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bstract

rB2- and HfB2-based composites containing 1, 3, and 9 vol.% MoSi2 as sintering aid were densified by spark plasma sintering at temperatures
anging from 1700 to 1950 ◦C, with an applied pressure of 100 MPa. As received ZrB2 and HfB2 powders were also sintered at temperatures in
he range of 2100–2200 ◦C. Fully dense samples were obtained between 1750 and 1850 ◦C when MoSi2 was added. As received ZrB2 powder
as sintered to 98% at 2100 ◦C. The microstructural features were investigated by means of SEM–EDS technique. Silicon carbide was detected
n all the doped compositions along with significant amounts of oxide species (Hf/ZrO2 and SiO2). Vickers hardness and fracture toughness were
easured by indentation technique on polished sections. The effect of the MoSi2 content on densification, microstructure and mechanical properties

s discussed.
2007 Elsevier Ltd. All rights reserved.
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. Introduction

Spark plasma sintering (SPS) belongs to a class of technolo-
ies that employ a pulsed dc current to activate and improve
intering kinetics.1–8 In nearly all the investigations on spark
lasma sintering/field assisted sintering, higher heating rates,
ower sintering temperatures and shorter dwelling times have
een used in comparison with those attained in conventional
intering techniques (hot pressing, pressureless sintering, etc.).
igher densities, refined microstructures, clean grain bound-

ries and elimination of surface impurities have been reported for
everal ceramic materials densified by field assisted sintering, as
ell as an overall improvement in the materials performance.1–8

n view of the potential offered by this technique, this work
eals with spark plasma sintering of the so-called ultra-high-
emperature ceramics (UHTC), namely borides of zirconium

nd hafnium, which are notorious for their poor sinterability.
he interest in these compounds derives from the fact that

hey possess several desired engineering properties such as high

∗ Corresponding author. Tel.: +39 0546 699748; fax: +39 0546 46381.
E-mail address: dile@istec.cnr.it (D. Sciti).
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elting points (>3200 ◦C), solid-state stability and good thermo-
hemical and thermo-mechanical properties. Applications such
s leading edges and nose caps in hypersonic re-entry space vehi-
les, rocket nozzle inserts and air-augmented propulsion system
omponents are forecast in the aerospace industry.9–14 Due to
he high melting point and low self-diffusion coefficient, the
intering of Hf- and Zr-borides needs pressure-assisted sinter-
ng procedures at temperatures of the order of 2000 ◦C or even
igher.13–17 Attempts to consolidate ZrB2 by pressureless sinter-
ng at temperature <2100 ◦C have shown that a non-densifying
apour phase transport mechanism is dominant for this com-
ound, leading to a coarsening of the microstructure that in
urn leads to a reduction of the driving force for sintering.18

oreover, the unavoidable presence of surface oxides, such
s B2O3 and HfO2/ZrO2 is an additional factor which hin-
ers the densification of Hf/ZrB2 compounds. One promising
pproach for overcoming these problems is the use of rapid
eating rates through temperature regimes where grain coars-
ning occurs. From this point of view, field-assisted sintering

ffers the opportunity of extremely high heating rates. Further-
ore, it has also been reported that the application of an external
eld may lead to elimination of surface oxides by electrical
ischarge.4,5 So far, few attempts have been made to densify

mailto:dile@istec.cnr.it
dx.doi.org/10.1016/j.jeurceramsoc.2007.09.043
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hese compounds by spark plasma sintering. HfB2 and ZrB2
ith 15 vol.% MoSi2 were densified to nearly full density at
750 ◦C, whilst attempts to sinter as-received Hf- or Zr-borides
owders led to very poor densification (about 70% of relative
ensity) even at 2100–2200 ◦C.19–22

In this contribution, a deeper investigation of the effect of
park plasma sintering on the densification of these borides is
arried out. The aim is to obtain fine-grained and dense materi-
ls with as low as possible amount of sintering aid in order to
inimize the deleterious effects of secondary phases. MoSi2 is

elected as ceramic additive for Hf- and Zr-borides, as it has been
hown that in amounts as high as 15–20 vol.% is effective for the
ensification using conventional sintering techniques.20,21,23 In
his work, the amount of sintering aid is progressively reduced,
tarting from a content of 9 vol.%, and finally the densification of
fB2 and ZrB2 without any additive is attempted. Densification
ehaviour and microstructural features are discussed. Prelimi-
ary mechanical tests (hardness and fracture toughness) are also
erformed on selected materials.

