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a b s t r a c t

Release of nuclear species from spent fuel ceramic waste form storage depends on the individual con-
stituent properties as well as their internal morphology, heterogeneity and boundary conditions. Pre-
dicting the release rate is essential for designing a ceramic waste form, which is capable of effectively
storing the spent fuel without contaminating the surrounding environment for a longer period of time.
To predict the release rate, in the present work a conformal finite element model is developed based on
the Nernst Planck Equation. The equation describes charged species transport through different media by
convection, diffusion, or migration. And the transport can be driven by chemical/electrical potentials or
velocity fields. The model calculates species flux in the waste form with different diffusion coefficient for
each species in each constituent phase. In the work reported, a 2D approach is taken to investigate the
contributions of different basic parameters in a waste form design, i.e., volume fraction, phase dispersion,
phase surface area variation, phase diffusion co-efficient, boundary concentration etc. The analytical
approach with preliminary results is discussed. The method is postulated to be a foundation for
conformal analysis based design of heterogeneous waste form materials.

© 2017 Published by Elsevier B.V.

1. Introduction

Radioactive waste streams resulting from legacy weapons pro-
duction as well as advanced commercial fuel cycles [1], present
researchers with the challenge to manage the waste in an efficient
and safe manner. An efficient system must have the capability to
contain a radioactive material within itself and limit the release of
the waste material in the surrounding environment to an allowable
release rate. Among different waste form materials, SYNROC-C is a
titanate based ceramic composed of four different targeted phases
e zirconolite, hollandite, perovskite, and pyrochlore [2]. Different
Separation processes isolate several important radionuclides that
need to be sequestered including Cs135/137, Tc99, lanthanide fission
products and residual actinide elements U, Pu, Am, Np237 [3]. To
store these nuclear waste materials, different storage systems have
been developed. Ceramic waste form incorporating a wider range
of radionuclides has the potential to be a viable option to be used as

a durable and effective medium, lowering the storage and disposal
costs associated with advanced fuel cycles [4]. Flexibility of syn-
thesis processes of ceramic waste formwith varyingmicrostructure
and material phases gives the ability to design efficient storage
solutions. Recent research on melt processing of waste forms has
many advantages over the conventional solid-state synthesis
methods and can reduce potential contamination associated with
extensive powder handling operations [5]. But the influence of
these microstructural variations on charge transport behavior need
to be investigated to understand the contribution of these varia-
tions on overall flux of nuclides out of the system. Study by
Brinkman et al. shows contribution of microstructure in overall
charge transport in crystalline waste form systems [6].

To study these characteristics to design an efficient waste form,
experimental methods with numerous iterations have proved to be
time consuming and costly. Performance test of these systems
experimentally by different leaching experiment such as Single
Pass Flow Through (SPFT) Test e ASTM C1662, MCC-1, Static Leach
Test e ASTM C1220, Solution Replacement Test, Product Consis-
tency Test (PCT) e ASTM C1285 and Vapor Hydration Test (VHT) e* Corresponding author.
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ASTM C1663 only provides information about the performance of
thewaste form for a short period of time in comparison to reference
materials, typically standard borosilicate glass. The current suite of
testing and analysis does not provide information about the
mechanism of corrosion, the performance of the waste form as a
function of microstructure and morphology and ultimately the
performance over geological timescales.

Finite element analysis of these systems to determine optimum
microstructure, phase combinations andmixture ratio can facilitate
the design process by reducing time and cost. Finite element
analysis is now widely used to investigate electrochemical systems
[7,8]. In this work, a finite element model of waste form system is
used to simulate radionuclides ion transport in the system. This
model can be used to resolve both 2D and 3D domains representing
ideal or real microstructures of a waste form system. Here we
introduce a 2D ideal domain representing a 2-phase waste form
system to investigate the contributions of different system pa-
rameters, i.e., Diffusion co-efficient ratio between phases, initial
radionuclides concentration ratio between phases, volume fraction
of the phases and dispersion of the secondary phases.

For this work, our choice of radionuclides is Cesium (Cs) and the
Ceramic waste form structure containing Cs is Hollandite. The ideal
2D microstructure representation is motivated by the actual
microstructure of a Fe-Hollandite structure fabricated by melting
and crystallizing process reported by Brinkman et al. [9]. In Fig. 1, a
Backscattered ElectronMicrograph is showing several well-defined
phases of the material with different Cs concentration. Crystalline
phases determined from X-ray Diffraction XRD measurements and
Energy Dispersive X-ray Spectroscopy EDAX elemental analysis.
The ideal 2D microstructure used in the finite element analysis
represents similar properties variations between phases, initial Cs
concentration difference and geometrical structural variation seen
in the real microstructure.

