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bstract

e have explored the feasibility of reducing the spark-plasma-sintering (SPS) temperature of additive-free ZrB2 ultra-high-temperature ceramics
UHTCs) via crystal size refinement of the starting powder down to the low nanoscale. We found that under otherwise the same SPS conditions
75 MPa pressure, and 100 ◦C/min heating ramp) nanoscale ZrB2 can be densified at temperatures about 450 ◦C lower than for the typical micrometre
nd submicrometre ZrB2 powders, and at least 250 ◦C below the ultra-fine powder temperature. Furthermore, the nanoscale crystal refinement

lso promotes the production of fine-grained ZrB2 UHTCs. We also found that elimination of the B2O3 impurities plays an important role in the
omplete densification. The unequalled sinterability of the nanoscale ZrB2 powders highlights the need to use high-energy ball-milling for the
omminution of the typical commercially available ZrB2 powders.

 2012 Elsevier Ltd. All rights reserved.
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.  Introduction

Zirconium diboride (ZrB2) is one of the few compounds that
an be classed as ultra-high-temperature ceramics (UHTC).1

ts favourable set of properties (among others, melting
oint 3250 ◦C, hardness 23 GPa, elastic modulus >500 GPa,
lectrical resistivity ∼10−5 �  cm, and thermal conductivity
60 W m−1 K−1) makes ZrB2 a very attractive candidate mate-
ial in the world of extreme environment engineering for such
pplications as hypersonic flight, scramjet and rocket propul-
ion, atmospheric re-entry, refractory crucibles, and plasma-arc
lectrodes, to cite just some.2,3

It is widely recognized by the ceramics community that one
f the greatest obstacles to the successful development and
mplementation of ZrB2 UHTCs is their poor sinterability, to

hich various intrinsic and extrinsic factors contribute. The for-
er include the strong covalent bonding, the low self-diffusion

oefficients, and the large particle sizes that together impose
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evere kinetic restrictions on the diffusion,2–5 and among the
atter is contamination by surface oxides that favours coarsening
ver densification.2,3,5 The strategy typically adopted to tackle
he problem of ZrB2’s poor sinterability is to introduce sinter-
ng additives (either liquid phase formers, or reactive agents)
ogether with the refinement of the starting powders by ball

illing (normally in the form of wet attrition milling) down
o the submicrometre scale.2,3 Regarding this latter point, in a
ecent study we investigated in detail the spark-plasma sintering
SPS) kinetics of ZrB2 without additives as a function of the crys-
al size from a couple of micrometres down to a few nanometres
achieved by high-energy ball-milling), and concluded that the
reakthrough needed to obtain ZrB2 powders with unmatched
intering behaviour requires going beyond the simple refinement
o the submicrometre scale, and that it is nanoscale crystal refine-

ent which offers an unprecedented opportunity to significantly
educe the sintering temperature of ZrB2.6 This latter expecta-
ion, which until now has not been confirmed experimentally,
rises from the observation that only nanoscale crystal refine-
ent promotes considerably greater grain-boundary diffusion at

uch lower temperatures in ZrB2,6 and this is the mass transport
echanism responsible for the material’s densification. Eluci-

ating this pending issue of the role of the crystal refinement
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The TGBD data obtained in the previous SPS kinetics study
suggested that the ZrB2 nano-powder with 10-nm crystals would
exhibit the lowest sintering temperature of all the powders to be

c It is a well-known fact in SPS that the actual temperature inside the specimen
is greater than the temperature measured by the optical pyrometer. However, a
previous SPS study on HfB2 and HfC 10, which have both thermal and electrical
conductivities similar to ZrB2, has shown that for the same graphite die and
530 V. Zamora et al. / Journal of the Europ

cale in reducing the sintering temperature of ZrB2 is thus a
undamental question requiring a prompt experimental response
ot only because lower-temperature sintering is one of the long
ought for objectives in the field of UHTCs, but also because,
f confirmed, it could have important implications regarding the
omminution practices employed by the UHTC community.

