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Abstract—Microstructure and thermal conduction properties involving thermal diffusivity and conduc-
tivity of composite, Al,O;-Ag, were investigated. The Ag particles observed in the composites were spread
sporadically throughout the composite with inclusion size increasing with Ag content, rather than forming
a network of thin film foil. Thermal conductivity of the composite increased with Ag content and followed
composite theory prediction with a negligible influence of interfacial contact resistance. The temperature
dependence of the thermal conductivity became less pronounced with increasing Ag content reflecting the
nature of electron contribution in Ag rather than the typical phonon contribution in polycrystalline Al,O;.
The lower composite conductivity at higher Ag contents as compared to theoretical predictions is due
primarily to the residual pore phase, associated with the cavity formation for the composite containing

10vol.% Ag.

1. INTRODUCTION

Brittle solids are susceptible to the scale of pre-
existing flaws. However, a dominant methodology
in improving the toughness of brittle solids is to
fabricate composites. One of the important branches
of composites is by incorporating the ductile
metal particles [1-3], or fibers [4, 5] into the brittle
solids, to produce cermet. This method illustrates
a potential advantage in toughness improvement,
especially in ceramic materials [6, 7], and has received
attention theoretically and practically. One of the
most promising features for cermets is the improved
thermal-shock resistance. Morgan ef al. [8] obtained
good thermal shock characteristics in composites
of Al,O; matrix with small amounts (0.5-1.5 vol.%)
of finely dispersed Pt or Cr metal. They reported
that this thermal shock improvement is primarily
due to the mechanical locking of ceramic grain
by the metal inclusions, i.e. a crack bridging effect.
The mechanism for such a toughness increment
in brittle solids has been detailed in other publications
[3,5] and is beyond the scope of the present
study.

This article deals mainly with the thermal conduc-
tion properties of the composite containing up to
10% Ag in an Al,O; matrix, accompanied with
microstructure characterization. Although the metal
inclusions exhibit ductile characteristics, the large
thermal expansion mismatch between the metal and
ceramic may inevitably give rise to considerable
internal stresses which may usually lead to internal
fracture. A thermal cyclic flash-diffusivity method
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was thus employed to detect whether the internal
fracture exists or not [9, 10].

2. EXPERIMENTAL PROCEDURES

A powder mixture consisting of Al,O, (AKP-50,
Sumitomo Chem. Co. Ltd, Japan) and Ag,O (John-
son Matthey Co., U.K.) was ball-milled, with zirco-
nia balls as media, in ethanol solution for 24 h. The
slurry was dried with a rotary evaporator (N-1,
Tokyo Rikakikai Co. Ltd), followed by die-pressing
under an unidirectional pressure of 100 MPa. The
as-pressed compacts were then sintered in air at
1500-1700°C for 1h. The Al,O, grain size and the
inclusion size were determined on a polished surface
by an image analyzer (Quantimet 520, Cambridge
Co.). Specimens used for thermal conduction
measurement were ultrasonically machined into disks
with thickness ~ 1.5 mm and diameter ~ 10 mm. The
detailed procedures for the determination of thermal
diffusivity («) and heat capacity (C,,) were reported in
another paper [12]. The microstructure of the com-
posite was examined using scanning electron mi-
croscopy (SEM, Cambridge Instruments, S-360).

3. RESULTS AND DISCUSSION
3.1. Microstructure evolution

The incorporated Ag,O powder decomposed into
metal silver and oxygen during the heating stage, and
resulted in fine Ag particles as the second-phase
inclusion in the Al,O, matrix after sintering. The
microstructure of the composite for a representative
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specimen containing 10 vol.% Ag was illustrated in
Fig. 1. The numerous light regions denote the Ag
inclusions and the dark regions are Al,O; matrix.
Unlike the composites prepared by Morgan [13] over
which a three-dimensional network of thin metal foil
was formed in the brittle matrices, the Ag inclusion
(melting point ~960°C) had a different morphology.
With the exception of a few larger inclusions
(~4 um), the majority of the inclusions are small and
are sporadically distributed throughout the solid. The
size of the matrix grain and the inclusion was listed
in Table 1 with various Ag contents. With increase of
Ag content, Al,O; grain size became smaller indicat-
ing that the grain boundary movement was strongly
inhibited during sintering. However, the increase in
inclusion size is believed to be due to the coalescence
between agglomerates of small inclusions while treat-
ing at elevated temperatures [7].

