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bstract

ressureless reactive sintering was investigated to fabricate ZrB2 from a mixture of elemental Zr and B powders. Both hand mixing and high-
nergy milling were used to blend the powders. The sintering experiments were carried out at 1800, 2000 and 2200 ◦C. The samples made from

he high-energy milled powders had relative densities varying between 66 and 79%, while the relative densities of the hand mixed powders varied
etween 58 and 70%. The average grain size of the sintered ceramic was independent of the mixing procedure and increased with the sintering
emperature (from 8.5 to 23.5 �m for the hand mixed samples and from 4.6 to 34.9 �m for the milled samples).

2008 Elsevier Ltd. All rights reserved.
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. Introduction

The high-melting temperature of zirconium diboride (ZrB2

m > 3000 ◦C) and improvements in ceramic processing have
evived interest in ultra-high-temperature ceramics (UHTCs)
or numerous severe applications. The highly covalent nature
f bondings of these ceramics results in superior mechanical
roperties (hardness and strength) and oxidation resistance.1–4

n particular, oxidation studies of several refractory diboride
ystems were conducted in the past5 and Zr- and Hf-based sys-
ems were found to possess superior high-temperature oxidation
esistance due to their high-melting point and low-vapor pres-
ure of oxides and sub-oxides.2–7 The improvement in properties
s making these ceramics suitable for use in thermal protection
ystems for hypersonic flight, atmospheric reentry, and rocket
ropulsion systems.1,2,8

The high-melting temperature and apparent low-diffusion
ates of ZrB2 limit the applicability of conventional pressure-
ess sintering processes.9 Major successes in consolidating

rB2 have been obtained with pressure-assisted processes. For

nstance, hot pressing with various metallic, ceramic, or glass
dditives was previously used to make samples with nearly full
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ensity. However, the presence of a secondary phase limits the
ervice conditions of the consolidated dense ceramic.10–12 On
he other hand, the fabrication of parts by hot pressing required
ubstantial diamond machining. Such expensive processing has
rompted a search for advances in pressureless sintering. Despite
he low-intrinsic sinterability, which is attributed to highly cova-
ent bonds and low volume and grain boundary diffusion rates,13

ignificant advances in pressureless sintering have been made.
ahrenholtz and Hilmas fabricated pure ZrB2 samples with rel-
tive densities of 98% using pressureless sintering of attrition
illed powders14 with sintering temperatures >2150 ◦C and

oaking time of 540 min. Some applications for thermal protec-
ion systems may not require the very high-mechanical strengths
f fully dense materials. Lower cost processing techniques that
an produce large parts in complex shapes with some porosity
ay find application for thermal protection, as long as the mate-

ial meets some threshold strength criterion for the particular
esign. The material porosity may even provide some benefit by
owering the stiffness and the thermal conductivity of the part.

Pressureless reactive processing (PRP) offers the possibility
f reduced processing times and temperatures and is therefore
n attractive alternative to conventional pressureless sintering

f ZrB2 powders. Reactive processing (RP) possesses advan-
ages, such as lower processing temperatures, improvement
n the cleanness of the grain boundaries and the usage of

ore readily available and less expensive precursors.15 This

mailto:mathieu.brochu@mcgill.ca
dx.doi.org/10.1016/j.jeurceramsoc.2008.08.032
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Table 1
Characteristics of the raw materials used

Powder Vendor Particle diameter distribution Purity
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rocessing route requires thermodynamically favorable reac-
ions. The Gibbs free energy of reaction between Zr and B
o form ZrB2 is −306 kJ/mol at 727 ◦C and −280 kJ/mol at
727 ◦C,3 confirming the possibility of using RP for the forma-
ion of bulk ZrB2. Reactive hot pressing has been reported for
he Zr–B,16 and Hf–B–SiC17 systems. In all cases, near fully
ense ceramic samples were produced with mechanical and
xidation properties similar to samples consolidated by other
ethods. Research targeting the control of grain size during

eactive hot pressing by controlling the particle size distribution
f the precursors is currently under way.15

The objective of this work was to study for the first time,
he processing of ZrB2 ceramic using pressureless reactive sin-
ering of Zr and B elemental powders in order to investigate
f this processing route could overcome the known difficulties
f directly pressureless sintering ZrB2 powders. Conventional
intering cycles were used with ZrB2 powders to compare the
eactive and non-reactive pressureless sintering processes. This
ork emphasizes the identification of thermal events during

intering, densification behavior, and phase and microstructure
volution.

