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Abstract

The effect of SiC addition (5, 17.5, and 30 vol.%) on the high-energy ball-milling (HEBM) behaviour of ZrB, is investigated. It was found that the
presence of SiC during HEBM did not alter ZrB, refinement mechanism of repeated brittle fracture followed by cold-welding, thereby leading to
the formation of agglomerates consisting of primary nano-particles. SiC did, however, slow down the kinetics of crystallite size refinement and
promoted the formation of finer agglomerates. Both of these phenomena became more pronounced with increasing SiC content in the ZrB, + SiC
powder mixtures, and they were attributed to the energy dissipation effect of the nanocrystalline SiC particles during HEBM of the ZrB, + SiC
powder mixture. This study offers the first evidence that the addition of harder materials to softer materials can slow down the refinement of
crystallite sizes, and thus provides a new mechanism to control crystallite sizes during HEBM. The simultaneous attainment of nano-particles
of ZrB, and SiC, reduced agglomerate sizes, and homogeneous SiC dispersion at the nanometre scale may have important implications for the
ultra-high-temperature ceramic community, as it simplifies the processing route and is likely to facilitate the sintering of ZrB,-SiC composites.

© 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

The ultra-high-temperature ceramic (UHTC) ZrB; is cur-
rently being actively investigated as an aerospace material for
extreme environments such as those encountered in hypersonic
flights, atmospheric re-entry, and rocket propulsion. However,
ZrB; is not only hard to sinter,!% but also by itself does
not meet all the exigent requirements of oxidation resistance
and mechanical properties demanded by extreme-environment
aerospace engineering.!> For these reasons, ZrB; is typically
combined with other refractory ceramics. One of the most
widely used is SiC at relative concentrations between 5 and
30vol.%."> The benefit of adding SiC to ZrB; is threefold.
Firstly, SiC acts as a sintering aid, facilitating densification at
lower temperatures. This is attributed to the fact that the sur-
face of the SiC particles is covered by a thin film of SiO,
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that promotes liquid-phase sintering.®> Secondly, SiC provides
ZrB, with greater oxidation and ablation resistance because
the borosilicate scales resulting from the simultaneous oxida-
tions of ZrB; and SiC are much more protective than the boria
scales resulting from the oxidation of ZrB, alone.!-? Thirdly, SiC
improves the (thermo-)mechanical properties relevant for the
aerospace applications proposed for ZrB,."? For example, the
hardness increases because SiC is harder than ZrB,, the tough-
ness improves because of the crack defection and crack-wake
bridging in the weak ZrB,-SiC interfaces, the strength increases
because SiC inhibits grain growth thus reducing the dominant
initial flaw size, and finally, the thermal shock resistance also
improves since SiC increases the strength and thermal conduc-
tivity, and lowers the elastic modulus of the composite. It is not
surprising therefore that more research effort is being devoted to
the development of ZrB; + SiC UHTCs than of ZrB, UHTCs.
Current practice in preparing the powder mixtures required
for the fabrication of ZrB, + SiC UHTCs typically involves attri-
tion or planetary milling in wet conditions of the ZrB, and
SiC starting powders either together or separately (in the lat-
ter case, there is a later additional step of homogenization) for
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24 h or more to refine the particle sizes, followed by drying the
slurries.>~1® This approach results in sinterable, homogeneous
mixtures of ZrB, plus SiC powders, but with sub-micrometre
particle sizes (i.e., ~0.5 wm) because under these operating con-
ditions attrition or planetary milling is a form of conventional
milling. While the benefits of this processing strategy over the
use of pure ZrB; are indisputable, the processing routine would
be markedly simplified and the sinterability would be further
improved if the ZrB, and SiC powders were refined together
directly down to nanoscale. This cannot be achieved by con-
ventional ball-milling, however, because the stresses generated
are not high enough to fracture fine particles. Recently, it has
been shown that high-energy ball-milling (HEBM) in dry con-
ditions with shaker millers can produce ultrafine agglomerates
(i.e., ~120 nm) of nano-particles (i.e., ~15 nm) from pure ZrB;
powders in a few hours.!” But the procedure is not directly
extrapolatable to mixtures of ZrB; and SiC powders because
it is unknown whether the addition of a second phase such as
SiC affects the HEBM comminution mechanism of ZrB» or its
kinetics. This therefore was the target of the present study which
is aimed at comparing the HEBM behaviour of ZrB, without and
with different additions (5, 17.5, and 30 vol.%) of SiC. We found
that ZrB; is not immune to the presence of SiC, and discuss the
implications that this has for the preparation of nano-powders
of ZrB, plus SiC.

