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Abstract

SiO2–cBN composites were consolidated by spark plasma sintering at 1473–1973 K. The effects of cBN content and sintering temperature on

the relative density, phase transformation, microstructure and mechanical properties of the SiO2–cBN composites were investigated. The relative

density of the SiO2–cBN composites increased with increasing SiO2 content. The phase transformation of cBN to hBN in SiO2–cBN composites

was identified at 1973 K, showing the highest transformation temperature in cBN-containing composites. The SiO2–20 vol% cBN composites

sintered at 1673 K showed the highest hardness and fracture toughness of 12.5 GPa and 1.5 MPa m1/2, respectively.
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1. Introduction

Since SiO2 has excellent electrical-insulation, high chemical

stability, a low thermal expansion coefficient and low thermal

conductivity [1–3], it has been applied as a refractory material

in crucibles for melting high-purity silicon and in circuit

boards. However, the low hardness and high brittleness limits

its applications as a structural material. The fabrication of SiO2-

based composites with a hard phase is a promising way to

improve the hardness and fracture toughness of SiO2.

Like SiO2, cubic boron nitride (cBN) has low thermal

expansion and electrical conductivity [4,5], but unlike SiO2, it

is characterized by the high hardness and thermal conductivity

[5–7]. Although cBN is hardly densified, SiO2 is easily

densified by hot pressing. Since cBN does not readily react with

SiO2, SiO2–cBN composite should be a promising structural

material. However, no report on SiO2–cBN composite has been

published to date.

Spark plasma sintering (SPS) has been widely used for the

densification of materials due to its rapid heating, low sintering

temperature and short sintering time. To date, many kinds of

fully dense high-temperature structural ceramics [8,9], trans-
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parent ceramics [10,11], and intermetallics [12] have been

successfully fabricated. SPS would inhibit the phase transfor-

mation of cBN to hBN due to the short sintering time. In the

present study, SiO2–cBN composites were prepared by SPS and

the effects of cBN content and sintering temperature on the

density, micorstructure and mechanical properties of SiO2–

cBN composites were investigated.

2. Experimental details

SiO2 (SO-E1, Admatechs, mean diameter: 0.25 mm) and

cBN (SBN-F, Showa Denko, mean diameter: 2.8 mm) powders

were used as raw materials. cBN at 0–50 vol% was mixed with

SiO2 by a planetary ball mill at a rotary rate of 120 rpm for 48 h

in ethanol. The mixed powder was dried at 333 K for 24 h and

then passed through a 100-mm sieve three times. The powder

was poured into a graphite die with an inner diameter of 10 mm

and sintered by SPS (SPS-210LX, SPS Syntex Inc, Japan) at

1473–1973 K at a heating rate of 1.67 K s�1, a holding time of

0.6 ks and a pressure of 100 MPa. The temperature was

measured by an optical pyrometer focused on a hole (Ø

2 mm � 5 mm) in the graphite die. The shrinkage of the

specimens was continuously monitored by the displacement of

a punch rod. The shrinkage was calibrated by deducting the

displacement of the graphite die.
d.
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Fig. 2. XRD patterns of SiO2–cBN composites originally containing 50 vol%

cBN sintered at (a) 1573, (b) 1673, (c) 1873 and (d) 1973 K.
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The phase transformation of cBN was examined by X-ray

diffraction (XRD; Geigerflex, Rigaku Corp.) with CuKa

radiation. The microstructures of the polished and fracture

surfaces were observed by scanning electron microscopy

(SEM, Hitachi: S-3100H). The density of the specimens was

determined by the Archimedes’ method, and the relative

density (Dr) was calculated using theoretical densities of SiO2

(2.20 � 103 kg m�3) [13] and cBN (3.49 � 103 kg m�3) [14].

Vickers hardness (Hv/GPa) and fracture toughness (KIC/

MPa m1/2) at room temperature were measured using a

micro-hardness tester (HM-221, Mitutoyo) at loads of 0.98

and 9.8 N. The hardness was calculated using Eq. (1):

Hv ¼ 1:854 � 10�9 � P

d2
(1)

where P (N) is the applied load and d (m) is the averagevalue of the

two diagonal lengths for Vickers indentation. The KIC (MPa m1/2)

was calculated from Eq. (2) using the half length of the crack (c, m)

formed around the corners of indentations [15,16]:

KIC ¼ 0:073 � 10�6 � P

c3=2
(2)

where P (N) is the applied load and c (m) is the average half

length of cracks.

