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Abstract

The effect of SiC addition (5, 17.5, or 30 vol%) on the spark-plasma sinterability of ZrC ultra-high-temperature ceramics (UHTC) was
investigated as a function of the intensity of high-energy co-ball-milling. It was found that the spark-plasma-sintering (SPS) kinetics of the ZrC—
SiC powder mixtures is enhanced progressively with increasing co-milling time, which is due to the progressive refinement of the crystallite sizes.
It was also found that in practice the SiC addition is beneficial for the SPS kinetics of ZrC if the co-milling time is short enough so as to refine the
SiC crystallite size only to the submicrometre range, although the improvement in sinterability does not correlate with the SiC content. On the
contrary, the SiC addition is increasingly detrimental for those co-milling times that promote SiC refinement to the nanoscale. This unexpected
trend is due to slower ZrC crystallite size refinement in the presence of SiC and, especially, to the complex role played during SPS by the
passivating SiO; films formed on the SiC particles, and is different from what has been observed in ZrB,—SiC. Finally, implications of interest for

the UHTC community are discussed.
© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Zirconium carbide (ZrC), with a melting point of ~3450 °C,
hardness of ~25-26 GPa, Young's modulus of ~400 GPa,
thermal conductivity of ~20.5 W/m K, and electrical resistivity
of ~78 x 107° Q cm, to cite just some of its properties, is one
of these few compounds catalogued as ultra-high-temperature
ceramics (UHTCs), and is therefore a material of great interest
in the world of extreme-environment engineering [1]. Unfortu-
nately, ZrC UHTCs suffer from two important drawbacks, one
being their poor sinterability due to the extremely-high melting
point, and the other their low oxidation resistance due to the
formation of porous oxide scales.

The problem of how to simultaneously improve the sinter-
ability and oxidation resistance of UHTCs has been exten-
sively investigated in ZrB,. One possible solution is both to
add SiC and to refine the coarse starting powders. This
approach has also been tried in ZrC, although the utility of
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incorporating SiC as a sintering additive has yet to be fully
validated because ZrC-SiC sintering studies have been few
and far between and experimentally diverse. Thus, while Ma
et al. [2] report a greater hot-pressing density (1900 °C,
30 MPa) for ZrC-20 vol% SiC than for ZrC [3], this compar-
ison cannot be taken as conclusive due to the use of different
ZrC powders. Those workers have also reported that the
degree of densification attained by hot-pressing ZrC—SiC first
increases and then decreases with SiC content [4], but the
exact role of SiC is unclear because the powder mixtures used
also contained 5 vol% graphite. Zhao et al. [5] find improved
pressureless sintering of ZrC-20 vol% SiC composites at
1900 °C and 2100 °C, but prepared from ZrC, Si, and C
mixtures, and therefore without using SiC. Zhao et al. [6] also
describe the low-temperature densification (i.e., at 1800 °C) of
ZrC-30 vol% SiC from that type of powder mixture, although
now using spark-plasma sintering (SPS) and without reporting
the comparison with a reference ZrC. Recently, Kljajevi¢ et al.
[7] also described the spark-plasma sintering of ZrC-SiC
powder mixtures prepared from ZrSiO,, but the role of SiC
is obscure due to the use of LiYO, sintering additive. Finally,
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Wang et al. [8] have densified ZrC-SiC composites at 1600 °C
by reactive hot-pressing from ZrC and Si, but again the role of
SiC is left unclear because the low-densification was assisted
by Zr-Si liquid-phase formation. Other studies on ZrC-SiC
composites report no sintering data.

Clearly, the findings of these few previous studies are
insufficient for one to draw any definitive conclusion on
whether or not SiC helps densify ZrC as it does for ZrB,
[9]. Consequently, more sintering studies with a common
experimental platform are required to unambiguously decide
this question. Indeed, this is the objective of the present short
communication, which aims to contribute to this end by
investigating the SPS kinetics of ZrC-SiC powder mixtures
as a function of their SiC content (5, 17.5, and 30 vol%) and
intensity of high-energy co-ball-milling.

