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Abstract

ZrB2-based ceramics with SiCw were produced by hot pressing at 1750 8C for 1 h from mixed powders after adding liquid polycarbosilane. The

obtained ZrB2-SiCw composites had toughness up to 7.57 MPa m1/2, which was much higher than those for monolithic ZrB2, SiC particles

reinforced ZrB2 composites, and other ZrB2–SiCw composites directly sintered at high temperatures. The added liquid polycarbosilane could

reduce the sintering temperatures and restrict the reaction of matrix with whisker, which led to fewer damages to the whisker and high fracture

toughness.

# 2010 Published by Elsevier Ltd and Techna Group S.r.l.

Keywords: A: Sintering; B: Whiskers; C: Toughness and toughening

www.elsevier.com/locate/ceramint

Available online at www.sciencedirect.com

Ceramics International 36 (2010) 1787–1790
1. Introduction

Zirconium diboride (ZrB2), one of the ultrahigh temperature

ceramics (UHTCs), has many excellent properties such as high

melting point, good chemical stability, and high strength, which

make it suitable for high temperature structural applications [1–

6]. By adding SiC particles to ZrB2, the resultant ZrB2–SiC

ceramics have better strength and oxidation resistance than

ZrB2 ceramics alone [1,4–8]. However, the intrinsic brittleness

of ceramics results in the catastrophic failure and poor thermal

shock resistance of ZrB2-based ceramics, which limit their

engineering applications. Many efforts have been made to

improve their toughness [9–11]. SiC whisker (SiCw) with high

orientation has been used to reinforce ceramics like ZrO2,

Al2O3, Si3N4, TiB2 and MoSi2 [11–18]. In the last few years,

SiCw reinforced ZrB2 ceramics have been intensively studied

[11,19,20]. However, SiCw reinforced ZrB2 ceramics did not

show much higher toughness than the un-reinforced one

[11,19,20]. This is due to the following two reasons: firstly, the

sintering temperatures for the ZrB2-based ceramics are as high

as 1800–2200 8C [1–3,7–8]. At such high temperatures, the

partial damage of SiCw results in the degradation of its

toughness. Secondly, SiC will react with the oxide impurity
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(ZrO2) on the surface of ZrB2 particles during sintering at high

temperatures [20], which leads to further degradation of SiCw.

In order to fully fulfill the function of SiCw, low temperature

sintering of ZrB2 is required as well as restricting the reactions

between ZrO2 and SiCw. Our previous study [21] indicated that

addition of polycarbosilane (PCS) to the starting powders can

reduce the sintering temperatures to as low as 1750 8C.

Moreover, the PCS can provide carbon and SiC during

pyrolysis at high temperatures [7–8,21]. These pyrolytic

products can remove the oxides impurities on the surface of

ZrB2 particles [7–8,21], which might prevent ZrO2 from

reacting with SiCw. In this paper, ZrB2–SiCw powders

impregnated with PCS were hot-pressed at 1750 8C. The

fracture toughness of these ceramics was measured, and their

microstructures were characterized. The reinforced mechanism

in the ZrB2–SiCw–PCS system was discussed based on these

results.

2. Experimental procedure

ZrB2 powder (99.9% purity, 0.5 mm, Beijing Mountain

Technical Development Center for Non-ferrous Metals, China),

SiCw (99% purity, Alfa Aesar, MA, USA), and liquid

polycarbosilane (PCS, Xia Men University, China) were used

as the starting materials. The SiCw has an average diameter of

1.5 mm and a length of about 18 mm. The PCS is the precursor

of SiC ceramics, and its pyrolysis process was described

elsewhere [22]. The mixture of ZrB2 and SiCw was ball-milled
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Fig. 2. SEM micrograph of the fracture surface of ZrB2–SiCw–ex-PCS cera-

mics with different PCS contents. (a) No PCS, (b) 14.3% PCS, (c) 9.1 wt% PCS.
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for 5 h in a nylon vial with ethanol as the grinding medium.

After mixing, the slurry was dried in a vacuum oven. PCS was

diluted by acetone and then mixed with ZrB2–SiCw powders

uniformly. The weight ratio of PCS to ZrB2 was varied from 0

to 1:7. The ZrB2–SiCw–PCS slurry was gradually dried by

continuous stirring. The resulting mixed powders were then put

into a graphite die, followed by hot pressing at 1750 8C for 1 h

under a uniaxial pressure of 28 MPa in vacuum.

