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Abstract

Neodymium mononitride (NdN) pellets with various porosities were prepared by a spark plasma sintering (SPS). The thermal expan-
sion, specific heat capacity and thermal conductivity were measured and compared with those of uranium mononitride (UN), because
NdN exists in the irradiated nitride fuels. The thermal expansion and specific heat capacity of NdN were very similar to those of UN. The
thermal conductivity of the porosity-free NdN was estimated from the porosity dependence of the thermal conductivity. Unlike the case
of the thermal conductivity of UN, that of NdN decreased with increasing temperature.

© 2008 Elsevier B.V. All rights reserved.

PACS: 65.40.—b (Thermal properties of crystalline solids); 65.40.Ba (Heat capacity); 65.40 (Thermal expansion, thermomechanical effects)

1. Introduction

The nitride fuel is a good candidate of the advanced
fuels for FBR (Fast Breeder Reactor) [1,2] and ADS
(Accelerator Driven System) [3,4] because of its superior
properties, for example the high melting point, high metal
density, high thermal conductivity, high chemical compat-
ibility with the reactor core material and so on [1,2,5-8].
Therefore, the thermophysical properties of uranium
mononitride (UN) [9-20], plutonium mononitride (PulN)
[20-23] and uranium—plutonium mixed nitride (U yPu; xN)
[20,24-26] have been extensively studied. When we design
the fuel assembly and evaluate the integrity of the nuclear
fuel, it is very important to evaluate the thermophysical
properties of the irradiated fuel. However, there are few
data of the thermophysical properties of the irradiated
nitride fuel because the research of the irradiated nitride
fuel requires a lot of money and time. To evaluate the ther-
mophysical properties of the high-burnup oxide fuels,
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SIMFUEL (SIMulated high-burnup FUEL) [27-33] is
often used. Therefore, we are applying the concept of SIM-
FUEL to the nitride fuel, and evaluating the thermophysi-
cal properties of the simulated high-burnup nitride fuel. As
a part of the research of the simulated high-burnup nitride
fuel, we prepared the nitride fuel pellet containing neodym-
ium nitride (NdN) and tried to evaluate the effect of NdN
on the thermophysical properties of the nitride fuel. How-
ever, there are no data of the thermophysical properties of
NdN because it is very difficult to prepare the bulk sample
of NdN with high density and purity.

In the present study, we prepared the bulk samples of
NdN with various densities by a SPS (Spark Plasma Sinter-
ing). The thermal expansion, specific heat capacity and
thermal conductivity of NAN were evaluated and the
results were compared with those of UN.

2. Experimental procedure

The crystal structure and lattice parameter of polycrys-
talline samples of NdN (Japan pure chemical Co. Ltd.,
99.9%) were evaluated by the powder and bulk X-ray
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diffraction (XRD) methods using Cu Ko radiation at room
temperature. The powder sample of NdN before the SPS
was mixed with the epoxy resin and mounted on a folder
for the XRD measurement in order to keep from oxida-
tion. The bulk samples were prepared by the SPS (SPS Syn-
tex Inc., Dr Sinter SPS-515S) at 1473, 1573, 1673 and
1773 K under a nitrogen atmosphere. The bulk samples
prepared by the SPS were mounted on a folder for the
XRD measurement. The bulk densities of the sintered sam-
ples were determined by the dimensions and weight. In
order to determine the grain size before and after the
SPS, the surface observations were performed by using a
SEM (Scanning Electron Microscope) (HITACHI,
S-2600H) and an optical microscope (OLYMPUS,
BMXS51M). From the SEM image of the powder sample,
the maximum and minimum grain sizes were confirmed
to be 40 pm and 20 pm, respectively. The grain size of the
bulk sample was estimated from intervals of the grain
boundaries crossing a straight line (300 pm) in the metallo-
graphic picture.

