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Relatively high-density nitride pellets of TiN, ZrN, DyN, UN and their composites have been prepared by
spark plasma sintering (SPS) technique without any milling process and sintering additive. The sintering
process finished within 30 min for all the samples. The short sintering time and moderate sintering tem-
perature strongly prohibited the grain growth in the sintering process. The SPS-prepared sample showed
high Vickers hardness due to the small grain size. Despite of the grain size, the thermal conductivity
remains the high value. The result indicates that the impurity layer on particle surface was removed in
SPS process. The SPS pelletizing permits easy densification of nitrides without any deterioration of
thermal properties, considered to be suitable as a preparation method of nitride fuels.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

The nitride is promising fuel form due to the superior properties
such as high thermal conductivity, high melting point, and wide
solubility for MA elements with the NaCl type structure. TiN and
ZrN are candidates as the diluents for the nitride fuel [1,2]. The
TiN or ZrN added composite nitride fuel is expected as a fuel for
ADS [3]. However, several problems exist in the fabrication pro-
cesses. One of the problems is costly-15N extraction [4] and an-
other is the high sintering-resistance of the nitride fuel [5–8].
Conventionally, long milling process, addition of sintering additive,
and high sintering temperature were necessary for fabrication of
the high-density nitride pellets. The long milling process was not
desired because the fabrication processes must be operated remo-
tely. Additionally, the fuel is considered to include some amount of
AmN, which easily decomposes and evaporates at high tempera-
ture. It means that high temperature and long time heat treatment
is not acceptable for the sintering process. Therefore, easy densifi-
cation method for the nitride pellets has been desired.

Spark plasma sintering (SPS) is a pressure-assisted sintering
that utilizes an electric current. The sample temperature was
raised and controlled by Joule heating in the sample and electron-
ically conductive dies. The schematic view of the apparatus is
shown in Fig. 1. It is known that the sintering temperature and
time can be drastically lowered compared with those in conven-
tional sintering [9,10]. High-density pellets of some nitride based
ceramics were successfully prepared by the method. The superior
feature appears to be suitable for densification of the nitride fuel
pellet. In this study, several nitride powders were palletized using
the SPS technique. Sample density, the microstructure, and several
ll rights reserved.

uta).
thermal and mechanical properties were measured and compared
with those for samples prepared by conventional sintering way.

2. Experiment

The powders of TiN, ZrN, DyN, UN and their composites were
fabricated by carbothermic reduction of carbon-mixed their oxi-
des. Then the pellets were heat treated in a flow of nitrogen–
hydrogen mixed gas for removal of the unreacted carbon. The pre-
pared nitride powders were packed to graphite die and sintered in
SPS apparatus (SPS-515S, Sumitomo Coal Mining, Japan) in a flow
of nitrogen gas. The sintering pressure was 100 MPa for all the
samples. The sintering temperature was measured on surface of
the graphite die by an optical pyrometer. The temperature pro-
gram in the sintering process is shown in Fig. 2. Holding time
was set to 5 min for all the samples. Consequently, the SPS process,
which includes the heating and holding processes, finished within
30 min for all the samples.

The crystal structure and phases were examined by powder X-
ray diffraction analysis using CuKa radiation. The polished surface
of samples was observed by SEM/EDX analysis. The thermal con-
ductivity was evaluated as a product of the thermal diffusivity,
the heat capacity, and the experimental density at room tempera-
ture. The thermal diffusivity was measured by a laser flash method
using TC-7000 equipment (ULVAC Co. Ltd.) in vacuum. Heat capac-
ity was measured using TG-DSC Jupiter (Netzsch Co.) at a flow of
argon gas. For DyN and TiN + DyN composite samples, the heat
capacity can not be measured because the samples easily oxidized
and absorbed water. The Young’s modulus was evaluated from the
sound velocity measured by ultrasonic pulse echo method using
Echometer 1062 (NIHON MATEC Co.). The Vickers hardness was
measured by hardness indenter MHT-1 (Matsuzawa Co.) at room
temperature.
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Table 1
Sample composition, sintering conditions, lattice parameters, and sample density. The
sintering time includes heating and holding times.

Sample SPS temp.
(K)

Sintering
time (min)

Lattice
parameter
(nm)

Density
(103 kg/m3)
(%T.D.)

