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Abstract

The crystal-size dependence of the spark-plasma-sintering (SPS) kinetics of ZrB, ultra-high-temperature ceramics (UHTCs) was investigated. It
was found that refining the starting powder enhances the SPS kinetics, reducing the onset temperatures of sintering and of the intermediate and
final sintering regimes, as well as promoting a greater maximum shrinkage rate at lower temperatures. This enhancement was only relevant with
reduction in crystal size to the nanoscale. Finally, the implications for low-temperature sintering of ZrB, UHTCs are discussed.
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1. Introduction

Ultra-high-temperature ceramics (UHTCs) are a key element
for progress in various extreme-environment aerospace appli-
cations such as hypersonic flight, scram-jet propulsion, rocket
propulsion, and atmospheric re-entry.! Zirconium diboride
(ZrB») is one of the short list of candidate UHTCs, and probably
the one that has received most attention to date. 2> Unfortunately,
one of the major obstacles for the development and implemen-
tation of ZrB, UHTCs is that the serious Kinetic constraints
imposed by the combination of the strong covalent bonding,
low self-diffusion coefficients, oxygen impurities on the particle
surfaces, and large particle sizes makes it impossible to densify
the typical commercially available micrometre ZrB, powders by
conventional sintering (pressureless sintering or hot pressing) at
moderate temperatures.>> It is not surprising therefore that the
search for a solution to the problem of the poor sinterability of
ZrB,, as also of other UHTCs, is an area of particular interest
for research.

It is well known that the sinterability of highly covalent-
bonded ceramics can be enhanced by refining the starting
powders due to the reduction in the diffusion distance of
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chemical species.4 This is also true for ZrB, UHTCs, as has
recently been demonstrated by Thompson et al.> They pressure-
less sintered pure ZrB, powders with two crystal sizes under the
same conditions, and found that the density increased by ~10%
in the temperature range of 1600-2100 °C when the crystal size
was reduced by attrition milling from the as-purchased condi-
tion of ~2 um down to ~0.2 wm, although the densification
was anyway still very limited (i.e., as low as 75% at 2100 °C
for the ball-milled powder).> They also observed with the same
powders that the relative density reached by spark-plasma
sintering (SPS) at 1900 °C for 5 min increased from ~70 to
97% with crystal size refinement from the micrometre to the
submicrometre range.> These and other observations>>-° have
reinforced the commonly held belief that ZrB, is intrinsically
unsinterable without pressure in the pure state, but that it can be
densified by SPS or hot pressing at nearly 1900 °C if the starting
powders are refined appropriately, because the sintering kinetics
of pure ZrB, depends on the crystal size. However, investigation
into the crystal-size dependence of the sintering kinetics of pure
ZrB; UHTCs has been limited to studying the densification
data corresponding to micrometre or submicrometre crystal
sizes. No information exists for crystals at the nanoscale, even
though this is the scale at which one expects improvement in
the kinetic performance of the powder to be most relevant.
This underscores the need to include more crystal sizes in a
systematic densification study of pure ZrB, UHTCs in order
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to determine the broader trend of the crystal size dependence
of ZrB, density. The present study was therefore aimed at
comparing the SPS kinetics of micrometre, submicrometre, and
nanocrystalline ZrB, powders without additives. Although SPS
is similar to HP in that they both apply a uniaxial load, it has the
advantage that the pulsed electrical current heats the die (and
the compact if the powder is electrically conductive) directly,
and the rapid sintering cycles enable better control of the final
microstructure and therefore of the properties of the resulting
material.”"'% Since the fine and ultra-fine ZrB, powders are
typically prepared by milling the commercially-available
coarse powders, the broader objective of the present study is
to advance towards the lower-temperature sintering of ZrB,
UHTC:s via the optimization of the comminution practice.

2. Experimental procedure

A commercially available micrometre powder of ZrB, (Grade
B, H.C. Starck) was chosen as starting material to prepare the
rest of the powders. To this end, the as-purchased powder of
single-crystal particles of 2 wm average size was subjected to
high-energy ball-milling in a shaker miller (Spex D8000, Spex
CertiPrep) operated at about 1060 back-and-forth cycles per
minute. The milling was carried out in cylindrical hardened-
steel containers with WC balls (6.7 mm in diameter) under a
ball-to-powder weight ratio of 4, and for times in the range of
1-180 min to impart different degrees of milling intensity to the
as-purchased ZrB, powder, and thus create an ample set of ZrB,
powders with crystal sizes ranging progressively from ~2 um
all the way down to just some nanometres (in particular, 10 nm).
The X-ray diffractometry (XRD; D8 Advance, Brukers AXS)
analysis®!? of the ball-milled powders shown in Fig. 1 revealed
that there indeed occurred such a progressive decrease in crystal
size with increasing high-energy ball-milling time, but the laser-
scatting analysis (LS; Mastersizer 2000, Malvern Instruments)
of the powders shown in Fig. 2 indicated that the nano-crystals
achieved with the long-time high-energy ball-milling had actu-
ally agglomerated.!!"'> The LS analysis also indicated that the
particle size distributions were all unimodal, and with similar
relative size dispersion (i.e., ~1.5-1.7 as measured in terms of
(Dgo — D10)/Ds0).