2. Experimental procedure

Commercially-available ZrC (Grade B, H.C. Starck, Ger-
many; ~3 pm) and SiC (UF-15, H.C. Starck, Germany;
~0.55 pm) powders were combined in relative concentrations
of 95-5, 82.5-17.5, and 70-30 vol% and were then shaker-
milled (Spex D8000, Spex CertiPrep, USA) in air for different
times in the interval 1-180 min with WC balls (6.7 mm
diameter; Union Process Inc., USA) under a ball-to-powder
weight ratio of 4. The ZrC crystallite sizes in the resulting
powder mixtures were determined by X-ray diffractometry
(XRD; D8-Advance, Brukers-AXS, Germany) [10]. Selected
powders were also analysed by X-ray photoemission spectro-
scopy (XPS; K-Alpha, Thermo Scientific, UK) for chemical
analysis.

The ZrC-SiC powder mixtures were spark-plasma sintered
(Dr. Sinter SPS-2050, Sumitomo Coal Mining Co., Japan) in
dynamic vacuum at 75 MPa pressure up to the temperature at
which the graphite punches ceased travelling, with a limit of
2100 °C. The heating ramp was 100 °C min~" up to 1200 °C,
and 50 °C min~" henceforth. The shrinkage curves logged
were then corrected for the expansion of the graphite parts to
obtain the real shrinkage curves of the powder mixtures
themselves, followed by conversion to densification curves.
Selected sintered materials were characterised using scanning
electron microscopy (SEM; S-4800I1, Hitachi, Japan).

3. Results and discussion

Fig. 1 shows the SPS-densification curves as a function of
temperature for the three sets of ZrC-SiC powder mixtures.
Qualitatively the shape of the curve is always the same, with a
first linear part of moderate densification induced by mechan-
ical compaction of the powder, followed by a second stretch of
rapid densification, and lastly a third stretch of gradual
densification towards the limiting value. Quantitatively, how-
ever, the densification curve depends on the co-milling time
and SiC content.

It can be seen in Fig. | that the degree of densification at
the onset of the SPS cycle first increases and then decreases
with increasing co-milling time, which is the usual trend in
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Fig. 1. SPS-densification curves as a function of temperature for the ZrC-SiC
powder mixtures with different degrees of high-energy co-ball-milling and SiC
additions of: (A) 5 vol%, (B) 17.5 vol%, and (C) 30 vol%.

ZrC [11] and ZrB, [12], and is due to the formation of hard
agglomerates with nanometric sizes during milling. It is also
immediately deduced from the shifting of the densification
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curves towards lower temperatures that the SPS kinetics of the
ZrC-SiC powder mixtures is improved with increasing co-
milling time, a trend that is more pronounced for ZrC-5% SiC.
The dependence of the sinterability of ZrC on the SiC content
is, however, much more complex. Thus, comparison (not
shown here) of the densification curves of ZrC—SiC powder
mixtures with those reported before for pure ZrC [11] with the
same milling time reveals first a shift towards lower tempera-
tures with the SiC addition in the absence of co-milling and for
short co-milling times (i.e., 3 min or less), especially for ZrC—
17.5% SiC, and then a gradual change to a shift towards higher
temperatures for longer co-milling times (i.e., > 10 min) that
is more marked with increasing SiC content. This suggests that
only if no co-milling is used or if the co-milling time is short
does SiC help in the SPS of ZrC; otherwise its addition is
increasingly detrimental in terms of sinterability. The former is
reasonable because SiC is less refractory and has smaller
particle size in its starting condition than ZrC, and for the same
reasons the latter is surprising; it can then be inferred that there
should be at least another mechanism operating that gradually
reduces the beneficial effect of the SiC addition with the
progressive co-milling and that eventually becomes even
dominant thus impoverishing the sinterability.

