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Abstract

Short pitch-based carbon fiber-reinforced ZrB2-20 vol% SiC matrix composites, with fiber volume fractions in the range of 0–50%,

were manufactured by a hot-press process. Highly dense composite compacts were obtained at 2000 1C and 20 MPa for 60 min in Ar

atmosphere. The microstructure of the resulting composites was characterized by scanning electron microscopy. The thermal and

electrical properties of the composites were evaluated at room temperature. The effects of fiber volume fraction on these properties were

assessed. The thermal and electrical conductivities decreased with increase of fiber volume fraction. The thermal conductivities of the

composites were 48.3–104.7 W m�1 K�1. The electrical conductivities of the composites were in the range 0.79� 104–3.02� 104 O�1 cm�1.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Hafnium and zirconium diborides belong to the refractory
transition metal diborides from the fourth to sixth group of
the periodic table. Most of theses diborides, typically ZrB2

and HfB2, have melting point above 3000 1C, high hardness,
good wear resistance, excellent thermal conductivity, and
high electrical conductivity, making them potential candi-
dates for thermal protection structures for leading-edge parts
on hypersonic re-entry space vehicles at over 1800 1C and/or
for substrate on electrical device [1–3]. However, the use of
ZrB2 or HfB2 ceramic materials, even fully densified, in
thermomechanical structural applications is limited by their
poor fracture resistance and damage tolerance.

One of the most promising solutions for improving
fracture resistance and damage tolerance is to apply
continuous ceramic fiber to monolithic ceramic for fabri-
cating a fiber-reinforced ceramic matrix composite [4].
Recently, studies with short PAN- or pitch-based carbon
fiber or/and SiC fiber-reinforced SiC-modified ZrB2 or
e front matter & 2013 Elsevier Ltd and Techna Group S.r.l. A
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HfB2 matrix composites showed the improved fracture
toughness and damage tolerance as well as lowered density
[5–8], as a result of crack bowing, and crack deflection or
bridging and low density of fiber. In particular, the pitch-
based carbon fiber-reinforced HfB2-20 vol% SiC matrix
composites showed higher strength at 1600 1C than at
room temperature [8]. Hence, in addition to improvement
of fracture toughness or/and damage tolerance due to
incorporation of fiber, the high temperature strength of the
composites was improved as well. Thus, compared to
monolithic hafnium and zirconium diborides, the carbon
or SiC fiber-reinforced ZrB2 or HfB2 matrix composites
should be more suitable potential materials for the thermo-
mechanical structural applications at high temperature. In
particular, the pitch-based carbon fiber-reinforced ZrB2-
based matrix composites are considered as the most
promising candidate materials for these applications,
because the density of ZrB2 is approximately half density
of HfB2 as well as the excellent thermal conductivity of
pitch-based carbon fiber. However, the thermal and elec-
trical properties of the composites and effects of fiber
volume fraction are not well-known. The thermal and
electrical properties are the important physical properties
ll rights reserved.
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for the ZrB2-based ceramic composites when they are
considered to use for refractory applications in thermo-
mechanical structural applications or for substrate of
electrical devices. Therefore, it is necessary for the carbon
fiber-reinforced ZrB2-based matrix composites to learn
their thermal and electrical properties and the effects of
fiber volume fraction.

In the present study, the short pitch-based carbon fiber-
reinforced ZrB2-20 vol% SiC matrix composites, with
different fiber volume fractions between 10% and 50%,
were manufactured by a hot-press process. The densifica-
tion behavior of the composites was monitored by measur-
ing the changes in sintering displacement with temperature
along the pressure direction. The microstructures of the
resulting composites were characterized by field emission
scanning electron microscopy (FE-SEM). The thermal and
electrical properties of the resulting composites were
examined at room temperature by a nanoflash technique
and a current–voltage method, respectively. Also, the
effects of fiber volume fraction on the densification
behavior, thermal and electrical properties of the compo-
sites were discussed.

