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The feasibility of utilizing the suspended bridge method, which was originally developed for one-
dimensional or nearly-one-dimensional nanomaterials, to measure the thermal conductivity of lower-
length-scale structures in nuclear materials is explored in this study. Nanoribbon specimens of stain-
less steel SS304, representing materials with well-known thermal conductivity, and atomized U-Mo alloy
particles used in dispersion fuels for research reactors, representing new nuclear materials with limited
thermal conductivity data reported, were made using focused ion beam (FIB). The contact thermal
resistance was corrected by measuring a series of specimens with different bridge lengths. The measured
thermal conductivity of SS304 was found to be consistent with that reported for bulk samples. The
thermal conductivity of U-Mo particles measured using the suspended bridge method was also analyzed
and compared with literature data of monolithic U-Mo alloys. Ab initio molecular dynamics (AIMD) was
used to quantitatively demonstrate that the reduced specimen size only has marginal effects on the
measured thermal conductivity compared to the bulk specimens. The novel concept of utilizing the

suspended bridge method in nuclear material research is proven and future work is discussed.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

As an essential part of the world energy portfolio, the devel-
opment of advanced nuclear energy technologies that feature
enhanced safety and efficiency is important to a sustainable world
economy. Nowadays, extending the understanding of conventional
nuclear materials to better predict and improve the performance of
the current nuclear fleet and searching for innovative nuclear
materials for next-generation nuclear systems are becoming major
challenges in advancing nuclear technologies [1]. As a thermal
power system, the thermophysical properties of the materials used
in a nuclear reactor are crucial to both the efficiency and safety [2].
Therefore, in order to increase the economical profitability and
accident tolerance of nuclear energy, it is of great significance to
accurately measure and/or reliably predict the thermophysical
properties, thermal conductivity in particular, of materials used in
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nuclear systems.

However, in nuclear reactors, materials experience extreme
environmental conditions, including elevated temperature, high
pressure, aggressive corrosion, and intense radiation. In advanced
nuclear reactor concepts, the operation conditions are usually even
tougher than current commercial light water reactors (LWRs) [3].
Under such conditions, nuclear materials are subject to a series of
microstructural modifications, such as cavity nucleation/growth,
oxidation, secondary phase precipitation, grain growth/subdivision
and interface reaction. These microstructural changes degrade the
material performance, including thermophysical properties.
Establishing a comprehensive correlation between the micro-
structural modifications and their contributions to thermophysical
properties is key to the reliable prediction of the shifts in material
properties and consequent degradation in performance.

Traditional measurement techniques for thermal conductivity
are unable to differentiate the impact of the microstructural
changes on the length scale of interest. Meanwhile, with the
development of material science and fabrication technologies, nu-
clear materials with intrinsic lower-length-scale (LLS) structures
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have been developed to provide enhanced materials properties. For
instance, Sub-millimeter TRISO particle, which is developed for
high-temperature gas-cooled reactors, has its own multi-layered
fuel-buffer-cladding system [4]; dispersion fuel consisting of Al
matrix and U-Mo micro-particles is the promising candidate fuel to
enable the conversion of European high-power research reactors
from using high-enriched uranium (HEU) to low-enriched uranium
(LEU) [5—8]; Nickel superalloys featuring dense sub-micron 7y’
intermetallic precipitates are considered as candidate structural
materials for a series of advanced reactor concepts that involve high
operating temperatures that exceed stainless steels’ capability [9].
Knowledge about these microstructural features and their contri-
butions to thermophysical properties is also essential for the
evaluation and qualification of these new material concepts.

