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bstract

l2O3–cBN/Ni composites were consolidated by spark plasma sintering (SPS) using �-Al2O3 and Ni nanoparticle precipitated cBN (cBN/Ni)
owders. The Ni nanoparticles, 10–100 nm in diameter and 0.5–2.2 mass% in content, were precipitated on cBN powder by rotary chemical vapor
eposition. The effect of sintering temperature (TSPS) and Ni content (CNi) on the densification, phase transformation, microstructure and hardness
f the Al O –cBN/Ni composites were investigated. The highest relative density of Al O –30 vol% cBN composite was 99% at T = 1573 K
2 3 2 3 SPS

nd CNi = 1.7 mass%. At TSPS = 1673 K, the relative density decreased due to the phase transformation of cBN to hBN. The Vickers hardness of
l2O3–30 vol% cBN/Ni at TSPS = 1573 K and CNi = 1.7 mass% showed the highest value of 27 GPa.
2011 Elsevier Ltd. All rights reserved.

eywords: Ni nanoparticle precipitated cBN (cBN/Ni); Spark plasma sintering (SPS); Phase transformation; Microstructure; C. Mechanical properties
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. Introduction

Cubic boron nitride (cBN) has been widely applied in cut-
ing tools due to its being the hardest material after diamond,1

ts good thermal conductivity and its lesser reactivity with iron
han diamond. However, cBN is hard to densify by conven-
ional sintering because of the strong covalent bond and low
elf-diffusion coefficients of B and N.2,3 Furthermore, the phase
ransformation of cBN to hexagonal BN (hBN) at high tempera-
ures leads to a volume expansion resulting in cracking and low
ardness. Therefore, monolithic cBN and cBN-based compos-
tes are compacted at an ultra-high pressure of more than several
Pa.4–6

However, cBN-containing composites have been prepared by
ot isostatic pressing (HIP) and spark plasma sintering (SPS)
nder moderate pressure. Martinez et al. sintered cBN–WC/Co

omposites with cBN contents up to 50 vol% at 1373–1473 K
nder pressures of 150 and 200 MPa by HIP.7 The cBN–WC/Co
omposites showed a hardness of about 25 GPa, much higher
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han that of WC/Co. Since SPS can compact ceramics and
omposites at a relatively low temperature and short time,8–11

he phase transformation of cBN to hBN can be depressed.2,12

otta and Goto have prepared dense SiAlON–cBN13 and
l2O3–cBN14 composites containing 10–20 vol% cBN by SPS.
he Vickers hardness of Al2O3–(10–20 vol%)cBN composites
as 26 GPa, about 4 GPa higher than that of the monolithic
l2O3 body. The highest hardness of SiAlON–cBN was 16 GPa
ith 10 vol% cBN. In these composites, cBN was uniformly dis-
ersed in Al2O3 and SiAlON matrices. However, with increasing
BN content higher than 30 vol%, the relative density of the
omposites decreased because the self-contact between cBN
articles became significant. In order to prevent the self-contact
f cBN particles, preliminary coating of additives directly on
BN particles may be promising.

Ni nanoparticle is a promising sintering additive as reported
or Al2O3,15–17 Al2O3–ZrO2,18 TiN–TiB2

19 and WC.20 How-
ver, no research has been published on Ni nanoparticle addition
o sinter cBN –containing composites. In the present study,

i nanoparticles were precipitated on cBN powder (hereafter

BN/Ni) by using RCVD (rotary chemical vapor deposition),
nd subsequently, Al2O3–cBN/Ni composites were consoli-
ated by SPS. This paper reports the effect of Ni nanoparticle

dx.doi.org/10.1016/j.jeurceramsoc.2011.05.019
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the phase transformation from cBN to hBN was observed in
Al2O3–cBN composites at TSPS = 1673 K.14 Thus, the phase
transformation temperature of cBN to hBN in this work was
084 J. Zhang et al. / Journal of the Europe

ontent on the relative density, Vickers micro-hardness, phase
ransformation and microstructures of the Al2O3–cBN/Ni com-
osites.

. Experimental details

Ni nanoparticles were precipitated on cBN powder
Showadenko, 2–4 �m in diameter) by RCVD using nickelocene
NiCp2) as a precursor. NiCp2 was evaporated at 393–423 K
nd carried into a reaction chamber by Ar at a flow rate of
.67 × 10−6 m3 s−1. The supply rate of NiCp2 (Rs) was varied
rom 0.28 to 1.12 mg s−1

. Oxygen at a flow rate from 0.17 to
.68 × 10−6 m3 s−1 was introduced into the reaction chamber
o eliminate carbon contamination. The reaction chamber was
xternally heated at 823 K and rotated at a rate of 45 rpm to keep
he cBN powder continuously floating in the reaction chamber.
he total pressure in the reaction chamber was maintained at
00 Pa. The deposition time was fixed at 1.8 ks.

