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Abstract: Zirconium carbide (ZrC) ceramics have a high melting point, low neutron absorption cross
section, and excellent resistance to the impact of fission products and are considered to be one of
the best candidate materials for fourth-generation nuclear energy systems. ZrC ceramics with a
high relative density of 99.1% were successfully prepared via pressureless sintering using a small
amount of MoSi2 as an additive. The influence of the MoSi2 content on the densification behavior,
microstructure, mechanical properties, and thermal properties of ZrC ceramics was systematically
investigated. The results show that the densification of ZrC was significantly enhanced by the
introduction of MoSi2 due to the formation of a liquid phase during sintering. In addition, the ZrC
grains were refined due to the pinning effect of the generated silicon carbide. The flexural strength
and Vickers hardness of ZrC ceramics with 2.5 vol% MoSi2 sintered at 1850 ◦C were 408 ± 12 MPa
and 17.1 GPa, respectively, which were approximately 30% and 10% higher compared to the samples
without the addition of MoSi2. The improved mechanical properties were mainly attributed to the
high relative density (99.1%) and refined microstructure.

Keywords: pressureless sintering; ZrC; mechanical properties; thermal properties

1. Introduction

With the continuous development of industrial society and the increasing energy
demand, as well as the increasingly serious effects of climate change, energy transforma-
tion and cleanliness have become particularly important. Nuclear energy, as one of the
representatives of clean energy, has always been highly anticipated by people. From the
1950s to now, significant progress has been made in nuclear energy research and a series
of breakthroughs have been achieved. However, there are still some challenges, such as
inefficient use, with less than 1% of uranium resources effectively utilized; a large amount
of nuclear waste generated with a long radioactive lifetime, making spent fuel disposal
quite challenging; and an urgent need to strengthen the safety of nuclear energy systems [1].
In response to the current energy and environmental crisis and shortcomings in existing
nuclear energy systems, countries have accelerated the development of advanced nuclear
energy systems, including fourth-generation fission energy systems, nuclear fusion energy
systems, and accelerator-driven advanced nuclear energy systems [2].

Compared with the current commercial mainstream second- and third-generation
nuclear energy systems, fourth-generation nuclear power plants have comprehensively
improved safety and economy sustainability, among other aspects. However, they also lead
to more stringent requirements for the performance materials used in service conditions,
including service temperature, neutron irradiation resistance, and corrosion resistance [3].
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At present, there are two main research directions for these service materials: metal ma-
terials and ceramic materials. Compared with metals, ceramics possess higher melting
points better mechanical properties high-temperature stability thus having great potential
applications in advanced nuclear energy system materials [4].

Among many candidate ceramic materials, ZrC material has the advantages of the
highest melting point, a low neutron absorption cross-section, and high irradiation stability
and is considered to be one of the most promising candidate materials in advanced nuclear
energy systems [5], as it can be used to make nuclear fuel cladding materials and inert
matrix fuel materials [6–8]. However, ZrC ceramics are difficult to sinter densely due to
their covalent bonds and low diffusion coefficients [8]. High-temperature and pressure-
assisted techniques are often required to achieve dense sintered bodies. Spivak et al. [9]
obtained ZrC with a density of about 94% by hot-press sintering at 20 MPa and holding at
2600 ◦C for 30 min. Zhao et al. [10] prepared dense ZrC-ZrB2 ceramics from ZrC and LaB6
by reactive-hot-press sintering at a temperature of 1900 ◦C and a pressure of 25 MPa. The
in situ generation of layered structures can significantly improve the mechanical properties
of materials. Sciti et al. [11,12] studied the SPS sintering of ZrC, and the relative density of
ZrC reached about 98% when sintered at a pressure of 65 MPa and a sintering temperature
of 2100 ◦C for 3 min. Gendre et al. [13] prepared dense ZrC ceramics with a relative density
of 98% using the SPS sintering technique at sintering temperatures above 2000 ◦C and
pressures greater than 50 MPa. However, high-temperature and high-pressure sintering
methods limit the engineering applications of ZrC ceramics.

