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Abstract: With growing interest in molten salts as possible nuclear fuel systems, knowledge of
thermophysical properties of complex salt mixtures, e.g., NaCl-CeClz, NaCl-UCl3 and NaCl-UCly,
informs understanding and performance modelling of the zero power salt reactor. Fuel density is a
key parameter that is examined in a multiscale approach in this paper. In the zero power reactor ‘core’
(cm level), the relative fuel density is estimated for the fuel pin disposition, as well as a function of their
pitch (strong effect). Fuel density of the ‘pellet’ (mm-pm level) is first estimated on a geometrical basis,
then through tracking pores and cracks using 2D (SEM) and 3D (laser microscopy, LM) techniques.
For the nanoscale level, ‘grains” analysis is done using X-ray diffraction (XRD), revealing the defects,
vacancies and swelled grains. Initially, emphasis is on the near-eutectic composition of salt mixtures
of CeClz with NaCl as the carrier salt. Cerium trichloride (CeCl3) is an inactive surrogate of UCl3 and
PuCls. The results were measured for the specific salt mixture (70 mol% NaCl and 30 mol% CeCl3)
in this work, establishing that microscopy and XRD are important techniques for measurement of
the physical properties of salts component pellets. This work is of significance, as densities of fuel
components affect the power evolution through reactivity and the average neutronic behaviour in
zero power salt reactors.

Keywords: zero power salt reactor; simulated fuel density; multiscale approach; core level; pellet
level; grain level

1. Introduction

Molten salt reactors (MSRs) are considered in the framework of the Generation IV
International Forum [1]. Recently, advanced systems such as fast MSRs have been pro-
posed [2,3], upgrading the nuclear energy label as renewable [4]. Most of the MSRs use
fissile and fertile materials dissolved in a molten salts carrier that act together as coolant
and fuel, presenting unconventional characteristics in the design, operation and safety of
these systems.

Molten salt is a high-temperature fluid that may be used as electrochemical media for
reprocessing of spent nuclear fuel [5,6], solar power plants [7], catalysis [8,9] and metal
production [10,11]. It has many advantages, such as large specific heat, high thermal
efficiency, high thermal conductivity and low viscosity. The melting temperature of salt
mixtures can be significantly reduced [7,12], which widens the temperature range of their
applications. Thermodynamic properties of molten salts allow MSRs to work at near-
atmospheric pressure in the reactor primary loop, considering molten salts as efficient heat
transfer media. Therefore, the recent emphasis is on safer, more economical generation of
electricity and enhancing the operational lifetime of MSRs.

Molten salt reactors use fluoride or chloride-based salts with a focus on either solid-
fuelled salt cooled design [13] or liquid salt-fuelled design [14]. In the MSR case, the salt is a
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fluid and extracts heat from the fuel, which is then removed in the primary heat exchanger
and ultimately transported to the power generation system through the secondary coolant.

Recently, chloride salts have attracted attention as fuel and coolant systems for MSRs,
particularly for molten salt fast reactors (MSFRs). Several ongoing reactor designs (Moltex
Energy, Elysium Industries and TerraPower) are using NaCl-UClj3 as the reference sys-
tem [15,16]. The NaCl-CeCl; system has been chosen in many preliminary studies, because
cerium chloride (CeCls) is an inactive surrogate of UCl3 and PuCl; and because NaCl is an
attractive carrier salt due to its availability, low cost and neutronic properties.

The iMAGINE project considers a zero power salt reactor (ZPR) that operates at a
very low neutron flux, producing very low thermal power [17]. For this, the fuel is a solid
composite ceramic. Such a unit is a key reactor to investigate the neutronic properties
of the fuel material and the effect of 3Cl enrichment, for example. The work reported
here is of relevance to the understanding of such reactors, because under an uncontrolled
temperature excursion, the solid salt fuel could move into an elevated temperature molten
salt state.

