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bstract

rB2–SiC composites were fabricated by spark plasma sintering (SPS) using TaSi2 as sintering additive. The volume content of SiC was in a range
f 10–30% and that of TaSi2 was 10–20% in the initial compositions. The composites could be densified at 1600 ◦C and the core–shell structure with
he core being ZrB and the shell containing both Ta and Zr as (Zr,Ta)B appeared in the samples. When the sintering temperature was increased
2 2

p to 1800 ◦C, only (Zr,Ta)B2 and SiC phases could be detected in the samples and the core–shell structure disappeared. Generally, the composites
ith core–shell structure and fine-grained microstructure showed the higher electrical conductivity and Vickers hardness. The completely solid

oluted composites with coarse-grained microstructure had the higher thermal conductivity and Young’s modulus.
2010 Elsevier Ltd. All rights reserved.
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. Introduction

Recently, ZrB2 has been considered as the promising thermal
rotective materials for reentry spacecrafts due to its low density
6.11 g/cm3), high melting point (3250 ◦C), high elastic modulus
491 GPa), high hardness (23 GPa), high thermal conductivity
56 W/m K), good high temperature oxidation resistance, and
xcellent thermal shock resistance.1–4 During the dropping in
he atmosphere of earth, the nose cap and leading edge of space-
rafts need to endure the high temperature up to 2200 ◦C and high
peed ions ablation.5 According to the entry simulation (arc-jet)

esting, SiC reinforced ZrB2 composites possess the remark-
ble anti-ablation capability and oxidation resistance.6,7 Also,
he introduction of SiC particles into ZrB2 matrix enhances the
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racture toughness of composites from 2 to 4 MPa m1/2, which
pgrades the use reliability.8 In previous reports, many works
ave focused on investigating the in situ synthesis, low tem-
erature sintering, particle or whisker toughening, as well as the
elationship between microstructure and properties of ZrB2–SiC
omposites.3,9–11 For the investigation branch about low temper-
ture sintering, there are mainly two ways. The first way is using
he deoxidized carbides, such as B4C, WC, or VC, to remove
he surface oxides of ZrB2 for promoting the sintering.12–14

he second way is selecting the low melting point additives,
uch as MoSi2 (melting point, 2020 ◦C) or TaSi2 (melting point,
040 ◦C) to form the plastic interface phases.15–17 For using
aSi2 as sintering aid, Opila et al.16 and Peng and Speyer18

ound that the introduction of TaSi2 into ZrB2–SiC could further
nhance the oxidation resistance of composites. Additionally,
almy et al.19 reported that solid solution appeared in ZrB2–10,

0, and 30 vol.% TaSi2 composites sintered at 2000 ◦C by hot
ressing, which formed the core–shell structure with the core
eing ZrB2 and the shell containing both Ta and Zr as (Zr,Ta)B2.
his phenomenon was associated with the decomposition of

dx.doi.org/10.1016/j.jeurceramsoc.2010.05.013
mailto:SAKKA.Yoshio@nims.go.jp
dx.doi.org/10.1016/j.jeurceramsoc.2010.05.013
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Table 1
Initial compositions for preparing ZrB2–SiC composites.

Compositions 1010 2010 3010 2020 3020

ZrB2 (vol.%) 80 70 60 60 50
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Z
Z
Z
Z
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iC (vol.%) 10 20 30 20 30
aSi2 (vol.%) 10 10 10 20 20

aSi2 and solid solution between Ta–Si phase and ZrB2, which
as proved by Sciti et al.20 who found that TaxSiy phase con-

aining a certain amount of Zr existed in ZrB2–15 vol.% TaSi2
omposite prepared by hot pressing at 1850 ◦C. The core–shell
tructure indicates the heterogeneous microstructure character-
stic of composites. It is a sub-stable structure which is prone to
ecome stable by atoms diffusion. For eliminating the core–shell
tructure of crystals, Talmy et al.19 considered that an increase
n holding time probably contributed to complete the formation
f the solid solutions.

In present work, dense bulk ZrB2–SiC composites were fab-
icated at 1600–1800 ◦C by spark plasma sintering using TaSi2
s additive.21–23 It was found that increasing the sintering tem-
erature was an effective way to remove the core–shell structure.
he microstructure, physical, and mechanical properties of as-
repared ZrB2–SiC composites with and without core–shell
tructure were investigated and compared.

