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bstract

his study reviews densification behaviour, mechanical properties, thermal, and electrical conductivities of the ZrB2 ceramics and ZrB2-based
omposites. Hot-pressing is the most commonly used densification method for the ZrB2-based ceramics in historic studies. Recently, pressureless
intering, reactive hot pressing, and spark plasma sintering are being developed. Compositions with added carbides and disilicides displayed
ignificant improvement of densification and made pressureless sintering possible at ≤2000 ◦C. Reactive hot-pressing allows in situ synthesizing
nd densifying of ZrB2-based composites. Spark plasma sintering displays a potential and attractive way to densify the ZrB2 ceramics and ZrB2-
ased composites without any additive. Young’s modulus can be described by a mixture rule and it decreased with porosity. Fracture toughness
isplayed in the ZrB2-based composites is in the range of 2–6 MPa m1/2. Fine-grained ZrB2 ceramics had strengths of a few hundred MPa, which
ncreased with the additions of SiC and MoSi2. The small second phase size and uniform distribution led to higher strengths. The addition of
ano-sized SiC particles imparts a better oxidation resistance and improves the strength of post-oxidized ZrB -based ceramics. In addition, the
2

rB2-based composites showed high thermal and electrical conductivities, which decreased with temperature. These conductivities are sensitive
o composition, microstructure and intergranular phase. The unique combinations of mechanical and physical properties make the ZrB2-based
omposites attractive candidates for high-temperature thermomechanical structural applications.

2008 Elsevier Ltd. All rights reserved.
eywords: Zirconium diborides; Densification; Mechanical properties; Thermal and electrical conductivities

ontents

1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 996
2. Densification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 996

2.1. Hot-pressing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 996
2.2. Spark plasma sintering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 998
2.3. Reactive hot-pressing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 999
2.4. Pressureless sintering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1000

3. Mechanical behaviours . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1001
3.1. Young’s modulus . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1001
3.2. Fracture toughness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1003
3.3. Flexural strength . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1004

4. Physical behaviours . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1006

4.1. Thermal conductivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.2. Electrical conductivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

5. Summary remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

∗ Tel.: +81 29 859 2223; fax: +81 29 859 2401.
E-mail address: GUO.Shuqi@nims.go.jp.

955-2219/$ – see front matter © 2008 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jeurceramsoc.2008.11.008
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1007

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1008

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1009
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1009

mailto:GUO.Shuqi@nims.go.jp
dx.doi.org/10.1016/j.jeurceramsoc.2008.11.008


9 n Cer

1

e
i
a
a
o
t
s
t
m
a
e
n
p
a
m
h
t
a

c
a
t
d
o
p
c
s
h
a
c
P
t
s
r
l
t
a
m
b
d

i
p
t
o
Z
d
t
a
t
c
p
w
m

i
c
a
p

l
c
i
r
Z

2

b
i
(
b
R
t
p
b
z

2

h
b
f
2
l
(
o
i
T
i
I
a
d
o
H
d
1
l
t
b

p
t
s
b
l

96 S.-Q. Guo / Journal of the Europea

. Introduction

Structural materials for use in high-temperature oxidizing
nvironments are presently limited to SiC, Si3N4, oxide ceram-
cs, and composites of these materials. Silicon-based ceramics
re oxidation resistant up to ∼1600 ◦C, due to the formation of
protective SiO2 surface film.1,2 Although SiO2 is an excellent
xidation barrier at temperatures below 1600 ◦C, and above this
emperature it begins to soften dramatically and develops sub-
tantial vapour pressure.1,2 Therefore, the use temperature of
he silicon-based ceramics is limited to 1600 ◦C by their ther-

al stability in an oxidizing atmosphere. In addition, there are
relatively few refractory oxides that are stable in an oxidizing
nvironment at or above 2000 ◦C. Among these oxides, zirco-
ia (ZrO2) and hafnia (HfO2) typically have the highest melting
oints, ∼2700 ◦C and ∼2800 ◦C,1,3 respectively. Although they
re inert chemically, they appear to remain susceptible to ther-
al shock, and exhibit high creep rates and phase transition at

igher temperatures.1,3,4 Therefore, the development of struc-
ural materials for use in oxidizing environments at temperatures
bove 1600 ◦C is of great engineering importance.

Ceramics based on the transition metal borides, nitrides, and
arbides have extremely high melting points (>2500 ◦C) and
re referred to as ultra-high temperature ceramics.1,5 Within
he family of transition metal ultra-high temperature ceramics,
iborides such as ZrB2 and HfB2 have unique combinations
f mechanical and physical properties, including high melting
oints (>3000 ◦C), high thermal and electrical conductivities,
hemical inertness against molten metals, and great thermal
hock resistance.1,5,6 Thus, although carbides typically have the
ighest melting points (>3500 ◦C), the diborides ZrB2 and HfB2
re more attractive candidates for high-temperature thermome-
hanical structural applications at a temperature ≥2000 ◦C.1,5

otential applications for the diborides include thermal protec-
ive structures for leading-edge parts on hypersonic re-entry
pace vehicles,1,7 propulsion systems,1,7 furnace elements,8

efractory crucibles,8 and plasma-arc electrodes.8,9 In particu-
ar, ZrB2 has the lowest theoretical density among the ultra-high
emperature ceramics, which makes it an attractive material for
erospace applications.1,5,7 However, the use of the single-phase
aterial for high-temperature structural applications is limited

y its poor oxidation and ablation resistance, as well as its poor
amage tolerance.

The composite approach has been successfully adopted
n order to improve the densification, mechanical properties,
hysical properties, as well as the oxidation and ablation resis-
ance of the ZrB2 ceramics.10–21 For example, the addition
f 20 vol% fine SiC (d ≈ 0.5 �m) increased the strength of
rB2 to over 1 GPa.11 The ZrB2–MoSi2 composites consoli-
ated by spark plasma sintering (SPS) can retain their room
emperature strength (∼650 MPa) to at least 1200 ◦C.18 The
ddition of ZrSi2 reduced the densification temperature of ZrB2
o below 1550 ◦C, as well as increasing its thermal and electri-

al conductivities.20,21 Obviously, the mechanical and physical
roperties of the ZrB2-based composites are closely linked
ith the densification process, compositions, starting powder,
icrostructure, and intergranular second phase. Therefore, it
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s necessary to understand the relation of performance to pro-
essing, compositions, and microstructure in order to produce
n ultra-high temperature ZrB2-based composite with superior
erformance.

In this article, the densification behaviour, Young’s modu-
us, fracture toughness, flexural strength, thermal and electrical
onductivities of the ZrB2 ceramics and ZrB2-based compos-
tes are reviewed. The emphasis is directed toward presenting
ecent advances and providing an evaluation of studies of the
rB2-based ceramics materials.

. Densification

Recently, ZrB2 ceramics and ZrB2-based composites have
een densified by the various methods, including hot press-
ng (HP), spark plasma sintering (SPS), reactive hot pressing
RHP), and pressureless sintering (PS). Historically, HP has
een the dominant method in densification studies. Later, SPS,
HP, and PS processes evolved as the most common densifica-

ion methods. This section focuses on these four densification
rocesses, as well as on the effects of additives, such as car-
ides, nitrides and disilicides, on the densification behaviour of
irconium diborides.

.1. Hot-pressing (HP)

The densification of ZrB2 powder generally requires very
igh temperatures,22 owing to the covalent character of the
onding as well as to its low volume and grain boundary dif-
usion rates. Typically, HP of ZrB2 required a temperature of
100 ◦C or above and moderate pressure (20–30 MPa),23–25 or
ower temperatures (∼1800 ◦C) and extremely high pressures
>800 MPa).26,27 These studies23–27 showed that densification
f ZrB2 is a diffusion-controlled rate process. Results of HP stud-
es on commercially available ZrB2 powders are summarized in
able 1, which includes details of the starting powders, sinter-

ng additives, HP conditions, mixing method and final densities.
t has been found that HP of coarse ZrB2 powder (d ≈ 20 �m)
t 2000 ◦C with a pressure of 20 MPa achieved only a relative
ensity of ∼73%,24 whereas the relative density of ∼91% was
btained for a finer ZrB2 powder (d ≈ 2.1 �m) under the same
P conditions.25 Furthermore, the attrition-milled ZrB2 pow-
er, with average particle size of d ≤ 0.5 �m, required HP at
900 ◦C and 32 MPa for 45 min to achieve full density.11 The
ower HP temperature was attributed to reduction of starting par-
icle size from microns (d ≈ 2.1 �m) to submicrons (d ≤ 0.5 �m)
y attrition-milling.

Oxygen impurities (B2O3 and ZrO2) present on the starting
owder surfaces have been shown to inhibit densification and
o promote grain growth in the non-oxide ceramic systems. A
tudy28 in TiB2 suggested that the total oxygen content must
e less than 0.5 wt% to achieve full density. Recently, metal-
ic Ni,29,30 SiC,10–16,25 Si3N4,31,32 AlN,33,34 HfN or ZrN,35,36
ave been added to ZrB2, producing an intergranular secondary
hase and/or reducing oxygen content, both of which assists
n the densification of ZrB2. Silicon carbide is the most com-

on additive for ZrB2 or HfB2 ceramics. The addition of SiC
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Table 1
Starting powder size, hot pressing conditions and final densities of the hot-pressed ZrB2 ceramics and ZrB2-based composites with various additives.