. Experimental procedures

Commercially available powders were used, and some of
heir respective characteristics are presented in Table 1.

For reactive sintering, the powders were weighed to give stoi-
hiometric ZrB2. Two procedures were used to mix the elemental
owders. In the first method, an isopropanol-based slurry con-
aining the respective powders was hand-mixed using a agate

ortar and pestle. This simple method was selected as it is
elieved to minimize the loss of powder during the process.
n the second method the powders were milled for 1 h in a Spex
ertiprep Model 8000 mixer/mill with a powder-to-ball weight

atio of 10:1. A stainless steel vial and balls were used in the
ixer/mill. The powders were loaded in the vial under an Ar

tmosphere to minimize oxidation during milling. In both cases,
g of powders were mixed at a time. The ZrB2 powders were
lso attrition milled at 600 rpm for 1 h in methyl alcohol.

Two grams of each mixture were cold pressed in a 9.5 mm
iameter steel die under a uniaxial pressure of 550 MPa fol-
owed by cold isostatic pressing under 206 MPa for 1 min. The
amples were bagged in plastic prior to the CIP to avoid direct
ontact with the compressing liquid. Sintering was performed in
controlled atmosphere furnace equipped with tungsten heat-
ng elements. The heating rate was 20 ◦C/min up to a sintering
emperature of 1800, 2000 or 2200 ◦C, held at temperature for
h and cooled to room temperature at 20 ◦C/min. Flowing argon

ultra-high-purity grade) was maintained during the cycle.

Z
a
l
H

−325 mesh 98.5% Zr + 2% Hf
−325 mesh 99%
−325 mesh (APS 10 �m) 99.5%

Densities were measured using the Archimedes method in
ccordance to the procedure described in ASMT C20 standard.
he phase analysis was carried out on solid samples in a Philips
W1710 diffractometer (Cu K� radiation) between 20◦ and 80◦
t 0.05◦/step for 1 s dwell time. The ceramic conversion was
nalyzed using the ratio of intensity of the ZrB2(1 0 1) peak to
he Zr(1 0 1) peak. The measured ratio of intensity was com-
ared to the ratio of intensity acquired for mixtures of Zr and
rB2 of known composition. A detailed description of the pro-
edure can be found in Cullity.18 The heat treatment for the
onversion study was designed to mimic the sintering cycle.
he samples were heated at 20 ◦C/min to the tested tempera-

ure and immediately cooled at 50 ◦C/min to minimize reaction
uring cooldown. X-ray photoelectron spectroscopy (XPS) anal-
sis was performed using Kratos Ultra XPS, equipped with a
onochromatic Al K� X-ray source (1486.6 eV). Oxygen 1s,

oron 1s and zirconium 3d binding energies were analyzed for
hase identification. The XPS measurements were performed
n the surface of bulk ceramic samples. Prior to examina-
ion, the surfaces impurities were removed using the in situ
on gun.

Cross-sections of selected samples were automatically pol-
shed down to 0.25 �m using an automated polishing machine
Buehler Ecomet 3®). The final polishing (0.02 �m colloidal
ilica) was performed on a Vibromet 2® for 2 h. The thermally
tched cross-sections were examined with a JEOL-840 scanning
lectron microscope coupled with an EDAXTM EDS system.
he samples were coated with gold–palladium prior to exami-
ation. Image analysis on a minimum of 200 grains randomly
elected on a minimum of 20 locations across the samples was
arried out using Clemex Vision PE 5.0 software. Vickers micro-
ardness was determined using a Clark CEM microhardness
ndenter with a load of 490 mN. Reported values were obtained
rom an average of 10 indents.

