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bstract

ense ZrB2–SiC composite was synthesized by spark plasma sintering with 10 vol.% TaSi2 additive. When sintered at 1600 ◦C, core–shell structure
as found existing in the sample. The core was ZrB2 and the shell was (Zr,Ta)B2 solid solution. This result was ascribed to the decomposition of
aSi2 and the solid solution of Ta atoms into ZrB2 grains. The solid solution process probably decreased the boride grain boundary active energy,
ontributing to the formation of coherent structure of grain boundaries. Additionally, the existence of dislocations in the boride grains indicated that
he applied pressure also imposed an important effect on the densification of composite. When sintered at 1800 ◦C, owing to the atom diffusion,

a atoms homogeneously distributed in the boride grains, leading to the disappearance of core–shell structure. The boundaries between (Zr,Ta)B2

rains, as well as between boride grains and SiC particles, were still clear without amorphous phase existing.
 2011 Elsevier Ltd. All rights reserved.
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.  Introduction

Owing to the low density (6.11 g/cm)3, high melting point
3250 ◦C), high elastic modulus (491 GPa), high hardness
23 GPa), high thermal conductivity (56 W/(m K)), and high
hermal shock resistance and good oxidation resistance, ZrB2
as been considered as the potential thermal protection mate-
ial for reentry space vehicles.1–3 However, due to the strong
ovalent bonding in the ZrB2 crystal structure and poor self
iffusivity, it was difficult to densify it at a temperature below
000 ◦C. The introduction of SiC into ZrB2 matrix could
nhance the high temperature oxidation resistance and abla-
ion resistance of ZrB2-based materials.4,5 Also, the flexural

trength and fracture toughness of as-formed composites were
ncreased based on the particle-reinforcement effect.6 However,
he sintering temperature still could not be decreased largely.

∗ Corresponding author at: Nano Ceramics Center, National Institute for Mate-
ials Science (NIMS), 1-2-1 Sengen, Tsukuba, Ibaraki 305-0047, Japan.
el.: +81 29 859 2461; fax: +81 29 859 2401.
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ecently, low melting point silicides including ZrSi2 (melting
oint, 1620 ◦C), MoSi2 (melting point, 2020 ◦C), TaSi2 (melt-
ng point, 2040 ◦C), and Ta5Si3 (melting point, 2550 ◦C) were
dopted to form the interface plastic phases, which contributed
o the densification by filling up the pores in the composites
uring sintering. Guo et al.7,8 determined that fully dense ZrB2-
ased composites with ZrSi2 could be prepared at 1550 ◦C under
0 MPa for 20–40 vol.% ZrSi2-containing ZrB2 powders, and
rB2–MoSi2–SiC composites with 10–40 vol.% MoSi2 could
e successfully densified at 1800 ◦C under a pressure of 30 MPa.
citi et al.9 proved that dense fine grained ZrB2-based composite
ontaining 15 vol.% TaSi2 could be produced at 1850 ◦C under
0 MPa. Additionally, Talmy et al.10 investigated the system of
rB2–Ta5Si3 and found that the composite with the additive of
nly 8 vol.% Ta5Si3 resulted in nearly full densification when
intered at 1900 ◦C under 20 MPa. For using TaSi2 additive, it
as found that core–shell structure existed in the sintered sam-
les. It was confirmed that the decomposition of TaSi2 and solid
olution of Ta atoms into ZrB grains led to the formation of
2
Zr,Ta)B2 shell. Very recently, Hu et al.11 synthesized the dense
rB2–SiC composites with TaSi2 additive at a low tempera-

ure of 1600 ◦C by spark plasma sintering and found that the

http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2011.08.024
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ore–shell structure could be removed by increasing the sin-
ering temperature up to 1800 ◦C. The mechanism was due to
he homogeneous distribution of Ta atoms in the ZrB2 grains
ased on the atom thermal diffusion. There was one interest-
ng phenomenon that when the low content of TaSi2 (10 vol.%)
as used there was no TaSi2 left in the sintered samples, which
eant that TaSi2 has completely decomposed. All of the Ta