. Experimental

Commercial powders (Table 1) were used to prepare the fol-
owing compositions (vol.%):

rB2 + 9MoSi2 (ZB9); HfB2 + 9MoSi2 (HB9)

rB2 + 3MoSi2 (ZB3); HfB2 + 3MoSi2 (HB3)

rB2 + 1MoSi2 (ZB1); HfB2 + 1MoSi2 (HB1)

Undoped powders were also sintered, labelled as ZB0 and
B0. The powder mixtures were first ultrasonically treated and

hen ball-milled for 24 h in absolute ethanol using zirconia
illing media, subsequently dried in a rotary evaporator and

ieved through a 60-mesh screen size. For sintering tests on
ndoped powders, HfB2 and ZrB2 were ultrasonically treated to
liminate agglomerates and milled using zirconia milling media.
oped and undoped powders were sintered using a spark plasma

intering furnace in a graphite mould. A double layer of graphite
lanket was placed around the die in order to minimize the heat
oss. The temperature was measured by an optical pyrometer
ocused onto the graphite die. Various experiments based on
emperature-induced sintering events suggest an experimental
rror of ±15 ◦C of the recorded temperature in the temperature

egion of 1800–2200 ◦C. The sintered pellets were 1.2 cm in
iameter and 0.5 cm in height.

For MoSi2-doped powders, the sintering cycle was adopted
s follows. From room temperature (RT) to 600 ◦C the heating

a
f
s
o

able 1
haracteristics of the starting powders

Supplier Phase Grade Grain size

rB2 H.C. Starck, Germany Hexagonal B 0.1–8
fB2 Cerac Inc., USA Hexagonal 325 mesh 0.5–5
oSi2 Aldrich Chemicals Tetragonal <2 �m 0.1–3
ramic Society 28 (2008) 1287–1296

ate was set at 300 ◦C/min. At 600 ◦C, the pressure of 100 MPa
as applied and the temperature was then raised from 600 to
400 ◦C using a heating rate of 200 ◦C/min. From 1400 ◦C to
he final sintering temperature (1700–1900 ◦C) the heating rate
as decreased to 100 ◦C/min. Holding times at the maximum

emperature were 3 or 5 min.
For undoped powders a slightly different heating cycle was

dopted; from room temperature (RT) to 600 ◦C the heating rate
as set to 300 ◦C/min. At 600 ◦C, a pressure of 75 MPa was

pplied for ZrB2 (65 MPa for HfB2) and the temperature was
aised from 600 to 1600 ◦C using a heating rate of 200 ◦C/min
nd from 1600 ◦C to the maximum temperature at a rate of
00 ◦C/min. The holding time was 3–5 min.

Bulk densities were measured by the Archimedes method.
elative densities were determined as the ratio between bulk
ensities and theoretical densities calculated on the basis of
he starting nominal compositions. Crystalline phases were
dentified by X-ray diffraction (Siemens D500, Karlsruhe,
ermany). The microstructures were analysed using scan-
ing electron microscopy (SEM, Cambridge S360, Cambridge,
K) and energy dispersive spectroscopy (EDS, INCA Energy
00, Oxford instruments, UK). The SEM–EDS studies were
erformed on samples sections that were cut from the sin-
ered pellets containing the direction of applied pressure and
hen polished with diamond paste to 0.25 �m. Microstructural
arameters were determined through image analysis on SEM
icrographs of polished surfaces (Image Pro-plus 4.5.1, Media
ybernetics, Silver Springs, MD, USA).