CBN/Ni powder was mechanically mixed with �-Al2O3
owder and consolidated by spark plasma sintering (SPS-
10LX, SPS Syntex Inc, Japan) with a graphite die
�30 mm × �10 mm × 30 mm) at a sintering temperature (TSPS)
f 1473–1673 K. A carbon sheet 0.2 mm in thickness was
nserted between the raw material powder and the graphite die.
he graphite die was wrapped with carbon blankets in order to
inimize the heat loss in the sintering process. The heating rate

n SPS was 1.67 K s−1 with a holding time of 0.6 ks under a
niaxial pressure of 100 MPa. The temperature was measured
y an optical pyrometer in a hole (�2 mm × 5 mm) on the die
urface.

The crystal phase of the cBN/Ni powder and that of the
l2O3–cBN/Ni composites were identified by X-ray diffrac-

ion (XRD, Rigaku: RAD-2C, CuK�). The microstructure was
bserved by scanning electron microscopy (SEM, Hitach: S-
100H) and transmission electron microscopy (TEM, JEOL:
000EX). The Ni content (CNi) in the cBN/Ni powder was esti-
ated from energy-dispersive X-ray spectroscopy (EDS), and
as averaged by five measurements in different areas. The den-

ity of the Al2O3–cBN/Ni composites was determined by an
rchimedes’ method and the relative density (Dr) was calcu-

ated from that of Al2O3 (3.99 g/cm3),21 cBN (3.49 g/cm3)22

nd Ni (8.91 g/cm3).23 Vickers micro-hardness (Hv) at room
emperature was measured by a hardness tester (HM-221, Mit-
utoyo Corp.) at a load (P) of 0.98 N and was averaged by ten
oints.

. Results and discussion

Fig. 1 shows the XRD patterns of cBN and cBN/Ni powders
repared at Rs = (a) 0.28, (b) 0.56, (c) 0.84 and (d) 1.12 mg s−1.
he oxygen flow rate (FO2 ) was (a) 0.17, (b) 0.34, (c) 0.51 and

d) 0.68 × 10−6 m3 s−1, respectively. The diffraction peaks at
θ = 43.2◦ (1 1 1), 50.3◦ (2 0 0), and 74.1◦ (2 2 0) were indexed

o Ni (Fig. 1(b)–(d)), and no NiO and C peaks were detected.
he Ni intensity increased with increasing Rs, indicating that the
i content increased. Fig. 2 shows the effect of Rs on CNi esti-
ated from EDS. The CNi increased from 0.6 to 2.2 mass% with

F
c

ig. 1. X-ray diffraction (XRD) patterns of Ni-precipitated cBN powders at

s = (a) 0.28, (b) 0.56, (c) 0.84 and (d) 1.12 mg s−1.

ncreasing Rs from 0.28 to 1.12 mg s−1. Fig. 3 shows the surface
orphology of cBN/Ni powder at Rs = 0.28 to 1.12 mg s−1. At
s = 0.28 mg s−1, Ni nanoparticles of about 10–20 nm in dia-
ater were sparely distributed on the surface of cBN powder

Fig. 3(a)). At Rs = 0.56 mg s−1, the amount of Ni nanoparti-
les increased apparently compared to that at Rs = 0.28 mg s−1

Fig. 3(b)). At Rs = 0.84 to 1.12 mg s−1 (Fig. 3(c) and (d)), the
i nanoparticles agglomerated to a diameter larger than 100 nm.
Fig. 4 shows the effect of CNi on the crystal phase

f Al2O3–30 vol% cBN/Ni composite at TSPS = 1573 K. At
Ni = 0.6 and 1.2 mass%, �-Al2O3, cBN and Ni were identi-
ed (Fig. 4(a) and (b)). At CNi higher than 1.7 mass% (Fig. 4(c)
nd (d)), hBN was detected. Hotta and Goto have reported that
ig. 2. Effect of Rs on the Ni content (CNi) in the Ni nanoparticle precipitated
BN.
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Fig. 3. FESEM images of Ni precipitated cBN powd

bout 100 K lower than that in Al2O3–cBN composites. This
uggests that Ni nanoparticles may accelerate the phase trans-
ormation. On the other hand, it may also take place even at lower
oncentration, but the amount of transformation within the given
ime may be too small to be identified by XRD. Many researchers
ave reported that the incorporation of metal phases affect the
hermal stability of cBN by accelerating reactions between met-

ls and cBN,5,24 and accelerating the transformation from cBN
o hBN.7 No reaction between cBN and Ni was identified in

ig. 4. XRD patterns of Al2O3–30 vol% cBN/Ni composite sintered at 1573 K
ith CNi = (a) 0.6, (b) 1.2, (c) 1.7 and (d) 2.2 mass%.
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Rs = (a) 0.28, (b) 0.56, (c) 0.84 and (d) 1.12 mg s−1.

his work, while the phase transformation of cBN to hBN was
romoted by catalytic activity of Ni nanoparticles.