As one of the most important thermophysical properties, ther-
mal conductivity determines the maximum temperature and the
efficiency of heat transfer of a nuclear reactor. However, conven-
tional thermal conductivity measurement techniques, such as the
laser flash method [10], are developed to measure macroscopic
specimens (millimeter or beyond). Therefore, directly measuring
thermal conductivity of LLS structures had been an impossible
mission until the dawn of this millennium. The rapid development
of nanomaterials has inspired the innovation of a series of revolu-
tionary measurement methods that are designated for micro- and
nano-scale specimens. Several pioneering efforts have been made
to apply one of these innovative methods, thermal reflectance, to
measure nuclear materials with reduced dimension [11-—13].
However, because the thermal reflectance based methods have
been developed to measure local thermal conductivity in either
bulk materials or thin films, such techniques can hardly handle
other lower-length-scale structures such as thin nanorods. There-
fore, techniques other than thermal reflectance must be explored
so that a comprehensive capabilities of thermophysical properties
measurement can be established for the nuclear material com-
munity. A microfabricated device termed suspended bridge was
developed to measure thermal conductivity of one-dimensional
nanomaterials [14,15]. The aforementioned device was based on a
one-dimensional nanomaterial specimen bridging a heating
membrane and a sensing membrane and used fundamental one-
dimensional heat conduction principles to measure the thermal
conductivity of the bridging material. This technique has been
successfully applied to measure thermal conductivity of a series of
nanomaterials including carbon nanotubes [14], Si nanowires [16],
and SnO; nanobelts [17].

The major challenge of using the microfabrication-based tech-
nique to measure the thermal conductivity of the LLS features in
nuclear materials is to separate the microstructures of interest with
precise control of the sampling position and specimen dimension.
Fortunately, contemporary focused ion beam (FIB) techniques have
enabled microfabricating miniature specimens of LLS structures
with satisfactory precision. In this study, the feasibility of thermal
conductivity measurement of LLS structures in nuclear materials
was explored by combining the state-of-the-art nanoscale mea-
surement method and the advanced FIB microfabrication tech-
nique. The innovative technique was first validated by measuring
the thermal conductivity of a well-studied material (SS304). Then,
the thermal conductivity of a U-Mo fuel particle was measured to
demonstrate the great impact of this technique.

2. Experiments
2.1. Suspended bridge method

The suspended bridge method was originally developed by Shi
et al. [15] and was also used by Ghossoub et al. [ 18] to measure the

thermal conductivity of silicon nanowires. In general, this method
is capable of measuring the thermal conductivity of one-
dimensional or nearly-one-dimensional nanomaterials such as
nanotubes, nanowires and nanobelts. In Sections 2.1 through 2.3,
the measurement technique and the art of sample preparation are
briefly described to readers previously unaware of the suspended
bridge method. The fundamental principle of this technique is
illustrated in Fig. 1 (a). Two membrane platforms made of thermally
and electrically insulating materials such as silicon nitride (SiNy)
are suspended and supported by six thin beams. On each sus-
pended platform, platinum lines are patterned to form an electrical
resistor. The platinum resistor is connected by four other platinum
probes through four of the six supporting beams. A nanoribbon
specimen can be mounted to bridge the two platforms. The rest of
the four beams supporting the two platforms also have platinum
electrodes so that the electrical resistance of the nanoribbon can be
measured using the four-probe method (not used in this study).

The measurement is done under vacuum (~10~®Torr) in a
cryostat to minimize convective heat loss. The ambient tempera-
ture can be controlled between liquid nitrogen temperature
(~80K) and 400 K, where the contribution from thermal radiation
is negligible. A DC heating current is applied to the resistor circuit of
one platform (termed the heating platform). As a result, the heating
power on the platinum resistor is Qp, and the heating power on
each of the two beams through which the current flows is Q;. The
generated heat can either go to the environment through the six
beams supporting the heating platform (marked as Q1 ), or can flow
to the other platform, which is termed the sensing platform,
through the bridge specimen and then flows to the environment
through the six beams supporting the sensing platform (marked as
Q). The temperatures of the heating and sensing platforms are T,
and Ts, respectively. The temperature difference between the two
platforms is kept under 6 K by limiting Q; and Q. Assuming the
total thermal conductance of the six beams of each platform and
the bridge specimen to be G, and Gy, respectively, (i.e. each beam's
thermal conductance is G, /6), the following equations can be used
under steady-state conditions (detailed derivation can be found in
the Supplementary Material):

Heating Platform

Sensing Platform

6 Beams
Gy

Heating Current

‘ 0, nvironment ‘ 0>
(a) o

Fig. 1. The fundamental principle of the thermal conductivity measurement: (a) a
schematic showing the measurement circuit; (b) a SEM image of an actual micro-
fabricated measurement device (the bridge specimen is not mounted).
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The thermal conductance of the measured specimen (Gys),
which is the reciprocal of the thermal resistance (R), can be used
to deduce the thermal conductivity of the sample. Details of this
calculation will be provided in Section 2.4.