2. Experimental procedure

Commercially available powders of ZrB; and SiC (in both
cases Grade B of H.C. Starck, Berlin, Goslar, Germany) were
used as starting materials. The SiC is of type «, in particular,
essentially the 6H polytype.'® The two as-purchased powders
have a >99.5% purity, and consist of single-crystal particles with
an average size of ~2 pwm in the case of ZrB; and ~0.55 pm in
the case of SiC. Four powder compositions were prepared: pure
ZrBj, and ZrB, plus 5, 17.5, and 30vol.% SiC (abbreviated
henceforth as ZrB,—x%SiC, where x refers to the vol.% SiC
content). The HEBM of the pure ZrB; powders and of the three
ZrB; + SiC powder mixtures was performed using a shaker mill
(Spex D8000, Spex CertiPrep, Metuchen, NJ) equipped with
cylindrical hardened-steel containers loaded with 5 WC/Co balls
of 6.7 mm in diameter. The milling was carried out by shaking
the containers at about 1060 back-and-forth cycles per minute
in a complex three-dimensional trajectory, under the following
conditions: ball-to-powder weight ratio of 4, and milling times in
the range 1-180 min in air to impart different degrees of milling
intensity.

The as-purchased and ball-milled powders were character-
ized using X-ray diffractometry (XRD), laser scattering (LS),
and field-emission scanning electron microscopy (FE-SEM).
The XRD was used to identify the phases present, to determine
the phase composition in selected cases, and to evaluate the crys-
tallite size of ZrB, as a function of the ball-milling condition.
The phase identification was performed by indexing the XRD
patterns with the aid of the PDF2 database. The phase com-
position was determined quantitatively by Rietveld analysis of
the XRD patterns, using the commercial software package Topas

(Topas 4.1, Bruker AXS, Karlsruhe, Germany).'® The crystallite
sizes of ZrB, were evaluated by applying the variance method?’
to its 1 01 peak. This peak was chosen because it is the most
intense one of ZrB,, and does not overlap with any SiC peak.
The crystallite size of SiC in the ZrB, +30%SiC mixture was
evaluated from its 103 peak, which is intense, does not over-
lap with any ZrB, peak, and is located near the 101 peak of
ZrB,. The XRD data were collected in step-scanning mode with
monochromatic Cu Ko radiation (. = 1.54183 A), using a high-
resolution laboratory diffractometer (D8 Advance, Bruker AXS,
Karlsruhe, Germany) and the following three acquisition condi-
tions: (1) scanning in the range 20-80° 26, step width 0.016° 20,
and count time 3 s/step which was used to identify the phases
present, (2) scanning in the range 39.5-44.5° 26, step width
0.016° 26, and count time 5 s/step which was used to evaluate the
ZrB, crystal sizes, and (3) scanning in the range 36.5-39.5° 26,
step width 0.016° 26, and count time 15 s/step which was used
to evaluate the SiC crystal sizes. The LS was used to determine
the particle sizes in the powders, with the analyzer employed
being equipped with red and blue light sources (Mastersizer
2000, Malvern Instruments, Worcestershire, UK). These deter-
minations were performed in quintuplicate. The FE-SEM was
used to examine the particle morphology, and to validate the
particle and crystallite sizes measured by LS and XRD, respec-
tively. The observations were made without metal coating, at
10kV with secondary electrons, using a field-emission micro-
scope (S4800-1I, Hitachi, Ibarakiken, Japan). The XRD, LS,
and FE-SEM specimens were prepared using routine methods
applicable to ceramic powders.

