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Abstract

Electrical resistivities, thermal conductivities and thermal expansion coefficients of hot-pressed ZrB,—SiC, ZrB,—SiC-Si3; Ny, ZrB,—ZrC-SiC-Siz; N,
and HfB,-SiC composites have been evaluated. Effects of Si3N4 and ZrC additions on electrical and thermophysical properties of ZrB,—SiC
composite have been investigated. Further, properties of ZrB,-SiC and HfB,-SiC composites have been compared. Electrical resistivities (at
25°C), thermal conductivities (between 25 and 1300 °C) and thermal expansion coefficients (over 25-1000 °C) have been determined by four-
probe method, laser flash method and thermo-mechanical analyzer, respectively. Experimental results have shown reasonable agreement with
theoretical predictions. Electrical resistivities of ZrB,-based composites are lower than that of HfB,—SiC composite. Thermal conductivity of ZrB,
increases with addition of SiC, while it decreases on ZrC addition, which is explained considering relative contributions of electrons and phonons to
thermal transport. As expected, thermal expansion coefficient of each composite is reduced by SiC additions in 25-200 °C range, while it exceeds

theoretical values at higher temperatures.
© 2012 Elsevier Ltd. All rights reserved.
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1. Introduction

Zirconium diboride (ZrB;) and hafnium diboride (HfB))
based composites with reinforcements forming silica on oxi-
dation, such as SiC and Si3zNy are considered as candidate
ultra-high temperature structural materials for use in sharp
leading edges and nose cones of atmospheric re-entry vehi-
cles as well as propulsion systems due to their high melting
temperatures, resistance to environmental degradation, and
desired thermal properties. It is well established in earlier
investigations!~© that the presence of SiC and Si3Nj particles in
the ZrB, or HfB; based composites not only improves sinterabil-
ity, but also leads to increase in strength, hardness and toughness
compared to that of the monolithic matrix phases, while addi-
tion of ZrC is known to improve the ablation resistance of these
materials.%” In an earlier study,® addition of 5 vol.% Si3Ny par-
ticles to the ZrB,—20vol.% SiC composite has been found to
enhance both flexural strength and fracture toughness measured
at room temperature.
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The materials with high thermal conductivity tend to have
impressive thermal shock resistance, as the thermal gradients
are minimized by enhanced conduction of heat away from a
locally heated zone, which is followed by its radiation away
from the surface. The values of room temperature thermal con-
ductivities of ZrB, and HfB, are about 57.9Wm~! K~! and
105 Wm~! K™, respectively.®? It is well established that ZrB,
or HfB; based composites having 20-30vol.% SiC particles
as reinforcement tend to have higher thermal conductivity than
that of the monolithic material.!%~!3 This observation has been
attributed to significantly higher thermal conductivity of the
SiC phase (reported as 125Wm~! K~! for sintered SiC and
490 W m~' K~! for single crystals)®!%1% compared to that of
the aforementioned matrices. Moreover, it has also been reported
that SiC addition (>5 vol.%), increases the thermal conductivity
of the ZrB>,—MoSi,-SiC composites.15

The thermal shock resistance of a given material is known
to depend partially on its coefficient of thermal expansion
(CTE), which directly influences the amount of thermal
strains introduced in the ceramic components used at ele-
vated temperatures. The CTE reported for ZrB, and HfB; are
5.9x107° and 6.3 x 1079 K™, respectively,® in the temper-
ature range of 27-1027 °C. Addition of SiC with lower CTE
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(~4.3 x 1079 K~1)1° than that of either ZrB, or HfB, is known
to reduce the thermal expansion of their composites,'” which
in turn is expected to increase the dimensional stability of
these materials. It has been previously reported that the nature
of interfacial bond as well as the total interfacial area in the
reinforced-matrices have a very strong influence on the CTE of
the composites in general.'®1?

Both ZrB, and HfB,-based composites are attractive because
of the excellent electrical conductivities of their matrices, which
make these materials amenable to electro-discharge machin-
ing for the purpose of near-net shaping. It has been observed
that the electrical conductivities of the ZrB;-based composites
depend on the volume fractions of the matrix phase.'?*° More-
over, the results of earlier studies have confirmed the dependence
of thermal conductivities of HfB, and ZrB, based materials at
a given temperature on their electrical conductivities, primar-
ily because the former property involves the contribution of
electronic mobility, besides that of phonons.!>!3

The thermal and electrical properties of both ZrB, and HfB,
based composites with similar compositions but with different
matrix grain sizes, reinforcement particle sizes, or methods of
processing have been often found to differ from one another.
Moreover, the presence of additional phases in different amounts
is also expected to have effect on both electrical and thermal
properties. In particular, the combined effect of SiC, SizNy4 and
ZrC additions on electrical and thermal properties of ZrB,—-SiC
composites is not well-understood, and hence demands further
studies to evaluate the role of different constituent phases. The
purpose of this study is to examine the effects of Si3N4 and ZrC
additions on both electrical and thermal conductivities as well
as thermal expansion behavior of ZrB,—SiC composites, and to
compare these properties with those of the HfB,—SiC composite.