Salt mixtures are considered suitable to meet the conditions required for the reactors,
as individual salts are credited with very high melting points for coolant applications [18].
The selecting of the composition from the phase diagram allows to optimise the composition
and melting temperatures. The melting temperature of CeCl; is 817 °C (1090 K), and the
eutectic melting point of NaCl-CeClj3 is 499 °C (772 K), as given by the FactSage modelled
phase diagram in Figure 1, constructed from the data in [19-21]. During reactor operation,
even small changes in the composition affect the associated physical properties of the
salts; therefore, new methods must be developed for high purity sample preparation, and
advanced analytical techniques should be applied for the reproducible measurement of
each property. Density, melting temperatures, specific heat capacity, thermal diffusivity and
thermal conductivity are the important salt characteristics that affect the design of MSRs,
for both coolant and fuel salts. It is very challenging to optimise the molten salt mixtures
experimentally for reactor applications, as salt properties are very sensitive to impurities,
dissolved metals and oxygen-containing contaminants. Equally, it is difficult to model
the data in the continuously changing environment associated with long-term reactor
operation. Very limited data are available on the fundamental properties that inform fuels
and coolants for MSRs. This significant knowledge gap must be addressed to accelerate the
technical readiness level of the MSR design concepts [22-24]. Challenges associated with
the homogeneity of the core for a zero power salts reactor need to be investigated.
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Figure 1. Phase diagram of the NaCl-CeCl; system adapted from Lu et al. [19], copyright 2019, with
permission from Elsevier.
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Available density data are limited for molten salt systems, particularly those derived
from analytical techniques. In this paper, the density of the NaCl-CeCl3 molten salt system
is our focus, given the relevance to MSR design. Multiscale fuel density analyses are
reported using geometric (fuel element or pellet, mm scale), then 2D and 3D microscopic
surface investigation techniques (fuel specimen, um size), along with bulk analysis for the
analysis of defects (fuel grain, nm scale). Green pellets of salt mixture were prepared and
analysed using Scanning Electron Microscopy (SEM), 3D Laser Microscopy (LM) and X-ray
Diffraction (XRD) to yield density measurement at the micro and nanometre scale. The
obtained results were compared with an actual and an ideal mixing density model [25].
Whilst analytical approaches are less preferred techniques for density measurement, when
compared to conventional experimental methods, they have proven safe, reliable and
suitable for the hygroscopic salts investigated in this work. Indeed, the use of these
techniques can be used for data acquisition from different compositions and conditions of
molten salt systems, contributing to the development and improvement of MSRs.

2. Materials and Methods
2.1. Methodology
2.1.1. Fuel Element Geometry and Fuel Density in the Core

Here, pellets are considered in a first approach as a fuel element. This could be micro-
spheres or cubes, such as in the first ZPR initiated by Fermi (1943) [26]. The relative packing
types of fuel elements such as pellets in the reactor have a direct impact on the fuel relative
density and, hence, on the intensity of the neutron flux. To avoid any geometrical 3D
disorder of the pellets decreasing the fuel compactness and random disposition, fuel orien-
tation in the core is mandatory. Fuel pellets must be ordered, forming vertical or horizontal
arrays to increase compactness. Full compact assembly is the reference corresponding to
the lowest void and to the highest material fraction in the core.

The mixed carrier fuel salts NaCl-CeCl; simulating NaCl-UCl4 or NaCl-UCl; are first
considered. Since these materials react with oxygen and water vapour in the air, they are
protected from the air by containment (capsule/cladding) filled with inert gas. These slim
claddings of the outer diameter, and inner diameter, are made of fast neutron transparent
material (e.g., Al, stainless steel or SiC), with thickness comparable to the LWR cladding
(e.g., 0.6 mm). Pellets are piled up in these claddings over a height. A plenum with a spring
is designed at the pin top. The design suggested mimics the classical zero power reactor as
described by Yum et al. (2022) [27].

For a zero power fast reactor, the fuel cladding forms an array under inert gas at-
mosphere to avoid moderation. The approach suggested in this paper is ‘fuel pin close
packing’. The case of a hexagonal compact bunch is given in Figure 2a and the quadratic
compact system in Figure 2b. The hexagonal system is more compact, and with this system,
the relative fuel density Dj, becomes
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Figure 2. Cross-section through packing of the fuel pin bunch: (a) hexagonal system; (b) quadratic system.
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The quadratic compact system is usually found for zero power reactors operating in
the thermal domain. With such a system, the relative fuel density D, becomes

2
Tr
D, = —1 2)

2
(+3)
A separation between fuel pins has been kept to avoid any contact in case of thermal

excursion. This separation 2A induces a reduction of the relative fuel density at the level of
the core. The effect can be described by

7'(7‘]2(
Dy="—""5 ®)
(2rf—22)

Similarly, for the hexagonal system, a separation (pitch) 2A may also be needed,
inducing a reduction of the relative fuel density at the level of the core. The effect can be
described by

2
Tr
f

ssin(3) (ry - )

Calculations of separation (pitch) effects are carried out in Section 3.1.

