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Abstract

Fully dense ZrB,—20vol% SiC (ZS) ceramics were fabricated by self-made high purity ZrB, and SiC powders hot-pressing at 1900 °C/
30 MPa. Their properties were compared with other ZS ceramics with the same nominal composition, but prepared by pressureless
sintering, using low purity commercially available powders. The hot-pressed composites show superior hardness (17.82 GPa), elastic
modulus (504 GPa), flexure strength (462 MPa at 25 °C and 463 MPa at 1300 °C in air), electrical conductivity (7.68 x 1076 Q™' m~" at
25 °C), thermal conductivity (93.7 W/(m K) at 25°C, 77.2 W/(m K) at 1200 °C) and a lower average thermal expansion coefficient
(6.66 x 107 K=" from 25 to 2000 °C) compared to the pressureless sintered materials. The improvement in these properties could be
primarily explained by the decrease of impurities and second phase levels in hot pressed samples.

© 2012 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

UHTC:s, the acronym of ultra-high temperature ceramics,
include the zirconium, hafnium and tantalum based borides,
carbides, nitrides and their composites. All of them possess
high melting points (near or above 3000 °C), high hardness,
good chemical stability and relatively high strength at ele-
vated temperatures. Another advantage of UHTCs is that
their corresponding oxides also have high melting points
(near or above 2000 °C) [1-3]. So UHTC:s are expected to be
used for thermal protection materials and sharp-leading-
edge components in future high Mach (7-20 M) hypersonic
flight, atmospheric re-entry vehicles as well as for rocket
propulsion hardware. In the family of UHTCs, borides have
relatively higher thermal conductivity, and ZrB, has the
lowest theoretical density (6.09 g/cm?®) among the borides.
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Furthermore, the incorporation of SiC (normally 20% in
volume) in ZrB, matrix significantly improves the oxidation
resistance, strength and fracture toughness of monolithic
ZrB, ceramics, so ZrB,—20 vol% SiC (ZS) ceramics become
the representative members in UHTCs [1,2]. For the intend-
ed applications, ZS ceramics have to be evaluated under
the convective flows with high speed (over 7Mach), high
temperature (> 1600 °C) together with significant concen-
trations of molecular or dissociated oxygen [1,3].

In order to make ceramics suitable for the mentioned
applications in extreme environments, apart from a high
melting point, numerous mechanical and physical proper-
ties should also be satisfied [4]. Firstly, they should be
strong enough at higher temperatures, i.e., excellent high
temperature strength, which is an important aspect for
evaluating the load-carrying capacity of ZS materials at
the service temperatures. Secondly, they should exhibit
excellent thermal-physical properties. As we know, high
thermal conductivity of ceramics is helpful to reduce the
temperature gradients and thermal stresses in the com-
ponents induced by cooling down from high temperatures,
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and thus beneficial to the thermal shock resistance of ZS
ceramics. Therefore, comprehensive investigations of the
properties of sintered ZrB,—SiC ceramics and on effective
methods to improve them are very important.

Most of the mechanical and physical properties of UHTCs
are associated with and could be further tailored by the
nature of starting powders, e.g., their particle sizes [5-7],
morphologies [8] and purities [9,10]. Among these factors, the
impurities in ZrB,, especially for the oxygen impurity, attract
more interests [1,11]. It will not only inhibit the densification
behavior of ZS ceramics [11] but could decrease its high
temperature strength [6] by the formation of glass phases as
well. In this paper, high-purity ZrB, powder, synthesized by a
boron/carbon thermal reduction method, was chosen as the
starting material, and mechanical, thermal and electrical
properties of hot pressed ZrB,—20 vol% SiC ceramics from
room to high temperature were systematically investigated.
Data from the literature [12] were used for comparison and
discussion.

2. Experimental procedures

The raw materials used were ZrB, powder provided by our
group (Dso=1.05 um, purity 98%, O 0.46%, C 0.1%, Hf
1.10%, others <0.1%) and commercial alfa-SiC powders
(Dso=0.45 um, purity 98.5%, Changle Xinyuan Carborun-
dum Micropowder Co. Ltd, Changle, China). Powder
mixtures with compositions of 80 vol% ZrB, and 20 vol%
SiC were mixed for 24 h in a polyethylene jar using acetone
and SizNy balls, and dried through rotary evaporation. Hot
pressing sintering was conducted for 1 h at 1900 °C with a
pressure of 30 MPa using graphite dies in a flowing argon
atmosphere, and the corresponding sample was marked as
HP-ZS for simplicity. Another ZrB,—20 vol% SiC ceramics
(PLS-ZS) were used for a comparison [12], which were
pressureless sintered at 2100 °C by commercial available
ZrB, (Dsp=2.5 pum, purity >93.50%, Dandong Chemical
Co. Ltd., Dandong, China) and SiC (Dsy=0.5 pm) powders.
In order to accelerate the pressureless densification process of
PLS-ZS, 3 wt% C and 0.5 wt% B4C were added as sintering
aids. The details in the processing and properties of PLS-ZS
have been reported elsewhere [12].