2. Experimental procedure

The powders of ZrB,, ZrC, SiC and SizN4 were obtained
from H.C. Starck Ltd. (H.C. Starck GmbH, Im Schleeke, Goslar,
Germany), while the HfB, powder was obtained from Johnson
Matthey (Johnson Matthey Plc., London, UK). The purity of all
the as-received powders was >99.5%. Furthermore, the aver-
age sizes of ZrB,, HfB,, ZrC, SiC and SizN4 powder particles
were 3.54 £ 1.2 pm, 0.8 0.6 pm,4.75 +1.7,2.1 £0.9 pwm and
3.3 £ 1.1 pm, respectively. The powders having average compo-
sitions of ZrB,—20 vol.% SiC (ZS), ZrB,—-20 vol.% SiC-5 vol.%
Si3N4 (ZSS), ZrB,-20 vol.% ZrC-20 vol.% SiC-5 vol.% SizNy
(ZZS8S) and HfB,-20vol.% SiC (HS), were intimately mixed
by milling using balls and vials made of WC—Co composite in a
planetary mono-mill (Fritsch GmbH, Idar-Oberstein, Germany),
operated at a speed of 250 rpm for 2 h. The powder mixtures were
sintered under uniaxial pressure of 30 MPa using graphite dies
lined with grafoil inside a resistance heating furnace operated
at 2000 °C for 30 min in argon environment, to prepare discs
having 42 mm diameter and 4 mm thickness.

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

slow speed precision cutting diamond saw (Buehler Ltd., Lake
Bluff, IL, USA), and then sequentially polished using diamond
coated discs, abrasive SiC papers, and clothes smeared with
1 pm or 0.25 pm diamond lapping paste. The phases present
in their microstructures were delineated by X-ray diffraction
(XRD) analyses. Furthermore, the microstructures of the hot
pressed composites were examined on a field emission scanning
electron microscope (FESEM, Model: Zeiss Supra40, Carl Zeiss
NTS GmbH, Oberkochen, Germany) using secondary electron
(SE) and backscattered electron (BSE) imaging, while the chem-
ical compositions of the constituent phases were determined
simultaneously by using an energy dispersive X-ray (EDX) ana-
lyzer. The microstructures of the specimens were also examined
with the help of a transmission electron microscope (TEM,
Model: JEM 2100, JEOL, Japan) operated at an acceleration
voltage of 200kV, to examine primarily the grain boundaries
and particle-matrix interfaces. The images were recorded using
both bright and dark field microscopy, while the structures of
the constituent phases were examined by selected area diffrac-
tion (SAD). For estimating the grain size, average dimensions
of >100 grains were measured in the images obtained from both
SEM and TEM using image analyses.

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

TR

Ry = —— 1
*" 2 M

where 7 is the thickness and R is the resistance of the speci-
men. The resistances between the pairs of mutually orthogonal
contacts were measured, and the results were found to be sim-
ilar, confirming isotropic nature of electrical properties in the
investigated composites.

The thermal diffusivity of the investigated composites was
measured by laser flash method following the procedure
discussed in ASTM E1461.2! In this method, disc shaped
specimens with 12.7 mm diameter and 1.0 mm thickness were
subjected to high intensity short duration radiant energy pulse
using a laser beam. The incident energy absorbed on the front
surface of the specimen, leads to increase in the rear-face tem-
perature, which is recorded continuously with the purpose of
measuring the time required for it to reach 50% of the maxi-
mum value, termed usually as the half time (#1/2). The thermal
diffusivity (a) is calculated from the relation?!:

0.13879L2
a=—-
12

@

where L is the specimen thickness and #1/, is the half time. The
specific heat (c¢) of each investigated composite was calculated
from the specific heat data available in the literature®>>3 for
each constituent phase, and its corresponding weight fraction
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Fig. 1. SEM (SE) images showing the microstructures of: (a) ZS; (b) ZSS; (c) ZZSS and (d) HS composites.

by using the rule of mixtures (ROM). Thereafter, the thermal
conductivity (1) was calculated using the relation®':

A = cap 3)

where p is the density of the material measured at 20 °C.

The coefficients of thermal expansion (CTE) of the inves-
tigated composites were measured in the temperature range of
200-1000 °C by a thermo-mechanical analyzer (TMA, Model:
Diamond TMA, Perkin Elmer, USA). For this purpose, samples
with dimensions of 10 mm x 5 mm x 4 mm were sectioned with
the help of an Isomet slow speed diamond saw (Buehler Ltd.,
Lake Bluff, IL, USA) and heated at the rate of 5 °C per minute in
argon atmosphere, and the change in dimensions with increase
in temperature was continuously recorded. The value of CTE
(o) was calculated using the relationship:

AL
o =
LoAT

“

where Ly is the length of the samples at ambient temperature,
To~20°C, AL and AT are the changes in the length and the
temperature, respectively with respect to their initial values.