2. Experimental procedure

The starting powders used in this study were: ZrB2

(Grade O, Japan New Metals, Osaka), average particle
size E2.12 mm, a-SiC (UF-15, H.C. Stack, Berlin, Ger-
many), average particle size E0.5 mm, and pitch-based
carbon fiber (XNG-90, Nippon Graphite Fiber Corpora-
tion, Tokyo), average fiber length E0.5 mm. The ZrB2

and SiC powders (20% in volume) containing 2 wt% B4C
and 1 wt% C additives were mixed in ethanol using a
silicon carbide media for 24 h. Subsequently, the short
carbon fibers were added to the as-received ZrB2-20 vol%
SiC mixture slurry and the slurry were further mixed to a
homogeneous mass using a planetary centrifugal mixer in
ambient air for 3 min (ARE-310, Thinky Corporation,
Tokyo). The resulting ZrB2-20 vol% SiC slurry containing
carbon fibers was then dried in oven. To examine effects of
fiber volume fraction on the densification behavior, the
thermal and electrical properties, six compositions of 0, 10, 20,
30, 40 and 50 vol% short pitch-based carbon fiber-reinforced
Table 1

The compositions, densities, and average grain diameter of the short pit

consolidated by hot-pressing process.

Materials Composition of matrix (wt%) Fiber content Vf

(vol%)

Bulk den

(g cm�3)
ZrB2 SiC B4C C

ZSGF00 84.7 12.3 2 1 0 5.23

ZSGF10 84.7 12.3 2 1 10 4.91

ZSGF20 84.7 12.3 2 1 20 4.59

ZSGF30 84.7 12.3 2 1 30 4.29

ZSGF40 84.7 12.3 2 1 40 3.92

ZSGF50 84.7 12.3 2 1 50 3.61
ZrB2-20 vol% SiC matrix composites (Gf/ZrB2–SiC) were
prepared in this study. Hereafter, the six compositions
Gf/ZrB2–SiC composites are denoted as ZSGF00, ZSGF10,
ZSGF20, ZSGF30, ZSGF40, and ZSGF50 (Table 1),
respectively.
The obtained powder mixtures were hot-pressed (NEW-

HP5, Nissin Giken Co. Ltd., Saitama, Japan) in the
graphite dies in tablets averaging 21 mm� 25 mm� 3.5
mm in size. The temperature of the sample was monitored
by a two-color optical pyrometer through a hole opened in
the die. To obtain highly dense samples, the powder
compacts were heated to 2000 1C under a pressure of
20 MPa in a flowing Ar atmosphere with a heating rate of
�20 1C/min. After the hot press was held at 2000 1C for
60 min, the load was removed and the sample was cooled
to 500 1C with �15 1C/min, and the electric powder was
then shut off.
After removing the surface of the hot-pressed compacts

to avoid contamination from the graphite die, the bulk
densities r, of the composites were measured by the
Archimedes method with distilled water as the medium.
The theoretical densities of the composites were calculated
according to the rule of mixtures. Density values of 6.09 g/
cm3 for ZrB2, 3.22 g/cm3 for SiC, 2.52 g/cm3 for B4C,
1.8 g/cm3 for C, and 2.12 g/cm3for pitch-based carbon
fiber are used in the calculation of theoretical density of
the composites. The microstructure of the resulting com-
posites was characterized by the FE-SEM. The grain sizes
d, of ZrB2 and SiC in the matrix were determined by
measuring the average linear intercept length, dm, of the
grains in FE-SEM images of the composites, according to
the relationship of d¼1.56dm [9].
The thermal conductivity of the composites kc, is

determined from the thermal diffusivity a, heat capacity
Cp, and density r, according to the following equation [10]:

Kc ¼ rCpa ð1Þ

The thermal diffusivity was measured on a disk-shaped
specimen with diameter of 10 mm and thickness of �2 mm
using the nanoflash technique (LFA447/2-4N, Nanoflash,
NETZSCH-Geratebau GmbH, Postfach, Germany). Prior
to the measurements, the samples were coated with a
colloidal graphite spray to enhance the absorption of the
ch-based carbon fiber-reinforced ZrB2-20 vol% SiC matrix composites

sity Real density

(g cm�3)

Relative density

(%)

Average grain diameter, d (mm)

ZrB2 SiC

5.24 99.8 2.5971.01 1.3170.74

4.93 99.6 2.5571.29 1.4770.86

4.62 99.4 2.7971.31 1.6570.85

4.31 99.5 2.8271.25 1.3570.59

3.99 98.2 3.0171.32 1.3670.55

3.68 98.1 2.3771.12 1.3170.71
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Xenon light pulse energy and the emission of IR radiation
to the temperature detector. The heat capacity was
determined with alumina as the reference material.

