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Abstract

ZrB,—SiC ceramics were fabricated by hot pressing with a variety of SiC sources in order to examine the effect of the SiC size on the
microstructures and physical properties, such as hardness and thermal conductivities, of ZrB,—SiC composite ceramics. Three different ZrB,—SiC
ceramics, ZPS (ZrB,-20 vol% polycarbosilane), ZFS (ZrB,—20 vol% fine-grained SiC), and ZNS (ZrB,—20 vol% nano-sized SiC), were prepared
for this study. PCS is effectively transformed into B-SiC after hot pressing. By using PCS as a precursor for SiC, ZrB, particles are surrounded by
fine particles of SiC, which results in the grain-growth inhibition of ZrB,. The effects of the SiC size on the microstructures and the physical
properties of ZrB,—SiC ceramics were also investigated. ZrB,—SiC ceramics were produced by using various SiC sources in order to investigate
the grain-growth inhibition and the mechanical/thermal properties of ZrB,—SiC. The sizes of ZrB, or SiC particles in the sintered bodies highly
depend on the initial size of SiC. ZrB,—SiC ceramics with smaller SiC show enhanced mechanical properties, consistently with the Hall-Petch
relation. The thermal conductivities of ZrB,—SiC ceramics with nano-SiC or PCS-derived SiC are higher than that of ceramics with conventional

SiC, which can be explained by the percolation theory.
© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Among non-oxide ceramics, such as borides, carbides, and
nitrides of transition metals, some compositions are categor-
ized as ultra-high temperature ceramics [1-3]. These ceramics
are a group of compounds that are chemically and physically
sustainable at ultra-high temperature and in reactive atmo-
spheres. They are also characterized by a high melting point,
chemical inertness, and relatively good oxidation resistance in
extreme environments including conditions experienced during
hypersonic flight, atmosphere re-entry, and rocket propulsion.

ZrB, has a melting point of 3245 °C and a relatively low
density of 6.1 g/cm® [4], which makes this a candidate for
application to ultra-high temperature environments over
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2000 °C as well as conventional applications such as electrode
elements and refractory crucibles [5]. In addition to these
properties, ZrB, is known to have excellent resistance to
thermal shock and oxidation relative to other non-oxide
engineering ceramics [4,6]. For these purposes, it is necessary
to fabricate dense body parts made of ZrB,-based ceramics.
The densification of ZrB, powder generally requires very high
temperatures due to the covalent nature of the bonding as well
as its low bulk and grain boundary diffusion rates [7]. Due to
these non-sinterable characteristics, ZrB,-based ceramics have
been densified by a variety of methods [4,7], including hot
pressing, spark plasma sintering, reactive hot pressing, and
pressureless sintering. In order to improve the oxidation
resistance, SiC is frequently added to ZrB,-based system
[4,7-9]. Beside the oxidation resistance, the addition
of SiC to ZrB,-based ceramics provides enhanced mechanical
properties [10,11] and thermal conductivities [12-14].
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Table 1
Compositions of the ZrB,—SiC ceramics used in this study.

ID Composition

ZPS ZrB,+20 vol% polycarbosilane

ZFS ZrB,+20 vol% fine SiC (0.5 pm)
ZNS ZrB5 420 vol% nano-SiC ( < 100 nm)

Polycarbosilane (PCS) is also frequently used in ZrB,-based
systems as a precursor for SiC [15] or a sintering additive for
pressureless sintering [16,17].

Since the physical properties of ZrB,—SiC ceramics are
closely related to the microstructure as well as the sintering
additives, a thorough examination of microstructure is neces-
sary to produce ZrB,-based ceramics with enhanced perfor-
mance. In this study, ZrB,—SiC ceramics with a variety of SiC
sources were investigated, in order to examine the effect of the
SiC size on the microstructures and physical properties, such
as hardness and thermal conductivities, of ZrB,—SiC composite
ceramics.

2. Experimental procedure

Three different ZrB,—SiC ceramics for this study, identified
as ZPS, ZFS, and ZNS, are shown Table 1. These composi-
tions were prepared using raw powders of ZrB,(Grade F,
1.88 pm, Japan New Metals. Co. Ltd., Japan), polycarbosilane
(PCS, (SiH(CHj3)-CH;-),, average molecular weight ~3000,
TBM Tech, Korea), fine-sized SiC (FCP 15C, 0.5 pm, SIKA
Tech, Germany), and nano-sized SiC (nano powder,
< 100 nm, ALDRICH, Germany). After weighing, the pow-
ders were combined by slurry mixing in acetone or isopropyl
alcohol with stirring hot plate for 4 h in order to maintain the
initial particle size and dried in an oven for 24 h. The dried
powder mixtures were then sieved with a #120-mesh sieve for
granulation. The prepared powder mixtures were hot-pressed
in a graphite mold. Hot pressing was carried out at 1900 °C for
2 h under a pressure of 30 MPa in a flowing Ar atmosphere.