Pressureless sintering has the advantages of simplicity and convenience in preparing
large-size samples. Previous studies have shown that the pressureless densification of
ZrC with a relative density of 97–98% requires the high sintering temperature of 2400 ◦C
to 2600 ◦C [14,15]. On the other hand, adding sintering additives is a common method
for compacting sintering without pressure, but the addition of sintering additives will
have a certain effect on the intrinsic properties of materials. From the background of the
application in the field of nuclear energy, it is necessary to select a sintering agent with a
small neutron absorption cross-section. MoSi2 has a low neutron absorption cross-section
and is a good sintering agent object. Moreover, the introduction of MoSi2 changes the
densification process from solid-phase sintering without additives to liquid-phase sintering
of silicon-containing compounds, promotes grain rearrangement and material transfer in
the sintering process, and accelerates the densification process. In addition, MoSi2 material
itself has a high melting point (~2050 ◦C), good high-temperature mechanical and thermal
properties, excellent oxidation resistance, and corrosion resistance, and is a very promising
high-temperature material. Silvestroni et al. [16] found that ZrC-based composite ceramics
doped with 20 vol% MoSi2 could be sintered to a relative density of 96.5% at 1950 ◦C
via pressureless sintering. However, an excessive amount of MoSi2 or a high sintering
temperature can negatively affect the mechanical properties. Therefore, it is necessary to
study the densification of ZrC ceramics with low-dosage sintering additives.

In the present work, ZrC ceramics were pressureless-densified at 1750 ◦C to 1950 ◦C,
with MoSi2 addition ranging from 0 to 5 vol%. The effects of MoSi2 content on the densi-
fication behavior, microstructure, mechanical properties, and thermal properties of ZrC
ceramics were systematically investigated.

2. Materials and Methods
2.1. Raw Materials

Commercial ZrC powder and MoSi2 powder were selected as starting materials; ZrC
powder was purchased from Guangzhou Metallurgical Co., LTD. (Guangzhou, China);
MoSi2 was purchased from Suzhou Bairui New Materials Co., LTD. (Suzhou, China). The
main characteristics are summarized in Table 1. The information in Table 1 came from the
raw material supplier. Figure 1 shows the XRD pattern of the original powder. ZrC powder
contains a small amount of ZrO2, and MoSi2 powder contains a small amount of Mo5Si3,



Materials 2024, 17, 2155 3 of 13

which may be related to the preparation method of the powder. The powder morphology
is shown in Figure 2, and it can be seen that the powder particles are fine and uniform.

Table 1. Characteristics of the starting power.

Materials Purity
(wt%)

Mean Particle Size
(µm)

Impurity
(wt%)

ZrC >99.5 0.7 Fe < 0.05%; Ti < 0.002%
Si < 0.001%; Mg < 0.001%

MoSi2 >98.5 0.5 O < 1%, C < 0.09%, Fe < 0.02%, Ni < 0.05%
W < 0.03%, Ca < 0.005%
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2.2. Preparation of the Samples

First, a certain volume ratio of ZrC and MoSi2 powder was weighed on the analyt-
ical balance and added to the polyurethane ball mill tank. Then, we added 1% of the
total mixture mass PVB (polyvinyl butyral) as the binder, 5mm diameter of ZrO2 ball as
the grinding medium, and the ball material ratio of 3:1, with an appropriate amount of
anhydrous ethanol as the dispersion medium. The total volume did not exceed 1/2 of
the mixing tank to ensure the uniformity of the mixing powder. After ball milling, the
obtained slurry was put into an electric blast drying oven and dried for 2 h at a constant
temperature of 60 ◦C. After grinding, the mixed powder of ZrC and MoSi2 was obtained
through a 120-mesh screen. The mixed powder was put into the dry-pressing mold of the
required shape, formed, and held under uniaxial pressure of 30 MPa for 30 s, and then
treated under cold isostatic pressure at 200 MPa for 3 min to obtain the ceramic blank for
sintering. Subsequently, the unpacked blanks were put into a graphite crucible in a vacuum
horizontal sintering furnace to complete the sintering. Under vacuum, the temperature was
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increased to 600 ◦C at a rate of 4 ◦C/min and held for 0.5 h to remove the PVB added in
the initial powder, which was thermally degraded and volatilized from the embryo at high
temperature. Afterward, the temperature was increased to 1200 ◦C at a rate of 6 ◦C/min for
0.5 h to realize the pre-sintering of the sample. We continued to increase the temperature
rate of 6 ◦C/min to 1500 ◦C, holding for 0.5 h, and then flowing argon gas was injected,
followed by 3 ◦C/min rate of heating to the target temperature of 1750 ◦C~1950 ◦C and
holding for 1 h.

