leaching experi-
ments are performed at ambient temperature in autoclaves pres-
surized at 40 bars with a mixture of 4 vol% H2/Ar that are being
operated in a hot cell facility. Both leachate solutions and the gas
phase in the autoclaves are sampled, and the release behavior of
more than 30 relevant radionuclides (including fission gases,
actinides, and long-lived fission products) are determined by var-
ious analytical techniques. The aim is to study the SNF behavior

Figure 3. Static leaching experiment installed in a hot cell at

Forschungszentrum Jülich.
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under deep geological repository conditions, addressing instant
release and long-term matrix corrosion of irradiated MOX fuel in
synthetic clay pore solution and cementitious pore waters.

Due to the chemical and structural complexities of SNF and its
high radiation field, studies on “real” SNF samples cannot
unravel all of the various mechanisms and processes contribut-
ing to the long-termmatrix corrosion of SNF. Therefore, comple-
mentary studies are performed on simplified UO2-based model
systems in a tiered bottom-up approach. This approach has been
successfully adopted in the European collaborative project
DisCo.[53] Single-effect studies render to unravel and quantify
the contributions of distinct reaction mechanisms at molecular
scales to the overall long-term SNF matrix corrosion. Specifically,
the following aspects are currently investigated to address open
issues related to SNF corrosion: 1) lanthanide fission products
in solid solution with the UO2 matrix are known to affect
SNF corrosion rates, but the detailed mechanism remains
unclear so far;[54–57] 2) Cr doping is used during fuel production
to increase its performance during reactor operation,[58,59] but
the impact of the Cr dopants, partly in solid solution with
UO2, on SNF corrosion is not known to date;[60–62] 3) the thresh-
old value for alpha-radiolysis-driven UO2 matrix corrosion; 4) the
potential catalytic contribution of the epsilon particles, including
their chemical composition (solid solution), on the SNF redox
reactivity; and 5) the effect of the nature of the SNFmatrix micro-
structure on SNF alteration mechanisms.

The outcome of these SNF corrosion studies outlined earlier
contributed to the scientific basis for the derivation of respective
source terms in the preliminary safety assessment for a

geological repository at the German Gorleben site (“vorläufige
Sicherheitsanalyse Gorleben”, vSG).[63]

3.2. Retention of Radium within the Repository System

Secondary phases are considered as relevant materials in
nuclear waste management due to their potential for radionu-

clide retention.[64,65] In some safety cases they are considered
as components in the multibarrier system. A prerequisite for
the applicability of this SS–AS system is a complete set of ther-
modynamic data and their experimental confirmation. Here, an
interdisciplinary approach was applied focusing on the material
properties of the solid. A combination of batch-type laboratory
experiments was complemented by state-of-the-art analytical
techniques, atomistic simulations, and thermodynamic model-
ing approaches.

Depending on the environmental conditions, the aqueous

concentration of Ra in a high-level nuclear waste repository
can be controlled by sulfate minerals. The first aim of the experi-
mental approach was the validation of the concept that pure bar-
ite (BaSO4) in contact with a Ra-containing solution would evolve
to a (Ba, Ra)SO4 solid solution via a recrystallization mechanism.
Batch recrystallization experiments and detailed analyses of the
solid and aqueous phases were conducted at defined times. Even
though recrystallization is usually considered to be a rather slow

process, already after 443 days the uptake of Ra into the bulk of
barite was confirmed via ToF-SIMS (Figure 4), indicating close-
to-equilibrium conditions.[66] In fact, by combining known

Figure 4. a) SEM image of barite particle before ToF-SIMS analysis, b) integrated intensity of the Ba signal, c) integrated intensity of the Ra signal,

d) depth profile of the integrated Ra signal. e) Histogram of the Ra/Ba ToF-SIMS intensity ratio obtained from 660 integrated measurement points

of SL (Sachtleben) 0.5 g L�1. f ) Histogram of the Ra/Ba ToF-SIMS intensity ratio obtained from 400 integrated measurement points of

AL (Aldrich) 0.5 g L�1. Reproduced with permission.[65,66] Copyright 2014, American Chemical Society, copyright 2016, Elsevier.
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solubility products of the end members with the corresponding