3. Results and discussion

Fig. 1 shows the effect of sintering temperature on shrinkage

from 1273 to 1673 K and the isothermal shrinkage at 1673 K

for 0.6 ks for SiO2–cBN composites with cBN content (CcBN)

from 0 to 50 vol%. The shrinkage of monolithic SiO2 started at

1273 K and finished at 1573 K. The SiO2–cBN composites at

CcBN = 10, 20 and 30 vol% started to shrink at 1473 K and

ceased shrinking at 1623 K. On the other hand, the shrinkage of
Fig. 1. Effect of sintering temperature on the displacement of SiO2 and SiO2–

cBN composites originally containing 10–50 vol% cBN at 1473–1673 K, and

the time dependence of isothermal displacement at 1673 K up to 0.6 ks. The

height of each green sample was 5 mm.
SiO2–50 vol% cBN composite started at 1523 K and continued

even in the soaking period at 1673 K.

Fig. 2 shows the XRD patterns of SiO2–50 vol% cBN

composites sintered at 1573–1973 K. SiO2 was still amorphous

after sintering at 1573–1973 K. No phase transformation of

cBN to hBN was observed at 1873 K, whereas a small amount

of hBN was identified at 1973 K. SiO2 had no reaction with

cBN in the whole temperature range. Fig. 3 demonstrates the

starting temperature of the phase transformation of cBN to hBN

(TcBN) in cBN-containing composites. In Al2O3–Ni–cBN [17],
Fig. 3. Starting temperature of the phase transformation of cBN to hBN in

different cBN-containing composites and cBN.



Fig. 4. Effect of cBN content on the relative density of SiO2–cBN composites

sintered at 1473–1873 K.
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WC–Co–cBN [18] and Al2O3–cBN composites [19], cBN

transformed to hBN at 1573–1673 K. Thus, the other phases,

i.e., WC–Co, Al2O3–Ni and Ni, could accelerate the

transformation. The TcBN in TiN–cBN [20] was the same as

that of cBN. In SiAlON–cBN [6,21], mullite–cBN [7] and

SiO2–cBN systems, the TcBN was 1923–1973 K, 50–100 K

higher than that of cBN. This indicates that SiO2-containing

phases were effective for retarding the phase transformation.

Fig. 4 shows the effect of CcBN on the relative density (Dr) of

SiO2–cBN composite sintered at 1473–1873 K. The effect of

CcBN on the Dr of TiN–cBN [20] and mullite–cBN [7] at

1873 K is also presented in this figure for comparison. At

1473 K, the Dr of SiO2 was 98.7%. With increasing CcBN from

10 to 50 vol%, the Dr of SiO2–cBN composites decreased from

97.9% to 88.3%. At 1573 K, the Dr of SiO2–(10–20) vol% cBN

composites was higher than 99%. With increasing CcBN from

30 to 50 vol%, the Dr of SiO2–cBN composites decreased from

97.1% to 90.6%. At 1673 K, the Dr of SiO2–(10–20) vol% cBN

composites was almost the same as that at 1573 K, whereas the

Dr of SiO2–30 vol% cBN and 50 vol% cBN was 98.0% and

92.4%, higher than that at 1573 K. At 1773 K, the SiO2–cBN

composites at CcBN = 0–20 vol% did not consolidate because

the graphite die was broke. At 1773 and 1873 K, the Dr of SiO2–

50 vol% cBN was 91% and 90%, respectively, lower than that

at 1673 K. The higher temperature hindered the densification

due to the transformation. The Dr of the SiO2–cBN composites
Fig. 5. Back-scattered SEM micrographs of the polished surface of SiO2–cBN comp

1673 K.
at 1573 K and CcBN = 10–20 vol% (above 99%) was higher

than that of TiN–cBN (92–93%) and mullite–cBN (96–98%)

composites at 1873 K and CcBN = 10–20 vol%.

Fig. 5 shows the back-scattered electron images of SiO2–

cBN composites containing 10–50 vol% cBN sintered at
osites originally containing (a) 10, (b) 20, (c) 30 and (d) 50 vol% cBN sintered at



Fig. 6. Effect of cBN content on the Vickers hardness of SiO2–cBN composites

sintered from 1473 to 1873 K.