3. Results

Fig. 1 shows XRD patterns of the pure ZrB, powders and
of the ZrB; +30%SiC mixture before and after HEBM for
selected times. Since the XRD patterns of the ZrB, + 5%SiC and
Z1rB> + 17.5%SiC mixtures showed the same trends as those that
will now be discussed for the extreme cases of the pure ZrB,
powder and the ZrB; + 30%SiC mixture, they will not be pre-
sented for the sake of brevity. It can be seen in Fig. 1 that the
XRD peaks are increasingly broader and lower with increasing
HEBM time. Because of the absence of severe plastic deforma-
tion in the brittle ZrB; and SiC,'7?! the broadening and collapse
of the peaks indicate that HEBM progressively refines the crys-
tallite sizes. It can also be seen in Fig. 1 that the XRD peaks
do not shift from their position in the un-milled condition, indi-
cating that HEBM neither alters the crystal structures nor forms
solid solutions between the ZrB, and SiC in the case of the
ZrB; + SiC mixtures. Finally, in Fig. 2 one observes that the
XRD patterns after 180 min of HEBM exhibit WC peaks, indi-
cating contamination of the powders by the milling media at
some time between 60 and 180 min of HEBM. The level of con-
tamination is very low, however, with the Rietveld analysis of
the XRD patterns (included in Fig. 2) showing that the WC con-
tent after 180 min of HEBM is less than 2.5 wt.%. This minute
contamination by WC had been not observed in previous studies
of HEBM on ZrB,!7?? and was probably detected in the present
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Fig. 1. XRD patterns of (A) the ZrB, powders and of (B) the ZrB, powders
with 30 vol.% of SiC before and after HEBM for selected times.

study thanks to the use of a high-resolution diffractometer. The
contamination by WC, however, should not be interpreted as
a negative aspect because WC itself is a sintering additive of
Z1B,. %3

Fig. 3 shows the average crystallite size of ZrB; as a function
of the HEBM time in the powders milled in the pure state and
co-milled with SiC (5, 17.5, or 30 vol.%). It can be seen that
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Fig. 2. XRD pattern of the ZrB, powder after 180 min of HEBM, together
with the corresponding Rietveld analysis. The WC peaks free of overlap with
ZrB, peaks are marked with arrows. The logarithmic scale is to facilitate the
appreciation of the WC peaks.
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Fig. 3. Average crystallite size of ZrB, as a function of HEBM time for the
ZrB, powders ball-milled without and with SiC (5, 17.5, and 30 vol.%). The
solid lines are to guide the eye. The crystallite size in the as-purchased condition
was taken to be the same as the particle size.

the evolution of the crystallite size with HEBM time is qualita-
tively similar in all cases, i.e., the crystallite size first decreases
rapidly, then much more gradually, and finally tends asymptot-
ically towards a certain limiting value. It is also very evident
in Fig. 3, however, that ZrB; crystals are refined more slowly
when they are co-milled with SiC, an effect that becomes more
pronounced with increasing SiC load in the ZrB; + SiC mixture.
Thus, for example, using the expression D = K>3 to model the
dependence of crystallite size on the HEBM time,>*?3 the con-
stant K is found to be 513 = 30 nm min*? for the ZrB, powder
without SiC, and 672 + 34, 807 £43, and 903 = 51 nm min*
for the powders with 5, 17.5 and 30 vol.% SiC, respectively. The
addition of SiC, however, did not alter the limiting crystallite size
because if the curves are extrapolated to longer HEBM time, they
all appear to converge at ~5 h of ball-milling at a crystallite size
of ~7-8 nm. Finally, the ZrB, crystallites are in all cases free
of lattice microstrains and have the same lattice parameters as
in the as-received condition because the XRD analysis revealed
no signs of Gaussian peak broadening or peak shifting.

Fig. 4 compares FE-SEM images of the typical particles in the
pure ZrB; powder milled for short and long times. One observes
in Fig. 4A that the particle size of the starting powder (~2 pm)
is rapidly reduced to the sub-micrometre scale in less than 1 min
of HEBM, and that the powder particles have faceted surfaces.
Furthermore, as in the case shown in this Fig. 4A, some of
these particles contain cracks. After long-term HEBM (Fig. 4B),
the morphology of the powder particles has evolved towards
smooth-surfaced nano-particles (i.e., <20 nm) that form ultra-
fine (i.e., <200 nm in size) agglomerates. Furthermore, TEM
observations performed by us in previous studies of HEBM
on ZrB; (not repeated here) have shown that these agglom-
erates are indeed porous and that their primary nano-particles
are crack-free.!” Finally, the fact that these agglomerates are
strong, because they have survived the ultrasonic bath, reveals
the occurrence of cold-welding. Cold-welding during HEBM
is a well-known phenomenon, and is typical but not exclusive
of ductile compounds.?*?® Indeed, despite the brittleness of
ZrB, cold-welding occurs for long HEBM times because nano-
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Fig. 4. FE-SEM images of the ZrB, powder particles after HEBM for (A) 1 min
and (B) 180 min.

