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Preparation of zirconium diboride ceramics by reactive spark
plasma sintering of zirconium hydride–boron powders
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Monolithic ZrB2 ceramics were prepared by reactive spark plasma sintering of a ZrH2–B mixture at 1650–1800 �C. The micro-
structure of the resulting ZrB2 ceramics were characterized by X-ray diffractometry and scanning electron microscopy. The ZrH2–B
mixture converted completely into ZrB2 without trace quantities of residual ZrH2 and B. Highly dense ZrB2 was obtained at 1750 �C
or above. The elastic moduli, flexural strength, thermal and electrical conductivities were comparable with those of ZrB2 ceramics
obtained by sintering conventional ZrB2 powders.
� 2011 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Zirconium diboride (ZrB2) has an extremely high
melting point (>3000 �C), high thermal and electrical
conductivities, chemical inertness against molten metals,
and good thermal shock resistance [1,2]. Thus, ZrB2

ceramics have become an important class of materials
for structural applications at 1800 �C or above. How-
ever, the densification of ZrB2 powder generally requires
very high temperatures (>2100 �C) and external pressure
because of the material’s strong covalent bonding and
low self-diffusivity [2–4]. To improve sinterability, ni-
trides (AlN, Si3N4, ZrN) [5–7], carbides (SiC, B4C)
[8,9], silicides (MoSi2, ZrSi2) [10,11], and metals (Ni,
Co) [12] are added to ZrB2, producing an intergranular
liquid phase that aids its densification. These additives
significantly improve the sinterability of ZrB2, but dras-
tically reduce its high-temperature strength [13,14]. An
alternative potential approach to obtaining ZrB2 ceram-
ics that offer good high-temperature mechanical perfor-
mance is to sinter reactive precursor reactants.

Recently, SiC-containing ZrB2 ceramics have been
developed at 1800 �C or above, by the reaction of Zr,
B4C and Si precursor powders [15,16]. More recently,
Brochu et al. [17] prepared singe-phase ZrB2 at temper-
atures ranging from 1600 to 2000 �C by the reaction of
Zr and B powders. Although the mixture of Zr and B
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completely converted into ZrB2, only a theoretical den-
sity of 72% was obtained for the converted ZrB2. There-
fore, it is required in order to develop highly dense ZrB2

ceramics sintered at lower temperatures to explore new
precursor reactants as well as densification methods.
In the present study, monolithic ZrB2 ceramics were pre-
pared in situ by reactive spark plasma sintering (SPS) of
ZrH2 and B powders at various temperatures 1650–
1800 �C. The microstructure, densification behavior,
elastic moduli, flexural strength, thermal and electrical
conductivities are discussed.

The starting powders used in this study were zirco-
nium(II) hydride (ZrH2) powder (325 mesh, purity
99%, Sigma–Aldrich, Inc., Louis, MO, USA) and amor-
phous boron (B) powder (d50 = 0.8 lm, purity 95.9%,
H.C. Starck GmbH, Germany). Starting powders were
weighed in stoichiometric proportions according to fol-
lowing reaction:

ZrH2 þ 2B! ZrB2 þH2 ð1Þ
The B and ZrH2 powders were wet-ball milled for

24 h in SiC media using alcohol as a solvent, and the
resulting slurry was then dried. Before sintering, the
dried powders were sieved through a metallic sieve with
60-mesh screen size. Figure 1 shows scanning electron
microscopy images of as-received ZrH2, B and the
milled powder mixture. The morphologies of both the
as-received powders were similar, showing a bimodal
particle size distribution. After the milling (Fig. 1c),
sevier Ltd. All rights reserved.
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Figure 2. Typical shrinkage curves obtained during the SPS cycle at
1650–1800 �C for the milled ZrH2–B powder mixture.

Figure 1. SEM images of (a) as-received ZrH2, (b) amorphous B
powders and (c) the milled ZrH2–B powder mixture.
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the particle size of the ZrH2 powder significantly re-
duced with average size of �2.5 lm. Fine B particles sur-
rounded the large ZrH2 particles.