A detailed analysis of the densification curves confirms the
conclusions inferred from the cursory inspection of Fig. I.
Thus, it can be seen in Fig. 2 that for a given SiC content the
onset temperatures of the early (Tpgs), intermediate (Ty;s), and
final (Tprs) sintering regimes, and the temperature of the
change to grain-boundary diffusion (Tgpp)' all decrease, first
abruptly and then more gradually, with increasing co-milling
time. This is a clear sign that the SPS kinetics of the ZrC-SiC
powder mixtures benefit from the progressive co-milling,
although their improvement beyond 3 h of co-milling will
only be slight, so that such prolonged co-millings are not very
practical. The trend with the SiC content is substantially
different, and, as was to be expected, very complex. It can
be seen in Fig. 2 that, except for Tpgs Which decreases with
increasing SiC content, the rest of the characteristic tempera-
tures increase systematically as the SiC content increases when
the co-milling time is moderate or long (i.e., > 3 min). This is
a sign of impoverished sinterability. However, when the co-
milling time is short (i.e., <3 min), the SiC addition is to a
greater or lesser extent beneficial for the sinterability, although
without any direct correlation with the SiC content since ZrC—
17.5% SiC exhibits better kinetics than ZrC-5% SiC and ZrC-
30% SiC.

'The early stage of sintering is the sintering regime where there occurs the
formation and rapid growth of necks among particles, recognised by the
deviation of the densification curve from the linear compaction stretch. The
intermediate stage of sintering is the sintering regime where the pore
distribution transforms from open porosity to closed porosity, beginning
typically at ~75% relative density [13]. The final stage of sintering is the
sintering regime where the closed porosity is eliminated, starting typically at
~90% relative density [13]. The change from surface diffusion to grain-
boundary diffusion is evidenced by a maximum in the time derivative of the
shrinkage curve [14].

The improvement in sinterability with increasing co-milling
time was to be expected because, as shown in Fig. 3, the high-
energy ball-milling progressively refined the crystallite size, or
size of the primary particles because the refinement occurs by
brittle fracture [11], to the nanoscale. In non-oxide ceramics,
this refinement is accompanied by surface passivation, but
even so the shortening of the diffusion distances and the
formation of a greater density of grain boundaries available as
fast diffusion paths speed up the sintering kinetics in accor-
dance with Herring's scaling law [15].

On the contrary, the impoverishment in sinterability with
increasing SiC addition for moderate or long co-milling times
was surprising because it is not what is observed in ZrB.,,
whose SPS kinetics is substantially accelerated if co-milled
with SiC [16]. A first possible interpretation of this unexpected
effect with the SiC addition, as SiC is less refractory than ZrC
and its addition without co-milling indeed improved the
sinterability, would lie in the slowing down of the kinetics
of crystallite size refinement of ZrC that occurs with SiC
addition (see Fig. 3). This is also the case in ZrB,, and has
been attributed to the combination of the earlier SiC nano-
crystallization promoted by its greater brittleness and the
decreased ball-to-powder volume ratio resulting from the lower
SiC density [17]. Whatever the mechanism in ZrC, for the
scope of the present investigation it is sufficient to consider
that, in accordance with Herring's scaling law, the kinetics of
interparticle diffusion controlled sintering is slower with
increasing crystallite size. Nevertheless, although the greater
ZrC crystallite size may contribute to the effect, plots of the
characteristic temperatures against crystallite size, such as that
of Tors in Fig. 4, indicate that alone it is insufficient to account
for the observed impoverishment in sinterability. Instead, an
additional mechanism of kinetics impoverishment has to be
operating in the ZrC-SiC powder mixtures subjected to
moderate and, above all, long co-milling times for which the
crystallite sizes converge gradually to the same limiting value.

This second mechanism is most likely related to the oxygen
impurities in the powders, and in particular to the SiO, formed
on the SiC particles. This is because the sought mechanism has
to increase in importance both with increasing SiC content and
with decreasing crystallite size—a combination of requirements
fulfilled by SiO, as confirmed by the XPS analyses in Fig. 5,
but not by ZrO, (whose abundance of course decreases as the
SiC content increases because of the lower ZrC content). In
SPS, whether these SiO, impurities help or hinder densifica-
tion depends on the outcome of the competition between two
opposing tendencies. First, the surface SiO, favours evapora-
tion—condensation or surface diffusion mass transport mechan-
isms at moderate temperatures [18], which is detrimental to
densification because surface energy is consumed in promoting
microstructural coarsening. Indeed, SiC is a typical example of
a material that forms sinter bonds between particles without
densification, which is why SiC powders are doped with B and
C to promote their solid-state sintering [19] or with other
additives for their liquid-phase sintering [20]. And second, at
higher temperatures the surface SiO, will segregate under the
applied pressure at multi-grain joints because the more
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Fig. 2. Evolution of (A) Togs, (B) Toss, (C) Tgpp, and (D) Tors with high-energy ball-milling time for the ZrC powder (taken from [11]) and ZrC-SiC powder
mixtures (5, 17.5, or 30 vol% SiC). The points are the experimental data, and the lines are merely to guide the eye.
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condition was taken to be the same as the particle size measured by electron
microscopy.