toms have entered the ZrB2 grains to form solid solution shell.
or this case, it was not right to simply say that the plastic defor-
ation of TaSi2 imposed obvious effect on the densification of

omposites. Mizuguchi et al.12 investigated the microstructure
f hot-pressed ZrB2 with MoSi2 additive and determined that
o existed in the ZrB2 grain boundaries. They considered that

he existence of Mo probably decreased the activation energy for
ensification process, which contributed to the diffusion process
uring sintering. Probably, this mechanism could also be suitable
o explain present ZrB2–SiC–TaSi2 system.

In this paper, ZrB2–SiC composite with the additive of
0 vol.% TaSi2 was synthesized at 1600 ◦C by spark plasma
intering.13–15 The microstructure of as-prepared sample was
nvestigated to explain the densification mechanisms. Addition-
lly, the composite fabricated at 1800 ◦C was also prepared for
omparison.

. Experimental  procedures

Commercial powders of ZrB2 (99%, 2 �m) (Rare Metallic
o., Ltd., Japan), �-SiC (99%, 0.55 �m) (Yakushima Denko
o., Ltd, Japan), and TaSi2 (99%, 2–5 �m) (Japan New Metals
o., Ltd., Japan) were used to synthesize the composite. The
eeded composition was 80 vol.% ZrB2 with 10 vol.% SiC and
0 vol.% TaSi2. 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 was silicon carbide balls with a diameter of 4 mm

nd the milling speed was 150 rpm. After milling, the slurry was
ried in air and then sieved using a 125 mesh sieve. In order to
ensify as-obtained powder, the mixture was put into a graphite
ie with a diameter of 20 mm. A layer of flexile graphite paper
∼0.2 mm thickness) was set into the inner wall of die for lubri-
ation and filling the gap between punches and die, and the die
as wrapped using a layer of carbon fiber for inhibiting the rapid
eat diffusion. Then the mixture was cold-pressed as a compact
reen body and the green body together with the die was heated
n a spark plasma sintering facility (100 kN SPS-1050, Syntex
nc., Japan) in vacuum (10−2 Pa). Each pulse lasted 3.3 ms and
he duty cycle was 12 pulses on and 2 pulses off. The tempera-
ure was measured by an optical pyrometer focusing on a hole
n the wall of die. From ambient temperature to 700 ◦C, it took

 min to heat the sample. Then the temperature was increased up
o needed temperature with a heating rate of 100 ◦C/min. The
nnealing temperature was selected as 1600 ◦C and the hold-
ng time was 5 min. During sintering, the uniaxial pressure was

◦
ncreased to 30 MPa before 1000 C. After finishing the proce-
ure, the sample was cooled down to ambient temperature with
he cooling rate of furnace. For comparison, the sample sintered
t 1800 ◦C was also prepared using the similar process.

c
O
s
d

ig. 1. X-ray diffraction (XRD) patterns of synthesized ZrB2–SiC composites
ith TaSi2 additive sintered at (a) 1600 ◦C and (b) 1800 ◦C.

The contaminations on the surface of samples were removed
y a running diamond grinding wheel. All the samples were
round and polished down to 1.0 �m diamond grits. Phase
ompositions in the samples were examined by an X-ray diffrac-
ion (XRD) analyzer (JDX-3500, JEOL Ltd., Japan) with Cu
� radiation. The polished surface of samples were examined
y a scanning electron microscope (SEM) (JSM-7100F, JEOL
td., Japan) equipped with an energy dispersive spectroscopy

