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Abstract

The thermal conductivities/diffusivities of YSZ/Al,O3 composites have been investigated by a laser flash technique. The thermal conductivity of
the composite increases with an increase in the Al,O3; volume fraction, and it can be fitted well to the Maxwell theoretical model. The consistency
of the thermal conductivities of the composites with the predicted values indicates the absence of obvious interfacial thermal resistances in the
composites. The negligible thermal resistance effect from the YSZ and Al,0O3 grain boundaries is due to the much lower phonon mean free path
compared with the grain size in the composite. The low Kapitza resistance of the YSZ/AL, O3 interface is discussed in terms of the “clean” and
coherent nature of the YSZ/Al,0; interface, together with the small difference between the elastic properties of YSZ and Al,O;.
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1. Introduction

A YSZ/Al,O3 composite is of both fundamental and practi-
cal interest. Because of the immiscibility of YSZ and Al,O3,!
the YSZ/Al,O3 composite is of scientific importance in under-
standing the physical properties of a diphase system and
ceramic/ceramic interfaces.? On the practical side, a YSZ/Al, O3
composite which combines the properties of the individual
components has a wide range of applications. For example, a
YSZ/Al,O3 composite has been proposed as an electrolyte for
a planar Solid Oxide Fuel Cell (SOFC) because of its enhanced
mechanical and thermal properties compared with conventional
YSZ.> A YSZ/AL,O3 composite has the potential of being
used as a thermal barrier coating (TBC) material because of its
enhanced hardness, improved oxidation resistance for the sub-
strate, and longer thermal cycling life than a conventional YSZ
coating.* Therefore, an investigation of the thermal conductiv-
ity, which is an important physical property of a YSZ/Al,O3
composite, is necessary.

Another reason for studying the thermal conductivity of a
YSZ/Al,O3 composite is to obtain the thermal properties of
its interfaces. The existence of interfaces usually impedes the
heat conduction by scattering the incident phonons and con-
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tributes to an interfacial thermal resistance (also known as the
Kapitza resistance), which plays an important role in the thermal
transport in nano-scale structures and devices.’ The interfacial
thermal resistance is also proposed as an important factor in
selection of TBC candidate materials.® The Kapitza resistance of
a YSZ/Al, 03 interface is also of special interest because during
the high temperature service of a TBC, a thermally grown oxide
(TGO) layer, which is mainly composed of a-Al, O3, forms at the
substrate/coating interface.” Whether this YSZ/TGO (Al,03)
interface has influence on the thermal conductivity and how large
this influence is, is an unsolved issue in the thermal conduction
of TBCs. Consequently, an estimation of the Kapitza resistance

of YSZ/Al,O3 interfaces is important.

The interfacial thermal resistance can be estimated by study-
ing the thermal conductivity of the two-phase composite.
Usually the effective thermal conductivity of a two-phase com-
posite material without any interfacial thermal resistance can be
predicted by the Maxwell theoretical model.® With the existence
of a Kapitza resistance, the thermal conductivity of the com-
posite will be lower than the value predicted by the Maxwell
model. The interfacial thermal resistance can be estimated by

the equation proposed by Hasselman and Johnson’

2((ka/ km) — (ka/ah) — Dva + ((ka/ km) + (2ka/ah) 4+ 2)

.
(1 = (ka/km) + (ka/ah))va + ((ka/km) + (2ka/ah) +2) M

m:m[

where k is the thermal conductivity; the subscripts ¢, m and d
represent the composite, matrix and dispersed phase; a is the
particle radius, 4 is the interfacial thermal conductance (i.e.,
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Table 1

Measured densities, theoretical densities and relative densities of the YSZ/Al, O3 composites.

Measured density (g/cm?)

Theoretical density (g/cm3) Relative density (%)

YSZ 5.86 £ 0.03
YSZ+20% Al,O3 5.43 £ 0.03
YSZ+40% Al,O3 4.94 £0.03
YSZ+60% Al,O3 4.55 £0.02
YSZ+80% Al,O3 4.14 £ 0.02
Al,03 3.83 £0.02

5.96 983+ 0.5
5.56 977+ 04
5.17 95.6 £ 0.6
4.77 954 £ 0.5
4.38 94.6 £ 0.5
3.98 96.5 + 0.5

the reciprocal of the interfacial resistance) and vq is the vol-
ume fraction of the dispersed phase. When /= oo, this indicates
an absence of the interfacial thermal resistance, Eq. (1) is an
expression of the Maxwell model.

