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Abstract

The thermal conductivity of hot-pressed Al,O53/SiC platelet composites is determined as a function of the platelet content, from 0
to 30 vol.% of SiC. Existing heat conduction models are employed to discuss the experimental data. Data agree with the presence of
an interfacial thermal resistance at the Al,O3/SiC grain boundaries, which precludes the effect of percolation on the thermal con-
ductivity for the higher percentage of SiC platelets. The observed orientation effect on the thermal conductivity due to an alignment
of the platelets is also modelled using the Hasselman’s approach. The thermal conductivity of the SiC platelets is calculated from

the effective thermal conductivity of the composites.
© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Ceramic matrix composites are attractive candidates
for cutting tools and structural applications due to their
good thermomechanical properties and high oxidation
and thermal shock resistance. The several types of SiC
reinforced alumina composites, owing to the wide range
in size and shape of the reinforcing inclusions (particles,
whiskers and platelets), are within those candidates.!
The risk to health that the handling of SiC whiskers
involves led to the use of platelets as the reinforcing
phase, in spite of the slightly worse mechanical perfor-
mance of these composites when compared to that
achieved by the whiskers containing composites.'™

The thermal conductivity, K, is an important property
in many applications of alumina ceramics such as high
temperature structural components, refractories for the
glass and metal manufacture industries, gas radiant
burners, wear parts and cutting tools, or microelectronic
packaging. Nevertheless, up to date, there are only a
few papers devoted to the study of the thermal con-
ductivity of SiC reinforced composites®!! and none of
them analyses the thermal properties of platelet rein-
forced composites.

* Corresponding author.
E-mail address: pmiranzo@icv.csic.es (P. Miranzo).

The thermal behaviour of composites containing SiC
seems to be strongly dependent on the reinforcement
shape and size, as well as on the matrix composition.
Only moderate thermal conductivity increases, com-
pared to those expected according to the theoretical
value for SiC, have been achieved when SiC was added
to alumina,®”-® aluminium®!! or lithium aluminosilicate
glass-ceramics,'? even for whisker contents higher than
30 vol.%. Conversely, a dependence of thermal con-
ductivity on the SiC mean particle size®!! and SiC
whisker diameter!® has been observed in these compo-
sites, in fact, the thermal conductivity increased with the
size of the SiC dispersions. The presence of a thermal
barrier at the matrix/dispersion boundaries has been
proposed to explain both effects, the relatively low
thermal conductivity values and its grain size
dependence.

Moreover, the thermal conductivity of SiC containing
composites is difficult to model because the room tem-
perature thermal conductivity data reported for SiC
materials can vary up to 2 orders of magnitude,
depending on the impurity content and processing
technique.'>”’> A room temperature thermal con-
ductivity in the range of 40-100 W/mK has been esti-
mated for SiC-whiskers using simple models.>7?
Recently, higher values, in the range of 150-325 W/
mK>810-1L16 have been calculated for the intrinsic
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thermal conductivity of SiC, applying heat conduction
models that consider the presence of an interfacial ther-
mal barrier.

In this work, the thermal conductivity of hot-pressed
Al,O5/SiC platelet composites is evaluated as a function
of the platelet content, paying special attention to two
effects, the platelet orientation and the interfacial ther-
mal barrier, on heat conduction. By using simple mod-
els, the thermal conductivity of the SiC platelets has
been estimated from the composite data and compared
to published values for SiC.

2. Experimental procedure

Submicronic a-Al,O; powders (CS400, Lonza Mar-
tinswerk, Germany) and «-SiC platelets (grade SF,
C-Axis technology, Canada) with a 17 pum mean dia-
meter and 3 um thickness, were used as starting materi-
als. Homogeneous Al,O3/SiC mixtures, with SiC
platelet contents ranging from 0 to 30 vol.%, were pre-
pared by a flocculation route described in detail in a
previous paper.”? The homogeneous suspensions were
stabilized at pH ~10, flocculated at pH =7 and then
dried at 120 °C and sieved up to 100 pm.

Fully dense (=99% of the theoretical density) Al,O3/
SiC platelet composites were sintered by hot pressing
the homogeneous powder/platelet mixtures in an argon
atmosphere. Hot pressing treatments were done using
50 MPa of uniaxial pressure, at 1500 °C/30 min for
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platelet contents <12 vol.% and 1550 °C/60 min for
contents =20 vol.%.