. Experimental procedures

Commercial ZrB2 (99%, 2 �m) (Rare Metallic Co., Ltd.,
apan), �-SiC (99%, 0.55 �m) (Yakushima Denko Co., Ltd.,
apan), and TaSi2 (99%, 2–5 �m) (Japan New Metals Co., Ltd.,
apan) powders were used to fabricate the composites. The
esigned initial compositions are listed in Table 1. The volume
ontent of SiC was in a range of 10–30%, and that of TaSi2
as 10–20%. The powders were weighed by an electrical bal-

nce with the accuracy of 10−2 g. The weighed powders were
ixed for 24 h in a SiC jar with ethanol as the dispersant. The
illing media were silicon carbide balls. After milling, the mix-
ures were dried in air and then sieved using a 125 mesh sieve.
irstly, the mixture was put into a graphite die with a diameter
f 20 mm. A layer of flexile graphite paper (∼0.2 mm thickness)
as put into the inner part of die for lubrication, and a layer of

m
C
a

able 2
ypical physical and mechanical properties of ZrB2–SiC composites sintered at 1600

amples Sintering
temperature (◦C)

Density (g/cm3) Electrical conductivity
(×105 �−1 m−1)

Therm
(W/m

S1(1010) 1600 5.50 16.18 ± 1.42 42.89
S2(2010) 1600 5.30 12.83 ± 1.78 45.25
S3(3010) 1600 5.07 8.07 ± 0.63 44.90
S4(2020) 1600 5.59 10.19 ± 1.19 39.82
S5(3020) 1600 5.32 5.82 ± 1.05 46.32
S6(1010) 1800 5.50 14.46 ± 0.96 45.60
S7(2010) 1800 5.34 13.66 ± 0.79 46.92
S8(3010) 1800 5.11 8.25 ± 0.40 53.33
S9(2020) 1800 5.64 8.89 ± 0.61 46.99
S10(3020) 1800 5.42 5.20 ± 0.25 51.35
amic Society 30 (2010) 2625–2631

arbon fiber was used to wrap the die for inhibiting the rapid
eat diffusion. Then the mixture was cold-pressed as a compact
reen and the green together with the die was heated in a spark
lasma sintering facility (100 kN SPS-1050, Syntex Inc., Japan)
n vacuum (10−2 Pa). Each pulse lasted 3.3 ms and the duty cycle
as 12 pulses on and 2 pulses off. The sintering temperature
as measured by an optical pyrometer focusing on a hole in

he wall of die. From ambient temperature to 700 ◦C, it took
min to heat the sample. Then the temperature was increased
p to annealing temperature with a heating rate of 100 ◦C/min.
he annealing temperatures were selected as 1600 and 1800 ◦C,

espectively. The vacuum level was recorded in turn of residual
ressure. The holding time was 5 min. The sintering displace-
ent versus temperature was recorded simultaneously and at

ast corrected using a known thermal expansion of graphite die.
uring the sintering, the uniaxial pressure was increased up to
0 MPa before 1000 ◦C. After sintering, the sample was cooled
own to ambient temperature with the cooling rate of furnace.
he contaminations on the surface of samples were removed by
diamond grinding wheel. Respectively, the sintered samples
ere denoted as ZSn (n = 1–10) (Table 2).
All the samples were ground and polished down to 1.0 �m

iamond grits. The densities of as-prepared samples were mea-
ured by the Archimedes method. Phase compositions in the
amples were examined by an X-ray diffraction (XRD) ana-
yzer (JDX-3500, JEOL Ltd., Japan) with Cu K� radiation. The
canning speed was 2◦/min. Lattice parameters of solid soluted
exagonal ZrB2 were calculated according to the interplaner
pacing equation and Bragg equation based on the XRD data.
he morphologies of polished and fracture surface of samples
ere investigated by a scanning electron microscope (SEM)

JSM-6500, JEOL Ltd., Japan) equipped with an energy disper-
ive spectroscopy (EDS) system. Vickers hardness measurement
as conducted by a microhardness tester (MVK-E, Akashi Co.,

apan) under a load of 9.8 N. For each sample, nine indents
ere made. The elastic property was evaluated by an ultra-

onic equipment (TDS 3034B, Tektronix Inc., USA). For each
ample, it was tested for three times. The evaluation of frac-
icrofracture (IM) method. A hardness tester (AVK-A, Akashi
o., Japan) was adopted to produce the diagonal cracks. The
pplied load was 49 N. The lengths of diagonal cracks were