EDS) system. The surface morphologies and element distribu-
ion maps were obtained. Here, L3 mode was used to distinguish
a and Si elements during EDS analysis. Thin specimens for

ransmission electron microscope (TEM) investigation were pre-
ared by mechanically grinding down to a thickness of about
00 �m firstly. Then the disk samples with a diameter of 3 mm
ere cut off using an ultrasonic cutter (Gatan 601, Gatan Inc.,
A) with SiC powder as the media. After that, the disks were
impled to a thickness of ∼20 �m in the center using a dim-
le grinder (Gatan 656, Gatan Inc., CA). For further thinning,
r+-ion beam at an accelerating voltage of 4 kV was used to
ake a hole in the center of samples with an angle of 3–7◦ in

 Precision Ion Polishing System (PIPSTM) (Gatan 691, Gatan
nc., CA). The microstructure was investigated by a TEM Appa-
atus (JEM-2100F, JEOL Ltd., Japan) operated at 200 kV. The
igh resolution atom images were obtained. Additionally, the
canning transmission electron microscope (STEM) was used
o observe the dislocations in the boride grains. The TEM atom
mages were treated for Fast Fourier Transform (FFT) by a
igital micrograph software (DM, Gatan Inc., CA).

. Results  and  discussion

Fig. 1 shows the XRD patterns of synthesized ZrB2–SiC
omposites with TaSi2 additive sintered at 1600 and 1800 ◦C.

bviously, when the sample was sintered at 1600 ◦C, (Zr,Ta)B2

olid solution appeared. The diffraction peaks of (Zr,Ta)B2
eflect to higher angles in comparison with those of ZrB2
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ig. 2. Scanning electron microscope (SEM) images of polished surface of sy
800 ◦C.

Fig. 1(a)). It is known that the atom radius of Ta (0.146 nm)
s smaller than that of Zr (0.162 nm), which indicates that the
olid solution of Ta atoms into ZrB2 grains causes the crystal cell
ontraction reflecting the decrease of crystal parameters.16–18

he Ta atoms come from the decomposition of TaSi2. Because
hat there are no diffraction peaks of TaSi2 existing in the
pectra, it is considered that all of the TaSi2 in the composite
ave decomposed and probably all the Ta atoms have entered
he ZrB2 grains to form solid solution. The decomposed Si
toms possibly evaporated at high temperature during sinter-
ng. Also, there was another possibility that silicon reacted with
arbon to form silicon carbide owing to the carbon atmosphere
n the graphite die. When increasing the sintering tempera-
ure up to 1800 ◦C, the diffraction peaks of ZrB2 disappear
Fig. 1(b)), which is probably attributed to the homogeneous
iffusion of Ta atoms in the ZrB2 grains. As a result, the
omposite consists of solid solution (Zr,Ta)B2 and SiC. In addi-
ion, a small amount of ZrO2 was examined in the composites,
hich was probably introduced during the powder milling. Lee

t al.19 have determined that ZrO2 existed in the milled ZrB2
owder.

The solid solution and core–shell structure were proved by
EM investigation. Fig. 2 shows the polished surface of com-
osites sintered at 1600 and 1800 ◦C. Obviously, it is observed
hat the gray-white shell distributes around the gray grains, i.e.
he positions of ZrB2 grain boundaries (Fig. 2(a)). SiC particles
omogeneously distribute in the matrix and no agglomeration
f SiC can be found. Also, no pores can be observed in the com-
osite, which indicates the full densification. The mean particle
izes of boride and SiC are about 2 and 0.55 �m respectively,
hich means that the particles did not grow up during sinter-

ng. It seems that 1600 ◦C is a low sintering temperature which
oes not accelerate the grain growth. On the polished surface
f composite prepared at 1800 ◦C, it is seen that there is no
ore–shell structure existing (Fig. 2(b)). The mean grain sizes
f boride and SiC increase to about 4 and 1 �m respectively. It
s concluded that the sintering process at higher temperature not
nly contributes to the Ta atom diffusion but also accelerates the
rain growth. It can be imaged that the high concentration of Ta

toms in the shell structure supplies the potential to diffuse into
he inner core.20 The higher sintering temperature provides the
rive force. Otani et al.21 confirmed that ZrB2 and TaB2 could

t
t
A

zed ZrB2–SiC composites with TaSi2 additive sintered at (a) 1600 ◦C and (b)

orm the complete solid solution with any composition. It means
hat in the composite Ta atoms can diffuse homogeneously to
btain the uniform Ta atom concentration in the boride grains.
lso, the grain growth is achieved by grain boundary atom dif-

usion at higher sintering temperature. Fig. 3 shows the element
istribution of polished surface of sample sintered at 1600 ◦C.
wing to the close energy of Si K�1 (1.74 keV) and Ta M�1

