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Thermal conductivity of pyrolytic carbon and silicon carbide coatings on spherical particles has been
mapped using time-domain thermoreflectance. The thermal conductivities measured for pyrolytic carbon
ranged between 3.4 and 13.5 W/m K. The effect of porosity, pore-size distribution, anisotropy, in-plane
disorder and domain sizes is discussed. A thermal conductivity of 168 W/m K was obtained for SiC. Map-
ping of the thermal conductivity of coated fuel particles provides useful data for modeling fuel perfor-
mance during the operation of nuclear reactors.
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1. Introduction

Renewed interest in nuclear energy around the world has
engendered a renaissance of nuclear technology development in
several countries. Two of the most promising technologies cur-
rently under study are the high temperature reactor (HTR) and
very high temperature reactor (VHTR), generation III+ and genera-
tion IV nuclear reactors, respectively. Currently, both types of de-
signs are based on a similar fuel unit called TRISO (tristructural
isotropic) fuel particle. Three layers of pyrolytic carbon (PyC) and
one of silicon carbide (SiC), or zirconium carbide, are placed on
top of the fuel kernel in order to form a diffusion barrier and pre-
vent the release of fission products [1]. The safety and efficiency of
these reactor designs largely depends on the properties of these
coatings, making their detailed characterization and fundamental
understanding of their properties vitally important. However, de-
spite the progress achieved in technology on HTR since the 1960s
and 1970s when this idea was conceived, many of the characteriza-
tion techniques for the TRISO particle currently being used remain
almost the same as those used 30 years ago. Different groups have
started to characterize these coatings with modern characteriza-
tion techniques in order to provide more detailed information on
these coatings and improve the knowledge on the fuel properties
and performance, e.g. Raman spectroscopy, electron backscatter
diffraction, nanoindentation and spectroscopic ellipsometry have
ll rights reserved.

: +44 161 3063586.
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already been used and have shown a great potential in replacing
or complementing some of the old techniques [2–4].

Among the properties of PyC and SiC that are relevant to the nu-
clear industry, i.e., density, anisotropy of PyC and mechanical prop-
erties of SiC, thermal conductivity of the coatings has been one of
the least studied. The key to nuclear power generation is to enable
the heat generated to be transported to the coolant, i.e. helium gas,
in the most efficient way. The knowledge of thermal conductivity
of the fuel system not only enables the prediction of the thermal
performance of the fuel but also to identify any possible tempera-
ture drop in the system, i.e. loss of efficiency. For example, if we
consider the power generated by a fuel kernel to be around
0.25 W [5] (value that would vary depending on the content of ura-
nium-235 and the position of the fuel within the reactor), and an
as-produced thermal conductivity of 0.4 W/m K for a PyC layer
with thickness of 100 lm (value previously measured for a buffer
layer[6]) then the resulting temperature drop would be 57 K [7].
Furthermore, it is well known that during power generation fuel
particles undergo several changes such as development of gaps
at the interfaces, changes in grain structure, porosity, anisotropy,
and O/U stoichiometry in UO2�x. These changes not only have
important effects on the mechanical properties of the coatings
but also on their thermal conductivities, for example a gap formed
between the buffer and IPyC resulting from dimensional changes
produced by irradiation, could produce a further temperature drop
of 55 K [5]. Additionally, because thermal conductivity affects the
temperature of the fuel, and temperature controls the diffusion
of fission products, the internal pressure of the particle and the
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stresses developed among coatings, which could cause the failure
of the particle, it is crucial to study thermal conductivity of coated
fuel particles.