◦C (ZS1–5) and 1800 ◦C (ZS6–10) by spark plasma sintering.

al conductivity
K)

Vickers hardness
(GPa)

Fracture toughness
(MPa m1/2)

Young’s modulus
(GPa)

± 0.50 19.8 ± 0.8 4.03 ± 0.28 453.7 ± 0.8
± 0.51 20.7 ± 0.9 4.02 ± 0.74 459.3 ± 1.7
± 0.49 22.4 ± 1.6 4.47 ± 0.36 453.6 ± 1.4
± 0.29 21.8 ± 0.8 4.58 ± 0.18 450.7 ± 1.6
± 0.17 21.5 ± 1.7 4.79 ± 0.44 437.6 ± 1.5
± 0.48 20.8 ± 1.3 4.03 ± 0.61 463.9 ± 1.6
± 0.15 19.4 ± 1.3 4.40 ± 0.96 463.2 ± 1.0
± 0.47 21.2 ± 1.2 4.59 ± 0.61 460.7 ± 0.7
± 0.78 20.3 ± 0.7 4.89 ± 0.78 453.1 ± 1.3
± 0.52 20.1 ± 0.8 4.76 ± 0.41 452.9 ± 0.6
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ig. 1. Displacement as a function of sintering temperature during spark plasma
intering. Inner figure shows the furnace pressure change for ZS8 sample.

easured by SEM. For each sample, six indents were used.
he electrical conductivity was measured using the four-wire
robe at room temperature. The applied constant current was
0 mA supplied by a DC precision current source (Model 6220,
eithley, OH). The current–voltage (IV) characteristics of sam-
les were recorded using a digital nanovoltmeter (Model 2182,
eithley, OH). Additionally, thermal conductivity measurement
as performed by a Xenon flash apparatus (LFA447 Nanoflash,
ETZSCH, Germany) at room temperature. A disk specimen
ith a dimension of Φ10 mm × 2 mm was used. A layer of col-

oidal graphite spray was coated on the surface of sample for
nhancing the absorption of Xenon light pulse energy and the
mission of infrared (IR) radiation to the temperature detector.

. Results and discussion

.1. Synthesis and microstructure

Fig. 1 shows the sintering displacement curves versus sin-
ering temperature up to 1800 ◦C. It is seen that above 1550 ◦C
he slope of sintering displacement begins to decrease. When
he sintering temperature is above 1680 ◦C, the displacement
pproaches a constant. Additionally, it is observed that when
he sintering temperature is above 1500 ◦C the furnace pressure
ncreases rapidly; while above 1680 ◦C, the furnace pressure
ecreases rapidly. From 1100 to 1550 ◦C, the large slope of
isplacement might be ascribed to the rapid decrease of poros-
ty in the sintered samples. In present composites, TaSi2 was
dded for improving the sinterability. It is known that the melt-
ng point of TaSi2 is 2040 and 1550 ◦C is close to the 0.8 of

elting point (1632 ◦C).24 The plastic deformation of TaSi2 at
igh temperature might induce the continuous increase of dis-
lacement above 1550 ◦C. However, the plastic deformation was

omparatively slow corresponding to the decrement of displace-
ent slope. In addition, the solid solution of Ta atoms into ZrB2

ould form (Zr,Ta)B2.19 The decomposed silicon from TaSi2
robably evaporated in the high vacuum, which was associated

p
W
X
s

ig. 2. X-ray diffraction (XRD) patterns of ZrB2–SiC composites with TaSi2
dditive sintered at 1600 ◦C: (a) ZS1, (b) ZS2, (c) ZS3, (d) ZS4, and (e) ZS5.

ith the increase of furnace pressure. Above 1680 ◦C, the solid
olution of Ta atoms into ZrB2 might have completed and the sil-
con was still evaporating from the samples but the total amount
f silicon in sample was decreasing. Therefore, the furnace pres-
ure declined. At 1800 ◦C, the furnace pressure reached stability,
hich might be ascribed to the complete evaporation of sili-

on. It is considered that when the composites were sintered at
600 ◦C, the solid solution was formed and the core–shell struc-
ure probably existed in the composites. And when the sintering
emperature was increased up to 1800 ◦C, the solid solution was
ompleted and the core–shell structure possibly disappeared.
herefore, 1600 and 1800 ◦C were selected for preparing the
omposites with and without core–shell structure.