Moreover, the electrical conductivity measurements of
the composites were performed using the standard four-
point probe method at room temperature to reduce the
effects of contact resistance. A power supply (Model: 6220,
Keithley, Cleveland, Ohio, USA) and digital multimeter
(Model: 2182 Nanovoltmeter, Keithley) were used to
measure the I–V characteristics of the samples. The
detailed measurement procedures for the thermal and
electrical conductivities had been reported elsewhere [11].
3. Results and discussion

3.1. Densification behavior

The typical shrinkage curves obtained during the hot
pressing cycle for the six composition composites are
shown in Fig. 1. It is found that the shrinkage behavior
of the composites was linked to fiber volume fraction. The
measurable shrinkage was initially observed at the tem-
perature range between 1450 1C and 1780 1C for the six
composition composites, depending on fiber volume frac-
tion. For the ZrB2-20 vol% SiC matrix without addition of
carbon fiber, the noticeable shrinkage initially occurred at
approximately 1450 1C. For comparison, the onset tem-
perature of densification of the composites was determined
to be �1460 1C for ZSGF10, �1470 1C for ZSGF20,
�1540 1C for ZSGF30, �1560 1C for ZSGF40, and
�1780 1C for ZSGF50. Although the onset temperature
shifted a higher temperature with increase of fiber volume
fraction, the significantly raised temperature was observed
only for a fiber volume fraction equal to or greater than
30%. In other words, the onset temperature of densifica-
tion is almost the same for the composites which fiber
volume fraction is equal to or less than 20%, regardless of
fiber volume fraction. However, for 50 vol% fibers-containing
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Fig. 1. Typical shrinking curves obtained during the hot-pressing cycle

for the short pitch-based carbon fiber-reinforced ZrB2-20 vol% SiC

matrix composites.
composite (ZSGF50) the onset temperature of densification
was markedly raised and it was �330 1C higher than that of
the matrix (ZSGF00). The increase in the onset temperature
of densification due to the presence of the fiber showed that
the densifying mechanism of the ZrB2–SiC matrix powder,
such as grain boundary diffusion and grain boundary migra-
tion, was inhibited during the heating. Hence, the activated
densification of the matrix was shifted to a higher tempera-
ture, as a result of the presence of fiber.
During the subsequent densification followed the acti-

vated temperature, a rapid shrinkage region was observed
in the displacement–time curves with further increasing
temperature for all the composites (Fig. 1). The shrinkage
rate depended on the amount of fiber and it decreased with
increase of fiber volume fraction. This indicated that the
presence of fiber hindered the densification progress of the
matrix. In addition, the observed rapid shrinkage region
became narrow with the fiber volume fraction. This
suggests that the resistance to densification due to the
presence of fiber increased with amount of fiber. For the
ZrB2-20 vol% SiC matrix (ZSGF00), the rapid shrinkage
almost ended when the temperature approached to
2000 1C. For the other compositions, the rapid shrinkage
ended after the holding time of �5 min at 2000 1C.
On the other hand, for ZSGF00 composition the

shrinkage was not observed during the isothermal heating.
This suggests that the densification was completed during
the heating. Relative density exceeding 99% was obtained
for ZSGF00 composition at 2000 1C and 20 MPa for
60 min (Table 1). An early study in the hot-pressed ZrB2-
20 vol% SiC composition showed that the densification
required 1900 1C at 20 MPa for 60 min. For the other five
compositions, the densification was not completed during
the heating and the densification carried out continuously
during the subsequent isothermal heating. For ZSGF10,
the noticeable shrinkage was observed only within �10
min followed the isothermal heating, and then a plateau
was observed in the curve. Hence, for ZSGF10 the main
part of densification occurred during the heating. For a
composite with the fiber volume fraction equal to or
greater than 20%, however, the shrinkage proceeded
during the isothermal heating until the end of sintering,
absence of the plateau in the curve. Relative density
exceeding 98% was obtained for these compositions
composites at 2000 1C and 20 MPa for 60 min (Table 1).
This indicated that highly-dense composite compacts could
be manufactured, by using the hot press process.