A Dr. Sinter SPS-1030 apparatus (Simitomo Coal
Mining Co. Ltd., Tokyo, Japan) was used in this study.
The ZrH2–B powder mixture was loaded into a graphite
die lined with graphite foil. The in situ reactive sintering
was conducted at temperatures of 1650–1800 �C with a
heating rate of 100 �C min�1, with a soaking time of
10 min in vacuum, under a uniaxial pressure of 50 MPa.
The temperature of the sample was initially raised up to
600 �C within 2 min, and was then monitored by an opti-
cal pyrometer through a hole opened in the die and auto-
matically regulated to the final sintering temperature. The
pressure was applied at room temperature and held con-
stant until the end of the sintering cycle. After sintering,
the electric power was shut off to allow the sample to rap-
idly cool to room temperature (about 2 min for cooling
from the sintering temperatures to 600 �C). The load
was removed when the die temperature dropped to below
1000 �C. During the entire sintering process, the changes
in the height of the samples with temperature along the
pressing direction were recorded to monitor the densifica-
tion behavior.

The final densities, q, of the sintered samples were
measured by the Archimedes method with distilled
water as medium. X-ray diffraction (XRD) was used
to identify the crystalline phase presented in the pre-
pared ZrB2. The microstructure of the ZrB2 was charac-
terized by field emission scanning electron microscopy
(FE-SEM). The grain size, d, was determined by mea-
suring the average linear intercept length, dm, of the
grains in FE-SEM images of sintered ZrB2 ceramics,
according to the relationship d = 1.56dm [18].The ther-
mal conductivity of the ZrB2, km, is determined from
the thermal diffusivity, a, heat capacity, Cp, and density,
q, according to the following equation [19]:

km ¼ qCpa: ð2Þ
The thermal diffusivity was measured on a disk-shaped
specimen with a diameter of 10 mm and thickness of
2 mm using the nanoflash technique (LFA447/2-4 N,
NETZSCH-Geratebau GmbH, Germany). The heat
capacity was determined with alumina as the reference
material. In addition, the electrical conductivity of the
ZrB2 was measured using a four-wire probe at room
temperature, by means of a power supply (Model:
6220, Keithley) and a digital multimeter (Model: 2182,
Keithley) [20].

The shear modulus, G, Young’s modulus, E, and
Poisson’s ratio, m, of the ZrB2 were calculated using
the longitudinal and transverse soundwave velocities
which were measured in the ZrB2 specimens by using
an ultrasonic device [21]. Room-temperature four-point
flexural strength was measured on bars with dimensions
of 25 mm � 2.5 mm � 2 mm (inner span 10 mm, outer
span 20 mm), with a crosshead speed of 0.5 mm min�1.
At least five specimens were used for each measurement.

In Figure 2, typical shrinkage curves obtained for the
ZrH2–B mixture during SPS cycles are presented. The
shrinkage behavior observed was similar over the tem-
perature range 1650–1800 �C. Typically, the shrinkage
curves are divided into three different stages: I, II, and
III. During stage I (600–850 �C), linear shrinkage behav-
ior was observed with increasing temperature. A ther-
mogravimetric study of the ZrH2–B mixture showed
that the reaction of ZrH2 with B to form ZrB2 occurred
at �500 �C and was accompanied by the decomposition
of ZrH2 [22]. At 900 �C or above, the ZrH2–B mixture
converted completely into ZrB2 without trace quantities
of residual ZrH2 and B [22]. Thus, the occurrence of
shrinkage was presumed to be a result of the volume
contraction under pressure accompanied by the conver-
sion of the ZrH2–B mixture into ZrB2 as well as with



Table 1. Densities, relative densities, open porosity, closed porosity, and grain size of the ZrB2 ceramics prepared by reactive SPS at 1650–1800 �C.