Fig. 7. Effect of cBN content on the fracture toughness of SiO2–cBN compo-

sites sintered from 1473 to 1673 K.

Fig. 8. SEM image of the typical crack propagation in SiO2 ((a) and (b)) and SiO2–20 vol% cBN composite ((c) and (d)).
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1673 K. The black phase is cBN and the white matrix is SiO2.

No pores were identified in the SiO2–cBN composites

containing 10–30 vol% cBN (Fig. 5(a)–(c)). However, some

pores and cracks were observed in SiO2–50 vol% cBN

composite.

Fig. 6 shows the effect of CcBN on Hv of the SiO2–cBN

composites sintered at 1473–1873 K. The Hv of SiO2 was

6.2 GPa at 1473 K and increased slightly to 7.0 GPa at 1573 and

1673 K. At 1473 K, the Hv of SiO2–cBN composites slightly

increased to 6.5 GPa with increasing CcBN to 20 vol% and then

decreased to 2 GPa at CcBN = 50 vol%. At 1573 K, the Hv

increased to 12 GPa with increasing CcBN to 20 vol% and then

decreased to 5 GPa at CcBN = 50 vol%. At 1673 K, the Hv

showed the maximum of 12.5 GPa at CcBN = 20 vol%. The Hv of

the SiO2–cBN composites at 1773 K decreased from 11.7 to

7.7 GPa with increasing CcBN from 30 to 50 vol%. At 1873 K, the

Hv of the SiO2–cBN composite at CcBN = 50 vol% was 7.3 GPa,

0.4 GPa lower than that at 1773 K and CcBN = 50 vol%.

Fig. 7 shows the effect of CcBN on the KIC of the SiO2–cBN

composites sintered at 1473–1673 K. The KIC of SiO2 was

0.6 MPa m1/2, showing a typical value of glass materials due to

their high brittleness [11,22]. The KIC of SiO2–cBN composites

increased with increasing CcBN. At 1473 K, the KIC of SiO2–

20 vol% cBN increased to 0.8 MPa m1/2. At 1573 and 1673 K,

the highest KIC was 1.5 MPa m1/2, 2.5 times higher than that of

SiO2. Fig. 8 shows the indentation and crack propagation in

SiO2 and SiO2–20 vol% cBN. The indentation in SiO2 was

much bigger than that in SiO2–20 vol% cBN composite and the

center of indentation in SiO2 was collapsed. The crack in SiO2

propagated straight in SiO2 (Fig. 8(a) and(b)); however, the

crack was deflected in the SiO2–20 vol% cBN composite

(Fig. 8(c) and (d)). The crack deflection may have contributed

to the higher KIC compared with that of SiO2. It has been

reported that cBN improved the KIC of composites, such as a-

Al2O3–cBN [19], TiN–cBN [7] and WC–Co–cBN [18].

Martinez et al. have reported that the KIC of WC–Co–

30 vol% cBN composite had a maximum value of

15.4 MPa m1/2, almost 2 times higher than that of WC–

5 wt% Co (7.3 MPa m1/2) [18]. The maximum KIC of a-Al2O3–

20 vol% cBN composite at 1573 K was 4.1 MPa m1/2, about 1.5

times higher than that of a-Al2O3 (2.7 MPa m1/2) [19]. In TiN–

cBN composites, the KIC of TiN–(10–20) vol% cBN compo-

sites sintered at 1873 K was 3.4–3.6 MPa m1/2, about 1.1 times

higher than that of TiN sintered at 1873 to 2073 K (3.0–

3.2 MPa m1/2) [7].

4. Conclusions

SiO2–cBN composites were consolidated by SPS at 1473–

1673 K under a moderate pressure of 100 MPa. With increasing

cBN content, the starting and finishing temperature of

shrinkage of SiO2–cBN composites increased and the relative

density gradually decreased. The phase transformation tem-

perature of cBN to hBN was 1973 K, higher than the other

cBN-containing composites. No reaction between SiO2 and

cBN was identified. The relative density of SiO2–(10–30) vol%

cBN composites was about 96–100% at 1473–1673 K. The
highest hardness and fracture toughness of SiO2–20 vol% cBN

composites sintered at 1673 K were 12 GPa and 1.5 MPa m1/2,

respectively.
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