Different studies have been carried out in the past in order to
characterize the thermal properties of these fuel particles, however
the majority have analyzed coatings deposited on rod or disk
shaped substrates [8–12] instead of actual particles. The main con-
cern on this method is that the coatings on a rod or disk shape sub-
strate have different microstructure from those on spherical
substrates [13,14]. Not until recently when Rochais et al. [6] char-
acterized TRISO particles by photoreflectance microscopy has the
thermal conductivity value for each layer been measured more
accurately. The technique allows measurements of thermal con-
ductivity of the individual PyC layers but not that of the SiC layer,
due to its high thermal diffusivity. In this study we measured the
thermal conductivity of the PyC and SiC layers of various fuel
particles configurations using a thermal conductivity mapping
method [15,16] based on the time-domain thermoreflectance
technique (TDTR) [17,18]. Using this mapping method we are able
to rapidly determine a cross-sectional profile of the thermal
conductivity of various layers with large differences in thermal
diffusivity such as PyC and SiC.
2. Experimental

2.1. Sample preparation

Three different samples were prepared using fluidized bed
chemical vapor deposition [4,19,20]. Two single layer PyC coatings
and a triple layered particle consisting of a buffer, inner pyrolytic
carbon (IPyC) and silicon carbide (SiC) were deposited on alumina
particles 500 lm in diameter. The single layer coatings were depos-
ited with 50% v/v acetylene concentration at 1250 �C (1250-PyC)
and 1450 �C (1450-PyC) (Figs. 2(a) and 3(a)). For the triple layered
particle, a low density PyC (buffer) was produced with 40% v/v
Fig. 1. Schematic representation showing the relationship between the preferred orienta
from selected area electron diffraction (SAED) patterns.

Table 1
Deposition conditions and general properties of the PyC and SiC coatings produced

Sample Deposition conditions Orientation angle (�)a (texture) C

1250-PyC 50%v/v Acy; 1250 �C 57 (medium texture)
1450-PyC 50% v/v Acy; 1450 �C 85 (low texture) 1
Buffer 40%v/v Acy; 1450 �C –
IPyC 33% Acy/Prop; 1300 �C 43 (high texture)
SiC H2/MTS = 277; 1550 �C –

Acy = acetylene; Prop = propylene; MTS = methyltrichlorosilane.
a Data taken from López-Honorato et al. [14].
acetylene at 1450 �C, while the inner high density PyC (IPyC) was
deposited with a mixture of 33% v/v acetylene/propylene at
1300 �C. The SiC layer was formed by the decomposition of meth-
yltrichlorosilane (MTS) with a H2/MTS = 277 at 1550 �C (Fig. 4(a)).
Samples were embedded in epoxy resin and were ground with suc-
cessive finer grades of SiC paper and polished up to a 1=4 lm grit dia-
mond paste and OPS solution. The density and texture (anisotropy)
of the coatings produced are found in Table 1. Density was mea-
sured using the Archimedes method in ethanol. Texture was quan-
tified by measuring the orientation angle obtained from azimuthal
intensity scans of selected area electron diffraction (SAED) patterns
from TEM samples (Fig. 1), using a similar method to that of Bour-
rat et al. [21]. A more detail description of the equipment and tech-
niques used to prepare and characterize these samples can be
found elsewhere [4].

2.2. Thermal conductivity measurements

Spot thermal conductivity measurements were performed on
each layer of our samples using the TDTR method. A transducer
layer of aluminum, 80–90 nm thick was deposited on the samples
by RF magnetron sputtering prior to the thermal measurements.
We split the output of a mode-locked Ti: sapphire laser
(k = 770 nm, 80 MHz repetition rate, <0.3 ps pulses) into a pump
and probe beam. The pump beam was modulated using an elec-
tro-optic modulator (f = 9.8 MHz) and delayed with respect to the
probe beam using a computer controlled mechanical stage. The
pump and probe beams were focused at the sample surface using
a single microscope objective lens with a 10 mm focal length, pro-
ducing a 1/e2 radius of the focused spot w0 = 3.1 lm. The total laser
power at sample surface was 6 mW and created a steady-state
temperature rise of up to 3 K in the alumina layer and �1 K in
the silicon carbide layer. The steady-state temperature rise in
PyC layers was 16 K for sample 1250-PyC, 18 K for sample 1450-
PyC, 5 K in the IPyC and 9 K in the buffer layer for the triple layered
sample.
tion of pyrolytic carbon domains (texture) and the orientation angle (OA) obtained

oating thickness (lm) Density (g/cm3)a Average thermal conductivity
(W/m K)