One of the important features in ceramic matrix
composites is the occurrence of internal fracture due
to differential thermal contraction particularly for
composites with brittle constituents [14]. This can
always weaken the strength of the composites and
subsequently limits their structural applications.
However, some of the drawbacks may reduce upon
the incorporation of ductile metal inclusion into
brittle matrix, and a significant toughening improve-

Table 1. Porosity, inclusion size and Al,O, grain size of Al,O-Ag
composite

Inclusion size

Ag (vol.%) Porosity (%) (pm) Al,O; size (um)
0 0.6 — 5.16

2.5 1.0 1.2t 4.52
5 2.0 25 4.19

10 34 2.7 4.06
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Fig. 1. Scanning electron micrograph, showing a polished surface of Al,O,~Ag composite (10 vol.% Ag)
where the light regions denote the Ag inclusions and the dark regions are Al,O; matrix.

ment is frequently obtained [3, 7). In the composite,
the thermal expansion mismatch between Al,O;
(a0, =8.8 x 107%/°C) and Ag (xs,=107%°C) is
large, i.e. Ax =11.2 x 107%/°C. Since metal silver is
extreme ductile, it is hypothesized that stress due to
differential thermal contraction between Al,O, and
Ag can be released above a critical temperature, AT.
Below such a temperature, the stresses arise and
subsequently cause spontaneous microcracking.
Moreover, the magnitude of the stresses increases
with the third-power of the inclusion size [15]. The
critical inclusion size (R,) for spontaneous microc-
racking inside the composite can then be determined
by a model recently proposed by Liu [16]. The model
described that the stored strain energy in brittle
composites is a strong function of both the content
and size of second-phase inclusion, analogizing to
that derived by Davidge and Green in terms of a
strain energy criterion [14] by:

R. >

674
203/ Ex[(F} + F3) — 2v, F(Fy + F)l + 03(1 = 2v4)'/E,

M

where 7y, is fracture surface energy of matrix phase
(assumed ~1.0J/m? for Al,0;), o, is the internal
residual stress, v is the Poisson’s ratio which is 0.37
for Ag and 0.257 for AL, O,, E is the Young’s
modulus, 380 GPa for Al,O, and 71 GPa for Ag, and
factors F, and F, are functions of inclusion content.
The subscripts m and d denote the matrix and
inclusion phase, respectively. Figure 2 shows the
resulting predicted curves for temperature difference
AT of 500 and 600°C vs experimental observation
(open circle). Obviously, spontaneous microcracking
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Fig. 2. Comparison made between the predicted critical Ag
size under different AT and the measured inclusion size for
various Ag contents.

would likely occur if the internal stresses were devel-
oped at AT approx. 500°C at 10vol.% Ag. This is
because the measured inclusion size, 2.7 um, is
roughly the same as the value derived theoretically
under AT = 500°C. Any increase in AT indicates that
the stresses are readily developed at a higher tempera-
ture on cooling and this usually causes a reduction in
Ag size required for the initiation of microcracking
for a given inclusion content.

3.2. Thermal conduction behavior

As a dielectric solid, the thermal diffusivity of
polycrystalline alumina exhibited is typical of phonon
conduction behavior. By incorporation of metal sil-
ver the thermal diffusivity of the composites increases
(Fig. 3), with increasing content of Ag. The thermal
conductivity of the composite can be obtained by
multiplying the thermal diffusivity, heat capacity
(given in Table 2), and the bulk density of the
composite, as shown in Fig. 4. The dimensional
change due to thermal expansion at various tempera-
tures was considered for accurate estimation. In-
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Fig. 3. Temperature-dependence of thermal diffusivity of
Al O,-Ag composite.