With this in mind, the objective of the present work is to
xtend the previous kinetics study by conducting the first exten-
ive set of SPS experimental measurements explicitly designed
o explore by means of a detailed densification study the ques-
ion of the crystal refinement scale in reducing the sintering
emperature of ZrB2. For this proof-of-concept study, we spark-
lasma sintered six ZrB2 powders with varied crystal sizes in the
icrometre, submicrometre, and nanometre scales, without the

ntroduction of sintering additives to thus investigate crystal-size
ffects without this interference. The details of the experiments
nd the major findings are described below.

. Experimental  procedure

The six ZrB2 powders used in the present study were taken
rom the broader set of ZrB2 powders utilized in the previous SPS
inetics study.6 We shall thus here only summarize their prepara-
ion protocol. Briefly, the coarse powder with an average crystal
ize of 2 �m was obtained from a commercial source (Grade B,
.C. Starck, Germany). The powders with submicrometre and
ltra-fine crystals (∼500 and 160 nm, respectively), and the three
owders with nanometre crystals (∼70, 25, and 10 nm) were pre-
ared by subjecting the commercial ZrB2 powder to high-energy
all-milling in air in a shaker mill (Spex D8000, Spex Cer-
iPrep, USA) for different times as required to reach the desired
verage crystal size,6 using WC balls as milling media with a
all-to-powder weight ratio of 4:1. More details of the prepa-
ation and characteristics of these ZrB2 powders can be found
lsewhere.6–9 However, it is also important to mention here that
o prevent the powder contamination during high-energy ball-

illing, a first milling cycle was carried out with the objective
f depositing a thin film of ZrB2 on the surface of the container
nd of the balls, and the resulting powder was thrown away.
hen, the milling cycle was repeated utilizing the same con-

ainer and balls, using the resulting powder for this study. With
his milling procedure, (i) WC contamination was only detected
n the powder ball-milled for 180 min, but not in the rest of
owders, and in a minimal amount of ∼0.9 vol% according to
he Rietveld analysis of the X-ray diffraction (XRD) pattern
ollected with a high-resolution diffractometer, and (ii) no Fe
ontamination was detected in any of the ball-milled powders.9

he direct measurement carried out here through the weight loss
f the balls indicates however that the contamination by WC is
ndeed lower than 0.5 vol%. This WC contamination degree is
bout 4–6 times lower than that introduced typically with other
ommon milling procedures, which is due to the combination of
any factors such as the two-milling protocol adopted here, the
ow charge ratio (i.e., the ball-to-powder weight ratio) of 4 used
n this study, and the more than likely differences in other milling
arameters (for example size, density, and surface roughness of
he WC balls, wettability of the ZrB2 powder towards the WC
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alls at the milling condition, extent of filling of the container,
nd milling atmosphere and environment, to name a few), as
ell as to the fact that the shaker mills operate with compressive

orces whereas the attritors and the conventional mills function
ith a combination of shear and compressive forces.
The different ZrB2 powders were individually loaded into

2-mm diameter graphite dies lined with graphite foil and sur-
ounded by a 1 cm thick graphite blanket to minimize heat loss,
nd were then spark-plasma sintered (Dr. Sinter SPS-2050, Sum-
tomo Coal Mining Co., Japan) in a dynamic vacuum atmosphere
i.e., 6 Pa). The graphite die has a wall thickness of 9 mm, and
as a hole machined in its central region of 2.5 mm depth. Two
ypes of SPS cycles were implemented: (i) heating at 100 ◦C/min
p to the target temperature under 75 MPa pressure, and soak-
ng at these conditions of temperature and pressure for a certain
ime (henceforth termed the simple SPS cycle), and (ii) heating
t 100 ◦C/min up to the target temperature under 20 MPa pres-
ure, followed by soaking at the target temperature under 75 MPa
ressure for a certain time (henceforth termed the complex SPS
ycle). Details of another SPS cycle used only sporadically
ill be given along with the corresponding results. For each
rB2 powder, the target temperature (measured by an optical
yrometer focused on the interior of hole of the graphite diec)
as considered as a variable, setting its values in accordance
ith the reference of its transition temperature from surface dif-

