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Abstract
ZrC-SiC-ZrSi2 ternary ceramic composites were prepared by means of hot pressing. The effect of the ZrSi2 content

on the microstructure and mechanical properties of the fabricated materials was investigated. It was found that the
addition of ZrSi2 is effective in promoting the sinterability of ZrC-SiC-ZrSi2 ternary composites, and the highest rela-
tive density reaches 98.8 % when the ZrSi2 content is 10 vol%. ZrSi2 particles in the microstructure are characterized
by an irregular shape with low dihedral angles, which is beneficial for the densification of the composites. The hardness
of the composites shows no great variation with the increase in the ZrSi2 content and changes between 14 and 17 GPa.
The highest flexural strength, 520 MPa, is obtained for the composite of ZS5Z containing 5 vol% ZrSi2.
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I. Introduction
In the family of the ultra-high temperature ceramics

(UHTCs), zirconium carbide (ZrC) possesses a high melt-
ing point (3420 °C) and hardness (25.5 GPa), excellent
electrical conductivity and thermal conductivity, and it
is available at a relatively low price 1 – 4, which makes it
a candidate for thermal protection systems and propul-
sion components on future hypersonic flight vehicles and
reusable launch vehicles 5, 6.

Despite having the above excellent characteristics, the
fracture toughness, sinterability and high-temperature
oxidation resistance of single-phase ZrC ceramic are poor.
An alternative approach for improving the properties of
ZrC ceramic is the addition of secondary or ternary phase
into the ZrC matrix, which can restrain grain growth,
increase the relative density and improve the fracture
toughness. Attempts at this have been made with sev-
eral additives, such as MoSi2

7, 8, SiC 9, 10, ZrO2
11 – 13 and

Mo 14, 15. Recent works have indicated that the incorpo-
ration of compounds containing silicon can obtain finer
microstructure and better mechanical properties and high-
er oxidation resistance based on the formation of a silica
or mixed oxide layer such as zircon (ZrO2⋅SiO2) 16 – 19.
Among these silicon-containing species, SiC is frequent-
ly selected as a reinforcing phase in composite materials.
In previous works, the sinterability and fracture tough-
ness were improved with the addition of SiC particles 9, 10.
Other additives such as ZrSi2 are emerging as effective
for densification, which has been proved in ZrB2-based
ceramics 20, 21. At the same time, oxidation resistance was
also improved owing to the formation of a silica-based
protective scale at high temperature. Based on this case,
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the purpose of the work described in this paper was to add
ZrSi2 particles into a ZrC-SiC matrix to fabricate ZrC-
SiC-ZrSi2 ternary ceramic composites. The effect of the
addition of ZrSi2 on the microstructure and mechanical
properties of the composites was investigated. It was ex-
pected that the addition of ZrSi2 could provide excellent
oxidation resistance for ZrC, in addition to obtaining bet-
ter mechanical properties.

II. Experimental

Commercially available ZrC powder (mean particle size
1.25 lm, purity > 98.0 %, Wing High High-Tech New Ma-
terial Co., Ltd., Changsha, China), SiC powder (mean par-
ticle size 2.0 lm, purity ≥ 99 %, Weifang Kaihua Micro-
powder Co., Ltd., Shandong, China), ZrSi2 powder (mean
particle size ∼ 38lm, purity > 99.5 %, Tute Advanced Ma-
terial Co., Ltd., Kunming, China) were used as the raw
materials. The SiC content in the design compositions was
fixed to 20 vol%, and the varying ZrSi2 contents were 3,
5, 10 vol%, respectively. The corresponding composites
were labeled ZS3Z, ZS5Z and ZS10Z, respectively. The
corresponding compositions of the composites are list-
ed in Table 1. The powder mixtures were wet-milled at
200 rpm for 16 h in a polyethylene bottle using ZrO2 balls
and ethanol as milling media, and subsequently dried in a
rotary evaporator at a temperature of 70 °C and at a ro-
tation speed of 110 rpm to minimize segregation. The ob-
tained powder mixtures were placed in a graphite die with
its inner walls coated with BN slurry to avoid interaction
between the specimens and the graphite die. Then, hot
pressing was performed at 1900 °C for 60 min under a uni-
axial load of 30 MPa in an argon atmosphere.
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Table 1: The composition and relative density of ZrC-SiC-
ZrSi2 composites.

Composition (vol%)
Samples

ZrC SiC ZrSi2

Relative density
(%)

ZS3Z 77 20 3 97.5

ZS5Z 75 20 5 98.5

ZS10Z 70 20 10 98.8

The actual density of the composites was determined us-
ing the Archimedes technique with distilled water as the
immersing medium. Flexural strength was measured in a
three-point bending test on specimen bars with the dimen-
sions with 3 mm × 4 mm × 36 mm using a span of 30 mm
and a crosshead speed of 0.5 mm/min. Fracture toughness
was evaluated with the single-edge notched beam (SENB)
test using 22 mm × 4 mm × 2 mm bars on the same jig
used for the flexural strength, with a span of 16 mm and
a crosshead speed of 0.05 mm/min. At least five speci-
mens were tested for each experimental condition. Hard-
ness was measured by means of Vickers indentation with
1 kg as the applied load for 15 s on polished surfaces. The
phase compositions of the composites were analysed with
an x-ray diffractometer (XRD) (X’Pert PRO, PANalyti-
cal). The microstructure of the composites was analyzed
by means of scanning electron microscopy (SEM) (Mod-
el FEI Sirion-200, Holland and Model CamScan MX2600,
England) equipped with an energy-dispersive x-ray spec-
trometer (EDS). The fracture surfaces of the specimens
were examined with SEM.