Ra/Ba ratios obtained from ToF-SIMS the experimental regular
solution interaction parameter was estimated.[66] The latter was

comparable to the interaction parameter derived ab initio.[8,67]

A deeper understanding of the relevant properties of barite

that enable the surprisingly high Ra uptake was obtained
by using APT and HRTEM, combined with high-resolution

microchemical analysis (energy-dispersive X-ray spectroscopy,
EDX).[68,69] The characterization of the pristine synthetic barite

showed that it contained significant amounts of pores in the

micrometer to nanometer scale (Figure 5a,b). Macropores con-
necting the surface with the inside of the particles were observed

together with nanoscale pores; the latter were identified as strata
of fluid inclusions (Figure 5c). During the recrystallization

of barite in the presence of Ra, these pores provided fast path-
ways for Ra into the solid due to dissolution–reprecipitation pro-

cesses. TEM–EDX investigations revealed an inhomogeneous

distribution of Ra among (Ba, Ra)SO4 particles at intermediate
stages of the recrystallization and an enrichment of Ra around

micrometer-scaled pores (Figure 5d,e). Detailed analyses of
(Ba, Ra)SO4 with FIB cross-sectioning taken at different recrys-

tallization times indicated a dynamic restructuring of these fluid
inclusions during the uptake of Ra, destroying their initial strati-

fied arrangement and leading to a more homogeneous solid
solution. In some kind of a ripening process, many nanoscaled

pores disappeared in favor of a smaller number of macropores.

In summary, these results justified the assumption that in

relatively short time scales a full recrystallization of barite to a

(Ba, Ra)SO4 solid solution is possible, favored by the internal
porous structure of barite.

The largest uncertainty within the available thermodynamic

dataset for (Ba, Ra)SO4þH2O was due to the poorly known
thermodynamic activity of the RaSO4 end member within the

(Ba, Ra)SO4 solid solution. The specific approach developed here
was to combine atomistic DFT-based calculations with thermody-

namic modeling of SS–AS equilibria, using the software package

GEM-Selektor.[70] The regular model interaction parameter W

was computed ab initio with the single defect method from the

enthalpy increase of a 2� 2� 2 supercell of BaSO4 (Figure 6)
due to the insertion of a single substitutional defect of Ra.

Details of these calculations are given in Vinograd et al.[8,14]

The WBaRa parameter was determined to be
2.5� 1.0 kJ mol�1, indicating a slightly nonideal solid solution.

Further effort was undertaken to assess the asymmetry of the
mixing properties within the (Ba, Ra)SO4 solid solution and to

estimate effects of chemical ordering,[14] the heat capacity of

RaSO4, and the effects of temperature on the aqueous equilibria
of the SS–AS system (Ba, Ra)SO4 þH2O.

[10] These predictions

indicated a relative increase in the solubility of the RaSO4 end
member with increasing temperature, causing a slight increase

in the aqueous Ra concentration in the presence of a given
amount of BaSO4.

In summary, our results provided a detailed justification of the

concept that in the SS–AS (Ra, Ba)SO4þH2O system the aqueous

Figure 5. a) Cross-section of a synthetic barite particle containing a layered structure, (1) elongated pores and (2) larger, randomly oriented pores.

b) High-angle annular dark-field–scanning transmission electron microscope (HAADF-STEM) image of pristine barite c) 3D elemental composition

reconstructions of an APT measurement of a synthetic barite of the same type, green: Ba, blue: H2O; d,e) Ra distribution inside the barite at intermediate

stage of the recrystallization. HAADF-STEM image and corresponding STEM-EDX mapping of the indicated area. Reproduced with permission.[68,69]