usion to grain-boundary diffusion (TGBD) determined in the
revious kinetics study6 (i.e., ∼1550, 1650, 1740, 1765, 1785,
nd 1810 ◦C for the crystal sizes of 10, 25, 70, 160, 500, and
000 nm, respectively). After the completion of the SPS cycle,
he load was released and the electrical power was shut off to
llow rapid cooling (in 1–2 min) to room temperature. The SPS
urnace is equipped with a dilatometer of resolution better than
.001 mm, connected to a computer to log the shrinkage curves.
hese curves were corrected for the expansion of the graphite
arts (i.e., die, punches, and spacers) to give the real shrinkage
urves of the powders themselves, and were then converted to
ensification curves by considering the relative densities of the
intered samples. The sintered materials were examined by scan-
ing electron microscopy (FE-SEM; S4800-II, Hitachi, Japan)
o validate the porosity data, and also to observe their microstruc-
ure. The SEM observations were done on fracture surfaces, at

 kV without metal coating.

.  Results  and  discussion

6

xperimental configuration than used here the temperature mismatch is in the
ange 100–125 ◦C at 1700 ◦C and around 250 ◦C at 2200 ◦C. With this informa-
ion, the temperature mismatch up to 1625 ◦C is estimated to be not greater than
0–75 ◦C.
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Fig. 1. Densification curves as a function of time for the ZrB2 nano-powder
with 10-nm crystals, obtained with the simple SPS cycle for target temperatures
of 1450, 1500, 1550, 1600, and 1625 ◦C. Solid symbols correspond to data
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Fig. 2. SEM micrographs of the UHTCs fabricated from the ZrB2 nano-powder
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easured during the heating ramp up to the target temperature, and open symbols
o data measured during the soaking.

nvestigated here, for which reason the first set of SPS densifica-
ion experiments were focused on this powder. Fig. 1 compares
he densification curves as a function of time for this ZrB2 nano-
owder, obtained with the simple SPS cycle after 15 min of
oaking at 1450, 1500, 1550, 1600, and 1625 ◦C. It is clear
hat the final degree of densification increases with increas-
ng target temperature, from ∼91% at 1450 ◦C to ∼98.5% at
625 ◦C. The latter can be considered to be a dense UHTC.
ince the densification curve at 1625 ◦C stabilized after 3.5 min
f isothermal soaking, there is no reason to prolong further the
intering as this would only cause coarsening. One notes that the
arget temperature of 1625 ◦C is fairly close to the correspond-
ng value of TGBD (∼1550 ◦C), with only ∼75 ◦C difference.
ence, these results confirm the possibility of densifying ZrB2
HTCs close to the temperature dictated by TGBD under appro-
riate isothermal soaking. This notion is further supported by
he observation in Fig. 1 that the final degree of densification
s relatively moderate (less than 93%) after 15 min of isother-

al heating at 1450 and 1500 ◦C, which both are temperatures
elow the value of TGBD, but that it increases to greater than
6% when the sintering is performed for the same duration time
t 1550 ◦C or at higher temperatures. This trend was also evi-
ent in the direct examination of the microstructures by SEM, as
llustrated by way of example in the comparison of micrographs
n Fig. 2 which shows incomplete densification at 1450 ◦C but
ore absence at 1625 ◦C. In principle, it could be argued that this
ear-complete densification at a temperature as low as 1625 ◦C
s assisted by the 0.5 vol% WC contamination through the
xide removal reaction ZrO2 + 3WC →  ZrC + 3W + 2CO(g)11

ince thermodynamic calculations indicate that this reac-
ion is favourable above ∼1260 ◦C under the vacuum of

 Pa. To explore this possibility, because for example the
eaction could not be kinetically favourable, the sample sin-

ered at 1625 ◦C has been analysed by XRD. If the XRD
attern shows the presence of the reaction products ZrC and W,
t could then be concluded that WC plays a role; otherwise, there

3
d
s

ith 10-nm crystals using the simple SPS cycle for 15 min at (A) 1450 ◦C and
B) 1625 ◦C.

s no role played by WC. The XRD pattern of the sample sintered
t 1625 ◦C in Fig. 3 shows, beside the ZrB2 peaks, the presence
f ZrO2 and WC peaks (i.e., of the reactants) but not of ZrC or

 peaks (i.e., of the reaction products). Other reduction reac-
ions of ZrO2 by WC would also lead to the formation of ZrC,
hich is not observed here. Thus, this XRD analysis reveals the

bsence of role played by WC during the present SPS treatment,
nd, consequently, indicates that the near-complete densifica-
ion observed at 1625 ◦C must be attributed to the crystal size
efinement of the starting powder down to the low nanoscale.

