Journal of Alloys and Compounds 502 (2010) 371-375

journal homepage: www.elsevier.com/locate/jallcom

Contents lists available at ScienceDirect

Journal of Alloys and Compounds

Journal of

ALLOYS
AND COMPOUNDS

Preparation of Ni-precipitated hBN powder by rotary chemical vapor deposition
and its consolidation by spark plasma sintering

Jianfeng Zhang, Rong Tu, Takashi Goto*

Institute for Materials Research, Tohoku University, Sendai 980-8577, Japan

ARTICLE INFO ABSTRACT

Article history:

Received 26 February 2010

Received in revised form 9 April 2010
Accepted 24 April 2010

Available online 4 May 2010

Keywords:

Rotary chemical vapor deposition (RCVD)
Hexagonal boron nitride (hBN)

Ni

Spark plasma sintering (SPS)

Ni nanoparticles were uniformly precipitated on hBN powder by rotary chemical vapor deposition (RCVD)
using nickelocene (NiCp,) as a precursor. The average grain size and the content of Ni increased from
13.9 to 84.5nm and 0.98 to 3.65 mass%, respectively, with increasing supply rate (Rs) of NiCp, from 0
to 1.12 x 10-%kgs~'. The Ni-precipitated hBN powder was consolidated by spark plasma sintering. The
density of the hBN body increased with increasing Ni content and sintering temperature. The highest
density was 97.3% at 2273 K.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Boron nitride (hBN) has several poly-types, typically hexagonal
BN (hBN) and cubic BN (cBN). In particular, hBN is character-
ized by high-temperature refractoriness, chemical inertness, high
lubrication, excellent thermal shock resistance and extremely low
electrical conductivity [1,2]. Thus, hBN has been widely applied
as insulators for high-temperature furnaces, protective tubes and
insulating sleeves of thermocouples, crucibles, boats and noz-
zles for molten metals. Pressureless sintering, hot pressing and
hot isostatic pressing have been applied for the preparation of
hBN [1-5]; however, the densification of hBN is rather diffi-
cult due to its strong covalent bonding nature and anistrophic
plate-like structure. In the sintering process, a small amount
of boron oxide (B,03) has been commonly added to densify
hBN powder by liquid sintering [2]. However, B,03 often dete-
riorates the water-resistance and high-temperature properties
of hBN.

A small amount of metals would be an effective sintering addi-
tive, e.g., Al,O3/Ni [6], Al,O3/Cr [7], ZrO,/Mo [8,9] and AIN/Mo
[10,11]. Metals, particularly Ni, have been employed as a main
component of cermets, such as Al,03/Ni [6] and WC/Ni [12], due
to its good sinterability, high oxidation resistance and ductibility.
However, no study about the effect of Ni addition on the sintering
behavior of hBN has been reported.
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Common mechanical mixing of hBN powder and a small amount
of Ni powder would not yield uniform distribution because of their
different mechanochemical characteristics. Therefore, direct depo-
sition of Ni nanoparticles on hBN powder could be promising for
uniform mixing of Ni additive in hBN powder. Coating and precip-
itation on the surface of powder have been conducted by several
methods including sol-gel and chemical vapor depoisition (CVD)
[13,14]. Fluidized bed CVD (FBCVD), in particular, has been widely
employed for coating on powders. However, the application of
FBCVD on powder is limited depending mainly on density and par-
ticle size of powder. The use of a rotary CVD (RCVD) to prepare
TiN coated titanium, graphite and iron powders has been reported
[15,16]. This method can be applied to wide variety of powders
without limitation of density and size of powders. However, there
have been no reports of attempts to prepare metal nanoparticles as
asintering additive on ceramic powders. In this study, Ni nanoparti-
cles have been prepared on hBN powder by RCVD, and the sintering
behavior of the powder has been studied by spark plasma sintering
(SPS).