Copyright 2016, 2017, Elsevier.
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solubility of Ra would be orders of magnitude lower than in the
system of RaSO4þH2O. Our studies allowed closing knowledge
gaps in thermodynamic properties of the relevant phases
and proved the applicability of recrystallization as the main
mechanism of solid-solution formation to be considered in
safety assessments for nuclear waste repositories. Particularly,
by comparing experimental data with results of atomistic simula-
tions and thermodynamic modeling it was shown that the thermo-
dynamic equilibrium can be closely achieved in the SS–AS
system (Ba, Ra)SO4þH2O within the time interval of 2–3 years.
Ra-sulfate SS–AS systems are already considered in safety assess-
ments for the Swiss, the Swedish, and the Finnish safety cases for
deep geological HLW repositories.[71–74] The research was recently
extended to the ternary (Ba, Sr, Ra)SO4þH2O system where the
thermodynamic models and approaches described previously
were successfully applied.[14,75,76]

3.3. Pyrochlore-Type Ceramic Waste Forms

For many nuclear waste streams some form of treatment and
conditioning is required prior to disposal to render them into
solid waste forms. A number of immobilization techniques have
been established throughout the last decades, e.g., cementation

of low- and intermediate-level wastes[77–79] or vitrification of
HLW streams generated in the course of reprocessing of
SNF.[80–83] Moreover, a variety of single-phase and poly-phase
ceramic matrices (based, e.g., on oxides such as pyrochlore
and zirconolite, silicates such as zircon, or phosphates such as
monazite) have been explored as potential alternative waste
matrices for specific waste streams such as separated plutonium
from civilian or military sources unsuitable for further use,
minor actinides (Am, Cm, Np), or long-lived fission prod-
ucts.[84–97] In these crystalline ceramics, selected in particular
for their high chemical durability and radiation stability, radio-
nuclides can be incorporated into the lattice structure of the host
phase occupying specific atomic positions, which allows for high
loadings of specific radionuclides.

As shown in Figure 7, pyrochlore has the general formula
A2B2O7 and can be described as a derivative of the (cubic) fluorite
structure. The pyrochlore structure offers a great deal of chemical
flexibility, allowing for the incorporation of trivalent lanthanides
as well as of tri- and tetravalent actinides;[91] the latter may be
incorporated on both the A- and B-sites. The enhanced radiation
damage resistance of specific pyrochlore compounds (e.g.,
Gd2Zr2O7) is realized under irradiation by the formation of a
disordered solid phase called defect fluorite (Figure 7).[88]

Figure 6. a) A 2� 2� 2 supercell of BaSO4 with one substitutional defect; b) relationship between the enthalpy of mixing in the regular model and the

parameterW:W is equal to the slope to the enthalpy of mixing function in the limit of x¼ 0. Adapted from Vinograd et al.[8] Reproduced with permission.[8]

Copyright 2013, Elsevier.

Figure 7. Schematic representation of the structure of pyrochlore (zirconate: Ln2Zr2O7) and its disordered phase.
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For instance, experiments on self-irradiated Gd2(Ti,Zr)2O7 mate-

rials containing 10 wt% 239Pu show that so-irradiated Gd2Ti2O7

will be amorphized in �1000 years, while in Gd2Zr2O7 amorph-

ization will not occur at all.[88] However, the underlying mecha-
nisms that cause this phenomenon are still poorly understood.

For instance, it has not been conclusively demonstrated which
atomic scale process is the driver behind the order–disorder

transition, how the transition proceeds under temperature and
pressure, how fast the radiation damage–resistant compounds

dissolve, and most importantly, how actinides such as Pu are

incorporated into their matrix.
Fundamental properties of pyrochlore materials are investi-

gated to understand their overall performance as a nuclear waste

form. Research using a large variety of experimental techniques
and advanced first-principles-based simulation techniques has

been performed. Most importantly, a synergy of experiment, sim-
ulation, and theory has been applied to obtain the best possible

characterization of the processes of interest. The new knowledge

gains and predictions made were validated on many occasions by
follow-up independent experimental studies.

One of the key topics in characterization of a crystalline

nuclear waste form is to understand the structural incorpo-
ration of radionuclides (e.g., actinides) into its structure. In that

aspect, the investigation of local structures in pyrochlore-
type materials, including probes doped with f-elements, has

been performed. Time resolved laser-induced fluorescence

spectroscopy has been used to probe the local environment
of Eu3þ and Cm3þ in La2Zr2O7 with pyrochlore and defect fluo-

rite structure.[98] It resulted in the detection of well-defined
eightfold environments of dopant cations in pyrochlore and

low-symmetry doping positions in case of defect fluorite, as
expected due to the disordered nature of the latter material.