The different ZrB, powders were individually loaded into
12-mm diameter graphite dies lined with graphite foil, and were
spark-plasma sintered (Dr. Sinter SPS-2050, Sumitomo Coal
Mining Co.) in dynamic vacuum (i.e., ~6Pa) up to 1900 °C.
The temperature was first raised to 600 °C in 3 min, and thence
onwards was measured by an optical pyrometer focused on the
die. The heating ramp was set at 200 °C min~! up to 1200 °C,

¢ To allow the valid measurement of the crystal size in all ball-milled powders,
the XRD data of the most intense peak of ZrB; (i.e., its 101 peak) were collected
using a high-resolution diffractometer equipped with a primary monochromator
that provides pure CuKa radiation as well as with an ultra-fast linear detector,
and configured with thin slits to ensure a very sharp instrumental broadening, and
the calculations were made by applying the variance method with Voigt profile
functions.'3 Furthermore, the crystal sizes so-calculated have been validated by
transmission electron microscopy elsewhere.!!
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Fig. 1. Average size of the ZrB, crystals as a function of high-energy ball-milling
time, determined by XRD. The points are the experimental data, and the solid
line is merely to guide the eye. The crystal size in the as-purchased condition
was taken to be the same as the particle size measured by electron microscopy.

and at only 100°C min~! from 1200 to 1900 °C because, this
being the critical densification range,* it was advisable to mon-
itor the progress in more detail. A uniaxial pressure of 50 MPa
was applied up to 1200 °C, and was then increased to 75 MPa
and maintained until completion of the sintering cycle. The soak-
ing at 1900 °C lasted as long as was required for the punches
to cease traveling, at which moment the load was released and
the electrical power was shut off to allow rapid cooling to room
temperature (i.e., in 1-2 min). The SPS furnace is equipped with
a dilatometer of resolution better than 0.001 mm, connected to
a computer to log the shrinkage curves. These curves were cor-
rected for the expansion of the graphite parts (i.e., die, punches,
and spacers) to give the real shrinkage curve of the powder itself.
The densification curves were reconstructed from the shrink-
age curves by considering the relative densities of the sintered
samples. These relative densities were determined by first mea-
suring the absolute density by the Archimedes method using
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Fig. 2. Average particle size in the ZrB, powders as a function of high-energy
ball-milling time, determined by LS. Also included is the green-body densifica-
tion for the ZrB, without and with the high-energy ball-milling. The points are
the experimental data, and the solid lines are merely to guide the eye.
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Fig. 3. SPS-densification curves as a function of time for the as-purchased ZrB,
powder and the ZrB, powders subjected to high-energy ball-milling. The points
are the experimental data. The solid line indicates the temperature profile used.
The dashed line separates the regimes of non-isothermal and isothermal heating
during the SPS cycle.

distilled water as the immersion medium, and then dividing by
the density of the powder measured by helium pycnometry (Mul-
tipycnometer, Quantachrome Instruments). The microstructure
of the sintered materials was observed by scanning electron
microscopy (S-3600N, Hitachi) to validate the porosity data.