Therefore in this paper, the thermal conductivity of a
YSZ/Al,03 composite was studied. The purpose of this study
is not only to give an overall picture of the thermal conductiv-
ity of the composite, but also to promote an understanding of
the Kapitza resistance of the YSZ/Al,Oj3 interfaces. The results
may provide useful information for further application of the
composite, as well as for further understanding of the thermal
conduction in TBCs.

2. Experiments

8mol.% YSZ powder (average particle size of 0.25 pm,
PI-KEM, UK) and o-Al,O3 powder (average particle size
0.1-0.3 pm, PI-KEM, UK) were used as starting materials. Dif-
ferent compositions of YSZ/Al,O3 mixtures with 20, 40, 60,
80% (volume percentage) of Al,O3 were produced by a conven-
tional solid mixing method. Appropriate amounts of YSZ and
Al,O3 powders were weighed and then mixed by ball milling for
24h in 2-propanol, using zirconia balls as the grinding media.
The resulting mixtures were subsequently dried in air overnight,
and then milled by mortar and pestle and passed through a 45
micro sieve. The final mixed powders were cold-pressed into
cylindrical tablets under a uniaxial pressure of 100 MPa, and
then sintered at 1500 °C for 4 h in air with a heating and cool-
ing rate of 3°C min—!. Pure YSZ and Al, O3 tablets were also
obtained by the same cold pressing and sintering procedures.

The densities of the sintered specimens were measured
by Archimedes’ method. The theoretical full densities of the
YSZ/Al,03 composites were obtained according to the rule
of mixtures, i.e., 0 =VyszPysz + VALO; PAL,0;, Where vysz and
VALO, are the volume fractions of YSZ and Al,O3, and pysz
and paJ,0, are the theoretical densities of pure YSZ and Al,O3,
which are 5.96 and 3.98 g/cm?, respectively."!” The measured
densities, theoretical densities and the relative densities of the
YSZ/Al,03 composites are listed in Table 1.

The thermal diffusivity measurements were conducted with a
laser flash system (Manchester, UK) from 50 °C up to 900 °C in
an argon atmosphere. The specimens were in the form of disks,
1.5 mm thick and 11 mm in diameter. Before the measurements,
the samples were mechanically ground to obtain coplanar sur-
faces. Both surfaces were coated with a thin layer of carbon
using colloidal graphite (Agar Scientific Ltd., UK) to ensure

complete and uniform absorption of the laser pulse. The sam-
ples were then dried to remove the remaining solvents. During
the measurements, the front face of the samples was subjected to
ashort-duration heat pulse which was supplied by a neodymium-
glass laser of 0.67 ms pulse duration. A liquid nitrogen cooled
InSb infra-red detector was used to measure the temperature rise
on the backside of the samples. Measurements were made at var-
ious chosen temperatures during the heating procedure. For each
temperature, ten measurements were made to obtain the average
value of the thermal diffusivity value.

The temperature dependence of the specific heat capacities
of ZrO;, Y,03 and Al,O3 were obtained from Refs. 11-13,
respectively. The specific heat of 8 mol.% YSZ was conse-
quently calculated from the values of ZrO, and Y,0O3 according
to the Neumann-Kopp rule.'* The calculated specific heat val-
ues for YSZ were compared with the reference values'> and
found to be consistent. The specific heat capacity values of the
YSZ/Al,03 composites at various temperatures were calculated
from the rule of mixtures. The specific heat values are listed in
Table 2.

The phase compositions of the YSZ/Al,O3 composites were
identified by X-ray diffraction (XRD, Philips X Pert) using Cu
K, radiation. The measurements were performed on the sample
surfaces with a step scanning mode (step size of 0.05°) at arate of
0.1° min~!. The XRD patterns reveal that the composites consist
of cubic YSZ and a-Al>0O3, and confirm the very limited solid
solubility between Al,O3 and YSZ.

Microstructures and the grain sizes of the YSZ/Al,O3 com-
posites were observed by scanning electron microscope (SEM,
Philips XL30). The microstructure of the YSZ/Al,O3 interface
was observed by transmission electron microscopy (TEM). The
sintered sample was ground to a thickness of approximately
100 wm and ultrasonically cut into discs of 3 mm diameter.
The specimen thickness was further reduced to around 30 pm
using a dimpling machine (Model D500, VCR Group, San Fran-
cisco, CA). After that, the specimen was cleaned in acetone and
mounted onto a molybdenum grid and ion beam thinned using
a Gatan (Oxford, UK) precision ion polishing system model
691 (PIPS™) operating at 4-6 kV. TEM observations were car-
ried out using a FEI FEG TEM (Tecnai G2, Eindhoven, the
Netherlands) operating at 300 kV.