The morphologies and microstructures of the sintered

ceramics were observed by scanning electron microscope

(SEM, JEOL 6700F, Tokyo, Japan). The densities of specimens

were measured by the Archimedes method with distilled water

as medium. The flexural strength was measured using a three-

point bending test (SANS CMT 4304, Sans Testing Machine,

Shen Zhen, China) with a span of 20 mm. At least three samples

with a dimension of 25 mm � 3 mm � 2.5 mm were used for

the test. The loading rate was 0.5 mm/min. The toughness of

ceramics was measured by single-edge notched beam (SENB)

method. Its value was calculated based on the following

equation [23]:

K1c ¼ sc

ffiffiffi
a
p

Y ¼ PcS

BW3=2
f

c

W

� �

where Pc is the critical load, S the support span (20 mm in

present study), B the width of samples (2.5 mm), W the height

of the samples (5 mm), c the notch length (c/W is about 0.5).

f(c/w) can be expressed as the following [23]:

f
c

W

� �
¼ 2:9

c

W

� �1=2

� 4:6
c

W

� �3=2

þ 21:8
c

W

� �5=2

� 37:6
c

W

� �7=2

þ 38:7
c

W

� �9=2

3. Results and discussion

Previous study [7–8,21] indicated that PCS could greatly

reduce the sintering temperature. However, the volatile

products from PCS deteriorate the density of ceramics, thereby

the strength of the final products. In order to get dense ZrB2–

SiCw ceramics, different contents of PCS were used in the

sintering process. The bulk density and flexural strength of
Fig. 3. Fracture toughness of ZrB2–SiCw–ex-PCS ceramics with different SiC

whisker contents.
Fig. 1. Flexural strength and relative density of ZrB2–SiCw–ex-PCS ceramics

obtained with different PCS contents.



Fig. 4. SEM micrographs of indentation-induced crack propagation on a polished surface of (a) ZrB2–SiCw and (b) ZrB2–ex-PCS.
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sintered ceramics as a function of PCS content are shown in

Fig. 1. It can be seen that the relative density and flexural

strength of the ceramics first increases with increasing the PCS

amount, go through a maximum for around 9.1 wt% added PCS

and decreases beyond. When there is no PCS or PCS content is

not enough, the ZrB2–SiCw ceramics cannot be fully densified

(Fig. 2a) because the sintering temperature (1750 8C) is too low

to get fully dense ceramics. More PCS means more volatile

products during sintering, which will cause pores in ceramics

(Fig. 2b). The 9.1 wt% of PCS is an optimal content in present

study. By this addition of PCS, fully dense ZrB2–SiCw ceramics

can be obtained (Fig. 2c).

The fracture toughness of fully dense ZrB2–SiCw–PCS

ceramics as a function of SiCw content is shown in Fig. 3. It can

be seen that the fracture toughness increases with the increase

in the content of SiCw. The ZrB2–PCS ceramics without SiCw

have a fracture toughness 3.25 MPa m1/2, close to the reported

values in the literature [7,8]. With the addition of SiCw, the

fracture toughness of ZrB2-based ceramics is obviously

enhanced. When the content of SiCw is over 20 vol.%, the

fracture toughness is over 7.33 MPa m1/2, more than twice that

of ZrB2–PCS ceramics, and almost 50–70% larger than ZrB2–

SiCp (4.0–4.4 MPa m1/2 in references [1,5,9,24]). Compared

with the reported fracture toughness of ZrB2–SiCw (5.97–6.0 in

literature [11,20]), the value of our ZrB2–SiCw ceramics is

about 25% higher. It is believed that the low sintering

temperature and reduced surface reactions between SiCw and

ZrO2 on the surface of ZrB2 particles are the reason. As shown

in Fig. 2c, the SiCw still has hexagonal cross-section, without

obviously being destroyed during sintering process, while the

SiCw treated at 1800 8C changed its shape [20].

To understand the toughening mechanism, the indentation

cracks for ZrB2–SiCw and ZrB2–PCS are compared in Fig. 4.

The extensive interactions between cracks and whiskers are

obvious (Fig. 4a). The cracks are deflected and bridged by the

whiskers. The crack propagation with such interactions will

consume more energy than the process without interactions.

The fracture toughness is thus improved.

4. Conclusion

ZrB2–SiCw ceramics were produced from mixed powders

impregnated with PCS by hot pressing at 1750 8C and 28 MPa.
The PCS reduces the sintering temperature and the reactions

between SiCw and ZrO2 on the surface of ZrB2 particles, which

protects SiCw from being damaged during sintering process.

The SiCw can fully fulfill its function to deflect and bridge the

cracks. The fracture toughness of ZrB2–SiCw thus increases. Its

value is about twice higher than that of monolithic ZrB2, and

about 70% higher than that of ZrB2–SiCp. Since SiCw is less

damaged during sintering process, the toughness of ZrB2–SiCw

in present work is about 25% higher than the reported data of

ZrB2–SiCw.
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