Compositions (vol%) Particles size (�m) Remarks Hot-pressing conditions Final density (%) References

ZrB2 SiC or MoSi2
or ZrSi2

ZrB2 20 Ball-milled 2000 ◦C/20 min/20 MPa 73 24
ZrB2 2.1 Ball-milled 2000 ◦C/60 min/30 MPa 91 25
ZrB2 2 Attrition-milled 1900 ◦C/45 min/32 MPa 99.8 11
ZrB2 2 Ball-milled 1650 ◦C/20 min/60 MPa 71.6 13
ZrB2 5–10 Ball-milled 1800 ◦C/60 min/20 MPa 78 37
ZrB2–2.5 wt% Si3N4 0.1–8 Ball-milled 1700 ◦C/15 min/30 MPa 98 31
ZrB2–5Si3N4 2 Ball-milled 1700 ◦C/15 min/30 MPa 98 32
ZrB2–4.6AlN 0.1–8 Ball-milled 1850 ◦C/30 min/30 MPa 92 33
ZrB2–15SiC–4.5ZrN d90- = 4–6 Ball-milled 1900 ◦C/5 min/50 MPa 99 36
ZrB2–37.5HfB2–19.5SiC–3HfN 2 Ball-milled 1900 ◦C/30 min/50 MPa >99.9 35
ZrB2–5.7SiC 2 1.7 Ball-milled 1650 ◦C/120 min/60 MPa 81.6 13
ZrB2–22.4SiC 2 1.7 Ball-milled 1650 ◦C/120 min/60 MPa 97.9 13
ZrB2–22.4SiC 2 0.04 Ball-milled 1650 ◦C/120 min/60 MPa 99.6 13
ZrB2–30SiC 6 10 Attrition-milled 1900 ◦C/45 min/32 MPa 97.4 14
ZrB2–30SiC 6 0.7 Attrition-milled 1900 ◦C/45 min/32 MPa 98.7 14
ZrB2–16(SiC + C) 5–10 Polycarbosilane

(PCS)
Ball-milled 1800 ◦C/60 min/20 MPa 100 37

ZrB2–20MoSi2 2 2.8 Ball-milled 1800 ◦C/5 min/30 MPa 98.1 17
ZrB2–20MoSi2 2.1 3.1 Ball-milled 1800 ◦C/30 min/30 MPa 99.8 19
ZrB2–20ZrSi2 2.1 2.5 Ball-milled 1400 ◦C/30 min/30 MPa 99.1 21
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mproved the sinterability, inhibited grain growth and increased
he oxidation and ablation resistance of ZrB2 and HfB2 ceramics
s well.10–16,25 Monteverde12 showed that ZrB2 with 10 vol%
ltra-fine SiC (d90 = 0.8 �m) achieved full density by HP at
900 ◦C and 40 MPa for 20 min in vacuo. The attrition-milled
rB2–30 vol% SiC mixture powders (d ≈ 0.5 �m) could be
ot-pressed at 1900 ◦C to a relative density exceeding 97%.14

urthermore, the addition of 22.4 vol% nano-sized SiC, with
verage particles sizes ranging from ∼40 nm to 0.6 �m, sharply
educed the HP temperature necessary to achieve full density to
650 ◦C (pressed for 120 min at 60 MPa).13 The improvement of
ensification upon addition of SiC was attributed to the forma-
ion of intergranular liquid phases during hot-pressing, assisting
n densification at lower temperatures.12,13 An early study29 in
wt% Ni-containing ZrB2 showed that the presence of the liq-
id phase not only favours ZrB2 particle rearrangement but also
nhances mass transfer kinetics. However, the improvement of
ensification upon addition of ultra-fine SiC is effective only
or a uniformly dispersed SiC–ZrB2 system.25 The agglomera-
ion of the ultra-fine SiC particles led to reduced improvement
n densification of ZrB2, even with nano-sized SiC particles.25

ecently, a polycarbosilane (PCS) was used as a source of SiC
nd C because the pyrolyzed PCS can crystallize and convert to
-SiC and amorphous C at 1000 ◦C or above.37 HP of the PCS-
oated ZrB2 powder required a reduced temperature of 1800 ◦C
pressed for 60 min at 20 MPa) to achieve a full density when
iC content was ≥16 vol%. For comparison, the ZrB2 powder

ithout PCS coating was highly porous with a relative density
f 78% under the same HP conditions.

Nitrides are other effective additives for improving sinter-
bility or enhancing densification of ZrB2. The main reason for

o
s
p
o

+1550 ◦C/15 min/30 MPa
d 2000 ◦C/20 min/20 MPa 95 24

ncorporating nitrides as additives is the propensity of nitrides
o consume the oxygen-bearing species on the diboride powder
urfaces. The reduction of oxygen results in higher boron activ-
ty, which is one of the conditions favouring lattice diffusion
nd, therefore, densification.28 The addition of ≥2.5 wt% Si3N4
esults in almost fully dense ZrB2 (RD: 98%) after compactions
t 1700 ◦C and 30 MPa for 15 min.31,32 Some grain bound-
ry phases, including BN, ZrO2, ZrSi2, and borosilicate glassy
hase, were confirmed to be present in pockets at multiple-grains
unctions for the ZrB2-based ceramics with Si3N4, the result
f a reaction of an oxide impurity with Si3N4. That reaction
esults in elimination or decrease in the oxide impurity on the
rB2 particles surfaces, thereby promoting densification.31,32

imilar to Si3N4, the primary effect of an AlN additive is the
epletion of the ZrB2 particles from the outer oxide layer that
revents the formation of highly dense compacts.33 Compared
o AlN and Si3N4 additives, the ZrN and HfN showed the unex-
ected advantage of limiting undesirable secondary phases that
ventually become detrimental to high temperature stability.
t has been reported that HP of 3 vol% HfN–HfB2–SiC35 or
.5 vol% ZrN–ZrB2–SiC36 required 1900 ◦C for 30 min at a
ressure of 40 MPa. The resulting composites showed a fine
nd homogenous microstructure with secondary phases such as
(C, N), MO2 (M = Zr and/or Hf) and BN. The formation of the

econdary phases during sintering was traced back to the interac-
ions among ZrN or HfN, carbon, and oxides such as B2O3 and
rO2 or HfO2. These interactions accelerated the densification

f ZrB2 or HfB2 ceramics by reducing the oxygen content on the
tarting powder surfaces. The resulting intergranular secondary
hases possess higher refractoriness than those made with AlN
r Si3N4 additives.
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Transition metal disilicides have been found to be an alter-
ative and effective sintering additive because they improve
interability and increase oxidation resistance of ZrB2 ceram-
cs as well. In the early 1970s, Kinoshita et al.24 systematically
nvestigated densification behaviour of ZrB2-based composites
ith MoSi2. They found that MoSi2 significantly improved sin-

erability of ZrB2 powder and a relative density exceeding 95%
as obtained for ≥20 vol% MoSi2-containing ZrB2 powder at
000 ◦C and 20 MPa for 20 min. Recently, it has been reported
hat HP of the ZrB2-based ceramics with MoSi2 required only

temperature ≤1800 ◦C.17–19 The higher sintering tempera-
ure required in the earlier study resulted from larger ZrB2
d ≈ 20 �m) and MoSi2 (d ≈ 5 �m) particles. More recently,
uo et al.21 found that addition of 10–40 vol% ZrSi2 could fur-

her lower the densification temperature of ZrB2 to 1550 ◦C or
elow. Furthermore, fully dense ZrB2–ZrSi2 composites with a
ne and homogeneous microstructure, using a two-step HP pro-
ess, which consisted of a first stage at 1400 ◦C for 30 min and
second stage at 1550 ◦C for 15 min at a pressure of 30 MPa
ere obtained. Thus, the disilicides of the transition metals

re potential additives for lowering the sintering temperature
f the ZrB2-based ceramics. Consequently, it is possible to fur-
her lower the sintering temperature of ZrB2-based ceramics by
electing appropriate disilicides of transition metals. Improve-
ent of densification, resulting from addition of disilicides, is

ttributed to two major causes. One is formation of an intergran-
lar Si–O–B liquid phase between MoSi2 or ZrSi2 and ZrB2
articles due to the interaction of SiO2 and B2O3 that occurs on
he surfaces of particles.38 Another is the ductile deformation
f MoSi2 or ZrSi2 particles at high temperature (>800 ◦C).39,40

his deformation could force soft MoSi2 or ZrSi2 particles to
ll in the voids left by the ZrB2 skeleton under pressure during
intering, thus improving densification.19,21

.2. Spark plasma sintering (SPS)

