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bstract

rB2–SiC composites were prepared by spark plasma sintering (SPS) at temperatures of 1800–2100 ◦C for 180–300 s under a pressure of 20 MPa
nd at higher temperatures of above 2100 ◦C without a holding time under 10 MPa. Densification, microstructure and mechanical properties of
rB2–SiC composites were investigated. Fully dense ZrB2–SiC composites containing 20–60 mass% SiC with a relative density of more than
9% were obtained at 2000 and 2100 ◦C for 180 s. Below 2120 ◦C, microstructures consisted of equiaxed ZrB2 grains with a size of 2–5 �m and
-SiC grains with a size of 2–4 �m. Morphological change from equiaxed to elongated �-SiC grains was observed at higher temperatures. Vickers

ardness of ZrB2–SiC composites increased with increasing sintering temperature and SiC content up to 60 mass%, and ZrB2–SiC composite
ontaining 60 mass% SiC sintered at 2100 ◦C for 180 s had the highest value of 26.8 GPa. The highest fracture toughness was observed for
rB2–SiC composites containing 50 mass% SiC independent of sintering temperatures.
2009 Elsevier Ltd. All rights reserved.
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. Introduction

Zirconium diboride (ZrB2) is a candidate as an ultra-high
emperature material because of its high melting temperature
3026.85 ◦C), high hardness (23 GPa), low theoretical den-
ity (6.1 Mg/m3), high thermal (60–120 W/mK) and electrical
∼107 S/m) conductivity and excellent chemical and physical
tability at high temperatures.1–3

ZrB2–SiC composites are known to have higher strength,
racture toughness and oxidation resistance than monolithic
rB2, and the addition of SiC particles has been found

o improve the oxidation resistance and fracture tough-

ess of ZrB2.3,4 ZrB2–SiC composites have been commonly
repared by using conventional pressureless sintering,4,5 hot-
ressing,6–13 and reactive hot pressing.14 However, fully dense
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omposites have been hardly obtained because of high melt-
ng temperature and strong covalent bonding of ZrB2 and
iC.1–3

Spark plasma sintering (SPS) makes it possible to densify
rB2–SiC composites at a lower temperature and in a shorter

ime compared with conventional techniques.1,15–18 In the SPS
echnique, a pulsed direct current passes through graphite punch
ods and dies simultaneously with a uniaxial pressure. Thus,
he grain growth can be suppressed by rapid heating and the
ensification is accelerated at high temperature. Furthermore,
he microstructure can be controlled by a fast heating rate and
horter processing times.15–18

The number of studies on ultra-high temperature ceram-
cs such as ZrB2–SiC composites has increased dramatically
uring the past several years.15–17 Several experiments have

een focused on the production of ZrB2–SiC composites at low
emperatures.15–19

In this study, ZrB2–SiC composites were produced
sing SPS at different compositions and temperatures,

mailto:goto@imr.tohoku.ac.jp
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the generation of Zr vacancies. This high metal-vacancy con-
centration would promote lattice diffusion, thus improving
densification.1,8
380 I. Akin et al. / Journal of the Europea

nd densification, microstructure and mechanical proper-
ies were characterized. The microstructural features of
rB2–SiC composites at high temperature were also investi-
ated.

. Experimental procedure

ZrB2 (Grade B, H.C. Starck Corp., an average particle size of
�m) and �-SiC (Grade UF-10, H.C. Starck Corp., an average
article size of 1 �m) powders were used as starting materi-
ls. The powders were weighed in appropriate quantities and
ixed in an agate mortar with a small amount of ethanol and