Vickers’ hardness and indentation fracture toughness of
HP-ZS and PLS-ZS were determined from the average of
at least ten indents produced using a 5 Kg load, with 10s
hold, on a polished surface of the specimens. The tough-
ness can be calculated by the following equations [13]:

—(3/2)
Kie =P[n<c1 jCQ)} (tang)™! (1)

where, P is the indentation load, C; and C, are the
measured diagonal crack lengths (m), and f is the angle
constant (68°).

The flexure strength at room and high temperature was
measured in three-point bending in flowing air, with bar
dimensions of 3 x 4 x 36 mm°. The elastic modulus was

obtained from the load—displacement curves as well as
from an impulse excitation method.

Thermal expansion coefficient (TEC) of rectangular
specimen (4.3 x 4.3 x 25 mm?) was obtained using a dilat-
ometer (Dil-402E, Netzsch, Selb, Germany) from room
temperature to 2000 °C in argon. The final results were
corrected by a standard graphite sample from Poco
Graphite. Electrical conductivity measurement were car-
ried out by a four-point probe method using samples with
dimensions of 2 x 2.5 x 25 mm?® in the temperature range
of 25-600 °C in argon. Four Cu probes (two inner current
probes and two outer voltage probes) were fixed on the
sample by silver paste. Thermal diffusivity (x) was mea-
sured on a carbon coated disk with a diameter of 10.7 mm
and a thickness of 2 mm using a laser flash method from
room temperature to 1200 °C in vacuum. The specific heat
capacity (C,) of ZS was mass-averaged using theoretical
densities and nominal volume fractions, data from the
NIST-JANAF tables for alfa-SiC (cr) and ZrB, (cr). The
thermal conductivity (4) is calculated based on the thermal
diffusivities (), heat capacities (C,) and the measured
density of ZS (p), according to the following equation:

A=0aCpyp 2)

3. Results and discussions

The polished and etched surfaces of HP-ZS and PLS-ZS
ceramics are shown in Fig. la and b, and both of them
reached a relative density of over 99% (Table 1). Benefiting
from the finer starting powders, the assistance of the
applied pressure and the relatively lower sintering tem-
perature, the grain sizes of ZrB, (2.7 um) and SiC (2.0 pm
in length) in HP-ZS are obviously smaller than those in
PLS-ZS, which are about 6.0 um and 3.0 pm in length,
respectively. The grain refinement leads to an increase of
the number of grain boundaries in HP-ZS directly,
and grain boundaries could pin dislocations induced by
indentation. A substantially higher hardness was observed
in HP-ZS (17.8 GPa) compared to that in PLS-ZS
(14.7 GPa). Again, smaller grain size is also thought to
be the main reason for the higher room temperature
strength of HP-ZS (462 + 47 MPa) compared to PLS-ZS
(361 + 44 MPa). Elastic modulus (E) is normally regarded
as independent of the microstructure in ceramic, while E is
higher in HP-ZS. The reason should be attributed to the
additional phases in PLS-ZS, e.g., carbon, which has low
modulus. Moreover, E calculated from bending test (for
HP-ZS, 454 GPa) is significantly lower than that from the
impulse excitation method (504 GPa) or the mixture rule
(~490 GPa, considered Ez, =500 GPa and Egc=450
GPa), which implies an artifact exists in the former testing
method. Alireza [5] reported that the fracture toughness
(Kic) decreased with the increase of SiC grain size in ZrB,—
SiC ceramics. However, the Kjc value of HP-ZS is actually
lower than that of PLS-ZS in spite of the larger SiC grain
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Fig. 1. The polished and etched surfaces of HP-ZS (a) and PLS-ZS (b) ceramics, (c) and (d) are the fracture surface of HP-ZS and PLS-ZS ceramics,
(e) shows no obvious crack deflection in HP-ZS, while crack deflection and crack branching was found in PLS-ZS (f).

Table 1
Comparison of density and grain size between HP-ZS and PLS-ZS.
Properties Units HP-ZS PLS-ZS
Density g/em?® 5.54 5.18
Open porosity % 0.06 0.23
Relative density Y% >99 99.3
Grain sizes
ZrB, pm 27+19 6.3+3.1
Sic Length ~2.0 Length ~6.0
Width ~1.3 Width ~3.0

size in PLS-ZS. The decrease of Kjc in HP-ZS is probably
associated with its stronger grain boundary. As shown in
Fig. 1c, the fracture of HP-ZS was predominantly inter-
granular, while a mixture of transgranular and intergra-
nular fracture modes were found in PLS-ZS (Fig. 1d).
Thus, compared to PLS-ZS (Fig. 1f), several mechanisms

for toughening, such as crack deflection and bridging, were
not operating in HP-ZS (Fig. le), which may explain its
lower toughness (3.4 + 0.5 MPa m'/?) compared with PLS-
7S (4.0 + 0.5 MPa m'’?).