III. Results and Discussion
Fig. 1 shows XRD patterns of all the composites. It can be

seen that the phase compositions of the composites consist
of ZrC, SiC and ZrSi2 phases. In addition to these three
phases, additional phase diffraction peaks are not observed
in the diffraction curve, indicating that no new phases are
formed during sintering process.

Fig. 1: XRD patterns of ZrC-SiC-ZrSi2 composites with the differ-
ent ZrSi2 content.

The microstructures of ZrC-SiC-ZrSi2 composites after
polishing are shown in Fig. 2. It can be seen that the mi-
crostructures of the composites contain both gray phases
and dark phases. The gray ZrC matrix is easily distinguish-
able; however, the dark SiC and ZrSi2 phases are difficult
to distinguish only by means of color. According to the
characterization of raw materials, large numbers of small-
sized dark phases are identified as SiC (∼ 3 lm), and SiC
particles are distributed uniformly in the ZrC matrix. Zr-
Si2 particles have a broad size distribution. Some ZrSi2 par-
ticles are fine, which is difficult to identify with SiC un-
der secondary electron (SE) imaging. Microstructures of
the composites were observed under backscattered elec-
tron (BSE) imaging. It can be seen from Fig. 3 that SiC
and ZrSi2 show no obvious contrast under backscattered
electron (BSE) imaging, as expected. The light-gray phases
are ZrC phases (bright contrast), and the phases with the
darkest contrast are still SiC and ZrSi2 mixed phases. BSE
observation fails to identify these two phases. Some ZrSi2
particles are very coarse, which is easy to observe (see the
EDS pattern in Fig. 2(c)). Large ZrSi2 particles are charac-
terized by an irregular shape with low dihedral angles, as
shown in Fig. 2(d). The characteristic morphology of Zr-
Si2 is attributed to the ductile deformation behaviour of
ZrSi2 phase during hot pressing. The melting point of Zr-
Si2 is ∼ 1620 °C 20, and is lower than the sintering tempera-
ture of 1900 °C. Under the sintering temperature, the ZrSi2
particles become ductile with the increase in temperature.
This ductility can force ZrSi2 particles to fill into the voids
between the ceramic particles under the pressure during
sintering, further improving the densification of the com-
posites. This morphology change of ZrSi2 particles is also
observed in ZrB2-based composites with ZrSi2

20, 22.
In addition, obvious porosity is not observed in the mi-

crostructure. Table 1 is the relative density of the compos-
ites. The relative density is obtained according to the fol-
lowing rule. First, the theoretical densities of the compos-
ites were calculated according to the mixed law, assuming
no impurities and no reactions during processing. Then
the actual density was divided by the theoretical densi-
ty to determine the relative density. It can be found that
the relative density of ZrC-SiC-ZrSi2 composites increas-
es considerably with the increase in the ZrSi2 content and
the highest relative density reaches 98.8 % when the Zr-
Si2 content is 10 vol%. It shows that a certain content of
ZrSi2 can effectively promote the sintering densification
of ZrC composites. ZrSi2 as a potential additive for lower-
ing the sintering temperature was extensively introduced
into boride-based ceramics, and the effect of the ZrSi2
on the densification behavior was investigated. Previous
studies conducted by Guo 20, 23 revealed that the major
cause for the improvement in densification was a forma-
tion of intergranular liquid phase between the ZrSi2 and
borides (ZrB2, HfB2, and TiB2) owing to the interaction
between the oxides (SiO2 and B2O3) present on the sur-
faces of particles. For the ZrC-SiC-ZrSi2 materials inves-
tigated in this study, XRD patterns of all the composites
show that the phase compositions of the composites com-
prise ZrC, SiC and ZrSi2 phases, whereas other phases
such as ZrO2 and SiO2 are not found. Meanwhile, in the
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Fig. 2: SEM microstructures of polished surfaces of ZrC-SiC-ZrSi2 composites with different ZrSi2 content: (a) 3 vol%, (b) 5 vol%, (c)
and (d) 10 vol%.