particles behave in a more ductile fashion, and there is a local
temperature spike at the collision site (~300-500 °C) with the
presence of high compressive stresses (~6 GPa) of very short
duration (of the order of 10701073 s).26

Fig. 5 shows FE-SEM images of the typical particles in the
ZrB7 +30%SiC mixture milled for only 1 min. Unlike the pure
ZrB; powder, the ZrB, +30%SiC mixture consists of two dis-
tinct types of particle, one of sub-micrometre sizes (Fig. 5A) and
the other of nanometre sizes (Fig. 5B). The extensive FE-SEM
observations showed the sub-micrometre particles to be very
abundant, to typically have sizes ranging from 1 to 0.3 pm, to
have faceted surfaces, and (as in the case shown) to sometimes
contain cracks. They also indicated that the less abundant nano-
particles are smaller than 100 nm, have rounded surfaces, and
are randomly distributed between the sub-micrometre particles.
The EDS analysis performed during the FE-SEM examinations
revealed that in general the sub-micrometre particles are ZrB,
and the nano-particles are SiC. There are also some small ZrB,
particles with angular shapes. These are fracture debris of the
larger ZrB particles. As in the case of the pure ZrB, powder,
the FE-SEM image in Fig. 6 shows that long-term HEBM also
changes the morphology of the particles in the ZrB> + 30%SiC
mixture to strong agglomerates that have much finer, rounded
particles which are cold-welded in their interior. When ZrB» is
co-milled with SiC, these agglomerates are somewhat smaller,

Fig. 5. FE-SEM images of the powder particles in the ZrB, powder with
30 vol.% of SiC after HEBM for 1 min showing the presence of (A) micrometre-
sized particles (ZrB;) and (B) nano-particles (SiC).

and their primary particles are somewhat larger. Thus, the addi-
tion of SiC slows down the kinetics of crystallite size refinement
(see Fig. 3) and minimizes the cold-welding of the ZrB, par-
ticles during HEBM. Furthermore, the EDS analysis of the
agglomerates in the ZrB> + 30%SiC powder mixture showed the
predominance of Zr accompanied by smaller amounts of Si. This
chemical analysis result was found to be quite reproducible from

Fig. 6. FE-SEM images of the powder particles in the ZrB, powder with
30 vol.% of SiC after HEBM for 180 min.
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Fig. 7. Average powder particle size as a function of HEBM time for the ZrB,
powders ball-milled without and with SiC (5, 17.5, and 30 vol.%). The solid
lines are to guide the eye.

one agglomerate to other. These observations, together with the
previous XRD analysis that ruled out the formation of solid
solutions, indicate that these agglomerates are composed of indi-
vidual nano-particles of ZrB, and SiC homogeneously mixed at
a nanometre scale.

Fig. 7 shows the average size of the particles as a function
of the HEBM time in the powders milled in the pure state and
co-milled with SiC (5, 17.5. or 30vol.%). There are various
interesting features in this figure. Firstly, the evolution of the
particle size is substantially different in the powders milled with
and without SiC. In the case of the pure ZrB; the particle size
first decreases, then increases, and finally stabilizes, whereas
in the ZrB; + SiC mixtures the particle size decreases contin-
uously. Secondly, the particle sizes determined by LS in the
ZrB; + SiC mixtures at the early stages of HEBM are smaller
than the crystallite sizes of ZrB, measured by XRD, unlike the
case of the pure ZrB, powder. Furthermore, the particle sizes
in the ZrB, + SiC mixtures do not follow the increasing trend
of the crystallite sizes with increasing the SiC loading shown in
Fig. 3. The clear explanation of these two observations is that at
short HEBM times the SiC particles are much smaller than the
ZrB, particles (i.e., nanometre vs sub-micrometre sizes; Fig. SA
and B), and that LS measures the contributions from both ZrB,
and SiC whereas XRD distinguishes them. Thirdly, LS always
yields far larger sizes than XRD in the late stages of HEBM.
This is simply due to the formation of hard agglomerates, as
was observed by FE-SEM (Figs. 4B and 6). The LS data thus
confirm the occurrence of cold-welding during HEBM in all
cases, and also show it to be much less severe with increasing
SiC content (ultimate agglomerate sizes of 160, 120, 115, and
90 nm for SiC loads of 0, 5, 17.5, and 30 vol. %, respectively).

