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bstract

lectrical resistivities, thermal conductivities and thermal expansion coefficients of hot-pressed ZrB2–SiC, ZrB2–SiC–Si3N4, ZrB2–ZrC–SiC–Si3N4

nd HfB2–SiC composites have been evaluated. Effects of Si3N4 and ZrC additions on electrical and thermophysical properties of ZrB2–SiC
omposite have been investigated. Further, properties of ZrB2–SiC and HfB2–SiC composites have been compared. Electrical resistivities (at
5 ◦C), thermal conductivities (between 25 and 1300 ◦C) and thermal expansion coefficients (over 25–1000 ◦C) have been determined by four-
robe method, laser flash method and thermo-mechanical analyzer, respectively. Experimental results have shown reasonable agreement with
heoretical predictions. Electrical resistivities of ZrB2-based composites are lower than that of HfB2–SiC composite. Thermal conductivity of ZrB2
ncreases with addition of SiC, while it decreases on ZrC addition, which is explained considering relative contributions of electrons and phonons to
hermal transport. As expected, thermal expansion coefficient of each composite is reduced by SiC additions in 25–200 ◦C range, while it exceeds
heoretical values at higher temperatures.

 2012 Elsevier Ltd. All rights reserved.
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.  Introduction

Zirconium diboride (ZrB2) and hafnium diboride (HfB2)
ased composites with reinforcements forming silica on oxi-
ation, such as SiC and Si3N4 are considered as candidate
ltra-high temperature structural materials for use in sharp
eading edges and nose cones of atmospheric re-entry vehi-
les as well as propulsion systems due to their high melting
emperatures, resistance to environmental degradation, and
esired thermal properties. It is well established in earlier
nvestigations1–6 that the presence of SiC and Si3N4 particles in
he ZrB2 or HfB2 based composites not only improves sinterabil-
ty, but also leads to increase in strength, hardness and toughness
ompared to that of the monolithic matrix phases, while addi-
ion of ZrC is known to improve the ablation resistance of these

aterials.6,7 In an earlier study,6 addition of 5 vol.% Si3N4 par-

icles to the ZrB2–20 vol.% SiC composite has been found to
nhance both flexural strength and fracture toughness measured
t room temperature.
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rical conductivity; D. Borides

The materials with high thermal conductivity tend to have
mpressive thermal shock resistance, as the thermal gradients
re minimized by enhanced conduction of heat away from a
ocally heated zone, which is followed by its radiation away
rom the surface. The values of room temperature thermal con-
uctivities of ZrB2 and HfB2 are about 57.9 W m−1 K−1 and
05 W m−1 K−1, respectively.8,9 It is well established that ZrB2
r HfB2 based composites having 20–30 vol.% SiC particles
s reinforcement tend to have higher thermal conductivity than
hat of the monolithic material.10–13 This observation has been
ttributed to significantly higher thermal conductivity of the
iC phase (reported as 125 W m−1 K−1 for sintered SiC and
90 W m−1 K−1 for single crystals)8,10,14 compared to that of
he aforementioned matrices. Moreover, it has also been reported
hat SiC addition (>5 vol.%), increases the thermal conductivity
f the ZrB2–MoSi2–SiC composites.15

The thermal shock resistance of a given material is known
o depend partially on its coefficient of thermal expansion
CTE), which directly influences the amount of thermal
trains introduced in the ceramic components used at ele-

ated temperatures. The CTE reported for ZrB2 and HfB2 are
.9 ×  10−6 and 6.3 ×  10−6 K−1, respectively,8 in the temper-
ture range of 27–1027 ◦C. Addition of SiC with lower CTE
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≈4.3 ×  10−6 K−1)16 than that of either ZrB2 or HfB2 is known
o reduce the thermal expansion of their composites,17 which
n turn is expected to increase the dimensional stability of
hese materials. It has been previously reported that the nature
f interfacial bond as well as the total interfacial area in the
einforced-matrices have a very strong influence on the CTE of
he composites in general.18,19

Both ZrB2 and HfB2-based composites are attractive because
f the excellent electrical conductivities of their matrices, which
ake these materials amenable to electro-discharge machin-

ng for the purpose of near-net shaping. It has been observed
hat the electrical conductivities of the ZrB2-based composites
epend on the volume fractions of the matrix phase.12,20 More-
ver, the results of earlier studies have confirmed the dependence
f thermal conductivities of HfB2 and ZrB2 based materials at

 given temperature on their electrical conductivities, primar-
ly because the former property involves the contribution of
lectronic mobility, besides that of phonons.12,13

The thermal and electrical properties of both ZrB2 and HfB2
ased composites with similar compositions but with different
atrix grain sizes, reinforcement particle sizes, or methods of

rocessing have been often found to differ from one another.
oreover, the presence of additional phases in different amounts

s also expected to have effect on both electrical and thermal
roperties. In particular, the combined effect of SiC, Si3N4 and
rC additions on electrical and thermal properties of ZrB2–SiC
omposites is not well-understood, and hence demands further
tudies to evaluate the role of different constituent phases. The
urpose of this study is to examine the effects of Si3N4 and ZrC
dditions on both electrical and thermal conductivities as well
s thermal expansion behavior of ZrB2–SiC composites, and to
ompare these properties with those of the HfB2–SiC composite.