2.2. Micro-fabrication of measurement devices

The heating and sensing platforms were batch fabricated from a
4” double-side polished (DSP) Si wafer with a thickness of 300 um.
The Si wafer is p-doped (10~20 Q-cm). Stress-free SiNy (300 nm)
was deposited using plasma-enhanced chemical vapor deposition
(PECVD) using an STS Multiplex PECVD operated at a mixture of
13.56 MHz and 380 kHz. 3/30 nm Ti/Pt metal film was evaporation
deposited using a CHA E-beam metal evaporator. This metal film
was coated with a 70 nm PECVD silicon nitride. Using photolitho-
graph (EVG 620 mask aligner), photoresist (PR) AZ 5214 was
patterned to the shape of the platinum resistors. The exposed SiNy
was removed by Freon reactive ion etching (RIE). After removing
the remaining PR, the patterned SiNy was used as an etch mask to
remove the exposed platinum through argon plasma in a Plasma-
Therm ICP-RIE (inductively coupled plasma reactive ion etching)
device. Photolithography and Freon RIE were used to pattern the
SiN, platforms, and also to expose the platinum at contact pads. The
platforms were suspended through a bulk-Si etching in 45% aquatic
KOH solution at 70°C. More details on the fabrication of suspended
platforms can be found in Ref. [18].

2.3. Sample preparation

In this study, two types of materials were investigated: stainless
steel SS304 (Fe-18Cr-8Ni) in the form of bulk bars and micro-scale
U-Mo alloy in the form of particles. The SS304 investigated in this
study is an as-received alloy bar procured from McMaster-Carr. The
U-Mo alloy examined in this study are particles with approximately
50 pm diameters. The U-Mo particles were prepared in KAERI
(Korea Atomic Energy Research Institute) through atomizing the
molten alloy in a helium atmosphere and have a nominal compo-
sition of U-7Mo (weight percentage). The as-atomized particles
were further annealed at 1000°C for 1 h to increase the grain size
and improve homogeneity. The annealed U-Mo powder is primarily
v phase with a limited amount of residual a and vy’ phases. Only a

1.0 T T

single atomized U-Mo particle was used to prepare all the speci-
mens measured in this study.

Both SS304 and annealed U-Mo particles have relatively large
grain size (> 10 wm). During sample preparation, all the investi-
gated specimens of each material were intentionally prepared from
one single grain. The inclusion phases (i.e. carbides and residual «/
v" phases), which have limited volume fractions, were averted
during sample preparation to ensure that the specimens prepared
from each material have similar microstructure. In SS304 matrix,
the distribution of Fe, Cr and Ni is uniform. For atomized U-Mo
particles, annealing at 1000°C helps homogenize Mo concentration
within each particles [19]. The homogeneous distribution of ele-
ments in the SS304 and U-Mo particles investigated in this study
was confirmed by energy dispersive X-ray spectroscopy (EDS), as
shown in Fig. 2.

The sample preparation was performed using a FEI Strata 400
focused ion beam (FIB) system. A 20 um x 10 um x 1 um thin foil
sample was first milled and lifted out from the bulk sample and
mounted on an Omniprobe TEM sample grid, which is similar to the
standard FIB TEM sample preparation procedure (see Fig. 3(a)). The
foil was then further thinned to ~300 nm in thickness. The entire
TEM sample grid was then tilted by 90° so that the FIB could work
vertically on the cross section. As shown in Fig. 3(b), a thin rod with
a rectangular cross section can be fabricated. The rod can then be
cut off and transferred to the measurement platform using a
tungsten Omniprobe tip (see Fig. 3(c)). The rod sample was adhered
to the heating and sensing membranes of the measurement device
using platinum (Pt) deposition available in the FIB to minimize the
contact thermal resistance (Fig. 3(d)). In order to correct for the
contact thermal resistance, for each material, multiple rod speci-
mens with different lengths ranging from approximately
3 um—20 um were prepared. The different lengths were achieved
by mounting the thin rod specimens onto platforms at different
angles. The detailed dimensions of all the investigated samples are
provided with the corresponding measurement uncertainties in
the Supplementary Material. The detailed method for accounting
for thermal contact resistance will be described in Section 2.4.