3.2. Microstructure characterization

To characterize the dispersion condition of fibers in the
resulting composites, the five compostions samples were
observed at low-magnification under FE-SEM, typical
examples of which are shown in Fig. 2. It is found that
the short carbon fibers were randomly and uniformly
dispersed in the matrix without the aggregation of fibers
for all the composition composites, independent on fiber



Fig. 2. Typical examples of FE-SEM micrographs of the microstructures for the composites: (a) ZSGF10, (b)ZSGF30, (c) ZSGF40, and (d) ZSGF50.
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volume fraction. The absence of the fiber clumps suggests
that the short fibers were homogeneously dispersed in the
matrix slurry after mixing. This indicated that the mixing
method used in this study is very effective for homoge-
neously dispersing short fibers in ceramic slurry although
the mixing time was very short (only 3 min). This short
mixing time may reduce the damage of fibers due to
mixing. In addition, the large macro-defects such as pores
and cracks were not observed, showing highly dense
composites, which agrees with the high densities measured
in the resulting composites (Table 1).

Under high-magnification (Fig. 3), although no pore was
observed for a fiber volume fraction equal to or less than
30% (Fig. 3(a)), several small pores were observed at the
fiber/matrix interface or at multi-fibers junctions for a
composite containing equal to or greater than 40 vol%
fibers (indicated by arrows in Fig. 3(b)). In addition, it is
found that the matrix showed a homogeneous and fine
grain microstructure and it consisted of the equiaxed ZrB2

(brighter contrast) and SiC (dark contrast) grains (Fig. 3(c)
and (d)). The grain sizes of ZrB2 and SiC measured in six
compositions composites were summarized in Table 1. For
ZrB2 phase, the grain size increases with increase of fiber
volume fraction, with particles size ranging from 2.55 to
3.01 mm. Apparently, the average grain diameter of ZrB2

was larger than that of starting powder (2.12 mm), as a
result of grain growth during the sintering. Presumably,
the coarseness of ZrB2 grains due to addition of fiber is a
result of the hindered effect of fiber from breaking apart
the agglomeration of ZrB2 particles during the mixing
process. One exception was nearly the same grain size of
ZrB2 for both the ZSGF00 and ZSGF50 composites,
regardless of the presence of fiber. This suggests that the
hindered effect of fiber disappeared when the fiber volume
fraction is equal to 50%. For SiC phase, on the other
hand, the grain size increased as the fiber volume fraction
increased from 0% to 30%, then the grain size retained
almost the constant and its size was similar to that of
ZSGF00, regardless of the amount of fibers. The SiC
grains had a particles size ranging from 1.31 to 1.65 mm,
which is larger than that of the starting powder (�0.5 mm).
It is evident that the addition of fiber hindered from
breaking apart the agglomeration of SiC particles during
the mixing process. As a result, the clusters of SiC particles
were fused together during hot pressing to form larger SiC
particles. However, the hindered effect of fiber was
observed only for a fiber volume fraction equal to or less
than 30%.
Fig. 4 showed typical examples of FE-SEM micrographs

near the boundary between the fiber and the matrix for a
longitudinal fiber and transverse fiber in the composites. In
the cross-section (Fig. 4(a)), the surface of fiber exhibits an
inherent saw-toothed front shape. In addition, several
porosities were observed within the fiber. In the plan-
section (Fig. 4(b)), the fibers appear to be uniform in
structure. This suggests that there is little difference in
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microstructure across the fiber section. In addition, it is
found that the fiber consisted of a lot of thin sheets and the
gaps were presented between the sheets. Naito et al., [12]
had previously reported that the pitch-based fibers have a
sheet-like microstructure and the crystallite sheets were
well-defined and less curved. Additionally, there are
gaps between the crystallite sheets, which led to pull out
of the sheets at failure. On the other hand, an earlier study
in a PAN-based carbon fiber-reinforced ZrB2–SiC compo-
site consolidated by hot-press at 2000 1C showed the
presence of the interfacial reaction layer between the fiber
and matrix [5]. Although similar interfacial reaction should
be expected for the pitch-based carbon fiber reinforced-
ZrB2-20 vol% SiC matrix composites investigated in this
study, a noticeable interface reaction layer was not
observed between the fiber and the matrix in the both
sections (Fig. 4), and further detailed investigation is
needed.