Dy, =

(4)

2.1.2. Geometry and Density of Fuel Pellet

Pellets are taken as an example the fuel pin could be filled by pellets or by a micro-
sphere (dry pack). However, with salt, the production of pellets is easier than microspheres.
In a first step, after production, pellets are weighed (mass ‘m’), and their geometrical
parameters (height 4" and radius “7/’) are determined to calculate the geometrical volume
(Vg), e.g., material volume, including pore volume, and then the geometrical density (py):

m
Ps =7, (5)
r fh
Density measurement using 2D and 3D micro-investigation techniques will use
Equation (6), where the density of the pellet material will be obtained by deducting the
pore volume, Vp, from the geometric volume, V.

o m
A AA

(6)

2.1.3. Fuel Grain Density

Density of the pellet at the nanometre scale can be found out using the XRD technique.
It will provide the fuel grain density. Equations (7)—(10) [28] will be used for density mea-
surement of the known phases present in the mixture, starting from the phase quantification
using intensities in the diffraction pattern and Reference Intensity Ratio (RIR) values of the

phases in the salt mixture.
Ty b) ( Wa )
wy = - (7)
< Inkia /) \RIRqp

where w is the weight fraction of phase a or b, and [ is the intensity of the Ikl peaks of the
corresponding ‘a” and ‘b” phases.

RIR,,
RIR,,

RIR,p = (8)

RIR values of the phases can be found out from the XRD reference patterns.



J. Nucl. Eng. 2024, 5 424

The volume percentages can be calculated using Equation (9)

100 ()
Vo= \PJ 9)
“ Wy Wp
Pa oo
() + ()
where V,; and p, are the corresponding volume fraction (%) and grain densities. wj, is the

XRD determined weight fraction (%).
The matrix density (os) of the sample was calculated using Equation (10):

_ (Va-pa) + (Vo-pp)
ps = 100 (10)

Grain size was measured using Scherrer Equation (11), where ‘D’ represents the
average crystallite size (nm), ‘K’ is the Scherrer constant (typically around 0.9, but it can
vary depending on the shape of the crystallites), ‘A" is the X-ray wavelength for Cu Ka
radiation (1.54 nm), ‘B’ is the full width at half-maximum (FWHM) of the diffraction peak
(in radians) and ‘6" is the Bragg angle (the angle at which the diffraction peak occurs,
measured from the sample surface).

KA
b= Beos(6)

(11)

2.2. Experimental Detail
2.2.1. Salt Mixture Pellet Preparation

Eutectic composition of NaCl (70 mol%) and CeCl; (30 mol%), see Figure 1, was
considered throughout this case study.

Commercially available cerium (III) chloride anhydrous, CeCl3 (purity 99.9%) from
Sigma-Aldrich (Merck, Feltham, UK Ltd.) and sodium chloride, NaCl (purity 99.998%)
were purchased from Thermo Fisher Scientific (Heysham, Lancaster, UK).

The salt mixture pellets preparation was carried out inside a nitrogen atmosphere
positive pressure glovebox (Glovebox technologies) operated at less than 0.4 ppm H,O
and O,. Salt compounds (70 mol% NaCl and 30 mol%) CeCl; were weighed, and masses
were recorded to 0.1 mg precision (1 mg in glovebox) using a VEVOR Analytical Balance
(200 g Analytical Scale, 0.1 mg). Salts were thoroughly mixed before being compacted into
7 mm diameter pellets in a hydraulic pellet press loaded to 2 tonnes, producing a nominal
pressure of 519 MPa on the pellets.

2.2.2. Analytical Details

Microstructures of NaCl-CeClz mixture pellets were examined by Scanning Electron
Microscopy (SEM) using JEOL 6010-LV (Herts, UK). Pellets were stacked on a sample
holder using a conducting carbon tab inside an Ar-filled glovebox transferred to the SEM,
having the least contact with air prior to the investigation. Examinations were performed
at 20 keV combining secondary electron (SEI) and compositional backscatter imaging (BSE).
The instrument resolution was ~5 nm. Micrographs were processed using Image]J (1.46 r)
software for porosity measurement.