hen dried. A graphite die 10 mm in inner diameter and 3 mm
n thickness was filled with the mixture, followed by sinter-
ng using an SPS apparatus (SPS-210LX, SPS Syntex Inc.) at
800–1900 ◦C for 300 s and at 2000–2100 ◦C for 180 s with a
eating rate of 1.7 ◦C/s in a vacuum. A uniaxial pressure of
0 MPa was applied during the entire process. For tempera-
ures above 2100 ◦C, the temperature of the die was increased
t 0.8 ◦C/s in a vacuum under a pressure of 10 MPa. Pulsed
irect current (60 ms/on, 10 ms/off) was applied during the SPS
rocess. The temperature of the die was measured by an opti-
al pyrometer. Linear shrinkage of the specimens during SPS
rocess was continuously monitored by displacement of the
unch rods during the process. The effect of thermal expan-
ion of the graphite punch rods with increasing temperature
n displacement of the specimens was negligible. The crys-
alline phases were identified by X-ray diffractometry (XRD;
eigerflex, Rigaku Corp.) in the 2θ range of 10–80 ◦ with Cu
� radiation. The bulk densities of the specimens were deter-
ined by the Archimedes’ method and converted to relative

ensity using theoretical densities of ZrB2 (6.1 Mg/m3) and �-
iC (3.2 Mg/m3). The polished surfaces of the specimens were
bserved by scanning electron microscopy (SEM; S-3100H,
itachi Ltd.). Vickers hardness (HV) was measured under loads
f 0.98–9.8 N and fracture toughness (KIC) was evaluated by
microhardness tester (HM-221, Mitutoyo Corp.). The frac-

ure toughness was calculated from the half-length of a crack
ormed around the indentations by using the following Eq.
1), where P is load (N) and c is half of the average crack
ength20:

IC = 0.073 ×
(

P

c1.5

)
(1)

he average value of the 20 measurements for each sample was
sed for the evaluations of hardness and toughness. The ten-
ile strength (σ) at room temperature was calculated from the
ailure load measured using compression test by the following
q. (2), where P is the failure load (applied diametrically), d is
iameter of sample and t is thickness of sample.21 For the estima-
ion of the tensile strength, one measurement was used for each

ample:

= 2P

πdt
(2)
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. Results and discussion

.1. Densification behavior and crystalline phase

The densification of the specimens during SPS process was
valuated by the displacement of punch rods due to shrink-
ge of the composites. Fig. 1 shows the displacement of ZrB2
nd ZrB2–SiC composites containing 20–80 mass% SiC at
400–2000 ◦C and isothermal shrinkage at 2000 ◦C for 180 s.
he shrinkage of ZrB2 started at 1825 ◦C and stopped after
olding for 70 s at 2000 ◦C. The starting temperature of shrink-
ge for ZrB2–SiC composites containing 20–60 mass% SiC
as significantly lower than that of ZrB2, and the tempera-

ure at which shrinkage of such composites stopped increased
ith increasing SiC content. Shrinkage of ZrB2–SiC compos-

tes containing 20–60 mass% SiC was completed within 60 s
t 2000 ◦C. For ZrB2–80 mass% SiC composite, the shrink-
ge started at 1840 ◦C and continued after holding at 2000 ◦C.
hus, the addition of SiC up to 60 mass% to ZrB2 pro-
oted the shrinkage of ZrB2–SiC composites. Wang et al.1

ave studied SiC whisker (SiCw) reinforced ZrB2 compos-
tes prepared by SPS and reported that ZrB2 started to shrink
t about 1200 ◦C and continued to shrink at a nearly con-
tant rate up to 1550 ◦C, densification being completed at
550 ◦C in 120 s. On the other hand, ZrB2–SiCw composites
ontaining 10 vol.% SiCw began to shrink at 1150 ◦C, and den-
ification was completed at 1550 ◦C in 180 s. The density of
rB2–SiCw composites increased with increases in the amount
f SiC whiskers. It was concluded that the addition of SiC
hiskers to ZrB2 promoted the densification of composites
ecause SiC can remove the oxygen impurity of the ZrB2
urface. The removal of the oxygen carrier species from the
rB surface resulted in an increase in boron activity through
ig. 1. Effect of sintering temperature on the displacement of ZrB2 and
rB2–SiC composites at 1400 to 2000 ◦C, and the time dependence of isothermal
isplacement at 2000 ◦C up to 180 s.
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ig. 2. XRD patterns of ZrB2–SiC composites containing 20 mass% SiC (a),
0 mass% SiC (b), 50 mass% SiC (c), 60 mass% SiC (d) and 80 mass% SiC (e)
intered at 1800 ◦C for 300 s.