4. Discussion

The XRD, FE-SEM, and LS results presented above demon-
strate that the behaviour of the crystallite size refinement of
ZrB; has been altered by the presence of SiC. Specifically,
high-energy co-ball-milling of ZrB; with SiC does not change
the mechanism of crystallite size refinement, but slows down

its kinetics. This conclusion is inferred from the fact that the
crystallite size curves of ZrB, in Fig. 3 all obey the same func-
tional dependence on HEBM time (i.e., D= K 3), but with the
constant K increasing with the SiC content. The mechanism is
repeated brittle fracture followed by cold-welding, as revealed
by the following experimental observations: (i) the rapid refine-
ment in the early stages of HEBM and the existence of a limiting
crystallite size, (ii) the faceted shape and the cracks in the pow-
der particles at short HEBM times, (iii) the absence of lattice
microstrains in the interior of the crystals throughout the HEBM
that rules out severe plastic deformation, and (iv) the formation
of strong agglomerates containing primary nano-particles in the
late stages of HEBM. Although SiC does not change the mech-
anism of crystallite size refinement, it does have two distinct
effects: (i) reducing the rate of crystallite size refinement, and
(ii) promoting the formation of finer agglomerates. The former
phenomenon is a surprise to us because it is not what we would
have expected. Previous studies?>?’ have revealed that adding
a softer material during ball-milling slows down the crystallite
size refinement of the harder material because the softer mate-
rial can act as a lubricant. When a harder material is added, such
as adding SiC to Al, the crystallite size refinement of the softer
material accelerates substantially due to the increased severe
plastic deformation of the softer material induced by the pres-
ence of many harder material particles.?®2° SiC is harder than
ZrB;; however, as shown in this study, it does not accelerate the
crystallite size refinement of ZrB5, indicating that a new mecha-
nism is present for the ZrB, + SiC mixture. This new mechanism
is discussed below.

One of the possible mechanisms for the unexpected effect
of SiC discussed above is the reduced ball-to-powder volume
ratio with the addition of SiC to ZrB;. We have shown in an
earlier study!” that the crystallite size refinement of pure ZrB,
is slower when the ball-to-powder weight ratio is reduced from
4 to 2, equivalent to ball-to-powder volume ratios of 1.6 and
0.8, respectively. Using the ball-to-powder weight ratio of 4,
the total volume of the WC balls, and the density values of
ZrB, (6.1 gcm_3) and SiC (3.21 gcm_3) together with their
concentrations, one calculates the ball-to-powder volume ratio
to be 1.6, 1.56, 1.35, and 1.33 for the pure ZrB; powder and
the ZrBy + 5%SiC, ZrB, + 17.5%SiC, and ZrB, + 30%SiC mix-
tures, respectively. This straightforward calculation shows that
the ball-to-powder volume ratio decreased with increasing SiC
concentration in the ZrB; + SiC mixture simply because we
maintained the ball-to-powder weight ratio fixed at 4 and ZrB» is
denser than SiC. It might then be argued that the slower crystal-
lite size refinement of ZrB, with increasing SiC concentration
in the ZrB; + SiC mixtures is due simply to this decrease in
the ball-to-powder volume ratio, thereby reducing the effective
compressive stresses applied to the individual particles during
HEBM. However, as shown in Fig. 8, when one compares the
data of crystallite size as a function of HEBM time for the
pure ZrB, ball milled with a ball-to-powder volume ratio of
0.8!7 and the ZrB; + 30%SiC ball-milled with a ball-to-powder
volume ratio of 1.33, one finds that the kinetics of crystallite
size refinement is slightly slower for the latter despite the fact
that the ball-to-powder volume ratio is much higher (i.e., 67%
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higher). Thus, this comparison clearly rules out the mechanism
of reducing the ball-to-powder volume ratio played by SiC.
Another possible mechanism for the unexpected effect of SiC
is the reduction of the crystallite size refinement rate through the
direct role played by SiC. A previous study?? has shown that the
slower kinetics of crystallite size refinement during the HEBM
of ZrB; can be achieved in the presence of 2 wt% graphite. This
phenomenon has been attributed to the lubricating effect of the
graphite on the contacts between the ZrB, particles themselves
as well as between the particles and the colliding balls. Thus,
SiC may, like graphite, also “lubricate” the contacts during the
HEBM of ZrB;. However, unlike graphite, SiC has no lubri-
cating properties by itself, and the coefficients of friction of
SiC and ZrB; in dry air are very similar (~0.8).3%3! Therefore,
the “lubrication” mechanism has necessarily to be different.
The evidence obtained by FE-SEM (Fig. 5B) suggested that
this mechanism may well be closely related to the nanoscale
size of SiC. We therefore monitored by XRD the evolution of
the SiC crystals in the ZrB; +30%SiC mixture throughout the
HEBM, and compared it with that of the ZrB, crystals in the