The salt mixture pellets underwent optical measurement. In this case, a 3D laser
microscope (LM) from the LEXT line-OLS5000 by Olympus was used. The general principle
of operation of the microscope in confocal mode consisted of generating an image from
the reflected light of the laser beam. The main source of light was a laser diode emitting a
light beam in the range of the visible spectrum, with wavelength A = 405 nm (optimise).
Focusing of the light beams on the examined surface/interface was carried out as a result of
a precise displacement of the measurement head in a vertical direction (axis z). The process
of scanning was carried out by a special scanner with integrated Micro-Electro-Mechanical
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Systems (MEMS). LEXT (OLS5000, OLYMPUS) analysis software was used to evaluate the
quantity and configuration of peaks and valleys in a pellet interface.

For XRD analysis, pellets of NaCl-CeClz mixture were sealed with Kapton tape onto
an ABS carrier to avoid contact with the air. Samples were analysed using powder X-ray
diffraction (Rigaku SmartLab) employing CuKa radiation (A = 1.5418 A) at ambient condi-
tions. XRD data were analysed using Powder X-ray Diffraction Profile Analysis (PDXL 2.7)
software. Quantification of the phases present in the salt mixture diffraction pattern was
carried out using the Reference Intensity Ratio (RIR) method, which is independent of the
experimental conditions.

3. Results and Discussion

The fuel specimen densities are investigated at the core, macro-, micro- and nano-level
using a multiscale approach.

3.1. Fuel Element Geometry and Fuel Density at the Core Level

Pellets are considered in a first approach as fuel elements piled up in their claddings.
As discussed in Section 2.1.1, they can form a quadratic or hexagonal array. For the
hexagonal system, the relative fuel density Dy, given by Equation (11) becomes

T
Dy=— " _
" 4 sin (%)

= 0.907 (12)

The quadratic compact system is usually found for zero power reactors operating in
the thermal domain. With such a system, the relative fuel density Dg becomes Equation (12)
and shows that the hexagonal system is more compact than the quadratic one.
D, = % = 0785 (13)
In the real zero power reactor, the pins are not set in a close compact array. For the
thermal zero power reactor, the system is quadratic, and pitches between the pin allow
circulation of the moderator, and the relative fuel density may be estimated using Equation (3).
Calculations for the 3.5 mm pellets radius (see the results in Section 3.2) gives the relative
density results presented in Figure 3. Similar results are gained for the hexagonal array of
fuel using Equation (4). It is noted that, for a compact array with a null pitch, the relative
fuel density for the hexagonal array is 0.907, whereas, for the quadratic array, it is 0.785. The
relative density decreases rapidly when the half pitch increases see lin-lin plot, Figure 3a. In
addition, Figure 3b displays the same figure on the log-log plot. It underlines the relative
densities for coated and for cladded fuel pins in compact arrangement.

)
l (a) —Da()
—Dh()

Relative fuel density (-)

Half pitch (mm)

Figure 3. Cont.
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Figure 3. Relative fuel density as a function of half pitch for quadratic (Dq) and hexagonal (Dy,)
systems: (a) lin-lin; (b) log-log. Radius of the fuel pellet: 3.5 mm. Cladding and coating domains are

underlined.

3.2. Fuel Pellet Geometry and Fuel Density

The geometric volume of pellets of the NaCl-CeCl3 mixture were first measured using
the vernier caliper. Theoretical density of the pellet was obtained using the densities of
NaCl and CeCl3 from the literature and geometric volume as seen in Table 1. The density
of the mixture was also calculated by assuming 5% porosity in the pellet structure (typical
for LWR pellets), which changed the theoretical density from 3.325 to 3.160 g-cm 3. The
purpose of the porosity assumption is to understand its effect on theoretical density given
that fully dense (0 % porosity) is difficult to achieve via the conventional powder pressing
manufacture route.

Table 1. Theoretical density and pellet density of NaCl-CeCl; simulated fuel, assuming 5% porosity.
Conditions: composition NaCl (70 mol%) and CeCls (30 mol%) 5% porosity.