SPS is one of the most recent advanced processing techniques
eveloped for densifying ceramic materials.41,42 Although SPS
s similar to HP, in place of indirect heating, the applied electri-
al field heats the die and the powder compact. One advantage of
sing SPS is to enhance densification of poorly sinterable ceram-
cs, by simultaneously applying a uniaxial load and a direct or
ulsed electric current to a powder compact. Another advantage
s that the grain growth of starting materials is restricted, since
considerable shorter sintering time (within minutes) is needed
ompared to HP or hot isostatic pressing (HIP), thereby retaining
he fine and homogeneous grains. Previous investigations43–45 of
ompaction of oxide, nitride, and carbide ceramics produced by
PS have shown that the sintering time, heating rate and sintering

emperature are the important factors controlling fine-grained
icrostructure and densification. In particular, the selection of

he sintering temperature is critical for the development of the
ptical microstructure.
Recent studies have shown that SPS enhanced densifica-
ion and refined microstructure of ZrB2-based ceramics can
e achieved in very short processing cycles.18,46,47 Table 2
ummarizes SPS conditions, final density, and grain size of

h
D
g
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rB2-based ceramics produced by SPS. Medri et al.46 showed
hat 60ZrB2–30ZrC–10SiC (vol%) composition could be sin-
ered to a relative density of ∼96% at 2100 ◦C and 30 MPa
or 2 min. Grain size measurement indicated that the grain
rowth (maximum grain size: ∼3 �m) was inhibited during
PS. Recently, the various ZrB2–ZrC–SiC compositions could
e sintered to the fully dense compacts with fine and homoge-
ous microstructure at 1950 ◦C and 30 MPa for 2 min, by using
he SPS technique.48 This discrepancy in the sintering temper-
ture is probably associated with starting powder size and SPS
onditions. In addition, extending soaking time from 3 min to
min can produce fully dense ZrB2–ZrC–SiC composites at a

ower temperature (1900 ◦C).34 Furthermore, addition of 5 wt%
lN results in complete densification at 1850 ◦C and 30 MPa for
min, but addition of 5 wt% Si3N4 still required a temperature
f 1900 ◦C. The discrepancy in densification temperature due
o additions of AlN and Si3N4 is likely attributable to a lower
nset temperature of densification and a faster shrinking rate
or the AlN addition as compared to the Si3N4 addition.34 For
he ZrB2–15 vol% MoSi2,18 however, the density and grain size

easurements of the compacts consolidated at 1750 ◦C showed
hat SPS was not superior to HP. Soaking time and total sinter-
ng time were noticeably shorter for SPS (7–24 min) than for HP
20–140 min).

Guo et al.49 systematically investigated the densification
ehaviour and grain growth of ZrB2 ceramics produced by SPS.
hey found that densification and grain size of the sintered ZrB2
ompacts were strongly dependent on the selection of sinter-
ng temperature, holding time, as well as the heating rate. It
as possible to obtain the almost fully dense ZrB2 ceramics
ith a fine and homogeneous microstructure by selecting the

ppropriate sintering parameters (Fig. 1(a)). Without sintering
dditives, full density has, historically, been achieved only by HP
t temperatures ≥2100 ◦C.23,24 Densification and grain growth
ccurred simultaneously during the sintering. As a result, it was
ifficult to obtain a full density ZrB2 compact. SPS of ZrB2
eramics required a temperature of 1900 ◦C, a holding time of
min, and a heating rate of 200 ◦C/min or above. Increasing

he sintering temperature to 1950 ◦C or extending the holding
ime to 10 min or above, as well as lowering the heating rate
elow 200 ◦C/min, led to coarsening of the grain size (typical
xample, Fig. 1(b)). In addition, SPS has been used for applica-
ions in other transition metal diborides, such as HfB2–SiC,18

iB2–WB2–CrB2,50 TiC–TiB2,51 HfB2–MoSi2,52 and HfC and
fB2-based composites with MoSi2 additives.53 The enhanced
ensification resulting from SPS was attributable to mass trans-
er processes, which are significantly enhanced in the process,
ffectively promoting densification. The mechanism in SPS
echnique that enhanced densification – mainly whether or how
n electric discharge is involved in accelerating the densifica-
ion and grain growth – is still the subject of intense debate.
owever, we suggest that enhancement is most probably due

o (i) an efficient heat transfer; (ii) the use of comparatively

igh pressure; (iii) the presence of an electrical field (use of
C pulses); and (iv) the presence of local spark discharges
enerated between the powders under high-energy electrical
ulses.
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Table 2
Spark plasma sintering conditions, final density, and grain size of ZrB2 ceramics and ZrB2 or HfB2-based composites produced by an SPS process.

Compositions Heating rate SPS conditions Final density (%) Grain size (�m) References

ZrB2–30ZrC–10SiC (vol%) 100 ◦C/min 2100 ◦C/2 min/30 MPa/vacuum 96 ∼3 46
HfB2–30SiC (vol%) 100 ◦C/min 2100 ◦C/2 min/30 MPa/vacuum 100 2 46
ZrB2–15MoSi2(vol%) 100 ◦C/min 1750 ◦C/7 min/30 MPa/vacuum 97.7 ∼1.4 18
(15–70)ZrB2–(15–70)ZrC–(15–50)SiC(mol.%) ∼400 ◦C/min 1950 ◦C/2 min/50 MPa/Ar >98 – 48
26.18ZrB2–59.87ZrC–13.95SiC(wt%) ∼400 ◦C/min 1900 ◦C/5 min/30 MPa/Ar 99.9 – 34
24.17ZrB2–56.88ZrC–13.25SiC–5AlN(wt%) ∼400 ◦C/min 1850 ◦C/5 min/30 MPa/Ar 99.5 – 34
24.17ZrB2–56.88ZrC–13.25SiC–5AlN(wt%) ∼400 ◦C/min 1900 ◦C/5 min/30 MPa/Ar 100 – 34
ZrB2 ∼300 ◦C/min 1900 ◦C/3 min/50 MPa/vacuum 97.6 5.1 49
ZrB2 ∼300 ◦C/min 1900 ◦C/10 min/50 MPa/vacuum ∼80 10 49
ZrB2 ∼300 ◦C/min 1950 ◦C/3 min/50 MPa/vacuum 98 19 49
H /3 min
H /3 min
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fB2–(1–9)MoSi2 (vol%) 100 ◦C/min 1750 ◦C
fC–9MoSi2 (vol%) 100 ◦C/min 1750 ◦C

.3. Reactive hot-pressing (RHP)

The use of metallic and ceramic additives during HP could
educe temperature of densification and also inhibit grain
rowth in ZrB2 ceramics. However, the significant decreases

◦
n the strength at temperatures above 1200 C that result from
oftening of intergranular amorphous phase at elevated tem-
eratures has been reported for ZrB2-based composites with
iC.18,27,29,30,32 RHP has been identified as a potential route

ig. 1. FE-SEM backscattered electron image of the ZrB2 ceramics consolidated
y SPS at 1900 ◦C for different holding time of (a) 3 min and (b) 10 min with
eating rate of ∼200 ◦C/min under a pressure of 50 MPa in vacuum.49
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/100 MPa/vacuum >97 1 53
/100 MPa/vacuum 99 0.8 53

o produce ZrB2 ceramics with low impurity levels and high
ensity at a lower temperature. There are two processes that
ccur in RHP, in situ reaction of precursor powders and densifi-
ation, which must be completed simultaneously during heating
nd subsequent holding.

Recently, RHP has been used to produce ZrB2 and/or HfB2
ense compacts by using Zr and/or Hf and B precursors as well
s to fabricate the ZrB2-based composites with SiC and/or ZrC
y using Zr, Si and B4C precursors. Table 3 summarizes RHP
intering conditions, precursors, grain size and final density of
he ZrB2 ceramics and ZrB2-based ceramics fabricated by RHP.
hamberlain et al.54 have employed slow heating (∼1 ◦C/min)
nd extended isothermal holds at an extremely low tempera-
ure (6 h at 600 ◦C) to react fine powders of Zr and B without
gnition of self-propagating high-temperature synthesis (SHS)
eaction. When the samples were heated to 1650 ◦C in an argon
tmosphere, an applied external pressure of 40 MPa produced an
lmost fully dense, nano-sized ZrB2 compact. Raising the tem-
erature to 1700 ◦C increased the density to 99%, however, the
rB2 grains were significantly coarsened. The grain size mea-
ured in the sample densified at 1800 ◦C was ∼1.5 �m, larger
y a factor of ∼3 than that at 1650 ◦C. In contrast, HP of com-
ercially available micron-sized ZrB2 powders (d ≈ 2.1 �m) at

000 ◦C and 20 MPa for 60 min achieved only a relative density
f ∼91%,25 with an average grain size of 6.1 �m. The improve-
ent of densification by RHP was attributed to the formation of

ano-sized ZrB2 particles during the reactive process because
he fine crystalline size should enhance the driving force for
ensification when the densification is driven by minimization
f the surface free energy.

Another application of RHP is to produce ZrB2-based com-
osites with SiC and/or ZrC, using Zr, Si, and B4C powders as
recursors. Zhang et al.55 used RHP to fabricate ZrB2-beased
omposites with SiC, by reacting Zr, Si and B4C at 1800 ◦C
here the following reaction is thermodynamically favourable:

Zr + Si + B4C = 2ZrB2 + SiC (1)
he relative density of ∼98% was obtained by RHP of Zr,
and B4C powder mixtures at 1900 ◦C and 30 MPa for

0 min. Later, Wu et al.56 also successfully consolidated
rB2–SiC–ZrC composites (RD: ∼97%) by RHP of Zr, Si
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Table 3
Reactive hot-pressing conditions, precursors, grain size and final density of ZrB2 or HfB2 ceramics and ZrB2 or HfB2-based composites fabricated by a RHP method.