The thermal diffusivity («) was measured by the laser
flash method on square samples of dimensions 8.8 x 8.8
x 1 mm?, using a commercial equipment (Thermaflash
2200, Holometrix-Micromet Inc. Bedford, USA). The
square surfaces of the samples were gold and graphite
coated to avoid direct transmission of the laser pulse
through the specimen and to improve energy absorp-
tion. Measurements were done from room temperature
up to 1000 °C always in an argon atmosphere. The
software implemented in the equipment is based on
Koski’s method!” and considers heat losses and finite
pulse corrections. The given values at each temperature
are the average of three consecutive measurements.

Thermal diffusivity of each specimen was measured in
the hot pressing direction, that is, with the heat flowing
in a plane parallel to the hot pressing axis. As the hot
pressed composites showed a preferred orientation of
the platelets with their basal planes perpendicular to the
hot pressing direction,? the thermal conductivity of the
composites should depend on the testing direction, as
was previously established for the wear, mechanical and
electrical properties of these composites.'®!? This
orientation effect on thermal diffusivity was checked
only for the 30 vol.% platelet composite. Therefore, two
specimens were machined with opposite orientations,
that is, with the square surface perpendicular and par-
allel to the hot pressing axis, respectively. As it can be
seen in Fig. 1, heat flows in the hot pressing direction in
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Fig. 1. Scheme of the two specimens used for the thermal diffusivity measurements, having opposite testing orientations, parallel (““||”) and

perpendicular (L") to the hot pressing axis.
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the former (labelled ““||”” specimen) whereas in the sec-
ond, it flows in the plane perpendicular to the hot
pressing direction (L ’specimen).

The specific heat of the Al,O3/SiC composites was
calculated by the Al,O3 and SiC weight fractions and
the corresponding specific heat data from JANAF
tables?® (see Table 1). With the density (p), the thermal
diffusivity (¢) and the calculated specific heat values
(Cp), the thermal conductivity (K) was calculated for
each specimen according to the following equation:

K=pa Cp (1)

3. Results

Fig. 2 depicts the thermal diffusivity versus tempera-
ture plots for the Al,O3/SiC platelet composites tested
on the “||” configuration. At room temperature, diffu-
sivity increases with SiC platelet volume fraction from
0.092 cm?/s, for the monolithic alumina, to 0.153 cm?/s,
for the 30 vol.% composite. For each composite, the
thermal diffusivity decreases gradually with tempera-
ture, reaching at 1000 °C values of 0.015 cm?/s and
0.028 cm?/s for 0 and 30 vol.% of SiC,, respectively.
Therefore, the maximum increase in diffusivity due to
the platelet addition with respect to the monolithic alu-
mina varied from 66% at room temperature up to 85%
at 1000 °C.

The effect of platelet orientation on diffusivity can be
seen in Fig. 3. The“Ll"” configuration showed higher
diffusivity than the ““||”" one at all tested temperatures,
reaching the maximum value of 0.178 cm?/s at room
temperature.

Fig. 4 shows thermal conductivity values derived from
Eq. (1) versus temperature for each composite. These
curves show similar trends to those observed for ther-
mal diffusivity plots. A maximum K value of 42 W/mK
is reached at room temperature for the 30 vol.% platelet
content tested in the || " direction, which is 52% higher

Table 1
Specific heat values used in the specific heat calculations of the differ-
ent composites. Data were collected from ref. 20

Temperature (°C)

Cp o-SiC (J/ g °K)

Cp a-ALO; (J/g °K)

25 0.6628 0.7719
100 0.8294 0.9205
200 0.9542 1.0273
300 1.0309 1.0906
400 1.0850 1.1340
500 1.1266 1.1668
600 1.1606 1.1933
700 1.1894 1.2156
800 1.2146 1.2351
900 1.2370 1.2523
1000 1.2571 1.2678

than that measured for the monolithic alumina. As with
thermal diffusivity, the thermal conductivity was higher
for heat flowing in the “L” than in the “||” direction,
with a room temperature K value of 49 W/mK.

4. Discussion

The addition of SiC platelets to Al,Oj3 clearly enhan-
ces its thermal diffusivity and thermal conductivity
(Figs. 2-4). Room temperature thermal diffusivity
values in the ““||” direction (up to 0.153 cm?/s for the 30
vol.% platelet composite) are similar to those reported
for other SiC whisker reinforced composites,>® which
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Fig. 2. Thermal diffusivity as a function of temperature for selected
Al,O5/SiC platelet composites in the ““||”” direction. Values for 5 and 8
vol.% composites are not shown as they were very closed to those
measured for the 12 vol.% composite. Numbers in the legend indicate
SiC platelet content (vol.%).
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Fig. 3. Thermal diffusivity as a function of temperature for the 30
vol.% SiC platelet composite tested in the parallel (“||””) and perpen-
dicular (**L”’) orientations.
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Fig. 4. Thermal conductivity as a function of temperature for the
selected Al,O3/SiC platelet composites. Values for 5 and 8 vol.%
composites are not shown as they were very closed to those measured
for the 12 vol.% composite. Legend numbers indicate SiC platelet
content (vol.%). Empty and full symbols correspond to the samples
tested in the ““||”” and ““L” orientations, respectively.