Fig. 2 displays the X-ray diffraction patterns of composites
intered at 1600 ◦C. It is obviously seen that in the composites
he solid solution (Zr,Ta)B2 coexists with ZrB2. In ZS1–3 sam-
les, ZrB2 is the main phase; while in ZS4 and ZS5, (Zr,Ta)B2
ecomes the primary component. In ZS1–3, TaSi2 has com-
letely disappeared; and in ZS4 and ZS5, just few TaSi2 exist
ue to the incomplete decomposition. That is, the final content
f SiC in the ZS1–5 composites has changed, as about 11.11,
2.22, 33.33, 25, and 37.5 vol.%, respectively. With more SiC
nd TaSi2, i.e., the less ZrB2 in the initial compositions, the
iffraction peaks of (Zr,Ta)B2 in the sintered samples deflect
o higher angles. It is known that Ta atom radius (0.146 nm) is
maller than that of Zr (0.162 nm).25,26 The introduction of Ta
toms into ZrB2 would constrict its crystal structure, leading
o the decrease of lattice parameters.19 The calculated c value
f (Zr,Ta)B2 gradually decreases as 0.3501, 0.3490, 0.3484,
.3472, and 0.3469 nm in ZS1–5 samples, which means that
he Ta molar ratio in (Zr,Ta)B2 gradually increases in the order
f ZS1–5. Additionally, a little ZrO2 were detected in the com-
osites, which might be introduced during the milling process.27
hen the sintering temperature was increased up to 1800 ◦C, the
RD spectra of composites are shown in Fig. 3. Obviously, it is

een that no diffraction peaks of ZrB2 exist again. The diffraction
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Fig. 4. Scanning electron microscope (SEM) micrographs of polished surface
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1600 ◦C, the electrical conductivity of composites (ZS1–3) con-
ig. 3. XRD patterns of ZrB2–SiC composites with TaSi2 additive sintered at
800 ◦C: (a) ZS6, (b) ZS7, (c) ZS8, (d) ZS9, and (e) ZS10.

eaks of (Zr,Ta)B2 deflect to the higher angles in the order of
S6–10. The calculated c value of (Zr,Ta)B2 also shows the grad-
al decrease as 0.3511, 0.3501, 0.3498, 0.3485, and 0.3481 nm
n ZS6–10 specimens, which indicates the gradual increase of Ta

olar ratio in (Zr,Ta)B2 solid solution. In addition, by compar-
ng the c values of (Zr,Ta)B2 in the samples sintered at 1600 and
800 ◦C using the same initial compositions, it is seen that those
n the composites synthesized at 1600 ◦C are higher. It is revealed
hat when the samples were sintered at 1600 ◦C, the shell struc-
ure probably caused the separation of diffraction peaks due to
he solid solution. The shell possessed the higher Ta molar ratio
n comparison with core. While when the samples were fabri-
ated at 1800 ◦C, solid solution completed in the composites,
.e., Ta atoms have homogeneously distributed in the (Zr,Ta)B2
rains, and the core–shell structure has disappeared correspond-
ng to the disappearance of ZrB2 diffraction peaks. Therefore,
a molar ratios of (Zr,Ta)B2 in the samples sintered at 1800 ◦C
re lower than those of corresponding specimens prepared at
600 ◦C under the same initial compositions.

Fig. 4 shows the polished surface of ZS1 and ZS6 sin-
ered at 1600 and 1800 ◦C, respectively. It is observed that
he core–shell structure apparently exists in the ZS1 sample
abricated at 1600 ◦C (Fig. 4(a)). (Zr,Ta)B2 solid solution (grey-
hite) distributes around ZrB2 grains (grey-black) to form shell.
t 1800 ◦C, the (Zr,Ta)B2 solid solution homogeneously dis-

ributes in the ZS6 sample and no single phase ZrB2 could be
etected by EDS analysis (Fig. 4(b)). The insert EDS pattern
hows that the grey-white grains combine the elements of Zr,
a, and B as (Zr,Ta)B2. Fig. 5 shows the polished and frac-

ure surface of ZS4 and ZS9 samples. No apparent pores can
e observed in the polished surface of samples, which indicates
he full densification of composites. In Fig. 5(a), the polished
urface shows the typical core–shell grains combining the SiC

articles; while in Fig. 5(c), only single phase (Zr,Ta)B2 and SiC
an be found. In the fracture surface of ZS4 sample, the domi-
ant fracture mode is transgranular (Fig. 5(b)), which is probably

t
1
c

f (a) ZS1 and (b) ZS6, showing the phase distribution of ZrB2 (grey-black),
Zr,Ta)B2 (grey-white), and SiC (black). Insert in (b) is the energy dispersive
pectroscopy (EDS) analysis of (Zr,Ta)B2 grain.