TiN 2073 21 0.4243 5.15 95.7
ZrN 2073 21 0.4587 6.45 89.1
UN 1773 18 0.4893 12.9 89.9
TiN + DyN (Ti:Dy = 6:4) 1873 19 TiN:0.4263

DyN:0.4898
6.62 93.8

TiN + UN (Ti:U = 6:4) 1873 19 TiN:0.4263
UN:0.4884

9.4 95.5

Zr0.6Dy0.4N 1873 19 0.4721 8.61 102
Zr0.6U0.4N 1873 19 0.4699 10.1 96.3
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Fig. 3. XRD patterns for SPS-prepared nitride pellets fo

Fig. 1. Schematic view of SPS apparatus.

18~21 minutes 

873 K 
200 K/m 

Furnace  
cooling 

1673~1973 K 
100 K/m 

50 K/m 

Holding time 
: 5 minutes 

1773~2073 K 

Fig. 2. Temperature program of SPS process.
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3. Results and discussion

TiN, ZrN, DyN, UN and the four composite pellets were pre-
pared. The sample composition, the lattice parameter and sample
density are listed in Table 1 with the sintering conditions. All the
nitride pellets were successfully synthesized by the carbothermic
reduction and SPS. The XRD patterns for the samples were shown
in Fig. 3(a) and (b). The oxides-based impurity peak was small
for the samples. The impurity peaks for DyN and TiN + DyN sam-
ples were caused by the water absorption in XRD measurement.
The peaks corresponding to TiN phase and DyN or UN phase were
identified respectively for TiN-added composite pellets. The lattice
parameters for TiN, DyN and UN in the composite samples are
nearly equal to those for the single phase samples, indicating they
were not solved each other. On the other hand, complete solid
solution appeared to be formed for ZrN-added samples. It is corre-
sponding to the previous report [11].

Relatively high density (>89%T.D.) pellets were obtained for all
the samples. Conventionally such dense nitride pellets were fabri-
cated by sintering at 1873–2273 K for several hours. In this study,
the sintering temperature was moderate and the sintering time
was drastically short compared to those for the conventional
way. It is noted that no sintering additive was added and no milling
process had been done for the raw nitride powders. The results
indicate that very easy densification for nitride fuel is possible by
the SPS technique. It is considered to be caused by the locally-gen-
erated high temperature plasma at the particle surfaces. The local
high temperature region was generated by concentrated electric
current on the limited contact area of particle surface in the SPS
process. It activates the particle surface and promoted the neck for-
mation, which resulted in the rapid densification with low sinter-
ing temperature. Such characteristics of SPS process is considered
to be desirable for the fuel pellet sintering, since the nitride fuel in-
cludes some amount of volatile AmN.

Fig. 4 shows SEM images for TiN or ZrN added UN samples to-
gether with those for the samples prepared by conventional way.
The conventionally-prepared samples were sintered at 2073 K for
8–28 h using 40–65 h ball milled powders [12,13]. The TiN added
samples consist of TiN phase (gray colored) and UN phase (white
colored), which corresponds to results of XRD patterns. The grain
size of each phase is obviously smaller for the SPS-prepared sam-
ple. It is caused by the low sintering temperature and short sinter-
ing time for the SPS process. It holds true for the ZrN added sample,
the SPS prepared Zr0.6U0.4N also possessed significantly small grain
size.

Fig. 5 represents temperature dependence of heat capacity for
the samples. For comparison, data from SGTE database [14] for
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Fig. 4. SEM image of polished surface of TiN + UN and (Zr,U)N prepared by (left) conventional way and (right) SPS.
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Fig. 5. Temperature dependence of heat capacity for (a) TiN, ZrN, UN and (b) their composites. The curve for DyN is fitting data estimated from heat capacity of ZrN and
(Zr,Dy)N.
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TiN, ZrN, and UN are shown in Fig. 5(a) together. The heat capacity
for our samples is in accordance with the previous data. According
to the Neumann–Copp law, the heat capacity for the composite
samples is expected to be nearly equal to the sum of their constit-
uent. The calculated value for the composite sample is shown in
Fig. 5(b). The data is in good agreement with the experimental val-
ues. According to the result, heat capacity for DyN can be estimated
from those for ZrN and (Zr,Dy)N sample. The calculated heat capac-
ity for DyN is:
CPðDyNÞ ¼ 53:655626þ 0:002790� T þ 1:19913� T2

� 589942:3313=T2 ðJ �mol�1 � K�1Þ:
The thermal conductivity for DyN and TiN + DyN composite sam-
ples was evaluated using this heat capacity.