. Experimental  procedure

The powders of ZrB2, ZrC, SiC and Si3N4 were obtained
rom H.C. Starck Ltd. (H.C. Starck GmbH, Im Schleeke, Goslar,
ermany), while the HfB2 powder was obtained from Johnson
atthey (Johnson Matthey Plc., London, UK). The purity of all

he as-received powders was ≥99.5%. Furthermore, the aver-
ge sizes of ZrB2, HfB2, ZrC, SiC and Si3N4 powder particles
ere 3.54 ±  1.2 �m, 0.8 ±  0.6 �m, 4.75 ±  1.7, 2.1 ±  0.9 �m and
.3 ±  1.1 �m, respectively. The powders having average compo-
itions of ZrB2–20 vol.% SiC (ZS), ZrB2–20 vol.% SiC–5 vol.%
i3N4 (ZSS), ZrB2–20 vol.% ZrC–20 vol.% SiC–5 vol.% Si3N4
ZZSS) and HfB2–20 vol.% SiC (HS), were intimately mixed
y milling using balls and vials made of WC–Co composite in a
lanetary mono-mill (Fritsch GmbH, Idar-Oberstein, Germany),
perated at a speed of 250 rpm for 2 h. The powder mixtures were
intered under uniaxial pressure of 30 MPa using graphite dies
ined with grafoil inside a resistance heating furnace operated
t 2000 ◦C for 30 min in argon environment, to prepare discs

aving 42 mm diameter and 4 mm thickness.

The densities of the hot pressed composites were measured
sing the Archimedes’ principle. For microstructural studies, the
ot pressed pellets were first sectioned with the help of an Isomet

w
s
f
e
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low speed precision cutting diamond saw (Buehler Ltd., Lake
luff, IL, USA), and then sequentially polished using diamond
oated discs, abrasive SiC papers, and clothes smeared with

 �m or 0.25 �m diamond lapping paste. The phases present
n their microstructures were delineated by X-ray diffraction
XRD) analyses. Furthermore, the microstructures of the hot
ressed composites were examined on a field emission scanning
lectron microscope (FESEM, Model: Zeiss Supra 40, Carl Zeiss
TS GmbH, Oberkochen, Germany) using secondary electron

SE) and backscattered electron (BSE) imaging, while the chem-
cal compositions of the constituent phases were determined
imultaneously by using an energy dispersive X-ray (EDX) ana-
yzer. The microstructures of the specimens were also examined
ith the help of a transmission electron microscope (TEM,
odel: JEM 2100, JEOL, Japan) operated at an acceleration

oltage of 200 kV, to examine primarily the grain boundaries
nd particle–matrix interfaces. The images were recorded using
oth bright and dark field microscopy, while the structures of
he constituent phases were examined by selected area diffrac-
ion (SAD). For estimating the grain size, average dimensions
f ≥100 grains were measured in the images obtained from both
EM and TEM using image analyses.

Samples for electrical resistivity and thermal diffusivity mea-
urements were cut from the hot pressed samples using wire
lectro-discharge machining (EDM). The electrical resistivities
f the specimens with diameter of 20 mm and thickness in the
ange of 2–4 mm were measured at the ambient temperature
sing the van der Pauw four-probe method with the help of a
igh precision resistivity unit (Keithley 2182A nanovoltmeter
nd 6220 current source). The electrical resistivity (Rs) was
alculated from the relation:

s = πtR

ln 2
(1)

here t  is the thickness and R  is the resistance of the speci-
en. The resistances between the pairs of mutually orthogonal

ontacts were measured, and the results were found to be sim-
lar, confirming isotropic nature of electrical properties in the
nvestigated composites.

The thermal diffusivity of the investigated composites was
easured by laser flash method following the procedure

iscussed in ASTM E1461.21 In this method, disc shaped
pecimens with 12.7 mm diameter and 1.0 mm thickness were
ubjected to high intensity short duration radiant energy pulse
sing a laser beam. The incident energy absorbed on the front
urface of the specimen, leads to increase in the rear-face tem-
erature, which is recorded continuously with the purpose of
easuring the time required for it to reach 50% of the maxi-
um value, termed usually as the half time (t1/2). The thermal

iffusivity (a) is calculated from the relation21:

 = 0.13879L2

t1/2
(2)
here L  is the specimen thickness and t1/2 is the half time. The
pecific heat (c) of each investigated composite was calculated
rom the specific heat data available in the literature22,23 for
ach constituent phase, and its corresponding weight fraction
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Fig. 1. SEM (SE) images showing the microstructur

y using the rule of mixtures (ROM). Thereafter, the thermal
onductivity (λ) was calculated using the relation21:

 =  caρ  (3)

here ρ  is the density of the material measured at 20 ◦C.
The coefficients of thermal expansion (CTE) of the inves-

igated composites were measured in the temperature range of
00–1000 ◦C by a thermo-mechanical analyzer (TMA, Model:
iamond TMA, Perkin Elmer, USA). For this purpose, samples
ith dimensions of 10 mm ×  5 mm ×  4 mm were sectioned with

he help of an Isomet slow speed diamond saw (Buehler Ltd.,
ake Bluff, IL, USA) and heated at the rate of 5 ◦C per minute in
rgon atmosphere, and the change in dimensions with increase
n temperature was continuously recorded. The value of CTE
α) was calculated using the relationship:

 = �L

L0�T
(4)
here L0 is the length of the samples at ambient temperature,
0 ∼  20 ◦C, �L  and �T  are the changes in the length and the

emperature, respectively with respect to their initial values.

a
t
<

 (a) ZS; (b) ZSS; (c) ZZSS and (d) HS composites.

