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Relation between functional properties of alumina-based
nanocomposites and locations of dispersed particles
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We previously proposed the toughening and strengthening mechanisms of alumina-based nanocomposites on the basis of dis-
location activities, assuming that nano-sized particles were embedded within the alumina grains. In this research, we fabri-
cated both intragranular dominant and intergranular dominant nanocomposites of alumina/nickel(Ni) system. In order to
fabricate intragranular dominant nanocomposites, y-alumina powder with many nanopores was used as a starting material
through a soaking method. Intergranular dominant nanocomposites were prepared using ¢-alumina powder as a starting
material. Monolithic alumina samples were also sintered for comparison. Mechanical, thermal, and electrical properties were
estimated for those specimens. The results showed that the intragranular nanocomposites had a higher mechanical strength
and fracture toughness than the intergranular nanocomposites. The values of thermal expansion and thermal conductivity
were slightly high in the intragranular nanocomposites compared to the intergranular one. The intergranular nanocomposites
indicated a low dielectric breakdown voltage. Relations between the functional properties of the nanocomposites and the loca-

tion of the dispersed Ni particles were discussed based on dislocation activities and the percolation model.
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1. Introduction

Ceramics have excellent insulation properties. Meanwhile, it is
widely known that ceramics are also hard, mechanically brittle,
low thermal expansion coefficient and low thermal conductivity.
Much research has been conducted to improve the mechanical
characteristics of ceramics, including that of aiming to improve
the fracture toughness on the bridging effect obtained when het-
erogeneous particles are distributed over ceramics.” Regarding
thermal characteristics, an improved thermal expansion coeffi-
cient and thermal conductivity can be obtained by creating a
ceramic—metal composite.*> However, in a composite created by
adding metal particles, since the characteristics of metal is used
to obtain the thermal expansion coefficient and thermal conduc-
tivity closer to those of metallic materials. There is lack of study
of the insulation properties of ceramic—metal composites.

Following the development of nanocomposites created by add-
ing nanoparticles, a method of obtaining new characteristics was
proposed. Ceramic-based nanocomposites were originally pro-
posed by Niihara.”

In our previous report in which a nanocomposite was created
by adding Ni particles to p-alumina, the amount of added Ni
influenced the characteristics of the nanocomposite matrix.” The
position of Ni particle in alumina matrix changed with the qua-
ntity of Ni. Agglomerated Ni particles existed mostly along
alumina grain boundaries especially for 5 vol% Ni. However, the
effect of the position of second phase particles on the macro-
scopic properties of nanocomposites has yet to be clarified, while
in composites, second phase particles affect the characteristics of
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the matrix.

The aim of this study is to clarify the effects of the location
of the second phase particles on characteristics of nanocom-
posites. We fabricate intragranular dominant nanocomposites
using y-alumina powder with many nanopores as a starting
material (called p-alumina composites) and intergranular domi-
nant nanocomposites using o-alumina powder as a starting
material (called o~alumina composites). Also, we control the
amount of Ni, estimate the mechanical, thermal, and electrical
characteristics for each material, and discuss the effects of the
locations of the second phase particles on the characteristics.

2. Experimental procedure
2.1 Starting materials

In this research, samples were prepared by the Pulsed Electric
Current Sintering (PECS) method, using mixed powder created
by the soaking method,® in order to create a Ni dispersed
alumina matrix nanocomposite. The two types of commercially
available alumina, p~alumina (AKP-GO1S5, Sumitomo Chemical
Co., purity: 99.99%, average coagulated particle diameter: 2.6
p#m) and o~alumina (AKP-53, Sumitomo Chemical Co., average
particle diameter: 0.3 um), were used as starting material
matrices. Ni nitrate (Kishida Reagents Chemicals, purity: 98.0%)
was used as a starting material to obtain nanosized Ni, which
formed a dispersion phase. When j-alumina was used as a
matrix, o~alumina was added by 10 mass% as a seed to improve
the sinterability of alumina matrix, while Ni nitrate solution was
prepared by adjusting the Ni content, so that the concentration
becomes 1, 3, 5, and 10 vol% of the volume of alumina.
Alumina, which was the matrix, was added to the Ni nitride solu-
tion, which was then agitated with a stirrer for 30 min, vacuum-
ing was performed for 30 min for depressurization, and the Ni

©2009 The Ceramic Society of Japan
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nitride solution was taken in between coagulated alumina parti-
cles. Drying was then performed in a dryer set at 70°C for 48 h,
and the mixture was crushed in an alumina mortar. The obtained
powder was maintained at 500°C in an atmosphere for 2 h for
temporary sintering. Furthermore, the oxidized Ni obtained as a
result of temporary sintering was reduced into Ni, which was
subsequently maintained at 800°C in a hydrogen atmosphere
(100%) for 2 h to obtain an alumina/Ni powder mixture. Finally,
o-alumina was added by 10 mass% as a seed to the powder mix-
ture, which was finally mixed in a ball mill and dried for 24 h.