scribed to the strong bonding among (Zr,Ta)B2 shells. In the
racture surface of ZS9, there are the multiplex fracture modes
ncluding transgranular and intergranular (Fig. 5(d)). The big-
er particle size of (Zr,Ta)B2 and SiC in ZS9 sample might be
ttributed to the growth of particles when sintered at higher tem-
erature. The mean grain sizes of core–shell ZrB2 and SiC in
S4 are close to the initial powders as 2 and 0.55 �m, respec-

ively. It means that at low temperature the sintering did not
ccelerate the growth of particles. However, the average particle
izes of solid solution (Zr,Ta)B2 and SiC in ZS9 are 4 and 2 �m,
espectively. That is, the composites sintered at 1600 ◦C possess
he finer microstructure.

.2. Physical and mechanical properties

The typical physical and mechanical properties of compos-
tes are listed in Table 2. It is seen that the electrical conductivity
f composites with the same volume content of TaSi2 additive
ecreases with increasing SiC volume content when sintered
t the same temperature. When the samples were prepared at
aining 10 vol.% TaSi2 in the initial compositions decreases from
6.18 to 8.07 × 105 �−1 m−1 and those of samples (ZS4 and 5)
ontaining 20 vol.% TaSi2 in the initial compositions decreases
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Fig. 5. SEM micrographs of polished and fract

rom 10.19 to 5.82 × 105 �−1 m−1. For the samples sintered at
800 ◦C, the electrical conductivity of composites also yields the
ame decreasing tendency with increasing SiC content. The elec-
rical conductivity of ZS6–8 composites decreases from 14.46
o 8.25 × 105 �−1 m−1, and those of ZS9 and ZS10 specimens
eclines from 8.89 to 5.20 × 105 �−1 m−1. This decrease is
ainly due to the increasing content of low electrical conductive
iC (semiconductor).8 Probably, there is another reason that the
ormation of (Zr,Ta)B2 solid solution would decrease the elec-
rical conductivity because of the lower electrical conductivity
f TaB2 (about 1.16 × 106 �−1 m−1) than that of ZrB2 (about
.55 × 106 �−1 m−1).28 Similarly, Rahman et al.29 has deter-
ined that in the ZrB2–TiB2 system the solid solution of Ti

toms into ZrB2 decreased the electrical conductivity due to
he higher room temperature resistivity of TiB2. It is considered
hat more Ta atoms entering into ZrB2, i.e., higher Ta molar
atio, would lead to lower electrical conductivity of (Zr,Ta)B2.
n addition, by comparing the composites prepared using the
ame volume content of SiC in the initial compositions and
intered at the same temperature, it is seen that the electrical
onductivity decreases with the increment of TaSi2. In compar-
son with ZS4 and ZS5, ZS2 and ZS3 show the higher electrical

onductivity, respectively. Possibly, it is due to the less volume
ontent of ZrB2 and (Zr,Ta)B2 and the higher Ta molar ratios
f (Zr,Ta)B2 in ZS4 and ZS5. Also, ZS7 and ZS8 show the
igher values of electrical conductivity in comparison with ZS9

t
u
p
t

rface of (a) and (b) ZS4, and (c) and (d) ZS9.

nd ZS10, respectively, which is probably associated with the
ess (Zr,Ta)B2 content and higher Ta molar ratios of (Zr,Ta)B2 in
S9 and ZS10. On the other hand, it is known that the core–shell
tructure exists in ZS1–5 but disappears in ZS6–10. By compar-
ng the electrical conductivity of ZS6–10 with those of ZS1–5
ne by one, it is seen that except ZS7 and ZS8 the samples of
S6, ZS9, and ZS10 show the lower electrical conductivity. In
S1, ZS4, and ZS5, it has been known that the solid soluted