2.4. Measurement and data analysis

The measured thermal resistance (Rp; = G,;sl) of the specimen
consists of at least three components: the “bridge” part of the
sample (Rpigge) and the two contacts at the heating and sensing
islands (Reongace,n and Reongacts)- That is,

3)

As shown in Fig. 4(a), the “bridge” part of the sample, which has

Rbs = Rbridge + Rcontact,h + RCOHtClCt«&

1.0
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Fig. 2. SEM EDS data showing the homogeneity in composition of SS304 and U-Mo. Note that the EDS was not performed on the same lift-out slices that were used for thermal
conductivity measurement to prevent surface modification caused by long-duration focused electron beam. (a) SS304; (b) U-Mo.
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Fig. 3. The art of sample preparation: (a) a thin foil milled from an atomized and heat
treated U-Mo fuel particle; (b) a lift-out thin foil mounted on an Omniprobe TEM
sample grid with a thin rod prepared; (c) a cut-off thin rod specimen being transferred
to the measurement platform using a tungsten Omniproble tip; (d) a thin rod spec-
imen mounted on the measurement platform using Pt deposition.

a length of L, width of w, and a depth of d, is solely made of the
material to be investigated. On the other hand, the contact lengths
are L, and Ls, respectively. All the three lengths (i.e. L, L, and L)
were measured from the middle of the d direction so that the
contact areas can be calculated using the product of Ly, and
d regardless to the mounting angle, as illustrated by Fig. 4(b).
Assuming one-dimensional heat conduction, the thermal
resistance of the bridge part has the expression as follows:

L
Rpridge = *wd’ (4)

where, k is the thermal conductivity of the material of interest. For
the two contact resistance components, it was assumed that the
resistance is inversely proportional to the contact area:

C
Rcontact,h = m s

Rcontact S =T 4
’ L_gd ’

where C is a constant. Thus, Equation (3) becomes:

(a) Sensing Platform (b)
N

\E}v

d
Heating Platform

Sensing Platform

Heating Platform

Fig. 4. A schematic showing the physical quantities involved in the thermal conduc-
tivity measurement and contact resistance correction: (a) pictorial drawing; (b) top
view.

L C C

Rbs:m+m+m- (6)

Let Leontact be half of the harmonic mean of L, and Ls, namely,
Leontact = LpLs/(Ly + Ls). Equation (6) can then be written in the
following form,

LLcontact 1 L 7

Rbs chontact = w k

Thus, by measuring a series of specimens with different di-
mensions, the thermal conductivity of the materials of interest can
be deduced using linear regression.

3. Results

Using the measurement technique and analysis method
described above, SS304, a widely-used material with well-
understood properties, was first investigated to validate the feasi-
bility of applying this novel thermal conductivity measurement
method originally developed for one-dimensional nanomaterials to
other classes of materials. Six SS304 thin rod specimens with
different lengths were prepared and measured. The thermal con-
ductivity was measured at multiple temperatures ranging from
300K to 400K. The linear regression for the contact thermal resis-
tance correction at 300 K can be found in Fig. 5(a). The linearity of
the data looks prominent (R? is higher than ~0.9), demonstrating
that the data analysis model described above is appropriate. A
similar approach was also used for a U-Mo fuel particle. Seven thin
rod specimens were prepared and investigated. The thermal
conductance results of U-Mo measured at 300 K and corresponding
linear fitting are shown in Fig. 5(b). At other measurement tem-
peratures, the behavior of those SS304 and U-Mo specimens is
similar to that shown in Fig. 5(a) and (b). Consequently, the thermal
contact resistance correction method used in this study yields
reasonable results for both SS304 and U-Mo between 300K and
400 K. The uncertainty of this thermal conductivity measurement
technique stems from (a) the thermal resistance measurement, (b)
the dimension measurement, and (c) the linear regression. The
uncertainties in thermal resistance measurement (~10° K/W) are
typically an order of magnitude lower than measured thermal
resistance, while the dimension measurement uncertainties are
approximately two orders of magnitude lower than the measured
values. Therefore, the reported uncertainties in thermal conduc-
tivity predominantly arise from the fitting uncertainties of Equation
(7). Physically, the fitting error arises from the fact that the contact
resistance of unit area (C) may not be uniform across multiple
samples. The detailed values of measurement uncertainties and
their propagation can be found in the Supplementary Material.

