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Abstract A long-term disposal of a nuclear waste pack-

age requires a matrix material that possesses a high thermal

conductivity in order to release the decay heat from the

fission products. In this study, the thermal diffusivity (a) of

alumina borosilicate glass (ABG), encapsulating surro-

gated tristructural-isotropic (TRISO) particles, has been

measured experimentally using the laser flash analysis

(LFA) methodology. Image-based models were developed

using X-ray computed tomography for glass samples

bearing different proportions of TRISO particles. Simple-

ware software generated finite element (FE) models which

then were solved using Abaqus software. The matrices

were examined at different waste loadings (10, 20 and 30

wt%) at a temperature of 50 �C. The modelling results

were in close agreement with the experimental results and

the deviations were within the bounds of standard numer-

ical error (\5 %). The thermal diffusivity of the samples

was increased with increasing proportion of TRISO parti-

cles. For the maximum mechanically stable matrix, the

thermal diffusivity was found to be 0.92 ± 0.021 9 10-6

and 0.94 9 10-6 m2 s-1 measured by LFA and modelling,

respectively.

Introduction

The thermal diffusivity of alumina borosilicate glass

(ABG) bearing TRISO particles plays an important role in

estimation of dissipation of radioactive waste heat. The

particles were chosen to have SiC outer layer in order to

provide chemical compatibility with ABG [1]. SiC layer

has the highest thermal conductivity (168 W m-1 K-1) in

TRISO particles [2]. This reduces the probability of

forming a hot spot in the waste form. As the glass matrix

was only recently developed, there were no investigations

and/or calculations done for the thermal diffusivity of a

glass bearing TRISO particles. However, many studies

were directed towards measuring the thermal diffusivity

and conductivity of glass and TRISO particles indepen-

dently. In a previous study, the thermal conductivities of

TRISO layers were measured using time-domain ther-

moreflectance and they are listed in Table 1 [2]. The waste

loading (proportion of TRISO particles in the matrix) may

play an important role in the heat conduction. Therefore, in

this study, the tests were conducted on three specimens

bearing different proportions of TRISO particles.

Previous research measured the heat conduction of

carbon fibre-reinforced lithia silicate glass (Li2O�2Al2O3�
6SiO2). The purpose of that study was to establish some of

the variables which affect the conduction of heat in a

composite, having a different orientation of carbon fibre-

reinforced lithia alumina silicate glass [3]. The thermal

conductivity of the composite (30 W m-1 K-1) was esti-

mated by measuring the thermal diffusivity (a) in the
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parallel direction to the carbon fibres’ plane, using laser

flash analyses (LFA) as described in Eq. 1. The thermal

conductivity (k) of the lithia alumina silicate glass without

carbon fibres was estimated to be around 1.6 W m-1 K-1.

k ¼ a � q � Cp ð1Þ

q Density (kg m-3)

Cp Heat capacity (J kg-1 K-1)

a Thermal diffusivity (m2 s-1)

In this study, LFA was used as a direct method for

measuring off-axis thermal diffusivity. This methodology

was initially developed by Parker et al. [4]. The front face

of a disc-shaped specimen was exposed to a short pulse of

laser beam and the thermal diffusivity of the specimen was

determined by measuring the temperature as function of

time from the rear face. The thermal diffusivity (a) was

calculated by the given Eq. 2:

a ¼ 0:1388L2

t1=2

ð2Þ

L Thickness of the sample (m)

t1/2 Time required to reach one half of the maximum

temperature on the rear face (s)

The ZrO2 kernel was chosen to simulate UO2 fuel kernel

of TRISO particle; its diameter was 500 lm and it was

surrounded by several consecutive spherical layers. Each

layer of a TRISO particle is separate, designed to have a

specific function in the fuel performance and retention of

fission products, and therefore each layer has a specific

thermal conductivity. A porous pyrolytic carbon buffer

layer provides a void volume for gaseous fission products

and accommodates the fuel kernel’s swelling that occurs

due to its fission. An internal pyrolytic carbon (IPyC)

reduces tensile stress on SiC and acts as a diffusion barrier

to metallic fission products. A silicon carbide layer (SiC)