3. Results and discussion

Fig. 3 shows the densification curves as a function of time
for the ZrB, powder before and after the different degrees of
milling intensity. It can be seen that the curves all have the
same general shape, i.e., there is first a plateau, then the sin-
tering progresses moderately, then much more abruptly, and
lastly gradually towards the ultimate densification. It can also
be seen in Fig. 3 that with increasing ball-milling time the den-
sification curves shift towards lower times, i.e., towards lower
temperatures, and that the ultimate densification increases. Both
these aspects constitute clear evidence that the high-energy ball-
milling enhances the sintering kinetics of ZrB,. Note that the
improvement in kinetic performance of the powder cannot be
attributed to possible contamination by WC that would help in
the densification because (i) this was only detected in a min-
imal amount (i.e., less than 2.5 wt% of WC as measured by
XRD through the Rietveld method and confirmed by energy-
dispersion X-ray spectroscopy) in the powder with 180 min of
ball-milling!> while the enhancement in sintering behaviour
is observed for all ball-milled powders, and (ii) the thermo-
dynamic calculation shows that the removal reaction of ZrO,
by WC is favourable above 1944 °C,'® and indeed WC has
been observed to act as a pressureless sintering additive above
2100°C.!7 Three different forms of sintering behaviour can
be distinguished in Fig. 3. Firstly, there is the as-purchased
powder with a micrometre crystal size of ~2 wm, which has
the slowest sintering kinetics; secondly there are the pow-
ders ball-milled for 1, 3, and 5min which have somewhat
faster sintering kinetics than that of the as-purchased powder;
and thirdly, there are the powders ball-milled for 30, 60, and

180 min which have much faster sintering kinetics than the
rest of the powders. The kinetics of the powder ball-milled
for 10min is intermediate between that of the powders with
short (1, 3, and 5min) and long (30, 60, and 180 min) ball-
milling times. According to Fig. 1, it can be concluded that the
kinetics improvement is only moderate when the crystal size
is refined to within the submicrometre range (i.e., ball-milling
times of 1, 3, and 5min), but notable when the crystal size
is refined to within the nanoscale (i.e., ball-milling times of
30, 60, and 180 min). These results have important practical
implications because they reveal that high-energy ball-milling
can provide ZrB, powders with the superior kinetic perfor-
mance not achievable today via attrition milling. Note that
attrition milling has been so far the gold standard comminu-
tion treatment of ZrB, powders, but it refines the crystal sizes
only down to ~0.5-0.2 um, a size scale at which improve-
ment in sintering behaviour was found to be only moderate (see
Fig. 3).

Let us now examine the densification curves in greater detail.
Firstly, it can be seen in Fig. 3 that the initial densification
(henceforth termed green-body densification because the den-
sity measurements performed on selected powders showed no
differences in the degree of densification at 25 °C and at the onset
of the SPS cycle at 600 °C) has a complex dependence on ball-
milling time, and does not correlate with the crystal size as it first
increases, then decreases, and finally again increases slightly or
stabilizes within the errors despite the crystal size decreasing
progressively with ball-milling time (see Fig. 1). This observa-
tion was not a surprise because the powder packing density scales
inversely with powder particle sizes,'® not with crystal sizes.
As shown in Fig. 2, the evolution of the green-body densifica-
tion with ball-milling time follows qualitatively the inverse trend
of the average powder particle size. This simplistic correlation
between the green-body densification and the average powder
particle size is probably because the particle size distributions
are all unimodal and self-similar. Secondly, it can also be seen
in Fig. 3 that the densification curves all exhibit a densification
jump at ~260-265 s (i.e., at 850-880 °C), followed by a gradual
linear increase in densification. This jump and the subsequent
linear stretch of densification can be attributed to mechanical
compaction of the powder.!® A second densification jump is
also observed at ~370-380s (i.e., at ~1200 °C), which is when
the load was increased from 50 to 75 MPa. Thirdly, the temper-
ature for the onset of sintering (Tps), which is the temperature
at which the curves start to deviate from the linear compaction
stretch, decreases continuously with decreasing crystal size. In
particular, as shown in Fig. 4 the decrease in Tpg is only moder-
ate with the reduction of crystal size within the submicrometre
range (~100nm), but abrupt from there on downwards. This
same trend is also apparent for the temperature of the onset of
the intermediate stage of sintering (To1s), which is the sintering
regime in which the open porosity is eliminated and typically
begins at a relative density of ~70%.%° The temperature for the
onset of the final stage of sintering (ToFs ), which is the sintering
regime in which the closed porosity is eliminated and typically
begins at a relative density of ~90%,?° also drops with reduction
in crystal size. Thus, whereas in the as-purchased powder and in



274 V. Zamora et al. / Journal of the European Ceramic Society 32 (2012) 271-276

2100

2000

1900

1800

Temperature (°C)
3
=

1300 T ¥ T X T ¥ T T T ¥ T ¥ T x T X T Li T y 1
2000 1800 1600 1400 1200 1000 800 600 400 200 0

Crystal size (nm)

Fig. 4. Evolution of Tos, Tors, and Tgog with the reduction in crystal size. The
points are the experimental data, and the solid lines through the Tos and Tors
data are merely to guide the eye. The thicker solid line through the Tgoq, data
is the fit used to compute the activation energy of the grain-boundary diffusion
in ZrB,. The dashed line is the prediction of the fit for the crystal size of the
as-purchased powder. The open and semi-closed triangles are the values of Tggq,
determined for the as-purchased powder in the isothermal heating regime and
the extrapolation of the non-isothermal densification curve to 80% of relative
density, respectively.