Zr,Ta)B2 has the higher Ta molar ratio, indicating the lower
lectrical conductivity of (Zr,Ta)B2. However, the main phase is
rB2 in ZS1. In previous investigations, it has also been found

hat the increase of grain size in materials decreases the elec-
rical conductivity.30–32 Probably, it can be explained why ZS1
as the higher electrical conductivity than that of ZS6. Similarly,
hough (Zr,Ta)B2 solid solution is the main component in ZS4
nd ZS5, the fine-grained microstructure might be the dominant
actor for the higher electrical conductivity. That is, the com-
etition might exist between solid solution and microstructure,
hich probably also induces the abnormal increase of electrical

onductivity in ZS7 and ZS8.
Additionally, for investigating the thermal conductivity of

omposites, it is observed that with the increasing SiC con-

ent the thermal conductivity of specimens generally increases
nder the same volume content of TaSi2 additive when pre-
ared at the same temperature. Zimmermann et al.28 has proved
hat at room temperature ZrB2–30 vol.% SiC composite pos-
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essed the higher thermal conductivity (62 W/m K) than single
hase ZrB2 (53 W/m K). Guo et al.33 also confirmed that in
rC–ZrB2–SiC composites the thermal conductivity increased
ith the higher molar content of SiC due to the reason that
iC had the higher thermal conductivity than ZrB2. For the
amples fabricated at 1600 ◦C (ZS1–5), except ZS3 sample, the
ncrease tendency of thermal conductivity is clear. ZS5 specimen
as the highest thermal conductivity of 46.32 W/m K based on
he highest SiC content. For these samples sintered at 1800 ◦C
ZS6–10), the thermal conductivity of ZS6–8 increase from
5.60 to 53.33 W/m K, and those of ZS9 and ZS10 are 46.99 and
1.35 W/m K, respectively. Whereas, for the composites con-
aining same SiC content in the initial compositions and sintered
t the same temperature, the thermal conductivity does not obey
ne rule of increase or decrease with the increment of TaSi2
dditive. It is known that the thermal conductivity of compos-
tes is associated with the phase compositions and interfacial
hermal resistivity between phases.8 Probably, the competitive
elationship exists between them. Furthermore, by comparing
he samples prepared at 1600 and 1800 ◦C using the same initial
ompositions, it is obviously seen that the samples sintered at
800 ◦C show the higher thermal conductivity. It has been proved
hat the formation of solid solution decreases the thermal con-
uctivity of ceramics due to the degradation of phonon mean
ree path caused by the mass disorder on the cation sublattice.34

he higher Ta molar ratio would lead to the lower thermal con-
uctivity of (Zr,Ta)B2 solid solution in present composites.35 It
eans that the corresponding (Zr,Ta)B2 in ZS1–5 has the lower

hermal conductivity than that in ZS6–10 due to the higher Ta
olar ratio. Also, for dense ceramics, the larger mean grain size

ields a significant increase about ambient thermal conductivity
ue to a reduction of the number of grain boundaries in the heat
ow path.36 Possibly, it can be understood why ZS6–10 have

he higher thermal conductivity.
Also, the Vickers hardness, fracture toughness, and Young’s

oduli of composites were investigated and compared. About
he Vickers hardness, it is found that for ZS1–5 samples sintered
t 1600 ◦C the hardness values are in a range of 19.8–22.4 GPa
nd those of ZS6–10 prepared at 1800 ◦C are 19.4–21.2 GPa.
here is no obvious hardness change tendency with the increas-

ng SiC or TaSi2 content in the initial compositions when sintered
t the same temperature. It means that the hardness of present
omposites is not sensitive to component difference when pre-
ared at the same temperature. Additionally, through comparing
he samples sintered at 1600 and 1800 ◦C using the same ini-
ial compositions one by one, it is found that except ZS1 the
ickers hardness of specimens sintered at 1600 ◦C are higher

han those of samples prepared at 1800 ◦C, which is possi-
ly attributed to the finer microstructure.37 It has been proved
hat the fine-grained ceramic possesses the higher scratch hard-
ess and Vickers hardness under the same testing condition
n comparison with the coarse-grained sample.38 Additionally,
onsidering another factor of solid solution, it has been deter-