Fig. 3: Typical backscattered electron images of ZrC-SiC-ZrSi2 composites: (a) 3 vol%, (b) 10 vol%.

microstructure of the composite, no liquid phase is traced,
indicating that a similar densification mechanism does not
appear for ZrC-based composites with ZrSi2 in this study.
Although the sintering temperature is higher than the Zr-
Si2 melting point, ZrSi2 does not seem to have a role as
the liquid-phase sintering source. We believe that minor
amounts of liquid phase may be present around initial Zr-
Si2 particles at 1900 °C for 1 h. Longer holding times yields
more liquid phase. However, owing to short holding time
and subsequent cooling, such a liquid will quickly solidify,
and liquid characteristics are hardly observable. Certainly,
further research needs to be done.

The mechanical properties of ZrC-SiC-ZrSi2 composites
are listed in Table 2. The hardness of the composites shows
no great variation with the increase in the ZrSi2 content
and changes between 14 and 17 GPa. The hardness is main-
ly influenced by the relative density of the composites and
ZrSi2 particles. The greater the relative density is, the
higher the hardness is. However, the hardness value of
the composites does not exhibit a similar change trend
to the relative density. The main reason for this may be
associated with low hardness of ZrSi2 (10.63 GPa) 21. The
more ZrSi2 is added, the more the hardness of the compos-
ites decreases. Therefore, the combination of both factors
could be responsible for the change in the hardness trend.
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Table 2: The mechanical properties of ZrC-SiC-ZrSi2
composites.

Samples
Vickers

Hardness
(GPa)

Flexural
Strength
(MPa)

Fracture
toughness

(MPa.m1/2)

ZS3Z 15.13±0.17 505.10±0.66 3.42±0.04

ZS5Z 16.82±0.13 520.92±7.75 3.59±0.07

ZS10Z 14.33±0.14 403.11±3.57 2.81±0.09

In Table 2, the flexural strength of the composites in-
creases with the increase in the ZrSi2 content. The highest
flexural strength, 520 MPa, is obtained for the composite
of ZS5Z with 5 vol% ZrSi2. When the content of the Zr-
Si2 addition increases to 10 vol%, the flexural strength de-
creases significantly instead, even lower than that of ZrC-
SiC composites, 448 MPa24. One explanation for the high-
er flexural strength of the ZS5Z with 5 vol% ZrSi2 is its
higher relative density owing to the proper addition of Zr-
Si2. The decrease in the flexural strength for ZS10Z with
10 vol% ZrSi2 is attributed to the presence of larger ZrSi2
particles owing to the addition of a high volume fraction
of ZrSi2 in the composite. Therefore, excess ZrSi2 in the
composites is detrimental to the flexural strength.

Fig. 4: SEM micrograph of microcracking on fracture surface of
ZrC-SiC-ZrSi2 composites.

For the fracture toughness of the composites, when the
ZrSi2 content is lower than 5 vol%, their values are compa-
rable to 3.8 MPa.m1/2 of ZrC-SiC composites 24. The frac-
ture toughness decreases drastically when the ZrSi2 con-
tent increases to 10 vol%. From the microcracking of the
fracture surface, as shown in Fig. 4, it is evident that the
presence of ZrSi2 does not obviously change the direction
of the crack propagation such as crack deflection and crack
branching, because a more tortuous crack path is instru-
mental to more energy consumption of crack propagation
and a reduction of the crack driving force, further improv-
ing fracture toughness 12, 25. In this present work, when
the crack extends to ZrSi2 particles, some ZrSi2 particles
crack, i.e. the crack is across the ZrSi2 particles. The occur-
rence of the fracture of ZrSi2 particles during crack prop-
agation leads to no obvious contribution to the enhance-
ment of the fracture toughness of the composites.

Fig. 5 shows the fracture morphology of ZrC-SiC-Zr-
Si2 composites with different ZrSi2 content. It can be seen
that the fracture mode is a combination of intergranular
fracture and transgranular fracture, where a transgranular
fracture with a few ripple patterns is observed in the ZrC
matrix, and where some ZrC grains generate the intergran-
ular fracture. Furthermore, it is evident that SiC and ZrSi2
particles are mainly distributed intercrystalline, and pull-
out of SiC particles from the matrix can be observed, leav-
ing a pit on the fracture surface.

Fig. 5: Fracture morphology of ZrC-SiC-ZrSi2 composites with
different ZrSi2 content: (a) 3 vol%, (b) 10 vol%.

IV. Conclusions
ZrC-SiC-ZrSi2 ternary ceramic composites with high

relative density can be prepared by means of hot-press-
sintering at 1900 °C under 30 MPa for 60 min in a flowing
argon atmosphere. The relative density of the composites
containing 10 vol% ZrSi2 reaches 98.8 %. The addition of
ZrSi2 has little influence on the hardness, ranging between
14 and 17 GPa. The flexural strength of the composites can
be improved with the proper addition of ZrSi2 particles,
and the maximum flexural strength reached 520 MPa at
5 vol% ZrSi2 content. Although the fracture toughness of
the composites decreases drastically when the ZrSi2 con-
tent is increased to 10 vol%, their values are comparable
to the 3.8 MPa.m1/2 of ZrC-SiC composites when the Zr-
Si2 content is lower than 5 vol%. The fracture mode of the
composites is a combination of intergranular fracture and
transgranular fracture.
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