1.71 keV), it is difficult to distinguish the elements of Si and Ta
t low energy level by EDS analysis, as reported before.10 Here,
3 mode was adopted, which could clearly identify the Ta L�1

8.14 keV) and Ta L�1 (9.34 keV) peaks.22 Corresponding to
he SEM image, in which the black particle is SiC, gray region
s ZrB2, and gray-white region is (Zr,Ta)B2, Zr, B, Si, and Ta
lement distributions are obviously seen in Figs. 3(b)–(e). Zr
nd B elements have the same distribution (green and red col-
rs). Si element exists in the positions of SiC particles (brown
olor). Ta element lies in the positions of gray-white shell (blue
olor). That is, Ta element just exists in the grain boundaries of
oride with the formation of (Zr,Ta)B2. Based on the result that
o element could decrease the grain boundary active energy

nd accelerate the atom diffusion process,23 it is supposed that
a element has the similar effect. Also, Ta atoms themselves
articipate in the diffusion process. When the sintering tem-
erature was increased up to 1800 ◦C, the matrix of composite
ecame homogeneous. Ta element has the same distribution with
r and B elements (Fig. 4(b)–(e)), which indicates the complete
nd homogeneous solid solution of Ta atoms in ZrB2 grains.
his result is corresponding to the disappearance of core–shell
tructure.

Furthermore, the boundaries between boride grains, as well
s between boride grains and SiC particles, were observed by
EM. Fig. 5 shows the bright field transmission electron micro-
cope (TEM) image and high resolution atom image of two
ombining boride grains in the ZrB2–SiC composite with TaSi2
dditive sintered at 1600 ◦C. It is seen that there is no amor-
hous phase existing at the grain boundary (Fig. 5(a) and (b)).
wo boride grains have the coherent structure with the zone axes
f [0 1 0]//[0 0 1], as shown in the inset of Fig. 5(b). It means that
he solid solution of Ta atoms into ZrB grains does not change
2
he crystal structure orientation of close grains and just makes
he grains “sewing” together by forming the coherent structure.
dditionally, the grain boundaries between boride and SiC were
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ig. 3. (a) SEM micrograph of polished surface of ZrB2–SiC composite with T
o (a): (b) Zr element, (c) B element, (d) Si element, and (e) Ta element.

lso examined, as shown in Fig. 6. Fig. 6(a) shows the phase
istribution of compositions in the composite. Except the phases
f boride and SiC, ZrO2 was examined corresponding to the
RD result. Lee et al.24 determined that the fresh surface of
rB2 particles during milling was easily covered by oxides. In
ig. 6(b), amorphous phase is not observed at the grain boundary.
oride forms the coherent structure with SiC with the zone axes

f [1 0 1]//[0 0 1]. It is confirmed that the silicon from the decom-
osition of TaSi2 probably has completely evaporated and/or
eacted with carbon at high temperature. It is concluded that for

S
h
b

ig. 4. (a) SEM micrograph of polished surface of ZrB2–SiC composite with TaSi2
o (a): (b) Zr element, (c) B element, (d) Si element, and (e) Ta element.
additive sintered at 1600 ◦C, and the element distribution maps corresponding

resent case 10 vol.% TaSi2 additive does not result in the silicon
emnant in the composite after sintering.