ined that ZrB2 (23 GPa) shows the higher hardness than TaB2

21 GPa).39 Probably, the solid solution of Ta atoms into ZrB2
ould decrease the hardness by forming (Zr,Ta)B2 solid solu-

ion, and the higher Ta molar ratio in (Zr,Ta)B2 indicates the

r
c
fi
a

amic Society 30 (2010) 2625–2631

ower Vickers hardness. The competitive effect on the hardness
ight exist between fine microstructure and solid solution. Obvi-

usly, the higher hardness of samples sintered at 1600 ◦C are
ainly determined by the fine microstructure.
For the fracture toughness of as-prepared samples, they are

early at the same degree of 4 MPa m1/2. It is considered that
he fracture toughness is almost independent with the compo-
ent and microstructure of present composites prepared at 1600
nd 1800 ◦C. In addition, the Young’s moduli of all compos-
tes sintered at 1600 and 1800 ◦C exhibit the high values of
37.6–463.9 GPa. Generally, the Young’s moduli of compos-
tes show the decrease tendency with increasing SiC volume
ontent under the same TaSi2 additive when prepared at the
ame temperature, which might be ascribed to the low elastic
odulus of SiC (415 GPa) in comparison with ZrB2 (491 GPa)

ased on the mixture rule.40,41 Additionally, by comparing the
omposites sintered using the same SiC content but different
aSi2 contents in the initial compositions, it is observed that the
oung’s moduli of composites prepared at the same temperature
ecrease with the increment of TaSi2. For the samples sintered at
600 ◦C, ZS2 and ZS3 have the higher modulus values of 459.3
nd 453.6 GPa when compared with those of ZS4 (450.7 GPa)
nd ZS5 (437.6 GPa), respectively. For these composites pre-
ared at 1800 ◦C, the Young’s moduli of ZS7 and ZS8 are 463.2
nd 460.7 GPa, respectively, higher than those of corresponding
S9 (453.1 GPa) and ZS10 (452.9 GPa). The reason is also pos-
ibly attributed to the final more SiC content in ZS4, ZS5, ZS9
nd ZS10 due to the decomposition of TaSi2 and solid solution
f Ta atoms into ZrB2. On the other hand, when the Young’s
oduli of composites sintered at 1600 and 1800 ◦C are com-

ared, it is seen that the modulus values of samples sintered at
800 ◦C are higher than those of specimens prepared at 1600 ◦C
sing the same initial compositions. Because the true densities
f dense samples sintered at 1600 and 1800 ◦C using the same
nitial compositions are close, it is considered that the effect of
ores on Young’s modulus can be ignored. Also, the particle
izes in the composites are not different so much (Fig. 5) and
ust in the scale of micrometer, which should not impose the
vident effect on the Young’s modulus.42,43 Therefore, the only
eason is associated with the solid solution. It is known that the
oung’s modulus of TaB2 is 551 GPa, higher than that of ZrB2

491 GPa).44 It is believed that the introduction of Ta atoms into
rB2 would enhance the Young’s modulus by forming (Zr,Ta)B2
olid solution. The Ta molar ratios in the shell of ZS1–5 sam-
les are higher than those of (Zr,Ta)B2 in ZS6–10, respectively,
hich indicates the higher Young’s modulus. However, due to

he existence of ZrB2 in ZS1–5, the average Young’s moduli of
S1–5 are lower than those of ZS6–10, respectively.

. Conclusions

ZrB2–SiC composites were synthesized by SPS using TaSi2
s the sintering additive. The volume content of SiC was in the

ange of 10–30% and that of TaSi2 was 10–20% in the initial
ompositions. It was found that when the composites were densi-
ed at 1600 ◦C, the core–shell structure with the core being ZrB2
nd the shell containing both Ta and Zr as (Zr,Ta)B2 appeared in
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43. Koch CC, Ovid’ko I, Seal S, Veprek S. Structural nanocrystalline materi-
als: fundamentals and applications. Cambridge University Press; 2007. p.
C. Hu et al. / Journal of the Europea

he composites. When the sintering temperature was increased
p to 1800 ◦C, the core–shell structure disappeared and only
Zr,Ta)B2 and SiC phases existed in the composites. Generally,
he composites with core–shell and fine-grained microstructure
howed the higher electrical conductivity and Vickers hardness.
he completely solid soluted composites with coarse-grained
icrostructure had the higher thermal conductivity and Young’s
odulus.
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