refractory ZrO, does [21]. This is beneficial for densification
because it fills pores. Considering the experimental results
shown in Fig. 2, one may reasonably conclude that the balance
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Fig. 4. Dependence of Tors on the crystallite size of ZrC achieved during the
high-energy ball-milling for the ZrC powder (taken from [11]) and ZrC-SiC
powder mixtures (5, 17.5, or 30 vol% SiC). The points are the experimental
data, and the lines are merely to guide the eye.

is increasingly tipped in favour of microstructural coarsening
with increasing SiC content due to the greater SiO, abundance.
Furthermore, this trend is exacerbated by the fact that the
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Fig. 5. High-resolution XPS spectra of the Si 2p (doublet Si 2ps3,—2p;,,) core
level for (A) the ZrC powder and ZrC-SiC powder mixtures (5, 17.5, or 30 vol
% SiC) with 180 min of milling, and (B) the ZrC-30% SiC powder mixture in
the as-received condition and ball-milled for 180 min. The peak indexing for
the two bonding statuses observed for the Si atoms is included. The spectra in
(A) have been shifted along the vertical axis to facilitate their comparison. In
(B), they have also have been normalised by imposing the same intensity for
the Si peak associated with SiO,.

ZrC-SiC powder mixtures have an earlier onset of evaporation-
condensation/surface diffusion (Fig. 2A) but a delayed activa-
tion of grain-boundary diffusion (Fig. 2D) with increasing SiC
content, which increases the exposure times to temperatures at
which coarsening is more significant. The SEM micrographs in
Fig. 6 confirm the greater coarseness of the ZrC grains with
increasing SiC content for an identical SPS cycle. This
explanation would also account for the observation that
ZrC-5% SiC benefits more from the milling than ZrC-
17.5% SiC and ZrC-30% SiC.

The scenario for short co-milling times is different. In this
case, it appears that the combination of microstructural
coarsening and larger ZrC crystallite size is not the predomi-
nant factor in conditioning the SPS kinetics, which indeed
benefit from the SiC addition although gradually less as the
short milling time increases mainly due to the increasing
introduction of SiO,. This is attributable to the lower content
of oxide impurities introduced into the powder mixtures when
SiC is refined only to the submicrometric range, because the
XRD measurement of the SiC crystal size above 3 min of co-
ball-milling is at the nanoscale. This finding is consistent with
independent observations on ZrC-SiC UHTCs pressureless-
sintered from powders also refined to the submicrometre scale
(~0.5 pm) [5]. However, there seems to be some complex
competition between mechanisms, with the small (i.e., 5 vol%)
and substantial (i.e., 30 vol%) SiC additions being worse than
the moderate addition (i.e., 17.5 vol%). This clearly merits
future investigation because one infers that there exists an
optimal SiC content that offers the best trade-off between the
benefits and drawbacks of SiO, impurities. Again, this deduc-
tion is consistent with independent observations on hot-pressed
ZrC-SiC UHTCs with 10, 20, and 30 vol% SiC [4].