3. Results and discussion
3.1. Density and microstructure

The bulk densities of ZS,ZSS, ZZSS and HS composites have
been found through measurements based on the Archimedes’
principle to be 5.50, 5.33, 5.47, and 9.10 gcm ™3, respectively.
Analysis of these results indicates that the ZrB, based and HfB»
based composites have >98% and ~96% of the theoretical den-
sity, respectively.

The SEM (SE) images depicting the microstructures of the
hot pressed composites as shown in Fig. 1, confirm more
or less uniform dispersion of the constituent phases through-
out the matrix. The brighter constituents in these images are
ZrB, or HfB,, whereas the darker constituents are usually
either SiC or Si3Ny; the gray level of ZrC is in between that
of ZrB, and SiC/SizN4 (shown as inset in Fig. 1(c)). The
results of microstructural studies carried out on the investi-
gated ZrB,-based composites have been already discussed in
detail elsewhere.® Typical bright field TEM images of ZS and
Z7SS composites consisting of different phases are shown in
Fig. 2(a) and (b), respectively. Furthermore, examination of the
microstructure of the ZZSS composite as shown in Fig. 2(b),
and supplemented by EDX and SAD analyses at different loca-
tions has confirmed that the SizNy particles with an average size
<0.5 wm are present at grain boundaries or interfaces. Based
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Table 1
Electrical resistivities and conductivities of the investigated composites.

Materials Specimen thickness (cm) Voltage (mV) Current (mA) Resistance (u.€2) Resistivity (x 1073 Qm) Conductivity (x 10° S/m)
A 0.17 0.00133 100 13.3 10.25 9.76
7SS 0.25 0.00107 100 10.7 12.12 8.25
77S8S 0.25 0.00185 100 18.5 20.96 4.77
HS 0.40 0.00198 100 19.8 35.90 2.78

Fig. 2. Bright field TEM images depicting the microstructures of: (a) ZS and
(b) ZZSS composites.

on a thorough analysis of both SEM and TEM images of the
investigated ZrB,-based composites, the average sizes of ZrB;
grains and SiC particles are found to be 5.94 £2.25 um and
5.77 £ 3.49 pm, respectively. In a similar manner, the average
sizes of HfB, grains and SiC particles in HS have been found to
be 6.95 +3.04 wm and 5.77 £ 3.49 wm, respectively.

3.2. Electrical resistivity and conductivity

The values of electrical resistivity and conductivity obtained
through measurements using the Van der Pauw four-probe
method are shown in Table 1. Examination of these results shows
that the electrical conductivities of the investigated composites
decrease as ZS >ZSS >Z7ZSS > HS. Itis thus obvious that among
the ZrB;-based composites, electrical resistivity increases with
both increasing volume fraction of constituent phases having
conductivity less than that of ZrB;, and with increasing area of
the constituent interfaces. This observation is consistent with
the results of an earlier study by Guo et al.”’ who have reported
increase in electrical resistivity with increase in the volume frac-
tions of ZrC and SiC in the ZrB, based composites. An increase
in the value of electrical resistivity by ~2.5 times has also been
reported by Zhang et al.'3 on addition of 20 vol.% SiC particles
to the ZrB, matrix. It may be noted that the experimentally mea-
sured electrical resistivity of ZS shows excellent agreement with
the results (10.2 w2 cm) reported by Tye and Clougherty'”
while it appears to be less than that (*17.0 w2 cm) reported
by Zhang et al.'*> by as much as ~70%. The estimated value
of electrical resistivity for the ZSS is found to be ~25% less
than that reported for the ZrB;—20 SiC—4 SizN4 composite by
Monteverde etal.! The observed variations in the extent of agree-
ment can be considered to originate from the fact that electrical
conductivity of the composite is influenced by size, shape, distri-
bution and volume fraction of the reinforcement particles, matrix
grain sizes, purity of raw materials as well as the nature of the
matrix-reinforcement interfaces.

The results in Table 1 indicate that the HS composite
possesses higher resistivity than those of the investigated ZrB-
based composites, inspite of having the same amount of SiC
particulate reinforcement as that of the ZS composite. The pos-
sible explanations for such an observation are: (i) the electrical
resistivity of the HfB, is higher than that of ZrB»; and (ii) the
relative density of the hot pressed HS composite is about 2-3%
less than those of the investigated ZrB;-based composites, as
has been mentioned in Section 3.1. Existing literature shows
wide variation in the reported values of the electrical resistivity
of both ZrB, and HfB,, which are found to vary in the ranges
of 6.7-22 nQ cm'>?*2 and 6.3-16.6 .2 cm,?*2° respectively.
The differences between the results in different reports may be
attributed to the strong influence of process parameters, rela-
tive density of composite, as well as purity and grain size of the
constituent phases.