Fig. 2 shows the XRD patterns of ZrB2–SiC composites sin-
ered at 1800 ◦C for 300 s. Characteristic peaks of ZrB2 and
-SiC were identified and no chemical reaction was detected
etween ZrB2 and �-SiC for all compositions at 1800–2100 ◦C.

The effects of SiC content and sintering temperature on the
elative density of ZrB2–SiC composites are shown in Fig. 3. The
elative density of ZrB2–SiC composites remained below 80%
t 1800 ◦C for 300 s. At 1900 ◦C for 300 s, the relative density

f ZrB2 was about 80%, while that of ZrB2–SiC composites
ontaining 20–60 mass% SiC reached 92–95%. The densities of
he composites increased with increasing sintering temperature.

ig. 3. Effect of SiC content and sintering temperature on relative density of the
rB2–SiC composites.
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ig. 4. Relationship between displacement and temperature of ZrB2–SiC com-
osites containing 40 mass% SiC (a), 50 mass% SiC (b) and 80 mass% SiC
c).

density of more than 99% was obtained for the composites
ontaining 20–60 mass% SiC sintered at 2000 and 2100 ◦C for
80 s. The relative densities of the composites sharply decreased
t SiC contents of 80 and 100 mass% for sintering temperatures
rom 1900 to 2100 ◦C. These results revealed that the addition
f SiC up to 60 mass% promoted the densification of ZrB2–SiC

omposite, in agreement with the shrinkage results presented in
ig. 1. The densification of the composites at high temperatures
ay have been facilitated by a eutectic reaction as discussed in

he following.
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ig. 5. SEM images of polished surfaces of ZrB2–SiC composites containing
200 ◦C (d) without a holding time and high magnification of irregular texture

.2. Displacement at high temperature

Fig. 4 shows the relationship between displacements and
intering temperatures of ZrB2–SiC composites containing
0–80 mass% SiC. For ZrB2–40 mass% SiC composites, the
isplacement sharply decreased at 2120 ◦C because the melted
pecimen was extruded from the graphite die. Melting temper-
tures of ZrB2–SiC composites containing 50 and 80 mass%
iC were apparently higher, 2160 and 2400 ◦C, respectively.
hese different melting temperatures could have been caused
y the electrical conductivity of ZrB2 and SiC bodies. In the
PS process, the electrical current passes through the graphite
ie and/or specimen depending on the electrical conductivity

f the specimen. If the specimen is conductive, the electrical
urrent tends to pass through the specimen, and therefore the
emperature inside the die becomes higher than that of the die.
he sintering temperature was measured from the surface of the

s
c
s
g

ig. 6. SEM images of polished surfaces of ZrB2–SiC composites containing 50 ma
ithout a holding time (c).
ss% SiC sintered at 1900 ◦C for 300 s (a), 2100 ◦C for 180 s (b), 2120 ◦C (c),
0 ◦C (e).

ie by using a pyrometer. The ZrB2–SiC system is known as
eutectic system.3 Although the eutectic temperature has not

een precisely determined, it should be independent of compo-
ition. Since the electrical conductivity of ZrB2 is higher than
hat of SiC, the temperature inside ZrB2–40 mass% SiC should
e higher than that of ZrB2–80 mass% SiC.3 The temperature of
nside ZrB2–40 and 50 mass% SiC could be close to 2400 ◦C,
he eutectic temperature of the ZrB2–SiC system.3

.3. Microstructure

Microstructures of the polished surfaces of ZrB2–SiC com-
osites containing 40 mass% SiC sintered at 1900–2200 ◦C are

hown in Fig. 5. At 1900 and 2100 ◦C, the microstructure of the
omposite consisted of equiaxed ZrB2 grains (grey) 2–5 �m in
ize and �-SiC grains (black) 2–4 �m in size. Elongated �-SiC
rains (approximately 2–5 �m in width and 5–25 �m in length)

ss% SiC sintered at 1900 ◦C for 300 s (a), 2100 ◦C for 180 s (b) and 2165 ◦C
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Fig. 8 demonstrates the effect of SiC content and sintering
temperature on the Vickers hardness of ZrB2–SiC composites at
loads of 0.98–9.8 N. ZrB2–SiC composites had higher hardness
ig. 7. SEM images of polished surfaces of ZrB2–SiC composites containing
300 ◦C (d) and 2360 ◦C (e) without a holding time.