29 2.12 4.2
18 1.41 3.4
71 1.35 5.7
30 2.0 13.5
13 – 168



Fig. 2. Single layer high density coating produced at 1250 �C and 50% v/v acetylene
concentration. (a) SEM image obtained for a similar sample; (b) thermal conduc-
tivity map. Individual layers are indicated in the line section plot. Error bars (not
included) are 10% for the PyC layer and 5% for alumina.
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The changes in the intensity of the reflected probe beam caused
by the pump beam are recorded by a photodiode connected to a RF
lock-in amplifier locked to the modulation frequency of the pump
beam. The thermal conductivity of the sample is extracted by com-
paring the time dependence of the ratio U of the in-phase Vin and
the out-of-phase Vout signals from the lock-in amplifier to calcula-
tions using a thermal diffusion model described in reference [18].
The model variables are the thermal conductivity K of the sample
and the thermal conductance G of the Al/sample interface. The
parameters of the model include the 1/e2 radius of the focused spot
w0, the thickness, heat capacity and thermal conductivity of the
aluminum layer and the heat capacity of the sample (SiC, Al2O3

or PyC). The radius of the focused spot w0 is determined from the
dependence of Vin on the overlapping of the pump and probe
beams. Aluminum film thickness was measured using picosecond
acoustics [22,23]. Aluminum thermal conductivity was calculated
using the Wiedemann–Franz law and 4-point probe measurements
of the electrical resistivity. We used the literature values for heat
capacities of Al [24] (2.4 J/cm3 K at 300 K), SiC [25] (2.2 J/cm3 K at
300 K) and Al2O3 [26] (3.1 J/cm3 K at 300 K). The heat capacity of
graphite [27,28] (1.6 J/cm3 K at 300 K) was used as a basis for esti-
mating the heat capacity of the pyrolitic carbon layers by multiply-
ing the graphite heat capacity by the ratio of theoretical (2.26
g/cm3) and reported (see Table 1) density of the sample.

We estimate the accuracy of the thermal conductivity measure-
ment by calculating the square-root of the sum of the squares of
uncertainties propagated from measurements of the fixed parame-
ters of the model. The uncertainties propagated for each parameter
are estimated by multiplying the experimental errors by the ratio
of the sensitivity to the respective parameter and the sensitivity
to the thermal conductivity of the sample. The sensitivity is de-
fined as Sa = dlnU/d lna, where a is any parameter of the thermal
model. The overall uncertainty in measuring the thermal conduc-
tivity of the sample layers is estimated at 10% for PyC and 5% in
alumina and SiC.

For delay times in the range 100 ps < t < 500 ps, heat has dif-
fused uniformly through the Al film but little heat has entered the
sample because of the limited thermal conductance of the Al/sam-
ple interface (70–100 MW/m2 K for our measurements). Thus, the
in-phase thermoreflectance signal is proportional to E/hAlCAl, where
hAlCAl is the heat capacity per unit area of the Al film and E is the en-
ergy in each pump optical pulse. The out-of-phase thermoreflec-
tance signal is proportional to the imaginary part of the frequency
response at the modulation frequency of the pump beam. Since
heat diffuses a distance in the sample that is large compared to
the thickness of the Al film, the imaginary part of the frequency re-
sponse is proportional to P/(CKf)1/2, where (CK)1/2 is the thermal
effusivity of the sample, f is the modulation frequency of the pump
beam, and P is the power of the pump beam. The ratio Vin(t)/Vout(t)
at short to intermediate delay times is therefore approximately pro-
portional to K1/2. We determined the thermal conductivity profiles
by scanning the lateral cross-section of the sample at a fixed pump-
probe delay time (115 ps) and recording the thermoreflectance sig-
nal Vin/Vout at each point. We use the thermal model and the param-
eters at one spatial location (usually a spot on the PyC layer) to
calculate the range of thermal conductivities corresponding to a
range of thermoreflectance ratios that encompasses the values we
measured during scanning. The K vs. U curve is then fitted with a
polynomial. We use the resulting function to convert the map of
Vin/Vout ratios to a map of effective thermal conductivities
Keff. = KC/C0. K and C are the thermal conductivity and heat capacity
at each spatial location and C0 is the heat capacity at the spatial
location used for thermal profile conversion.

