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Abstract
A surrogate fuel, zirconium carbide/titanium nitride, has been prepared using a simple method to obtain a more

uniform distribution of titanium nitride in the zirconium carbide matrix. Powders were sintered using spark plasma
sintering at 2 023 K and 2 123 K using a modified sintering profile. This resulted in a fairly uniform distribution of
titanium nitride in the zirconium carbide matrix with a density of 95 % of theoretical at 2 123 K. Scanning electron
microscopy, indentation hardness and X-ray diffraction results are given.
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I. Introduction
Long-duration spaceflight can expose astronauts to two

major problems. These are extended periods of weightless-
ness and radiation exposure 1. Therefore, it is necessary to
develop alternate means of propulsion to that of chemi-
cal propulsion. One option being studied is Nuclear Ther-
mal Propulsion (NTP). NTP offers benefits over chemical
propulsion, such as a higher specific impulse (Isp ∼ 900 s),
which is twice that of chemical propulsion, a higher thrust-
to-mass ratio, better tolerance to payload mass growth and
architecture, and lower initial mass in low Earth orbit 2. As
an example, when Mars has its closest approach to Earth,
chemical propulsion would see a transit of 150 to 300 days,
while NTP would be half of that.

At present, there are several fuel element systems un-
der consideration including CERMETS, tricarbides and
TRISO fuels. Advanced solid solution, tricarbides fuels
such as (U, Zr,Nb)C have been proposed for NTP due
to their expected long life, and higher operating tempera-
ture 3. In one study, these mixed carbides of varying com-
positions were cold-pressed and sintered using a graphite
susceptor 3. They achieved liquid phase sintering above
2 800 K and densities greater than 95 % of theoretical.
W/UO2 and UN/Mo systems have also been studied 4, 5.
The W/UO2 system shows promise, however, tungsten
has a high neutron absorption, which can limit the fuel effi-
ciency. TRISO-derived fuel compacts have also been con-
sidered for use as an NTP fuel due to their low parasitic
neutron absorption 6. Another system receiving consider-
able attention is uranium nitride (UN) particles distribut-
ed in a zirconium carbide (ZrC) matrix. ZrC has good
neutron absorption properties compared to metals used
in CERMETS and UN has a high uranium loading factor.

* Corresponding author: dennis.tucker@inl.gov

These properties give it an advantage over other possi-
ble fuel choices. To determine if a previously used binder
method can be used on this system, we tested it on the
zirconium carbide/titanium nitride (ZrC/TiN) surrogate
system 7, 8. In this system, the ZrC is the matrix material.
Use of a binder was shown to prevent segregation of par-
ticles of disparate size and density.

Spark Plasma Sintering (SPS), a subset of electrical-field-
assisted sintering, has been demonstrated to be a viable
alternative to traditional sintering methods 9 – 11. SPS can
produce high densities at lower temperatures and process-
ing times with minimized grain growth as compared to tra-
ditional sintering methods such as furnace sintering and
hot isostatic pressing 9 – 11. It has been demonstrated using
traditional sintering methods that pores located on grain
faces have greater mobility than those at grain corners and
ultimately end up within the grains 12, 13. The advantages
of SPS over traditional sintering methods are lower sinter-
ing temperatures, short dwell times (minutes versus hours)
and rapid heating rates, all of which result in smaller more
uniform grain sizes as well as energy savings.

In SPS, the powder is heated by Joule heating resulting
from passing a current through a graphite die and the pow-
der during sintering 14.

The present study looks at the SPS-densification of ZrC/
TiN, which is a surrogate for ZrC/UN.

II. Experimental
ZrC powder was obtained from Alfa Aesar. The pow-

der has a particle size ranging from 1 – 5 microns. TiN
powder was purchased from American Elements and has
an average particle size of 75 microns. The particle size
and size range for both powders were as stated by the
manufacturers. The TiN particles are angular in shape.
TiN was chosen as a surrogate for UN due to the same
crystal structure and similar melting points. A powder
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processing method developed for W/UO2 was applied
to the present materials 7, 8. In this method, low-molecu-
lar-weight polyethylene powder (Honeywell) was milled
to approximately 1 micron. Next, a 50-gram mixture of
50 vol% ZrC and 50 vol% TiN and 0.5 wt% low-density
polyethylene powder were thoroughly mixed for 1 hour
in a Turbula (W.A. Bachhofen). The mixing in the Turbu-
la is multi-axis, which allows for more thorough mixing
of the powders. The mixed powder was then placed in a
400-ml Pyrex beaker and then stirred on a hot plate for 10
minutes above the drop point of the polyethylene (374 K),
before being cooled to room temperature. All processing
was performed in an argon-filled glovebox.