The thermal expansion (4L/L) was measured by a ther-
modilatometry using BRUKER TD5020SA from 298 K to
873 K under nitrogen or an argon atmosphere with a flow
rate of 100 ml/min. In the thermal expansion measurement,
the heating rate was 5 or 10 K/min. As the standard sam-
ple, the column-shaped polycrystalline Al,O; was used.
The maximum deviation of the linear thermal expansion
coefficient of Al,O3; measured in the present study from
the TPRC (Thermal Property Research Center) data [34]
was 3.2%. The results of Al,O; were almost independent
of the heating rate and atmosphere. In case of NdN, the
heating rate, atmosphere and temperature rage were 5 K/
min, nitrogen and from 298 K to 873 K, respectively.

The thermal conductivity (x) was calculated using the
following standard expression:

K:Dﬁpa

(1)
where D, Cp, M and p are the thermal diffusivity, specific
heat capacity, molecular weight and density, respectively.
Cp was measured using a differential scanning calorimeter
(DSC) (ULVAC, Triple-cell DSC) from 473 K to 1273 K
under an argon atmosphere with flow rates of 50 or
100 ml/min. In the specific heat capacity measurement,
the heating rate was 5 or 10 K/min. As the standard sam-
ple, the column-shaped sapphire was used. The maximum
deviation of the specific heat capacity of sapphire measured

Table 1
Characteristics of NdN samples
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in the present study from the SGTE (Scientific Group
Thermodata Europe) data [35] was 6.2%. The results were
almost independent of the heating rate and gas flow rate. In
case of NdN, the heating rate and gas flow rate were
5 K/min and 100 ml/min, respectively. D was measured by
a laser flash method using ULVAC TC-7000 from 298 K
to 1473 K in a vacuum (10~ Pa). Before we measure the
thermal diffusivity, we waited until the temperature fluctua-
tion was below 0.1 K/min. As the standard sample, the disk-
shaped graphite was used. The maximum deviation of the
thermal diffusivity of the graphite standard sample mea-
sured in the present study from the TPRC data [36] was
2.2%. p was calculated from geometric measurements of
the dimensions and weight and the thermal expansion data.

3. Results and discussion

From the XRD pattern of the powder sample, it was
found that the single phase of NdN with NaCl type cubic
structure was obtained in the present study. The SPS was
performed for the powder sample. As the results of the
SPS, six kinds of bulk samples of NdN were prepared.
The sintering condition and density of each sample are
summarized in Table 1. From the XRD patterns of the
bulk samples, only the peaks corresponding to those of
NdN could be observed. In addition, the lattice parameter
calculated from the XRD pattern of the powder sample
(=0.5124 nm) was very close to that of the bulk sample
(=0.5127 nm). From these results, it was confirmed that
the oxidation in the SPS process is vanishingly small. The
lattice parameter of NdN (=0.5124 nm) was larger than
that of UN (=4889 nm [9]). From the SEM and optical
microscope observations, the grain size of the powder sam-
ple almost corresponded to those of the bulk samples. In
addition, it was found that the pores were concentrated
at the grain boundaries. The grain size of each sample is
summarized in Table 1.

The thermal expansion behavior of NdN is shown in
Fig. 1, together with the literature data of UN [9,14-16].
In addition, Fig. 2 shows the temperature dependence of
the linear thermal expansion coefficient (LTEC) of NdN,
together with the literature data of UN [9,13-17]. The den-
sity of the sample used in the thermodilatometry measure-
ment was 89.2% of the theoretical density (%T.D.)
(=7.879 g/cm?), which was calculated from the crystal
structure and lattice parameter obtained from the XRD
analysis. The thermodilatometry measurements were per-

Sintering temperature (K) 1473
Heating rate of SPS* (K/min) 100
Density (g/cm?) 5.224
Relative density (%T.D.) 66.3
Grain size (pum) 20-40

1573 1673 1773 1673 1773
100 100 100 50 50
6.047 6.938 7.028 6.304 6.942
76.8 88.1 89.2 80.1 88.2

& SPS: Spark plasma sintering.
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Fig. 1. Thermal expansion data of NdN, together with the literature data
of UN [9,14-16].