2.2 Preparation of sintered samples

A carbon die (diameter: 20 mm) was filled with an alumina/
Ni powder mix, and sintering was performed by the pulse electric
current sintering (PECS) method in a vacuum, with the sintering
temperature set at 1350°C and the sintering pressure at 30 MPa.
To check the phase transformation of alumina and oxidation of
Ni metal during the sintering process, sintering was performed
with temperatures set at 1000°C, 1100°C, and 1200°C respec-
tively, and the pressure at 30 MPa.

2.3 Observation of the microstructure

Using samples subjected to a three-point bending strength test,
the fracture surface of alumina-Ni nanocomposite was observed
under a scanning electron microscope (SEM:JSM-5200, JEOL
Ltd.), and its fracture mode examined. In addition, the post-
sintering dispersion status of nanosize Ni particles was observed
under a transmission electron microscope (TEM:JEMO0-3010,
JEOL Ltd.) in order to examine its relation with various charac-
teristics, while the behavior of Ni particles when sintering was
performed at 1000°C under 30 MPa was also observed.

2.4 Characterization

The bulk density of the sintered samples was measured by the
Archimedes method. The phase transformation of alumina and
oxidation of Ni particles of the mixed powder were checked at
each temperature using the X-ray diffraction (XRD) method.
Furthermore, post-sintering Ni existing in the samples was quan-
tified by fluorescent X-ray analysis (XRF).

A 2x2x 10 mm® specimen was cut out of a sintered sample,
and its fracture strength measured using a three-point fracture
strength test(Autograph; AGS—5kND, Shimadzu Co.). The frac-
ture strength test was carried with the span size set at § mm and
the crosshead speed at 0.5 mm/min. To measure the fracture
toughness, a 2 x 2 x 10 mm?® specimen was also cut out as in the
case of fracture strength measurement, a V-shaped notch of depth
1 mm and end curvature radius of 20 #m was processed at the
center of the specimen, and a fracture toughness test was used
by the SEVNB method.® The fracture toughness test was carried
with the span size set at § mm and the crosshead speed at 0.5
mm/min. The fracture toughness was calculated by the equation
presented by Wakai et al.,” using the results obtained.

Thermal expansion was measured with the specimens in disk
shape with thickness of 10 mm and diameter of 5 mm was used
for the thermo mechanical analyzer (TMA-50H, Shimadzu
Co.)(JIS R 1618). The measurement temperature is from room
temperature to 300°C in Ar atmosphere.

The specific heat and thermal diffusivity at room temperature
were measured by the laser flash method (JIS R 1611) in order
to determine the thermal conductivity. A laser flash device (TC—
7000, Optronics Co., Ltd.) was used for the measurement, and
specimens in disk shape with thickness of 1 mm and diameter of
10 mm were used. To stabilize the laser absorption on the surface

of the specimens in specific heat measurement, glassy carbon
was attached to them, and to measure thermal diffusivity, the
sample was performed by spraying carbon onto both sides of the
specimens.

The dielectric breakdown voltage was measured as electric
characteristics. To test these properties, disk-shaped specimens
with thickness of 1 mm and diameter of 10 mm were cut out and
electrodes were attached to both faces of these specimens. In the
dielectric strength voltage test, AC voltage was applied to both
sides of the disk-shaped specimens at a voltage increase rate of
100 V/s, and the voltage at dielectric breakdown was measured
to calculate the resistance to dielectric breakdown.

3. Results and discussion

3.1 The effect of starting material

It is likely that a starting material had a significant effect on
the position or existence of Ni in the alumina matrix. Based on
the assumption that the difference between the phase transforma-
tion temperature from j-alumina to ¢~alumina and that of the
start of sintering of ¢~alumina in the sintering process had an
effect on the existence of Ni nanoparticles within alumina
particles when p-alumina was used, the temperature of the phase
transformation was examined using the PECS method. Figure 1
shows the results of X-ray diffraction analysis of y-alumina/
1vol%Ni nanocomposite powder and samples sintered at 1000,
1100, and 1200°C respectively. In powder, y-alumina and seed
o~alumina are seen. At 1000°C, y~alumina is found to exist, but
the peak of o-alumina is found to be slightly larger than that of
the powder. At 1100°C, p~alumina had completely transformed
into o~alumina.