Vickers microhardness (HV1.0) was measured with a load
f 9.81 N, using a Zwick 3212 tester (Zwick, Ulm, Germany).
ight to 10 indentations were made for each sample. Fracture

oughness (KIc) was evaluated by the direct crack measurement
DCM) using the equation of Evans and Charles.24 Five inden-
ations were performed for each sample.

. Results and discussion

.1. Densification behaviour and grain growth

Doped HfB2 and ZrB2 powders generally showed a good sin-
erability and their sintering behaviour indicated that they were
ully dense or close to being fully dense after a permanence of
–3 min at the maximum temperature. A typical densification
urve is shown in Fig. 1, for the composition HB1, sintered at
800 ◦C. All the relative density data are displayed in Fig. 2a

nd b, as a function of the sintering temperature and for dif-
erent contents of MoSi2. It must be pointed out that given
intering temperatures were the ones recorded on the surface
f the graphite die and that the temperatures experienced by the

range (�m) Impurities (wt.%)

(Maximum content): C: 0.25, O: 2, N: 0.25, Fe: 0.1, Hf: 0.2
Zr: 0.47, Al: 0.07, Fe: 0.01
O: 1–2
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ig. 1. Typical densification curve of composition HfB2 + 1MoSi2 (HB1) at
800 ◦C. Ton = temperature at which densification starts.

amples were certainly higher. This point is further discussed
elow.

It can be noticed that for ZrB2-based materials (Fig. 2a),
pecimens were all sintered to final densities higher than 95%.
fter decreasing the amount of sintering aid, increased sintering

emperatures were necessary to obtain the same level of density.
or 9 and 3% doping, 98% dense samples were obtained at 1700
nd 1750 ◦C, respectively, whilst for 1% doping, the temperature
ad to be raised to 1850 ◦C. Undoped ZrB2 was densified to 98%
f relative density at 2100 ◦C.

For HfB2-based compositions (Fig. 2b), the highest density
alues were achieved in the range of 1700–1800 ◦C. At 1750 ◦C,
elative densities in excess of 95% were obtained irrespective of
he MoSi2 variation between 9 and 1 vol.%. For compositions
ontaining 9 and 3 vol.% MoSi2, an increase of final density was
bserved with increasing the sintering temperature. In contrast,
rom data displayed in Fig. 2b, it is apparent that for compo-
itions with 1% doping, a decrease of the final density was
bserved when increasing the sintering temperature. It should be
oted that the real solid density of either ZrB2- or HfB2-doped
amples was higher due to presence of impurity phases of low

ensities, see below. Finally, attempts to densify undoped HfB2
owders led to final densities of the order of 80%, even after
ncreasing the sintering temperature to 2300 ◦C.

m
t
fi

ig. 2. Relative density data as a function of the sintering temperature for differe
ompositions.
ig. 3. Mean grain size as a function of the sintering temperature for different
intering aid contents. The dotted lines are eye guidelines.

Formation of droplets was noticed for compositions con-
aining 9% of MoSi2, more abundantly for ZrB2 than for
fB2-based compositions, which is consistent with liquid for-
ation. No droplets were observed at temperature below or equal

o 1700 ◦C.
The mean grain size of the boride grains is reported as a

unction of the sintering temperature in Fig. 3, including all
he sintered compositions. Up to 1800 ◦C, the mean grain size
as <2 �m for ZrB2-based compositions and <1 �m for HfB2
nes. However, the decrease of the sintering aid content from 3%
nd to 1% and the increase of the sintering temperature caused
ean grain sizes of HfB2-based compositions were smaller than
hose of the corresponding ZrB2-based compositions, due to the
neness of the starting HfB2 powder.

nt sintering aid contents: (a) ZrB2-based compositions and (b) HfB2-based
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ig. 4. X-ray diffraction spectrum of the ZrB2 + 9MoSi2 (ZB9) sintered at
700 ◦C.

In the following, microstructural analysis and mechanical
esting are reported for the compositions that are given in
able 2.