An average value of internal interface electrical resistance
has been calculated for the investigated composites using
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the following relation suggested by the Brick Layer Model
(BLM)?’:

=[G+ (D] ®

where o is the electrical conductivity of a typical single phase
material (the matrix phase in this study), ojy is the intrinsic
electrical conductivity of the matrix phase, Ry is the average
interfacial electrical resistance, and d is the average matrix grain
size. In Eq. (5), the intrinsic electrical conductivity of a given
phase is considered to be that of its single crystal. Hence, the
value of oy for ZrB, has been considered as ~2.17 x 107 S/m.28
The value of ¢ used in Eq. (5) has been calculated using the
effective medium approximation (EMA). In this approach, one
or more dispersed phases are present as isolated inclusions
surrounded by a medium, that is the matrix with an effective
electrical conductivity, oeg. The value of o for each of the
investigated composites is related to the intrinsic conductivities
of the constituent phases through the following relation®’:

Oeff — Oj
. — | 6
Py 20t + 07" ©

where o; and f; are the conductivity and the volume fraction
of the ith phase. For these calculations, the intrinsic electrical
resistivity of ZrB;, HfB, SiC, SizNy and ZrC have been taken
as4.6 uQ cm, 28 11 w2 em,85 x 103 w2 em,3° 1013 @ em30 and
49 Q2 cm,’! respectively. The experimentally obtained value of
thermal conductivity for each of the investigated composites has
been substituted for oegr in Eq. (6) to determine the value of o;
(=0,,) for the matrix. This is considered as appropriate, as the
matrix phase is polycrystalline with resistance contributed by
grain boundaries, and therefore its intrinsic conductivity cannot
be same as that of single crystal. This value of o, has been
used as the value of ¢ in Eq. (5). In this manner, the inter-grain
resistance of the matrix phase has been calculated, so as to match
the measured value of electrical conductivity. This approach is
similar to that followed by Zhang et al.'3

The values of Ry calculated for ZS, ZSS and ZZSS composites
have been found to be 1.50 x 10713 m?/S, 1.70 x 10713 m?%/S,
and 2.42 x 10713 m2/S, respectively. The value of Ry calculated
for the ZS composite is found to be &2 times higher than that
reported by Zhang et al.'? for pure ZrB; (0.76 x 10~13 m?/S),
which shows that there is significant increase in the electrical
resistance due to the presence of ZrB,/SiC interfaces in the
composite. On further comparison of the aforementioned results
pertaining to the investigated ZrB;-based composites, it is obvi-
ous that the value of Ry increases with increase in the number of
phases possessing lower electrical conductivity than that of the
matrix. Considering the ojy; of the HfB; as 1.35 x 107 S/m,13
the value of Ry has been found as 12.3 x 10713 m?/S for the
HS composite, which is considerably higher than that obtained
for ZS. Thus, it is inferred that higher internal resistance of the
HfB,-SiC interfaces is at least partly responsible for the elec-
trical resistivity of the HS composite being greater than those of
the investigated ZrB;-based composites.

Table 2

Thermal conductivities of the investigated ZrB, and HfB, based composites.
The results of other studies on constituent phases and similar composites are
also shown for comparison.

Materials Temperature (°C) Thermal conductivity References
(W/mK)
ZS 25 89.53 Present study
A 1000 74.79 Present study
7SS 25 102.74 Present study
7SS 1000 64.26 Present study
Z77SS 25 81.90 Present study
Z7SS 1000 52.92 Present study
HS 25 141.35 Present study
HS 1000 88.349 Present study
25 83.8 28
ZiBy 1000 81.8 8
25 105 32
HB, 1027 60 8
sic 25 114 33
! 1000 357 3
) 25 20 3
SisNy 1000 26.2 35
7iC 25 11.5 31
3 1500 27.2 36
. 25 99.2 10
ZrB,-20SiC 1000 79.0 10
. 28 128 1
HfB,-20SiC 1000 76 17

3.3. Thermal diffusivity, specific heat and thermal
conductivity

3.3.1. Experimental results and theoretical predictions

Plots depicting variations of thermal diffusivity, specific heat
and thermal conductivity with temperature for both ZrB, and
HfB, based composites are shown in Fig. 3(a)—(c), respectively.
For the purpose of comparison, the results reported by Loehman
et al.'? for pure ZrB, and HfB;» have been included in each of
these figures. In addition, the data for both ZrB,—20 SiC and
HfB,—20 SiC composites as published in earlier reports'!!7
have been also depicted in Fig. 3(c). The thermal conductivi-
ties of the investigated composites as shown in Fig. 3(c) have
been calculated with the help of Eq. (3) using the experimentally
determined values of densities and calculated values of specific
heat at different temperatures (Fig. 3(b)). The average values of
thermal conductivities of ZS, ZSS, ZZSS and HS composites
obtained at the temperatures of 25 °C and 1000 °C are shown
in Table 2. The thermal conductivities of monolithic ZrB,, SiC,
SizN4 and HfB; used for the theoretical calculations are also
shown in this table. Moreover, the results of earlier studies for the
composites having similar compositions as those being investi-
gated in this study, have also been included in this table for the
purpose of comparison.