Pellet Radius Volume Density Material TD * Porosity Pellet Density
Components (mm) (mm?) (g-cm—3) Mass (g) (g-cm~3) () Mexp (8) (g-cm—3)
. 0.02102 0.01997
70% NaCl 27.32 2.160 (40.003) 3.325 0.05 (40.003) 3.16
(£0.01)  (£0.53) (:£0.003) (£0.29)
o 0.06983 0.06634
30% CeCl3 3.970 (+0.003) 0.05 (40.003)
* TD: theoretical density.

Amounts of the salts were weighed while preparing the pellets of the salt mixture. The
true density of the pellets was calculated by using these weights and densities of respective
salts. Table 2 shows that the pellet density is (as expected) less than the theoretical density.
Table 2. Pellet density (D) of the NaCl-CeCl3 pellet based on the actual weight of each salt component
in the salt mixture. Conditions: composition NaCl (70 mol%) and CeCl; (30 mol%).

Pellet Height (mm) Radius (mm) Volume (mm?) Mass (g) Pellet De_r;sny
Components (g-cm~3)
70% NaCl 0.028 (£0.003)
0.71 (£0.01) 3.5 (£0.01) 27.32 (£0.53) 2.855 (£0.280)
30% CeCls 0.050 (40.003)

The pellet density (Table 2) shows the influence of compacting the pressure. The
density of the NaCl-CeCl; salts mixture in a molar ratio of 70% and 30%, respectively,
should be 3.065 g-cm~3, according to the ideal mixing density model (the mass fraction
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BES 20kV WD10m
Na-Ce-70-30

P o st
BES 20kV WD11mmSS45
Na-Ce-70-30

averaged density) [21]. Compacting the salts mixture into the pellet retains the interstitial
voids, reducing the density from the theoretical value. Additional to the compaction
pressure, the grain size and particle shape of the NaCl and CeCl3 constituents will also
influence the mechanical densification of the pellet. The experimental density of the pellet
shows 6.83 ~ 7.00% porosity as compared to the ideal mixing density model. From Table 1
(TD =3.325 g-cm~3) and Table 2 (D = 2.855 g-cm~3), a relative density of 0.859 and a relative
porosity of 0.141 were calculated, which is reasonable for a green pellet of salts powder.

3.3. Investigation at the Microscopic Level
3.3.1. Two-Dimensional (2D) Surface Investigation

The surfaces of the pressed NaCl-CeCl3 pellets were analysed using SEM, as shown
in Figure 4. Figure 4a,c represent images of two different areas (top surface) of a pellet,
and Figure 4b,d are their coloured scans, respectively. The micrographs show some non-
uniformities in the salt mixture. Pores and cracks in the pellet can be clearly seen in the
dark blue colour. All the captured images were processed using Image] by adjusting the
scales and threshold for pellet porosity quantification. The processed images cover almost
85% of the area of the pellet. The obtained porosity can be overestimated as well due to the
overlapping of images of a certain point.

BES 20kV WD10mmS$S44
Na-Ce-70-30

BES 20kV WD11mm SS45
Na-Ce-70-30

Figure 4. SEM micrographs of a NaCl-CeCl; powder pressed pellet mixture of composition of NaCl
(70 mol%) and CeCl3 (30 mol%). (a) Indicative view, backscattered contrast, grey scale. (b) Backscat-
tered contrast of the view (a): NaCl (turquoise), CeCl; (pink) and porosity/voids (background, dark
blue). (c) Indicative grey-scale grey image (higher magnification). (d) Backscattered contrast: NaCl
(turquoise), CeCls (pink) and porosity /voids (background, dark blue).

The number of pores (N) from the processed micrographs normalised for the size
(min-max) increment as a function of their size reveals the role of the pore size in the
porosity contribution.
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Figure 5 shows the pore data obtained from the image processing. The plot exhibits the
size (derived from their perimeters, P) distribution of pores with respect to the investigated
area. The normalised pore distribution from 1.5 to 121 um was translated in equivalent size

d = P/m in a normalised pore size distribution (from 0.47 to 38.7 um) that follows Pareto’s
Law, see Figure 5a.