3.3. Thermal properties

In Fig. 5, the heat capacity and thermal diffusivity as a
function of fiber volume fraction for the composites are
presented. From this figure, it is found that the heat
capacity was almost constant for the composites, regard-
less of fiber volume fraction. For comparison, the thermal
diffusivity linearly decreased with increasing fiber volume
fraction. This suggests that the thermal conductivity of the
composites is mostly dominated by the thermal diffusivity
in the composites. The lowered thermal diffusivity due to
addition of carbon fiber indicated that the added fibers led
to increase in resistance to the heat flow in the composites
through the components and their interfaces, and this
thermal resistance was enhanced with increase of fiber
volume fraction. The thermal conductivity of the compo-
sites as a function of fiber volume fraction is shown in
Fig. 6. The composites showed a good thermal conductor,
with thermal conductivities in the range of 48–105 W/m K.
The thermal conductivity of the composites monotonously
decreased with increase of fiber volume fraction. The
dependency of thermal conductivity on fiber volume
fraction is similar to that of thermal diffusivity. This
similar dependency of fiber volume fraction indicated that
the thermal conductivity of the composites is dominated by
the heat flow in the composites.
It is known that the thermal conductivity of the

composites depended on the thermal conductivity of the
components and the interfacial thermal resistance between
the fiber and the matrix. Although the pitch-based carbon
fiber used in this study has very high thermal conductivity
(500 W/m K), compared to the ZrB2-20 vol% SiC matrix
(105 W/m K), the thermal conductivity of the composites
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decreased with increasing fiber volume fraction. As a
result, the decrease in thermal conductivity due to addition
of fiber is believed to be attributed to the interfacial
thermal resistance between the fiber and the matrix [13].
It is evident that the interfacial thermal resistance
increased with fiber volume fraction, therefore decreased
thermal conductivity. An early theoretical study [14] in a
composite-containing circular cylindrical dispersions
showed that thermal conductivity of the composite was
predicted by a simple equation. Assuming the interactions
between the local temperature fields of neighboring dis-
persions are negligible, the thermal conductivity of the
composites, kc is given by [14]

Kc ¼Km

g�b�1ð ÞVf þ 1þgþbð Þ

1þg�bð ÞVf þ 1þgþbð Þ
ð2Þ

where b is the nondimensional parameter, g (g¼kf/km) is
the ratio of thermal conductivity of fiber to thermal
conductivity of matrix, and Vf is the fiber volume fraction.
The b is given by

b¼
Kf

Rf hi

ð3Þ

where kf is the thermal conductivity of the fiber, Rf

(¼5 mm) is the radius of fiber, and hi is the interfacial
conductance between the fiber and the matrix, ranging
from 0 to N. For hi¼0 (i.e. b¼N), no heat can flow
across the interface between the fiber and the matrix into
the fibers, which then can not contribute to the transfer of
heat, irrespective of the absolute value of kf. For hi¼N

(i.e. b¼0), heat can completely across the interface
between the fiber and the matrix into the fibers, without
the interfacial thermal barrier resistance. With km¼105
W/m K (Fig. 6) and kf¼500 W/m K, and taking b value
ranging from 10 to 35, the thermal conductivities of the
composites are calculated by Eq. (2), whose results are
shown in Fig. 6. It is found that the predicted thermal
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conductivities of the composites roughly agree with the
experimental measurements when b value ranges from 20
to 30. In particular, for b¼25 the predicted values are the
most close to the experimental data. This agreement
indicated that the dependency of the fiber volume fraction
for the thermal conductivity of the composites is mainly
dominated by the interface thermal transport between the
fiber and the matrix. Thus, it is believed that the decreased
thermal conductivity due to addition of fiber could be due
to high interface thermal resistance across the fiber/matrix
interface for the composites investigated in this study.
3.4. Electrical properties