Another interesting observation in Fig. 1 is that all the den-
ification curves reached the plateau after several minutes of
sothermal soaking, except the curve obtained at 1450 ◦C which
as still not flattened out after 15 min. In this last case, it appeared
hat the ZrB2 nano-powder would have densified further with a

ore prolonged soaking at 1450 ◦C. Consequently, we measured
he densification curve of the ZrB2 nano-powder at 1450 ◦C
ntil the stabilization of the graphite punches. The result is
hown in Fig. 4. This measurement indicates that ∼98% rel-
tive density can be reached with the simple SPS cycle after

0 min at 1450 ◦C. Interestingly, this is almost the same final
egree of densification reached at 1625 ◦C (∼98.5%), and is
lightly greater than those reached at 1550 (∼96%) and 1600 ◦C
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Fig. 3. X-ray diffraction pattern of the UHTC fabricated from the ZrB2 nano-
powder with 10-nm crystals using the simple SPS cycle at 1625 ◦C for 15 min.
The phase identification is included. The insets show magnificated regions in log-
arithmic Y-scale to facilitate the appreciation of the weak ZrO2 and WC peaks.
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Fig. 5. High-magnification SEM micrograph of the UHTC fabricated from the
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he XRD data were collected in step-scanning mode with monochromatic Cu-
�1 radiation (λ = 1.54183 Å), using a high-resolution laboratory diffractometer

D8 Advance, Bruker AXS, Germany).

∼97%) and much greater than that at 1500 ◦C (∼92%), in all
ases after the corresponding curve stabilization. This was an
nexpected finding because it is not what we would have pre-
icted considering simply that the diffusion coefficients obey an
rrhenius-type law.12 Therefore, to shed light on this question,
e examined by SEM the sample fabricated at 1450 ◦C. As one
bserves in the micrograph of Fig. 5, the detailed SEM obser-
ations revealed that some grain faces exhibit what appears to
ave been a liquid phase. We believe that this liquid is boria,
nd that it is responsible for the unexpected anomalously high
ensification at 1450 ◦C because the presence of liquid boria
acilitates not only grain sliding but also mass transport. This

oria forms because the high-energy ball-milling was done in
ir, so that ZrB2 can oxidize superficially during the milling,
nd also because the resulting ZrB2 nano-powder passivates

ig. 4. Densification curve as a function of time for the ZrB2 nano-powder with
0-nm crystals, obtained with the simple SPS cycle for a target temperature of
450 ◦C. The closed symbols correspond to data measured during the heating
amp up to 1450 ◦C, and the open symbols to data measured during the soaking
t 1450 ◦C.
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rB2 nano-powder with 10-nm crystals using the simple SPS cycle at 1450 ◦C
or 30 min.

pontaneously in contact with air.13 The evolution of the vac-
um level during the SPS test at 1450 ◦C supports the presence
f liquid boria deduced from the SEM observations. Thus, the
acuum level hardly changed throughout the experiment (almost
onstant at ∼6 Pa), indicating that no detectable boria gas emis-
ion occurred at 1450 ◦C and therefore that boria remained in the
iquid state. This scenario was, however, totally different during
he SPS experiments at higher temperatures in which gas release
as indeed detected, with the vacuum level temporarily drop-
ing a couple of Pa or more and then recovering its initial level.
iven this information, it is reasonable to conclude that, despite

he SPS at 1450 ◦C eventually resulting in near-complete densi-
cation, this low-temperature densification is not useful because

he residual boria will make the resulting ZrB2 material degrade
n service when exposed to ultra-high-temperature applications.
hus, 1625 ◦C continues to be the best SPS temperature.