. Results  and  discussion

.1.  Density  and  microstructure

The bulk densities of ZS, ZSS, ZZSS and HS composites have
een found through measurements based on the Archimedes’
rinciple to be 5.50, 5.33, 5.47, and 9.10 g cm−3, respectively.
nalysis of these results indicates that the ZrB2 based and HfB2
ased composites have >98% and ∼96% of the theoretical den-
ity, respectively.

The SEM (SE) images depicting the microstructures of the
ot pressed composites as shown in Fig. 1, confirm more
r less uniform dispersion of the constituent phases through-
ut the matrix. The brighter constituents in these images are
rB2 or HfB2, whereas the darker constituents are usually
ither SiC or Si3N4; the gray level of ZrC is in between that
f ZrB2 and SiC/Si3N4 (shown as inset in Fig. 1(c)). The
esults of microstructural studies carried out on the investi-
ated ZrB2-based composites have been already discussed in
etail elsewhere.6 Typical bright field TEM images of ZS and
ZSS composites consisting of different phases are shown in
ig. 2(a) and (b), respectively. Furthermore, examination of the
icrostructure of the ZZSS composite as shown in Fig. 2(b),
nd supplemented by EDX and SAD analyses at different loca-
ions has confirmed that the Si3N4 particles with an average size
0.5 �m are present at grain boundaries or interfaces. Based



2548 M. Mallik et al. / Journal of the European Ceramic Society 32 (2012) 2545–2555

Table 1
Electrical resistivities and conductivities of the investigated composites.

Materials Specimen thickness (cm) Voltage (mV) Current (mA) Resistance (��) Resistivity (×10−8 � m) Conductivity (×106 S/m)

ZS 0.17 0.00133 100 13.3 10.25 9.76
ZSS 0.25 0.00107 100 10.7 12.12 8.25
ZZSS 0.25 0.00185 100 18.5 20.96 4.77
HS 0.40 0.00198 100 19.8 35.90 2.78
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ig. 2. Bright field TEM images depicting the microstructures of: (a) ZS and
b) ZZSS composites.

n a thorough analysis of both SEM and TEM images of the
nvestigated ZrB2-based composites, the average sizes of ZrB2
rains and SiC particles are found to be 5.94 ±  2.25 �m and

.77 ±  3.49 �m, respectively. In a similar manner, the average
izes of HfB2 grains and SiC particles in HS have been found to
e 6.95 ±  3.04 �m and 5.77 ±  3.49 �m, respectively.

c

h

.2.  Electrical  resistivity  and  conductivity

The values of electrical resistivity and conductivity obtained
hrough measurements using the Van der Pauw four-probe

ethod are shown in Table 1. Examination of these results shows
hat the electrical conductivities of the investigated composites
ecrease as ZS > ZSS > ZZSS > HS. It is thus obvious that among
he ZrB2-based composites, electrical resistivity increases with
oth increasing volume fraction of constituent phases having
onductivity less than that of ZrB2, and with increasing area of
he constituent interfaces. This observation is consistent with
he results of an earlier study by Guo et al.20 who have reported
ncrease in electrical resistivity with increase in the volume frac-
ions of ZrC and SiC in the ZrB2 based composites. An increase
n the value of electrical resistivity by ≈2.5 times has also been
eported by Zhang et al.13 on addition of 20 vol.% SiC particles
o the ZrB2 matrix. It may be noted that the experimentally mea-
ured electrical resistivity of ZS shows excellent agreement with
he results (≈10.2 ��  cm) reported by Tye and Clougherty10

hile it appears to be less than that (≈17.0 ��  cm) reported
y Zhang et al.13 by as much as ≈70%. The estimated value
f electrical resistivity for the ZSS is found to be ≈25% less
han that reported for the ZrB2–20 SiC–4 Si3N4 composite by

onteverde et al.1 The observed variations in the extent of agree-
ent can be considered to originate from the fact that electrical

onductivity of the composite is influenced by size, shape, distri-
ution and volume fraction of the reinforcement particles, matrix
rain sizes, purity of raw materials as well as the nature of the
atrix-reinforcement interfaces.
The results in Table 1 indicate that the HS composite

ossesses higher resistivity than those of the investigated ZrB2-
ased composites, inspite of having the same amount of SiC
articulate reinforcement as that of the ZS composite. The pos-
ible explanations for such an observation are: (i) the electrical
esistivity of the HfB2 is higher than that of ZrB2; and (ii) the
elative density of the hot pressed HS composite is about 2–3%
ess than those of the investigated ZrB2-based composites, as
as been mentioned in Section 3.1. Existing literature shows
ide variation in the reported values of the electrical resistivity
f both ZrB2 and HfB2, which are found to vary in the ranges
f 6.7–22 ��  cm12,24,25 and 6.3–16.6 ��  cm,24–26 respectively.
he differences between the results in different reports may be
ttributed to the strong influence of process parameters, rela-
ive density of composite, as well as purity and grain size of the

onstituent phases.