All the dopants were completely incorporated into the crystal-
line lattice. In addition, the nuclear inelastic scattering has been

used to investigate the lattice dynamics in (Eu, Nd)2Zr2O7.
[99]

These measurements indicate strong broadening of phonon
modes resulting from the loss of locally symmetric coordination

of Zr and due to the softening of the pyrochlore framework
upon the Eu incorporation. Moreover, a Mössbauer spectros-

copy study of the Eu1�xNdxZr2O7 system revealed significant
changes in the isomer shift and quadruple splitting, indicating

distinct differences in the local structure of pyrochlore and
defect fluorite.[100]

Although experiments with lanthanides as surrogates for
actinides provide valuable clues about the structural incorpo-

ration of actinides and the performance of the formed solid sol-
utions, only studies of pyrochlore-type solid solutions with

actinides could provide a complete understanding of the perfor-
mance of pyrochlore as a waste form. This is in part because

actinides show a more complex redox chemistry than lantha-
nides, with Pu exhibiting a variety of oxidation states (e.g.,

Pu(III) or Pu(IV)). We thus performed joint experimental

and simulation investigations of Pu-doped Nd2Zr2O7 pyro-
chlore.[101] The analyzed XANES data suggested a tetravalent

state of Pu, but EXAFS data indicated a coordination environ-
ment, resembling doping on the crystallographic position of

Nd. This finding was supported by the ab initio calculation of
Pu solution energies in pyrochlore.

In the investigation of the local structural atomic arrange-

ments in pyrochlore-based waste forms, an important question
is on the extent of preservation of atomic ordering (short-range

order) in the disordered defect fluorite phase. By neutron
total scattering, a significant local short-range ordering of

weberite type in defect fluorite materials has been detected.[102]

These results have been supported by joint experimental [X-ray

diffractometry (XRD), thermochemistry] and atomistic model-
ing studies, which characterized the thermochemistry, the

thermodynamics, and the evolution of structural parameters

of the NdxZr1�xO2�0.5x system that undergoes composition
induced order–disorder phase transition.[30] As shown in

Figure 8, the measured low entropy of disordering of
16 J mol�1 K�1

fits into the picture of significant short-range

ordering of weberite type in defect fluorite phases as proposed
by Shamblin et al.[102]

The atomistic modeling is an integral part of the research

approach presented here and, as already shown, it has been fre-

quently used to support the experimental effort for understand-
ing the experimental data. However, a pure simulation driven

research that aims at understanding the performance of pyro-
chlore as a nuclear waste form on the atomic scale has also been

applied. The adequate and accurate computational methodology
(see Section 2) substantially improved the DFT prediction of the

temperature of order–disorder transitions and allowed for deri-
vation of accurate maps of cation antisite and anion Frenkel pair

defect formation energies[27,103] (Figure 9), which were recently

shown to be the best match to the experimental values.[104] As
shown in Figure 9, the obtained maps reveal a clear correlation

between the oxygen Frenkel pair defect formation energies and
the stability field of pyrochlore. Li et al.[27] showed that the

compounds that form defect fluorite have small or negative
Frenkel pair defect formation energy. In addition, the activation

barriers for oxygen diffusion computed by Li and Kowalski[105]

are consistent with the experimentally measured values and
trends. For instance, they explained the maximum ionic conduc-

tivity observed in the zirconium–pyrochlore series of Eu by

Figure 8. The calorimetric measurements of enthalpy of formation from

oxides in NdxZr1–xO2–0.5x system. The indicated enthalpy of the pyrochlore

to defect fluorite transition of ΔH¼ 30 kJ mol�1 corresponds to the tran-

sition entropy of 16 J mol�1 K�1.[30] Reproduced with permission.[30]

Copyright 2017, Elsevier.