3. Results and discussion

Fig. 1 shows the microstructure of the YSZ/Al,O3 com-
posites. The white phase and the dark phase in the images



F. Yang et al. / Journal of the European Ceramic Society 30 (2010) 3111-3116 3113
Table 2
The specific heat capacities of ZrO;, Y203, Al,03, 8 mol.% YSZ and the YSZ/Al,03 composites at various temperatures.
Temperature (°C) Specific heat capacity (Jg~! K~1)
Zr0,'! Y,0;'2 YSZ ALO; YSZ/Al,03 composites with Al,O3 volume fractions of:
20% 40% 60% 80%
50 0.476 0.465 0.475 0.820 0.524 0.580 0.646 0.725
140 0.523 0.497 0.521 0.959 0.583 0.654 0.738 0.838
250 0.555 0.520 0.552 1.060 0.623 0.706 0.804 0.920
300 0.565 0.528 0.562 1.091 0.636 0.723 0.824 0.945
400 0.581 0.541 0.578 1.136 0.656 0.747 0.854 0.982
500 0.593 0.552 0.590 1.167 0.671 0.765 0.876 1.008
600 0.603 0.562 0.600 1.190 0.683 0.779 0.892 1.027
700 0.612 0.571 0.609 1.209 0.693 0.791 0.906 1.043
800 0.621 0.580 0.617 1.226 0.703 0.802 0.919 1.058
900 0.628 0.588 0.625 1.241 0.712 0.812 0.930 1.071
correspond to YSZ and Al,O3, respectively. It can be seen the relationship:
minor phase disperses randomly in the major phase without large
k=p-Cp-a, 2)

scale agglomerations.

The variations in the thermal diffusivity with temperature for
the YSZ/Al, 03 composites are shown in Fig. 2. For all the com-
positions, the thermal diffusivity decreases monotonically with
an increase in the temperature. The thermal conductivities (k) of
the YSZ/Al,O3 composites were obtained from the heat capac-
ity (Cp), density (p) and thermal diffusivity () values using the

and its dependence on the temperature is presented in the open
symbols in Fig. 3. The thermal conductivity of YSZ has a
temperature-independent value of around 2.1 W/(m K), which
is in agreement with the reference value for 15 wt.% YSZ with
a relative density of 98%.15 For Al,O3, an obvious decrease in
the thermal conductivity can be observed with an increase in

Fig. 1. Scanning electron micrographs of the YSZ/Al,O3 composites with different volume fraction of Al,O3: (a) 20%, (b) 40%, (c) 60% and (d) 80%. The white
and dark phase corresponds to YSZ and Al, O3, respectively. The four images have the same scale bar.
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Fig. 2. Temperature dependence of the thermal diffusivities of the YSZ/Al,03
composites.

Fig. 3. Temperature dependence of the thermal conductivities of the YSZ/Al, O3
composites. The open symbols represent the measured values of the samples,
while the solid lines represent the thermal conductivity of fully-dense samples
calculated by Egs. (3) and (4).

the temperature. The thermal conductivity of Al,O3 is close to,
but slightly lower than the reported values in Ref. 16 possibly
due to the slightly lower density in the present study. For the
YSZ/Al,O3 composites, as may be expected, the thermal con-
ductivity increases with an increase in the Al, O3 volume fraction
because of the intrinsic thermal conductive property of Al,O3.

Before going on with further analysis, the effect of poros-
ity on the thermal conductivity of the YSZ/Al,O3 composites
should be eliminated to obtain the thermal conductivity values of
the composites at full density. The YSZ/Al,O3 composites with
pores can be treated as a “two-inclusion-phase composite”,!”
and the thermal conductivity of the fully-dense composite (k¢f)
can be evaluated with the following relationship'”:

i _ kit (kmf — kmp)(kcf — kmf)
kcp kcfkmp 3kmfkcfkmp '

(€)

where the subscripts cp, cf, mp and mf stand for composite with
pores, fully-dense composite, matrix with pores and fully-dense
matrix, respectively. The relationship between kpys and kpyp is
expressed as:

I -

=——— P ok 4
1+ — Dy Kot @)

mp

Fig. 4. Thermal conductivity of the YSZ/Al,03 composites (corrected to zero
porosity) as a function of the volume fraction of Al,O3 at 400 °C.