An average value of internal interface electrical resistance
as been calculated for the investigated composites using
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Table 2
Thermal conductivities of the investigated ZrB2 and HfB2 based composites.
The results of other studies on constituent phases and similar composites are
also shown for comparison.

Materials Temperature (◦C) Thermal conductivity
(W/mK)

References

ZS 25 89.53 Present study
ZS 1000 74.79 Present study
ZSS 25 102.74 Present study
ZSS 1000 64.26 Present study
ZZSS 25 81.90 Present study
ZZSS 1000 52.92 Present study
HS 25 141.35 Present study
HS 1000 88.349 Present study

ZrB2
25 83.8 28

1000 81.8 8

HfB2
25 105 32

1027 60 8

SiC
25 114 33

1000 35.7 34

Si3N4
25 20 35

1000 26.2 35

ZrC
25 11.5 31

1500 27.2 36

ZrB2–20SiC
25 99.2 10

1000 79.0 10

HfB2–20SiC
28 128 11
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he following relation suggested by the Brick Layer Model
BLM)27:

 =
[(

1

σint

)
+

(
RI

d

)]−1

(5)

here σ  is the electrical conductivity of a typical single phase
aterial (the matrix phase in this study), σint is the intrinsic

lectrical conductivity of the matrix phase, RI is the average
nterfacial electrical resistance, and d  is the average matrix grain
ize. In Eq. (5), the intrinsic electrical conductivity of a given
hase is considered to be that of its single crystal. Hence, the
alue of σint for ZrB2 has been considered as ≈2.17 ×  107 S/m.28

he value of σ  used in Eq. (5) has been calculated using the
ffective medium approximation (EMA). In this approach, one
r more dispersed phases are present as isolated inclusions
urrounded by a medium, that is the matrix with an effective
lectrical conductivity, σeff. The value of σeff for each of the
nvestigated composites is related to the intrinsic conductivities
f the constituent phases through the following relation29:

N

i=1

σeff −  σi

2σeff +  σi

fi =  0 (6)

here σi and fi are the conductivity and the volume fraction
f the ith phase. For these calculations, the intrinsic electrical
esistivity of ZrB2, HfB2, SiC, Si3N4 and ZrC have been taken
s 4.6 ��  cm,28 11 ��  cm,8 5 ×  103 ��  cm,30 1013 �  cm30 and
9 ��  cm,31 respectively. The experimentally obtained value of
hermal conductivity for each of the investigated composites has
een substituted for σeff in Eq. (6) to determine the value of σi

=σm) for the matrix. This is considered as appropriate, as the
atrix phase is polycrystalline with resistance contributed by

rain boundaries, and therefore its intrinsic conductivity cannot
e same as that of single crystal. This value of σm has been
sed as the value of σ  in Eq. (5). In this manner, the inter-grain
esistance of the matrix phase has been calculated, so as to match
he measured value of electrical conductivity. This approach is
imilar to that followed by Zhang et al.13

The values of RI calculated for ZS, ZSS and ZZSS composites
ave been found to be 1.50 ×  10−13 m2/S, 1.70 ×  10−13 m2/S,
nd 2.42 ×  10−13 m2/S, respectively. The value of RI calculated
or the ZS composite is found to be ≈2 times higher than that
eported by Zhang et al.13 for pure ZrB2 (0.76 ×  10−13 m2/S),
hich shows that there is significant increase in the electrical

esistance due to the presence of ZrB2/SiC interfaces in the
omposite. On further comparison of the aforementioned results
ertaining to the investigated ZrB2-based composites, it is obvi-
us that the value of RI increases with increase in the number of
hases possessing lower electrical conductivity than that of the
atrix. Considering the σint of the HfB2 as 1.35 ×  107 S/m,13

he value of RI has been found as 12.3 ×  10−13 m2/S for the

S composite, which is considerably higher than that obtained

or ZS. Thus, it is inferred that higher internal resistance of the
fB2–SiC interfaces is at least partly responsible for the elec-

rical resistivity of the HS composite being greater than those of
he investigated ZrB2-based composites.

t
h
p
a
u

1000 76

.3.  Thermal  diffusivity,  specific  heat  and  thermal
onductivity

.3.1. Experimental  results  and  theoretical  predictions
Plots depicting variations of thermal diffusivity, specific heat

nd thermal conductivity with temperature for both ZrB2 and
fB2 based composites are shown in Fig. 3(a)–(c), respectively.
or the purpose of comparison, the results reported by Loehman
t al.17 for pure ZrB2 and HfB2 have been included in each of
hese figures. In addition, the data for both ZrB2–20 SiC and
fB2–20 SiC composites as published in earlier reports11,17

ave been also depicted in Fig. 3(c). The thermal conductivi-
ies of the investigated composites as shown in Fig. 3(c) have
een calculated with the help of Eq. (3) using the experimentally
etermined values of densities and calculated values of specific
eat at different temperatures (Fig. 3(b)). The average values of
hermal conductivities of ZS, ZSS, ZZSS and HS composites
btained at the temperatures of 25 ◦C and 1000 ◦C are shown
n Table 2. The thermal conductivities of monolithic ZrB2, SiC,
i3N4 and HfB2 used for the theoretical calculations are also
hown in this table. Moreover, the results of earlier studies for the
omposites having similar compositions as those being investi-
ated in this study, have also been included in this table for the
urpose of comparison.