The preparation flowchart is shown in Figure 3.
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The composition of different formula numbers is shown in Table 2.

Table 2. Composition design, sintering process, and characterization code of ZrC ceramics.

Identification Numbers
of Samples

Compositions of Raw Materials (vol.%)
Sintering Parameters

ZrC MoSi2

ZC0-1750 100 0 1750 ◦C/1 h
ZC0-1800 100 0 1800 ◦C/1 h
ZC0-1850 100 0 1850 ◦C/1 h
ZC0-1900 100 0 1900 ◦C/1 h
ZC0-1950 100 0 1950 ◦C/1 h

ZC2.5-1750 97.5 2.5 1750 ◦C/1 h
ZC2.5-1800 97.5 2.5 1800 ◦C/1 h
ZC2.5-1850 97.5 2.5 1850 ◦C/1 h
ZC2.5-1900 97.5 2.5 1900 ◦C/1 h
ZC2.5-1950 97.5 2.5 1950 ◦C/1 h
ZC5-1750 95 5 1750 ◦C/1 h
ZC5-1800 95 5 1800 ◦C/1 h
ZC5-1850 95 5 1850 ◦C/1 h
ZC5-1900 95 5 1900 ◦C/1 h
ZC5-1950 95 5 1950 ◦C/1 h

2.3. Characterization of the Samples

The density and porosity of sintered samples were measured according to Archimedes’
principle. The relative density (RD) is the ratio of the density to the theoretical density,
where the theoretical density was calculated using the mixing rule. X-ray diffraction
(ADVANCED8, Burkle, Bad Bellingen, Germany) with Cu Ka radiation (k = 1.54056 Å) was
used to identify the crystalline phase of the bulk samples, and the raw powder composition
was analyzed. The ceramic samples’ bending strength and modulus of elasticity were
measured using the three-point bending method on a universal material-testing machine
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(Z030TE+TEE, ZVIK, Frankfurt, Germany). The samples to be tested were machined into
standard test strips of 3 mm × 4 mm × 36 mm and were polished with 5 µm diamond and
chamfered on one side to eliminate the residual stresses introduced during the machining of
the samples. The span was 30 mm; the loading speed was set to 0.5 mm/min. After spraying
carbon on the surface of the samples, the thermal conductivity at room temperature was
measured using a laser thermal conductivity meter (LFA467, NETZSCH, Hanau, Germany).
The sample size was ø12.7 mm × 2 mm. Scanning electron microscopy (SEM, S-8230,
Hitachi, Tokyo, Japan) was used to analyze the cross-section and polished surface (0.5 µm
diamond ground etched with hydrofluoric acid for 4 h) of the samples. Particle-size
statistics were performed using electron backscattering diffraction (EBSD) (SEM, G300,
Zeiss, Oberkochen, Germany). The Vickers hardness and fracture toughness of the sample
were measured by a Vickers hardness tester (VH3300, Wilson, Chicago, IL, USA) with a
load of 5 Kg and residence time of 10 s.

The fracture toughness of the samples was measured using the indentation method.
The method of calculating the fracture toughness of an object was as follows [17]:

b = (b1 + b2)/2 (1)

b1 and b2 are diagonal crack lengths, as shown in Figure 4, and b is the crack half-length

KIC = 0.026 × (E
1
2 P

1
2 a/b

3
2 ) (2)

where KIC is fracture toughness (Pa·m1/2); E is the elastic modulus (GPa); P is the test load
(N); a is the diagonal half-length of the indentation (m); b is the crack half-length (m).
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3. Results and Discussion
3.1. Densification Behavior of the ZrC Ceramics

Figure 5 illustrates the relative density of the resulting samples as a function of the
temperature. The relative density increases gradually with increasing sintering temperature.
The increase in temperature increases the sintering driving force, accelerates the mass
transfer rate, and increases the relative density. ZrC without MoSi2 can be densified above
1800 ◦C. However, obtaining monolithic zirconium carbide ceramics with such high relative
densities via pressureless sintering is often challenging.