where vj, is the volume fraction of the porosity and 7 is a param-
eter which is related to the pore shape. For spherical pores, 1
equals 1.5. For pure YSZ and Al,O3, the thermal conductivity
at full density (kp,r) was evaluated with Eq. (4). When the vol-
ume fraction of Al,O3 is below 50%, YSZ is considered to be
the matrix and therefore the calculated ks of YSZ was used
in the subsequent calculations for the composite using Eq. (3).
By contrast, when the volume fraction of Al,O3 exceeds 50%,
Al,Oj3 is the matrix and the ks of Al,O3 was used for the sub-
sequent calculations. The calculated thermal conductivities of
fully-dense YSZ/Al,O3 composites at various temperatures are
shown by the solid lines in Fig. 2. Only a slight increase of the
thermal conductivity can be observed after correction.

Fig. 4 shows the thermal conductivity of the YSZ/Al, 03 com-
posites as a function of the volume fraction of Al,O3, along with
a fitting curve using the Maxwell model. It can be seen that the
thermal conductivities predicted by the Maxwell model is in
good agreement with the experimental values, which indicates
the absence of an obvious interfacial thermal resistance in the
YSZ/Al,03 composite system, as discussed in the following
paragraphs.

In the YSZ/Al,O3 composites, there are three types of inter-
faces: YSZ/YSZ (YSZ grain boundaries), Al,03/Al,03 (Al,O3
grain boundaries) and the YSZ/Al,O3 interfaces. The thermal
resistance of the YSZ and the Al O3 grain boundaries has been
reported in the previous studies, i.e., Yang et al. studied the
interfacial thermal resistance of nanocrystalline YSZ by measur-
ing the grain-size-dependent thermal conductivity and obtained
a value of 4.5 x 107 m?> K/W for YSZ grain boundaries at
room temperature®; Smith et al. investigated the thermal resis-
tance of grain boundaries in Al,O3, and evaluated a value of
0.9-1.3 x 1078 m2 K/W in dense Al,03.!8 However, the effect
of grain boundaries can be observed only with the existence
of a large number of interfaces (a small grain size of tens of
nanometres) in YSZ. For example, Raghavan et al. found no
obvious change of thermal conductivity in 5.8 wt.% YSZ when
the grain size is larger than 100 nm.!> For Al,O3, the early work
by Charvat and Kingery!® reported almost identical thermal con-
ductivity of dense Al O3 with grain sizes of 9 and 17 wm above
300 °C, indicating a negligible influence of grain boundaries. In
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Fig. 5. High-resolution transmission electron microscopy (HRTEM) image of
a YSZ/Al,O3 interface. The dark and bright regions represent YSZ and Al,O3
grains, respectively.

the present study, the average grain size of YSZ changes from
~10 pm in the pure YSZ to ~0.5 wm in the YSZ/Al,O3 com-
posite with 80 v.% Al O3, while the average grain size of Al,O3
varies from ~1 pm in the YSZ/Al,O3 composite with 20 v.%
Al>O3 to ~5 um in the pure Al,O3. It is known that the phonon
mean free path in YSZ has a temperature-independent value of
around 0.2 nm,2° which is much smaller than the YSZ grain size
in the composite. The phonon mean free path in Al,O3 is about
3nm at room temperature,l9 and it decreases with increasing
temperature following a 7~! law,?? thus the phonon mean free
path can be estimated to be 1.5nm at 400 °C, which is more
than 500 times smaller than the minimum Al,Os3 grain size in
the composite. Therefore, it can be concluded that neither the
YSZ nor the Al,O3 grain boundaries have an influence on the
thermal conductivity of the composites.

It is usually believed that an interface between two materi-
als with different crystal structures and chemical natures has a
larger thermal resistance than a grain boundary in a single-phase
material.'® The interfacial thermal resistance in a composite
system can arise from the following aspects. First, the thermal
expansion mismatch between the two components can cause
imperfect mechanical contact?’-??> or interfacial separation.”?
However, this could not happen in the YSZ/Al,O3 compos-
ites since the thermal expansion coefficients of YSZ and Al,O3
have values close to each other, which are 8 x 10~° and
10 x 10~%°C1, respectively.24 The YSZ/Al,O3 interface is
adhesive and coherent without the existence of cracks, as can
be seen in the TEM image in Fig. 5.