10000 10

1000 \\

100 \1"

vjf\\\//ﬁ\l

Pore normalised number (um-')
°
+*
>
Distribution slope (um-)
én
—

04 . ‘ A5 ‘ .
0.1 1 10 100 0.1 1 10 100

(a) Pore size (um) b) Pore size (um)

Figure 5. Normalised pore size distribution from SEM images (a) and normalised distribution slope (b).

From 0.47 to 38.7 um, the average slope of log (6N/5d) vs. log d was —2.3 (Figure 5b),
which suggests that the contribution of the large pores is more significant than the small
ones (Pareto distribution). Around and above 35 um, the slope reaches —5, where the
smaller pores than 40 um contribute to the porosity.

SEM-EDX analysis was performed on the NaCl-CeCl; mixture pellet, as shown in
Figure 6. EDX mapping reveals the distribution of elements in the salt mixture. Ele-
ment mapping has confirmed the presence of Na, Ce and Cl in the pellet with some
non-uniformity at some points in the pellet.

——— 0.5mm CIK ————— 05mm Cel

Figure 6. SEM-EDX mapping of NaCl-CeCl3 mixture pellet.
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3.3.2. 3D Interface Investigation

Micrographs obtained from the SEM are two dimensional (2D), and the information
from the third dimension is veiled. The 2D SEM images are maps of intensities of scattered
electrons that originate from specific areas dependent to observation conditions. This fact
leads to carrying out an analysis that generates a height map. Figure 7 shows the 3D laser
microscopy (LM) analysis of pellet of NaCl-CeCl; mixture. Figure 7a shows the extended
colour image of the pellet, along with its height data in Figure 7e. Height data improves
the visibility of the acquired data.

Figure 7. Three-dimensional laser microscopy of the NaCl-CeCl3 mixture pellet: (a) coloured image
of the interface, (b) peaks on the surface, (c) valleys, (d) peaks and valleys, (e) height map, (f) height
profile showing valleys below the average surface; composition NaCl (70 mol%) and CeCl3 (30 mol%).

The focusing was determined through differentiating the changes in the intensity of
the light beam reaching the detector through the circular pinhole aperture. Acquisition of
spatial images and maps of the examined pellets’ surfaces were related to the procedure of
precise scanning point by point in the x-y-axes.

The captured images from the 3D laser microscopy were processed using analysis
application, and the interface was evaluated for peaks and valleys/voids. The images
included in Figure 7b—d feature the categorised characteristics of peaks, valleys and peaks
and valleys of the surface together, respectively. Peaks on the interface relate to the
roughness, friction and similar phenomena. The valleys are to the pores on the interface
and contribute towards the porosity of the pellet. Figure 7f shows the height profile of
the voids present in the pellet, as the reference line is at 0 um. The parameters obtained
from the analysis are the volume of the voids (um3/um?), interface area and volume of the
pellet. Porosity was calculated from these parameters obtained from a 3D technique, and a
value of 11.0 & 2.0% was found.

Mountain software has been used to analyse the 2D images obtained from the SEM.
The obtained images were reconstructed in 3D, as shown in Figure 8a,b (top views), using
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Mountain SEM ® Premium. Particle analysis of the reconstructed images was carried
out to detect and quantify the pores present in them, with several features of threshold
segmentation, edge and circle detection. The pore volume of the pellet (47.5 mm3.g~!) was
calculated from the obtained values, which ultimately helps to find the density of the pellet
(3.00 g-cm*3), as reported in Table 3.

Figure 8. Three-dimensional reconstructed images of (a) SEM micrographs of the NaCl-CeCl3 mixture
of Figure 4a, (b) SEM micrographs of the NaCl-CeClz mixture of Figure 4c, (c) LM micrograph of the
NaCl-CeCl; mixture of Figure 7a and (d) LM micrograph of the NaCl-CeClz mixture of Figure 7a.

Table 3. Pellet density of the NaCl-CeCl3 material based on the actual weight of each salt component
in the salt mixture compared with the density from surface investigation techniques (2D SEM and 3D
LM) using Mountain ® software. Composition: NaCl (70 mol%) and CeCls (30 mol%).