Approximately 5 grams of this mixture was then placed
in a 12-mm-diameter graphite die in an argon-filled glove-
box. The dies were wrapped in parafilm sealing tape (paraf-
fin wax/polyethylene) before being transferred to the SPS.
The parafilm was removed just before the dies were loaded
into the SPS chamber. Samples were sintered at 2 023 K and
2 123 K in a Dr. Sinter SPS. The furnace profile used during
densification was as follows: Samples were heated at a rate
of 100 K/min to 100 K below the final sintering tempera-
ture, then heated at a rate of 50 K/min to the final sintering
temperature to prevent the temperature from overshoot-
ing. The pressure was increased at a rate of 10 MPa/min to
the final pressure of 50 MPa. The sample was held at the
sintering temperature for 20 minutes and then allowed to
cool to room temperature.

Density was obtained using the Archimedes method,
which has an accuracy of ± 0.1 g/cm3. Three samples from
each sintering temperature were measured. The densities
were averaged for each sintering temperature. Scanning
electron microscopy and energy-dispersive X-ray (FEI
Quanta FEG 650, with AMATEK PV7000/10) was per-
formed on each sample. X-ray diffraction was performed
(Bruker D8 Advance, or Rigaku SmartLab using a CuKa1
radiation source: k = 1.54056 Angstroms) to determine the
crystal phases in the sintered samples. Hardness was deter-
mined using a Vickers microhardness tester (Leco LM Se-
ries 310) using a force of 9.81 Newtons.

The samples densified at 2 023 K were 92 % of theoretical
while the samples densified at 2 123 K had a density of
95 % of theoretical.

III. Results
Fig. 1 shows the TiN particles coated with the ZrC pow-

der. The angular nature of the TiN particles can be seen,
which plays a role in how well the distribution of TiN is
in the ZrC matrix after densification. Although the TiN
particles have a mean size of 75 microns, the image shows
particles larger than 75 microns. These larger features are

due to clumping of the TiN and ZrC particles caused by
the polymer binder.

Fig. 1: Scanning electron image (secondary electrons) of the TiN
particles coated with ZrC powder.

Fig. 2a is an SEM image (secondary electron) of the ZrC/
TiN material after sintering at 2 123 K, and the associated
EDS map (Fig. 2b). The distribution of TiN in the ZrC ma-
trix is not totally uniform in this image, the reddish orange
is Ti, and blue green is Zr. The associated pie chart gives
the distribution of elements and their weight percentages.
As can be seen from the pie chart, there is oxygen present.
There is segregation of some of the TiN particles. Ideally,
one would like to see none of the TiN particles in contact
with each other, but separated by the ZrC matrix. Individ-
ual element maps can be found in supporting information.
It is noted that oxygen is primarily associated with the Zr
phase, which is also noted in the XRD in Fig. 3.

Fig. 3 shows the XRD of a sample sintered at 2 023 K. The
inset table outlines the Crystallography Open Database
reference spectra used (COD REV212673 2018.12.20).

It can be seen that along with titanium carbide (TiC)
and zirconium nitride (ZrN), zirconium oxide (ZrO2) is
present in two phases. Control scans of the precursor TiN
and ZrC powders were performed. As can be seen from
these scans, there is no oxygen present in the starting pow-
ders.

The XRD patterns of the ZrC/TiN sample sintered at
2 123 K are shown in Fig. 4.

The hardness of the sample sintered at 2 023 K was
18.33 ± 0.01 GPa, while the hardness of the sample sin-
tered at 2 123 K was 19.60 ± 0.01 GPa.
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Fig. 2: Secondary electron image of ZrC/TiN sintered at 2 123 K on left, EDS map on right. Red is Ti, blue is Zr, green is oxygen.

Fig. 3: XRD spectra of ZrC/TiN sample sintered at 2 023 K for 20 minutes.
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Fig. 4: XRD spectra of ZrC/TiN sintered at 2 123 K for 20 minutes.

IV. Discussion

As can be seen from Fig. 1, it appears that the ZrC pow-
der is coating the larger TiN particles. However, once sin-
tered there is some segregation of ZrC and TiN as seen
in Fig. 2. It is thought that this is due to the non-spheri-
cal shapes of the TiN particles. In a previous study, using
tungsten particles of 5 – 15 micrometers in diameter and
nearly spherical hafnium oxide particles of ∼ 150 microme-
ters in diameter, it was found that the tungsten completely
coated the much larger hafnium oxide particles resulting
in a uniform distribution of hafnium oxide in a tungsten
matrix when sintered 7. Also, in a follow-up study which
replaced the hafnium oxide particles with depleted urani-
um dioxide (nearly spherical) particles, a uniform distri-
bution of the uranium dioxide in the tungsten matrix was
also observed 8. The difference in the particle distribution
from these previous studies and the present study is most
likely due to the angular shape of the TiN particles. It can
be envisioned that, when the powders and the polyethy-
lene binder are being stirred and heated above the polymer
drop point, having the larger particles being nearly spher-
ical rather than angular will result in a more uniform coat-
ing of the smaller matrix material. Unfortunately, only an-
gular TiN could be purchased in the larger particle size.
The large particle size of TiN was used to simulate the large
UN particles which are under study at the present.

