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Reactive Hot Pressing of ZrC-SiC Ceramics at Low Temperature
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Composites of ZrC-SiC with relative densities in excess of
98% were prepared by reactive hot pressing of ZrC and Si at
temperature as low as 1600°C. The reaction between ZrC and
Si resulted in the formation of ZrC,_,, SiC, and ZrSi. Low-
temperature densification of ZrC—SiC ceramics is attributed to
the formed nonstoichiometric ZrC,_, and Zr-Si liquid phase.
Adding 5 wt% Si to ZrC, the three-point bending strength
of formed ZrCyg-13.4 vol%SiC ceramics reached 819 +
102 MPa with hardness and toughness being 20.5 GPa and
3.3 MPa-m'?, respectively.

I. Introduction

Z IRCONIUM carbide is an important member in the family
of ultra-high temperature ceramics duo to its high melt-
ing point, high hardness, good thermal shock resistance, and
solid-state phase stability.!> Consequently, ZrC could be a
good potential material for structural components used in
next-generation rocket engines and hypersonic spacecraft.® In
addition, ZrC is being considered as one of the possible
materials for the inert matrix fuels (IMF) in the generation-
IV nuclear reactor systems, due to its excellent neutronic and
high-temperature mechanical properties as well as resistance
to corrosion by fission products.*> During the preparation of
IMF, low temperature is generally needed to maintain the
stability of fuels and avoid the reaction between the matrix
and the fuel materials.® However, ZrC has poor sinterability,
mainly owing to its strong covalent bond and low self-diffusion
coefficient. In general, pressure-assisted techniques and high
sintering temperatures (>2000°C) are applied to obtain dense
ZrC bodies by hot pressing from commercially available pow-
ders.” Without any sintering aids, ZrC ceramics with relative
density ranging from 94% to 97% can be obtained by hot
pressing under 30-40 MPa pressures at temperatures higher
than 2200°C.%° To reduce the sintering temperature required
for densification of ZrC, metal and nonmetal sintering aids
such as Nb, MoSi,, and VC have been chosen.>!%!!

In addition to the additive approach that is commonly
used to obtain dense ZrC-based ceramics, reactive hot press-
ing (RHP) is another way to obtain high-density ceramics,
which has an advantage of producing ceramics at reduced
temperatures compared with non-reactive processes.'>!'* ZrC
ceramics prepared by RHP method using Zr and C as raw
powders has been reported.'* The results showed that nearly
fully dense ZrC with fine grains was obtained at tempera-
tures as low as 1200°C-1600°C. The addition of SiC to form
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ZrC-SiC composites enhances the sinterability of ZrC ceram-
ics and results in ZrC-SiC composites with improved
mechanical properties.!> However, the research studies deal-
ing with reactive hot pressing of ZrC-SiC composites have
been very few. In this work, the investigation of ZrC-SiC
composites fabricated by reactive hot pressing (RHP) using
ZrC and Si as starting materials was carried out. The reac-
tion process and the densification behavior during the RHP
were also discussed.