Figure 2 shows the result of TEM and Energy Dispersive X-
ray Spectroscopy (EDX) of samples sintered at 1000°C and 30
MPa, while Fig. 2(a) shows that Ni particles had been dispersed
within columnar p~alumina and its aggregate. Figure 2(b) shows
that phase transformation occurred to ¢~alumina partially. The
results of TEM in (b) and EDX in (c) show that Ni existed within
the alumina particles, which had been made into o-type. In pres-
sureless sintering, the phase transformation from y-alumina into
o~alumina is known to start at approximately 1200°C. If sinter-
ing is performed by the PECS method, the sintering of ¢~alumina
will commence at approximately 900°C. When y-alumina is used
as a starting material, phase transformation from y-alumina to o~
alumina occurs at 1100°C. In general, when grain growth speed
was low the dispersed particles moved to grain-boundary, under
the opposite case, the dispersed particles were left in the grain.
In this case, the temperature of the phase transformation was
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Fig. 1. XRD patterns of alumina/1vol%Ni nanocomposite. (a) powder,
(b) 1000°C, (c) 1100°C, (d) 1200°C. @ a-alumina, O y-alumina.
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Fig. 2. TEM and EDX photographs of alumina/lvol% Ni nanocomposites sintered at 1000°C by PECS method. (a) Ni particles
within p~alumina, (b) Phase transformation from y-alumina to ¢~alumina, (¢) EDX analysis of (b).

higher than the o~alumina sintering start temperature. Therefore
Ni particles were left within alumina particles, because grain
growth of alumina particles occurred rapidly. Based on the
above, by using o~alumina as a starting material, Ni particles
moved to alumina grain boundaries, because the sintering start
temperature of o~alumina is lower than that of )~alumina.

3.2 Mechanical properties (bulk density, fracture

strength, and fracture toughness)

Table 1 shows the Ni contents in several samples. When the
samples measured using fluorescent X-rays were analyzed, the
Ni content detected was almost the same as the amount added to
the mixture. Table 2 shows the results of measurement of the
bulk density, fracture strength, and fracture toughness. The
monolithic alumina and 1 vol% Ni added j-alumina and o~
alumina were sintered at 1350°C under 30 MPa. The bulk density
of 1 vol% Ni samples was found to be almost equivalent to that
of monolithic alumina, while the relative density of all the
alumina matrix nanocomposites created was 99% or higher,
which indicated that the substance obtained was highly dense
with almost no pores. The fracture strength of the yp~alumina/
1vol%Ni sample was measured by a 3-point fracture strength test
at 900 MPa. On the other hand, the o~alumina/lvol%Ni sample
did not demonstrate improved strength compared with mono-
lithic alumina. The fracture toughness of y-alumina/l1vol%Ni
sample measured by the SEVNB method was higher than that of
monolithic alumina, whereas no improvement of fracture tou-
ghness was observed in the ¢o~alumina/l1vol%Ni sample. To
examine the effect of the position of existence of Ni particles in
alumina matrix nanocomposites on various ceramics characte-
ristics, nanocomposite with Ni added was subjected to the
fracture strength test, and the microstructure of the fracture sur-
face was subsequently observed under an SEM to examine the
fracture mode. The dispersion status of the Ni particles in the sin-
tered body was also observed under a TEM. Figure 3 shows
SEM photographs of the fracture surface of samples prepared
using o-alumina (a) and p~alumina (b) as a matrix, respectively.
The transgranular fracture mode was mainly found with »-
alumina, whereas with o~alumina, the intergranular fracture
mode was mainly found although a transgranular fracture was
also partially in evidence. Figure 4 shows TEM photographs
showing black Ni particles. The Ni particle size of both samples
fell within the 100 to 300 nm range. In the sample using o~
alumina (a), Ni particles were found mainly at the grain bound-
aries, whereas in the y~alumina/1vol%Ni sample (b), Ni particles
were found to exist within matrix particles, and the dislocation
was found to occur around Ni particles. As a result, we consider
that with p~alumina/lvol%Ni sample, Ni particles dispersed
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Table 1. Ni Contents in Several Samples

Ni contents o~alumina y-alumina
1 vol% 1.2 1.3
3 vol% 3.1 32
5 vol% 5.1 4.9

Table 2. Mechanical Properties of Alumina/Nickel Nanocomposites

Bulk Fracture Fracture
Density Strength Toughness
glec? MPa MPa-m'?
alumina 3.9 757 4.00
o-alumina 1vol%Ni 39 730 3.43
y-alumina 1vol%Ni 39 900 4.86

5um

Fig. 3. SEM photographs of fracture surface of alumina/Ni nanocom-
posites sintered at 1350°C under 30 MPa by PECS method. (a) o~
alumina/l1vol% Ni, (b) y-alumina/lvol%Ni.

Fig. 4. TEM photographs of alumina/Ni nanocomposites sintered at
1350°C under 30 MPa by PECS method. (a) o~alumina/1vol% Ni, (b) y-
alumina/1vol%Ni.
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within alumina particles caused the dislocation to occur. The
dislocations within matrix could improve the fracture strength
and fracture toughness because the residual stress in alumina
decreased and the frontal process zone size increased.'”