The strength increase of HP-ZS is more obvious at
higher temperature, which is 478 + 25 MPa for HP-ZS vs.
261 £+ 45 MPa for PLS-ZS at 1200 °C. Increasing the test
temperature to 1300 °C shows no clearly visible strength
degradation of HP-ZS, and its fracture strength at 1300 °C
(463 +40 MPa) in air is comparable to that at room
temperature (462 +47 MPa). A glassy layer was found
on the fracture surface (Fig. 2). The formation of glass
phase is thought to be helpful for the crack healing on the
tensile surface of the bars, and thus it is helpful to retain
the strength of HP-ZS at 1300 °C. However, such enhance-
ment is only available when the testing temperature is
lower than the softening temperature of grain-boundary
phase, and that is why the strength of HP-ZS at 1200 °C
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was predominantly higher than that of ceramics sintered
from commercial powders with or without oxide additions
(250280 MPa [14] in Table 2).

Thermal strains (AL/Lg ') and TEC of HP-ZS and PLS-
ZS as a function of temperature are plotted in Fig. 3a and
b. These thermal expansion curves could be well fitted by a
third order polynomial below 1700 °C, similar to the
results in other polycrystalline ceramics [15]. Nevertheless,
above 1700 °C, the changes of thermal strains with tem-
perature for HP-ZS seem to become linear. The average
TEC of HP-ZS and PLS-ZS from 25 °C to 1200 °C was
determined to be 6.09x107° and 6.99x 107 °K™',
respectively. Considering that TEC is partially affected
by the average bonding strength of the specimen, the lower
TEC in HP-ZS implies its bonding is stronger than that of
PLS-ZS and sample listed in Table 2, which makes this
material more resistant to thermal shock. The average
TEC for HP-ZS from 25 °C to 2000 °C is 6.66 x 10 * K",
and TEC has been found to be proportional to the molar
heat capacity [15]. Hence, TEC of ZS should approach a
constant value for temperature over the Deby temperature
based on the temperature dependence of its heat capacity.
TEC of HP-ZS nearly keeps a constant below 1700 °C
(Fig. 3a) as predicted. However, an obvious fluctuation
and a tendency of decrease occurs when temperature is
higher than 1700 °C. It could be inferred by a combination

T

20.0kV x300 20pm —

Fig. 2. The fractural surface of HP-ZS at 1300 °C.

Table 2

of several phenomenon, e.g., the grain sliding or partial
creep of HP-ZS occurring at such a high temperature, since
a small mechanical force needs to be applied on the sides of
the specimen during TEC test. The current speculation of
grain sliding has also been supported by several researches
on high temperature creep and strength of ZS ceramics
[6,16]. Anyway, the TEC of HP-ZS at 2000 °C is still
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Fig. 3. Thermal expansion curves (a) and thermal expansion coefficients
(b) of HP-ZS and PLS-ZS as a function of temperature.

Comparison of mechanical and thermal-physical properties of HP-ZS, PLS-ZS and results from literature.

Materials E (GPa) Hv (GPa) K¢ g (MPa) TEC Electrical Thermal conductivity
(MPa-m'?) (107°K™h conductivity W/(m K)
(25-1200°C) Q@ 'm~1
25°C 1200 °C 25°C 1200 °C
HP-ZS 504 17.8 3.4+0.2 462+47  478+25  6.09 7.68 x 10° 93.7 772
PLS-ZS [12] / 14.7 40+0.5 361 +44 261 +45 6.99 7.51 % 10° 94.1 62.3
ZrB-20% / 14.6 / 730 £100 250+ 10 7.45 6.67 x 10° / /
SiC-4Si3N, [15]
ZrB-19% 421 14.2 4.5540.1 710110 280+20 7.39 6.25 x 10° / /

SiC-Si;N,~Y,03-Al,05 [15]
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Fig. 4. Temperature dependence of electrical conductivity (a) and thermal conductivity (b) of HP-ZS and PLS-ZS, the thermal data shown for PLS-ZS

are from literature [12].

positive, indicating that enough stiffness still retained at
such a higher temperature.