Materials Processing
conditions

Heating
rate
(�C/min)

Theoretical
density
(g/cm3)

Measured
density
(g/cm3)

Relative
density
(%TD)

Open
porosity
(%)

Closed
porosity
(%)

Grain
size d

(lm)

Lattice
parameters
(Å)

a c

RS1 1650 �C/50 MPa/10 min 100 6.09 5.47 89.9 3.2 6.9 2.93 ± 1.14 3.169 3.531
RS2 1700 �C/50 MPa/10 min 100 6.09 5.69 93.4 0.2 6.4 3.99 ± 1.41 3.167 3.528
RS3 1750 �C/50 MPa/10 min 100 6.09 5.79 95.0 0.1 4.9 4.11 ± 1.63 3.167 3.531
RS4 1800 �C/50 MPa/10 min 100 6.09 5.92 97.2 0.1 2.7 5.35 ± 2.78 3.169 3.531
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Figure 3. XRD patterns of the ZrB2 ceramics prepared by reactive SPS
at 1650–1800 �C: (a) before sintering; (b) 1650 �C; (c) 1700 �C; (d)
1750 �C; (e) 1800 �C.

Figure 4. Typical examples of backscattered electron FE-SEM images
of the ZrB2 ceramics prepared by reactive SPS at 1650–1800 �C.
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decomposition of ZrH2. During stage II (850–1200 �C),
the relative density remained almost constant with tem-
perature. This means that the shrinkage of the reactive
ZrB2 powder did not initiate during this stage. This sug-
gests that the densifying mechanism, such as grain
boundary diffusion and grain boundary migration, was
not activated during stage II. Stage III (>1200 �C) com-
prises two different regions, including a slow shrinkage
region (1200–1500 �C) and a rapid shrinkage region
(>1500 �C). This indicated that the densifying mecha-
nism of the reactive ZrB2 powder was activated above
1200 �C. At 1650 and 1700 �C, the densification was
not completed during heating and carried on during
subsequent isothermal heating for 10 min. At 1750 and
1800 �C, the majority of the densification occurred dur-
ing heating. In particular, at 1800 �C noticeable shrink-
age was observed only within a period of �2 min
following isothermal heating, and then a plateau was
observed in the curve (Fig. 2). The measured densities
of the ZrB2 ceramics prepared by in situ reactive SPS
are summarized in Table 1. Theoretical densities of
90% and 93% were obtained for the ZrB2 ceramics pre-
pared at 1650 and 1700 �C, respectively. Densities
exceeding 95% were obtained at 1750 �C or above.

Compared with conventional ZrB2 powder, SPS of
which typically required 1900 �C to yield highly dense
compacts [23], the in situ reactive ZrB2 powder had a
lower onset temperature of densification as well as a
lower onset temperature of rapid densification, and
therefore densification occurred at lower temperatures
(Fig. 2). This suggests that the driving force for densifi-
cation was significantly higher in the reactive ZrB2 pow-
der than in conventional ZrB2 powder. It is known that
densification of conventional ZrB2 powder generally re-
quires very high temperatures [4,23], owing to the cova-
lent character of the bonding as well as to the low
volume and grain boundary diffusion rates [2,3]. Unlike
conventional ZrB2 powder, the ZrB2 produced by reac-
tive SPS is presumed to form via the diffusion of B
atoms into ZrH2, forming ZrB2 in situ and releasing
H2 gas. This reaction process occurred in stage I where
the ZrH2–B mixture converted into ZrB2, with a fine
grain size due to the very fine starting B powder [22].
Additionally, an early study of ZrB2 ceramics produced
by in situ reaction processes showed high defect concen-
trations in the materials [24]. Furthermore, the high de-
fect concentrations are thought to promote densification
[25]. Recently, Chamberlain et al. [26] showed that
highly dense ZrB2 ceramic was obtained at 1800 �C by
reactive hot pressing an attrition-milled mixture of Zr
and B powders. They concluded that the in situ reac-
tion/densification process may enable low-temperature
densification due to a combination of fine particles
and high defect concentrations. Similar causes are ex-
pected for the ZrB2 ceramics investigated in this study.

In Figure 3, XRD patterns of the resulting ZrB2 ceram-
ics are presented. The ZrB2 is a primary crystalline phase
and a trace amount of ZrO2 is also present, while ZrH2 is
absent. The trace quantities of ZrO2 may be attributed to
oxygen uptake during the milling and/or handling proce-
dures. The lattice parameters of the ZrB2 samples were
determined (Table 1) and their values are nearly identical
to those of pure hexagonal ZrB2 phase (a = 3.168 Å,
c = 3.530 Å, PDF #34-0423). The microstructure of the
ZrB2 ceramics is observed under backscattered electron
FE-SEM imaging, typical examples of which are shown



Table 2. Electrical conductivity, thermal and elastic properties, and flexural strength measured at room temperature for the ZrB2 ceramics prepared
by the reactive SPS at 1650–1800 �C.