. Results and discussion

Fig. 1 presents the powder morphology of the starting (a) zir-
onium and (b) boron powders, respectively. As shown by the
icrographs, the Zr powders possessed an irregular shape, while

he B particles had an angular morphology. Fig. 1(c) depicts the
article size distribution for the elemental powders. The aver-
ge particle size for Zr and B is 19 and 18 �m, respectively.
he specific particle size distribution of the Zr powder was
elected to reduce the pyrophoric character associated with finer

r powders. The XRD pattern of the starting Zr powder was in
greement with ICDD #05-0665 with slight peak shifts towards
ower angles, which is believed to be caused by the presence of
f impurity in solid solution in Zr.



M. Brochu et al. / Journal of the European Ceramic Society 29 (2009) 1493–1499 1495

nium

o
a
d
s
t
f
i
t
m
t
t

1
w
h

c
F
t
f

Fig. 1. Scanning electron micrographs of as-received (a) zirco

No significant changes in morphology or particle size were
bserved by SEM after mixing the starting powders in the mortar
nd pestle. By contrast, the high-energy milling procedure pro-
uced Zr powder particles containing embedded boron. Fig. 2
hows cross-sections of particles blended for 1 h. As can be seen,
he boron powders were fractured during the process and small
ragments were embedded in the Zr matrix. It is worth mention-
ng that EDS analyses performed in numerous locations within

he Zr matrix has not revealed the presence of Fe, indicating

inimal contamination during milling. The microhardness of
he Zr powders hand mixed in the mortar is 1.32 GPa, whereas
he powders blended in the Spex mill had a microhardness of

Fig. 2. Cross-section of composite powder after 1 h of milling.
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and (b) boron and (c) the respective particle size distributions.

0.56 GPa. The significant hardening of the latter Zr particles
as caused by the presence of the embedded boron, which itself
as a hardness of 48.05 GPa.19

X-ray diffraction analysis was used to determine the final
eramic conversion temperatures for both mixing procedures.
ig. 3 presents the evolution of ceramic conversion acquired

hrough the ratio of the peak intensity from the XRD pattern
or samples cooled down immediately after reaching the tested
emperature, i.e., without holding time at tested temperature fol-
owed by a cooling rate of 50 ◦C/min. As depicted, for the mortar
ix, no significant reaction occurred below 1000 ◦C. The XRD
attern of the sample heat treated at 1600 ◦C and immediately
ooled showed 64% conversion. Full conversion was obtained
or the mortar mixed sample when the samples were either (1)

ig. 3. Trend of ZrB2 formation as a function of temperature, no additional
sotherm hold.
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ig. 4. X-ray diffraction pattern of Zr + B samples hand-mixed and sintered at
800 and 2200 ◦C.

eated at 1600 ◦C and soaked for 1 h or (2) heated to 1700 ◦C
nd immediately cooled.

The intimate powder mixture obtained using the Spex mill
howed a significant difference in ceramic conversion behavior.
s depicted in Fig. 3, full conversion was obtained by heat-

ng/cooling cycle at a temperature as low as 1400 ◦C. Thus, the
omogeneous distribution of fine boron particles increases the
umber of sites for nucleation of ceramic grains during the con-
ersion, reduces the diffusion distances, and favors conversion
t lower temperature. Monteverde has performed similar analy-
is for pressureless synthesis of HfB2-SiC composites from Hf,
i and B4C, and reported that ceramic conversion is complete
fter a 1-h heat treatment at 1200 ◦C.17 From our X-ray results,
he conversion of the ceramic from both mixing procedures is
xpected to happen during the heating stage (1700 ◦C for hand
ixed, 1400 ◦C for Spex milled powders) of the studied sintering

ycle for UHTCs (from 1800 to 2200 ◦C). The high-temperature
oak of the heat treatment would solely impact the densification
f the ceramic compact.

After each sintering cycle the samples possessed the gray
olor characteristic of ZrB2. Fig. 4 presents the X-ray diffraction
atterns for the hand-mixed Zr and B mixture sintered at 1800
nd 2200 ◦C. As expected, all samples contain only the ZrB2
hase (agreement with ICDD #34-0423). Similar results were
btained for the samples reacted from the milled powders.