The values of thermal conductivity obtained for the inves-
tigated materials, as shown in Table 2 are generally found to
have moderate to excellent agreement with those found from the
published literature. For example, the thermal conductivity of ZS
at 25 °C and 1000 °C are found to be reasonably close to the val-
ues reported %1317 previously for this composite. On the other
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Table 3
The ratio of electronic component (A¢) to total thermal conductivity (Aexp) at
room temperature (25 °C or 298 K).

Composites Aph Wm™T K™ Ae (Wm™TK™) helhexp
VA 18.3 71.23 0.8
7SS 425 60.24 0.6
77SS 47.1 34.83 0.43
HS 121.02 20.34 0.14

hand, the values determined for the HS are found to be slightly
higher than those reported by Zhang et al.'!3 for HfB,—5 vol.%
SiC composite within the investigated temperature range, which
may be attributed to higher SiC volume fraction in the inves-
tigated material. Furthermore, the values obtained for the HS
are more than the thermal conductivities reported by Loehman
et al.!” for the composite with identical composition by 9.5 and
14.4% for the tests carried out at 25 °C and 1000 °C, respec-
tively. The differences in this case may be attributed to the finer
average sizes of both matrix grains and SiC particles of the com-
posite investigated by Loehman, as compared to those in the HS.
Smaller grain size is expected to lead to higher area fraction of
interfaces, which in turn, is expected to contribute to greater
thermal resistance.’°

The thermal diffusivity at a given temperature has been pro-
posed to be due to the contributions of both electronic transport
and phonons in both ZrB;, and HfB, based materials.'%!3 The
ratio of electronic component (A.) to total thermal conductivity
(Aexp) at room temperature (25 °C or 298 K) has been reported
by Zhang et al.'* considering the relation:

he  298Lg
Aexp P )\exp

(N

where p is the electrical resistivity and Ly is the Lorenz num-
ber whose value has been taken as 2.45 x 1078 W (Q K?)~! by
Zhang et al.'® The ratio of AelAexp, for the investigated compos-
ites has been calculated by the above-mentioned relation, and
the estimated values have been included in Table 3. From the
results cited in this table, it can be inferred that (i) the ratio
of electronic contribution to thermal conductivity decreases as
ZS>7S5S>77SS>HS; and (ii)) among the ZrB,-based com-
posites, the electronic component of thermal transport decreases
with decreasing volume fraction of ZrB,. Moreover, the thermal
conductivity is found to fall more sharply with temperature for all
the composites other than ZS, which is suggestive of the greater
role of the decrease in the mean free path for phonon scattering
in these materials (composites other than ZS). Examination of
the results in Table 3 shows that the electronic component is pro-
portional to volume fraction of ZrB, phase in the investigated
ZrB;-based composites. Hence, based on the results of electrical
conductivity measurements, it is possible to propose that ther-
mal transport is facilitated by electrons in the ZrB, phase, and
by phonons in the other constituent phases. This observation
is also consistent with the value of Ae/Aexp being reported as
~1.0 for pure ZrB, by Zhang et al.!> Thus, through examina-
tion of the results in Table 3, it is appropriate to infer that the
contribution of free electron movement is more significant than
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that of phonons to thermal transport in case of the investigated
ZrB;-based composites. It may be noted that the electronic con-
tribution of 79% found for the ZS in the present study is close
to that reported earlier by Tye and Clougherty!? for a composite
with similar composition but having ZrB, grain size of 13 pum,
which is more than two times the average size of matrix grains
in the investigated composite. This observation suggests that
matrix grain size beyond a limiting value probably has negli-
gible effect on electronic or phonon contributions to thermal
conductivity.

From the value of Ae/Aexp Obtained for the HS composite as
shown in Table 3, it is inferred that the electronic transport is
much less relevant for thermal transport than that in the investi-
gated ZrB,-based composites. This observation is probably due
to lower electrical conductivity of the former material, as shown
in Table 1. It may be noted that in case of the HfB,—SiC compos-
ites, the value of Ae/Aexp has been found to decrease from 0.93
to 0.83 on change of SiC volume fraction from 5 to 3%, while
in the case of pure HfB,, this ratio has been found to decrease
from 1.0 to 0.92 on decrease in relative density from >98% to
~92%.'3 Probably, a systematic study needs to be carried out
by evaluating thermal and electrical conductivities of the HfB;-
based composite by varying the SiC volume fraction up to 20%
for a complete understanding of the role of SiC content in these
materials. From the observations reported in the literature,'? it
is inferred that the electronic component of thermal conductiv-
ity in the HfB,-based materials is very sensitive to both relative
density and SiC content.