Pellet Height Radius Volume Density 3 Density
Components (mm) (mm) (mm?) Mass () (g-em—3) Pore Volume (mm) (g-cm—3)
0.028 1.329 (+0.05)
O,
70% NaCl 0.71 3.50 (0.003) 2.855 2D/SEM 3.00(+023)
27.32 (£0.53) )N
(+£0.01)  (0.01) (£0.280)
30% CeCl 0.050 1.015 (£0.005) 2.97 (4:0.23)
8 (0.003) 3D/LM ' :

Images obtained from the 3D laser microscopy of the NaCl-CeCl; mixture pellet were
processed using MountainMap ® Premium, as shown in Figure 8c,d (tilted view). The
particle analysis of the 3D reconstructed image was carried out, and the value of the pore
volume obtained was 1.015 (+0.005) mm?. The density of the pellet was calculated using
this value and found out to be 2.965 (+0.002) g-cm 3.
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3.4. Investigation at the Nm Level —XRD Investigation

Pellets of the NaCl-CeCl; mixture were examined by powder XRD. The sample scans
were recorded for 20 between 5 to 80° with a step size of 0.03°. The obtained pattern is
shown in Figure 9, along with the peak positions. Figure 9 also shows the obtained scan
indexed with pellet material reference patterns. The Miller indices reported on the top
of the peaks identify the NaCl and CeCls salt components. Figure 10 shows the analysis
of the (200) and (111) peaks from the NaCl-CeCl; mixture (respectively) as compared to
the reference patterns. A split was observed in the major peak shape as compared to the
pure materials reference patterns. The position of a major peak was observed between the
peaks of the reference patterns. After analysing the half width of the height maximum
(FWHM) of the peaks and their intensities were measured, which ultimately led to the
density measurement using Equations (7)—(10). The XRD has an advantage over surface
techniques, as it measures the density at the nanoscale level (grain bulk), directly from
the peak intensities of the sample scan. The density calculated from the XRD data is
2.75 £ 0.08 g-cm 3.
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Figure 9. XRD scan of a NaCl-CeCl3 mixture pellet, along with the peak positions indexed using
pellet material references. Composition: NaCl (70 mol%) and CeCl3 (30 mol%).

Figure 10 shows the analysis of the major peak in the XRD scan of a NaCl-CeCl;
pellet, along with pure materials reference patterns. The major peak of the scan has split
and moved to the lower angle as compared to the reference material peaks. Many factors
contribute towards this behaviour of the peak, including inhomogeneity of the sample,
another phase and degree of swelling due to the amorphous or crystalline structure of the
salts in the pellet. The crystallinity of the sample has been calculated by dividing the area of
the crystalline peaks by the area of all the peaks after drawing the baseline. After analysing
the crystalline peaks and the background of the XRD data, the crystallinity of the sample
was found to be 75.3%. Consequently, 24.7% of the green pellet material was affected by
defects corresponding to an amorphous material with a lower density than the crystallised
grain. This corresponds to a density of 3.13 g-cm 3, as reported in Table 5. This latter value
was obtained using Equations (7)—(10).
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Figure 10. Peak detail analysis of the scans obtained from the NaCl-CeCl; mixture pellet with the
pure materials reference patterns. Composition: NaCl (70 mol%) and CeCl; (30 mol%).

Table 4 shows the crystal size (ordered crystalline domains) of the peaks in the XRD
scan obtained using the Scherrer equation. Here, the crystal mean size must be smaller
than or equal to the grain size or the particle size. The shape factor has a typical value of
about 0.9 but varies with the actual shape of the crystallite. The line FWHM is corrected
from the instrumental line broadening.

Table 4. Crystal size derived from the peak’s properties gained from XRD scans of a composition
NacCl (70 mol%) and CeCl3 (30 mol%) mixture pellet.

Diffracotion Angle Component Miller Indices OFWHM Crystal Siie
20 (°) £ 0.01 (hkl) (°) £ 0.020 (nm) + 20%

13.67 CeCl3 (100) 0.157 51

23.88 CeCl3 (110) 0.181 45

24.72 Ce(Cl; (101) 0.151 54

27.55 CeCl3 (200) 0.144 57

31.71 CeCl3 (111) 0.096 86

34.74 CeCl3 (201) 0.146 57

4541 NaCl (220) 0.113 76

By analysing the crystalline peaks of CeClz and Na(l, it is found that the average
crystal size of CeCls in the sample is 58 (£12) nm and 76 (+15) nm for NaCl. The XRD
approach considers the fraction of the amorphous part of the salt crystal that can be due to
swelling of the sample from mechanical pressing of the pellet.