The densities for the two sintered samples are less than
theoretical. The sample sintered at 2 123 K is 95 % of
theoretical. In fuels such as UN/ZrC, it is better to have
densities below theoretical to allow for swelling due to fis-
sion gas.

The X-ray diffraction studies of the sintered ZrC/TiN
composite led to unexpected results. As can be seen from
Figs. 3 and 4, there is no evidence of substantial ZrC in the
sintered materials. Rather, peaks for ZrO2, ZrN, Zr, TiN,
TiC and carbon were in evidence. Given the similarity be-
tween the TiC and TiN peaks, presence of a TiCN phase
may also be possible. Oxygen contamination can readily
explain the presence of the ZrO2 peaks. This oxygen con-
tamination could have occurred during the transfer of the
die to the SPS chamber when the parafilm was removed
from the die, or possibly from oxidation of one or more
of the precursor powders. The titanium appears to have
bonded readily with the carbon, leaving pure zirconium
and titanium carbide. Due to this unexpected result, it was
decided to sinter a sample of ZrC and pure titanium met-
al (Alfa Aesar, 40 micron) at 2 123 K for 20 minutes under
50 MPa pressure and perform X-ray diffraction, shown in
Fig. 5. Here, it is noted that the Ti metal does bond carbon,
to become TiC, and ZrC is noted only in trace amounts,
while Zr metal is left behind in significant quantity. It is
noteworthy that no ZrO2 peaks are found in this pattern.
An associated secondary electron image and EDS map is
shown in Fig. 6. These results differ from other studies.
For example, in reference 15, ZrN, carbon black and TiC
powders were sintered via SPS at 2 173 K for 10 minutes at
40 Mpa. They found distinct peaks of TiC, ZrC and car-
bon using XRD. Ryu et al. doped ZrC, TiC and ZrN with
20 wt% Dy2O3 and sintered it by means of SPS 16. XRD
showed distinct peaks, indicating Dy2O3 and each matrix
phase maintained their original nature after sintering.

It can be seen from Fig. 5 that there are TiC peaks in
two phases, large Zr peaks and very small ZrC peaks are
present. This confirms the idea that carbon seeks the Ti
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during sintering and suggests that in Fig. 4, ZrC is either
not present, or in such a small amount that any peaks are
too small to note when compared to the more dominant
TiC, Zr, ZrN and carbon peaks. This has implications for
sintering ZrC/UN, which could affect the efficiency of the
proposed composite fuel. One could end up with a sub-
stoichiometric UN leading to excess uranium in the fuel,
which would lead to diffusion of the uranium into grain
boundaries. This in turn would lead to mechanical stresses
in the fuel and possible fuel failure. Also, UC could be
formed with this excess uranium. This redistribution of
elements after sintering could also help explain why some
segregation shows up in the sintered samples.

Fig. 6 shows a secondary electron image of a ZrC/Ti
sample fracture surface on the left. On the right is the

associated EDS map showing a uniform distribution of the
elements in the secondary electron image.

The hardness values of the two samples were com-
pared to literature values for TiC, TiN, ZrO2 and car-
bon. Reference 17 reported a hardness value of 25.2 GPa
for TiC, while reference 18 reported a value of 31.38 GPa.
A TiC/TiN composite had a value of 16 GPa 13. A val-
ue of 19.61 GPa was reported for bulk-sintered TiN 19.
The Vickers hardness for pure ZrO2 was reported to be
11.77 GPa 20. Carbon has a Mohs hardness of 5, which
can be estimated to approximately 3.8 GPa 21. Pure zirco-
nium has a Vickers hardness of 900 MPa 22. The Vickers
hardness for ZrN was reported as 15 GPa 23. Considering,
these compounds and elements are present in the sintered
samples and that TiC appears to be the dominant phase,
then our hardness values are accurate for our samples.

Fig. 5: ZrC/Ti sintered at 2 123 K for 20 minutes.

Fig. 6: Secondary electron image of ZrC/Ti and associated EDS data.
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V. Conclusions
To summarize, we have found an unexpected mixture of

compounds and elements in our sintered samples, which
may have implications for sintered ZrC/UN. Thermody-
namically, TiN and UN have similar values of specific heat
and enthalpy 24, 25. Both are also cubic crystal structure
and have similar melting points and sintering tempera-
tures. These similarities lead us to conclude that sintering
of ZrC/UN will also result in a mixture of compounds as
seen in this study. However, a sintering study of ZrC/UN
should be performed with appropriate analysis to confirm
this conclusion.

ZrC/TiN was sintered using SPS at 2 023 K and 2 123 K.
The density increased from 92 % to 95 % of theoretical
with the increase in temperature. Hardness values also in-
creased. X-ray diffraction results were surprising, show-
ing no sign of ZrC in the sintered samples. SEM images
showed some segregation of the TiN particles within the
matrix which was explained by the non-spherical nature
of the TiN particles.
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