The decrease in both thermal diffusivities and conductivi-
ties of the investigated materials with increasing temperature,
as shown in Fig. 3(a) and (c), respectively, can be attributed to
lower mean free path for electronic transport and phonon scat-
tering with increase in temperature, as has been pointed out by
Zimmermann et al.'> Moreover, the presence of interphase inter-
faces is expected to have strong influence on phonon scattering,
and therefore on the resultant thermal diffusivity of the compos-
ites, because of their role in the process of heat conduction by
damping of lattice vibrations or phonons.

The average interfacial thermal resistances (R;) have been
calculated for the investigated ZrB)-based composites using
a modified version of Eq. (5), with oy and Ry being substi-
tuted by Ain and R), respectively, where Ajy is the intrinsic
thermal conductivity of the matrix phase, and R, is the inter-
facial thermal resistance. Taking Ain~140Wm~—!K~! for
ZrB>3! and average matrix grain size as ~5.94 um, the ther-
mal resistance values of ZS, ZSS and ZZSS composites are
found to be 1.7 x 1078 m2 (kW)~1, 0.8 x 1078 m? (kW) ! and
3.5x 10783 m? (kW)~!, respectively. These values are found
to lie well-within the range typically reported in the previous
studies'3 on thermal properties of polycrystalline ceramics, that
is, 107710~ m2 (kW)_l. Moreover, the values of R; observed
for the investigated ZrB,-based composites are 1.3-6 times
greater than that reported for the spark plasma sintered ZrB,
(R, ~0.6 x 10783 m? (kW)~!) by Zhang et al.'? It may be noted
that the thermal conductivity value obtained at 25 °C by Zhang
et al.!3 for ZrB, is greater than that for ZrB,—20vol.% SiC
composite, which is consistent with lower interfacial or grain

boundary thermal resistance in the former material. However, as
the thermal conductivity of SiC is greater than that of ZrB», ther-
mal transport through the SiC phase is believed to have played
a significant role in controlling the thermal conductivity of the
investigated composites.

Comparison of the results in Fig. 3(a) and (c) indicates that
the thermal diffusivity and conductivity values of both ZS and
HS are consistently higher compared to those of monolithic
ZrB; and HfB,, respectively at all temperatures, which may
be attributed to higher thermal diffusivity of SiC (0.50 cm?/s at
20°C)* than those of the matrix phases, and relatively lower
interfacial thermal resistances. Moreover, it should be noted that
the samples of ZrB, and HfB; have relative densities of 74% and
68%, respectively. Loehman et al.!” have reported the thermal
diffusivity values of ZrB,—20 SiC and HfB,-20 SiC compos-
ites at 1000°C to be 0.17 cm?/s and 0.20 cm?/s, respectively,
which are almost similar to the values (Fig. 3(a)) obtained exper-
imentally in this study. It should also be noted that the thermal
diffusivity recorded for the ZZSS has been found to be lower
than that of other investigated ZrB,-based composites due to
the presence of a significant amount of ZrC, which has con-
siderably lower thermal diffusivity than that of either ZrB, or
SiC at any temperature.>>*! Lower thermal diffusivity of the
Z7SS composite compared to that of other ZrB, based compos-
ites could also be due to higher area fraction of the interfaces
contributing to increase in the net resistance to thermal transport
in the former material. Examinations of the results depicted in
Fig. 3(a) and (c) indicate that compared to the influence of ZrC
addition on the thermal diffusivity and conductivity, the presence
of Si3Ny in the ZSS composite appears to cause much smaller
difference with the results observed for ZS. This observation
originates probably due to both relatively low volume fraction
(5%) of SizN4 and strong interfacial bond in the ZSS composite.

At 25 °C, the thermal diffusivity and specific heat of ZS are
found to be less than those of ZSS by ~16% and ~2%, respec-
tively, which are responsible for the thermal conductivity of the
former material being lower by ~14.8%. Moreover, the specific
heat of SiC is less than that of Si3sN4 by 5.8% at 25 °C. However,
at temperatures >100 °C, the specific heat of SiC is greater than
that of Si3Ny4, which in turn is responsible for specific heat of ZS
being higher than that of ZSS. In addition, thermal diffusivity
of ZS has been found to be greater than that of ZSS at >100 °C,
causing the thermal conductivity to be higher as well.