.2. X-ray diffraction and microstructural features

.2.1. ZrB2-doped compositions
According to X-ray diffraction, the crystalline phases

etected in 9% doping level compositions (ZB9) were hexago-
al ZrB2 and tetragonal MoSi2 (Fig. 4). Traces of MoSi2 phase
ere also recognizable in the diffraction spectra of the com-
ositions with 3 vol.% doping (ZB3). In compositions with 1%
oSi2 (ZB1), no diffraction peaks from MoSi2 were detected.
The typical microstructures observed on fracture surfaces
nd polished sections of selected ZrB2-based compositions
re presented in Figs. 5 and 6a–d. The fracture surface was
ainly transgranular for these composites. Black contrasting

pots were identified as silica-based low-density phases. By

Fig. 5. Fracture surface of ZrB2 + 3MoSi2 (ZB3) sintered at 1750 ◦C.
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the form of closed pores evenly distributed in the microstructure.
The mean grain size increased to about 20 �m. Along grain
boundaries, small inclusions of BN are visible, as revealed by
the EDS spectrum.
ig. 6. ZrB2-based compositions. Polished sections of selected samples and ED
t 1850 ◦C and (d) legend: (1) MoSi2, (2) SiO2, (3) SiC and (4) ZrO2.

EM inspections on polished sections, no porosity was detected
n ZB9 sample sintered at 1700 ◦C and ZB3 sample sintered
t 1750 ◦C (Fig. 6a and b). Therefore, relative density values
isplayed in Fig. 2a were certainly underestimated by the pres-
nce of such low-density silica-containing phases (∼3 vol.%,
ee Table 2) as they were neglected in the calculation of theo-
etical density. Silica-based phases were also frequently found
o be a sink for other impurities contained in the starting pow-
ers, such as Al, N and so on. Grain coarsening and limited
orosity (2%) is apparent for the composition with 1% dop-
ng (ZB1, sintering at 1850 ◦C), Fig. 6c. Common features for
hese ZrB2-based composites were the presence of extra phases
uch as zirconia and SiC (see EDS spectra, Fig. 6). Zirco-
ia could be derived both from oxygen contamination of the
tarting ZrB2 powder and from the milling media. Small SiC
rains were generally observed to form associated with the
ilica pockets, as shown in the micrograph of Fig. 6a. Their
ormation accounts for C contamination, due to both carbon
mpurities in the starting ZrB2 powder and to the graphite-
ich sintering environment, as reported below. Analysing the
icrostructure at lower magnitude, larger SiC agglomerates
ere occasionally observed in all the compositions, see an exam-
le in Fig. 7. ZrB2 grains were found to have a sub-structure,
esembling a core–shell structure, Fig. 8. By EDS analysis, car-
ied out with reduced energy in order to limit the beam lateral
pread, pure ZrB2 phase was recognized in the cores, while
r, B and small amounts of Mo were detected in the shell
see EDS spectrum). The latter phase was recognized as a (Zr,
o)B2 solid solution, in agreements with previous findings on

ressureless sintered materials with addition of either Mo or
oSi2.25,26

F
c

ctra: (a) ZB9 sintered at 1700 ◦C, (b) ZB3 sintered at 1750 ◦C, (c) ZB1 sintered

.2.2. ZrB2-monolithic material
A polished section of ZrB2-monolithic material is displayed

n Fig. 9. The material presented a very low degree of porosity in
ig. 7. Large SiC agglomerates and relative EDS spectrum showing oxygen
ontamination in ZB3 composition.
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3.2.4. HfB2-monolithic material
Residual porosity and grain coarsening (10 �m, see Fig. 3)

are the main features which characterise the monolithic material
(Fig. 12). The combination of these two features indicates that
Fig. 8. Polished section of sample ZB1 sintered at 1850 ◦C an