ensures leak tightness to metallic fission products during

normal and accidental scenarios. An outer pyrolytic carbon

(OPyC) also reduces tensile stress on SiC and provides

bonding surface for the graphite compact. OPyC was not

coated in this study due to its thermal oxidation with glass

during hot-isostatic sintering [5]. The aim of the research

was to investigate the thermal properties of a waste form

containing TRISO particles with SiC as an outer layer. The

spent fuel particles are generated at a particular stage of the

waste management process, namely acidic intercalation of

a graphite compact. The intercalation of TRISO particles

from the graphite compact is essential to separate high-

level waste (TRISO particles) from the intermediate-level

waste (irradiated graphite). In order to oblige an appro-

priate conditioning and disposal route in the geological

repository, a previous study proposed the elimination of

OPyC by thermal oxidation [6]. It prevents the appearance

of thermal cracks in the glass matrix during rapid cooling;

thus, SiC becomes the outer layer.

It is important to know that high-level waste (in this

case, spent TRISO particles) generates decay heat after

disposal. Since a repository serves as a thermal insulator,

the heat generated by the waste form causes an increase in

the temperature (90–250 �C). The equilibrium temperature

of a waste form in the canister has been shown as a

function of the canister dimension, host rock thermal

conductivity, waste loading percentage and post-burial

time [7].

When dealing with heat-generating nuclear waste, a

majority of the consideration must be given to the thermal

loading of an emplacement cell in a borehole and the waste

package thermal conductivity. For example, the tempera-

ture of the waste package in the Yucca mountain repository

was designed to be within 200 �C [8].

Key parameters of a layout configuration in the reposi-

tory design are the thermal loading and cooling perfor-

mance. Thermal loading, resulting from a designed

repository, depends mainly on heat generation of the waste

package, thermal properties of the host rock, spacing

between the waste packages and quality of the thermal

interface between the waste package and the host rock [9].

For waste packages with high thermal conductivity, the cell

diameter may be large and may contain a high waste

loading, thus providing a more compact disposal area. If

the thermal conductivity is too low and heat generation is

too high, damage may occur to the waste package due to an

extreme rise in temperature [10]. The present research is an

effort to validate the values of thermal diffusivity, obtained

from the experimental work (LFA), through simulation

using image-based modelling (IBM).

The experimental thermal diffusivity was validated

through IBM. The IBM methodology started by acquiring

X-ray computed tomography (CT) images that were then

converted into digital 3D geometry. The resulting 3D

model was a set of segmented masks, labelled according to

the greyscale intensities. For the purpose of finite element

(FE) analysis, Simpleware software was used to generate a

Table 1 Thermal conductivity, density, and specific heat of different

layers of TRISO particle [2]

Material Thermal conductivity,

k (W m-1 K-1)

Density, q
(kg m-3)

Specific heat, Cp

(kJ kg-1 K-1)

ZrO2 2.5 5700 0.21

Buffer 5.8 1150 0.71

IPyC 13.5 1850 0.71

SiC 168 3200 0.89
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mixture of tetrahedral and hexahedral geometric elements

that were represented by both TRISO particle layers and

glass matrix. Next, Abaqus/CAE software was used to

solve the FE model by simulating parameters similar to the

ones that were used in the LFA.

This article also discusses deviations between the ther-

mal diffusivity measured experimentally (LFA) and its

values measured through modelling (Abaqus software).

Experimental procedure

Material

The thermal conductivities of TRISO particles layers are

listed in Table 1; these were used in the material properties

section of Abaqus software. The values were measured using

time-domain thermoreflectance [2]. The thermal conduc-

tivity of the layers depends on their deposition temperatures

and gas precursor ratios during the chemical vapour depo-

sition (CVD) that was used to coat the particles.

TRISO particles, having a ZrO2 kernel (diameter

500 lm), were coated using the fluidized bed chemical

vapour deposition (FBCVD) process. This mechanism

consisted of a 200-mm-long graphite tube (35 mm inner

diameter) equipped with a multi-hole nozzle as a gas dis-

tributer installed inside a furnace. The furnace was heated

by resistance graphite elements and cooled externally with

water. The parameters and precursors are described by

Kercher et al. [11]. The layers were coated according to the

following layer thickness: TRISO particles: ZrO2 kernel/

buffer carbon 90 lm/IPYC 60 lm/SiC 60 lm.

Glass powder of grain size less than 1 lm was used as an

initial raw material. The chemical composition of that glass,

alkaline borosilicate glass (ABG), was reported earlier [6].

TRISO particles were mixed uniformly with ABG powder

using vibration. The vibration was carried out in a graphite-

tungsten die at different waste loadings: 10, 20 and 30 wt%.