3.4. Coefficient of thermal expansion

3.4.1. Experimental results and theoretical predictions

The plots depicting the variations of linear thermal expan-
sion per unit length (AL/Lp) with temperature for ZS, ZSS,
77SS and HS composites are shown in Fig. 4. The results pre-
sented in this figure indicate that for each of the four composites,
the thermal expansion per unit length increases with tempera-
ture following a linear relationship up to ~1000 °C. For each of
the investigated composites subjected to heating from 200 °C to
1000 °C, it can be shown by curve-fitting analysis that the tem-
perature dependence of the measured thermal strains (AL/Lg)
can be expressed by third-order polynomial expressions having
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Fig. 4. Plots depicting the variation of thermal expansion per unit length with
temperature for ZS, ZSS, ZZSS and HS composites within the temperature range
of 200-1000°C.

R? values >0.9999. These expressions are presented as follows:
AL -3 -6
L—(ZS) =—0988 x 107" +9.85x 107 x T

0

—1.671 x 1077 x T?> +4.796 x 1073 x T3 (8)

AL -3 -6
L—(ZSS) =-0.890 x 1077 +9.16 x 107 x T
0

+9.447 x 107! x 72
—9.356 x 10713 x 1° )

AL
——(2259) = ~0.900 10°494x10°xT
0

+7.094 x 10710 x 72
—1.184 x 1072 x 13 (10)

AL . .
T (HS) = —0.829 x 107 +8.78 x 1070 x T
0

+1.603 x 1072 x T2
—1.975x 1072 x 13 (11)

The experimentally obtained CTE values of the investigated
composites, the values obtained through calculation by consid-
ering the rule of mixtures (ROM) and the values of CTE of the
individual constituents of the composites as reported in the lit-
erature are shown in Table 4. Furthermore, a few results taken
from the reports based upon experimental studies on thermal
properties of some of the composites with compositions either
same as or close to those of the investigated materials are also
included in this table for the purpose of comparison.

The trends observed in the CTE of the different composites
investigated in this study can be explained qualitatively by con-
sideration of ROM. The results in Table 4 indicate that among
the investigated composites, the CTE of ZSS shows the smallest
deviation from the value predicted by the ROM for both low and
high temperature ranges, which could be due to strong interfa-
cial bonding in this material. As the average CTE of SizNy is
less than that of either ZrB; or SiC in the range of 20-1000 °C,
its presence is effective in lowering the CTE of the ZSS with
respect to those of other investigated materials being tested in the
same temperature regime. The results pertaining to ZSS are also
consistent with those of an earlier study on the MoSiy—SizNy
composite.43 Furthermore, the difference between the experi-
mentally determined CTE and the corresponding ROM value is
the highest (*20%) in case of the ZZSS composite, and such
a large difference is attributed to the diminished role of SiC
in this material due to the presence of ZrC, which has higher
CTE than SiC. In an earlier study,6 the difference between the
experimentally determined dynamic Young’s modulus and the
corresponding value predicted by ROM has been found to be
greater for the ZZSS composite than that for either ZS or ZSS.
This observation is suggestive of relatively poorer interfacial
bond in the ZZSS, which could have contributed to greater devi-
ation of the experimentally obtained CTE with respect to the
predicted value.

It is interesting to note that that the differences between
the experimentally obtained CTE values and those obtained
by the ROM are within +3-5% within the lower temperature
range of 20-200 °C, while such deviations are consistently pos-
itive and much greater (approximately 4 times more) in the
elevated temperature regime of 20—-1000 °C. For example, the
CTE value found at 1000 °C for either ZS or ZSS is found to
exceed that predicted through the corresponding ROM calcula-
tion by ~14%, while the difference is higher (*20%) for the
Z7SS composite. This observation indicates that the presence
of reinforcement phase like SiC or SizN4 with lower CTE as
well as a large area fraction of particle—matrix interfaces has
significant role in restraining the expansion of the surrounding
matrix phase at lower temperatures, but these are not so effec-
tive at higher temperatures. It has been proposed by Zimmerman
et al.!? that the SiC particles in the ZrB, matrix experience
residual stress, which is compressive at lower temperatures due
to the differential thermal contraction during cooling from the
processing temperature. This stress tends to become tensile on
increasing the temperature to or beyond 1000 °C, because the
ZrB) matrix tends to expand significantly more than the SiC
reinforcement. The increased extension of ZrB, matrix during
heating has been attributed to softening and extension of low-
melting matrix grain boundaries or particle—matrix interfacial
phases.!”