.2.3. HfB2-doped compositions
The crystalline phases detected for compositions with 9%

oSi2 (HB9) were hexagonal HfB2 and tetragonal MoSi2
Fig. 10). However, due to the high scattering factor of the HfB2
hase, diffraction peaks from MoSi2 had very poor intensity.
or lower MoSi2 content, no diffraction peaks from this phase
ere detected. The fracture surfaces and polished sections of

he compositions sintered at 1750 ◦C (Table 2) is presented in
ig. 11a–d. Little or no porosity was generally found in these
amples, even for the lowest MoSi2 content, 1%. Therefore, any
iscrepancy between relative density values and microstructural
bservations was due to formation of extra phases, neglected
n the calculation of theoretical density. Fracture surfaces were

ostly transgranular, Fig. 11a. Polished sections, Fig. 11 b,
and d, showed very fine microstructures, around 1 �m. The
oSi2 phase had an irregular shape and, due to its ductility, was

ccommodated among the voids left by the diboride skeleton.
xtra phases such as HfO2, SiC and SiO2 were observed in the

icrostructures (amounts reported in Table 2). The considerable

mount of HfO2 (4 vol.%) accounts for oxygen contamination
f the starting powder, as reported elsewhere.19 Agglomerates
f silicon carbide particles were observed in the microstruc-

Fig. 9. Polished section of monolithic ZrB2 sintered at 2100 ◦C.
F
1

parison of EDS spectra between core and rim of ZrB2 grains.

ures, see an example in Fig. 11d. The amount of SiC detected
y image analysis was about 1%, in all the doped composi-
ions (Table 2). Finally, some silica was also detected, but in
onsiderably lower amount compared to that in the ZrB2-based
omposites (∼0.5%). In contrast to the ZrB2 materials, MoSi2
as found at the triple points even for HfB2 compositions with
% MoSi2.

Sintering of HB1 at 1900 ◦C resulted in higher amount of
orosity (5%) compared to lower temperature cycles, as reported
n Section 3.1 and Fig. 2b. On the polished section of the sample
not shown), it was found that the bulk of the specimen contained
ores, whilst towards the edges the microstructure was dense and
n the surface, a 10 �m-thick layer of SiC was observed.
ig. 10. X-ray diffraction spectrum of the HfB2 + 9MoSi2 (HB9) sintered at
750 ◦C.
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ig. 11. HfB2-based compositions: (a) fracture surface of HfB2 + 3MoSi2 (HB3
750 ◦C, (c) section of HB3 sintered at 1750 ◦C and (d) section of HB1 sintered

fB2 coarsened with poor densification, which suggests that a
on-densifying vapour phase transport mechanism may be dom-
nant at this temperature. Further tests are in progress in order
o improve the final relative density.

.3. Densification mechanisms

Density data gave evidence of the beneficial effect of MoSi2
s sintering aid. Even 1 vol.% of the intermetallic compound
as enough to densify both HfB2 and ZrB2, whilst undoped
fB2 did not sinter even at 2300 ◦C. Exposure to air and the

illing procedure of the starting powders for prolonged times

s known to cause oxygen take up. For metal diborides (MB2),
he contamination of oxygen was proposed to be a combination
f metal oxide and boron oxide.27 Since the presence of sur-

Fig. 12. Fracture surface of monolithic HfB2 sintered at 2200 ◦C.
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ered at 1750 ◦C (back scattered electron imaging), (b) section of HB9 sintered
50 ◦C. Legend: (1) MoSi2, (2) HfO2 and (3) SiC.

ace oxides such as B2O3 and Hf-/Zr-O2 is generally considered
ery detrimental for the sintering of these borides, the addition
f MoSi2 must have been effective in removing oxygen bear-
ng species from the MB2 particle surfaces. In addition, it has
een reported that field assisted sintering techniques can also
ause removal of oxide species from particle surface, through
ifferent mechanisms such as resistance heating and/or thermal
nd electrical breakdown.4,5 However, before discussing possi-
le reactions that might take place during the sintering process,
ne has to keep in mind that the actual temperature inside the
pecimens is significantly higher than that recorded on the sur-
ace of the die.8,19 The temperature mismatch depends on many
actors such as the size of the die, the quality of vacuum, the
evel of insulation of the die, thermal and electrical conductivity
f the die, etc. The dies used in this work have an outer diame-
er of 3 cm and a height of 3 cm and a double layer of graphite
lanket were placed around the die (in total 1 cm insulation) in
rder to minimize the heat loss. Under this conditions we could
stimate the temperature mismatch to be around 100–125 ◦C up
o 1700 ◦C. Alumina, which melts around 2070 ◦C, could be sin-
ered at 1850 ◦C without any feature of being melted, suggesting
hat the temperature mismatch at this temperature is ≤200 ◦C.
owever, the mismatch increases with increasing the temper-