www.advancedsciencenews.com www.aem-journal.com

Adv. Eng. Mater. 2020, 22, 1901417 1901417 (9 of 13) © 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



formation of a split vacancy state for heavier lanthanides. These

computational studies demonstrated that disordering enhances
oxygen diffusion and that the flexibility of the oxygen sublattice
is a driver for the disordering transition and the related radiation

damage resistance of pyrochlore.
Another important aspect of the research on solid nuclear

waste forms is the understanding of their behavior when in
contact with aqueous solutions. A series of studies aiming at
the understanding of the dissolution process have been per-

formed. The kinetics of dissolution has been investigated at
both the macroscopic and microscopic level, using advanced
techniques, such as vertical scanning interferometry (VSI),

scanning electron microscopy (SEM), environmental scanning
electron microscopy, atomic force microscopy, X-ray reflectom-
etry, XRD, mössbauer spectroscopy. Wet chemical analysis

and detailed SEM studies indicate preferential leaching at
grain boundaries, showing no significant influence of the struc-
ture type (pyrochlore or defect fluorite) on the dissolution
rate.[106,107] VSI allowed for the evaluation of different contribu-

tions to the total dissolution rate of Nd2Zr2O7, including the
single grain dissolution, the dissolution at grain boundaries,
at triple point junctions, and the erosion of pulled-out partly

dissolved pyrochlore grains (Figure 10).[108] The identification
of individual contributing processes provides also a new way
of analysis of reaction rates in polycrystalline materials. Highly
heterogeneous dissolution was also observed by Szenknect et al.

(Figure 11).[109] These studies suggest that the stability of pyro-
chlore materials against chemical corrosion is enhanced by an
increase in the average grain size.

The combination of experimental and atomistic modeling

studies discussed here yields a more detailed insight into the
mechanism of the structural immobilization of actinides in
pyrochlore-type solid solutions, the thermodynamic parameters
of such waste forms, and the structural disordering causing the

enhanced radiation damage resistance of selected pyrochlore
compounds. The obtained results contribute to the understand-
ing of the long-term behavior of pyrochlore-type ceramics as a

nuclear waste form.

4. Conclusions

The safe management of radioactive wastes and in particular
their final disposal in a deep geological repository requires
an in-depth understanding of the long-term behavior of the
materials involved, including the radionuclides present in the

Figure 9. The contour maps of the cation antiside (left) and anion Frenkel pair (rights) defect formation energies for series of pyrochlore compositions.

Symbols represent the most stable phase: pyrochlore (filled square), pyrochlore that transforms to disordered fluorite at temperature (half-filled squares),

defect fluorite (empty squares), and noncubic phases (filled triangles). Reproduced with permission.[27] Copyright 2015, Elsevier.

Figure 10. Evolution of pyrochlore sample surface topography after disso-

lution during a) 40 h and b) 420 h. Reproduced with permission.[108]

Copyright 2015, American Chemical Society.
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nuclear waste forms. Therefore, materials research is an
essential element in the provision of the knowledge base for

the assessment of the (long-term) evolution of the repository
system, contributing thus to the scientific basis of the safety

case. Various countries have advanced nuclear waste disposal
programs for high-level radioactive wastes; the respective safety

cases demonstrate the safety of the (planned) waste repositories.

The respective safety assessments are based particularly on a
good phenomenological understanding of the processes affect-

ing the materials in the multibarrier system and the repository
evolution over time, and a number of conservative assumptions.

However, to further substantiate the long-term safety of the
repositories, a refined mechanistic process understanding,

based on state-of-the-art science, is beneficial to improve the
confidence in predictions on repository system evolution over

the required time scales of up to 1 million years. By integrating

innovative experimental approaches and advanced simulation
methods (at various length and time scales), a number of open

issues with respect to the behavior of (waste) materials in the
repository environment have been successfully addressed at

Forschungszentrum Jülich in recent years. Remaining topics
to be addressed within this context comprise, inter alia, coupled

processes at materials interfaces within the multibarrier system
of a repository, specific reaction mechanisms affecting SNF cor-

rosion such as the H2-effect, and the performance of innovative

waste forms for special nuclear waste streams under repository
conditions.
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