same mixture (Fig. 9).% It can be seen that the general trend is
qualitatively similar, and can also be described by the expression
D = K*”® because the mechanism of crystal size refinement is the
same in SiC as in ZrB,. However, the crystallite size refinement
of SiC is much faster than that of ZrB,, with the constant K
being 103 + 8 nm min>? for SiC vs the 903 4 51 nm min*? for
ZrB,. Thus, despite its smaller particle size in the as-purchased
condition which would make fracture more difficult, SiC is
refined faster than ZrB; due to its greater brittleness (Kjc of
3 vs 5MPam!?). The important feature to note in Fig. 9 is
that the particle size of the SiC starting powder (0.55 wm) is
reduced rapidly to below 100 nm in less than 1 min of HEBM,
after which the further reduction in crystallite size is very slight.
We believe that this early nano-crystallization of SiC is the key
to the unexpected effect of SiC. Crystallite size refinement in
brittle materials occurs by brittle fracture, and fracture strength
scales inversely with the square root of the crystal sizes.>? This
accounts for the %3 dependence of the crystal size on the
HEBM time. At a certain critical HEBM time, the crystals have
became small enough, i.e., nanoscale, for the compressive stress
imparted during the collisions to fall below the crystals’ frac-
ture strength. These nano-crystals, once formed, can no longer
be fractured during HEBM, and consequently simply slide past
each other because the collisions during the HEBM occur with-
out lateral constraints. In this scenario, the SiC nano-crystals
consume collision energy and reduce the compressive stress on
ZrB, particles. As a result, crystallite size refinement of ZrB,
slows down and harder SiC appears to have the “lubricating”
effect. This energy consumption mechanism is also consistent
with the phenomenon of increasing SiC load leading to slower
refinement kinetics (Fig. 3). The fact that the presence of SiC
does not affect the ultimate size of the ZrB; crystallites (Fig. 3)
is also in good agreement with this mechanism because the ulti-
mate size is mainly determined by the fracture strength of the
crystallites and the compressive stress at the collision site.

It is interesting to note that the generation of many SiC nano-
particles at the early stage of HEBM is in good accordance with
the observation that the more SiC, the finer agglomerates (Fig. 7).
It is well known that the size of agglomerates is determined by
the combined effect of the fracture rate and the cold-welding
rate.?* For pure ZrB» the fracture rate is high at the early stage
of HEBM, leading to the formation of the smallest agglomerates
at about 10-min of HEBM (Fig. 7). However, as the HEBM time
increases, the fracture rate decreases because smaller particle
sizes are more resistant to fracture3” and the cold-welding rate
increases due to the increased number of particles. As a result,
the size of agglomerates increases and finally stabilizes as the
HEBM time increases beyond 10 min (Fig. 7).