Materials Precursors Remarks HP or SPS Processing conditions Final density (%) Grain size (�m) References

ZrB2 SiC

ZrB2 Zr, B Attrition-milled 1650 ◦C/30 min/40 MPa/Ar (HP) >95 0.5 – 54
HfB2 Hf, B None 1700 ◦C/10 min/95 MPa/vacuum (SPS) ∼98 – – 59
HfB2 HfB2 None 1900 ◦C/10 min/95 MPa/vacuum (SPS) ∼87 – – 59
ZrB2–SiC Zr, Si, B4C Ball-milled 1900 ◦C/60 min/30 MPa/Ar (HP) 96.7 3–10 <3 55
ZrB2–SiC–ZrC Zr, Si, B4C None 1800 ◦C/60 min/20 MPa/Ar (HP) 96.8 – – 56
ZrB2–SiC Zr, Si, B4C Ball-milled 1450 ◦C/3 min/30 MPa/vacuum (SPS) ∼98.5 <5 <1 60
Z ◦ Pa/v
H Pa/v
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rB2–SiC Zr, Si, B4C Ball-milled 1890 C/10 min/30 M
fB2–SiC Hf, Si, B4C Ball-milled 1900 ◦C/60 min/50 M

nd B4C powders at 1800 ◦C and 20 MPa for 60 min in an
rgon atmosphere. They found that the reactions for producing
rB2, ZrC and SiC were not simultaneously induced during

he sintering, but in steps. ZrB2 and ZrC were first formed by
he reaction of B4C with Zr at a low temperature, then SiC was
roduced by reaction of Si with ZrC and the residual B4C at
higher temperature. In addition, Zimmermann et al.57 found

hat excess B4C and Si were necessary in the ZrH2–B4C–Si
ystem for obtaining ZrB2–SiC composites without oxide
mpurity as well as for avoiding grain coarsening during the
intering process. They showed that RHP produced ZrB2-based
eramics with 27 vol% SiC in the presence of excess B4C
nd Si, with an average ZrB2 grain size of ∼2 �m and a SiC
article size of ∼1 �m. For comparison, in a stoichiometric
rH2, B4C and Si mixture, the reaction resulted in 25 vol%
iC-containing ZrB2, accompanied by traces of ZrC and ZrO2,
s a result of deficiency of available boron in the reaction
ixture. The grain size appeared to increase from ∼2 �m to
5 �m for the ZrB2 and from ∼1 �m to ∼3.5 �m for the SiC.
imilarly, RHP is also used to produce the HfB2-based
omposites. Monteverde58 obtained a fully densified
fB2–22 vol% SiC–6 vol% HfC at 1900 ◦C and 50 MPa

or 60 min through reaction of a mixture of Hf, B4C and Si
owders.

Recently, RHP has also been utilized to produce HfB2 by
eaction of Hf and B powders at a low temperature, by using
PS. An almost fully densified HfB2 compact was achieved by
eacting Hf and B at 1700 ◦C and 95 MPa for 10 min in vacuo
sing SPS,59 instead of HP. For comparison, HfB2 ceramics
roduced from commercially available powder could achieved
nly ∼62% and ∼87% densities at 1800 ◦C with 30–85 MPa for
0 min, and at 1900 ◦C with 80–95 MPa for 10 min,59 respec-
ively. The reaction between Hf and B occurred at 1100 ◦C,
hile the completion of the reaction extended over a relatively
ide temperature range.59 However, the association of the reac-

ion with densification was absent during the reactive sintering.
ensification was observed only at a temperature where the con-
ersion to the diboride was complete. In addition, Zhao et al.60

howed that the reactive sintering of Zr, Si and B4C precur-

ors could be conducted by SPS. The reactive SPS required a
ower temperature of ≥1450 ◦C with a shorter holding time of
min. The resulting composites had a finer and more homoge-
eous microstructure, compared with that from RHP. Thus, the

t
a
A
d

acuum (HP) 100 2 1 57
acuum (HP) 100 3 1 58

imultaneous synthesis and consolidation of the Zr, B, or B4C
nd Si precursor powders, i.e. reactive sintering, could produce
he densified ZrB2-based composites at a lower temperature by
sing either HP or SPS, as compared with direct consolidation
f commercially available powders.

.4. Pressureless sintering (PS)

In studies that were conducted in the 1970s and earlier,
ensification of ZrB2 ceramics was only accomplished by
P.5,24,26,27 Because of the extreme pressures required for densi-
cation, pressureless sintering of ZrB2 was considered unlikely
r impossible until the late 1980s, when studies of pressureless
intering actually began to show results. Compared with HP, the
evelopment of a PS process would enable almost-net-shape
rocessing of ceramic parts with complex geometries using
tandard powder-processing methods, thus reducing processing
osts. Various additives have been used to improve densification
f ZrB2. In general, the additives used can be divided into main
wo groups: liquid phase formers, and reactive agents. Table 4
ummarizes the PS conditions, agents used, grain size and final
ensity of the resulting ZrB2 ceramics.

Liquid phase formers include refractory metals, such as Ni,
e, Co, and Mo,61–63 as well as disilicides of transition metals,
uch as MoSi264,65 and ZrSi2.20 Cech et al.61 used Ni, Co, Fe
nd Re to produce an almost fully densified ZrB2 at 2000 ◦C
nd 2200 ◦C in vacuo or in an argon atmosphere. They found
hat addition of ≥2 wt% of metals was required to bring about
dequate sintering, because formation and continuous action of
liquid phase occurred only at higher contents of added metals.
he additions are more efficient for producing adequate sinter-

ng in an argon atmosphere than in vacuo because of loss of the
dded metals in the vacuum from volatilization. Lattice parame-
er measurements showed a gradual decrease in the crystal lattice
imensions during sintering, resulting from substitution of zir-
onium atoms in the ZrB2 lattice by the atoms of the added
etals. Obviously, the mode of action of these metallic addi-

ives that influence sintering is associated with an appreciable
ontraction of the ZrB2 crystal lattice. Presumably, the contrac-

ion of the ZrB2 crystal lattice affected the surface free energy,
nd, consequently increased the driving force for densification.

study63 in TiB2 with Ni, NiB, and Fe showed that a relative
ensity exceeding 94% was obtained at a temperature ≥1500 ◦C
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Table 4
Pressureless sintering conditions, grain size, and final densities of the pressureless sintered ZrB2 ceramics with various additives.

Compositions Remarks Pressureless sintering conditions Final density (%) Grain size (�m) References

ZrB2–20 vol% MoSi2 Ball-milled 1850 ◦C/30 min/Ar 99.1 2–3 65
ZrB2–4 wt% MoSi2 Ball-milled 2250 ◦C/120 min/Ar 97.7 3–11 66
ZrB2–10 vol% ZrSi2 Ball-milled 1650 ◦C/60 min/Ar 95.7 – 20
ZrB2–20–40 vol% ZrSi2 Ball-milled 1650 ◦C/60 min/Ar >99 – 20
ZrB2–4 wt% B4C Attrition-milled 1850 ◦C/60 min/vacuum >98 12 67
ZrB2–4 wt% B4C None 2050 ◦C/240 min/vacuum ∼97 5–6 67
ZrB2–4 wt% WC Attrition-milled 2050 ◦C/240 min/vacuum 95 – 67
ZrB2–2 vol% WC Attrition-milled 2150 ◦C/540 min/He 98 9 71
ZrB2–1.7 wt% C Attrition-milled 1900 ◦C/120 min/Ar >99 14 70
ZrB2–4 wt% B4C None 2050 ◦C/120 min/Ar 94 6 69
Z ◦ Ar
Z Ar
Z Ar
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rB2–4 wt% B4C Attrition-milled 1850 C/120 min/
rB2–4 wt% B4C–0.5 wt% C Attrition-milled 1850 ◦C/120 min/
rB2–2 wt% B4C–0.5 wt% C None 1900 ◦C/120 min/

ithout external pressure, but was accompanied by significantly
xaggerated grain growth. The addition of carbon inhibited grain
rowth, but also significantly increased the porosity. The authors
ypothesized that the densification process occurs by redistribu-
ion followed by dissolution–reprecipitation in the nickel-rich

elt, and that the grain growth was caused by surface diffusion
n a titanium-oxide-rich surface layer.63 In addition, Kislui and
uzenkova62 found that with Mo additions up to 15 wt% the

nergy of activation of the densification process drops below
80 kJ/mol from 680 kJ/mol because Mo was incorporated into
ZrB2 solid solution. As a result, the addition of Mo activates
iffusion processes during sintering, effectively promoting den-
ification. This densification behaviour of Mo is also found in
rB2–20 wt% SiC mixture powder that could be sintered with-
ut pressure to a relative density exceeding 97.7% at 2250 ◦C for
20 min when 4 wt% Mo was added.66 Other studies found that
he addition of 20 vol% MoSi2 produced the almost fully densi-
ed ZrB2 at 1850 ◦C for 30 min without external pressure.64,65

urthermore, the additions of ≥20 vol% ZrSi2 further reduced
he densification temperature; the full density was obtained at
650 ◦C for 60 min.20

Differing from the previously mentioned liquid phase form-
rs, reactive agents act as densification aids by reacting with
he oxide impurities present on the surface of starting particles
such as ZrO2 and B2O3) which inhibit densification. The main
eactive agents used recently include B4C,67–69 C,68–70 and/or

C.67,71 It was found that the addition of 4 wt% B4C produces
lmost the fully dense ZrB2 compact at 1850 ◦C for 60 min in
acuo for attrition-milled powder, without externally applied
ressure.67 In contrast, ZrB2 containing only 4 wt% WC could
e sintered to a relative density of ∼95% at 2050 ◦C for 240 min.
hamberlain et al.71 also showed that the introduction of WC

∼2 vol%) allows sintering ZrB2 powder to an almost fully den-
ified state at 2150 ◦C for 180 min. They showed that elimination
f oxide impurities on ZrB2 particles surface by the reactions
f B4C or WC with ZrO2 was the key to densification. The
bove-mentioned reactions are thermodynamically favourable

t a temperature ≥1200 ◦C for B4C, but >1500 ◦C for WC. As a
esult, the discrepancy in densification temperature between the
wo agent-doped ZrB2 ceramics is likely associated with their
ifferent onset temperatures for the reactions.