The delicate and uniform initial particle size of zirconium carbide (500 nm) may be one
of the reasons for the densification during sintering. The tiny particles shorten the diffusion
distance of atoms during the sintering process, allowing the ceramic to achieve high relative
density before significant grain growth occurs [18]. Moreover, the uniform particle-size
distribution effectively inhibits grain coarsening and promotes sintering. In addition,
zirconium oxide in the initial powder forms defective zirconium carbide compounds with
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ZrC. Oxygen in the zirconia diffuses into the ZrC lattice, leading to increased diffusion and
densification, which may be another contributing factor [19].
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Moreover, the introduction of MoSi2 significantly improved the sintering performance
of zirconium carbide ceramics and reduced the densification temperature, and the influence
of 2.5 vol% and 5 vol% MoSi2 additions on the density was similar. Due to the liquid phase
formed by the reaction of MoSi2 and ZrC in the sintering process, the material transfer rate
was improved. At a sintering temperature of 1850 ◦C, the relative density of a sample with
2.5 vol% MoSi2 content was as high as 99.1%.

3.2. Chemical Composition and Structure Analysis

The XRD pattern of block ZrC ceramics is shown in Figure 6. Only peaks correspond-
ing to ZrC and MoSi2 are observed and nothing else is found. No MoSi2 peaks were
detected in ZC2.5 due to the relatively small amount of MoSi2 added (only 2.5 vol%), the
reaction consumption caused by reaction with ZrC during sintering, and the liquid-phase
volatilization under sintering, resulting in a further reduction in MoSi2 in the sample.
However, MoSi2 peaks appeared in ZC5. In addition, no SiC phase (formed by reaction, as
shown in Figures 7 and 8) was found in the XRD spectra. Due to the low addition of MoSi2,
the generated SiC content was low and did not reach the minimum detection line of XRD
content, so the newly formed phase could not be directly detected via XRD.
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(a–c) is a separate section of ZC0, ZC2.5, and ZC5; (d–f) is separately polished surface of ZC0, ZC2.5,
and ZC5.

The microstructure of ZrC ceramics is shown in Figure 7. The cross-sectional electron
microscope image reveals that the fracture mode of the sample consists of a combination
of trans-crystalline fracture and pre-fracture. However, with an increase in MoSi2 content,
there is a higher proportion of trans-crystalline fracture, indicating enhanced grain bound-
ary bonding strength due to the introduction of MoSi2. Figure 7d–f display the electron
microscope images after hydrofluoric acid etching. It can be observed that ZrC ceramics
exhibit a high relative density overall, with only a small amount of confined pores due to
grain boundaries moving faster than the pore movement rate. This phenomenon is more
evident in Figure 7d. In addition, Figure 7e,f also show new phases, which were analyzed
via EDS surface scanning, as shown in Figure 8. The analytical results indicate that the
black phase is SiC, the dark-gray phase is MoSi2, and the gray phase is ZrC, and these
annotations are shown in Figure 7, accordingly. The generation of SiC during sintering via
the introduction of MoSi2 is in agreement with the findings in reference [16]. In addition, it
can be observed that MoSi2 was in a liquid state during sintering and usually appeared in
narrow or irregular forms at the grain boundaries of zirconia.
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However, MoSi2 shows a melting point of more than 2000 ◦C [20], which exceeds
our sintering temperature (maximum sintering temperature of 1950 ◦C). However, the
presence of carbon allows the formation of liquid phases in the C-Mo-Si system in arbitrary
proportions [21]. ZrC is prone to non-stoichiometric ratios [22] and inevitably contains
traces of free carbon in the starting powder [23], thus explaining the origin of the liquid
MoSi2 discussed in this paper. In addition, MoSi2 may react with the free carbon in ZrC.

The possible reactions are as follows:

5MoSi2(s) + 7C(s) = Mo5Si3(s) + 7SiC(s) T = 1850 ◦C, ∆G = −133.16 KJ/mol (3)

5Zr(s) + Mo5Si3(s) = Zr5Si3(s) + 5Mo(s) T = 1850 ◦C, ∆G = −171.31 KJ/mol (4)

Zr5Si3(s) + MoSi2(s) = 5ZrSi(s) + Mo(s) T = 1850 ◦C, ∆G = −46.53 KJ/mol (5)

The above reaction represents the origin of silicon carbide in this study. Concurrently,
it also generated low-melting-point silicon zirconium compounds (liquid phase at the
sintering temperature), which further promoted grain rearrangement and mass transfer
during the sintering process [24]. Therefore, incorporating MoSi2 transforms the solid-
phase sintering of ZrC into the co-sintering of solid–liquid phases, which reduces the
densification temperature and significantly improves the sintering performance.