Table 2. Heat capacity (J/g-K) of the Al;O0;-Ag(x)

composites at various temperatures (7). Data

measured by using the laser-flash method as de-
scribed in detail in Ref, [12]

x (%)
T (°C) 0 2.5 5 10
20 066 067 067 064
100 071 073 076 075
200 076 080 085 078
300 085 086 089 087
400 089 094 093 095
500 093 096 096 1.07
600 0.97 1.08 1.09 1.10

crease of the Ag content, the thermal conductivity of
the composites increases and shows a weak tempera-
ture dependence, particularly at 10% Ag, resembling
that observed in metal silver [17, 18]. This finding
suggests that the electron contribution of the metal
silver to the composite conductivity (at 10% Ag) is
significant. Furthermore, this increase of composite
conductivity reduces excessive heat accumulation
and in certain conditions prevents the composites
from thermally-induced fracture. Together with its
improved fracture toughness [19], application of
the composite in certain environments particularly
when moderate thermal shock is required is encour-
aging.

Hasselman and Johnson [20] derived a series of
expressions by modifying the original composite the-
ories of Rayleigh [21] and Maxwell [22] to consider
the effect of interfacial and thermal resistance. These
expressions allow the effective conductivity of com-
posite consisting of homogeneous matrix phase in
which particles of second homogeneous phase are
dispersed to be predicted. For spherical dispersions
the equation is given by:

K, K, K, | 2K,
A= —— =1V + 2+ 42
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Fig. 4. Thermal conductivity of Al,O,~Ag composite.
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where K, is the effective thermal conductivity of
composite, a is radius of sphere, % is interfacial
thermal conduction coefficient, and ¥, is the volume
fraction of the dispersed phase. In the absence of
interfacial thermal resistance, i.e. 1/h =0, equation
(2) is identical to the original Rayleigh-Maxwell
relation for K, and is also consistent with Eucken’s
relation [23] for the case of a continuous phase with
spherical inclusion.

By substituting the conductivity values of
ALO;=32W/m-K and Ag=410W/m-K into
equation (2) with various inclusion fractions, the
calculated thermal conductivity line was attained as
shown in Fig. 5 with the measured values denoted by
circle symbols. The predicted conductivity is higher
than the measured conductivity for Ag > 5%, which
may arise from the pore phase and the probable
microcracking effect aforementioned. However, the
latter factor suggests 2 =0 (valid for a complete
separation of Ag/Al, O, interface), and a value of 29.6
and 27.4 W/m-K is obtained using equation (2) and
h =0 for 5 and 10% Ag, respectively. These values
are much smaller than the measured ones, indicating
that the microcracking effect should be rather small
if it does exist or may be absent.

Therefore, to determine the interfacial contact
resistance (1/k) in equation (2) it is essential to
further understand the Al,O,—Ag interface. Recently,
Hasselman et al. [24] reported that in Al/SiC com-
posites the composite conductivity increased sigmodi-
ally with increasing SiC particle size and reached a
near-constant value for some critical inclusion diam-
eter (D,). Such a sigmodial change in thermal con-
ductivity with particle size mainly results from
increasing interfacial contact resistance and has been
verified analytically by Benveniste and Miloh [25].
Above the critical diameter (D, ), the influence of the
interfacial contact resistance on the K is negligibly
small as compared to the contribution of inclusion
phase to the overall composite conductivity [26]. In a
recent communication by Liu [27], the 4 and corre-
sponding a, (D.=2a.) can be determined by the
following equations
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Fig. 5. Comparison of thermal conductivity made between
theoretical prediction [equation (2)] and experimental obser-
vation in Al,O,-Ag composite.