In Fig. 7, the electrical resistivity of the omposites as a
function of fiber volume fraction is presented. The elec-
trical resistivity of the composites monotonously increased
with increasing fiber volume fraction. An early systemic
study on effect of amount of SiC on the electrical resistivity
in the ZrB2–SiC composites showed that the electrical
resistivity sharply increased with SiC content over 70 vol%
[15], i.e., the presence of an electrical percolation threshold.
However, the electrical percolation threshold was not
observed in the composites investigated in this study.
The studied composites showed a good electrical conduc-
tor, with the electrical resistivities in the range of
3.32� 10�5�12.66� 10�5O cm. The corresponding elec-
trical conductivities are in the range 0.79� 104�3.02�
104O�1 cm�1. The increase in electrical resistivity due to
the addition of fiber is a result of the high electrical
resistivity of the fiber, because the electrical resistivity of
the fiber (30.2� 10�5O cm) is much greater than that of
ZrB2-20 vol% SiC matrix (3.32� 10�5O cm). The presence
of fiber produces a higher resistance to electron mobility in
the composites and the resistance increases with increase of
fiber volume fraction, therefore high electrical resistivity.
The electrical resistivity in the composite which consists
of a continuous matrix and dispersed phase, dc, is given
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by [16]

dc ¼ dm

1þABVf

1�BjVf

ð4Þ

B¼
df =dm�1

df =dmþA
ð5Þ

j� 1þ
1�f

f2

� �
Vf ð6Þ

Where dm and df are the electrical resistivity of the matrix and
the fiber, respectively, A is a constant for any given composite
and it depends primarily on the shape of the dispersed phase
and how it oriented with respect to the direction of flow of
electrical currents, and f is the maximum packing fraction of
the dispersed phase. In addition, Eqs. (4)–(6) include an
infinite number of mixture laws. When A-N and f=1, the
Eqs. (4)–(6) are in the original Halpin–Tsai equation, and
they become the rule of mixture as following:

dc ¼ dm 1�Vf

� �
df Vf ð7Þ

when A-0, the equations become the inverse rule of
mixtures,

1

dc

¼
1�Vf

dm

þ
Vf

df

ð8Þ

Obviously, Eqs. (7) and (8) are generally named the rule
of mixtures and they are used to predict electrical resistiv-
ity in parallel to fiber and transverse to fiber for a
continuous fiber-reinforced matrix composite. Intermedi-
ate values of A give mixture rules which are between these
upper and lower bounds.
In the studied short-fiber-reinforced ceramic matrix com-

posites with three dimensional random (Fig. 2), the constants
A and f are taken approximately 1 and 0.52 [16], respec-
tively. With dm¼3.32� 10�5 O cm and df¼30.2�
10�5 O cm, the electrical resistivity of the composites
as a function of fiber volume fraction was predicted by
Eqs. (4)–(6), as shown in Fig. 7. It is found that the predicted
electrical resistivity well-agreed with the experimental mea-
surements in the composites investigated in the present study.
One exception is the high predicted electrical resistivity value
for the case of 50 vol% fibers which is approximately equal
to the maximum packing fraction of the fibers (f¼0.5), i.e.,
fEVf. An early theoretical study in the electrical resistivity
in two-phase systems [16] demonstrated that the predicted
values by Eqs. (4)–(6) are somewhat too high when f¼Vf if
the discontinuous dispersed phase is the more resistant of the
two phases. Presumably, the discrepancy at fEVf is that the
jVf approaches to 1.0 which is considered as a reduced
concentration when the maximum packing fraction of the
fibers is equal to the fiber volume fraction for the composites
(f¼Vf) rather than at Vf¼1. This suggests that the inter-
facial effect between the fiber and the matrix needs be
considered in the prediction of the electrical resistivity of
the composite when the fiber volume fraction approaches to
the maximum packing fraction of the fiber in the composites.
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4. Conclusions

In summaries, highly dense short pitch-based carbon fiber-
reinforced ZrB2-20 vol% SiC matrix composites, with fiber
volume fraction ranging from 0% to 50%, were prepared by
hot-press process at 2000 1C and 20 MPa for 60 min.
The composite microstructure exhibited that the short fibers
were randomly and uniformly embedded in the homogeneous
equiaxed ZrB2 and SiC grains matrix microstructure. The
thermal conductivity of the composite decreased with
increase of fiber volume fraction, with the conductive values
range 48.3–104.7 Wm�1 K�1. The decrease due to addition
of fiber is attributed to the interfacial thermal barrier
resistance between the fiber and the matrix. In addition, the
electrical resistivity of the composites was in the range
3.32� 10�5–12.66� 10�5 O cm, and the electrical resistivity
increased with increase of fiber volume fraction.
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