In addition, Mo, Zr-Si compounds, and SiC were observed in the above reaction. Apart
from SiC, however, no traces of other products were detected under the electron microscope.
Possible explanations for this phenomenon are as follows: firstly, the low addition of MoSi2
resulted in a reduced yield of the product; secondly, the zirconium–silicon compounds and
molybdenum that were formed may have been dissolved during the etching of the crystal
surface using hydrofluoric acid. In addition, molybdenum has a high solubility (0.6–6 vol%)
in zirconium carbide [25]. Molybdenum reacts with oxygen to form molybdenum oxide,
which has a melting point of 795 ◦C and can be sublimated and volatilized at elevated
temperatures [26]. As a result, no traces of generators other than silicon carbide were found.

The grain size of ZrC ceramics was significantly reduced, as shown in Figure 7d,e. The
reduction in grain size can be attributed to the ZrC grain boundary at the SiC particle being
bent due to anchoring, and the other parts still moving under the driving force, inhibiting
the growth of ZrC grains [27–29]. Grain size analysis using EBSD showed that the average
grain size of ZC0 was 9.08 µm. In contrast, the average grain size of ZC2.5 was 5.4 µm,
and the average grain size of ZC5 was similar to that of ZC2.5. It was 5.8 µm (as shown
in Figure 9). In addition, we observed that an increase in the MoSi2 content lead to an
increase in surface defects, which was due to the incompatible interfacial bonding between
the different products.
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3.3. Effect of MoSi2 Content on Thermal Properties of ZrC Ceramics

The room-temperature thermal conductivities of ZrC ceramics prepared with different
MoSi2 contents are shown in Figure 10. The thermal conductivity of ZrC ceramics decreases
with the increase in MoSi2 content, but the overall change is not significant. The room-
temperature thermal conductivity of ZC0 is the largest, 16.9 W/((m·K)), which is slightly
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lower than its theoretical thermal conductivity of 20.5 W/((m·K)). The reason may be
that the impurity atoms in the initial powder accumulate at the grain boundaries, or
solid solution into the ZrC lattice causes lattice distortion, which, in turn, enhances its
scattering of phonons, resulting in a reduction in thermal conductivity. In addition, the
thermal diffusivities of ZC0, ZC2.5, and ZC5 are 7.17 mm2/s; 6.26 mm2/s; and 6.24 mm2/s;
respectively. However, the specific heat capacities of the three samples are similar to
0.35 (J/(g·K)). Thus, the introduction of MoSi2 changed the thermal diffusion coefficient of
the material, which, in turn, affected the thermal conductivity. The thermal conductivity of
the two-phase material can be calculated from Kingery’s law:

φm = φ0
1 + 2Vd(1 −

φ0
φd
)/(1 + 2φ0

φd
)

1 − Vd(1 −
φ0
φd
)/(1 + φ0

φd
)

(6)
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In the formula, Vd is the volume fraction of the diffuse phase, φ0 is the thermal
conductivity value of the continuous phase, and φd is the thermal conductivity value of
the diffuse phase. The ZrC matrix can be counted as the continuous phase, while MoSi2
is the diffuse phase. The thermal conductivity values of ZrC and MoSi2 are, respectively,
20.5 W/(m·K) and 45 W/(m·K). The equation shows that the thermal conductivity increases
with the increase in the content of MoSi2, but this is contrary to the conclusions we have
obtained because, in addition to the influence of the intrinsic thermal conductivity of the
material, it is also affected by factors such as grain size, porosity, and so on. Since the relative
density and porosity of the samples are not very different, the grain size and boundary
state are the keys to determining the thermal conductivity. The grain size affects the grain
boundary contact area per unit volume, which, in turn, affects the thermal conductivity of
the material. In addition, the state of grain boundaries also significantly affects the thermal
conductivity of a sample for two main reasons: first, atoms at grain boundaries exhibit
more disorder than atoms inside the crystal, resulting in lower thermal conductivity at
these boundaries; second, phonons and electrons are scattered due to the presence of grain
boundaries, which reduces their mean free path lengths, and, thus, the overall thermal
conductivity of the material. The grain boundary thermal resistance of the material is
inversely related to the grain size. ZC0 demonstrates the largest grain size among these
samples, resulting in it having the lowest grain boundary thermal resistance and highest
thermal conductivity.
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3.4. Effect of MoSi2 Content on Mechanical Properties of ZrC Ceramics