The values of thermal conductivity obtained for the inves-
igated materials, as shown in Table 2 are generally found to
ave moderate to excellent agreement with those found from the

ublished literature. For example, the thermal conductivity of ZS
t 25 ◦C and 1000 ◦C are found to be reasonably close to the val-
es reported10,13,17 previously for this composite. On the other
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Fig. 3. Plots depicting the variation of: (a) the thermal diffusivity, (b) specific
heat and (c) thermal conductivity with temperature for hot pressed ZrB2 and
HfB2 based composites. The results published in selected earlier reports9,11,17

are shown for the purpose of comparison.

Table 3
The ratio of electronic component (λe) to total thermal conductivity (λexp) at
room temperature (25 ◦C or 298 K).

Composites λph (W m−1 K−1) λe (W m−1 K−1) λe/λexp

ZS 18.3 71.23 0.8
ZSS 42.5 60.24 0.6
ZZSS 47.1 34.83 0.43
H
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S 121.02 20.34 0.14

and, the values determined for the HS are found to be slightly
igher than those reported by Zhang et al.13 for HfB2–5 vol.%
iC composite within the investigated temperature range, which
ay be attributed to higher SiC volume fraction in the inves-

igated material. Furthermore, the values obtained for the HS
re more than the thermal conductivities reported by Loehman
t al.17 for the composite with identical composition by 9.5 and
4.4% for the tests carried out at 25 ◦C and 1000 ◦C, respec-
ively. The differences in this case may be attributed to the finer
verage sizes of both matrix grains and SiC particles of the com-
osite investigated by Loehman, as compared to those in the HS.
maller grain size is expected to lead to higher area fraction of

nterfaces, which in turn, is expected to contribute to greater
hermal resistance.37–39

The thermal diffusivity at a given temperature has been pro-
osed to be due to the contributions of both electronic transport
nd phonons in both ZrB2 and HfB2 based materials.12,13 The
atio of electronic component (λe) to total thermal conductivity
λexp) at room temperature (25 ◦C or 298 K) has been reported
y Zhang et al.13 considering the relation:

λe

λexp
= 298L0

ρ  · λexp
(7)

here ρ  is the electrical resistivity and L0 is the Lorenz num-
er whose value has been taken as 2.45 × 10−8 W (�  K2)−1 by
hang et al.13 The ratio of λe/λexp, for the investigated compos-

tes has been calculated by the above-mentioned relation, and
he estimated values have been included in Table 3. From the
esults cited in this table, it can be inferred that (i) the ratio
f electronic contribution to thermal conductivity decreases as
S > ZSS > ZZSS > HS; and (ii) among the ZrB2-based com-
osites, the electronic component of thermal transport decreases
ith decreasing volume fraction of ZrB2. Moreover, the thermal

onductivity is found to fall more sharply with temperature for all
he composites other than ZS, which is suggestive of the greater
ole of the decrease in the mean free path for phonon scattering
n these materials (composites other than ZS). Examination of
he results in Table 3 shows that the electronic component is pro-
ortional to volume fraction of ZrB2 phase in the investigated
rB2-based composites. Hence, based on the results of electrical
onductivity measurements, it is possible to propose that ther-
al transport is facilitated by electrons in the ZrB2 phase, and

y phonons in the other constituent phases. This observation
s also consistent with the value of λe/λexp being reported as
1.0 for pure ZrB2 by Zhang et al.13 Thus, through examina-
ion of the results in Table 3, it is appropriate to infer that the
ontribution of free electron movement is more significant than
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hat of phonons to thermal transport in case of the investigated
rB2-based composites. It may be noted that the electronic con-

ribution of 79% found for the ZS in the present study is close
o that reported earlier by Tye and Clougherty10 for a composite
ith similar composition but having ZrB2 grain size of 13 �m,
hich is more than two times the average size of matrix grains

n the investigated composite. This observation suggests that
atrix grain size beyond a limiting value probably has negli-

ible effect on electronic or phonon contributions to thermal
onductivity.

From the value of λe/λexp obtained for the HS composite as
hown in Table 3, it is inferred that the electronic transport is
uch less relevant for thermal transport than that in the investi-

ated ZrB2-based composites. This observation is probably due
o lower electrical conductivity of the former material, as shown
n Table 1. It may be noted that in case of the HfB2–SiC compos-
tes, the value of λe/λexp has been found to decrease from 0.93
o 0.83 on change of SiC volume fraction from 5 to 3%, while
n the case of pure HfB2, this ratio has been found to decrease
rom 1.0 to 0.92 on decrease in relative density from >98% to
92%.13 Probably, a systematic study needs to be carried out

y evaluating thermal and electrical conductivities of the HfB2-
ased composite by varying the SiC volume fraction up to 20%
or a complete understanding of the role of SiC content in these
aterials. From the observations reported in the literature,13 it

s inferred that the electronic component of thermal conductiv-
ty in the HfB2-based materials is very sensitive to both relative
ensity and SiC content.

The decrease in both thermal diffusivities and conductivi-
ies of the investigated materials with increasing temperature,
s shown in Fig. 3(a) and (c), respectively, can be attributed to
ower mean free path for electronic transport and phonon scat-
ering with increase in temperature, as has been pointed out by
immermann et al.12 Moreover, the presence of interphase inter-

aces is expected to have strong influence on phonon scattering,
nd therefore on the resultant thermal diffusivity of the compos-
tes, because of their role in the process of heat conduction by
amping of lattice vibrations or phonons.