For the ZrB, + SiC mixtures both the fracture rate and the
cold-welding rate are altered by SiC. Fundamentally, the extent
of cold-welding and its rate during HEBM of multiple brittle
materials are affected by the chemical affinity between different

% The choice of the ZrB; +30%SiC mixture powder for this purpose was
simply because the greater SiC content facilitates the precise modeling of the
SiC XRD peaks required to accurately calculate its crystallite size.
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materials. As evidenced by the smaller agglomerate sizes for all
of the ZrB; + SiC mixtures in comparison with the pure ZrB,
powder, the present study has revealed that the chemical affinity
between SiC and ZrB, is lower than that between ZrB, them-
selves at the HEBM temperature. Based on this reasoning, the
observed alternation in the agglomerate size as a function of the
HEBM time for the ZrB; + SiC mixtures can be explained as
follows. At the early stage of HEBM, the fracture rate of ZrB,
has been reduced because of the collision energy consumption
by frictional sliding of many SiC nano-particles and thus the
reduced compressive stress on ZrB particles. The reduced frac-
ture rate results in larger agglomerate sizes than those observed
for the pure ZrB, powder at the early stage of HEBM (Fig. 7).
However, as the HEBM time increases and most of the ZrB; par-
ticles become very small, the major role of SiC nano-particles
changes to minimize cold-welding events because of the lower
chemical affinity between SiC and ZrB; than that between ZrB,
themselves at the HEBM temperature. As a result, when more
SiC is added and thus more SiC nano-particles are trapped at
the collision site, fewer ZrB, can be cold-welded, leading to the
phenomenon that the more SiC, the finer agglomerates at the
long HEBM time (Fig. 7).

Finally, the present study has interesting implications con-
cerning the processing of ZrB; + SiC UHTC:s. Firstly, relative
to the conventional attrition milling of ZrB; + SiC mixtures,
the refinement of the primary particle sizes to the nanoscale
achieved by HEBM is expected to enhance the subsequent sin-
tering kinetics if powder pressing is conducted properly. Such
expected enhancement is due to the reduced diffusion dis-
tance and increased interparticle interfaces resulting from the
formation of ultrafine agglomerates composed of primary nano-
particles. Secondly, the processing routine is simplified notably
both by the elimination of steps during the powder batch prepara-
tion, and by the time-saving in other steps due to the high-energy
co-ball-milling in dry conditions dealing simultaneously with
the ZrB, refinement and the homogeneous dispersion of the SiC
additive at nanometre scale in a few hours. Indeed, these are
objectives which have been extensively pursued by the UHTC
community.

5. Conclusions

The effect has been investigated of SiC addition on the HEBM
behaviour of the ZrB, powders used to process UHTCs. The
results allow the following conclusions to be drawn:

1. The presence of SiC during HEBM does not change the com-
minution mechanism of ZrB,, i.e., repeated brittle fracture
followed by cold-welding. With this mechanism, the pow-
der particles formed during HEBM are first sub-micrometre
single-crystals, and then become ultrafine agglomerates con-
sisting of single-crystal nano-particles.

2. The SiC addition, however, does slow down the refinement
kinetics of the ZrB; crystals and decreases cold-welding,
promoting the formation of finer agglomerates. The former
is attributed to the early nano-crystallization of SiC during
HEBM and the collision energy consumption by frictional

sliding of SiC nano-particles, leading to lower compressive
stresses on ZrB particles. The latter is due to the lower chem-
ical affinity between SiC and ZrB, than ZrB, themselves and
the generation of many SiC nano-particles at the early stage
of HEBM.

3. The SiC addition does not affect the ultimate crystal size of
ZrB, because this is mainly dictated by the fracture strength
and by the compressive stress at the collision site.

4. The addition of a harder material with a lower fracture tough-
ness (e.g., SiC) than the softer material (e.g., ZrB;) can slow
down the refinement of crystallite sizes. This discovery offers
anew mechanism to control the crystallite size during HEBM
in the future.

5. High-energy co-ball-milling offers an exciting opportunity
to attain ultrafine nano-agglomerates consisting of ZrB; and
SiC nano-particles intimately dispersed at a nanoscale, fac-
tors which would be expected to facilitate the sintering of the
ZrB>—SiC composites. This, together with the simplification
of the powder preparation routine, suggests that high-energy
co-ball-milling may have an important role to play in the
processing of ZrB,—SiC UHTCs.
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