Cs ion flow is driven by concentration gradient between the
interior and outside environment. In a ceramic composite material,
charge transport can be influenced by the bulk transport behavior
as well surface exchange phenomena. However, in this work we

focused on the bulk transport mechanism controlled by diffusion,
as suggested by Shaw et al. [10]. This mechanism is represented by
the Nernst-Planck equation [11]. Here we are not considering grain
boundary corrosion that will likely occur in the matrix phase and
accelerate the degradation process. But this is an important
parameter in the overall waste form performance. In our future
investigations of both 2D and 3D conformal analysis, we will
introduce contribution from grain boundary.

2. Governing equations

To calculate the flux of stored nuclear ion through the waste
form structure, we used Nernst-Planck flux equation. This equation
describes transport of chemical species by convection, migration
and diffusion through electrolyte membrane. Nernst-Planck equa-
tion has been used to model different charge transport phenome-
non [12,13,14]. This equation has been utilized to represent charge
transport in various electrochemical systems i.e. Battery [15], Fuel
Cells [16] etc. The Nernst-Planck equation based model can be used
to calculate concentration gradient, species flux, potential gradient
of the system. Equation (1) shows Nernst-Planck equation

Ni ¼ "DiVci " zium;iFciVfþ ciu (1)

Ni ¼ Flux of species, i (mol/m2s)
Di ¼ Diffusion co-efficient (m2/s)
ci ¼ Concentration of ion, i (mol/m3)
zi ¼ Valance of species
um;i ¼ mobility (s/mol/kg)
F ¼ Faraday constant
fi ¼ Electrolyte Potential
u ¼ velocity vector (m/s)

In the case of a solid structure, velocity term ui is ignored due to
the absence of continuous flow through void. Migration term is
ignored as no potential is applied across any of the boundaries. In
this study, we also did not consider the potential difference created
by the space charge due to the defects accumulated at the grain
boundaries [17]. However, if required, this potential can be applied
to the model using internal boundary condition. For this case of
solid waste form, Cs release will be controlled by the diffusion co-
efficient of the species through the waste form medium and driven
by the concentration gradient of the species. The amount of Cs
released can be obtained by calculating the total flux using equation
(1). Transient solution of the equation calculates flux over time that
can be used to obtain the leaching rate of Cs. Domain diffusion
coefficient was obtained from reported ionic conductivity of Cs in
hollandite structure [18]. Nernst-Einstein relation is used to
calculate the diffusion co-efficient described by Equation (2) [19].

s ¼
z2i e

2ci
kBT

Di (2)

Where, Di ¼ Diffusion co-efficient (m2/s)
s ¼ Ionic Conductivity
zi ¼ Valance of species
ci ¼ Concentration of ion, i (mol/m3)
kB ¼ Boltzmann's constant

3. Model description

The Nernst-Planck equation is solved using Nernst-Planck
Fig. 1. Fe-Hollandite Ba1.0Cs0.3Fe2.3Ti5.7O16 fabricated by melting and crystallizing
backscattered electron micrograph.
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Equation Module of COMSOL Multi-Physics. Both 2D and 3D
structure can be used as the material domain in this model. For
conformal analysis with real microstructure, computational
domain can be generated form 3D scans of the material using
Transmission X-ray Microscopy (TXM). Chiu et al. utilized this
method to obtain 3D structural scan to investigate ceramic com-
posite oxygen separation membrane [20]. In this Study we inves-
tigate a 2D two phase ideal waste form structure with regular
geometric shapes. Fig. 2 shows 2-phases of the Cs Waste from

having different Cs diffusion co-efficient and initial Cs
concentration.