The mixtures were then hot-isostatic sintered at a pressure of

500 MPa and a temperature of 700 �C, as shown in Fig. 1a.

The final samples were renamed according to their TRISO

particle weight proportions: ABG-10, ABG-20 and ABG-30

corresponding to 10, 20 and 30 wt% waste loading. ABG-10

and ABG-30 are shown in Fig. 1b, c, respectively. Samples

of 10 mm diameter and 2.75 mm thickness were prepared.

The densities of samples were measured using the Archi-

medes method. The details of the sintering procedure are

already well documented [5].

Characterisation

The interfacial bonding between the TRISO particles and

ABG was investigated using a scanning electron

microscope (SEM) by FEI/Philips (XL-30 FEG-SEM,

Netherland) equipped with an Electron X-ray dispersive

spectroscope (EDS). The samples were polished with dia-

mond paste to 0.1 lm and coated with gold. The chemical

compositions and possible contamination phases in the

glass matrix before and after encapsulation were investi-

gated using EDS. It was done in order to investigate the

chemical properties of the glass and any possible carbon

residue in the glass matrix that could be derived from the

SiC layer. The contamination in ABG-10, ABG-20 and

ABG-30 (such as SiC derived from TRISO particles) can

be accurately quantified, which consequently can affect the

bulk thermal diffusivity.

Laser flash analysis (LFA)

The measurement of thermal diffusivities was carried out

using a Netzsch Micro-Flash 457 instrument. The front

surface was uniformly heated by a pulse source of Nd:glass

laser of spot size 1 mm, with a pulse duration of 0.3 ms,

wavelength of 1064 nm and energy of 2.5 J [12]. The

temperature at the back surface of the samples was mea-

sured using a liquid nitrogen-cooled photovoltaic Infra-Red

Fig. 1 a image shows tungsten–graphite die during hot-isostatic

pressing. b Image shows ABG-10 bearing TRISO particles and

c Image shows ABG-30 front and back faces
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(IR) thermocouple. A disc-shaped sample was coated with

a graphite thin layer to improve the emissivity and it was

mounted inside a SiC holder. The holder had an internal

three-teeth ring located inside a sub-sector in order to

minimize the heat conduction from the specimen to the

holder, as shown in Fig. 2. The IR data collection time was

set for a fixed time duration of 10 s. The device was cali-

brated with a standard graphite sample with less than 2 %

deviation. The thermal diffusivities were measured at

50 �C. The temperature was measured from the sample

thermocouple shown in Fig. 2. The IR beam collected

through a hole fitted in a cap was placed over both the

sample and the sample holder. The cap prevented the laser

beam from impinging directly on the detector. This pre-

vented damage to the IR detector as well as signal distur-

bance. The diameter of the hole in the cap was 1 mm [12].

The thermal diffusivity was calculated using Parker’s

model and the standard heat loss was corrected according

to Cowan-fit plus pulse.

Modelling

The distribution of TRISO particles within a matrix was

scanned using X-ray tomography on a Nikon Metris Cus-

tom Bay 225 kV X-ray instrument, fitted with a multi-

metal anode target with an optimum spot size of 3 lm.

During the analysis, the specimen was rotated by 360o and

the projections were recorded on a 2 9 2 k PerkinElmer

16-bit, amorphous, silicon, flat-panel detector with

approximately 200 pixel pitch. For the analysis, a copper

X-ray target was used and the resolution was 37 lm for the

specimen area within a diameter of 10 mm. The following

settings were used for the analysis: scanning time 15 min,

voltage 120 kV, current 60 lA, digital gain 1, number of

frames 1000 and no filters.

Post-processing of the raw CT data included data

reconstruction, using Nikon Metrolasis CT-Pro software

(Metris XT 1.6), and data visualization, using Avizo stan-

dard software (VGS, version 7). All materials were seg-

mented according to their greyscale values and labelled

with four masks (ZrO2 kernel, PyC, SiC and ABG); then,

they were stored as 2D Tiff format images. It is important

to mention that IPyC and a buffer, listed in Table 1, were

merged into one mask called PyC. This simplification was

feasible as it reduced the computational time and cost, and

more importantly both layers have relatively similar ther-

mal conductivity compared to that of SiC. In addition to

this, both layers are closely attached to each other and they

cannot be segmented away from each other.

