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A B S T R A C T   

Triplex-particulate ceramic composites with varying proportions of boron carbide plus SiC and ZrB2 second 
phases were fabricated by transient liquid-phase assisted spark plasma sintering (SPS) from B4C with 5–30 vol% 
ZrSi2 aids, optimising the SPS temperatures and identifying the so far elusive carbon source for the in situ for
mation of most of the SiC in these composites and in their boron carbide–SiC–metal diboride counterparts. 
Firstly, it is shown that ZrSi2 is a suitable sintering additive that significantly reduces the SPS temperatures of 
B4C, making densification possible at temperatures in the range 1500–1750 ◦C (the more ZrSi2 aid, the lower the 
SPS temperature) at which pure B4C is unsinterable. Secondly, it is shown that ZrSi2 is a reactive sintering ad
ditive that reacts with part of the starting B4C to form SiC, ZrB2, and Si, the latter being a transient phase that first 
contributes to densification by liquid phase sintering and then disappears upon reaction with the remaining B4C 
to form more SiC and a Si-doped B-rich boron carbide. Carbon exsolution from B4C is thus the carbon source for 
the formation of most of the SiC. Thirdly, it is shown that the thus-fabricated triplex-particulate composites are 
ultrahard (>30 GPa) when B4C is SPS-ed with 20 vol% ZrSi2 or less, and that the one SPS-ed from B4C with 20 vol 
% ZrSi2 has the best trade-off between sinterability (SPS at 1600 ◦C) and super-hardness (~32.4 GPa). Finally, a 
comparison is made between these and other existing triplex-particulate boron carbide–SiC–metal diboride 
composites.   

1. Introduction 

Triplex-particulate ceramic composites consisting of B4C, SiC, and a 
transition metal diboride (MeB2) are a recent family of superhard and 
even ultrahard materials whose greater sinterability, fracture toughness, 
and strength make them more appealing than monolithic B4C for use in 
contact-mechanical and tribological applications [1–5]. Currently, these 
ceramic composites are fabricated by either solid-state sintering directly 
from a B4C+SiC+MeB2 powder mixture [1,5–11] or reactive sintering 
from a powder mixture of B4C plus sintering aids whose mutual reaction 
gives SiC and MeB2 [2–4,12–19]. Solid-state sintering has the advantage 
that the composition is very easily controllable on demand by simply 
adjusting the percentages of B4C, SiC, and MeB2 in the powder mixture, 
but the disadvantage that the sintering temperatures remain high due to 
the great refractoriness of the three compounds. Reactive sintering al
lows for a more reduced compositional design (since composition de
pends on the proportion of aids and the reaction stoichiometry), but the 
sintering temperatures are in general, but especially when using spark 
plasma sintering (SPS), less demanding and therefore industrially more 

tantalising. 
Particularly simple and successful is reactive sintering of B4C with 

metal disilicide (MeSi2) aids [2–4,12,18]. The former is because the 
powder batch is formulated with only two compounds (B4C and MeSi2), 
with MeSi2 providing both the Me and Si required to form the MeB2 and 
SiC. The latter is because, as observed in B4C sintered with MoSi2 or 
TiSi2 aids, the reaction between B4C and MeSi2 generates Si as an in
termediate reaction product, which promotes the lower-temperature 
densification by transient liquid-phase sintering [2,18]. 

So far, reactive sintering of B4C with MeSi2 aids has only been 
investigated for MoSi2 [2–4] and TiSi2 [12,18], which lead to 
triplex-particulate B4C–SiC–MoB2 and B4C–SiC–TiB2 composites, 
respectively. On a practical level, an open issue is therefore to extend 
this approach to B4C with other MeSi2’s, such as ZrSi2 to obtain at lower 
sintering temperatures the B4C–SiC–ZrB2 composites which are 
currently fabricated by hot-pressing at 2000 ◦C [1,5], and to elucidate 
what advantages they offer in terms of sinterability and mechanical 
properties. On a fundamental level, an open issue is to clarify the carbon 
source for the formation of most of the SiC in all these B4C–SiC–MeB2 

* Corresponding author. 
E-mail address: alortiz@unex.es (A.L. Ortiz).  

Contents lists available at ScienceDirect 

Journal of the European Ceramic Society 

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

https://doi.org/10.1016/j.jeurceramsoc.2023.11.078 
Received 2 November 2023; Received in revised form 25 November 2023; Accepted 30 November 2023   

mailto:alortiz@unex.es
www.sciencedirect.com/science/journal/09552219
https://www.elsevier.com/locate/jeurceramsoc
https://doi.org/10.1016/j.jeurceramsoc.2023.11.078
https://doi.org/10.1016/j.jeurceramsoc.2023.11.078
https://doi.org/10.1016/j.jeurceramsoc.2023.11.078
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jeurceramsoc.2023.11.078&domain=pdf


Journal of the European Ceramic Society 44 (2024) 4323–4329

4328

super-hardness (~32.4 GPa), and enhanced toughness 
(~3.5–3.6 MPa⋅m1/2) make the triplex-particulate composite fabricated 
from 80B4C+20ZrSi2 the most appealing of them all. 