Substituting K, =39W/m-K for 10% Ag,
a=135um (D =2.7 um), and the known values of
K, and K; into equation (3), the interfacial thermal
conductance & = 4.10 x 10* W/m?-K is obtained. The’
critical size for a negligible interfacial resistance is
then calculated to be D, = 2.7 um. In other words, the
term K, /ha in equation (2) shows a negligible influ-
ence on the calculation of K, when the Ag particle size
approaches 2.7 um at 10% content. This indicates
that the predicted curve in Fig. 5 without considering
the term K,/ ha is a reasonable estimation. In fact, the
use of K, =39 W/m-K in equation (3) may readily
involve both the pore phase and other defects such as
interfacial fracture. The negligible contact resistance
deduced for composite containing 10% Ag substanti-
ates that the microcracking effect is negligible. The
deviations which exists between the predicted values
and the measured values as Ag > 5% (Fig. 5) is due
primarily to the pore phase.

Upon measuring the thermal diffusivity of the
composites with a thermal cycling test, Figs 6(a) and
(b) show that at 5% Ag, thermal diffusivity values are
identical for both cycles [Fig. 6(a)], however, a small
hysteresis loop is observed on return to room tem-
perature at 10% Ag [Fig. 6(b)]. The true reason for

Ko[Ku (2 —2V,) — K2+ Vo)l

M = R @ =2V — K@ + Vo)l = Kol +2V,) — KK (L = V)] ®
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Fig. 6. Thermal cycling test made on the composite contain-
ing: (a) 5%; and (b) 10% Ag, which showed a hysteresis
loop at 10vol.% Ag.

such a hysteresis behavior is not quite clear at
present. One explanation, which is based on the
experimental observation in the MgTi, O, ceramic by
Siebeneck [28], might be referred to as the occurrence
of internal microcracking during cooling. However,
this appears to contradict the calculation of inter-
facial contact resistance presented earlier.
Therefore, one plausible explanation is proposed,
which is assumed to result from the formation of
cavity along the interface [29] once the local tensile
stress becomes large (particularly for the larger Ag
particles at 10% Ag) and exceeds the strength of the
Al,O,-Ag interface. Since the heating cycle can be
regarded as an annealing process, after which the
internal stresses were partially relaxed. According to
McKeown and Hudson [30], the ductility of Ag phase
then would increase, accompanied with a decreased
yield strength. Thus, a lower cooling temperature is
usually required to yield sufficient stresses for activity
formation, and this causes higher values of thermal
diffusivity than the corresponding heating portion of
the curve [Fig. 6(b)], constructing the hysteresis effect.
This cavity phase, acting as porosity, reduces com-
posite conductivity but does not suppose to enhance
the interfacial contact resistance which has been

verified by previous calculation. Therefore, the cavity
formation appears to provide a more reasonable
explanation for such a hysteresis phenomenon. The
absence of the hysteresis loop in the composite with
5% Ag is probable due to the fact that the internal
stresses are too low to have any important effect on
the formation of cavity along the Al,O,—Ag interface.

4. CONCLUSIONS

The microstructure and the thermal conduction
properties of Al,0,—Ag composites were investigated.
The Ag inclusions distributed randomly throughout
the matrix phase rather than forming a thin metal foil
within the Al,O; matrix. Interfacial thermal conduc-
tance k is determined to be 4.1 x 108 W/m-K and a
corresponding critical Ag particle size of ~2.7 ym is
attained. Above the critical diameter (D,) the com-
posite conductivity can be evaluated accurately by
using Hasselman—Johnson equation [equation (2)]
without further considering the influence of inter-
facial contact resistance, i.e. original Maxwell-
Rayleigh equation. The lower thermal conductivity of
the composites containing 5% Ag compared to that
of theoretical prediction is primarily due to the
residual pore phase, and associates with cavity for-
mation at 10% Ag.
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