The scanning step size (pixel size) was 2 lm. The lateral resolu-
tion of the measurement is mostly controlled by the laser spot size.
Because the thermoreflectance signal arises from the product of
the pump and probe fluence, the effective spot size of the measure-
ment is w0/

p
2 (�2 lm for w0 = 3.1 lm).

3. Results

Figs. 2(b), 3(b) and 4(b) show the thermal conductivity maps
and the line profiles of thermal conductivity across the coatings
of the three samples which are shown in Figs. 2(a), 3(a) and 4(a).
Interestingly the thermal conductivity images produced resemble
those obtained by SEM, in which porosity as well as differences
in density are clearly identified. Table 1 shows the thermal conduc-
tivities of the samples measured and their corresponding densities
and orientation angles. The orientation angle measured based on
the electron diffraction pattern represents the anisotropy of PyC
[21] i.e. 180� indicates isotropic whereas a lower angle indicates
more anisotropic [29] (Fig. 1). Average thermal conductivity values
obtained from the thermal conductivity maps for PyC are 4.2



Fig. 3. Single layer low density coating produced at 1450 �C and 50% v/v acetylene
concentration. (a) SEM image obtained for a similar sample; (b) thermal conduc-
tivity map. Error bars (not included) are 10% for the PyC layer and 5% for alumina.

Fig. 4. Triple layer particle showing a buffer, IPyC and SiC layers. (a) SEM image
obtained for similar sample; (b) thermal conductivity map. Individual layers are
indicated in the line section plot. Error bars (not included) are 10% for the PyC layer
and 5% for alumina and SiC.
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W/m K for 1250-PyC and 3.4 W/m K for 1450-PyC with density
values of 2.12 and 1.41 g/cm3 respectively. For the triple layer
coatings an average value of 5.7 W/m K and 13.5 W/m K were
determined for the buffer PyC layer and inner PyC (IPyC) layers
respectively, while the densities of the buffer and IPyC are 1.35
and 2 g/cm3, respectively. It is important to mention that the depo-
sition conditions used for the formation of the buffer layer were
not the optimum conditions to obtain the standard density
required for this layer of around 1 g/cm3 [30]. For this reason the
value of thermal conductivity quoted here should be higher than
the value obtained for the PyC buffer layer in typical TRISO
particles.

The values obtained in the present work are similar to the ther-
mal conductivities measured in previous reports. Values between
0.7 and 11 W/m K have been reported [6,8,10,11,31] for PyC’s with
densities above 1.76 g/cm3. On the other hand, thermal conductiv-
ities of around 0.2 W/m K have been measured for low density car-
bon (0.65 g/cm3) and between 0.2 and 1.63 W/m K for different
buffer layers [6,8,32].
The thermal conductivity measured for SiC (160 W/m K) was
higher than the value reported by Salgado et al. [8] (16.74 W/
m K) and Price [12] (62 and 50 W/m K). Nevertheless, if compared
to high purity, defect free CVD SiC [33,34] with thermal conductiv-
ity of around 340 W/m K our value is much lower.

4. Discussion

The thermal conductivity in ceramic materials at room temper-
ature is controlled by atomic vibrations (phonons) which can carry
energy over lengths scales of a few angstroms to hundreds of nano-
meters depending on the structure of the material. In general it is
accepted that higher amount of porosity (lower density) would re-
sult in lower thermal conductivities due to a decrease in the aver-
age atomic density and sound velocity. Although the effect of total
porosity was confirmed for the two single layer PyC samples, in
which lower thermal conductivity was measured for the low
density material (1450-PyC), the changes in density alone do not
explain all the differences observed among the samples. For
example, the value obtained for the high porosity buffer layer
(5.7 W/m K) was higher than that of both single layered-PyC’s
(3.4 and 4.2 W/m K), despite the fact that its density was lower
(see Table 1). Furthermore, both high density PyC coatings
(1250-PyC and IPyC) had a large difference in thermal conductivity
(4.2 and 13.5 W/m K, respectively), even though the difference in
density between them was very small. It is therefore evident than
other factors also affect the thermal conductivity of PyC.