ormed and the edges of ZrB2 and SiC grains became angular at
120 ◦C. At 2200 ◦C, a laminar texture composed of ZrB2 and
-SiC grains similar to a eutectic texture was observed as indi-
ated by the white arrows in Fig. 5(d). Fig. 5(e) is a magnified
iew of the eutectic-like texture in which laminar SiC grains
an be seen in ZrB2 grains. Fig. 6 demonstrates SEM images
f the polished surfaces of ZrB2–SiC composites containing
0 mass% SiC sintered at 1900–2165 ◦C. At 1900 and 2100 ◦C,
quiaxed ZrB2 and �-SiC grains were uniformly dispersed in
he composites. ZrB2–SiC composites sintered at 1900 ◦C for
00 s had a few pores, as shown in Fig. 6(a). At 2165 ◦C, elon-
ated �-SiC (approximately 1–3 �m in width and 3–6 �m in
ength) and sharp-edged ZrB2 and �-SiC grains formed, as
hown in Fig. 6(c). The SEM images of polished surfaces of
rB2–SiC composites containing 80 mass% SiC are shown in
ig. 7. Fig. 7(a) and (b) clearly shows that the composite con-

aining 80 mass% SiC sintered at 2000 and 2100 ◦C for 180 s had
any pores, in agreement with the relative density data given

n Fig. 3. The porous microstructure of ZrB2–SiC composites
t 2000 and 2100 ◦C could have been caused by difficulty of
intering of SiC grains and difference of thermal expansion coef-
cient between ZrB2 and SiC grains.1 Above 2280 ◦C, the size
f pores increased and elongated �-SiC grains 2–5 �m in width
nd 10–25 �m in length formed. The decomposition of SiC may
ave caused the formation of large pores at higher tempera-
ures. At 2280, 2300 and 2360 ◦C, an abnormally grown texture
omposed of ZrB2 and �-SiC grains was detected. We have

reviously reported a similar eutectic texture in ZrB2–SiC com-
osites containing 40–80 mol% SiC prepared by arc melting.3

herefore, the eutectic-like microstructure suggests that local
elting occurs before melting of the whole composite at about

F
o

ss% SiC sintered at 2000 ◦C for 180 s (a), 2100 ◦C for 180 s (b), 2280 ◦C (c),

400 ◦C as indicated in Fig. 4. The elongated angular �-SiC
rains could have been developed in the liquid phase, as fre-
uently observed in liquid phase sintering of �-SiC with metal
xide additives,22 while the equiaxed microstructure has been
btained through solid-phase sintering, typically using B and C
dditives.23

.4. Mechanical properties
ig. 8. Effect of SiC content and sintering temperature on the Vickers hardness
f ZrB2–SiC composites sintered at 1900–2100 ◦C.
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han ZrB2 and SiC monolithic sintered bodies and the hard-
ess of ZrB2–SiC composites slightly increased with increasing
intering temperature. The hardness of fully dense ZrB2–SiC
omposites containing 20–60 mass% SiC sintered at 2000 and
100 ◦C reached 26 GPa. The hardness of ZrB2–SiC composites
ignificantly decreased when SiC content increased from 50 to
0 mass% in the composites. This is attributed to the formation of
orous microstructure due to increase in SiC content, as shown in
igs. 3 and 7. Monteverde et al.7 have prepared a ZrB2–20 vol.%
iC composite by hot pressing and reported a relative density of
8% and hardness of 14.2 GPa at a load of 9.8 N. Zhu et al.6 have
tudied the effect of SiC particle size on the microstructure and
he mechanical properties of ZrB2–30 vol.% SiC composites sin-
ered by hot pressing. They reported a hardness of 17.5–20.7 GPa
t a load of 2 N. ZrB2–30 vol.% SiC composites prepared by
ot pressing had a hardness of 20–22 GPa at a load of 2.9 N.9

hao et al.24 have studied ZrB2–SiC composites containing 20
o 30 vol.% SiC fabricated by spark plasma sintering-reactive
ynthesis (SPS-RS). They reported a relative density of 98.5%
nd hardness of 17 GPa at 9.8 N. This relatively low hardness
ould be mostly due to an inhomogeneous distribution of SiC.
he Vickers hardness of ZrB2–SiC composites prepared in the
resent study was higher than those by conventional sintering.