The electrical conductivity (o) of HP-ZS is higher than
that of PLS-ZS at 25-500 °C, as shown in Fig. 4a. The
reason could be explained by some additives with low
electrical conductivity left in PLS-ZS, such as B4C and
Zr0O,. However, the differences are not obvious within this
temperature range. At room temperature, the electrical
conductivities of HP-ZS and PLS-ZS are 7.68 x 10° and
7.51 x 10°Q~"m™", respectively. They are higher than in
a series of ZrB,—SiC—ZrC ceramics with different com-
positions (0.9-4.5x 10°Q~'m~") [17], but lower than
those of ZrB, ceramics with (10-30)vol% ZrSi, additions
(9.6-11.9x10°Q " "'m~") [18], due to the existence of
larger electrical resistivity of SiC phase. Generally, the
electrical conductivity of HP-ZS and PLS-ZS ceramics
decreases with the increasing temperature, indicating a
metallic characteristic of ZS ceramics. The ¢ value of ZS
ceramics mainly comes from the contribution of the
electrons in the Zr 4d orbit, which makes the electronic
density of states of ZrB, near the Fermi level larger than
zero [19]. The temperature dependence of electrical resis-
tivity of ZS ceramics can be fitted according to Eq. (3):

p(u Q@ m) = po(1-p(273.15-T)) (€)

where p is the electrical resistivity at 273.15K (u Q™ 'm™"),
T is the absolute temperature (K), and f is the temperature
coefficient of resistivity (K ~'). The § value is very similar for
HP-ZS and PLS-ZS, 42x 107K~ and 46x 10 °K™!
respectively, slightly lower than for the ZS ceramics reported
by Tye and Clougherty (4.8 x 10™* K~ ") [20].

The thermal conductivity (1) comparisons of PLS-ZS
and HP-ZS are shown in Fig. 4b. In general, 4 decreases
with increasing temperature, especially in the range from
300 K to 1200 K. Above this temperature, no remarkable
change of 1 was observed. At room temperature, Ayp.zs
(93.7W/(m K)) and Zprs.zs (94.1 W/(m K)) are similar,
but Jprs.zs decreases more quickly than App.zs when
temperature increases. So Aprs.zs is lower than Ayp.zs
above 400 K. It is well established that at moderate

temperature, when the contribution on thermal conductiv-
ity by photon could be neglected, the total thermal
conductivity (A;,:7) is equal to the sum of the contributions
from electron (4. and phonon (4,) [21]:

Arotal = /Ie + lph (4)

According to Wiedemann and Franz Law, the ratio of 4,
and o, is proportional to Lorentz number (Eq. (5)) [21], so
Je and A, as a function of temperature could be calculated
based on Eqs. (4) and (5) separately, as shown in Fig. 4b.

A

where L (Lorentz number) is 2.443 x 10~% (J QK ~?) and
T is the absolute temperature (K)

In both samples, the proportion of A, in A, is higher
than that of 4, in all temperature ranges. From Fig. 4, 4, is
not very sensitive to the change of temperatures while 2,
decreases with the increase of temperatures. Therefore, the
contribution of 4, in 4,,,, increases with temperature. It
could also be found that lower Apjg.zs at higher tempera-
tures is mainly a result of its lower 4,, compared to that of
Zup.zs. Zpn can be expressed as the product of bulk density
of the sample, the velocity, and the mean free path of the
phonon. The former two factors are considered as constants
which are independent of temperature in present work. The
average grain size in PLS-ZS is larger than that of HP-ZS.
Increasing grain size means reducing the number of grain
boundaries, so the mean free path for phonon should be
larger in PLS-ZS than in HP-ZS. On the contrary, Agp.zs is
larger than Aprs.zs. The reason is that the scattering of
phonon is supposed to be minimized in HP-ZS benefiting
from the high purity starting ZrB, powders, i.e. without the
formation of solid solution by incorporating impurities, and
the lack of external phases. It shows that the thermal
resistance at ZrB, or SiC/impurity boundary is more
important than that at ZrB,/SiC or ZrB,/ZrB, based on
the current results. In PLS-ZS, the impurities, carbon and
boron carbide additions probably act as phonon scattering
sites, which accelerate collision through phonon—phonon
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and phonon-lattice, especially at higher temperature. In
return, the mean free path of phonon as well as the thermal
conductivity of PLS-ZS decreased.

4. Conclusions

A ZrB,-20 vol% SiC composite was fabricated by hot-
pressing method using high purity ZrB, and SiC powders.
The mechanical, thermal and electrical properties of the
composite were comprehensively investigated and com-
pared with those from pressureless sintered samples by
commercial powders with low impurity. The strength of
HP-ZS at 1200 °C in air is 478 + 40 MPa, which is 1.86
times larger than that measured for PLS-ZS at the same
temperature, and the thermal conductivity of HP-ZS at
1200 °C is as high as 77.2 W/(m K), significantly larger
than that of PLS-ZS (62.3 W/(m K)). Based on the present
results, by choosing high purity starting powders, the
improved properties of ZS ceramics, especially for the
high temperature strength and thermal conductivity, could
be substantially realized.
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