II. Experimental Procedure

The starting powders were ZrC (99% purity, 0.5-3 um,) and
Si (>99% purity, <50 um; Yinfeng Silcon Co. Ltd., Jinan,
China), in which ZrC was synthesized by carbothermal
reduction as described in the previous work.!"! To decrease
the particle size of Si, the powder was milled for 8 h using
Si3N4 balls as the milling medium to obtain a final particle
size of about 1-3 pm. ZrC without and with different content
(2.5, 5.0, 10 wt%) of Si were mixed by mixing in ethanol for
24 h in a plastic bottle and the corresponding samples were
designated as ZS0, ZS2.5, ZS5, and ZS10, respectively.
A rotary evaporator was used to remove the ethanol at 70°C.
The powder mixtures were sieved to 200 mesh. The powders
were then compacted in a graphite die lined with a graphite
foil and coated with BN. The compacts were hot-pressed at
temperatures ranging from 1300°C to 2000°C in 100°C incre-
ments to produce samples with dimensions of 22 mm in
diameter for investigation of the reaction process and densi-
fication behavior. Rectangular samples with dimensions of
37 mm (length) x 30 mm (width) x S mm (high) were
prepared for mechanical properties measurements. A heating
rate of 20°C/min was used and a pressure of 40 MPa was
applied from 1350°C. The atmosphere was vacuum (<10 Pa)
under 1000°C and then switched to flowing argon. After
holding at soaking temperatures for 60 min, the applied pres-
sure was removed and the furnace was cooled naturally to
room temperature. The bulk densities of sintered ceramics
were measured using the Archimedes method. The final rela-
tive densities were determined as the ratio of experimental
bulk densities to theoretical ones calculated from the rule of
mixtures based on the final phase content according to XRD
analysis results at 1600°C. The theoretical density of ZrC;_.
from reference,'® ZrSi (5.66 g/em®) from JCPDS Card
72-2031, and SiC (3.21 g/em?) from JCPDS Card 75-0254
were used to calculate the theoretical densities of the
obtained ZrC-based ceramics. Phase composition was deter-
mined by X-ray diffraction (XRD; D/max 2550 V, Rigaku Co.,
Tokyo, Japan). The XRD profiles of the products were
recorded through a Huber G670 imaging plate Guinier camera
(CuK,;, Ge monochromator, 40 KV, 30 mA) with internal
standard LaBg (A = 4.15692 A). The lattice parameters of ZrC
phase were determined by indexing and least-squares refine-
ment with the MDI Jade5.0 software.'” The microstructure
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of fracture surfaces was observed by scanning electron
microscopy (SEM; Hitachi S-570, Hitachi Ltd., Tokyo,
Japan) in secondary electron mode. The backscattered elec-
tron (BSE) images were obtained by electron probe microan-
alyzer (JXA-8100F, JEOL, Japan). Before the observation,
the samples were polished with a diamond paste to 0.5 pm.
The chemical compositions of polished surfaces were then
analyzed with energy-dispersive spectroscopy (EDS, Oxford
INCA energy) that was linked to the electron probe microan-
alyzer. Quantitative analyses of phases were done using
Image pro Plus 5.0 program. The hardness was measured by
the Vickers indentation method (Instron Wilson-Wolpert
Tukon 2100B, Instron Co., Norwood, MA) using a load of
9.8 N and a dwell time of 15 s on a polished surface. The
indentation fracture toughness was calculated according to
the equation of Evans.'®!® The values of hardness and frac-
ture toughness were based on an average of five measure-
ments for each specimen. Flexural strength was examined by
a three-point bending test on bars with dimensions of
2 mm x 2.5 mm x 25 mm. The testing span and crosshead
speed used were 20 mm and 0.5 mm/min, respectively. The
average flexural strength of ZS5 was obtained based on the
measurements of six bars.

III. Results and Discussion

The variation of the relative densities for ZS0, ZS2.5, ZS5,
and ZS10 with sintering temperatures is shown in Fig. 1(a).
It is noted that the relative densities of ZS5 and ZS10 sin-
tered at 1600°C and 1700°C are very close (98% and 99%,
respectively) and much higher than that of ZS0 and ZS2.5
at the same temperatures. There is a remarkable jump in
relative density of ZS5 and ZS10 when the sintering tempera-
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Fig. 1. The relative density versus sintering temperature of ZrC—
SiC-based ceramics (a) and the displacement curves of the punch of
ZS10 versus sintering time at 1500°C and 1600°C (b).
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tures are increased from 1500°C to 1600°C, which is well
agreed with the shrinkage of samples during hot-pressing
processes presented by displacement curves versus sintering
time under different temperatures, as shown in Fig. 1(b). For
ZS0 and ZS2.5, the increase in sintering temperature does
not make the samples fully dense, as the relative densities of
ZS0 and ZS2.5 are less than 83% and 95% even after sinter-
ing at 1800°C and 2000°C, respectively, as shown in
Fig. 1(a). The relative density changes can also be confirmed
by the microstructure images. The fracture surface of ZSS5
and ZS10 sintered at 1500°C and 1600°C are shown in
Fig. 2. A large amount of small pores can be found on the
fracture surface of ZS5 [Fig. 2(a)] and ZS10 [Fig. 2(c)] sin-
tered at 1500°C, while the grains are homogeneously distrib-
uted with average size less than 1 um for both samples. For
increasing the sintering temperature to 1600°C, almost no
pores can be found from the microstructures of both ZSS5
and ZS10, as shown in Figs. 2(b) and (d), respectively, which
is in accordance with the relative density data as mentioned
above.