1[—— NaN (This work) o ]
6~ -~ UN (Hayes [9]) © ]
{|=-=-- UN (Touloukian [13])
1 © UN (Kempter [14]) ]
5 UN (Carlsen [15]) B

1l v UN (Taylor [16]) ]
) UN (Speidel [17])

L e B i e e
300 400 500 600 700 800 900 1000

Temperature, 7 (K)

Fig. 2. Temperature dependence of the LTEC of NdN, together with the
literature data of UN [9,13-17].

formed for three samples under the same conditions. The
length (X, Y,Z) of the three rectangular-shaped samples
are (6.26 mm, 3.28 mm, 2.68 mm), (6.89 mm, 6.13 mm,
2.51 mm) and (6.98 mm, 4.72 mm, 1.85mm) and the
thermal expansion in the X-dimension was measured. The
thermal expansion behaviors of the three samples are con-
sistent with each other. The thermal expansion of NdN can
be expressed as the following equation:

AL | Lt — Lyog
— (%) = (%
7 (%) Tone (%)
=7.297 x 107 x (T —298.15) 4 2.665 x 10°*
x (T —298.15)° (298K < T < 878 K), (2)

where T and Lt are the absolute temperature and length of
the sample at 7 (K), respectively. From Fig. 2, the LTEC
of NdN was very similar to that of UN. From these results,
it is predicted that the thermal expansion of (U,Nd)N is
similar to those of UN and NdN.
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Fig. 3. Temperature dependence of the specific heat capacity of NdN,
together with the literature data of NdN [37] and UN [1].

The temperature dependence of Cp of NdN is shown in
Fig. 3, together with the literature data of NdN [37] and
UN [1]. The DSC measurements were performed for two
samples under the same condition. The length (X, Y, Z) of
the two rectangular-shaped samples used in the DSC mea-
surements are (3.05 mm, 3.14 mm, 2.88 mm) and (2.89 mm,
3.03 mm, 2.91 mm). The Cp of the two samples are consis-
tent with each other. From the reproducibility in the results
of the thermodilatometry and DSC measurements, it was
confirmed that the data of NdN obtained in the present
study were reliable. From Fig. 3, the Cp of NdN obtained
in the present study corresponded to the literature data [37]
and was very similar to that of UN [1]. In the temperature
range between 473 and 1273 K, the empirical equation for
the Cp of NdN was determined from the experimental data
as follows:

Cp(JK 'mol™)=53.33 +9.245 x 10737 — 9.488 x 10°T 2
(473K < T < 1273 K). (3)

The thermal diffusivity was measured by the laser flash
method for five bulk samples whose densities are 66.3,
76.8, 80.1, 88.1 and 88.2%T.D. The dimensions of the col-
umn-shaped samples with 66.3, 76.8, 80.1, 88.1 and
88.2%T.D. are ¢10.37mm x h1.94 mm, ¢10.53 mm x
h1.75mm, @10.54 mm x h1.99 mm, ¢9.36 mm x h1.60
mm and @10.41 mm x h1.79 mm, respectively. By using
the thermal expansion data (Eq. (2)), specific heat capacity
data (Eq. (3)) and thermal diffusivity data, the thermal con-
ductivity of each bulk sample of NdN was calculated. The
temperature dependences of the thermal conductivity are
shown in Fig. 4, together with the literature data of UN
[11,19,20]. Fig. 5 shows the porosity (P) dependence of
the relative thermal conductivity of NdN, together with
the literature data of UN [19] and ZrN [39]. As shown in
Fig. 4, the thermal conductivity of NdN on the heating
process corresponds to that on the cooling process, which
indicates that the effect of the oxidation during the laser
flash measurements is vanishingly small. In Fig. 5, the



86 J. Adachi et al. | Journal of Nuclear Materials 376 (2008) 83-87

w
=]

UN:100 % T.D.