The effects of composition and sintering temperature on
he fracture toughness of ZrB2–SiC composites are depicted
n Fig. 9. The fracture toughness of ZrB2–SiC composites
lightly decreased with increasing sintering temperature, and
he maximum toughness was obtained for ZrB2–SiC compos-
tes containing 50 mass% SiC for all sintering temperatures.
he fracture toughness of ZrB2 and SiC bodies was 2.5 and
.1 MPa m1/2, respectively. The fracture toughness of ZrB2–SiC
omposites containing 50 mass% SiC sintered at 1900 ◦C for
00 s was 4.1 MPa m1/2. This high toughness may have resulted
rom the fine and uniform microstructure, as shown in Fig. 6. The
oughness of ZrB –SiC composites containing 10–30 vol.% SiC
2
repared by hot pressing was 3.9–4.5 MPa m1/2,9,25 while that of
rB2–SiC composites containing 20 and 30 vol.% SiC prepared
y SPS-RS was 4.3 MPa m1/2.24 These values of toughness are

ig. 9. Effect of SiC content and sintering temperature on the fracture toughness
f ZrB2–SiC composites sintered at 1900–2100 ◦C.
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ig. 10. Effect of sintering temperature on the tensile strength of ZrB2–SiC
omposites containing 40 and 50 mass% SiC sintered at 1900–2100 ◦C.

imilar to those of the present study. Higher hardness and lower
racture toughness are common in such composites. Although
he value of fracture toughness for the present ZrB2–SiC com-
osites was almost the same as those prepared by conventional
intering such as hot pressing, the hardness was much higher,
articularly at high SPS temperature. This might have been due
o the self-assembled eutectic microstructure.

Fig. 10 shows the effect of sintering temperature on tensile
trength of ZrB2–SiC composites containing 40 and 50 mass%
iC. The tensile strength of ZrB2–SiC composites containing
0 mass% SiC was higher than that of 40 mass% SiC. This
ould be attributed to microstructure consisted of finer ZrB2

nd SiC grains in ZrB2–SiC composites containing 50 mass%
iC. At ZrB2–SiC composites containing 50 mass% SiC, the

ensile strength had a maximum value of 380 MPa at sintering
emperature of 2100 ◦C. This could be due to fully denser com-
osites than that at 1900 ◦C and finer microstructure than that at
100 ◦C.

. Conclusions

ZrB2–SiC composites were prepared by SPS at
800–1900 ◦C for 300 s, at 2000–2100 ◦C for 180 s and
t higher temperatures without a holding time. The addi-
ion of SiC up to 60 mass% improved the densification of
rB2–SiC composites. The ZrB2–SiC composites containing
0–60 mass% SiC sintered at 2000–2100 ◦C for 180 s reached
maximum relative density of more than 99%. Below 2120 ◦C,
icrostructures consisted of equiaxed ZrB2 grains 2–5 �m

n size and �-SiC grains 2–4 �m in size. Elongated �-SiC
rains and laminar textures composed of ZrB2 and fine �-SiC
rains formed. ZrB2 and SiC grains became angular in shape at
igh temperatures. Vickers hardness of ZrB2–SiC composites
ncreased with increasing sintering temperature and SiC content
p to 60 mass%. ZrB2–SiC composite with 60 mass% SiC

intered at 2100 ◦C for 180 s showed the highest value, i.e.,
6.8 GPa. The highest fracture toughness, 4.1 MPa m1/2, was
bserved for ZrB2–50 mass% SiC composites sintered at
900–2100 ◦C.
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