The existence of dislocations in the boride grains indicates
he effect of pressure on densification during spark plasma sin-
ering. Mizuguchi et al.25 found that the dislocations originated
rom the ZrB2 grain boundaries and crossed the grains in the
PSed sample. Surely, the same phenomenon was observed by

TEM, as shown in Fig. 7. Obviously, in the boride grain, the
igh density dislocations emanate and propagate from the grain
oundary. Several parallel dislocation walls go through the grain.

additive sintered at 1800 ◦C, and the element distribution maps corresponding
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Fig. 5. (a) Bright field transmission electron microscope (TEM) image of ZrB2–SiC composite with TaSi2 additive sintered at 1600 ◦C, which shows two boride
grains. (b) High resolution atom image of the assigned grain boundary region in (a). Inset images in (b) are the diffraction patterns and atom arrangement images
treated by Fast Fourier Transform (FFT) at the A and B regions. The arrows indicate the grain boundary.
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ig. 6. (a) Bright field TEM image of ZrB2–SiC composite with TaSi2 additive
rain boundary region in (a). Inset images in (b) are the diffraction patterns and 

he grain boundary.

n previous investigation of SPSed ZrB2–ZrC composite, Kim
nd Shim26 observed the well-ordered dislocation arrays with
arge area in the ZrB2 grain. It was considered that the high
nd localized stresses induced by the sharp thermal gradient
uring the SPS process might cause the plastic deformation of
rB2 grain for forming dislocation structure. It means that dur-

ng the sintering the pressure contributes to the densification by
ompacting the grains and causing the plastic deformation.
In addition, the microstructure of composite prepared at
800 ◦C was also investigated by TEM for comparison. Fig. 8
hows the bright field TEM image of sample and the atom images

ig. 7. Scanning transmission electron microscope (STEM) image of ZrB2–SiC
omposite with TaSi2 additive sintered at 1600 ◦C, showing the obvious dislo-
ations in the boride grain.

a
Z
(
H

F
s
a

red at 1600 C. (b) High resolution atom image of the assigned boride and SiC
rrangement images treated by FFT at the A and B regions. The arrows indicate

f the grain boundaries between (Zr,Ta)B2 and SiC and between
wo (Zr,Ta)B2 grains. It is seen that the amorphous phase is still
bsent at the grain boundaries, the grain boundaries are very clear
nd only the coherent structures can be found. This result indi-
ates that there is no amorphous phase existing in the prepared
omposite. By combining the investigation results, it is expected
hat it is probably a good way to densify ZrB2 at low tempera-
ure using the solid solution. Because many other elements such
s Ti, Nb, and Hf can form the complete solid solutions with

21
rB2, it is promising to use the corresponding silicides TiSi2
melting point, 1480 ◦C), NbSi2 (melting point, 1940 ◦C), and
fSi2 (melting point, 1543 ◦C) as the sintering additives.

ig. 8. Bright field TEM image of ZrB2–SiC composite with TaSi2 additive
intered at 1800 ◦C. Inset figures show the grain boundaries between (Zr,Ta)B2

nd SiC and between two (Zr,Ta)B2 grains at the A and B regions.
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.  Conclusions

Dense ZrB2–SiC composite was fabricated at the low tem-
erature of 1600 ◦C by SPS with 10 vol.% TaSi2 additive. The
icrostructure observation showed that core–shell structure

xisted in the sample in which the core was ZrB2 and the shell
as the solid solution of (Zr,Ta)B2. The solid solution of Ta

toms into ZrB2 grains decreased the boride grain boundary
ctive energy, which contributed to the formation of coherent
tructure of boride grain boundaries. Additionally, the existence
f dislocations in the boride grains indicated that the pressure
uring spark plasma sintering also imposed the important effect
n the densification of composite. Additionally, when the com-
osite was prepared at the higher temperature of 1800 ◦C, Ta
toms distributed homogeneously in the boride grains, which
esulted in the disappearance of core–shell structure. The grain
oundaries investigation between (Zr,Ta)B2 grains and between
oride and SiC showed that the grain boundaries were still clear
ithout the amorphous phase existing.
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