Hayes [11]

- =-=--Ross [19]
¥ Suzuki [20]

)
[
1

1 NdN (This work)
[Heating process]
88.2% T.D.
88.1% T.D.
80.1 % T.D.
76.8 % T.D.
66.3 % T.D.
oling process]
88.2% T.D.
88.1%TD.
80.1 % T.D.
76.8 % T.D.
66.3 % T.D.

o
=3
1

* o & 4 >

Thermal conductivity, « (Wm'K™)
*
* 8¢ 4
* 8¢ 4
* OOL>
* e
* 00®
* 00
9

* a0

T o0l

ST

250 500 750 1000 1250
Temperature, 7 (K)

1500

Fig. 4. Temperature dependence of the thermal conductivity of NdN,
together with the literature data of UN [11,19,20]. The bold solid line
represents the thermal conductivity of the porosity-free material of NdN
estimated using the Maxwell-Eucken’s equation.
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Fig. 5. Porosity dependence of the relative thermal conductivity of NdN
at room temperature, together with the literature data of UN [19] and ZrN
[39].

thermal conductivity exponentially decreased with increas-
ing the porosity in the region of P <0.2. On the other
hand, the thermal conductivity rapidly decreased with
increasing the porosity in the region of P > 0.2. From these
results, it was found that the P value existed between
P=0.199 (80.1%T.D.) and P =0.232 (76.8%T.D.). The
Pc value represents the starting point of the rapid decrease
of the thermal conductivity because the MSA (Minimum
Solid Area) [38] rapidly decrease with increasing the poros-
ity from the Pc value. In Fig. 5, the bold solid line repre-
sents the fitting results for porosity dependence of the
thermal conductivity in the region of P <0.2 using
the Maxwell Eucken’s equation. From the fitting line,
the porosity dependence of the thermal conductivity of
NdN can be represented as the following equation:

1-P
() = K(0) {5 )
where f is the correction factor and its value is 1.96. The
thermal conductivity (x) of the porosity-free material of
NdN at each temperature was estimated and the tempera-
ture and porosity dependences of the thermal conductivity
of NdN was revealed by the following equation:

1-P
P.T) = 11 T70,3307
K(P, T) =115 1+ 1.96P
(298K < T < 1473K, 0 < P < 0.2). (5)

In our previous study [39], the f for zirconium mononitride
(ZrN) prepared by the SPS was 2.1, which is similar to that
of NdN. This result is reasonable since it is well known that
the f indicates the similar value when the preparation
method, grain size and pore shape of the bulk samples
are the same in case of the same crystal structure [38]. In
Fig. 4, the bold solid line represents the thermal conductiv-
ity of the porosity-free NdN (Eq. (5)). The thermal conduc-
tivity of UN increased with increasing temperature because
the electronic contribution to the thermal conductivity is
predominant [11]. On the other hand, that of NdN de-
creased with increasing the temperature. In addition, the
thermal conductivity of NdN was lower than that of UN
in the region of 7> 400 K. Therefore, it was supposed that
the thermal conductivity of (U,Nd)N decreases with
increasing NdN content at the reactor core temperature.

4. Summary

Six bulk samples of NdN were prepared by the SPS and
the thermal properties were evaluated. The XRD analysis
and surface observation revealed that the lattice parameter
and grain size of the samples before and after the SPS were
very similar.

The thermal expansion of NdN was represented as the
following equation:

AL _ Lt — Lo

- (%) (%)

Lyog
=7.297 x 107 x (T — 298) +2.665 x 10~*

x (T —298)" (298K < T < 878 K).

The specific heat capacity of NdN was represented as the
following equation:

Cp(JK 'mol ™) = 53.33 +9.245 x 107°T — 9.488 x 10°T 2
(473K < T < 1273 K).

The thermal expansion and specific heat capacity of NdN
were very similar to those of UN.

We estimated the temperature and porosity dependences
of the thermal conductivity of NdN as the following
equation:
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1-P
1 +1.96P
(298K < T <1473 K, 0 < P < 0.2).

Unlike the thermal conductivity of UN, that of NdN de-
creased with increasing temperature indicating that the
phonon contribution is predominant. The results obtained
in the present study are very useful and important in eval-
uating the thermal properties of the irradiated nitride fuel.

K(P,T) = 1157703
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