Since the objective pursued is the lower-temperature SPS of
oria-free ZrB2 UHTCs, the following step was to focus on
he possible optimization of the SPS cycle between 1450 and
625 ◦C. The SEM observations such as that shown in Fig. 6
or the UHTC processed at 1500 ◦C indicated that the residual
ores in the UHTCs fabricated with the simple SPS cycle have

 near-perfect spherical shape, thus suggesting that they origi-
ated from the slow outward diffusion of the boria gas occluded
hen the pore distribution transformed very rapidly from open
orosity to closed porosity in the presence of pressure.d In con-
equence, one possible manner of facilitating the escape of the

oria gas generated would be to apply a lower compaction pres-
ure during the heating ramp in order to delay the collapse
f the open pore structure so that the gasses can leave the

d According to solid-state sintering theory, the transformation from open
orosity to closed porosity occurs during the intermediate stage of sintering,
hich covers normally the interval of relative densities between 70 and 90% 14.
hus, 90% densification represents typically the onset of the final stage of sin-

ering, which is the sintering regime where the closed porosity is eliminated 14.
onsequently, within the confines of the present study, 90% relative density will
enceforth be taken to be the moment of the collapse of the open pore structure.
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ig. 6. Low-magnification SEM micrograph of the UHTC fabricated from the
rB2 nano-powder with 10-nm crystals using the simple SPS cycle at 1500 ◦C

or 15 min.

ample more easily. To explore this possibility, we performed
ew experiments using the complex SPS cycle described in
ection 2. Fig. 7 shows the resulting densification curves as

 function of time for the ZrB2 nano-powder obtained with the
omplex SPS cycle after 15 min of soaking at 1500, 1550, 1600,
nd 1625 ◦C. Recall that the temperature of 1450 ◦C had been
xcluded from further analysis due to the undesired presence of
esidual boria in the microstructure. As can be observed in Fig. 7,
hese curves exhibit the same trend as was seen before in Fig. 1,
ith the final degree of densification increasing with increasing

arget temperature. The comparison between the densification
urves obtained with the simple and complex SPS cycles is very
nteresting however. One can infer that in all cases the densifi-
ation was better during the first moments (i.e., approximately
he first 750 s) with the simple SPS cycle doubtless due to the

reater compaction pressure (75 vs 20 MPa), but that the ulti-
ate densification was essentially the same with both cycles

i.e., ∼92.5% at 1500 ◦C, 96% at 1550 ◦C, 97% at 1600 ◦C, and

ig. 7. Densification curves as a function of time for the ZrB2 nano-powder with
0-nm crystals, obtained with the complex SPS cycle for target temperatures of
500, 1550, 1600, and 1625 ◦C. The closed symbols correspond to data measured
uring the heating ramp up to the target temperature, and the open symbols to
ata measured during the soaking.
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ig. 8. SEM micrograph of the UHTC fabricated from the ZrB2 nano-powder
ith 10-nm crystals with the complex SPS cycle at 1625 ◦C for 15 min.

8% at 1625 ◦C). One can thus conclude that the complex SPS
ycle by itself is not effective in improving the final degree of
ensification. Neither does the complex SPS cycle seem to affect
ppreciably the grain size, as deduced by comparing for example
he SEM micrograph in Fig. 8 for the sample fabricated with the
omplex cycle at 1625 ◦C with the corresponding micrograph in
ig. 2B for the simple SPS cycle. These observations indicate

hat the microstructure (i.e., porosity and grain size) is dictated
ssentially by the high-pressure/high-temperature stretch. Nev-
rtheless, comparison of the curves of Figs. 1 and 7 merits further
ttention. Clearly, one sees that, except for the above-mentioned
ifferences during the first moments of SPS, the shapes of the
ensification curves at 1550, 1600, and 1625 ◦C are otherwise
ery similar for the two SPS cycles, and that at these tempera-
ures the use of the complex SPS cycle does little to delay the
nd of the collapse of the open pore structure (i.e., by ∼90, 30
nd 20 s, respectively). Consistent with this scenario, we mea-
ured at 1550, 1600, and 1625 ◦C only a marginal difference
etween the evolution of the vacuum levels during the simple and
omplex SPS cycles. The 1500 ◦C densification curves exhibit,
owever, a relevant variation in shape since, with the complex
PS cycle, the approach to the limiting value of ∼92.5% is far
ore gradual. Indeed, the open pore structure collapses much

ater (i.e., ∼500 s later). Interestingly, we now indeed noted at
500 ◦C a relevant difference in the boria emission. In particular,
ith the complex SPS cycle not only was the gas emission peak

 Pa more intense and longer lasting than with the simple SPS
ycle, but at 1500 ◦C the same level was reached as at 1625 ◦C
ith the simple SPS cycle despite the temperature being 125 ◦C

ower. Unfortunately, despite the better elimination of boria gas
t 1500 ◦C with the complex SPS cycle, the final densification
egree reached was still only moderate due to the insufficient
iffusion at that temperature.

