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ARTICLE INFO ABSTRACT

Handling editor: Dr P. Vincenzini A route, based on the short-time shaker milling of a 16ZrH;+29B+1Al powder mixture followed by its low-

temperature reactive spark plasma sintering (SPS), is presented for the affordable fabrication of novel super-

Keywords: hard ZrB; ceramics. Firstly, it is shown that just 1 h of shaker milling intimately mixes and significantly refines
ZtBy the ZrHy, B, and Al particles, mechanically activating the powder mixture. Secondly, it is shown that the shaker-
Nanoceramics

milled 16ZrH,+29B+1A1 powder mixture is very sinterable and can be optimally densified by reactive SPS at
only 1350 °C, one of the lowest sintering temperatures ever reported for ZrB,, resulting in unusual fully-dense
superhard (27 GPa) Al-doped ZrB, nanoceramics. This exciting super-hardness is due to both Hall-Petch hard-
ening (or grain-boundary hardening, because the ZrB, grains are nanometric) and solid-solution hardening
(because the ZrB, nanograins are doped with Al). SPS below 1350 °C leads to much softer, non-dense ZrBy
nanomaterials (ZrBa-Zr3Alp nanocomposites for SPS at 1100 °C and 1150 °C but Al-doped ZrB; nanoceramics for
SPS at 1200°C-1300 °C), and SPS above 1350 °C to increasingly softer, fully-dense ZrB, materials (Al-doped ZrBy
ceramics for SPS at 1400 °C but ZrB,-Zr3Al,; composites for SPS at 1450 °C and 1500 °C) with bimodal mi-
crostructures increasingly dominated by micrometre-sized grains. It is also shown that neither shaker milling nor
reactive SPS alone is sufficiently effective, but their synergic combination is. Finally, it is postulated that the
attributes and fabrication affordability of these novel Al-doped ZrB; nanoceramics make them potentially very
appealing for structural applications.

Superhard ceramics
High-energy ball-milling
Reactive spark plasma sintering

1. Introduction

The early transition metal diboride ZrBy is the most prominent ultra-
high-temperature ceramic (UHTC) [1-7], and as such is being widely
investigated for use in extreme environments. However, while most of
the research on ZrB, is focused on its potential use in applications of
interest in aerospace engineering (e.g., hypersonic flight, atmospheric
re-entry, and scramjet and rocket propulsion), its remarkable combi-
nation of properties (e.g., high melting point, high hardness, relatively
low density, good thermal and electrical conductivities, and high
strength, to name but a few) also makes ZrB; a very appealing structural
ceramic for more general use including tribological applications [8-21].

Besides its modest oxidation resistance, which is a particularly
important problem only for high-temperature applications in oxidising
atmospheres, the main drawback of ZrB, is that it is a hard-to-densify
material that requires very demanding sintering conditions [6,7].
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Indeed, ZrB, is considered to be “unsinterable” by pressureless sintering,
and difficultly sinterable by hot pressing or even by spark plasma sin-
tering (SPS). Sintering at high temperatures for prolonged times also
results in coarse-grained ZrB, ceramics, which are not the most desirable
in terms of mechanical properties (e.g., lower strength and wear resis-
tance) [22,23]. Unsurprisingly, much of the earlier work on ZrB, has
been devoted to identifying suitable sintering additives. The current
favourites are those that also simultaneously improve its oxidation
resistance (e.g., Si carriers such as SiC and transition metal disilicides),
but due to their great refractoriness, sintering temperatures remain high.
This trade-off between sinterability and oxidation resistance is not so
necessary if ZrB; is to be used as a structural ceramic rather than as a
UHTG, so it is worthwhile identifying other sintering additives allowing
the low-temperature densification of ZrB, without penalising its me-
chanical properties.

Recently, novel ZrBp-hardened Zr3Al, composites have been
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