The scanned data were imported into Simpleware soft-

ware, converting the 2D Tiff format images into one 3D FE

mesh. The same resolution (37 lm) was preserved during

the conversion in order to capture all the detailed features

of the SiC layer and generate a manageable INP format file

(337 MB). The INP format file was imported into a com-

mercial FE solver Abaqus Standard (Simulia, Providence,

RI, USA).

Simulations were performed in Abaqus and the material

properties were assigned for each mask at the temperature

of 50 �C. 3D linear diffusion 4-noded (DC3D4) and

8-noded (DC3D8) elements have been employed. The

number of elements was 14.7 9 106 and the number of

nodes was 3.8 9 106. The resulting model had a very low

count of distorted elements (6600) and therefore, it was

considered as the perfect quality FE model.

Abaqus solves the Fourier law, with heat flow being

proportional to the temperature gradient in one dimension

as shown in Eq. 3:

qx ¼ kx

dT

dx
; ð3Þ

where qx is the average heat flux and kx is the thermal

conductivity in the x-direction.

To simulate the experimental setup, the same shape of

the laser pulse was applied at the front face of the sample,

whilst the response of temperature with time was measured

on the rear face by selecting a nodal set of 1-mm-diameter

circular area. The simulated laser pulse was developed in a

way that identically matched the pattern of the LFA laser

pulse. The convection heat loss and the radiation surface

heat loss from the top and the circumferential edge surface

were only considered because the heat loss from the rear

face was fully captured and measured by the IR detector.

Fig. 2 Schematic of the sample holder fitted in LFA Netzsch Micro-

Flash 457 [12]
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The steps for thermal loading and temperature recording

at the rear face were created for a total period of 10 s over

three transient time domains. This was done to allow the

heat pulse to propagate through the whole sample and to

collect sufficient data for the plot of half-rise time (t1/2).

The fixed increments were created in order to have greater

control over time step size, which would also prevent the

solution divergence. Additionally, each time step was

restricted to have a maximum allowable temperature and

emissivity change per increment of 1 �C and 0.1, respec-

tively. The recording increment was 0.05 over 10 s of total

time.

The input thermal properties of TRISO particle layers

were obtained from Table 1. The thermal diffusivity of the

ABG-0 sample (glass matrix without TRISO particles) was

obtained by measuring it experimentally through LFA; it

was found to be 0.411 m2 s-1. The specific heat (Cp) was

measured using a differential scanning calorimeter (DSC)

instrument by Netzsch (STA 449 F1 Jupiter, Germany); it

was found to be 0.8 kJ kg-1 K-1. The specimen was

heated at a rate of 10 �C min-1 and in air atmosphere. The

device was calibrated with alumina standard; the standard

deviation was 6 %. The density (q) was 1700 kg.m-3 and

it was obtained by the Archimedes method. The results of

the above measurements were used in Eq. 1 in order to

calculate the thermal conductivity of ABG-0, which was

0.77 W m-1 K-1. These values were used as glass mate-

rial properties in Abaqus software for consecutive samples

ABG-10, ABG-20 and ABG-30. In the present study, the

thermal conductivity of ABG-0 was lower than that of

alumina borosilicate glass (1.10 W m-1 K-1) as reported

by Lima et al. [13]. The difference could be due to the air

void content in our glass that occurred during the hot-

isostatic sintering.

Results

The particles embedded in glass were investigated using

Back Scattered Electrons (BSE) as shown in Fig. 3a; minor

air voids were labelled in the matrix. A strong bonding

between SiC layer and the glass was observed at the

interface. EDS values were obtained at different points

(Fig. 3a) to estimate the carbon content within the inter-

face. Figure 3b shows the EDS pattern of the matrix before

encapsulation and after encapsulation (labelled as X1, X2,

X3, X4 and X5). The EDS patterns show an increase of

carbon content in the glass near the SiC layer. The initial

carbon content in the glass was zero. Carbon contents in

the specimen decreased from the maximum value in spot

X1 (SiC layer) to the lowest value in spot X5.

The CT data scan of sample ABG-30 is displayed in

Fig. 4a. The specimens (glass, SiC, pyrolytic carbon and

ZrO2) were segmented with 4 masks according to their

greyscale values. A high magnification image of one

TRISO particle in glass, displayed in Fig. 4b, shows that

the phase contrasts were sufficient for the segmentation.