are in the range of 0.144-0.176 cm?/s. Room tempera-
ture thermal conductivity values are also in agreement
with data found in literature for monolithic Al,O3 (28—
35 W/mK)>%%2! and Al,03/30 vol.% SiC whisker
composites (33-50 W/mK).>*

The maximum thermal conductivity was reached for
the 30 vol.% SiC composite at room temperature, for
the* L " direction (49 W/mK). However, a higher ther-
mal conductivity should be expected if we consider the
theoretical value for SiC (~700 W/mK),!?> or even,
values measured in single-crystal SiC (490 W/mK)'? or
in pure polycrystalline SiC specimens (270 W/mK).!#
This discrepancy is probably related to the existence of
an interfacial thermal barrier as it has been proposed by
other authors.>8:10-11.16

The effect of a grain boundary interfacial thermal
resistance on the effective thermal conductivity of the SiC
platelet containing composites can be analysed using the
model of Hasselman and Johnson.?> By modifying the
original theory of Rayleigh and Maxwell, Hasselman
and Johnson deduced expressions for the effective ther-
mal conductivity of composites having a continuous
matrix phase with dispersed particles of variable geo-
metry (spherical, cylindrical or layered composites),
introducing a thermal barrier conductance, 4, at the
interface. The expression for spherical dispersions is
selected as a first approximation to our composites:

Ksic 2Ksic
2{v— -1 —+2
Keff _ |: (V ah )¢ Tt ah +

K. K 2K,
C 1 —v _"_ SIC ¢ _"_ v _"_ SIC + 2
ah ah

(@)

where K. is the thermal conductivity of the continuous
phase (Al,O3 in the present case), v is Ksic/Kc, being
Ks;c the unknown thermal conductivity of the dispersed
phase (SiC), ¢ is the SiC volume fraction, and “a” is the
inclusion radius. When Kg;c/ah=0 this equation agrees
with Maxwell expression for the effective conductivity in
absence of an interfacial thermal resistance.?® Fig. 5
illustrates the relative effective thermal conductivity
given by Eq. (2) as a function of the SiC volume fraction
for a range of Kgjc/ah values and for a v value of 8.7.
Experimental thermal conductivity data at different
temperatures are also included in this graph. Although
the porosity of the samples was very low (<1%), its
effect was corrected in this figure using Klemens’
equation.?*

The v value of 8.7, used in Eq. (2) to get the theore-
tical curves of Fig. 5, is the average of the Kg;c/K. ratios
for all the tested temperatures, where K. is the experi-
mental data for the monolithic Al,O3 material and, as it
will be described below, Kg;c is calculated by fitting the
effective thermal conductivity of the Al,O3/SiC compo-
sites with 8 and 12 vol.% of SiC to the Maxwell’s
expression.

As it can be seen in Fig. 5, the relative effective thermal
conductivity (K.q/K.) does not depend on temperature
for the composites with SiC platelet contents <12 vol.%.
For these composites, experimental data agree with the
model of Maxwell (Ks;c/ah=0) with no apparent con-
tribution of interfacial thermal barriers. Conversely, for
higher SiC contents, K.q/K. shows notable lower values
at room temperature than those predicted by Maxwell’s
model, which evidences the lack of a percolation effect.
These data show a good fit to the model of Hasselman
with Kg;c/ah values ranging from 2 to 0.5, depending on
temperature and SiC contents. As Kg;jc/ah decreases as
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Fig. 5. Thermal conductivity data at selected temperatures as a func-
tion of the SiC volume fraction for all the Al,O3/SiC composites tested
in the “||”” orientation. Continuous lines correspond to the relative
effective thermal conductivity calculated from the Hasselman’s equa-
tion for a range of Kg;c/ah values.
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the temperature increases, it would agree with a thermal
barrier at the Al,O3/SiC grain boundaries associated
with the development of high thermal stresses in the
composites with high SiC contents.