The flexural strength properties of the samples are shown in Figure 11. The general
trend observed is that the flexural strength increases and then decreases with increasing
MoSi2 content. The flexural strength of zirconium carbide (ZC0) without the addition of
MoSi2 is only 321 ± 17 MPa. However, the sample containing 2.5 vol% MoSi2 (ZC2.5)
shows the highest flexural strength, of up to 408 ± 12 MPa. This is much higher than the
flexural strengths of the samples of pressureless-sintered ZrC ceramics reported earlier in
the literature (as shown in Table 3). For ceramic materials, the modulus of elasticity, which is
a porosity-sensitive mechanical property only, does not fluctuate much, only up and down
to 340 ± 20 GPa, due to the high densities of all the ZrC samples. The observed variation
in bending strength can be primarily attributed to grain size and porosity differences [30].
Under the premise of low porosity, according to Griffth’s formula:

σf = KIc/Y
√

c (7)
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In the above equation, σf is the flexural strength, KIc is the fracture toughness, Y is
a constant related to geometry, and c is the critical crack size in the material. Since no
significant macroscopic defects were observed, and since the samples’ fracture toughness
was similar and no obvious macroscopic defects were observed, the grain size was consid-
ered as the critical crack size [31]. Therefore, larger grain sizes resulted in smaller bending
strengths in the samples. However, with the further increase in MoSi2 content, the content
of the impurity phase and second phase generated by the reaction increased significantly.
The second phase and impurity phase with low melting points had low intrinsic bending
strength, such as the MoSi2 intrinsic bending strength being only 202 MPa. Therefore, the
increase in the content of the second phase of low intrinsic bending strength was the main
reason for the decrease in the bending strength of ZC5. Consequently, ZC2.5 exhibited
remarkable resistance to bending.

Table 3. Comparison of flexural strength of pressureless-sintered ZrC.

Raw Materials Temperature (◦C) Flexural Strength (MPa) Reference

ZrC; MoSi2 1850 408 ± 12 This paper
ZrO2; C; SiC 1900 327.2 ± 16.2 [18]
ZrC; MoSi2 1950 272 ± 12 [16]

ZrO2; C 2000 308 ± 14 [32]
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The Vickers hardness of the samples is shown in Figure 12. With increased MoSi2
content, the Vickers hardness shows an overall upward trend. The hardness values of
ZC2.5 and ZC5 are similar, and ZC5 has the highest hardness value of 17.2 ± 0.2 GPa. For
ceramic materials, the hardness value is influenced by the porosity and grain size of the
material [33]. To completely exclude the effect of porosity and relative density on hardness,
ZC0 sintered at 1800 ◦C and ZC2.5 sintered at 1750 ◦C were chosen for comparison, where
ZC2.5 was 17.0 ± 0.16 GPa and ZC0 was 16.1 ± 0.3 GPa. Smaller grain size and lower
porosity both contributed to higher hardness values in the ceramics, but, from the above
comparisons, the main factor causing the change in hardness in this paper was grain size.
In addition, the addition of MoSi2 had no noticeable effect on the fracture toughness of the
samples, and its fracture toughness was 2.5 ± 0.4 MPa·m1/2.
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4. Conclusions

Zirconium carbide (ZrC) ceramics with high relative densities were successfully fabri-
cated via pressureless sintering. MoSi2, as a sintering additive, promoted the mass transfer
rate during the sintering process, lowered the densification temperature, and increased
the relative density of ZrC ceramics. The relative density of ZrC ceramics with 2.5 vol%
MoSi2 was 99.1% at a sintering temperature of 1850 ◦C. MoSi2 reacted with ZrC to form
silicon carbide, and its pinning effect inhibited the growth of ZrC grains, which improved
the mechanical properties of ZrC ceramic materials. The flexural strength of ZrC ceramics
was as high as 408 ± 12 MPa, which significantly improved the reliability of ZrC ceramics.
These findings are of great significance for engineering applications.
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