Air voids were neglected to simplify the simulation and to

reduce the number of FE, therefore allowing a workstation

of 64 GB physical memory capacity to process the data.

The segmented TRISO particles and glass are shown in

Fig. 4c. The cross section of the specimen without glass

matrix is shown in Fig. 4d; the red colour represents SiC,

white represents PyC and blue represents the ZrO2 kernel.

It is worth noting that non-uniform distribution of particles

was observed in all specimens. Consequently, this research

demonstrates IBM as a powerful tool to provide precise

particles’ distribution, and also generates the most accurate

model for the thermal heat transfer simulation.

A mesh size of 9.5 9 106 tetrahedral and 4.6 9 106

hexagonal elements was successfully generated using

Simpleware software, as shown in Fig. 5a. This large

number of elements was generated because 100 % reso-

lution was implemented during the export of an INP format

file from Simpleware software (no downsampling or

rescaling from the original scan was performed). An

attempt to reduce that large number of elements to a size of

5.5 9 106 tetrahedral and 1.2 9 106 hexagonal elements

was carried out using the mesh growth option in

Fig. 3 a BSE micrograph of cross section TRISO particle, b EDS

spectra of the glass (without TRISO) and after encapsulation at

various spots as shown in a

4870 J Mater Sci (2013) 48:4866–4875
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Simpleware (32 9 32 9 32). The direction of the mesh

growth was labelled in Fig. 5b.

However, the algorithm of mesh growth in Simpleware

cannot be controlled through any parameter settings.

Consequently, this can affect the material dimensions and

the precise boundaries of the interface layer (SiC–glass).

Therefore, the elements were switched back to their ori-

ginal size and further reductions were not conducted during

the meshing process. Thus, no mesh growth was carried out

during the mesh process. Air voids labelled in Fig. 3a were

ignored to simplify the model and avoid high computation

cost. The FE mesh size (14.1 9 106) was dramatically

increased once elements which represent the air voids were

included in the model. The void fraction was 5.1 vol%

determined using material statistics in the Avizo

programme.

The simulation was performed using Abaqus with the

same parameters used in the LFA. The thermal loading

procedure started with the preparation of three steps. Step 1

was to ramp the load up. Step 2 was to ramp the load down,

which was achieved according to the signal amplitude

identical to the LFA pulse shape, shown in Fig. 6. The final

step 3 was to record the temperature changes with time,

when the laser pulse was deactivated.

A laser pulse of 1-mm-diameter spot size was applied on

the front surface as shown in Fig. 7a. The non-uniform

temperature distribution is visible on the front face

(Fig. 7b) and the back face (Fig. 7c) of the specimen. The

temperature values were collected as average temperatures

from a circular disc-shaped nodal set, instead of a single

node set. Thus, simulating the response of the IR detector,

the circular area (1 mm) is labelled in Fig. 7c. The nor-

malised temperature (Tn) is expressed in Eq. 4:

Tn ¼
ðT � TminÞ
ðTmax � TminÞ

ð4Þ

Tmin is the initial temperature condition of 50 �C and

Tmax is the maximum temperature rise. Therefore, the time

for half-rise value Tn = 0.5 is located and labelled as t1/2.

The responses from ABG-10, ABG-20 and ABG-30 were

recorded from a 1-mm-diameter circular disc-shaped nodal

set as shown in Fig. 8a. The correlation of normalised

temperature rise (Tn) was plotted with time as shown in

Fig. 4 a X-ray tomographic of ABG-30 (10 mm 9 2.75 mm),

b X-ray tomographic of one TRISO particle in glass, c rendered

image with labelled ABG and TRISO particles, d rendered image of

cross section of TRISO particles without glass. Colour masks are only

available in the online paper version

Fig. 5 a Rendered Image shows unchanged mesh size (14.1 9 106)

of ABG surface. b rendered image shows a reduced mesh size

(6.7 9 106) of ABG surface using mesh growth
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Fig. 8b. The thermal diffusivity was calculated using

appropriate expression in Eq. 2 and is listed in Table 2.

The radial heat losses from the boundaries were imple-

mented as convection and radiation heat loss. The con-

vection heat loss was selected as a film coefficient of

9.41 W m-2 K-1 and for radiation heat loss, an emissivity

factor of 0.35 [14].

The calculated half-rise time values for ABG-10, ABG-

20 and ABG-30 are listed in Table 2.

The time response from the rear face of the specimens

obtained from the LFA instrument is displayed in Fig. 9.