Z
t
s
d

100 8 69
>99 <4 69
100 4 69

Moreover, grain size measurement showed that excess B4C
estricts the grain growth during sintering. A similar densi-
cation and grain growth inhibition effect of B4C was also
eported in ZrB2-containing B4C and carbon, either alone or
n combination.69 In addition, the densification effect of B4C
epended on the starting ZrB2 powder size.69 ZrB2 with a par-
icle size of ∼2 �m allows sintering to a density of ∼95% at
050 ◦C for 120 min. For comparison, ZrB2 could be achieved
ith full densification at 1850 ◦C for 60 min when the particle

ize was reduced to ∼0.5 �m by an attrition milling. Further-
ore, the densification is more effective for a combination of
4C and C than for B4C alone. Using a combination of B4C and
, the same ZrB2 powder (∼2 �m) could be sintered to almost

ull density at 1900 ◦C for 120 min. However, the additional den-
ification effect of carbon does not appear in the reduced particle
ize ZrB2 powder (∼0.5 �m), which could be sintered to a full
ensity at 1850 ◦C for 60 min using either B4C or a combination
f B4C and carbon. Recently, Zhu et al.70 coated a carbon layer
urface of ZrB2 particles using a phenolic resin as the carbon
ource. They found that the fully densified ZrB2 compact could
e sintered without pressure at 1900 ◦C for 120 min, as the car-
on content is more than 1.0 wt% in the coated ZrB2 powders.
or comparison, only a relative density of ∼70% was obtained
or the C-uncoated ZrB2 powder under the same PS condition.

. Mechanical behaviours

.1. Young’s modulus

Table 5 summarizes the Young’s modulus of ZrB2 ceram-
cs with and without sintering additives. The Young’s modulus
anges from ∼350 GPa to 530 GPa, depending on porosity and
dditives; for a fully densified ZrB2 without additive, it is equal
o 498 GPa.11 Historic studies have shown the Young’s modu-
us of the fully densified hot-pressed polycrystalline ZrB2 to
e equal to 500 GPa.72,73 The additions of Ni, AlN, Si3N4,
4C and C affect the Young’s modulus of ZrB2 ceramics; for

rB2–4 wt% Ni, it is 496 GPa,29 higher than that of ZrB2 of

he same density.71 The Young’s modulus of fully densified
olids is determined principally by interatomic forces, which
ecrease sharply with the interatomic distance.74 The addition of
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Table 5
Young’s modulus, fracture toughness, and 4-point flexural strength of the ZrB2 ceramics with and without additives.

Compositions Process Grain diameter
(�m)

Relative density
(%)

Young’s modulus
(GPa)

Fracture toughness
(MPa m1/2)

Flexural strength
(MPa)

References

ZrB2 HP 7.7 87 346 2.4 350 32,33
ZrB2 HP 6.0 99.8 489 3.5 565 11
ZrB2 HP 6.8 91 417 4.8 457 21
ZrB2 PS 9 98 454 – 444 71
ZrB2–4 wt% Ni HP 5–15 98 496 2.8 371 29
ZrB2–4.6vol%AlN HP 4.2 92 407 3.1 580 33
ZrB2–5 vol% Si3N4 HP 3 98 419 3.8 419 32
Z 5
Z 5
Z 5
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E = E0(1 − αP) (3)
rB2–4 wt% B4C PS 6 94
rB2–4 wt% B4C PS 8 100
rB2–2 wt% B4C–1 wt%C PS 4.1 >99

i caused a decrease in the crystal lattice dimensions of ZrB2, as
result of substitution of Zr atoms in the ZrB2 lattice by atoms of

he added Ni.61 Therefore, the increase of Young’s modulus due
o Ni addition is associated with the decrease in the crystal lattice
imensions of ZrB2. B4C alone or a combination of B4C with
also led to an increase in Young’s modulus. In contrast, AlN

nd Si3N4 additions led to a lower Young’s modulus. The differ-
nt changes with the additives are associated with the different
rain-boundary phase developed between ZrB2 grains,32,33,69

hich result from the interactions of the additives with impuri-
ies on the ZrB2 particles surfaces, because the grain-boundary
hase affects the Young’s modulus of ceramics.34,75

Fig. 2 is a plot of Young’s modulus as a function of
he volume fraction of added of SiC, MoSi2 and ZrSi2 to
he ZrB2-based composites. The Young’s modulus of the
hree compositions decreased with amount added, in the
rder ZrB2–SiC > ZrB2–MoSi2 > ZrB2–ZrSi2, resulting from
he maximum modulus value of SiC (∼475 GPa76), middle
alue of MoSi2 (∼440 GPa77), and minimum value of ZrSi2
∼235 GPa40). For a fully densified composite, Young’s modu-

78
us, Ec, may be described by the rule of mixtures

c =
n∑

i=1

EiVi (2)

ig. 2. Young’s moduli as a function of additive content for the hot-pressed
rB2-based composites with SiC, MoSi2 and ZrSi2 additives.

w
s

F
Z

00 3.3 489 69
30 3.1 370 69
07 3.5 473 68,69

here Ei is Young’s modulus of ith constituent phase, and Vi is
olume fraction of ith constituent phase, and n is total number of
onstituent phases. With E1 = 500 GPa (ZrB2),73 E2 = 475 GPa
SiC),76 E3 = 440 GPa (MoSi2),77 and E4 = 235 GPa (ZrSi2),40

oung’s moduli predicted by Eq. (2) are also drawn with three
ifferent lines in Fig. 2. A comparison between the measured
nd predicted values found that Young’s modulus of pore-free
rB2-based composites obeys the rule of mixtures. For the
rB2–10 vol% ZrSi2 composition, the predicted Young’s mod-
lus is higher than that measured experimentally, as a result of
he presence of pores (RD: 96.6%).

Fig. 3 shows the effect of porosity on Young’s modulus mea-
ured in ZrB2–SiC and ZrB2–ZrC–SiC compositions. It has been
ound that Young’s modulus of the pores-containing ZrB2-based
omposites is mostly dominated by the porosity. For ceramic
aterials, the use of a linear empirical dependence has been

ecommended. Assuming that the effect of pore structure and
hape on Young’s modulus is neglected, Young’s modulus, E,
an be given by79
here E0 is Young’s modulus of pore-free materials, α is a con-
tant, and P is the volume fraction of porosity in the material.

ig. 3. Young’s moduli as a function of porosity for the hot-pressed
rB2–30 vol% SiC and spark plasma sintered ZrB2–ZrC–SiC composites.
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he E0 and α values are obtained from the E–P plots. In addi-
ion, the effect of pore structure and shape on Young’s modulus
ave been investigated by other researchers.80,81 These studies
emonstrated that the local elastic moduli decrease when the
ore shape changed from spherical to oblate, as a result of the
ncreased stress concentration around the pore. Therefore, the
ffective elastic modulus measured is lower for the case of non-
pherical pores than for the case of spherical pores. Also, it has
een found that elastic properties have a different sensitivity to
orosity, regardless of pore shape. Bulk modulus is most affected
y porosity; Young’s modulus is the next most-affected modulus,
ollowed by the shear modulus (which is slightly less sensitive
han Young’s modulus). In contrast, Poisson’s ratio is insensi-
ive to additives as well as to porosity, and it remains almost the
onstant for the various ZrB2-based composites.19,21,34,50