Finally, let us compare these boron carbide–SiC–ZrB2 composites 
with their counterparts fabricated in previous studies. The comparison 
of SPS temperatures and toughness values should however be handled 
with caution, the former due to the use of different types of furnaces and 
the latter due to the use of different measurement methods or formu
lations. First, 1B4C–1SiC–1ZrB2 and 15B4C–15SiC–75ZrB2 composites 
have already been fabricated by solid-state hot-pressing at 2000 ◦C 
using hour-long cycles [5], and they are softer (~26 and 21 GPa, 
respectively) and, if anything, more brittle (~3.4 and 2.9 MPa⋅m1/2, 
respectively) than the optimal composite fabricated here by SPS from 
80B4C+20ZrSi2 at only 1600 ◦C in minutes. Notwithstanding the 
composition differences, ultra-fast SPS from B4C+ZrSi2 seems more 
recommendable than conventional hot-pressing from B4C+SiC+ZrB2. 
Second, SPS of B4C+MoSi2 has also been found to be optimal for 20 vol 
% aids, but at 1700 ◦C instead of 1600 ◦C [3]. Since these boron carbi
de–SiC–MoB2 composites are just as hard (~33 GPa [3]) and tough 
(~4.1 MPa⋅m1/2 [3]) as the boron carbide–SiC–ZrB2 composites, the 
ZrSi2 additive is therefore preferable to the MoSi2 additive. And third, 
the conclusion is less obvious when comparing the ZrSi2 and TiSi2 ad
ditives. Boron carbide–SiC–TiB2 composites have also been fabricated by 
SPS from B4C+TiSi2 at 1800 ◦C [18], finding the optimal case being for 
~8 vol% aids, while B4C with ~8 vol% ZrSi2 aids could be SPS-ed at 
~1725 ◦C (as estimated from Table 1). The resulting boron carbi
de–SiC–TiB2 composites are however slightly more superhard 
(~34 GPa) and markedly tougher (>6 MPa⋅m1/2) than the boron car
bide–SiC–ZrB2 composites [18]. Therefore, the optimal SPS tempera
tures for B4C+ZrSi2 would in principle be lower than those for 
B4C+TiSi2, which is an advantage in terms of processability, but the 
resulting composites are less tough, which is a disadvantage in terms of 
brittleness. However, TiB2 provides more toughening effect than ZrB2 
due to the larger mismatch in thermal expansion coefficients [5], and 
the greater interfacial weakness could then be a handicap (i.e., favoured 
grain pull-out [29]) of the boron carbide–SiC–TiB2 composites in 
tribological applications. Further comparative studies are needed to 
elucidate this. Fabricating and studying boron carbide–SiC–MeB2 com
posites sintered from B4C with other MeSi2’s, or metal silicides in gen
eral, also merit future work. 

4. Conclusions 

A study was conducted on the fabrication of B4C by SPS with ZrSi2 
aids. Based on the experimental results and analyses, the following 
conclusions can be drawn:  

1. Like other MeSi2’s, ZrSi2 is also a reactive sintering aid that promotes 
transient liquid-phase sintering of B4C at lower SPS temperatures 
otherwise unfeasible for its solid-state sintering.  

2. Densification of B4C+ZrSi2 by SPS yields triplex-particulate boron 
carbide–SiC–ZrB2 composites, which are superhard (25 vol% ZrSi2 or 
more) or ultrahard (20 vol% ZrSi2 or less), moderately tough, and 
affordable to fabricate (the more so with increasing ZrSi2 aid pro
portion used). 

3. Densification of B4C+ZrSi2 by SPS is optimal for 20 vol% ZrSi2, of
fering the best trade-off between sintering affordability (1600 ◦C), 
super-hardness (~32.4 GPa), and toughness (~3.5–3.6 MPa⋅m1/2).  

4. The carbon source for the formation of most of the SiC in these, and 
similar, triplex-particulate composites is carbon exsoluted from the 
starting B4C, with the reaction between B4C and Si also forming a Si- 
doped boron-rich boron carbide.  

5. Boron carbide–SiC–ZrB2 composites compare favourably with their 
boron carbide–SiC–MoB2 counterparts, and would in principle be 
somewhat more affordable to fabricate but less tough than their 
boron carbide–SiC–TiB2 counterparts. Boron carbide–SiC–MeB2 

composites other than these three remain unfabricated by reactive 
sintering from B4C+MeSi2. 
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