The thermal diffusivity values obtained from that time

response using Eq. 2 are listed in Table 2.

The deviations(±) of t1/2 obtained from the experi-

mental and modelled work are listed in Table 2. The

modelled values collected from the 1-mm nodal set were in

a close agreement with the experimental results and the

error was in the range of 0.02–0.05 9 10-6 m2 s-1. Hence,

Fig. 6 Actual and simulated laser pulses, duration 0.3 ms

Fig. 7 a Post-processed contour plot shows thermal load spot on the

specimen centre (step-1). b Post-processed contour plot shows the

temperature gradient (step-2). c Post-processed contour plot shows

the temperature gradient (step-3)

Fig. 8 a Post-processed contour plot shows the 1-mm-diameter disc-
shaped nodal sets on the rear face of the sample. b Correlation of Tn

with time collected from 1-mm-diameter circular nodal set

4872 J Mater Sci (2013) 48:4866–4875
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the 1-mm nodal set data validated the experimental values

with a deviation of less than 5 %, which was set as a limit

in a previous study for the validation of the experimental

work using modelling [15]. In order to monitor the radial

thermal diffusivity, temperatures from the node sets located

at radial diameters of 6 and 8 mm were also measured as

shown in Fig. 10a. The time response was plotted as shown

in Fig. 10b and c, in order to obtain t1/2 and consequently

the relevant thermal diffusivity. This can provide inspira-

tion to perform radial off-centre experimental work in the

future in order to validate the simulation work.

The simulated thermal diffusivity values (a Model)

obtained from 1-, 6- and 8-mm nodal sets were plotted in

Fig. 11. This was done in order to observe the radial off-

centre thermal diffusivity trend for all specimens.

Discussion

A glass matrix was developed to immobilize surrogate

TRISO particles. The thermal diffusivity of the matrix

bearing TRISO particles was measured experimentally

using LFA and simulated using IBM and FE solver. The

IBM technique was selected in order to obtain the nearest

geometry of glass matrix samples bearing different pro-

portions of TRISO particles. The layers in some of the

TRISO particles experience geometry changes during

FBCVD. This resulted in creation of particles which are not

exactly spherical in shape. These changes were not evident

in the 2D image (Fig. 4b), a but distortion can clearly be

observed in the BSE image of particles in Fig. 12. Thus,

considering TRISO particles as a perfect sphere would not

reflect the reality and may give inaccurate results for the

thermal simulation of the repository at large. In addition,

the spent TRISO particles’ performance in the repository

requires evaluation of heat flow at the microscale. Thus, 3D

thermal modelling of TRISO particles was a crucial part of

the whole analysis and IBM presents the closest possible

3D model.

In this study, a 3D model has been solved using finite

element solver. High resolution of the scan data has been

taken in order to analyse 3D model, using IBM, to match the

results with the experimental data of LFA. The uncertainty in

measurement of the thermal diffusivity depends on the res-

olution of the CT data used during the modelling process.

Thus, the critical parameter is to obtain high resolution data

from X-ray CT and apply exact heat convection and radiation

loss during the modelling process. However, TRISO parti-

cles were embedded inside ABG using hot-isostatic sintering

and therefore, air voids were unavoidable at the microscale

level. The air voids smaller than 37 lm were not captured

using X-rays tomography scan; thus, they could not be taken

into consideration during IBM. The air voids bigger than

37 lm were successfully captured, but they were replaced by

glass mask using Simpleware software. Thus, they were

neglected as air voids for ease of computation. It allowed us

to avoid additional tetrahedral elements forming irregular

void shapes and to maintain uniformity in the glass mask. At

the same time, it had an impact on the reduction of the actual

glass thermal diffusivity. The simulation of the model

without air voids may have higher thermal diffusivity

(positive deviation) than the experimental results. A similar

positive deviation was noted by a previous study which

investigated 11 % porosity of air voids in a carbon fibre

matrix [16]. Therefore, a-Modelling obtained through sim-

ulation was higher than the values acquired through experi-

ments (Table 2).