Second, dislocations and impurity segregations at the inter-
face can act as scattering sites and contribute to the interfacial
thermal resistance. However, the YSZ/Al,O3 interface is a
“clean” interface: only atomic level lattice distortions can be
observed without regions of large scale disorder, as also shown

in Fig. 5. Also, impurity segregation is not observed at a
YSZ/Al,0O3 interface because of the “scavenging” effect of
AlL,03.%

Another origin of the Kapitza resistance is the elastic discon-
tinuity at the heterogeneous interface.?0 It is well known that the
thermal conductivity of a material is expressed as

1
k= gCV vL, &)
where Cy is the specific heat, v is the phonon velocity and L is
the phonon mean free path. The phonon velocity is correlated to
the elastic property of the material by>’:

v= 0.87\/5, (6)
1Y

where E and p are the Young’s modulus and the density, respec-
tively. When propagating across a heterogeneous interface, the
phonons will be scattered to change their velocity, and conse-
quently decrease the transmission probability of the phonons
from one side to the other side. According to the diffuse mis-
match model (DMM),?® the phonon transmission probability is
determined by the phonon velocity inside the two materials, as
expressed by?8:

)
S L% )
) >
2 vt vn;

where the subscripts “17, “2” and “j” refers to the side with
the lower phonon velocity, the side with higher phonon velocity
and the phonon mode (longitudinal or transverse), respectively.
It can be seen from Eq. (7) that, a larger difference between
the phonon velocity inside the two materials leads to a lower
transmission probability. Since the interfacial thermal resistance
is inversely proportional to the phonon transmission probabil-
ity, it is expected that a large interfacial thermal resistance
will exist between the two materials with significantly differ-
ent Young’s moduli. In the YSZ/Al,O3 composite system, the
difference between the Young’s moduli of YSZ and Al,O3
(EAL,05/0A1,05 - PYSZ/Evsz < 3) is not large enough to have
an obvious influence on the phonon transmission probability.
Hasselman et al.?® found the interfacial thermal barrier in a
cordierite—diamond composite is less than 1.0 x 1078 m?> K/W
at 400 °C, while the Young’s modulus of diamond is almost ten
times higher than that of cordierite (the density of diamond and
cordierite is 3.51 and 2.52 g/lcm?, respectively). Therefore, it is
possible that the thermal resistance of the YSZ/Al, O3 interface
is even smaller than that value.

From the above analysis, it can be concluded that: (1) the
negligible thermal resistance effect from the YSZ and Al,O3
grain boundaries is caused by the much lower phonon mean free
path compared with the grain size in the composite; (2) the low
Kapitza resistance is caused by the “clean” and coherent nature
of the YSZ/Al,O3 interfaces, together with the small difference
between the elastic properties of YSZ and Al,O3. Therefore,
the thermal conductivity of the composite can be predicted well
by the Maxwell model because of the absence of any interfacial
thermal resistance.
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Finally, there is a little remark on the good fitting of the
experimental values with the Maxwell model in the YSZ/Al,03
composites, especially when YSZ and Al,O3 have comparable
volume fractions. Usually, Maxwell model requires dilute dis-
persions to avoid the interactions between the local temperature
fields of neighbouring dispersions.” In YSZ/Al,O3 composites,
the thermal conductivity values of YSZ and Al,O3 are not sig-
nificantly different (for example, k1,0, is only five times higher
than kysz at 400 °C). Therefore, the distortion of temperature
gradient around the dispersed phase should be quite mild. In
this case, the interaction of the temperature field between two
inclusions is very small, and consequently extends the applica-
tion range of Maxwell model. On the other hand, because of the
small difference between the conductivity of YSZ and Al,O3,
the temperature gradient is less dependent on the shape of the
dispersed phase. As a result, although the shape of the minor
phase is not perfect spherical in the composites, good fittings are
still achieved between the experimental data and the Maxwell
model.

4. Conclusion

The thermal conductivities/diffusivities of the YSZ/Al,O3
composites have been investigated by a laser flash technique
from 50 °C to 900 °C. The thermal conductivity of the compos-
ites increases with an increase in the Al,O3 volume fraction,
and it can be fitted well by the Maxwell theoretical model. The
consistency of the thermal conductivity of the composite with
the predicted values indicates the absence of interfacial thermal
resistance in the composite. The negligible thermal resistance
effect from the YSZ and Al, O3 grain boundaries is due to the low
phonon mean free path compared with the grain size in the com-
posite. The absence of a Kapitza resistance of the YSZ/Al,O3
interface is discussed from the “clean” and coherent nature of
the YSZ/Al,O3 interface, together with the small difference
between the elastic properties of YSZ and Al,O3. Although an
exact value of the Kapitza resistance of the YSZ/Al,Os3 inter-
face was not obtained in this study, the results indicate the
YSZ/Al,0O3 interface is not thermally resistive.
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