Top, bottom and left boundary of the system is set as blocked to
prevent flow of Cs through. The right boundary of the system has a
very low concentration of Cs representing open boundary condition
to the environment. The Cs concentration gradient between initial
internal and external surface initiates the outward diffusion of Cs.
Transient solution of the model is obtained to calculate flux of Cs
over time. In this study, we wanted to identify dependence of flux
on relative diffusion co-efficient variations between phases as well
as initial Cs concentration in each phase. We also investigated the
contribution of varying volume fraction as well as dispersion of the
secondary inclusion phase inside of the structure to the overall Cs
leaching behavior. In this work, each waste form combination was
operated over a 10-day cycle and flux data calculated at the
beginning, in the middle and at the end of the cycles were pre-
sented. The 10-day time frame was selected to identify and study
the influence of the above mentioned parameters in a finite time
frame so that these transport behaviors can be compared to
behavior obtained from leeching experiments performed in waste
forms designed to degrade at a faster rate. For this study, we did not
include grain boundary effect in the matrix phases. But in our
future study, grain boundary contribution will be added to this
model. In this model, options to apply diffusion properties can to
the grain boundaries are available. It is also possible to calculate
diffusion behavior of species along the grain boundaries.

To study the relative diffusion co-efficient contribution, the ratio

Fig. 2. 2D 2 phase waste form model structure representation with boundary
condition.

Fig. 3. Diffusion flux of Cs in open boundary vs Diffusion Co-efficient ratio between two phases for 3 stages of 10-day cycle at a) volume fraction (vf): 0.1 and No. of secondary phase
inclusion: 1, b) vf: 0.1 and No. of inclusion: 16, c) vf: 0.5 and No. of inclusion: 1 and d) vf: 0.5 and No. of inclusion: 16. Inset figures show volume fraction and inclusion configuration.
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between diffusion co-efficient of Cs in two phases was varied from
0.1 to 10. Similarly, to study initial Cs concentration, the ratio of the
two initial conditions were varied from 0.1 to 10. Flux dependence
of volume fraction was studied by varying the secondary inclusion
phases from 0.1 to 0.5. To study secondary phase dispersion; for
each volume fraction we had a combination of 1, 4, 9 and 16
number of elements arranged in a square distributed array. This
dispersion study will demonstrate influence of varying internal
surface area of the phases for same volume fraction on the overall
boundary flux.

4. Result & discussion

4.1. Phase diffusion co-efficient

To study the contribution of the relative diffusion co-efficient of
Cs in the two phases, we varied the diffusion co-efficient of the
secondary inclusion phase relative to the external matrix phase.
The ratio between the diffusion co-efficient varied from 0.1 to 10.
Total boundary flux was calculated for a 10-day period. The time
stages, i.e. start, intermediate and end are presented in the
following figures from the calculated data.

Here Fig. 3a and b shows dependence of flux variation on
Diffusion co-efficient ratio for volume fraction of 0.1 with 1 and 16
elements. In addition, Fig. 3c and d shows dependence of flux

variation on Diffusion co-efficient ratio for volume fraction of 0.5
with 1 and 16 elements. For each cases with minimum and
maximum volume fraction and secondary inclusion elements, we
see that boundary flux does not vary at any stage of the 10-day run.
This indicates that diffusion co-efficient of the secondary inclusion
phase does not have a significant effect on the overall flux behavior
with time.

4.2. Initial concentration variation

To study the contribution of relative initial concentration of Cs in
the two phases, we varied the Cs concentration in the secondary
inclusion phase relative to the external matrix phase. The ratio
between the initial concentrations was varied from 0.1 to 10.

Here Fig. 4a and b shows dependence of flux variation on initial
Cs concentration ratio for volume fraction of 0.1 with 1 and 16 el-
ements. Moreover, Fig. 4c and d shows dependence of flux variation
on initial Cs concentration ratio for volume fraction of 0.5 with 1
and 16 elements. For lower volume fraction, we see very small
boundary flux variation in the three stages any of the 10 day run.
However, for higher volume fraction observe large variation of
boundary flux with increasing initial Cs concentration ratio. This
indicates that initial Cs concentration of the secondary inclusion
phase influences the boundary flux with increasing volume
fraction.

Fig. 4. Diffusion flux of Cs in open boundary vs Initial Cs concentration ratio between two phases for 3 stages of 10-day cycle at a) vf: 0.1 and No. of secondary phase inclusion: 1, b)
vf: 0.1 and No. of inclusion: 16, c) vf: 0.5 and No. of inclusion: 1 and d) vf: 0.5 and No. of inclusion: 16. Inset figures show volume fraction and inclusion configuration.
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4.3. Volume fraction

As we have seen that ratio of diffusion co-efficient and initial Cs
concentration betweenphases do not contribute significantly to the
overall flux, wewill set the two ratios at 0.1 for our volume fraction
and dispersion study.