As was mentioned above, the intrinsic thermal con-
ductivity of SiC platelets was estimated from the effec-
tive thermal conductivity of the Al,O3/SiC composites
applying Maxwell’s model,?* which is one of the sim-
plest that often shows good results for dilute media.
Therefore, it can be considered to be valid for SiC con-
tents below 15 vol.%.2> We have tried to apply it for the
5, 8 and 12 vol.% containing composites, in the range of
tested temperatures. However, the application of Max-
well’s expression to the 5 vol.% composite led to large
scattering in the values of SiC thermal conductivity
because of the small conductivity increases compared to
the Al,O; matrix. Accordingly, we have applied it for
the 8 and 12 vol.% composites, obtaining a room tem-
perature value of 244 W/mK, that is similar to that cal-
culated for SiC particles by other authors.®!! Averaging
the thermal conductivity values deduced from the model
of Maxwell at each temperature, the following fit for the
intrinsic thermal conductivity of SiC platelet as a func-
tion of temperature [K] was deduced:

1

Ksic = 50011 £ 1057

3)
which is very close to the temperature dependence
reported for SiC.”

The presence of a grain boundary interfacial thermal
resistance can also explain the increase in K observed
for the 30 vol.% sample tested on the “L”" orientation,
although the anisotropy of the crystalline structure of
SiC might also influence it. The SiC platelets are hex-
agonal single-crystals, with C and Si atoms tetra-
hedrically coordinated, the interatomic distance being
three times longer along the C-axis than in the basal
plane, which is formed by three similar atoms. There-
fore, it might show anisotropic properties as it has been
observed in other properties related to phonon vibra-
tion, such as the elastic constants and the thermal
expansion coefficient.?%?7 Accordingly, an anisotropy in
the thermal conductivity of hot-pressed Al,Os3/SiCy
materials could also be expected as the phonon mean
free path will be higher in the basal plane, which corre-
sponds to the platelet facet, improving heat conduction
in the “1 " direction.

Observing the microstructures for both specimen
orientations (Fig. 1), it can be inferred that the value of
“a” in Eq. (2) will depend on the orientation. For the
parallel orientation, “a” should be the platelet half-
thickness, whereas for the perpendicular direction it
should correspond to the half-diagonal of the platelet,
1.5 and 8.5 um, respectively.?® Considering the K. as
the experimental data for the 20 and the two 30 vol.%
composites (in both orientations), the K. as the value
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Fig. 6. Thermal conductivity at three selected temperatures, as a
function of the SiC volume content, for all the Al,05/SiC composites.
Points are the experimental data, empty for parallel and full for per-
pendicular orientation. Lines correspond to the effective conductivity
obtained from the Hasselman’s equation, continuos for the *“||”” direc-
tion (¢ =1.5 pm), and dashed for the “_L” orientation (¢=8.5 pm).

measured for the monolithic Al,O; sample and the
intrinsic Kg;c as that previously estimated [Eq. (3)], the
interfacial thermal conductance was deduced for each
temperature. Values for “/4” were almost constant with
temperature and the room temperature value, averaged
from the data obtained for 20 and 30 vol.% (parallel
and perpendicular), was 1.8 x 10° W/m’K which is
within the range given by Collin and Rowcliffe® for
Al,04/SiC composites (0.8 x108-9.5 x 108 W/m?K).

The plot of Fig. 6 has been done introducing the
proposed values for Kgic, # and a in the equation of
Hasselman [Eq. (2)]. As it can be seen, experimental
data, which are also plotted in the graph, agree well
with the model proving that the presence of an inter-
facial thermal barrier explains conveniently heat con-
duction in Al,O3/SiC materials. Data for the 30 vol.%
specimen tested in the perpendicular orientation are also
explained by this model because the contribution of the
thermal barrier is lower due to the higher value of “a”
for this orientation. The effect of the thermal resistance
at the Al,O3/SiCy, interface will diminish with tempera-
ture as thermal stresses disappear and the phonon-pho-
non scattering becomes the limiting factor for the
phonon mean free path. This agrees with the experi-
mental evidence that the difference in thermal con-
ductivity for the perpendicular and parallel orientations
decreases as temperature raises.

5. Conclusions

The addition of SiC platelets enhanced the thermal
diffusivity and thermal conductivity of Al,O3; The
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intrinsic thermal conductivity of SiC platelets as a
function of temperature was calculated from the effec-
tive thermal conductivity of the Al,O3/SiC composites
having low SiC contents, using the Maxwell’s model.
The experimental data agreed with the presence of an
interfacial thermal conductance at the Al,O5/SiC grain
boundaries, which was estimated using the Hasselman’s
model as 1.8 103 W/m?K at room temperature. This
interfacial thermal barrier precluded the effect of perco-
lation on the thermal conductivity for the higher per-
centage of SiC platelets. An orientation effect on the
conductivity due to an alignment of the platelets was
experimentally observed and also modelled with the
Hasselman’s approach.
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