Table 5 shows the density, relative density and relative porosity of the (NaCl-CeCls)
fuel core assembly, pellets and grains measured using different approaches and techniques.
The results obtained are quite close to the literature values [22,25], and these techniques
have the advantages of containing the hygroscopic and radioactive samples better than the
conventional one. These techniques can be modified for more accurate results by analysis
of the fractured parts of the fuel pellet for a better understanding of the core. In addition,
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the high resolution of TEM could be applied to identify the amorphous and defect rich
zone, completing the investigation at the nano level. Combining these techniques with
the X-ray computed tomography will provide more detail and better understanding of the
cracks/pores/holes/defects trapped inside the material structure.

Table 5. Comparison of the simulated fuel densities estimated or measured over the scale explored in
this study. Material composition: NaCl (70 mol%) and CeCl3 (30 mol%); NaCl density: 2.16 g-cm ™3
and CeClj: 3.97 g-cm*S.

Level ; Fuel i G trical

Theoretical/ uelin eometrica 2D )
h Material  Core/Assembly  Density/Pellet SEM/Pellet 3D LM/Pellet  XRD/Grains
D ity ( -3) 3.325 #3.016 2.855 4+ 0.28 2.51 £+ 0.05 2.54 + 0.05 3.13 + 0.08

ensity ig-em *3.001 £ 023 *2.965 + 0.23
Relative density (%) 100.00 #90.7 85+ 85 755+ 20 764+ 2.0 941 +£3.0°
° *903+70  *892+7.0
#
Porosity/void fraction (%) 0.00 9.3 15.0 £ 8.5 3@57 :i i(()) *213(.)68127.00 59+3.0
. . dm cm mm pm um nm
Size Object Bulk Core Pellet Surface Interface Grain

# Compact hexagonal with a pitch size of 0 cm; * Data analysed using Mountain Software; ° Assuming +3%
precision.

The overall density of the fuel in the core is then dictated by its theoretical density
corrected by the fuel relative density in the core, the relative density in the pellet and the
relative density of the grains. This approach is expected to be useful for the neutronic
calculations during zero power reactor operation.

The porosity estimated from the pore size distribution is 9.7% from 2D pore imaging
by SEM and 10.8% from 3D pore imaging by the LM technique. The precision in both cases
is very poor, however.

As expected, the experimental value of the geometrical porosity (about 15%) equals
the pellet porosity estimated by 3D interface techniques that include pores (about 10%) plus
the grain porosity, which includes defects (about 5%). However, the experimental errors
are rather significant requiring some improvement of the analytical work (as suggested by
Degueldre 2017 [29]) and the use of TEM and 3D tomographic techniques.

4. Conclusions

A multiscale approach of salt fuel density using structural analyses from the core level
(cm scale) to the pellet (mm—um scale) and to the grain (nm scale) has been applied in an
illustrative way. At the core (cm) level, the fuel pin size and separation were analysed in
terms of the relative density. As expected, the hexagonal system is more compact than
the quadratic one. The space (pitch) between fuel elements (pins) plays a relevant role,
however. At the pellet (mm~-pum) level, density was measured using 2D and 3D microscopic
techniques. These density values were compared with the density calculated from the ideal
mixing density model (3.065 g-cm~2). Through density comparison, it is found out that
the actual density has 9.7% porosity from the 2D SEM technique and 10.8% from 3D LM
technique. However, the porosity values gained from the 2D and 3D techniques depend on
the software chosen for the analysis of the data. The investigation carried out at the grain
(nm) level using XRD found the porosity of the grain to be 5.9% more than the calculated
one. Fuel density in the grain at the nm level can be evaluated on the basis of the XRD
data, peak amplitude, broadness and X-ray background. This last approach considers the
fraction of the amorphous part of the salt crystal that can be due to the mechanical effect or
irradiation-induced swelling. It is concluded that density was sequentially analysed at the
core, pellet and grain level. The data are presented in Table 5. The whole study focused on
the multiscale investigations of fuel density and concluded that analytical techniques can
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be used for measuring salt properties at the micro and nanoscale. The investigations were
performed as a feasibility study for a ‘zero power reactor experiment’.
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