The important lesson that can be learnt from this study is
that the SiO, introduced during the co-milling of ZrC and SiC

Fig. 6. Low-magnification SEM micrographs of the UHTCs resulting from the
SPS at 1900 °C without soaking, of (A) ZrC-17.5%SiC and (B) ZrC-30%SiC
powder mixtures with 180 min of high-energy co-ball-milling. Smaller grains
are SiC and oxides; larger grains are ZrC. Darker areas are not pores, as was
confirmed by higher-magnification observations. Owing to their lower SPS
temperature of 1850 °C, the SEM images of the ZrC powder and of the ZrC—
SiC powder mixtures with the same milling conditions are not presented to
avoid a biased comparison.

is detrimental for the sinterability of these UHTCs because it
results in lesser improvement in sinterability when co-milling
time is sufficiently short and in impoverishment when the co-
milling time is moderate or large. As SiO, comes exclusively
from the surface passivation of SiC, or in other words without
SiC there is no SiO,, it could also be said that in practice the
SiC addition is detrimental to the densification of ZrC if the
SiC has nanometric particle sizes and therefore carries abun-
dant SiO,, but will act as an effective sintering additive if its
particle size is intentionally controlled to stay within the
submicrometric range and thus to carry less SiO,. Therefore,
the preparation of ZrC-SiC composite nanopowders is in
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general inadvisable in terms of sinterability, especially by
high-energy co-ball-milling due to the slower kinetics of
crystallite size refinement of ZrC. In principle, this conclusion
should be valid not only for SPS, but also for hot-pressing and
pressureless sintering because the combination of lower
compaction pressures and slower heating ramps will further
favour coarsening. Alternatively, since the bane of nano-SiC is
its surface SiO,, it might be found to be an efficient sintering
additive for ZrC if it were appropriately purified to remove
surface oxide, or if it were added in combination with other
compounds that promote the carbothermal-reduction of oxide
during sintering. Further investigation into these aspects is
warranted because the incorporation of SiC into ZrC matrices
would indeed be beneficial for the material's properties, such as
its resistance to oxidation, and there is clear interest today in
the development of UHTC nanocomposites.

Finally, it is worth mentioning that the ZrC case is clearly
different from that of ZrB,, for which SiC substantially accelerates
the SPS kinetics [16], regardless of the high-energy co-milling
conditions (and therefore of the crystallite sizes). The difference
lies in the fact that in ZrB, the passivating B,O5 and SiO, films
react during SPS to form a low-viscosity liquid borosilicate that
both speeds up interparticle diffusion and is segregated under
pressure into the multi-grain joints, thus filling up the pores [16].
This is not possible in ZrC because it passivates to form only
Zr0,, and the first liquid in the ZrO,—SiO, binary system does not
occur until 1678 °C [22]. Thus, another lesson that is learnt from
this study is that what works for a subfamily of the UHTCs (i.e.,
borides) does not necessarily work for the others (i.e., carbides,
and probably nitrides t00).

4. Conclusions

We have investigated the SPS kinetics of ZrC-SiC powder
mixtures subjected to different intensities of high-energy co-
ball-milling as a function of SiC content (5, 17.5, or 30 vol%).
The results allow the following conclusions to be drawn:

1. The high-energy co-ball-milling progressively enhances the
spark-plasma sinterability of the ZrC-SiC UHTCs due to
the refinement of the crystallite sizes which reduces the
diffusion distances and develops a greater density of grain
boundaries available as faster diffusion paths.

2. The SiO, introduced during co-milling as the passivating
layer on the SiC particles is detrimental for the sinterability
of ZrC-SiC because it results in lesser improvement in
sinterability when the co-milling time is short and in
impoverishment for moderate or large co-milling times.
The slowing down of the kinetics of crystallite size
refinement of ZrC that occurs during co-milling with SiC
also contributes to further impoverish the sinterability. In
this way, in practice the SiC addition enhances the SPS
kinetics of ZrC only if the co-milling time is short enough
so as to refine the SiC crystallite size to just the submicron
range, where the surface SiO, impurities do not yet
condition the sinterability entirely; otherwise, SiC addition
is detrimental, essentially because it dominates the

microstructural coarsening promoted by the surface SiO, on
the SiC nanoparticles.

3. Unlike the case with ZrB,, SiC cannot be considered a
general sintering additive for ZrC, although it may act
efficiently if an appropriate strategy is used to prepare the
powder. The key aspect is either to control the SiC particle
size, to thus modulate the SiO, content introduced, in which
case there does appear to exist an optimal content of SiC
additive because logically this also dictates the total SiO,
content, or alternatively to be able to remove the surface
SiO, from the SiC particles for a greater exploitation of the
beneficial effect of their addition.
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