.2. Fracture toughness

Fracture toughness of the ZrB2 ceramics with and without
dditives is also summarized in Table 5. Fracture toughness was
n the range 2.4–4.8 MPa m1/2. For the ZrB2 ceramics with, low
racture toughness, intragranular cracking is common with the
racks propagated across ZrB2 grains without being deflected
long the grain boundaries. For the ZrB2 with high fracture
oughness, intergranular cracking is partially present. In particu-
ar, for the case of the fracture toughness of 4.8 MPa m1/2,21 the
ntergranular cracking was the dominant crack propagation type,
ith the crack propagated along the grain boundaries (Fig. 4(a)).
hus, large grains and intergranular cracking are required for

ncreasing fracture toughness. Also, the fracture toughness mea-
ured is larger in the ZrB2 with nitrides and/or carbides than with
etallic additives. This difference seems to be associated with a

arger tensile residual thermal stress in the ZrB2 ceramics with
etallic additives than in the ZrB2 ceramics with carbide and/or

itride ceramic additives.
Table 6 summarizes the fracture toughness of the ZrB2-based

omposites with SiC, MoSi2 and ZrSi2 additives. Rezaie et al.15

ound that the fracture toughness of ZrB2-based composites with
iC is dominated by the SiC particles size and distribution in the
omposites. Increased fracture toughness produced by SiC addi-
ion is attributed to the crack deflection that occurs near the SiC
articles and/or at ZrB2/SiC interfaces. The interactions of the
rack with the microstructure are most likely controlled by the
omplex residual stress state that develops during cooling from
he processing temperature; that in turn is caused by the thermal
xpansion mismatch between the ZrB2 and SiC particles. The
ontribution of crack deflection to increasing fracture toughness
epends on the total number of crack deflections and the crack
eflection angle, i.e. crack propagation path. Crack deflection
s enhanced in larger diameter grains. The increase of fracture
oughness that accompanies crack deflection is also associated
ith the elastic and/or frictional bridging mechanism of grains.
lastic bridging is enhanced in larger diameter grains, while the
rictional bridging mechanism is in operation only when crack
eflection and grain pullout occur, which is prevalent in smaller
iameter grains. Fig. 5 is a plot of fracture toughness as a func-
ion of the ratio of ZrB2 to SiC grain size for ZrB2–30 vol%

g
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t
l

2

ntergranular cracking behaviour, (b) ZrB2–20 vol% MoSi2–5 vol% SiC, and
c) ZrB2–20 vol% MoSi2–20 vol% SiC, showing crack deflection at small SiC
articles and break of large SiC particles.

iC composites. Note that these data are taken in the same test
nvironments in order to avoid the effect of changing test con-
itions. It was found that fracture toughness increased with the
atio of ZrB2 to SiC grain size. This increase of fracture tough-
ess is attributed to the two major causes. One is large ZrB2

rains enhanced elastic and/or frictional bridging contributions
o increasing toughness. Another is small SiC grains increased
he number of crack deflections and pullout grains. Therefore,
arge ZrB2 grains and/or small SiC grains are required to improve
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Table 6
Young’s modulus, Fracture toughness, 4-point flexural strength of the ZrB2-based composites with SiC, MoSi2 and ZrSi2 additives.

Compositions (vol%) Relative density (%) Measured method Fracture toughness
(MPa m1/2)

Young’s modulus
(GPa)

Flexural
strength (MPa)

References

ZrB2–10SiC 93.2 Four-point bending 4.1 450 713 11
ZrB2–20SiC 99.7 Four-point bending 4.4 466 1003 11
ZrB2–30SiC 99.4 Four-point bending 5.3 484 1089 11
ZrB2–30SiC 99.8 Four-point bending 4.6 520 909 14
ZrB2–30SiC 97.2 Four-point bending 5.5 516 1063 15
ZrB2–30SiC 99.5 Four-point bending 4.5 505 804 15
ZrB2–10MoSi2 99.7 Indentation technique 3.7 490 799 19
ZrB2–20MoSi2 99.8 Indentation technique 2.8 472 749 19
ZrB2–30MoSi2 99.8 Indentation technique 2.6 473 756 19
ZrB2–40MoSi2 99.7 Indentation technique 3.1 448 790 19
ZrB2–20MoSi2–5SiC 100 Indentation technique 3.4 476 862 19
ZrB2–20MoSi2–10SiC 97.3 Indentation technique 3.4 465 554 19
ZrB2–20MoSi2–20SiC 94.6 Indentation technique 3.4 461 368 19
ZrB2–20MoSi2 99.1 Indentation technique 2.3 489 531 65
ZrB2–10ZrSi2 96.6 Indentation technique 3.8 432 483 21
ZrB –20ZrSi 99.1 Indentation technique 4.4 445 556 21
Z 4.4
Z 3.9
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rB2–30ZrSi2 99.8 Indentation technique
rB2–40ZrSi2 99.2 Indentation technique

he toughness of ZrB2-based ceramics. Recently, a toughness of
6 MPa m1/2 was reached in the ZrB2–ZrC–SiC system by opti-
izing the combination of composition with microstructure.48

For the ZrB2–MoSi2 system, fracture toughness is in the
ange of 2.3–3.7 MPa m1/2 and decreased with the content
f MoSi2.19 Differing from the ZrB2–SiC system, for the
rB2–MoSi2 system the crack propagated along ZrB2 phase
oundaries and across the MoSi2 phase,19 thereby decreas-
ng the toughness of these composites. For comparison, in the
rB2–ZrSi2 system the range of fracture toughness values was
.8–4.4 MPa m1/2, tending to improve with ZrSi2 content.21 This
iscrepancy between the composite systems seems to be associ-
ted with larger ZrB2 grain size and smaller ZrSi2 grain size

n the ZrB2–ZrSi2 system as compared to the ZrB2–MoSi2
ystem.19,21 Furthermore, it is found that an addition of a
mall amount of SiC (5 vol%) led to an increase in fracture
oughness of the ZrB2–MoSi2 composites, but the toughness

ig. 5. Plots of fracture toughness as a function of the ratio of ZrB2 to SiC grain
ize for the ZrB-based composites with SiC additives.
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emained almost the constant with further increasing SiC content
≥10 vol%).19 The crack deflection at the SiC/ZrB2 interface
nd the multiple cracking at crack tips contributed to an increase
f toughness (Fig. 4(b)). Even with increasing SiC content, crack
eflection still occurred only at the smaller individual SiC par-
icles; the crack was across the larger and/or agglomerated SiC
articles (Fig. 4(c)). Obviously, the fractured larger SiC particles
ere not effective in contributing to increase of toughness. The

onstant toughness with SiC content suggests that most of the
dded SiC particles were fractured during cracking at high SiC
ontent (≥10 vol%). Thus, a more uniform dispersion of ultra-
ne SiC particles in the ZrB2 matrix is important for optimizing
racture toughness.

.3. Flexural strength

Room-temperature 4-point flexural strengths of the ZrB2
eramics with and without additives are also summarized in
able 5. It was found that the flexural strengths range from
50 MPa to 580 MPa, depending on grain size, additives, and on
he relative density as well. The hot-pressed ZrB2 ceramic with
lN showed the highest flexural strength of 580 MPa, although
nly a relative density of 92% was obtained.33 For comparison,
he flexural strength of ZrB2 ceramic with Si3N4, with ∼3 �m
rain size and ∼98% density, was 419 MPa. This discrepancy
s probably associated with an internal tensile stress at the grain
oundaries upon cooling from the pressing temperature, which
s in turn is caused by the thermal expansion mismatch between
he ZrB2 and grain boundary phase or shrinkage of the intergran-
lar amorphous phase.82 It is evident that the ZrB2 ceramic with
i has the lowest room-temperature flexural strength, resulting
rom the extremely large thermal expansion mismatch between
he ZrB2 and Ni.29

Fig. 6 is a plot of room-temperature 4-point flexural strength
s a function of additive content for hot-pressed ZrB2-based
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Fig. 6. Plots of room-temperature 4-point flexural strength as a function of
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increase of strength after oxidation was attributed to the presence
of a thin, dense oxide layer on the surface of the post-oxidized
samples (Fig. 10(a)). The presence of a thin oxide layer can heal
the surface flaws without creating new cracks and defects at the
dditive content for the hot-pressed ZrB2-based composites with SiC, MoSi2
nd ZrSi2 additives.

omposites with SiC, MoSi2 and ZrSi2 additives. Chamber-
ain et al.11 showed that the addition of 10, 20 and 30 vol%
iC led to the high room-temperature strengths of ZrB2, typi-
ally ∼1000 MPa, with fine ZrB2 grain microstructure (average
rain size: ∼2–3 �m). Guo et al.19 found that the addition
f 10–40 vol% MoSi2 increased room-temperature flexural
trength of ZrB2 ceramics to over 700 MPa. Bellosi et al.18

eported similar results in the 15 vol% MoSi2-containing ZrB2
eramics produced by SPS and HP. They found that the flexural
trength for MoSi2-containing ZrB2 composites consolidated
oth by SPS and HP increased to ∼640 MPa and 700 MPa,
espectively, corresponding to an average grain size of ∼1.4 �m
nd ∼1.8 �m. Comparing both the strength values measured in
he ZrB2–SiC and ZrB2–MoSi2, it appeared that the strength
s higher in the ZrB2–SiC composites than in the ZrB2–MoSi2
omposites although the grain size of ZrB2 is larger in the for-
er than in the latter. One exception was a lower strength for a

0 vol% SiC-containing ZrB2 composite, as a result of the pres-
nce of more pores (RD: ∼92%). On the other hand, the addition
f ZrSi2 improved densification of ZrB2 ceramics and inhibited
rain growth as well (average grain size: ∼2–3 �m), but the
exural strength did not increase significantly. Conversely, the
ddition of 40 vol% ZrSi2 led to a degradation of the strength
∼30%). Hence, although ZrB2 grain size is an important factor
ffecting the room-temperature flexural strength of ZrB2-based
omposites with carbide and disilicides, it is not the limiting fac-
or. A similar conclusion for ZrB2-based composites with SiC
as also reported by Fahrenholtz et al.5