Rice [35] has mentioned that thermal conductivity is one of the
properties that are controlled not only by the total amount of
porosity but also by the type of porosity and its distribution. This
idea has been corroborated by Ondracek and Schulz [36], who
found that thermal conductivity on oxide nuclear fuel was mainly
controlled by open porosity and specifically by pore sizes smaller
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than 1 lm. Similarly Elbel and Vollath [37] found that different
pore shapes, orientations and distributions would have different
levels of influence on the thermal conductivity. The porosity distri-
bution obtained by mercury immersion porosimetry showed that
samples 1250- and 1450-PyC had larger amounts of open porosity
below 100 nm than IPyC (33% v/v Acy/Prop) [14]. It is probable
then that the large amount of open porosity below 100 nm would
be partially responsible for the low thermal conductivity observed
for the two single layer coatings.

Other differences between samples that could have affected
thermal conductivity are anisotropy, domain size and structural
disorder (inclusion of 5-member rings in the hexagonal structure).
Smaller domain sizes and higher structural disorder might be able
to produce phonon scattering, thereby reducing the phonon mean-
free-path and decreasing thermal conductivity. The effect of
anisotropy on thermal conductivity is controlled by the orientation
of the graphene layers [31]. If higher anisotropic materials have
graphene layers more parallel to the substrate surface, higher
anisotropies would result in lower thermal conductivities in radial
direction. Interestingly even thought IPyC had a considerable high
anisotropy, the thermal conductivity (measured in the direction
normal to the surface of the cross-section) of 1250-PyC was consid-
erably different despite having slightly similar anisotropy.

The heat treatment suffered by both buffer and IPyC during the
deposition of PyC and SiC could also have some effect on the micro-
structure and properties of PyC. Reznik et al. [38] have observed
that heat treatment after PyC deposition might help in the dehy-
drogenation of the carbon material deposited, thus increasing its
density and level of anisotropy. These effects could be also respon-
sible for the difference in thermal conductivity between the IPyC
and the outer PyC (OPyC) layers [6] where both layers although
produced at similar deposition conditions would experience differ-
ent heat treatments.

For the SiC layer, the differences between the value measured in
this work and that reported previously might come from differ-
ences in the stoichiometry of SiC and their crystallite sizes. For
example, the SiC measured by Price [12] was deposited at
1400 �C, a temperature at which Si is usually codeposited with
SiC if no other reactant is included (i.e. Ar or C3H6) in addition of
MTS and H2. High thermal conductivity SiC could be obtained by
increasing its purity (reducing excess Si or C and avoiding a-SiC),
lowering defect concentration, and increasing crystal size (not
desirable since larger crystal sizes would allow the diffusion of fis-
sion products). All these characteristics would lead to minimiza-
tion of phonon scattering. For our particular case, excess Si or C
is not the reason for the intermediate thermal conductivity mea-
sured since Raman spectroscopy of the SiC show the presence of
only b-SiC, as consequence the reduction in thermal conductivity
was probably due to phonon scattering produced by crystal size
boundaries or internal defects. Current development of SiC coat-
ings on TRISO particles is to produce SiC with nanometric scale
equiaxed grains sizes in order to reduce the diffusion of fission
products and improve the mechanical properties of the SiC,
whereas these changes may lead to change in thermal conductivity
of SiC. In addition, radiation damage seriously decrease thermal
conductivity due to the formation of simple defects and defect-
clusters (point defect regime) [39]. Therefore the combined effect
of nanometric scale grains together with radiation damage will
have to be studied if an accurate understanding of the TRISO fuel
particle is desired.

5. Conclusions

Due to combination of high spatial resolution and capability to
produce a thermal conductivity map over a 200 by 200 lm area,
time-domain thermoreflectance has proved to be a valuable tool
in determination of thermal conductivity of coated particles. The
thermal conductivity map shows small variations across the coat-
ing layers and indicates uniformity of the coatings. Thermal con-
ductivities between 3.4 and 13.5 W/m K were measured for PyC
coatings with different densities and microstructures. The changes
in total porosity alone did not explain the observed differences.
Porosity, together with anisotropy, structural disorder and domain
size appear to affect the thermal conductivity of PyC. SiC conduc-
tivity of 168 W/m K was obtained.
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