The average interfacial thermal resistances (Rλ) have been
alculated for the investigated ZrB2-based composites using

 modified version of Eq. (5), with σint and RI being substi-
uted by λint and Rλ, respectively, where λint is the intrinsic
hermal conductivity of the matrix phase, and Rλ is the inter-
acial thermal resistance. Taking λint ≈  140 W m−1 K−1 for
rB2

31 and average matrix grain size as ≈5.94 �m, the ther-
al resistance values of ZS, ZSS and ZZSS composites are

ound to be 1.7 ×  10−8 m2 (kW)−1, 0.8 ×  10−8 m2 (kW)−1 and
.5 ×  10−8 m2 (kW)−1, respectively. These values are found
o lie well-within the range typically reported in the previous
tudies13 on thermal properties of polycrystalline ceramics, that
s, 10−7–10−9 m2 (kW)−1. Moreover, the values of Rλ observed
or the investigated ZrB2-based composites are 1.3–6 times
reater than that reported for the spark plasma sintered ZrB2

−8 2 −1 13
Rλ ≈  0.6 ×  10 m (kW) ) by Zhang et al. It may be noted
hat the thermal conductivity value obtained at 25 ◦C by Zhang
t al.13 for ZrB2 is greater than that for ZrB2–20 vol.% SiC
omposite, which is consistent with lower interfacial or grain

t
1
p
c
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oundary thermal resistance in the former material. However, as
he thermal conductivity of SiC is greater than that of ZrB2, ther-

al transport through the SiC phase is believed to have played
 significant role in controlling the thermal conductivity of the
nvestigated composites.

Comparison of the results in Fig. 3(a) and (c) indicates that
he thermal diffusivity and conductivity values of both ZS and
S are consistently higher compared to those of monolithic
rB2 and HfB2, respectively at all temperatures, which may
e attributed to higher thermal diffusivity of SiC (0.50 cm2/s at
0 ◦C)40 than those of the matrix phases, and relatively lower
nterfacial thermal resistances. Moreover, it should be noted that
he samples of ZrB2 and HfB2 have relative densities of 74% and
8%, respectively. Loehman et al.17 have reported the thermal
iffusivity values of ZrB2–20 SiC and HfB2–20 SiC compos-
tes at 1000 ◦C to be 0.17 cm2/s and 0.20 cm2/s, respectively,
hich are almost similar to the values (Fig. 3(a)) obtained exper-

mentally in this study. It should also be noted that the thermal
iffusivity recorded for the ZZSS has been found to be lower
han that of other investigated ZrB2-based composites due to
he presence of a significant amount of ZrC, which has con-
iderably lower thermal diffusivity than that of either ZrB2 or
iC at any temperature.35,41 Lower thermal diffusivity of the
ZSS composite compared to that of other ZrB2 based compos-

tes could also be due to higher area fraction of the interfaces
ontributing to increase in the net resistance to thermal transport
n the former material. Examinations of the results depicted in
ig. 3(a) and (c) indicate that compared to the influence of ZrC
ddition on the thermal diffusivity and conductivity, the presence
f Si3N4 in the ZSS composite appears to cause much smaller
ifference with the results observed for ZS. This observation
riginates probably due to both relatively low volume fraction
5%) of Si3N4 and strong interfacial bond in the ZSS composite.

At 25 ◦C, the thermal diffusivity and specific heat of ZS are
ound to be less than those of ZSS by ≈16% and ≈2%, respec-
ively, which are responsible for the thermal conductivity of the
ormer material being lower by ≈14.8%. Moreover, the specific
eat of SiC is less than that of Si3N4 by 5.8% at 25 ◦C. However,
t temperatures >100 ◦C, the specific heat of SiC is greater than
hat of Si3N4, which in turn is responsible for specific heat of ZS
eing higher than that of ZSS. In addition, thermal diffusivity
f ZS has been found to be greater than that of ZSS at >100 ◦C,
ausing the thermal conductivity to be higher as well.

.4. Coefficient  of  thermal  expansion

.4.1. Experimental  results  and  theoretical  predictions
The plots depicting the variations of linear thermal expan-

ion per unit length (�L/L0) with temperature for ZS, ZSS,
ZSS and HS composites are shown in Fig. 4. The results pre-
ented in this figure indicate that for each of the four composites,
he thermal expansion per unit length increases with tempera-
ure following a linear relationship up to ∼1000 ◦C. For each of

◦
he investigated composites subjected to heating from 200 C to
000 ◦C, it can be shown by curve-fitting analysis that the tem-
erature dependence of the measured thermal strains (�L/L0)
an be expressed by third-order polynomial expressions having
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ig. 4. Plots depicting the variation of thermal expansion per unit length with
emperature for ZS, ZSS, ZZSS and HS composites within the temperature range
f 200–1000 ◦C.