For hot-pressed samples, the microstructures and mechan-
ical properties were characterized. The specimens were also
ground with a diamond wheel and then polished from 6 to
1 pm of diamond slurry for microstructure analysis and
hardness measurement. The microstructure was examined
using field emission scanning election microscope (FE-SEM,
JSM-6701F, JEOL, Japan), and the microstructural parameters
were determined by using Image] program [18] on SEM
images of polished surfaces. Vickers hardness was also
measured using a micro hardness tester (QM-2, Nikon, Japan).

Cross-sectional foils for transmission electron microscopy
analysis were sliced from the polished surface of the samples
using a focused ion beam (FIB, Helios 600i, FEI, USA) with a
Ga ion source accelerated at 30 kV. The slices were finally
thinned with a fine ion beam current to less than 100 nm,
which is an electron-transparent thickness in TEM. Thin foils
of the samples were examined with a transmission electron
microscope (TEM, Tecnai G2 F30, FEI, USA) equipped with

an energy dispersive spectroscopy (EDS) analyzer and a high-
angle annular dark-field (HAADF) detector for scanning
transmission electron microscopy (STEM).

The specific heat capacities (C,,) and thermal diffusivities (4)
of the hot-pressed samples were measured by laser flash
analysis (LFA, LFA 457 Micro Flash, NETZSCH, Germany)
as a function of the temperature up to 1100 °C. For the
measurement, both the front and back sides of the samples
were coated with a thin graphite layer in order for the sample
to absorb the incident laser beam and emit black-body
radiation to the IR detector. The specific heat capacities were
characterized from LFA by comparing the relative temperature
rise of the sample with that of the reference sample of alumina.
The thermal conductivity (K) can be calculated by Eq. (1) with
the apparent density (p), heat capacity (C,), and thermal
diffusivity (4).

K=pCpi (1)

3. Results and discussion
3.1. Microstructures of PCS-derived ZrB,—SiC ceramic

Polycarbosilane (PCS) is a preceramic polymer with a Si-C
backbone, frequently used in ZrB,-based systems as a precursor for
SiC [15] or a sintering additive for pressureless sintering [16,17].
When pyrolyzed in an inert atmosphere, PCS forms low-
molecular-weight species, which results in weight loss. As the
temperature of heat treatment increases, PCS converts from
amorphous products to cubic $-SiC with amorphous carbon. The
processing parameter, such as transition temperature, ceramic yield,
or C/Si ratio, is generally varies with the molecular weight of PCS.
Fig. 1 shows the XRD patterns of ZrB,—20 vol% polycarbosilane
(ZPS) after mixing or hot pressing and ZrB,—20 vol% SiC (ZFS)
after hot pressing. As shown in Fig. 1(a), there is no other
crystalline peak than ZrB, after mixing. For the XRD patterns from
ZPS hot-pressed at 1900 °C (Fig. 1(b)), all of the strong peaks are
from ZrB, and several very weak peaks for -SiC are observed. In
the case of hot-pressed ZrB,—20 vol% SiC (ZFS), the XRD peaks
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Fig. 1. XRD patterns of (a) ZrB,—20 vol% polycarbosilane (ZPS) after mixing,
(b) ZrB,-20 vol% polycarbosilane (ZPS) hot-pressed at 1900 °C for 2 h, and
(c) ZrB,-20 vol% SiC (ZFS) hot-pressed at 1900 °C for 2 h under 30 MPa.



from SiC correspond to those of hexagonal a-SiC. Cubic SiC is
usually regarded to be a low-temperature form (below ~ 1800 °C)
and to readily converts to an hexagonal SiC on heating to
temperature in the region of 2000 °C [19].
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Fig. 2. (a) SEM micrographs of hot-pressed ZrB,—20 vol% polycarbosilane (ZPS) and EDS patterns from (b) position b and (c) position c.