Fig. 5 presents the relative densities (%TD; based on the
ensity of pure ZrB2: 6.09 g/cm3) of the different samples after
arious sintering cycles. For every mixing condition, the relative

ensity increased with the sintering temperature. The reacted
rB2 composition from mortar-mixed elemental powders exhib-

ted an increase in relative density from 58 to 64 to 70% for
intering cycles performed at 1800, 2000 and 2200 ◦C, respec-

T
F
m
d

able 2
omparison of relative density of ZrB2 processed by different routes

abrication route Mixing process Sinter

ressureless reactive sintering Spex milled 2000
ressureless reactive sintering Spex milled 2200
ressureless sintering ZrB2 Attrition milling 2000
ressureless sintering ZrB2 Attrition milling 2150
ressureless sintering ZrB2 Attrition milling 2150
ig. 5. Percentage of theoretical density of ZrB2 ceramics after sintering.

ively. The high-energy milled elemental powders showed an
ncrease in relative density from 66 to 72 to 79% for the same sin-
ering cycles. Thus, an improvement in density varying between
and 10% was obtained by mechanical mixing instead of sim-

le hand mixing. In comparison, the samples made from ZrB2
owders exhibited an increase in the theoretical density from 58
o 59 to 73%, which was a lower densification behavior than for
he powders mixed in the Spex mill but similar to the hand mix-
ure. In this case, no significant advantage, in terms of relative
ensity, was found between sintering ZrB2 powders and hand
ixed Zr–B powder mixtures. Table 2 presents a comparison of

elative densities with other work available in the literature. The
esults showed that for similar sintering temperatures, higher or
imilar relative densities were obtained for samples processed by
ressureless reactive sintering compared to samples processed
y pressureless sintered ZrB2 powders, but with significantly
horter sintering times. As mentioned previously, Chamberlain
t al.14 have shown that extending the sintering parameters to
150 ◦C for 9 h resulted in ZrB2 samples with relative densities
f 98%. Thus, we believe that nearly full density will be obtained
f the sintering temperature is increased and the soaking period
s extended.

Fig. 6 presents representative micrographs of the attrition
illed mixture after the sintering cycle with 1 h at (a) 1800 ◦C

nd (b) 2200 ◦C, respectively. As depicted, the micrographs
ere in agreements with the relative density values presented in
ig. 5. Back-scattered micrographs and EDS analysis were used

o verify the completion of the ceramic conversion and neither
lemental Zr or B was observed in either microstructure as the
onversion to ZrB2 was completed before the soaking period.

his observation is reinforced by the XRD results presented in
igs. 3 and 4. The EDS analysis showed peaks of Zr, B and a
inor peak for Hf, which was an impurity in the starting Zr pow-

er. In comparison, Fig. 7 presents micrographs of the directly

ing parameters Relative density (%) Reference

◦C, 1 h 72 This work
◦C, 1 h 79 This work
◦C, 3 h 65 11

◦C, 3 h 72 11

◦C, 6 h 79 11
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pex mill and sintered for 1 h at (a) 1800 ◦C and (b) 2200 ◦C.
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Fig. 6. Micrographs of ZrB2 samples produced in the S

intered ZrB2 powders in which a different microstructure was
bserved. The ceramic samples produced from the mixture of
lemental powders had a lower volume fraction of larger pores.
he image analysis confirmed that the average pore diameter

or the samples made from the blended, elemental powders
as 27 ± 15 �m while the average pore size was smaller and
arrower (6 ± 2 �m) for those specimens sintered from ZrB2
owder.

The results on the relative densities after reaction and the
icrographs of specimens after the various sintering cycles

uggest a mechanism for pressureless reactive sintering. First,
ormation of ZrB2 from a stoichiometric Zr and B powder
ixture should itself give a 24% increase in density. Second, pre-

ious work on reactive hot pressing of ZrB2 concluded that the
diffuses into the Zr phase to form the ceramic.15,16 Although

he detailed reaction mechanism for formation of ZrB2 from the
lements is not known, the hexagonal ZrB2 unit cell is smaller
han that of Zr (Zr: a = 3.232 Å, c = 5.147 Å from ICDD 05-0665;
rB2: a = 3.169 Å, c = 3.530 Å from ICDD 34-0423). The pores
reated from reaction in reactive hot pressing are closed by the
pplied pressure. In the present case of pressureless reactive
intering the pores can be eliminated only by normal sintering
echanisms, which as we have discussed, are slow for these