The temperature dependence of thermal conductivity is shown
in Fig. 6(a) and (b) with previous data [12,15–18]. The values are
corrected with consideration of sample density by using following
Maxwell–Eucken formula [19]
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Fig. 6. Temperature dependence of thermal conductivity for (a) TiN, ZrN, DyN, UN and (b) their composites. Lines are guide to eyes.
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Fig. 7. Porosity dependence of Young’s modulus estimated from sound velocity
measurement.
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Fig. 8. Porosity dependence of Vickers hardness for UN, TiN + UN and (Zr,U)N.
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k ¼ k100
1� P

1þ /P
;

where P is volume fraction of pore and k100 is thermal conductivity
of sample with the theoretical density. U is adjusting parameter
that depends on the pore shape. The value of 1.0 is proposed for
UN pellet with spherical pores. In this study, same value of 1.0 is
used. The thermal conductivity gradually increased with increasing
temperature except for DyN and TiN + DyN, which is in agreement
with the reported behavior. For DyN, the temperature dependence
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should be attributed to the semiconducting behavior, i.e., the elec-
trical conductivity decreased with increasing temperature. The re-
sults indicate that the electronic thermal conduction is dominant
at the temperature range for the samples. Compared to the previous
data, the SPS prepared sample exhibited higher thermal conductiv-
ity. It appeared to be strange because their significantly-small grain
size generally provides the strong grain boundary scattering for
phonons. One possible reason is decrease of the impurity-phonon
scattering at the grain boundary. During the sintering process, local
high temperature region generated at the particle surface. Hence
the thin impurity region on the particle was removed. This ‘clean-
ing’ effect supposed to provide the high thermal conductivity. For
SPS prepared TiN + UN composite sample, the thermal conductivity
takes approximately-same value that is expected by the following
Schulz’s equation [20] from the data of TiN and UN;

1� Cd ¼
km

k

� �1=3 kd � k
kd � km

� �
;

where Cd, km, kd, and k are the volume fraction of precipitate, ther-
mal conductivity of matrix, precipitate, and the composite, respec-
tively. It means that the sample exhibited ideal composite thermal
conductivity despite of the sub-micron order grain size as seen in
Fig. 4. As a result, the primary high thermal conductivity of the ni-
tride can be remained for the SPS-prepared samples.

For ZrN-added composite sample, (Zr,Dy)N sample shows high-
er thermal conductivity than (Zr,U)N. It is caused by the strong
phonon-impurity scattering for (Zr,U)N. The phonon relaxation
time sD by the phonon-impurity scattering is expressed by [21,22]:

1
sD
¼ Ax4; A ¼ d3

4pv3

X
i

xið1� xiÞ
DM
M

� �2

þ Dr
r

� �2
" #

;

where x, d3, v are phonon frequency, average atom volume, and
sound velocity, respectively. xi is fractional concentration of the
component i. M is atomic mass and r is atomic radius. The mass
fluctuation DM=M and strain field fluctuation Dr=r determine the
scattering degree. Dy and U ion have almost same ionic radius as
predicted by the same lattice parameters. Hence the lower thermal
conductivity of (Zr,U)N is caused by the larger mass fluctuation be-
tween Zr and U atom.

The porosity dependence of Young’s modulus is shown in Fig. 7
together with the reported data [12,23–28]. The Young’s modulus
for the prepared samples is roughly in accordance with the re-
ported value. There was no difference between SPS prepared sam-
ples and conventionally-sintered samples. The result indicates the
weak grain-size dependence of elastic modulus for the nitrides.

Fig. 8 shows porosity dependence of Vickers hardness for UN,
TiN + UN and Zr0.6U0.4N with the previous data [12,29–31]. The
filled symbol represents the data for SPS prepared samples. Both
TiN and ZrN addition to UN increased the Vickers hardness. Com-
pared to previous data, the sample prepared by SPS showed signif-
icantly high Vickers hardness. It is attributed to the very small
grain size, which is qualitatively in agreement with Hall–Petch
equation.

4. Summary

TiN, ZrN, DyN, UN and their composite powders were prepared
by carbothermic method and palletized using SPS technique. The
SPS is a pressure-assisted sintering that utilizes Joule heating in
the sample. Pellets with 90% of theoretical density were obtained
with moderate sintering temperature within 30 min-sintering
time, without any milling process and additive. The short sintering
strongly restrained the grain growth, which caused the high Vick-
ers hardness for the samples. On the other hand, the Young’s mod-
ulus was not affected by the difference of sintering way. The
samples prepared by SPS showed higher thermal conductivity than
those prepared by conventional sintering way despite of the smal-
ler grain size. These results indicate that application of the SPS
technique restrains an evaporation of AmN in the sintering process,
without deterioration of the thermal properties.
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