According to the intercepts in Fig. 5(a) and (b), at 300K, the
SS304 specimen and the platform bonded by platinum has a con-
tact resistivity of 4.77 x 10~® K-m?/W, while the U-Mo rod and the
platform has a contact resistivity of 6.30 x 10~® K-m?/W. The values
are comparable and the difference can be attributed to material-
specific properties. The slopes of the lines in Fig. 5(a) and (b) are
the thermal resistivity values of SS304 and U-Mo at 300 K, which
are 736x 1072K-m/W and 10.11 x 10~2K-m/W, respectively.
Therefore, the thermal conductivity of SS304 and U-Mo at 300K,
which is the reciprocal thermal resistivity, can be deduced to be
13.58 W/mK and 9.894 W/mK, respectively.

The linear regression based contact resistance correction gives
material dependent contact resistivity on the order of 1076 K-m?/
W. This magnitude yields a contact thermal resistance that is
comparable to the thermal resistance of the measured specimens
themselves. For instance, at 300K, for U-Mo specimens with
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Fig. 5. Measurement results and corresponding contact resistance correction: (a)
measurement and correction results of the six SS304 specimens at 300 K; (b) mea-
surement and correction results of the seven U-Mo specimens at 300 K.

various lengths, the thermal resistance of the specimens them-
selves ranges from 2.7 x 108 K/W to 1.4 x 107 K/W while the ther-
mal contact resistance is between 5.5 x 10° K/W and 1.0 x 107 K/W.
Obviously, the thermal contact resistance between the specimen
and the heating and sensing platforms makes a considerable
contribution to the measured resistance value, which cannot be
neglected. Therefore, the correction of contact resistance is essen-
tial to obtain accurate thermal conductivity of the materials of in-
terest. The linearity of data (as shown in Fig. 5(a) and (b)) indicates
that Eq. (7) can be employed to extract the value of the thermal
contact resistances with acceptable reliability.

The temperature-dependent thermal conductivity of SS304 and
U-Mo can be derived based on the measurement results collected at
temperatures ranging from 300 K to 400 K, as shown in Fig. 6. The
thermal conductivity of both materials increases with temperature.
The thermal conductivity of SS304 [14,20—22] and U-Mo alloys
[23—32] reported in literature are also provided in Fig. 6 for com-
parison to the measured values in this study. The measured data are
within the range of reported values of the same class of materials.

3.1. Theoretical analysis of the reduced-size effect

One of the major concerns of applying the suspended bridge
method to nuclear material research is the effect of the reduced
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Fig. 6. Measured thermal conductivity in comparison with related literature data: (a)
measured thermal conductivity of SS304 compared to a series of reported SS304 data
[14,20—22]; (b) measured thermal conductivity of the nominal U-Mo particle
compared to the data of various U-Mo alloys (U-5Mo [23], U-8Mo [24,25], U-9Mo [26],
U-9.2Mo [27], U-10Mo [28—32] and U-12Mo [24]).

specimen size. In alloy materials such as SS304 and U-Mo investi-
gated in this study, the thermal conductivity has two components,
lattice thermal conductivity contributed by lattice wave (i.e. pho-
nons) and electronic thermal conductivity contributed by free
electrons. The reduced size of a specimen only significantly affects
the thermal conductivity measurement when the specimen
dimension is comparable to or lower than the mean free path of
carriers. In elemental metals, the mean free path of free electrons,
which dominate the thermal conductivity, is on the order of tens of
nanometers [33]. In alloys, however, alloying elements scatter free
electrons, considerably reducing the mean free path to nanometer,
or even subnanometer level, degrading electronic thermal con-
ductivity. Therefore, the ~300 nm cross section dimension of the
specimens investigated here is several orders of magnitude higher
than the mean free path of free electrons, making the size effect
negligible. However, in alloy materials, the mean free path of the
phonons (the contributor to the lattice thermal conductivity) may
be as high as ~100nm, which requires further detailed in-
vestigations to determine the impact of sample size.