Materials Electrical conductivity
r (X�1 cm�1)

Thermal properties Elastic properties Flexural strength

Cp (J g�1 K�1) a (mm2/s) km (W(m K)�1) G (GPa) E (GPa) m rFS (MPa)

RS1 6.44 � 104 0.52 ± 0.01 41.55 ± 0.49 119.22 ± 1.42 196 441 0.12 333 ± 61
RS2 5.98 � 104 0.50 ± 0.01 43.40 ± 0.19 124.22 ± 0.53 197 445 0.13 351 ± 30
RS3 6.18 � 104 0.50 ± 0.01 44.12 ± 0.12 127.36 ± 0.35 217 487 0.13 435 ± 44
RS4 7.01 � 104 0.51 ± 0.01 43.72 ± 0.14 133.01 ± 0.43 213 498 0.17 491 ± 22
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in Figure 4. The ZrB2 ceramics showed homogeneous
microstructures that consisted of the equiaxed ZrB2

grains. Although the ZrO2 phase was detected by XRD
(Fig. 3), FE-SEM observation failed to identify this
phase. It should be presumed to be present in the grain
boundaries. The ZrB2 grains were coarsened with an in-
crease of sintering temperature, and had an average size
range of 2.93–5.35 lm (Table 1). In addition, many pores
were observed for the samples prepared at 1650 �C. Lar-
ger pores were present at multi-grain pockets, whereas
small pores were present at two-grain boundaries and/
or were entrapped within the grains. An open porosity
of 3.2% and a closed porosity of 6.9% were observed for
the sample prepared at 1650 �C (Table 1). An increase
in temperature caused a rapid decrease in the open poros-
ity. At 1700 �C, most pores were found to be closed, and
any further increase in temperature decreased the level of
closed porosity. At 1750 �C or above, only a few closed
pores were observed.

The electrical conductivity, thermal and elastic prop-
erties, and flexural strength of the prepared ZrB2 ceram-
ics are summarized in Table 2. The Young’s modulus of
the ZrB2 ceramics increased from 441 to 498 GPa with
increasing sintering temperature as a result of the de-
crease of porosity (Table 1) [21]. The flexural strength
was in the range 333–491 MPa. The increase in sintering
temperature led to an increase of the flexural strength
and a narrow strength distribution, as a result of the de-
crease in the number of larger flaws in the resulting ZrB2

that accompanied the densification. Moreover, the ZrB2

ceramics have high thermal and electrical conductivities,
which are dependent on sintering temperature. The ther-
mal conductivities significantly increase with an increase
of sintering temperature, as a result of porosity decrease
and grain coarsening (Table 1) [11]. The electrical con-
ductivities observed for the ZrB2 ceramics were in the
range of conductor materials, indicating that this mate-
rial is a good electrical conductor. These properties are
comparable with those of ZrB2 ceramics produced by
consolidating conventional ZrB2 powder by hot-press-
ing and/or SPS [13].

In summary, monolithic ZrB2 ceramics were success-
fully prepared by in situ reactive SPS of ZrH2 and B
powders at 1650–1800 �C. Highly dense ZrB2 ceramics
could be consolidated by reactive SPS at a lower temper-
ature than that employed when using ZrB2 powder. The
relative densities of the resulting ZrB2 ceramics in-
creased with an increase in sintering temperature. Rela-
tive densities exceeding 95% were obtained at 1750 �C or
above for the ZrH2–B mixture. The resulting ZrB2

ceramics consisted of homogeneous equiaxed grains
which coarsened with increasing sintering temperature,
with the average size range 2.93–5.35 lm. The Young’s
moduli increased with sintering temperature from 441
to 498 GPa. The flexural strength was in the range
333–491 MPa. The thermal conductivities were in the
range 119.22–133.01 W m�1 K�1, depending on the
grain size and number of pores. The electrical conductiv-
ities were in the range 5.98 � 104–7.01 � 104 X�1 cm�1.
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