Fig. 5 shows the effect of CNi on Dr of Al2O3–30 vol%
BN/Ni composite at TSPS = 1473 to 1673 K. At TSPS = 1473,
he Dr of Al2O3–30 vol% cBN/Ni composite at CNi = 0.6
o 2.2 mass% was about 96%, almost independent of CNi.
t TSPS = 1573 K, the Dr of Al2O3–30 vol% cBN compos-

te without Ni nanoparticles was 97%, slightly higher than
hat at TSPS = 1473 K. At CNi = 0.6 to 1.7 mass%, the Dr

f the Al2O3–30 vol% cBN/Ni composite was 99%. At
Ni = 2.2 mass%, the Dr of the Al2O3–30 vol% cBN/Ni com-
osite slightly decreased to 98.5%. At TSPS = 1673 K, the Dr

ig. 5. Effect of Ni content on the relative density of Al2O3–30 vol% cBN/Ni
omposite sintered at 1473, 1573 and 1673 K for 600 s.
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was the highest value among cBN containing composites
consolidated by the moderate pressure methods of SPS and
HIP, i.e., Al2O3–cBN14 (26 GPa), SiAlON–cBN (16 GPa),13,25
ig. 6. SEM micrographs of the polished surface of Al2O3–30 vol% cBN/Ni
omposite sintered at (a) 1473, (b) 1573 and (c) 1673 K. (CNi = 1.7 mass%)s.

f Al2O3–30 vol% cBN/Ni composite increased from 96.7% to
8.2% with increasing CNi from 0 to 2.2 mass%, being lower
han those at TSPS = 1573 K due to the phase transformation of
BN to hBN.

Fig. 6 presents SEM images of the Al2O3–30 vol% cBN/Ni
omposite (CNi = 1.7 mass%) at TSPS = 1473 to 1673 K. The
rrows represent the presence of pores in the polished sur-
aces. EDS identified the black and white phases as being cBN
nd Ni, respectively. The Ni nanoparticles agglomearted into
arge grains from 0.1 to 1 �m in diameter. At TSPS = 1473 K,
ome small pores existed due to a low relative density of the
l2O3–30 vol% cBN/Ni composite (arrows in Fig. 6(a)). At
SPS = 1573 K, cBN particles were well bonded with Al2O3
atrix and no pores were observed (Fig. 6(b)). At TSPS = 1673 K,
ores were observed at the interface between Al2O3 and cBN
rains (arrows in Fig. 6(c)). The pores could have caused by the
olume change by the transformation of cBN to hBN.

F
b
c

ig. 7. Effect of Ni content on the Vickers hardness of Al2O3–30 vol% cBN/Ni
omposite sintered at 1473, 1573 and 1673 K for 600 s.

Fig. 7 shows the effect of CNi on the Hv of Al2O3–30 vol%
BN/Ni composite (CNi = 0–2.2 mass% at TSPS = 1473 to
673 K. The Hv of Al2O3–cBN/Ni composites showed the
aximum at CNi = 1.7 mass%. The Hv at TSPS = 1573 K
as higher than those at TSPS = 1473 and 1673 K. The
ighest Hv of the Al2O3–30 vol% cBN/Ni composite was
7 GPa at CNi = 1.7 mass% and TSPS = 1573 K. Fig. 8 sum-
arizes the effect of cBN content (CcBN) on the Hv of the
l2O3–cBN/Ni composites. The Al2O3–cBN composites with-
ut Ni nanoparticles showed the maximum value of 26 GPa
t CcBN = 20 vol% and then significantly decreased at higher
cBN. The Al2O3–cBN/Ni (CNi = 1.7 mass%) showed the max-

mum value of 27 GPa at CcBN = 30 vol%. This value (27 GPa)
ig. 8. Comparison of the highest hardness of cBN-containing composites
etween the present work and the reported values as a function of cBN volume
ontent. The term “Ultra-high pressure” in this figure means several GPa.
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ullite–cBN (16 GPa)26 and WC–Co–cBN (25 GPa).7,12 At
cBN > 40 vol%, the cBN containing composites need an ultra-
igh pressure of over 5 GPa and at a high sintering temperature
f over 1673 K. The highest reported Hv was 55 and 47 GPa
f TiN–TiB2–75 vol% cBN27 and pure cBN28,29 prepared at
.5 GPa and 1720 K, and 7.7 GPa and 2473–2673 K, respec-
ively. The Hv Al2O3–30 vol% (cBN/Ni) composite (27 GPa)
s comparable to those high cBN content composites prepared
t ultra-high pressure, i.e., Ti–40 vol% cBN (Hv = 44 GPa),29

iN–Al–75 vol% cBN (Hv = 30.9 GPa),5 Al–93.6 vol% cBN
Hv = 32.7 GPa),30 Al–81.4 vol% cBN (Hv = 32.1 GPa),31 and
lN–78.9 vol% cBN (Hv = 29 GPa).31

. Conclusions

Ni nanoparticles about 10–100 nm in diameter and 0.5–2.2
ass% in content were precipitated on cBN powder by
CVD. Al2O3–cBN/Ni composites were sintered by SPS at
473–1673 K at a pressure of 100 MPa. The Al2O3–30 vol%
BN/Ni composite showed the highest values of Dr = 99% and
v = 27 GPa at CNi = 1.7 mass% and TSPS = 1573 K. The phase

ransformation of cBN to hBN was observed at the sintering tem-
erature higher than 1573 K and at CNi higher than 1.7 mass%,
nd caused the decrease of Dr and Hv.
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