Theoretically, the lattice thermal conductivity (k. ) of a material
can be calculated as:

1
Koo = VEququiquaq& (8)

where V is the crystal volume, Cqs = hquangs /0T is the mode
specific heat, v.qs is the phonon velocity in mode gs, and 7,qs is the
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phonon lifetime for transport in that direction. The phonon lifetime
can be determined from a full iterative solution of the phonon
Boltzmann transport equation (BTE) [34,35] with accurate de-
scriptions of the harmonic and anharmonic interatomic force
constants in a material. The temperature-dependent effective po-
tential (TDEP) method [34,36,37] was adopted to calculate the
second- and third-order interatomic force constants (IFCs), which
can be determined from ab initio molecular dynamics (AIMD) tra-
jectories and forces. For the AIMD simulations, 256-atom (192 Fe, 16
Ni, 48 Cr) and 128-atom (104 U, 24 Mo) supercells were used for
S$S304 and U-Mo alloy systems, respectively. Only I'-point was used
for the Brillouin zone integration combined with a cut-off plane-
wave energy of 400eV. AIMD simulations were run at 300K in
canonical ensemble. Temperature was controlled using a Nosé
thermostat. The simulations ran for 12 ps with a time step of 2 fs. All
the AIMD calculations were performed using the projector
augmented wave method (PAW) [38] as implemented in the Vienna
ab initio simulation package (VASP) [39,40], and the electronic
exchange-correlation potential was described by the generalized
gradient approximation (GGA) parameterized by Perdew-Burke-
Ernzerhof (PBE) [41]. In the SS304 and U-Mo alloy systems,
phonon transport is subjected to scattering due to lattice dis-
ordering, which are considered as isotope scattering on the phonon
life time. At 300K, the lattice thermal conductivities of SS304 and
U-Mo were predicted to be 7.61 W/mK and 1.66 W/mK, respec-
tively. The calculated cumulative lattice thermal conductivity,
which is the thermal conductivity contributed by the phonons with
mean free paths lower than a given value, indicates that phonons
with mean free path less than 100 nm contribute about 95% and
87% of the total lattice thermal conductivity in the bulk SS304 and
U-Mo, respectively. For constrained geometries, e.g., thin rods in
this case, the phonon transport will be subjected to additional
scattering from domain boundaries. Fig. 7(a) shows the calculated
lattice thermal conductivities of SS304 and U-Mo alloys as a func-
tion of domain size. Consistent with the calculated cumulative
lattice thermal conductivity, the lattice thermal conductivities of
SS304 and U-Mo are only notably affected when the sample
dimension is reduced to less than 100 nm (this is prominent after
normalization as shown in Fig. 7(b)). Therefore, the size of the
nanorods used for the thermal conductivity measurement in this
work should have a minimal impact on the lattice thermal con-
ductivity as compared to their bulk phases.

Consequently, for both materials investigated in this study (and
other alloy materials), the reduced dimension involved in the sus-
pended bridge only marginally affects the measured thermal con-
ductivity. In summary, the overall impact of the size effect is
marginal for alloy materials (e.g., stainless steels and U-Mo), which
account for the majority of the nuclear materials. Additionally,
many radiation-induced microstructural features intrinsically have
a limited dimension in nuclear materials. Adopting the technique
introduced in this study may involve miniature specimens with the
reduced dimension that is similar to the intrinsic dimension of the
radiation-induced microstructural features and therefore provide
more reliable measurement results compared to bulk measurement
methods.