Another factor which is contributing to the difference

between the experimental and the modelled thermal

Table 2 Thermal diffusivity of ABG-0, ABG-10, ABG-20 and ABG-30 obtained from Abaqus software (a Model) for nodal set of 1 mm and

from LFA (a Experimental)

Sample t1/2

Experimental (s)

t1/2 Modelling (s) a Experimental (m2 s-1 x 10-6) a Modelling (m2 s-1 x 10-6)

ABG-0 2.55 ± 0.10 – 0.411 ± 0.025 –

ABG-10 1.65 ± 0.05 1.70 0.636 ± 0.015 0.617

ABG-20 1.42 ± 0.05 1.32 0.739 ± 0.025 0.79

ABG-30 1.13 ± 0.05 1.11 0.92 ± 0.021 0.94

Fig. 9 Graph shows the temperature change with time from rear face

of ABG-0, ABG-10, ABG-20 and ABG-30 obtained from the LFA

instrument (corresponding to Tn)
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diffusivity is the contamination of glass with carbon

derived from SiC layer during encapsulation. This may

result in a lower value of a-Modelling than a-Experimental

and consequently a negative deviation. Furthermore, there

is considerable noise in the LFA time response graph

shown in Fig. 9. Although radial heat loss due to the

sample’s contact with the three teeth of the sample holder

shown in Fig. 2 was not considered, it was nevertheless

assumed to be insignificant in measurements taken at a low

temperature (50 �C). In a previous study, the heat loss was

estimated to be approximately 0.12 and 0.23 % of the total

energy input to the specimen due to convection heat loss

and radiation heat loss, respectively [14]. The measure-

ments assumed that the wall was maintained at 52.5 �C for

1 s [14].

From materials’ point of view, strong interfacial bond-

ing between the TRISO particles and glass was experi-

enced during cutting, grinding and polishing of samples

(displayed in Fig. 1b, c). This clearly shows that a rigid

matrix can be obtained from the process of hot-isostatic

sintering [1].

Both measurements confirmed that the high thermal

conductivity of SiC layer (168 W m-1 K-1) increased the

bulk thermal diffusivity. However, the results confirmed

that including 30 wt% of TRISO particles in glass

increased its bulk thermal diffusivity by twofold. More-

over, it is not clear yet whether such values of thermal

diffusivity are sufficient for dissipating the decay heat from

spent radioactive TRISO particles to the repository. It is

critical that thermal property mismatch will form cracks or

Fig. 10 a Post-processed contour plot shows the diameter of different

disc-shaped nodal sets on the rear face of the sample. b Correlation of

Tn with time from 6-mm-diameter circular nodal sets. c Correlation

of Tn with time from 8-mm-diameter circular nodal sets

Fig. 11 Graph shows the correlation of thermal diffusivity obtained

from circular nodal sets (diameters 1, 6, 8 mm) on the rear face

(curves only to guide the eyes)

Fig. 12 BSE image shows non-spherical TRISO particles before

encapsulation in glass
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hot spots at the interface due to differences in thermal

expansion coefficient. However, that could be accurately

simulated in a future research by imposing heat-generating

kernels.

The radial thermal diffusivity plotted in Fig. 11 shows

the trend of these values with their corresponding circular

disc-based nodal set diameter, which can also be linked

with heat-generating kernels in a future research. This

radial thermal diffusivity from the waste form can be

correlated with the decay time of the heat-generated

radioactive waste.

Conclusion

The main advantage of using the IBM technique is to rule

out the effect of non-uniform distribution of TRISO par-

ticles embedded in glass matrix. The thermal diffusivities

of ABG-10, ABG-20 and ABG-30 were measured experi-

mentally using LFA and validated by simulating similar

parameters using Abaqus software. The deviations between

the correspondent values obtained from both methods were

less than 5 %.

The study demonstrates that surrogate TRISO particles

can be successfully immobilized in glass, which enhanced

its thermal diffusivity. Despite the fact that the TRISO

particles have high thermal conductivity due to their SiC

layer, the encapsulation has only approximately doubled

the thermal diffusivity compared with its initial values.

IBM has proven to be a powerful tool to simulate the fine

structure of specimens, and the accuracy of implementing

the heat load was the key parameter of this research. Full

resolution (no downsampling from the original CT data) of

all models was implemented in order to obtain the close

agreement between values obtained from both experimen-

tal and modelling methods. Deviations in the values

obtained from both methods were mainly due to neglecting

the air voids, carbon content and fluctuation in the exper-

imental time responses. Future work can be focused on the

effect of forming hot spots at interface of TRISO/glass due

to heat generation from the kernel. The simulation method

could measure the heat flow towards the circumferential

boundary with decay time of the fission products in the

kernel.
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