Fig. 2 shows an SEM micrograph of ZrB,-20 vol% PCS
(ZPS) hot-pressed at 1900 °C for 2 h and EDS spectra from
constituent phases of this microstructure. In the backscattered
electron mode of SEM, grains with higher average atomic
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Fig. 3. Transmission electron microscopy images of hot-pressed ZrB,—20 vol% polycarbosilane (ZPS); (a) TEM bright-field images and (b) STEM/HAADF

images.

weight appear in brighter contrast [20]. In the microstructure,
the gray matrix round particles are ZrB,, whereas the black
dispersed particles are SiC. ZrB,—SiC ceramics from PCS
samples have grain-growth-inhibited ZrB, surrounded by very
fine SiC particles. Moreover, the contiguity of SiC particles is
significantly enhanced with the addition of PCS. Considering
that the ceramic yield of PCS used in this study is about
~70%, which mainly depends on the molecular weight and
pyrolysis temperature of PCS [15,16], the volume fraction of
SiC in hot-pressed ZrB,—20 vol% PCS (ZPS) would be less
than that of SiC in hot-pressed ZrB,—20 vol% SiC. EDS
spectra confirm that the microstructure is composed of solely
ZrB, and SiC. In order to examine the microstructures of
hot-pressed ZPS in detail, the microstructures were character-
ized with transmission electron microscopy. Fig. 3 shows
the TEM/STEM microstructures of ZrB,—20 vol% PCS (ZPS)
hot-pressed at 1900 °C. In bright-field TEM images, diffraction
contrast should be observed due to the periodicity of the
atomic structure for the crystalline phases in the microstructure
[21]. In contrast, amorphous phases show little contrast in
bright-field images due to the absence of crystallinity. In
STEM images from HAADF detector, the elemental contrast
could appear like the BSE (back-scattered electron) mode [20].
Observed ZrB, or SiC is in a crystalline form, and equiaxed
ZrB, grains appear to be surrounded by fine SiC grains. A

substantial amount of porosity is present near the SiC particles
and amorphous carbon particles are also observed in the
microstructure.

3.2. Microstructures and physical properties of ZrB,—SiC
ceramics with a variety of SiC sources

Fig. 4 shows the SEM microstructures of ZrB,—SiC cera-
mics with a variety of SiC sources hot-pressed at 1900 °C for
2 h under 30 MPa pressure. As shown in Fig. 4, the size of
ZrB, or SiC particles in the final microstructure definitely
depends on the initial size of SiC. Measured grain sizes from
the microstructures are summarized in Table 2. While the size
of ZrB, is more than 10 pm in the case of fine SiC addition
(ZFS), SiC particles have a size of several micrometers. For the
addition of nano-size SiC (ZNS) or PCS (ZPS), ZrB, particles
with several micrometer sizes, which are close to the initial
particle size of ZrB,, are mainly observed in the final
microstructures. The effect of second-phase particles on grain
growth is known as the Zener effect [22]. If second-phase
particles are present at the grain boundaries of matrix phase,
these particles exert drag force against the boundary move-
ment, which results in grain-growth inhibition. The difference
in grain growth with SiC size would influence the physical
properties of ZrB,—SiC.
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Fig. 5 shows the hardness values of ZrB,—SiC ceramics at
elevated temperature. The hardness values increased with a
decrease in the size of ZrB, in the final microstructures.
The hardness is a mechanical property, which shows the
resistance to permanent plastic deformation upon applied
external pressure [23]. The hardness values decrease with the
testing temperature, which is attributed to the increasing
tendency towards plastic deformation due to dislocation move-
ment. The reported hardness values are 21-23 GPa for poly-
crystalline ZrB, but ~28 GPa for SiC [4]. Considering that the
hardness of composite is determined by a rule of mixtures
of each constituent phase [24], the addition of SiC results
o ——— in a slight increase in hardness. The other significant

factor regarding the hardness is the relationship between the
grain size and the mechanical properties, expressed by the
Hall-Petch relation [23]. From the results shown in Fig. 5,
the hardness of ZrB,—SiC ceramics decreases in the order of
ZNS > ZPS > ZFS. While the difference in hardness between
ZNS and ZFS is mainly attributed to the grain size of the
microstructure, the difference between ZNS and ZPS is
considered to result from the volume fraction of SiC and pores.