Considering all these analyses together, we decided to test a
wo-step SPS cycle with a first step at 1500 ◦C for ∼10 min under

 moderate pressure of 20 MPa to eliminate the boria impurities

hile densifying the compact up to ∼90% relative density with

ittle coarsening, followed by a shorter second step at 1600 ◦C
nder a higher pressure of 75 MPa to promote the complete pore
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Fig. 9. Densification curves as a function of time for the ZrB2 nano-powder
with 10-nm crystals, obtained with the two-step SPS cycle comprising a first
simple SPS cycle under 20 MPa pressure with a target temperature of 1500 ◦C,
followed by a second complex SPS cycle with a target temperature of 1600 ◦C.
The closed symbols correspond to data measured during the heating ramp up
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Fig. 11. Densification curves as a function of time for the ZrB2 coarse, sub-
micrometre, ultra-fine, and nanometre powders, obtained with the simple SPS
cycle at the lowest target temperatures that resulted in final densification degrees
greater than 95%. The closed symbols correspond to data measured during the
heating ramp up to the corresponding target temperature, and the open symbols to
data measured during the soaking. The fact that the degree of densification at the
onset of the SPS cycle first increases and then decreases is simply because the
powder’s mechanical-packing density scales inversely with the particle sizes,
n
h

i
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o the target temperatures, and the open symbols to data measured during the
orresponding soakings.

limination. These expectations were indeed borne out experi-
entally because, as shown in the densification curve of Fig. 9

nd in the SEM micrograph of Fig. 10, a fully dense ZrB2 com-
act was obtainable with this two-step SPS cycle. Note that,
lthough this present proposal of a two-step cycle and the one
ypically used to process nano-ceramics pursue the same objec-
ive of densification with little grain boundary migration, their
rocedures are reversed with respect to each other.15 In the lat-
er, the powder is first heated at the high temperature for a short
eriod, and then rapidly cooled to a lower temperature and main-
ained there for a long period. In the present case the main
oncern is to eliminate the boria impurities, which requires a
smooth” intermediate stage of sintering, while in the typical
ano-ceramics processing case the principal concern is inhibi-

ion of grain growth, which requires a “smooth” final stage of
intering.

ig. 10. SEM micrograph of the UHTC fabricated from the ZrB2 nano-powder
ith 10-nm crystals with the two-step SPS cycle at 1600 ◦C for 15 min.
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ot with the crystal sizes, and the nano-crystals achieved with the long-time
igh-energy ball-milling are actually agglomerated.6,8,9

To put the ZrB2 nano-powder with 10-nm crystals results
nto perspective, in the following we shall compare the above
PS data with those of ZrB2 powders with larger crystal sizes
f ∼25, 70, 160, 500, and 2000 nm. Given that the experimental
bservations indicated that the simple and complex SPS cycles
ielded eventually the same degree of densification and simi-
ar microstructure, the SPS experiments for these ZrB2 powders
ith larger crystal sizes were conducted using only the sim-
le SPS cycle which was clearly sufficient for the purposes
f the present comparative study. Fig. 11 is a comparison of
he lowest-temperature densification curves for all these ZrB2
owders, with the lowest temperature being that which satisfied
he condition of reaching at least 95% densification. Note that
he measurements of the data comprising these curves required

any SPS experiments to be carried out at different temperatures
or each of these ZrB2 powders in the same way as was done
reviously for the nano-powder with 10-nm crystals, although,
or the sake of brevity, these densification curves will not be
resented. As one observes, the curves in Fig. 11 demonstrate
learly that the crystal size refinement progressively reduces the
PS temperature of ZrB2, and also that the reduction is only
oderate with the refinement to the ultra-fine range, but very
arked with the refinement to the low nanoscale. Indeed, since