ture and it is likely that in the 1900–2200 ◦C range it might
e around 250◦. Accordingly, when the recorded temperature
as ≤1800 ◦C, then the temperature that the specimens experi-

nced ought to be lower than the melting temperature of MoSi2
2020 ◦C28) and when the temperature recorded by the opti-

al pyrometer was >1850 ◦C, sintering very likely occurred at a
emperature close or even higher than the melting temperature
f MoSi2. The HB1 composition sintered at 1900 ◦C contained a
igher amount of porosity (5%) compared to lower temperature
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ycles, as previously mentioned. According to microstructural
bservations, it is likely that MoSi2 melted at this temperature
nd was rapidly squeezed out. The fast depletion of the sintering
id was hence detrimental for the densification.

The following considerations concern sintering temperatures
as in the range of 1750–1850 ◦C, i.e. lower than the melting
oint of MoSi2. The formation of secondary species such as
iO2 and SiC detected after sintering was used to track back

he interactions between MoSi2, oxygen bearing species (B2O3)
nd carbon provided by the sintering environment (mould, dies).
onsidering that the activity of C is very high in this temperature

ange, the following reactions can be hypothesized:

MoSi2 + 2B2O3 + C = 2MoB2 + 3SiO2 + 1SiC (1)

MoSi2 + B2O3 + 2.5 C = 2MoB + 1.5SiO2 + 2.5SiC (2)

ccording to thermodynamic calculations29, these reactions
re energetically favoured at the sintering conditions employed
�G < 0). It should be noted that silica is liquid at temperature
1725 ◦C, which could explain liquid ejection observed dur-

ng sintering of compositions with 9% MoSi2. Reactions 1–2
uggest that, depending on the local chemistry, i.e. the degree
f oxygen contamination, the amount of MoSi2 added and the

availability, different reaction products may be formed. A
ommercial software program29 was used to simulate chemical
eactions occurring during the sintering cycle at 1850 ◦C, ambi-
nt pressure, introducing fixed amounts of carbon and B2O3 as
eagents and varying the MoSi2 content between 0 and 3 kmol.
he products which are thermodymically favoured to form are
iO2, SiC and Mo-B species and are displayed in the diagrams
f Fig. 13 representing the cases: amount of B2O3 > amount of
(Fig. 13a) and vice versa (Fig. 13b). The occurrence of the

roposed reactions was partially supported by the SEM–EDS
tudies. In ZrB2-based materials, silica formation was quite
bundant in comparison with SiC and the starting amount of
oSi2 was considerably reduced after sintering. The equilib-

ium composition of the products is therefore similar to that
roposed by Fig. 13a. Actually, we did not observed any Mo-B
pecies as predicted by the reactions 1,2 and the calculations
Fig. 13a) but the formation of (Zr, Mo)B2 solid solutions. The
atabase of the thermodynamic calculation program did not con-
ain any data for (Zr, Mo)B2 solid solutions implying that the
alculations do not exclude that (Zr, Mo)B2 species might be
ormed in our case instead of the predicted Mo-B ones. Con-
ersely, in HfB2-based composites, SiC production was more
bundant than silica formation (see Table 2) and MoSi2 starting
mount was only partially consumed during sintering. Accord-
ng to the SEM resolution, no solid solutions were detected for
fB2. In this case, the equilibrium composition of the products
as closer to the diagram of Fig. 13b.
Although the above calculations are certainly an oversim-

lification of the chemistry of these systems, nevertheless they
uggest that for UHTC samples doped with MoSi2, densifica-

ion was mainly activated by chemical mechanisms involving the
intering aid and surface oxides with consequent removal of sur-
ace oxides from MB2 particles surface and formation of liquid
hases. These phenomena were further enhanced by application