Recently, the effects of microstructure and SiC grain size
n room-temperature flexural strength were examined in hot-
ressed 30 vol% SiC-containing ZrB2 ceramics by Zhu et al.14

nd Rezaie et al.,15 both studies showed, based on the linear
lastic fracture mechanics, that the critical flaw size correlates
trongly with SiC particle size. Both studies concluded that the

aximum SiC grain size in the ZrB2–SiC composites is the

trength-limiting factor, and that the strength is not correlated
ith average ZrB2 grain size. Similar to ZrB2–SiC composites,

F
4
p

ig. 7. Plots of room-temperature 4-point flexural strength as a function of grain
ize of secondary phase for the hot-pressed ZrB2-based composites with SiC and

oSi2 additives.

he strong relationship of strength to maximum MoSi2 grain
ize was also found in ZrB2–MoSi2 composites (Fig. 7). Thus,
t was assumed that the maximum MoSi2 or ZrSi2 grain size
ominated the room-temperature strength for ZrB2-based com-
osites containing MoSi2 or ZrSi2 additives.19,20 Addition of
vol% SiC to ZrB2–MoSi2 can lead to a further increase of flex-
ral strength.19 The addition of nano-sized SiC also improved
he flexural strength of the ZrB2–SiC composites before and
fter oxidation for 10 h at 1400 ◦C in air (Fig. 8).25 For compar-
son, after the oxidation, the strength of 20 vol% micron-sized
iC–ZrB2 decreased from ∼530 MPa before the oxidation to
500 MPa (Fig. 9).25 In particular, for single-phase ZrB2 ceram-

cs, loss of strength reached ∼70% after oxidation for 10 h at
400 ◦C in air. For the nano-sized SiC–ZrB2 composites, the
ig. 8. Effect of thermal exposure at 1400 ◦C for 10 h in air on room-temperature
-point flexural strength for the ZrB2-based composites with nano-sized SiC
articles.25
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ig. 9. A comparison of flexural strengths of the single-phase ZrB2 ceramics,
icron- and nano-sized SiC–ZrB2 composites before and after oxidation at

400 ◦C for 10 h in air.25
xidized surface, and plays a significant role in strength improve-
ent after exposure to an oxidation environment.83 In contrast,

or the micron-sized SiC–ZrB2 composites, loss of strength due
o exposure to high temperatures is attributed to formation of a

ig. 10. Typical fracture surfaces of the hot-pressed ZrB2-based composites
ith nano- and micron-sized SiC particles after oxidation exposure at 1400 ◦C

or 10 h in air: (a) 20 vol% nano-sized SiC–ZrB2, and (b) 20 vol% micron-sized
iC–ZrB2 composite.25
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ig. 11. Plots of 4-point flexural strength as a function of temperature for various
he ZrB2-based composites with various additives.

hicker glassy layer and a defect at the interface between the
xide layer and bulk ZrB2–SiC composites (indicated by an
rrow in Fig. 10(b)).

Although additives, such as Ni, SiC, and nitrides and disili-
ides, could reduce the densification temperature of ZrB2, the
trength of the resulting composites is also degraded at high-
emperature (Fig. 11), as a result of softening of the intergranular
morphous phase. For the ZrB2-based ceramics with Ni and
i3N4, the strength degraded significantly above 800 ◦C.22,30

or the ZrB2-based ceramics with the Ni additive, in particu-
ar, the strength decreased sharply and dropped almost to zero
t 1200 ◦C. For comparison, the ZrB2-based composites with
oSi2 retained the constant strength at temperatures approach-

ng 1200 ◦C.18,65 However, the strength degraded rapidly above
200 ◦C, and the degradation was more rapid than in the ZrB2
eramics without additive. One exception was the HfB2–SiC
omposite produced by SPS, which retained room-temperature
trength up to 1500 ◦C.18 Although the cause is not completely
nderstood, it is assumed to be closely linked with the minimiza-
ion of impurities during SPS. Thus, high-temperature strength

ay be improved by increasing the refractory index of the inter-
ranular phase and minimizing impurities, as well as promoting
rystallization of the intergranular amorphous phase.82

. Physical behaviours

Single-phase ZrB2 and ZrB2-based composites have high
hermal and electrical conductivities among the transition metal
arbides, nitrides and diborides. High electrical conductivity
llows the fabrication of complex shapes using electrical dis-
harge machining. In addition, high thermal conductivity could
mprove thermal shock resistance by reducing temperature gra-

ients and thermal stress within the materials. However, the
hermophysical and electrical properties of ZrB2-based compos-
tes have not been extensively investigated. This section focuses
n recent studies in thermal conductivities and electrical con-
uctivities of ZrB2 ceramics and ZrB2-based composites.
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Table 7
Thermal conductivity and electrical conductivity of the ZrB2 ceramics and ZrB2-based composites with various additives.

Composition (vol%) Thermal conductivity k (W m−1 K−1) Electrical conductivity σ (×104, �−1 cm−1) References

ZrB2 58.2 10.3 8
ZrB2 56.4 4.5 84
ZrB2 – 6.7 32,33
ZrB2–30% SiC 62.1 4.2 84
ZrB2–4.6AlN – 4.2 33
ZrB2–4Ni (wt%) – 13.5 29
ZrB2–13B4C–4Ni (wt%) – 6.2 29
ZrB2–5Si3N4 – 14.3 32
ZrB2–20SiC–4Si3N4 – 6.7 32
ZrB2–33.3ZrC–33.3SiC (mol.%) 72.6 1.61 48
ZrB2–15ZrC–15SiC (mol.%) 85.6 4.52 48
ZrB2–55ZrC–30SiC (mol.%) 51.8 0.92 48
ZrB2–15ZrC–30SiC (mol.%) 89.0 3.00 48
ZrB2–10MoSi2 87.6 8.11 87
ZrB2–20MoSi2 82.8 7.22 87
ZrB2–40MoSi2 76.1 7.48 87
ZrB2–40MoSi2–5SiC 80.8 7.35 87
ZrB2–40MoSi2–10SiC 84.6 6.04 87
ZrB2–40MoSi2–20SiC 88.9 4.07 87
ZrB2–10ZrSi2 98.3 10.7 20
ZrB2–20ZrSi2 96.8 11.6 20
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Fig. 12 is a plot of thermal conductivity as a function of test
temperature for the ZrB2 ceramics and ZrB2-based composites
rB2–30ZrSi2 86.8
rB2–40ZrSi2 74.2

.1. Thermal conductivity

Table 7 summarizes the thermal conductivities of the
rB2 ceramics and ZrB2-based composites with various addi-

ives. The thermal conductivity was generally in the range of
0 W (m K)−1 and 60 W (m K)−1 for the ZrB2 ceramics.8,84

lso, an early study85 of a polycrystalline ZrB2 showed that ther-
al conductivity of the ZrB2 ceramics could achieve a higher

alue of ∼84 W (m K)−1. For single-crystal ZrB2, the thermal
onductivity value was measured to be 140 W (m K)−1 in the
asal direction and 100 W (m K)−1 along the c-axis.86 Thus,
he thermal conductivity of the ZrB2-based composites should
e between 50 W (m K)−1 and 140 W (m K)−1. Recently, in the
hermal conductivity measurements in various ZrB2–ZrC–SiC
omposites consolidated by SPS, it appeared that the conduc-
ivity was in the range of 38 W (m K)−1 and 93 W (m K)−1,
howing a strong compositional dependence.48 The ther-
al conductivity of the ZrB2–ZrC–SiC composites increased
ith increasing ZrB2 as well as SiC content, whereas the

onductivities decreased with increasing ZrC content. The com-
ositional dependence of thermal conductivity is also observed
n ZrB2–ZrSi2 and ZrB2–MoSi2–SiC composite materials.20,87

t is found that the increase of MoSi2 or ZrSi2 led to a decrease of
hermal conductivity of the composites. Conversely, increasing
iC enhanced thermal transport in the ZrB2–MoSi2–SiC mate-
ials; therefore, high thermal conductivity, but the content of
dded SiC must exceed 5 vol%.