4. Discussion
4.1. Consistency with conventional measurement

As indicated in Fig. 6, the thermal conductivity measured by this
method is within the range of reported values available in litera-
ture. However, some of the measured values are slightly lower than
the thermal conductivity of the same class of materials measured
by conventional methods. In particular, the measured thermal
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conductivity of the atomized nominal U-7Mo particles seems to be
close to the reported values for monolithic U-9Mo and U-10Mo,
which are lower than the expected value for monolithic U-7Mo.
According to the theoretical deduction discussed above, in alloy
materials such as SS304 and U-Mo, the reduced specimen dimen-
sion (~300 nm) does not significantly affect the measured thermal
conductivity values. Therefore, the minor difference between the
measured value and expected value is expected to have other
origins.

First, many of the literature data for U-Mo alloys were deduced
from electrical conductivity based on the Wiedemann-Franz law, so
that the accuracy of these data are affected by the selection of
Lorentz number. The thermal conductivity of U-10Mo measured by
laser flash method [29] is also slightly lower than other reported
data. Second, the reported data of U-Mo are mainly from mono-
lithic U-Mo alloys, while an atomized U-Mo particle was measured
in this work. The difference in fabrication techniques may cause
microstructural difference and, therefore, affect the thermal con-
ductivity. Last but not least, the thermal conductivity of U-Mo is
sensitive to the Mo content, which likely has local fluctuations. In
this work, energy dispersive X-ray spectroscopy (EDS) was per-
formed on the measured U-Mo specimens. The result shows an
actual 8.2+0.4 wt% of Mo instead of the nominal U-7Mo composi-
tion. This may help explain the lower-than-expected measured
thermal conductivity. Additionally, it is noticeable that the U-10Mo
measurement [29] in Fig. 6(b) are also slightly lower than other
reported data. These data were measured by the modern laser flash
method and are expected to be more reliable than those data
deduced from electrical conductivity. Thus, the slight difference
observed in this study probably originates from the difference in



Y. Miao et al. / Journal of Nuclear Materials 527 (2019) 151797 7

microstructure and the fluctuation in composition, instead of the
size effect. Therefore, it is appropriate to apply the suspended
bridge method to characterize the effects of radiation-induced
microstructures on thermal conductivity in nuclear materials,
especially alloy materials.

4.2. Insights for future applications

In this study, thermal conductivity of miniature specimens
prepared by FIB were measured using a novel technique developed
for nano-materials. The results are comparable with the reported
values of bulk materials. It is shown that thermal conductivity data
is barely affected by the size of the sample. This method is thus
suitable for materials with low-mean-free-path carriers, such as
alloys, which account for the majority of nuclear materials. After
irradiation, the radiation damage further reduces the mean free
path of both electrons and phonons, where this technique can be
used to compare samples with a range of microstructures. By
reducing the specimen dimension, the microstructures induced by
either in-pile neutron irradiation or heavy ion irradiation can be
separated from the bulk nuclear materials and then independently
measured. We anticipate that this will elucidate questions that
have persisted in the nuclear material community for decades, such
as the thermal conductivity of interaction layers in U-Mo dispersion
fuel, and the single phases of metallic fast reactor fuels (U-10Zr and
U-xPu-10Zr). Additionally, as thermal conductivity of UO, below
1400 K is mainly contributed by phonons with a mean free path of
few nm [42], the thermal conductivity of irradiated UO5, especially
the high-burnup structure (HBS), may also be investigated using
the method developed in this study. The knowledge about the
thermal conductivity of these radiation-induced microstructures
can help improve the reliability and accuracy of advanced modeling
and simulations of nuclear materials performance.

5. Conclusions

In this study, a novel thermal conductivity measurement tech-
nique developed for nanomaterials was applied to miniature
specimens separated from bulk stainless steels and U-Mo alloy. The
measurement results demonstrate that this technique yields ther-
mal conductivity values that are comparable to bulk materials.
Theoretical analyses of the results indicate that the method is
capable of providing thermal conductivity measurements for ma-
terials with major carrier mean free paths that are significantly
lower than the specimen dimension. The successful implementa-
tion of this nano-technique to nuclear material research will shed
light upon the development of advanced modeling and simulation
tools for nuclear materials.
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