Comparison of the CTE values experimentally obtained in
this study (as shown in Table 4) for the ZrB, based com-
posites with those reported for similar type of materials'-1%17
shows excellent agreement. On the other hand, the experimen-
tally determined CTE of the HS composite for the temperature
range of 20-200°C (Table 4) appears to be somewhat lower
than that (6.10 x 107/°C) reported for a similar temperature
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Table 4
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Thermal expansion coefficients of the investigated ZrB, and HfB, 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) 1076/K
Temperature range (°C) Experimental Predicted by ROM References
75 20-200 5.32 5.56 Present
20-1000 7.85 6.74 study
755 20-200 5.38 5.36 Present
20-1000 7.59 6.56 study
775S 20-200 5.61 5.43 Present
20-1000 8.20 6.53 study
HS 20-200 5.56 5.4 Present
20-1000 7.77 6.72 study
25-250 6.68 - 17
ZB; 25-1000 7.17 -
25-250 6.48 - -
HIB, 25-1000 7.15 -
_ 20 1.1 - w0
Sic 1000 5.0 -
, 20-500 2.6 - "
SizN4 20-1000 37 -
ZrC 20-1000 7.01 - 36
, 25-250 6.21 - 5
Z1B,-205iC 25-1000 6.84 -
. 25-250 6.10 - .
HIB,-208iC 25-1000 6.73 -
. . 25-800 7.00 - |
ZrB,—208iC—4Si3Ny 551000 748 ~
range by Loehman'” but shows closer agreement with the value (ctefr); = a2 — fr(a2 — a1)
—6 44
(~5.4 x 107°/°C) reported by Gasch et al. K1(3K2 +4G») 14

3.4.2. Comparison of results with theoretical predictions
for two phase materials

Levin*, Rosen and Hashin*® and Schapery*’ have indepen-
dently shown that the linear thermal expansion coefficient of an

isotropic two phase composite can be written in its exact form
27.
as”’:

(Qeff)y = f1a1 + frar

o] — o 1
y_ w1 h S
2

(12)
(I/K1) = (1/K2) | Kett

Considering that K; < K.¢r < K,,, the upper and lower bounds
of K can be obtained from the Hashin—Shtrikman bounds.*®
Under such a situation, Eq. (12) can be further modified to
calculate both upper and lower bounds of « in the following
manner:

(Qetr)y, = a1 — falag — o)
K>(3K1 +4Gy)
Ki(BKy +4G1) +4/2G (K2 — Ky)

13)

K>r(BK1 +4G3) +4 /1G2(Ky1 — K2)

where (aefr), and (aefr); are the upper bound and lower bounds,
respectively, of CTE of the given composite, whereas «, K, G and
fare the CTE, bulk modulus, shear modulus and volume fraction,
respectively. In these expressions, the subscripts 1 and 2 repre-
sent matrix and reinforcement phases, respectively. The values
of K and G for ZrB;, HfB; and SiC used for the calculations
have been collected from the literature. 047

The Kerner’s model’’>! assumes that the reinforcement is
spherical, and is wetted by a uniform layer of matrix. Thus,
the composite is stated to be made of volume elements having a
spherical reinforcement particle surrounded by a shell of matrix.
Using this model, the CTE is found from the relation?:

ac=a— fr(1— fr)ar —ay)

K>, — Ky
(1 — K1+ f2K2 + (BK1K2)/(4G 1))

s)

where « is the ROM value given by & = (1 — fo)a1 + faoz,
while the subscript, ¢ stands for the composite. The upper and
lower bounds of CTE of ZS and HS composites calculated on the
basis of the Hashin—Shtrikman relations, as well as theoretical
predictions 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
composites in the temperature ranges of 25-200 °C and 25-1000 °C along with
results of theoretical predictions.

charts in Fig. 5 along with the experimentally obtained values.
A careful comparison of the results in this figure shows that
the experimentally obtained CTE values of both ZS and HS in
the temperature range of 20-200 °C are remarkably close to both
the corresponding values obtained using either ROM or Kerner’s
model, and are slightly less than the upper limit predicted by the
Hashin—Shtrikman relation. On the other hand, the experimental
CTE values of both these composites for the temperature range
0f 20-1000 °C appear to be 2 10% higher than the corresponding
upper bound predicted by the Hashin—Shtrikman relation, while
the differences with the predictions of ROM and Kerner’s model
are still greater (13.5-14%).

4. Conclusions

Electrical and thermal conductivities as well as ther-
mal expansion coefficients of ZrB,—20vol.% SiC (ZS),
ZrB>-20vol.% SiC-5vol.% SizNg (ZSS), ZrB,-20vol.%
ZrC-20vol.% SiC-5 vol.% SizN4 (ZZSS) and HfB,—20 vol.%
SiC (HS) composites have been investigated. The following
conclusions may be drawn from the present study:

(i) The electrical resistivity values of the investigated ZrB,-
based composites appear to increase with decreasing ZrB,
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 ZrBj-based
composites are found to increase with addition of phases
having lower electrical conductivity.

(i) Addition of 20vol.% SiC to either ZrB, or HfB, matrix
composites leads to significant increase in their thermal
conductivities with respect to those of their monolithic
matrices. Presence of 5vol.% Si3Ny in ZSS is found to
marginally lower the thermal conductivity. However, addi-
tion of 20vol.% ZrC at the expense of ZrB, can be

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
Z7ZSS 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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