2. Experimental procedure

Ni nanoparticles were precipitated on hBN powder by RCVD using nickelocene
(NiCpy) as a precursor. Fig. 1 shows a schematic of the RCVD apparatus, mainly con-
sisting of a precursor evaporator and a reactor. Four alumina blades were attached
to the inner wall of the alumina reactor to suspend hBN powder in a space by rotat-
ing the reactor in order to increase the contact time of the reactant gas and powder.
The NiCp, precursor in the evaporator was heated at 393-423K, and carried into
the reaction zone by H, under a flow rate of 1.67 x 10~ m3 s~!. The supply rate
(Rs) of NiCp, was varied from 0 to 1.12 x 10-6kgs~!. The hBN powder (approx.
2-4 pm in grain size) was fed into the reactor and preheated at 793-823 K. The total
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Fig. 1. Schematic of rotary CVD.

pressure of the RCVD apparatus was kept at 800 Pa. The deposition time was fixed
at 1.8 ks.

The Ni nanoparticle precipitated hBN (hereafter Ni/hBN) powder was con-
solidated by spark plasma sintering (SPS, model SPS-210LX, SPS Syntex Inc.,
Japan). The sintering temperature ranged from 1773 to 2273 K. The heating rate
was 3.3Kgs~!, and the sintering time was 0.6ks. A pressure of 100 MPa was
loaded from the beginning of the sintering process. The temperature was mea-
sured by an optical pyrometer focused on a hole (2 mm x 5mm) in the graphite
die.

The crystal structure and phase of the Ni/hBN powder and the sintered bodies
were identified by X-ray diffraction (XRD) with CuKa radiation. The microstructure
was observed by scanning electron microscopy (SEM) and transmission electron
microscopy (TEM). The average grain size of the Ni nanoparticles was calculated
from 50 particles in the TEM images. The Ni content (CNi) in the Ni/hBN powder
was estimated by energy-dispersive X-ray spectroscopy (EDS) and was averaged
by five measurements at different areas. The bulk density of the sintered body was
determined by an Archimedes’ method and converted to relative density using the
theoretical density of hBN (2.28 x 10° kgm~3) [17] and Ni (8.91 x 10> kgm~3) [18].
Vickers hardness (Hv) at room temperature was evaluated by a Vickers microhard-
ness tester (HM-221, Mitutoyo Corp.) under a load (P) of 0.098 N, and was averaged
by ten points.

3. Results and discussion

Fig. 2 shows the effects of precursor supply rate (Rs) on
XRD patterns of the Ni/hBN powders. The diffraction peaks at
20=43.2°(111), 50.3°(200), and 74.1°(220) were indexed to Ni,
and no NiO and C peaks were identified. With increasing Rs,
the intensities of Ni peaks increased, indicating the increase of
the Ni content. Fig. 3 demonstrates the effect of Rs on the Ni
content estimated from EDS. The Ni content increased up to
4 mass%, showing an almost linear relation between Rs and Ni
content.
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Fig. 2. X-ray diffraction (XRD) patterns of Ni-coated powders (a)

Ri=028 x 10-5kgs~!, (b)
and (d)Rs=1.12 x 106 kgs~1.

Rs=0.56 x 10~ 5kgs~!, (c) Rs=0.84x105kgs!,

Fig. 4 shows the nano-structure of Ni particles precipitated
on hBN powders at various Rs. Fine Ni particles less than 10 nm
in size were partly precipitated on the flake-like hBN powder
at Rs=0.28 x 10~%kgs~! (Fig. 4(a)). The Ni particles were pref-
erentially precipitated at the edge of hBN flakes (Fig. 4(b)). At
Rs=0.56 x 10-6kgs~1, Ni particles about 10 nm in size were dis-
tributed uniformly on the hBN surface (Fig. 4(c and d)). At Rs =0.84
to 1.12 x 106 kgs~1, the Ni powders grew to several 10 nm and
agglomerated (Fig. 4(e-h)). The effect of Rs on the Ni particle
size was shown in Fig. 5. The average grain size of Ni parti-
cles increased to about 80nm gradually with increasing Rs to
1.12 x 10-%kgs~1. The size distribution range also increased with
Rs.

Fig. 6 shows the relative density of the hBN bodies using
the Ni/hBN powder with various Ni contents sintered at 2073 K.
The relative density of the hBN bodies increased from 92 to
96% with increasing Ni content up to 1.87mass% and then
slightly decreased. Fig. 7(a) and (b) shows the microstructure
of hBN bodies without and with Ni sintered at 2073 K, respec-
tively. The white particles were identified as the Ni phase,
and the gray matrix phase was hBN. In the hBN body with-
out Ni, some pores and cleavages were observed (Fig. 8(a)).
The pores in the hBN body with Ni (Cy;=1.87 mass%) decreased
(Fig. 8(b)).