ovalently bonded borides. The smaller size, and homogeneous

istribution of the B particles (see Fig. 2) as modified by the
igh-energy milling positively affect the final relative density
f specimens in the present study. The driving force for pore
hrinkage during sintering is reduction of the surface energy of

t
o
i
o

Fig. 7. Micrographs of ZrB2 samples produced from ZrB2 po
Fig. 8. Average grain size of the ZrB2 samples after sintering cycle.

he powder compact. Larger particles and pores have lower cur-
ature and therefore lower surface energies. The pores created by
he disappearance of large starting B particles (see Fig. 1(c)), as
ith the hand-mixed samples, were likely to have an insufficient
riving force for densification, and combined with the absence
f applied pressure, explain the low-final relative density. Alter-
atively, the pores created during the reaction of the powders
ubjected to high-energy milling were smaller and had a higher
riving force for densification and pore shrinkage, which was
eflected by the higher relative density.

Fig. 8 presents the average grain size for the reactive sin-

ered samples as a function of the sintering temperature. As
bserved, the average grain size increased with the sinter-
ng temperature and no significant grain size difference was
bserved between the two milling methods. The average grain

wders sintered for 1 h at (a) 1800 ◦C and (b) 2200 ◦C.
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ize increased from 8.5 ± 3.0 to 13.2 ± 5.7 to 23.5 ± 9.0 �m
or the hand mixed samples while it increased from 4.6 ± 2.8
o 13.0 ± 4.6 to 34.9 ± 4.9 �m for the Spex-milled samples.
espite the improvement in relative density observed for the
ressureless reactive sintered samples, the grain size was signif-
cantly larger than for the samples made by pressureless sintering
f ZrB2 powder, where an average grain size of 9.1 �m was
eported.14

Comparing the increase in specimen density and grain size at
000 and 2200 ◦C, it is apparent that under our conditions ZrB2
oarsens without major densification. Previous results on pres-
ureless sintering of other boride ceramics (TiB2 and B4C) have
hown the deleterious influence of oxygen contamination on the
ensification behavior, where with the increase in oxygen con-
ent, the densification rate decreased and significant grain growth
ccurred.20,21 The presence of a B2O3 surface film was associ-
ted with the low-temperature coarsening of the microstructure
n various boride ceramics.14,20,21 Scarce literature is found
egarding the boiling temperature of B2O3, which is reported to
ange between 1860 and 2065 ◦C.21 Since the boiling point can
e defined as the temperature where the vapor pressure of the liq-
id equals the total pressure of the surrounding atmosphere, the
as pressure maintained in the furnace during the heat treatment
as a significant influence on the boiling temperature. Cham-
erlain et al.14 presented the thermodynamic equilibrium vapor
ressure of B2O3 as a function of temperature. From this rela-
ion, at atmospheric pressure, which was the pressure used in
his work (flowing argon), the calculated boiling temperature is
136 ◦C. Moreover, considering the current sintering parameters
nd conditions, and using the ZrB2 volatility diagram reported
y Fahrenholtz,22 the coexistence of ZrO2(s) and B2O3(l) is
redicted. Lee and Speyer21 suspected the presence of residual
2O3 liquid up to 2010 ◦C during sintering of B4C under flow-

ng He gas. They also reported that during the sintering of B4C
t a temperature of ∼2140 ◦C, the relation between the sintering
echanism and grain coarsening was governed by the evapo-

ation and condensation of B4C, which is known to favor grain
oarsening over densification.21

To better understand the impact of oxygen on the densifica-
ion of ZrB2 from elemental precursors, XPS was carried out on
he as-received, milled powders and sintered samples: the results
re presented in Fig. 9. Fig. 9(a) shows the binding energy of
he as-received Zr powders. The measured binding energies of
he Zr 3d3/2 and Zr 3d5/2 were respectively 184.5 and 182.1 eV,
espectively, which is higher than the reference values for pure
r (Zr 3d3/2: 181 eV; Zr 3d5/2: 179 eV23). This shift in binding
nergy corresponds to the reference values for ZrO2

