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ARTICLE INFO ABSTRACT

Keywords: The feasibility of densifying TiCN at a much lower temperature than currently by using transient liquid-phase
TiCN assisted spark plasma sintering (SPS) with Si aids is demonstrated. Firstly, it is shown that TiCN can be fully
Superhard ceramies densified by SPS at 1400 °C with only 5 vol% Si aids, a temperature at which TiCN hardly densifies at all,
if::;fimi ?A?;ig:jsintering resulting in novel superhard (~21.5 GPa) ceramic composites having fine-grained (<1 um) multi-particulate
Mechanical properties microstructures with TiCN as the main phase and SiC, TiSis, and TiN as secondary phases. It is found that all
this is because Si is a reactive sintering aid (2TiCysNg5+3Si—SiC+TiSio+TiN) and because during SPS two
eutectic melts are formed, first a Si-rich one at ~1275 °C and then a TiSip-rich one at ~1375 °C. Secondly, it is
shown that TiCN can also be fully densified by SPS at only 1275 °C with 5 vol% Si aids, giving the same
superhard ceramic composites as at 1400 °C, but requiring much longer holding because only the Si-rich eutectic
melt is formed. And thirdly, it is shown that the densification of TiCN-+Si is more favoured with increasing vol%
Si aids, which is important for its pressureless sintering, and also that these superhard multi-particulate TiCN-
based composites are slightly less hard but slightly tougher and lighter the more SiC, TiSiy, and TiN secondary

phases are formed in situ during SPS by the reaction between TiCN and Si.

1. Introduction

Titanium carbonitride (TiCN) is a solid solution intermediate be-
tween TiC and TiN, with their same NaCl-type cubic crystal structure
(Fm3m) but with C and N randomly occupying the Wyckoff positions 4b
[1], whose outstanding combination of properties makes it particularly
appealing as a structural ceramic. Thus, for example, TiCN is relatively
lightweight (~5.11 g/cm? density), ultra-refractory (~3050 °C melting
point), superhard (~22 GPa hardness), and very resistant to oxidation,
corrosion, and wear [2-6], to name but a few of its remarkable prop-
erties. Not surprisingly, there is currently growing interest, for example
in the machining and cutting tool industry, in the development of
TiCN-based materials.

Unfortunately however, TiCN is a hard-to-densify compound whose
poor sinterability is a serious handicap for its widespread industrial use.
Certainly, fabricating dense TiCN parts by solid-state sintering without
aids is very challenging, even when using spark plasma sintering (SPS)
despite this currently being the reference sintering technique for ultra-
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refractory ceramics [7-10]. For example, the typical commercially
available TiCN powders require SPS temperatures as high as
1800-2200 °C to reach >95 % densification [6,11-14]. Alternatively,
TiCN can be densified at much milder temperatures by liquid phase
sintering, for example using the classic aids of Co, Ni, or Fe so widely
used for fabricating WC-based cermets [15-19], but at the expense of its
hardness.

Transient liquid phase sintering, in which the sintering aids form a
liquid phase that eventually disappears upon reacting with the solid
particles [20,21], could perhaps be the way to break the current di-
chotomy of either affordable sintering or super-hardness in TiCN. In this
regard, it has recently been shown that B4C, which like TiCN is another
hard-to-densify ultra-refractory carbide that exists in a wide composi-
tional range [22], can be fully densified by transient liquid-phase
assisted SPS at only 1400 °C with Si aids, leading to the in situ forma-
tion of superhard bi-particulate B4C-SiC composites [23,24]. Given the
above, the present study was aimed at investigating the feasibility of also
densifying TiCN by SPS at 1400 °C, or even lower temperature, with Si
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Fig. 15. SEM images representative of the fracture surface of the materials fabricated by SPS at 1400 °C under 75 MPa from the (A) 85TiCN+15Si (15 min holding)
and (B) 75TiCN+25Si (10 min holding) powder mixtures. Imaging was done at 20 kV. (C) HR-XRD patterns of these two materials as indicated, acquired with pure

CuKo, incident radiation and indexed using the PDF2 database.
4. Conclusions

A study was conducted on the lower-temperature densification of
TiCN by SPS with Si aids. Based on the experimental results and ana-
lyses, the following conclusions can be drawn:

1. Si is a reactive sintering aid that, even in low proportions, promotes

transient liquid-phase sintering of submicrometre TiCN at SPS tem-
peratures at which its solid-state sintering under usual pressures is
unfeasible.

. The enhanced densification of TiCN+Si is due to the formation
during SPS of two liquid phases, a first one at ~1275 °C which is a Si-
rich eutectic melt and a second one at ~1375 °C which is a TiSio-rich
eutectic melt. Full densification of TICN+Si is also possible with only
the first liquid phase formed if the holding segment is prolonged.

. SPS of TiCN+Si results in novel fine-grained multi-particulate
ceramic composites with TiCN as the main phase and SiC, TiSi,, and
TiN as secondary phases, which are superhard, moderately tough,
lighter, and affordable to fabricate.

. The densification of TiCN+-Si is more favoured with increasing vol%
Si aids, and the resulting TiCN-based composites are only slightly less
hard but slightly tougher and lighter. This may be relevant for the
future pressureless sintering of TiCN+Si.
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