ccording to Fig. 1 the ZrB2 nano-powder with 10-nm crystals
eached 96% densification at 1550 ◦C, which is the densifica-
ion reached by the micrometre and submicrometre powders at
000 ◦C (see Fig. 11), one can thus conclude that the nanoscale
rystal refinement reduced the SPS temperature by not less
han 450 ◦C for the typical crystal sizes of the most-widely

sed ZrB2 powders. This reduction is very relevant because
t is similar to or even greater than the temperature reduc-
ions previously achieved with the aid of former liquid-phase
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Fig. 12. SEM micrograph of the UHTC fabricated from the submicrometre ZrB2

p ◦

s
I
t
u
t
i
r
t
m
o
i
(
U

c
u
u
o
m
t
g
l
T
n
i
h
b
m
p

4

o
w
t

1

2

3

4

5

6

A

n
N

R
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7. Galán CA, Ortiz AL, Guiberteau F, Shaw LL. Crystallite size refine-
owder with 0.5 �m crystals with the simple SPS cycle at 2000 C for 15 min.

intering additives (for example with MoSi2 or with TaSi2).2,3

n addition, there was no attempt here to prevent oxygen con-
amination (which is known to promote coarsening2,3,5,16,17) by
se of an inert atmosphere during the milling, suggesting that
here could be still room for further reductions in the sinter-
ng temperature, but at the expense of making the comminution
outine more tedious and costly. Another additional benefit of
he nanoscale crystal refinement is that it allows fine-grained

icrostructures to be obtained (see Figs. 2B, 8, and 10) instead
f the coarse-grained microstructures resulting from the sinter-
ng of the typical micrometre or submicrometre starting powders
Fig. 12), an aspect that is very important to provide the ZrB2
HTCs with superior strength.2,3

Finally, the present study has interesting implications for
omminution practices in the UHTC community. In partic-
lar, it emerges that the preparation of ZrB2 powders with
nequalled sintering behaviour necessarily requires the use
f high-energy ball-milling because the typical wet attrition
illing, which has so far been the gold-standard comminu-

ion treatment, is a form of conventional milling that does not
enerate the high compressive stresses in the ball-to-ball col-
isions needed to refine the crystal sizes down to nanoscale.
his, however, does not rule out attritor use because this tech-
ique can also function as a high-energy ball-mill if operated
n dry with a high ball-to-powder ratio (>40:1) and with a
igh peripheral speed of the agitator (>3 m/s). This would
e another way of achieving the nanoscale crystal refine-
ent needed to make the lower-temperature sintering of ZrB2

ossible.

.  Conclusions

We have investigated the effect of the crystal refinement scale
n the lower-temperature densification of ZrB2 UHTCs by SPS

ithout additives. The results allow the following conclusions

o be drawn:
eramic Society 32 (2012) 2529–2536 2535

. The lower-temperature limit for the SPS densification of
ZrB2 decreases continuously with decreasing crystal size in
the starting powder.

. Under otherwise identical SPS conditions (i.e., 75 MPa pres-
sure, and 100 ◦C/min heating ramp), nanoscale ZrB2 has been
densified at 1625 ◦C, well below the 2000 ◦C required for
the typical micrometre and submicrometre powders to reach
only 96% densification and the corresponding 1875 ◦C for
the ultra-fine powder. Thus, crystal size refinement to the
low nanoscale constitutes one of the long hoped-for break-
through solutions to the fundamental problem of the poor
sinterability of ZrB2.

. Nanoscale ZrB2 can be densified at temperatures as low as
1450 ◦C favoured by the presence of B2O3 liquid phase, but
this low-temperature sintering with non-transient B2O3 is not
useful for ultra-high-temperature applications.

. The complete densification of ZrB2 UHTCs requires the use
of sintering cycles that promote the total elimination, via
evaporation, of the B2O3 impurities. This is especially rel-
evant in the case of SPS because the rapid collapse of the
open pore structure facilitates the trapping of the B2O3 gas
generated within the closed pores.

. Nanoscale crystal refinement promotes the production of
fine-grained microstructures, derived from the combination
of the smaller crystal sizes in the starting powders and the
lower sintering temperatures required for densification.

. High-energy ball-milling can provide ZrB2 with the superior
sinterability which is not otherwise achievable today by the
standard comminution method of wet attrition milling.
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