2 values >0.9999. These expressions are presented as follows:

�L

L0
(ZS) =  −0.988 ×  10−3 +  9.85 ×  10−6 ×  T

− 1.671 ×  10−9 ×  T 2 +  4.796 ×  10−13 ×  T 3 (8)

�L

L0
(ZSS) =  −0.890 ×  10−3 +  9.16 ×  10−6 ×  T

+ 9.447 ×  10−11 ×  T 2

−  9.356 ×  10−13 ×  T 3 (9)

�L

L0
(ZZSS) =  −0.900 ×  10−3 +  9.4 ×  10−6 ×  T

+ 7.094 ×  10−10 ×  T 2

−  1.184 ×  10−12 ×  T 3 (10)

�L

L0
(HS) =  −0.829 ×  10−3 +  8.78 ×  10−6 ×  T

+ 1.603 ×  10−9 ×  T 2

−  1.975 ×  10−12 ×  T 3 (11)

The experimentally obtained CTE values of the investigated
omposites, the values obtained through calculation by consid-
ring the rule of mixtures (ROM) and the values of CTE of the
ndividual constituents of the composites as reported in the lit-
rature are shown in Table 4. Furthermore, a few results taken

rom the reports based upon experimental studies on thermal
roperties of some of the composites with compositions either
ame as or close to those of the investigated materials are also
ncluded in this table for the purpose of comparison.

s
t
r
t
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The trends observed in the CTE of the different composites
nvestigated in this study can be explained qualitatively by con-
ideration of ROM. The results in Table 4 indicate that among
he investigated composites, the CTE of ZSS shows the smallest
eviation from the value predicted by the ROM for both low and
igh temperature ranges, which could be due to strong interfa-
ial bonding in this material. As the average CTE of Si3N4 is
ess than that of either ZrB2 or SiC in the range of 20–1000 ◦C,
ts presence is effective in lowering the CTE of the ZSS with
espect to those of other investigated materials being tested in the
ame temperature regime. The results pertaining to ZSS are also
onsistent with those of an earlier study on the MoSi2–Si3N4
omposite.43 Furthermore, the difference between the experi-
entally determined CTE and the corresponding ROM value is

he highest (≈20%) in case of the ZZSS composite, and such
 large difference is attributed to the diminished role of SiC
n this material due to the presence of ZrC, which has higher
TE than SiC. In an earlier study,6 the difference between the
xperimentally determined dynamic Young’s modulus and the
orresponding value predicted by ROM has been found to be
reater for the ZZSS composite than that for either ZS or ZSS.
his observation is suggestive of relatively poorer interfacial
ond in the ZZSS, which could have contributed to greater devi-
tion of the experimentally obtained CTE with respect to the
redicted value.

It is interesting to note that that the differences between
he experimentally obtained CTE values and those obtained
y the ROM are within ±3–5% within the lower temperature
ange of 20–200 ◦C, while such deviations are consistently pos-
tive and much greater (approximately 4 times more) in the
levated temperature regime of 20–1000 ◦C. For example, the
TE value found at 1000 ◦C for either ZS or ZSS is found to
xceed that predicted through the corresponding ROM calcula-
ion by ≈14%, while the difference is higher (≈20%) for the
ZSS composite. This observation indicates that the presence
f reinforcement phase like SiC or Si3N4 with lower CTE as
ell as a large area fraction of particle–matrix interfaces has

ignificant role in restraining the expansion of the surrounding
atrix phase at lower temperatures, but these are not so effec-

ive at higher temperatures. It has been proposed by Zimmerman
t al.12 that the SiC particles in the ZrB2 matrix experience
esidual stress, which is compressive at lower temperatures due
o the differential thermal contraction during cooling from the
rocessing temperature. This stress tends to become tensile on
ncreasing the temperature to or beyond 1000 ◦C, because the
rB2 matrix tends to expand significantly more than the SiC

einforcement. The increased extension of ZrB2 matrix during
eating has been attributed to softening and extension of low-
elting matrix grain boundaries or particle–matrix interfacial

hases.17

Comparison of the CTE values experimentally obtained in
his study (as shown in Table 4) for the ZrB2 based com-
osites with those reported for similar type of materials1,12,17
hows excellent agreement. On the other hand, the experimen-
ally determined CTE of the HS composite for the temperature
ange of 20–200 ◦C (Table 4) appears to be somewhat lower
han that (6.10 ×  10−6/◦C) reported for a similar temperature
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Table 4
Thermal expansion coefficients of the investigated ZrB2 and HfB2 based composites, as obtained by experiments and predicted by theoretical calculations using the
ROM. The results of other studies on constituent phases and similar composites are shown for comparison.

Materials Coefficient of thermal expansion (CTE) 10−6/K

Temperature range (◦C) Experimental Predicted by ROM References

ZS
20–200 5.32 5.56 Present

study20–1000 7.85 6.74

ZSS
20–200 5.38 5.36 Present

study20–1000 7.59 6.56

ZZSS
20–200 5.61 5.43 Present

study20–1000 8.20 6.53

HS
20–200 5.56 5.4 Present

study20–1000 7.77 6.72

ZrB2
25–250 6.68 – 17
25–1000 7.17 –

HfB2
25–250 6.48 – 17
25–1000 7.15 –

SiC
20 1.1 – 40

1000 5.0 –

Si3N4
20–500 2.6 – 42
20–1000 3.7 –

ZrC 20–1000 7.01 – 36

ZrB2–20SiC
25–250 6.21 – 17
25–1000 6.84 –

HfB2–20SiC
25–250 6.10 – 17
25–1000 6.73 –
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rB2–20SiC–4Si3N4
25–800 7.0
25–1000 7.4

ange by Loehman17 but shows closer agreement with the value
∼5.4 × 10−6/◦C) reported by Gasch et al.44