the powders ball-milled for 1, 3, and 5 min the final stage of sin-
tering initiates after the isothermal heating at 1900 °C for 272,
42, 35, and 25, respectively, it occurs in the non-isothermal
regime at 1900 °C in the powder ball-milled for 10 min and at
1770 £ 10°C in the powders with 30, 60, and 180 min of ball-
milling. And fourthly, the degree of non-isothermal densification
and the ultimate densification also improve with the reduction in
crystal size. Note that the as-purchased powder with micrometre-
sized crystals reached only ~78% density at 1900 °C, which
increased up to ~96% after the isothermal heating at 1900 °C
for 13 min. The powders with submicrometre-sized crystals (i.e.,
those ball-milled for 1, 3, and 5 min) reached a greater density
of ~86—-88% at 1900 °C, and almost full density (>98%) when
soaked there for ~6 min. The ultra-fine powder ball-milled for
10 min densified up to ~91% at 1900 °C, and up to ~99% when
maintained at 1900 °C for 6 min. Finally, the nano-powders (i.e.,
those ball-milled for 30, 60, and 180 min) reached ~98% den-
sity at 1900 °C, and densified completely after a brief soaking
time at 1900 °C that was indeed shorter with decreasing crys-
tal size (i.e., 228, 150, and 144 s, for the 26, 17, and 9 nm
sizes, respectively). The direct observation of the microstruc-
tures by SEM confirmed these densification data. As shown in
Fig. 5a and b, pores can be clearly seen in the UHTC fabricated
from the as-purchased powders, whereas they were hardly dis-
cernible in the rest of the UHTC:s. It is also observed in the SEM
micrographs that the UHTCs fabricated from the ball-milled
powders contain small particles located at grain boundaries and
multigrain junctions. These were identified as being ZrO; by
energy-dispersive X-ray analysis (see Fig. 5c), and confirmed
by XRD (not shown). The formation of ZrO; is consistent with
the fact that the high-energy ball-milling was conducted in air,
and therefore there is oxygen uptake on the crystal surfaces
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Fig. 5. SEM micrographs of the ZrB, UHTCs processed from the (a) as-
purchased powder and (b) the powder with 180 min of high-energy ball-milling.
(c) Energy-dispersive X-ray spectra taken in spot mode on the grains and small
particles in the SEM micrograph of Fig. 5b.

— from 1.537 wt% in the as-purchased condition to 4.514 wt%
after 180 min of high-energy ball-milling, as measured by the
inert gas (helium) fusion method. Since these oxide impurities
are known to favour coarsening over densification,?317:21.22 j¢
is reasonable to think that the kinetic effect of the crystal size
reduction is more pronounced than observed here. Indeed, that
the oxidation uptake hinders densification can be seen clearly
in Fig. 3 on comparing the last stretches in the densification
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Fig. 6. Evolution of Viysr and of Tiysr with the reduction in crystal size. The
points are the experimental data, and the solid lines are merely to guide the eye.

curves of the powders ball-milled for 60 and 180 min. Finally,
also evident comparing Fig. 5a and b is that the grains are smaller
with decreasing crystal size in the starting powder, although all
the sintered UHTCs have micrometre-sized grains because the
nanostructure of the ball-milled powders is not retained when
sintering at 1900 °C.