X-Ray Diffraction patterns of the ZS5 and ZS10 sintered
at different temperatures are shown in Fig. 3. The disappear-
ance of Si diffraction peaks in XRD patterns of ZS5 sintered
at 1300°C, as shown in Fig. 3(a), implies that the reaction
between ZrC and Si occurred starting from below this tem-
perature. On the other hand, ZrSi was detected in ZS5 and
ZS10 sintered at 1300°C, whose intensities of XRD peaks
decreased a little bit with the increase in temperature up to
1600°C, especially for ZS5. The second phase B-SiC (JCPDS
Card 65-0360) was identified clearly in both ZS5 and ZS10
sintered at 1500°C and 1600°C, while the XRD peak inten-
sity of B-SiC increased from 1500°C to 1600°C. According to
the results of phase identification of ZS5 and ZS10, the reac-
tions between ZrC and Si could be assumed as the following
two processes. First, part of ZrC reacted with Si to form
ZrSi and SiC. With the increase in temperature, carbon atom
from the other part of ZrC diffused into ZrSi phase to form
ZrC;_, and SiC. The assumption could be confirmed by the
determination of lattice parameter and microstructure analy-
ses. The lattice parameter of ZrC in ZS5 and ZS10 sintered
at 1300°C is 4.697(3) and 4.696(2) A, respectively (see
Table I, the values in the parenthesis represent the standard
deviation of the lattice parameter), which is about the same
as that of the raw ZrC powders (4.697(1) A), revealing that
the carbon defect concentration in ZrC,_, lattice was very
low. With the sintering temperature increase up to 1500°C,
the lattice parameters of ZrC,_, in ZS5 and ZS10 decease to
4.695(1) and 4.693(1) A, respectively, implying the formation

Fig. 2. The fracture surface of ZS5 and ZS10 sintered at different
temperatures. (a) ZS5°C-1500°C, (b) ZS5°C-1600°C, (c) ZS10°C-
1500°C, (d) ZS10°C-1600°C.
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Fig. 3. XRD patterns of ZS5 (a) and ZS10 (b) sintered at the
different temperatures.

Table I. The Lattice Parameters of ZS5 and ZS10 at
Different Temperatures
Lattice parameters (A) of ZrCy_,
Sample at 1300°C at 1500°C at 1600°C
7S5 4.697(3)Jr 4.695(1) 4.688(1)
ZS10 4.696(2) 4.693(1) 4.688(1)

"The values in the parentheses represent the standard deviation of the
lattice parameters of ZrC,_,.

of ZrC,_,. For ZS5 and ZS10 sintered at 1600°C, the lattice
parameter of ZrC,_, both decrease to 4.688(1) A which is
corresponding to that of ZrCO g, (4.687 A) ® The carbon
defect concentration changes in ZS5 and ZS10 could confirm
the formation of nonstoichiometric ZrC,_, in reaction
process.

The BSE images of polished surfaces for ZS5 and ZS10
and their EDS analysis are shown in Fig. 4. The phase with
light color is ZrC;_, matrix, while the phase with 2-15 pm
grains and dark color is SiC. The ZrSi phase with gray color
can be seen in the BSE image for sample ZS10 [Fig. 4(b)].
From the polished surface of ZS5 and ZS10, it can be found
that some small grains (particle size less than 1.0 um) existed
in the SiC grains. According to the image contrast and the
EDS line-scanning analysis (Fig. 5), the larger particles (aver-
age size about 0.5-1.0 um) with high Zr content and low Si
content inside the SiC grains should be ZrC,_,. The smaller

Fig. 4. The polished surface of ZS5 (a), ZS10 (b) sintered at 1600°C,
and EDS spectra.

particles (average size about less than 500 nm) inside SiC
grains should be the same with the large ones, but probably
include some amount of residual ZrSi. In addition, it is
noticed that the amount of ZrSi in the samples is affected by
the Si content in the starting composition. For Si content of
less than 5 wt%, only a trace of ZrSi could be formed, as
shown in Fig. 4(a), indicating that almost all the ZrSi reacted
with ZrC to form ZrC,_, and SiC. According to the theoreti-
cal calculation that if all the added Si reacted with ZrC in
7ZS2.5 and ZS5, the final composition of the obtained ceram-
ics would be ZrCy¢—7.5 vol%SiC and ZrC,g—13.4 vol% SiC,
respectively. With an increase in the Si content up to 10 wt
%, the ZrSi content increased to greater than 10 vol%. The
mass fraction of the ZrSi phase in ZS10 was calculated by
using the K value method based on the relative intensity of
the strongest diffraction peak of ZrC and ZrSi and then con-
verted to volume fraction.”® The final composites of ZS10
sintered at 1600°C was ZrCyg—16.7 vol% SiC-10.9 vol%
ZrSi. The image analysis method was also used to quantify
the phase content of ZS5 and ZS10 and the results were
shown in Table II. The final composition of ZS5 was ZrCy g—
10.0 vol%SiC-2.6 vol%ZrSi, while the composition of ZS10
was ZrCyg—14.5 vol%SiC-13.2 vol%ZrSi. It indicates that
there is still 2.6 vol% ZrSi in ZS5 sample sintered at 1600°C,
which is in accordance with the phase diagram of Zr-Si-C,*'
although it is difficult for XRD method to detect such a trace
of ZrSi.