23 and thus
ndicates the presence of a native ZrO2 film at the surface of
he as-received Zr powder. Fig. 9(b) presents the binding energy
pectra for Zr in the as-milled powders. Similarly, the two major
eaks (184.6 and 182.2 eV) correspond to the ZrO2 surface film
resent at the surface of the powder. A small bump was observed
n the right side of the spectra and peak analysis has shown that

his hump is composed of two reflections at 180.1 and 178.8 eV,
espectively. These two peaks correspond to the Zr 3d3/2 and
d5/2 binding energies of ZrB2 reported in the literature, which
re 180.9 and 178.6 eV, respectively.24 This result indicates that,

1
1
a
t

ig. 9. XPS spectra of (a) starting Zr powders, (b) Zr–B mixture milled and (c)
hand-mixed sample sintered at 2200 ◦C.

espite the absence of X-ray diffraction peaks corresponding to
rB2, mechanical alloying occurred during the milling process.
he volume fraction of ZrB2 formed must be below 2 vol%,
hich is the nominal detection limit for the X-ray diffractometer
sed in this study. Fig. 9(c) shows the XPS spectrum for a hand
ixed sample sintered at 2200 ◦C. The spectrum depicts binding

nergies corresponding to the ZrB2 (Zr 3d3/2: 181.8 eV; Zr 3d5/2:

79.5 eV; B 1s: 188.5 eV) and the ZrO2 surface film (Zr 3d3/2:
85.7 eV; Zr 3d5/2: 183.2 eV). In addition, a peak possessing
n important shoulder is present on the high-energy portion and
he peak fitting suggested the presence of B2O3 (B 1s: 192.7 eV)
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nd a non-stochiometric B2Ox compound (B 1s: 190.8 eV). The
inding energy for both types of B-based oxides are in agree-
ent with literature values.25–28 These results would suggests

he presence of B oxides, which are known to reduce the densi-
cation and favor grain coarsening, explaining the results from

he microstructure analysis. The presence of a non-stochiometric
2Ox can be related to the evaporation of rapidly evolving gas

pecies, such as BO, from B2O3(l) at these temperatures This gas
volution was observed during sintering of B4C by Dole et al.29

hamberlain et al.14 reported that the presence of WC impuri-
ies from milling played a vital role in the removal of the surface
xide film. Despite all precautions taken to avoid contamina-
ion, oxygen contamination present as surface contamination
f the starting Zr and most probably B powders, affected den-
ification. The absence of oxygen detected in Fig. 9(b) would
uggest a reaction between the Zr and the surface oxide of the B
owder during milling. Since the milling procedure was carried
ut with a different milling media than WC, no mechanism for
urface oxide removal was present, which can explained the sig-
ificantly higher average grain size distribution when compared
o other published works. The similarity in the densification rate
nd grain growth between the reactive hand mixed and the reac-
ive Spex-milled methods suggested that the blending procedure
tudied in this work did not significantly contaminate the start-
ng powder and, as demonstrated by the XPS results, the major
ource of oxygen contamination would come from the presence
f surface oxide films at the surface of the starting powders.

. Summary and conclusions

Bulk ZrB2 ceramic was made by pressureless reactive sinter-
ng of elemental powder mixtures. XRD and microstructural
nalysis confirmed that no second phase was present after
intering. After reaction, the samples had relative densities rang-
ng between 58 and 79%. Our results show that reaction by
tself does not provide sufficient driving force to produce fully
ense ZrB2 from the elemental powders used here. Work by
thers14,20,21 indicates that oxide impurities on grain bound-
ries slows the densification rate of ZrB2. XPS analysis have
hown that oxygen contamination is present at the surface of the
tarting material, which adversely affect the densification of the
owders. The average grain size of the ZrB2 ceramics increased
hen the heat treatment temperature is raised, from 8.5 to 13.2

o 23.5 �m for the hand mixed samples and from 4.6 to 13.0 to
4.9 �m for the Spex-milled samples.
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