Fig. 6 shows the specific heat capacities and thermal
diffusivities of hot-pressed ZrB,-SiC with various SiC
sources. There are not significant differences in specific heat
capacities, since the specific heat capacities of composites
generally follow the rule of mixture. On the other hand, the
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Fig. 4. SEM micrographs of (a) ZrB,—20 vol% polycarbosilane (ZPS), (c) Fig. 5. Micro-Vickers hardness values as a function of the temperature of hot-
ZrB,-20 vol% SiC (ZFS) and (c) ZrB,—20 vol% nano-SiC (ZNS) hot-pressed pressed ZrB,—SiC ceramics with a variety of SiC sources hot-pressed at

at 1900 °C for 2 h under 30 MPa. 1900 °C for 2 h under 30 MPa.
Table 2
Composition, SiC sources, apparent density, and mean size of ZrB,-SiC ceramics hot-pressed at 1900 °C for 2 h under 30 MPa.
Composition SiC source Apparent density (g/cm®) Mean size(um?)
ZrB, SiC
ZPS Polycarbosilane 5.32 2.10 0.14 (from TEM)
ZFS Fine SiC (0.5 pm) 5.51 - 1.69

ZNS Nano-SiC ( < 100 nm) 551 4.27 0.62
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Fig. 6. (a) Specific heat capacity and (b) thermal diffusivity values as a

function of temperature of hot-pressed ZrB,—SiC ceramics with a variety of
SiC sources hot-pressed at 1900 °C for 2 h under 30 MPa.

conductivity, shows the percolation phenomena explained later.
Even with the same volume fraction of SiC, higher thermal
diffusivities are observed with the addition of nano-SiC or PCS
due to the enhanced contiguity. The percolation theory can be
applied to the description of conduction phenomena in ceramic
composites [25]. The percolation is generally defined as the
movement of fluids through porous materials. If discrepancies are
present in the conductivities between the matrix and dispersed
particles in composite ceramics, discrete characteristics of con-
ductivity in composite with the volume fraction or contiguity of
dispersed particles can be explained in terms of the percolation
theory. One of the typical phenomena is electric conduction in
composite materials between the insulating matrix and conductive
dispersants [26-28]. If conductive particles are dispersed in the
insulating matrix structure, the percolation threshold is referred to
the minimum volume fraction of particles added to the conductive
composite, which is mainly determined by insulating-to-
conductive particle-size ratio. The thermal conductivity of
ZrB,—SiC ceramics is also related to percolation [3,12,29].
Fig. 7 shows the calculated thermal conductivities of hot-
pressed ZrB,—SiC with various SiC sources. It is obvious that
ZNS or ZPS exhibits thermal conductivity values that are about
twice as large as those of ZFS. The reported thermal conductivity
of SiC (100-300 W/mK) [19] is larger than that of ZrB,
(~60 W/mK) [4]. As shown in He's work [26], the minimum
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Fig. 7. Thermal conductivity values calculated as a function of temperature of

hot-pressed ZrB,—SiC ceramics with a variety of SiC sources hot-pressed at
1900 °C for 2 h under 30 MPa.

volume fraction of a conducting particle in the insulating matrix,
the percolation threshold, is estimated to be 0.24 for electric
conduction, if the particle size of insulating particles is twice as
large as that of conducting particles. This percolation threshold
decreases to around 0.13 with the size ratio of 6, which means
that a smaller volume fraction is necessary for electric conduction
with larger size differences. In the case of thermal conduction in
ZrB,-SiC, thermal conductivity close to that of SiC is attainable
with the addition of smaller-sized SiC, while the volume fraction
of SiC is fixed around 20 vol.%.

4. Conclusions

In this study, ZrB,-SiC ceramics were fabricated by hot
pressing with a variety of SiC sources in order to examine the
effect of SiC size on the microstructures and physical properties,
such as hardness and thermal conductivities. ZrB,—SiC ceramics
are fabricated by using polycarbosilane (PCS) as a precursor for
SiC. PCS is effectively transformed into B-SiC after hot-
pressing. By using PCS as a precursor for SiC, ZrB, particles
are surrounded by fine particles of SiC, which results in grain-
growth inhibition of ZrB,. The effects of SiC size on the
microstructures and the physical properties of ZrB,—SiC cera-
mics were also investigated. ZrB,—SiC ceramics were produced
by using various SiC sources in order to investigate the grain-
growth inhibition and the mechanical/thermal properties of
ZrB,—SiC. The size of ZrB, or SiC particles in the sintered
bodies highly depends on the initial size of SiC. ZrB,-SiC
ceramics with nano or PCS-derived SiC show enhanced
mechanical properties, consistent with the Hall-Petch relation.
The thermal conductivities of ZrB,—SiC ceramics with smaller
SiC are higher than that of ceramics with conventional SiC,
which can be explained by the percolation theory.
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