3

o

ig. 13. Stable reaction products calculated at 1850 ◦C, ambient pressure,
or increasing MoSi2 content. (a) Reagents starting amount: C = 0.5 kmol,

2O3 = 1 kmol and (b) reagents starting amount: C = 1 kmol, B2O3 = 0.5 kmol.

f the external electrical field which allowed full densification
n very short times compared to other conventional techniques.

The densification of undoped ZrB2 powder occurred through
olid-state sintering mechanisms. Rapid heating rates and elec-
rical discharge helped removal of surface B2O3. However,
he concurrent action of chemical phenomena cannot be ruled
ut. The observed formation of small amounts of BN in the
icrostructure, suggests that B2O3 removal could have occurred

lso through the following reaction:

2O3 + 2N + 3C = 2BN + 3CO(g) (3)

hich has a negative free Gibbs energy.29 In this reaction, N is
n impurity of the starting ZrB2 powder and C is provided by
he graphite-rich sintering environment. Finally, causes for the
ow-density results obtained for HfB2 monolithic materials are
till under investigation.
.4. Mechanical properties

Preliminary hardness and toughness tests were carried out
n selected compositions as shown in Table 2. The results dis-
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layed revealed that, irrespective of the MoSi2 content, ZB3
nd ZB9 had the same value of hardness as well as the HB1, 3
nd 9 samples. Both ZrB2-based compositions (with the excep-
ion of ZB1) and HfB2-based compositions had similar values of

ean grain size and density which are the most important factors
ffecting the hardness. HfB2-based compositions were harder
han corresponding ZrB2-ones, due to their finer microstruc-
ure. On the other hand, the hardness decrease observed
or ZB0, ZB1 and HB0 is due to grain coarsening and/or
orosity.

Concerning the fracture toughness, HfB2 compositions are
nsensitive to change of MoSi2 amount between 1 and 9%. For
rB2-compositions there is an approximately linear decrease
ith decreasing the amount of MoSi2. This feature seems

o indicate that MoSi2 acted as reinforcing phase for ZrB2,
ven if the toughening mechanisms exerted by this phase
re not known. Due to its high thermal expansion coefficient
8.5–9 × 10−6 ◦C−1)30, MoSi2 should generate compressive
esidual stress in ZrB2 (6–7 × 10−6 ◦C−1)30 phase. How-
ver, SiC (4.5 × 10−6 ◦C−1)30 and SiO2 (0.5 × 10−6 ◦C−1)30

hases should generate tensile stresses in ZrB2, by virtue of
heir low thermal expansion coefficients. Therefore, decrease
f MoSi2 content and concurrent increase of SiO2/SiC
pecies could be responsible for the weakening of the
icrostructure.

. Conclusions

ZrB2- and HfB2-based composites containing 1, 3, and
vol.% MoSi2, respectively, were fully densified by spark
lasma sintering at temperatures ranging from 1700 to 1950 ◦C,
sing a heating rate of 100 ◦C/min and an applied pressure of
00 MPa. Densification was presumed to occur through removal
f surface oxides from the boride particles and formation of liq-
id phases. Sintering mechanisms were enhanced by application
f the electric field which allowed full densification in very short
imes and with very low content of sintering aid compared to
onventional techniques.

Attempts were also made to densify ZrB2 and HfB2 with
o sintering aid. ZrB2 was finally densified to 98%, however
notable coarsening of the microstructure occurred (20 �m).
ighty percentages of relative density was instead of the maxi-
um value obtained for HfB2.
For dense materials, hardness and fracture toughness val-

es were in the range of 17–22 GPa and of 2.6–4 MPa m1/2,
espectively.
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