Fig. 6 shows the maximum shrinkage rate (Vysr) and the
temperature at which this is reached (Tisr ), as determined from
the time derivative of the shrinkage curves. The analysis of these
data is also very interesting. It can be seen that Vjisr increases
continuously with decreasing crystal size. However, the increase
is first moderate from ~5 pm s~ up to ~6.4 um s~ ! with reduc-
tion in crystal size from 2 pm down to 0.5 wm, and then there is
a slight rise up to ~7 ums~! as the crystal size is refined down
to 100 nm, followed by an abrupt rise up to ~12 ums~! as the
crystal size decreases to 10 nm. It can be also seen in the figure
that Tsr decreases continuously with decreasing crystal size.
In particular, the fall in Tysr is only marginal from ~1810 to
~1750°C as the crystal size decreases to 100 nm, but then falls
abruptly to ~1550 °C as the crystal size is reduced to 10 nm. In
solid-state sintered materials as in the present case, the maximum
in the densification-rate curve is attributed to the change in the
mechanism responsible for mass transport from surface diffu-
sion to grain-boundary diffusion.”? Surface diffusion produces
neck growth and grain coarsening, but does not cause signifi-
cant densification.?? Grain-boundary diffusion, on the contrary,
produces marked densification.?? It can thus be concluded that
the high-energy ball-milling promotes greater grain-boundary
diffusion in ZrB; at lower temperatures. This can be understood
by considering that high-energy ball-milling refines the crystal
sizes (see Fig. 1), shortening the diffusion distances of the Zr
and B species and inducing the formation of a greater density
of grain boundaries available as faster diffusion paths, and also
activates them mechanically by introducing surface defects that
also increase the diffusion coefficient.?* Indeed, the tempera-
ture reduction with decreasing crystal size is an established fact
in the framework of solid-state sintering theory.”’ Consider a
powder with crystals of size D that reaches a given degree of
densification at temperature 77. It has been demonstrated that
with the change in crystal size from D to D; this powder will
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reach the same degree of densification at a temperature 7, given

by the expression:2?

1
~ (1/T1) — (km/Q)In(D2/Dy)

where k is universal gas constant, m is a constant that depends on
the mass transport mechanism, and Q is the activation energy.
If D, is less than Dj then a reduction in the sintering tem-
perature is predicted (i.e., 7> <T1). This is indeed the trend
observed experimentally. Unfortunately, the activation energy
of the grain-boundary diffusion in ZrB,, responsible for its den-
sification, cannot be inferred from the data of Tois, Twmsr, Or
Tors because Toys is reached in the sintering regime controlled
by surface diffusion, Tysr is reached at different degrees of
densification, and Tofs is reached in many cases during the
regime of isothermal heating at 1900 °C. To compute this acti-
vation energy, the temperature at which 80% of densification
is achieved (Tgog) was measured, and is also plotted in Fig. 4.
The choice of Tggq, is because, with the degree of densification
being a constant, it falls within the regime of non-isothermal
heating controlled by grain-boundary diffusion for all the pow-
ders except the as-purchased powder which will not be included
in the calculations. Applying the above expression with m=4
for grain-boundary diffusion, the activation energy is found to
be 2070 kJ/mol. This is a very high activation energy, which
explains why the commercially-available ZrB, powders with
micrometre-sized particles are considered to be intrinsically
unsinterable without sintering additives at moderate tempera-
tures.

Finally, it is worthwhile to discuss briefly the relevance and
potential implications derived from the results and discussion.
The present study reveals that crystal size refinement enhances
the SPS kinetics of ZrB; powders, and most likely that of
pressureless sintering and hot-pressing, but that the enhance-
ment is relevant only with reduction in crystal size down to
the nanoscale. This underscores the importance of using high-
energy ball-milling for the preparation of the ZrB; starting
powders, since the nanoscale is not really achievable by con-
ventional attrition milling. Furthermore, the shrinkage rate data
are especially interesting because they suggest that it would
in principle be possible to densify ZrB, UHTCs with mini-
mal grain coarsening close to the temperature dictated by Tysr
as a function of the crystal size, if these powders were suf-
ficiently isothermally soaked at such a temperature under the
appropriate compaction pressure. One could then process ZrB,
UHTCs both at lower temperatures than required today and with
finer microstructures, both of which aspects are objectives being
intensively pursued by the ceramics community. Elucidation of
this expectation, however, requires further sintering studies on
71rB>.

p)

4. Conclusions

A commercially-available micrometre ZrB, powder was sub-
jected to different degrees of high-energy ball-milling intensity
to investigate the crystal-size dependence of the SPS kinetics
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of ZrB, UHTCs within the micrometre, submicrometre, and
nanometer ranges. The following conclusions can be drawn:

. The crystal size refinement enhances the SPS kinetics of
ZrB; powders, reducing the onset temperatures of sinter-
ing and of the intermediate and final sintering regimes, as
well as promoting a greater maximum shrinkage rate at lower
temperatures.

. The enhancement in the kinetic performance of the powder
is moderate with the reduction of the crystal size within the
submicrometre range, but relevant with the refinement down
to the nanoscale.

. The activation energy for grain-boundary diffusion in ZrB; is
2070kJ/mol, which s very high and accounts for the unsinter-
ability of the coarse ZrB; powders without sintering additives
at moderate temperatures.

. High-energy ball-milling can provide the ZrB, starting pow-
ders with the kinetics performance not achievable today
by conventional attrition milling. It may therefore have an
important role to play in the lower-temperature sintering of
ZrB, UHTCs.
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