To study the contribution of volume fraction, we varied the
volume fraction of the secondary inclusion phase from 0.1 to 0.5.
Fig. 5a, b, c and d shows boundary flux variation with varying
volume fraction for 4 dispersion cases with 1, 4, 9 and 16 number
of secondary inclusions. Here in all cases we can see that, with
increasing volume fraction, the boundary flux first decreases to an
intermediate lower value and then starts to increase with
increasing values. This behavior is consistent throughout each
case, and discussed earlier. The increasing flux with increasing
volume fraction is facilitated by the lower concentration second-
ary region, which acts as an accelerated flow path for the Cs ion
because of the concentration gradient present between the
phases.

4.4. Dispersion

To study the contribution of dispersion of the inclusion phase,
we varied the number of the secondary inclusion phase by 1, 4, 9
and 16. Fig. 6a, b, c and d shows boundary flux variation with
varying numbers of inclusion for five volume fraction variations
form 0.1e0.5. of secondary inclusions. Fig. 6a and b shows, for a

lower volume fraction (0.1e0.2), the flux increases to a maximum
and then decreases gradually with increasing secondary phase
element numbers. But in Fig. 6c, d and e we can see that for higher
value volume fraction (0.3e0.5) the flux is behaving oppositely, first
decreasing and then gradually increasing with increasing element
numbers. It is clear that the dispersion of the secondary (distrib-
uted) phase has a major and significant effect on the global flux out
of the waste form material. It is shown that for small volume
fractions of second phase, the flux drops off when the second phase
is divided into more particles, whereas with higher volume fraction
of second phase it increases as the (larger) second phase region is
divided into smaller parts, suggesting that there are volume frac-
tion thresholds for the influence of dispersion, and that the surface
to volume ratio of the dispersed particles is very influential. In fact,
there are two distinct regions of influence, the first dominated by
situations where the total particle surface to control element vol-
ume ratio is small (e.g., all of the low volume fraction cases, Fig. 6a
and b and the low particle number cases for high volume fraction
cases, the first parts of Fig. 6c and d) and the second dominated by
situations where the total particle surface to control element vol-
ume is large, as in Fig. 6e, and the later parts of Fig. 6c and d. This
suggests a new design parameter, the total inclusion surface area to
control volume. It is also useful to note that the extreme surface to
volume ratios associated with very small particles and the particle
shapes drive the Inclusion Surface to Control Volume (IS/CV) ratio.
Nearly spherical particles have less influence than irregularly sha-
ped inclusion morphologies.

Fig. 5. Diffusion flux of Cs in the open boundary vs secondary inclusion phase volume fraction for 3 stages of 10-day cycle at a) No. of secondary phase inclusion: 1, b) No. of
inclusion: 4, c) No. of inclusion: 9 and d) No. of inclusion: 16. Inset figures show inclusion configuration.
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5. Conclusion

We have developed a conformal multifunctional analysis
method based on the Nernst Plank equation and postulated the
method as a foundation for analysis - based design of heteroge-
neous waste form materials. The model describes charged species
transport through different media by convection, diffusion, or
migration, and the transport can be driven by chemical/electrical
potentials or velocity fields. Themodel calculates species flux in the
waste form with different diffusion co-efficient for each species in
each constituent phase. In the work reported, a 2D approach is
taken to investigate the contributions of different basic parameters

in a waste form design. The influence of diffusion ratios, volume
fraction of second phase, initial concentration ratios of the phases,
and relative dispersion of the included phase were investigated. It
was found that the dispersion of the included phase has a large and
complex influence on the global flux of the material species that is
to be contained. Moreover, a new design variable based on the ratio
of the total surface of the included phase to the volume of the
control volume is highly effective in characterizing the influence of
distributed phase morphology and microstructure. Continuing
work will focus on developing further understanding of this new
methodology, investigating grain boundary contribution to the
matrix degradation process and on extending it to 3D

Fig. 6. Diffusion flux of Cs in open boundary vs No. of inclusion of secondary phase for 3 stages of 10-day cycle for secondary inclusion phase a) vf: 0.1, b) vf: 0.2, c) vf: 0.3, d) vf: 0.4
and e) vf: 0. Inset figures show volume fraction configuration.
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representations with similar study of defects in the form of voids in
the microstructure. We can predict some of the behavior we might
expect to see due to the presence of void in the structure. These
voids will have the lowest initial concentration of Cs and initial flow
of Cs will be towards these voids beside towards the open boundary
on the right hand side until an equilibrium is reached.
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