.4.2.  Comparison  of  results  with  theoretical  predictions
or two  phase  materials

Levin45, Rosen and Hashin46 and Schapery47 have indepen-
ently shown that the linear thermal expansion coefficient of an
sotropic two phase composite can be written in its exact form
s27:

αeff)u =  f1α1 +  f2α2

+ α1 −  α2

(1/K1) −  (1/K2)

[
1

Keff
− f1

K1
− f2

K2

]
(12)

onsidering that Kl ≤  Keff ≤  Ku, the upper and lower bounds
f K  can be obtained from the Hashin–Shtrikman bounds.48

nder such a situation, Eq. (12) can be further modified to
alculate both upper and lower bounds of α  in the following

anner:

αeff)u =  α1 −  f2(α1 −  α2)

K2(3K1 +  4G1)

K1(3K2 +  4G1) +  4f2G1(K2 −  K1)
(13)

w
w
l
b
p

– 1
–

αeff)l =  α2 −  f1(α2 −  α1)

K1(3K2 +  4G2)

K2(3K1 +  4G2) +  4f1G2(K1 −  K2)
(14)

here (αeff)u and (αeff)l are the upper bound and lower bounds,
espectively, of CTE of the given composite, whereas α, K, G  and

 are the CTE, bulk modulus, shear modulus and volume fraction,
espectively. In these expressions, the subscripts 1 and 2 repre-
ent matrix and reinforcement phases, respectively. The values
f K  and G  for ZrB2, HfB2 and SiC used for the calculations
ave been collected from the literature.40,49

The Kerner’s model50,51 assumes that the reinforcement is
pherical, and is wetted by a uniform layer of matrix. Thus,
he composite is stated to be made of volume elements having a
pherical reinforcement particle surrounded by a shell of matrix.
sing this model, the CTE is found from the relation50:

c = ᾱ −  f2(1 −  f2)(α2 −  α1)

K2 −  K1

(1 −  f2)K1 +  f2K2 +  ((3K1K2)/(4G1))
(15)

here α  is the ROM value given by ᾱ  =  (1 −  f2)α1 +  f2α2,

hile the subscript, c stands for the composite. The upper and

ower bounds of CTE of ZS and HS composites calculated on the
asis of the Hashin–Shtrikman relations, as well as theoretical
redictions by the Kerner’s model and ROM are shown as bar
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Fig. 5. Bar charts depicting the experimentally obtained CTE of ZS and HS
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omposites in the temperature ranges of 25–200 ◦C and 25–1000 ◦C along with
esults of theoretical predictions.

harts in Fig. 5 along with the experimentally obtained values.
 careful comparison of the results in this figure shows that

he experimentally obtained CTE values of both ZS and HS in
he temperature range of 20–200 ◦C are remarkably close to both
he corresponding values obtained using either ROM or Kerner’s

odel, and are slightly less than the upper limit predicted by the
ashin–Shtrikman relation. On the other hand, the experimental
TE values of both these composites for the temperature range
f 20–1000 ◦C appear to be ≈10% higher than the corresponding
pper bound predicted by the Hashin–Shtrikman relation, while
he differences with the predictions of ROM and Kerner’s model
re still greater (13.5–14%).

.  Conclusions

Electrical and thermal conductivities as well as ther-
al expansion coefficients of ZrB2–20 vol.% SiC (ZS),
rB2–20 vol.% SiC–5 vol.% Si3N4 (ZSS), ZrB2–20 vol.%
rC–20 vol.% SiC–5 vol.% Si3N4 (ZZSS) and HfB2–20 vol.%
iC (HS) composites have been investigated. The following
onclusions may be drawn from the present study:

(i) The electrical resistivity values of the investigated ZrB2-
based composites appear to increase with decreasing ZrB2
content, and these values have been found to be less
than that of the HS composite. The average interfacial
resistances between the constituents of the ZrB2-based
composites are found to increase with addition of phases
having lower electrical conductivity.

(ii) Addition of 20 vol.% SiC to either ZrB2 or HfB2 matrix
composites leads to significant increase in their thermal
conductivities with respect to those of their monolithic

matrices. Presence of 5 vol.% Si3N4 in ZSS is found to
marginally lower the thermal conductivity. However, addi-
tion of 20 vol.% ZrC at the expense of ZrB2 can be

1

eramic Society 32 (2012) 2545–2555

considered responsible for relatively lower thermal con-
ductivity of the ZZSS composite.

iii) The contribution of electronic transport to thermal con-
ductivity exceeds that of phonons for both ZS and ZSS
composites, while it is lower than that of ZZSS and HS
composites. The thermal conductivities of these compos-
ites are found to decrease with increase in temperature due
to lower mean free path for electronic transport and phonon
scattering at higher temperatures.

iv) The variation of linear thermal expansion per unit length
with temperature can be best described using third degree
polynomial relations. Thermal expansion of each investi-
gated composite is found to be restrained by the presence
of SiC in the temperature range of 20–200 ◦C, in tune
with theoretical predictions, while the presence of ZrC in
ZZSS is found to increase its CTE. On the other hand, the
CTE values of the investigated composites have been found
to be higher than the corresponding theoretical predic-
tions at the temperature range of 20–1000 ◦C, which could
be explained due to weakening of both particle–matrix
interfaces and matrix grain boundaries with increasing tem-
perature.
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