Fig. 8 shows the relative density of hBN bodies with Ni
(Cnj=1.87 mass%) and sintered at 1773-2273 K in comparison with
hBN bodies. The relative density of hBN bodies with Ni increased
with increasing sintering temperature and showed the highest
value 0f 97.3% at 2273 K, while those of hBN bodies without Ni were
about 5% lower than those of hBN bodies with Ni. Fig. 9 (a) and (b)
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Fig. 3. Relationship between the Ni content and R;.
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(b)

100 nm

Fig. 4. Effect of R; on morphology of Ni nanoparticles precipitated hBN powders (a) R;=0.28 x 10-5kgs~!, (b) R;=0.28 x 10-kgs~!, high magnification of (a),
(c) Rs=0.56x 10-6kgs~!, (d) Ry=0.56 x 10~6kgs~', high magnification of (c), (e) Rs=0.84 x 10~6kgs~!, (f) Ry=0.84 x 10~6kgs~!, high magnification of (e), (g)
Rs=1.12x10-%kgs~', and (h) Rs=1.12 x 106 kg s~!, high magnification of (g).

Table 1

Literature data on hBN bodies by sintering.

Hagio et al. [3,4]. Kurita et al. [19] Ho6hn and Obenaus [20] This work This work
Additive B,03 AlN, active B B,03 No additive Ni
Sintering method Pressureless sintering Pressureless sintering Hot pressing SPS SPS
Atmosphere Flowing Ar Ny - Vacuum Vacuum
Sintering temperature 2273K 1773K - 2273K 2273K
Holding time 1h - 10 min 10 min

Relative density <80% 75.8% 94% 95.1% 97.3%
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Fig. 5. Grain size distribution of Ni particles distributed on hBN powder surface.
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Fig. 6. Effect of Ni content (Cy;) on the relative density of the samples sintered from
Ni-coated and uncoated hBN powders.
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Fig. 8. Effect of sintering temperature on the relative density of the hBN bodies
using hBN powders without and with Ni.

shows the microstructure of the hBN body without and with Ni,
respectively. The hBN body with Ni was denser than that without
Ni, and the amount of Ni decreased probably due to partial evapora-
tion at high temperatures. Fig. 10 shows the Vickers hardness (Hy)
of hBN bodies with Ni (Cy; =1.87 mass%) sintered at 1873-2273K
in comparison with hBN bodies. Both of the Hy of the hBN without
and with Ni increased with increasing sintering temperature. The
Hy of the hBN body with 1.87 mass% Ni was almost two times that
of the hBN bodies without Ni, showing the highest value of about
0.3 GPa.

Table 1 shows a comparison of our work with reports in liter-
ature on sintered hBN bodies [3,4,19,20]. Kurit et al. consolidated
a hBN body at 1773K in N, by pressureless sintering using AIN
and active B as sintering additives, where the relative density was
75.8%. Hagio et al. used B, 03 as a sintering additive by pressureless
sintering, the relative density being <80% at 2237 K for 1 h. H6hn
et al. also used B,0s3 as a sintering additive by hot pressing and
obtained a relative density of 94%. In this work, the relative den-
sity of the hBN body with Ni (Cy; =1.87 mass%) reached 97.3% as
shown by SPS. This value was the highest thus far reported for a hBN
body.

Fig. 7. Back-scattered SEM images of the hBN bodies without (a) and with Ni (Cy; = 1.87 mass%) (b) sintered at 2073 K.
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Fig. 9. SEM images of hBN bodies without (a) and with Ni (Cy; = 1.87 mass%) (b) sintered at 2273 K.
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Fig. 10. Vickers hardness of hBN bodies without and with Ni (Cy; =1.87 mass%)
sintered at 1873-2273 K.

4. Conclusion

Ni nanoparticles were precipitated on hBN powders by rotary
chemical vapor deposition. The grain size and content of Ni
increased from 13.9 to 84.5nm and 0.98 to 3.65 mass¥%, respec-
tively, with increasing supply rate of NiCp, from 0 to 1.12 mass%.
The Ni nanoparticles enhanced the densification of hBN body
by SPS. The highest relative density of hBN body was 97.3% at
2273K.
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