From the phase evolutions, the densification improvement
of ZrC with Si addition was owing to the formation of Jon-
stoichiometric ZrC,_,. Based on our previous work,'® the
densification of ZrC was affected by the carbon defects in
the ZrC lattice, which not only promoted mass transfer
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Fig. 5. The EDS line-scanning analysis of ZS5 showing the distribution of Zr and Si elements.

Table II. The Phase Content by XRD Analysis and Image
Analysis, and the Mechanical Properties of ZS5 and ZS10

XRD Image
analysis analysis
(vol%) (vol%)

Hv1.0 Kic

(e}
Samples  SiC  ZrSi  SiC  ZrSi (GPa) (MPa-m'’?) (MPa)

785 13.4 trace 100 2.6 20.5=1.0
ZS10 16.7 109 145 132 19.0+0.5

3.3+£0.1 819 =102
29+03 —

through solid-state diffusion but also had the advantage of
accelerating plastic flow during the hot-pressing processes.
Meanwhile, the existence of the ZrSi phase also has the
advantage of improving the densification. According to the
phase diagram of Si-Zr,*? a liquid phase containing Zr and
Si could appear at about 1630°C, which was close to the
densification temperature (1600°C) when considering the
infrared measurement error of temperature (20°C-30°C). It
seems that the molten ZrSi phase aggregated together to
form large ZrSi particles first, and then carbon from the
ZrC matrix diffused into these particles to form SiC and
ZrC;_,. The formed liquid phase should have enhanced the
rearrangement of ZrC particles, improved the densification
behavior, and also promoted the growth of SiC grains. The
detail of the microstructure formation mechanism is an
interesting issue, and it would be investigated in the future
work.

The mechanical properties of ZS5 and ZS10 were prelimi-
narily evaluated and shown in Table II. Due to the lower
hardness of ZrSi (about 10 GPa)*® compared with that of
ZrC and SiC, the hardness of ZS10 (19.0 + 0.5 GPa) was a
little lower than that of ZS5 (20.5 = 1.0 GPa). The hardness
of low-temperature (1600°C) sintered ZS5 and ZS10 was
comparable to those of monolithic ZrC sintered at 1900°C—
2000°C (about 20 GPa).>?° The fracture toughness of ZS5
(3.3 £ 0.1 MPa-m'?) and ZS10 (2.9 + 0.3 MPa-m'?) were
higher than those monolithic ZrC (1.9 + 0.4 MPa-m'?) and
close to the ZrC with addition of 9 vol% MoSi,
(3.3 + 0.4 MPa-m'?)%. The three-point bending strength of
ZS5 was 819 + 102 MPa, which was much higher than that

(390 MPa) of ZrC-20 vol%SiC composites (ZrC grain
size > 10 pum, SiC grain size < 2 pm) by hot pressing,'> prob-
ably owing to the fine grain size (<2 um) of the matrix ZrC.
Although the SiC grains were in large size, the strength
behavior of ZS5 would not be poor, especially with the exis-
tence of inside submicrometer-sized ZrC particles. The
strength of the obtained ZrC-SiC composites might be
mainly controlled by the grain size of the ZrC matrix, but
further investigation should be done to verify it.

IV. Summary

ZrC-SiC composites were prepared by reactive hot pressing
at temperatures up to 1600°C using ZrC and Si as raw mate-
rial. The lattice parameter and microstructure analyses con-
firmed that carbon from the ZrC reacted with Si to form
ZrSi and SiC above 1300°C, with an increase in temperature
up to 1600°C, carbon atoms from remaining ZrC diffused
into the ZrSi phase to form ZrC,;_, and SiC. The carbon
defects in the final ZrC,_, matrix, and part of the reaction
product of ZrSi, promoted the densification of ZrC-based
ceramics. The low-temperature sintered ZrC-SiC ceramics
(ZSS) had a Vickers hardness and fracture toughness of
20.5 + 1.0 GPa and 3.3 + 0.1 MPa-m'?, respectively, which
were comparable to the literature results. The bending
strength of ZS5 was as high as 819 + 102 MPa.
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