It is known that the thermal conductivity of the compos-

tes depend on the thermal conductivity of the components and
he interfacial thermal resistance between the components. In
he ZrB2-based composites, the addition of the second phase
ith higher thermal conductivity than the ZrB2 phase, such as

F
s

11.9 20
9.6 20

iC, led to decreased resistance for the heat flow through the
omponents and their interfaces, thereby increasing thermal con-
uction. In particular, in the case of the composition with high
oncentration with SiC, the phase with higher conductivity could
orm a network-like structure which improved heat capacity, and
nhanced heat transport as well, resulting in high thermal con-
uctivity. For comparison, the addition of the second phase with
ower thermal conductivity, such as ZrC, MoSi2 and ZrSi2, led
o a lower thermal conductivity, probably resulting from the high
hermal transport resistance of the second phase, as well as from
ig. 12. Plots of thermal conductivity as a function of test temperature for the
ingle-phase ZrB2 ceramics and ZrB2-based composites with SiC additives.
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retaining high electrical conductivity. The electrical resistivity
values measured in the ZrB2–SiC composition (SiC content:
<70 vol%) have below an order of 6 in magnitude, compared
with that of pure SiC. Furthermore, the grain diameter and
008 S.-Q. Guo / Journal of the Europea

ith SiC reported in the studies.84,88 Thermal conductivity was
alculated using measured thermal diffusivity determined by the
aser flash method, bulk density, and heat capacity. It was found
hat the thermal conductivity of the ZrB2 ceramics showed a
onsiderable weak temperature dependence; in particular, the
onductivity was almost the constant in the range of ∼400 ◦C to
1700 ◦C. In contrast, for the ZrB2-based composites with SiC,

hermal conductivity showed strong temperature dependence. It
as found that the thermal conductivity decreased with tempera-

ure, regardless of SiC content. Zimmenmann et al.84 found that
he ZrB2 grain size affects the temperature dependence of the
hermal conductivity, and that the conductivity decreased with
eduction in grain size. They suggested that the ZrB2 ceramics
nd ZrB2-based composites for use under thermal loading con-
itions should be examined to determine the optimal grain size
o balance the need for thermal transport and strength.

.2. Electrical conductivity

The ZrB2 ceramics and ZrB2-based composites are elec-
rical conductors, which exhibited metallic-like electrical
onductivity (Table 7). The electrical conductivity of the
ure ZrB2 ceramics without additives is in the range of
.5 × 104–10.3 × 104 (� cm)−1.8,32,33,89 The discrepancy in the
ata reported by different authors is probably due to dif-
erent impurity levels, processing route, and measurement
ethods. For the ZrB2 ceramic with additives, the addition

f Ni decreased electrical resistance, thereby enhancing elec-
rical conductivity. For comparison, the additions of carbides
nd nitrides increased electrical resistance, thereby reducing
lectrical conductivity.29,33 One exception was an electrical con-
uctivity of the ZrB2-based ceramics with Si3N4 comparable to
hat of the pure ZrB2 ceramics although Si3N4 is an insulator.32

n addition, the electrical conductivity of ZrB2 depended on
omposition. Rahman et al.89 showed that the electrical conduc-
ivity in the ZrB2–TiB2 system decreased with increasing TiB2,
here the zirconium atoms in the ZrB2 lattice were substituted
y the titanium atoms to form a solid solution of (Zr1−xTix)B2
0 ≤ x ≤ 1). As a result, the lower electrical conductivity is due
o the higher electrical resistivity of the TiB2 phase compared
o that of the ZrB2 phase.89 In addition, they found that the
ompositional dependence appears to follow linear behaviour
t low temperatures (below ∼200 ◦C, Fig. 13), but becomes
onlinear at high temperatures. Furthermore, the temperature
ependence of the electrical resistivity of the ZrB2 ceramics and
rB2-based composites are similar to that of metals; the resis-

ivity increased linearly with temperature, examples of which
re shown in Fig. 14. However, the addition of SiC led to an
ncrease of electrical resistivity of ZrB2 ceramics; the increase
as enlarged significantly with increasing temperature. The

hermal coefficient of electroresistance (TCR), β, was given by90

1 dρ(T )
=
ρ298 dT

(4)

here ρ298 is the room temperature electrical resistivity, and T is
he absolute temperature. The TCR values were found to be in the

F
c

ig. 13. Plots of electrical resistance as a function of content of TiB2 for the
rB2–TiB2 composites at various temperatures.89

ange of 1.0 × 10−3 K−1 to 6.4 × 10−3 K−1 for ZrB2,84,85,89,90

nd the TCR is approximately 1.4 × 10−3 K−1 for a solid solu-
ion of (Zr1−xTix)B2 (0 ≤ x ≤ 1).89 The addition of SiC increased
he TCR of ZrB2 ceramics. Tye and Clougherty85 showed that
he TCR value was 4.8 × 10−3 K−1 for ZrB2–20 vol% SiC
omposites, whereas Zimmenmann et al.84 reported that the
easured TCR value was ∼2.5 × 10−3 K−1 for ZrB2–30 vol%
iC.

Also, Jimbou et al.91,93 and Takahashi et al.92 found that an
lectrical percolation threshold is observed in the ZrB2–SiC sys-
em. The electrical resistivity of ZrB2–SiC composites sharply
ncreased with SiC content over 70 vol%, as shown in Fig. 15.
resumably, below the critical content of SiC, the network-like
tructure formed by the ZrB2 phase with high-electrical conduc-
ivity provides an electrical path with lower resistance, thereby
ig. 14. Plots of electrical resistivity as a function of temperature for the ZrB2

eramics and ZrB2–30 vol% SiC composite.
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ig. 15. Plots of electrical resistivity as a function of SiC content for the ZrB2-
ased composites with SiC additives.91–93

spect ratio of ZrB2 affect the electrical conductivity.92,93 Larger
rain diameter and high aspect ratio of ZrB2 particles led to
ormation of a network of ZrB2 particles in the composite, there-
ore resulting in high electrical conductivity. Recently, ZrC was
ncorporated in the ZrB2–SiC system,48 the electrical conduc-
ivity of the resulting ZrC–ZrB2–SiC composites was in the
ange of 0.92 × 104–4.52 × 104 (� cm)−1, and it decreased with
ncreasing ZrC and/or SiC content.

Moreover, for the ZrB2–MoSi2 composite (Table 7), the
lectrical conductivity decreased with MoSi2 addition.87 The
dditions of 10 and 20 vol% SiC lowered the electrical con-
uctivity of the ZrB2–MoSi2 composites further. However,
n addition 5 vol% SiC was ineffective in lowering electri-
al conductivity. Although the additions of MoSi2 and SiC
ecreased electrical conductivity of ZrB2 materials, the elec-
rical conductivities of the ZrB2–MoSi2–SiC composites are in
he range characteristic of conductors. For ZrB2–ZrSi2 compos-
tes (Table 7),20 the electrical conductivity was almost constant
ith the additions of ≤30 vol%, the conductivity decreased with

urther addition of ZrSi2. The electrical conductivity of the com-
osites is in the range of 9.6 × 104–11.9 × 104 (� cm)−1. Thus,
he addition of 30 vol% ZrSi2 is critical for retaining the high
lectrical conductivity of ZrB2 ceramic.

. Summary remarks

This paper reviews the densification, Young’s modulus,
racture toughness, flexural strength, thermal and electrical con-
uctivities of ZrB2-based composites. The concluding remarks
re follows.

1) Hot-pressing (HP) is the most common densification
method for ZrB2-based ceramics in historic studies. The
additions of metals, carbides, nitrides, and disilicides, as

well as reducing particle sizes, improved sinterability and
lowered the densification temperature. Reactive hot press-
ing (RHP) of Zr, B, or B4C and Si precursors could produce
the ZrB2 and ZrB2-based composites with SiC and/or ZrC
amic Society 29 (2009) 995–1011 1009

at lower temperatures, compared with HP. Pressureless sin-
tering of ZrB2-based composites was possible by addition
of B4C, C, MoSi2 and ZrSi2. Spark plasma sintering (SPS)
could densify various compositions of ZrB2-based compos-
ites at a lower temperature and very short soaking time,
compared to the HP, RHP and PS methods.

2) Young’s modulus of the ZrB2-based ceramics was in the
range of 300–500 GPa, strongly dependent on additives
and porosity. Young’s modulus of porosity-free ZrB2-based
composites could be predicted by the rule of mixtures.

3) Fracture toughness of the ZrB2-based ceramics was in the
range of 2–6 MPa m1/2. The fracture toughness is domi-
nated by secondary phase particle size and distribution.
Larger ZrB2 grain and small second phase grain could
increase fracture toughness, as a result of crack deflection
at the grain-boundary interfaces. This is associated with
the complex residual stress within grains and at the grain-
boundaries.

4) Flexural strength of the ZrB2-based ceramics was signif-
icantly increased by additions of second phase particles.
The secondary phase particle size and distribution governed
the room-temperature strength. The addition of fine SiC
particles showed the highest room temperature strength.
In addition, the addition of nano-sized SiC improved
strength of ZrB2–SiC composites after oxidation of 10 h at
1400 ◦C in air, while the strength of ZrB2-based composites
with micron-sized SiC decreased. Further improvement in
strength may be achieved through a more uniform dispersion
of nano-sized particles in ZrB2 matrix.

5) Thermal conductivity of the ZrB2-based ceramics was in
the range of 30–140 W (m K)−1, depending on composi-
tion as well as grain size. The addition of SiC increased
thermal conductivity, whereas the additions of MoSi2 and
ZrSi2 decreased the conductivity. The thermal conductiv-
ity remained almost constant with temperature for the ZrB2
ceramics in the range of 400–1700 ◦C, whereas the con-
ductivity of ZrB2-based composite with SiC decreased with
temperature.

6) Electrical conductivity of the ZrB2-based composites was
in the range of ∼1 × 104 (� cm)−1 to 12 × 104 (� cm)−1,
depending on composition. The additions of SiC and MoSi2
led to decrease in the electrical conductivity, while the addi-
tion of ZrSi2 (≤30 vol%) had not the noticeable effect on
the electrical conductivity.
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