On the other hand, the fracture strength and toughness of the
o~alumina/l1vol%Ni sample were approximately equivalent to
those of monolithic alumina, due to the minute amount of Ni
existing within the matrix particles compared with the volume of
y-alumina. Based on the results described above, we conclude
that the existence of nanoparticles within the alumina matrix is
very effective for improving both strength and toughness.

3.3 Thermal properties (thermal

thermal expansion coefficient)

When ceramics are used for insulated circuit boards, their
thermal conductivity should preferably be maximized, because
they constitute a means of heat dissipation. In addition, to ensure
reliability, it is desirable that the thermal expansion coefficient
be as close to that of copper, namely the circuit material, as pos-
sible. With these in mind, the thermal properties of ceramics,
vital when they are used as insulated circuit board materials,
were examined.

Figure 5 shows the relation between the Ni content and the
thermal expansion. The broken line in the figure represents the
upper limit of the rule of mixture (Voigt rule). The y~alumina/
1vol%Ni sample saw the thermal expansion coefficient com-

conductivity,
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Fig. 5. Relation between Ni content and thermal expansion of mono-
lithic alumina and alumina/Ni nanocomposites.
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pared with monolithic alumina, slightly exceeding the upper
limit of the rule of mixture. Otherwise, the a-alumina/l1vol%Ni
sample demonstrated a decrease in the thermal expansion coef-
ficient. Based on this, the position of the existence of Ni is likely
to have affected the thermal expansion coefficient. Local stress
caused by the difference in the thermal expansion coefficient
between the matrix and the dispersion phase can be expressed by
the following equation, using Selsing’s model:'"

_ (am —ap)XAT
T 14vn +1—2vp (D
2En E,

where,

«a:  Thermal expansion coefficient

v:  Poisson’s ratio

E:  Young’s modulus of elasticity

AT: Temperature difference in the cooling process

m: Matrix, and

p: Dispersion phase value

The compressive stress generated around dispersed Ni par-
ticles in the alumina-Ni system is calculated to be approximately
1900 MPa by Eq. (1), assuming that the temperature difference
AT is 1330°C.

In those results, we suggest that relationship between residual
stress and position of Ni particles as shown in Fig. 6. A sintered
monolithic alumina (Fig. 6(a)) will have residual stresses in
grains. If Ni exists within alumina particles (Fig. 6(b)), com-
pressive stress is generated on the joint interface between
alumina and Ni, resulting in dislocation. Consequently, the sin-
tering residual stress of alumina decreased, while the thermal
expansion coefficient increases, reaching a value close to the
coefficient of the linear expansion of sapphire (parallel to C-axis:
7.7 x 105K (40 to 400°C)). On the other hand, with the o
alumina/1vol%Ni sample, since Ni existed within the alumina
grain boundaries (Fig. 6(c)), the residual stress of alumina par-
ticles increased during sintering, the thermal expansion coeffi-
cient decreased.

Figure 7 shows the change in thermal conductivity due to the
addition of Ni. Generally, the thermal conductivity of composites
is determined by the thermal conductivity, volume fraction, and
status of interface of composites. Hasselman et al. presented a
theoretical Eq. (1) to calculate the thermal conductivity of parti-
cle-dispersed composites consisting of 2 phases.'"
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Fig. 6. Relation between residual stress and position of Ni particles. (a) monolithic alumina, (b) Ni exists within alumina grain, (c) Ni

existed within the alumina grain boundaries.
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Fig. 7. Relation between Ni content and thermal conductivity of
alumina/Ni nanocomposites.
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where,

Kn: Thermal conductivity of the matrix

Kq: Thermal conductivity of the dispersion phase

Va: Volume fraction of the dispersion phase

a: Particle diameter, and

he:  Coefficient concerning the thermal conduction on the

interface

The size effect of the Ni particle diameter on thermal conduc-
tivity was examined within the Ni content range of 1 to 5 vol%.
The size of the Ni particle diameter in 1 to 5 vol% ranged from
100 to 500 nm. When the Ni particle diameter increased from
100 to 500 nm, the difference in thermal conductivity was cal-
culated to be as small as 0.3 W/m-K using the above equation,
which indicated that the effect of the particle diameter on thermal
conductivity was small. The broken line in the figure represents
the relation between Ni content and thermal conductivity when
the Ni particle diameter is 100 nm, and A is 3.5 x 10”. The »-
alumina/1vol%Ni sample slightly exceeded the theoretical
thermal conductivity by Hasselman. However, with the increase
in Ni content, the value decreased to below the theoretical con-
ductivity by Hasselman. The thermal conductivity of the o~
alumina/1vol%Ni sample was found to be lower than that of
monolithic alumina by approximately 17%, and lower than the
theoretical thermal conductivity by Hasselman. Table 3 shows
the results of measurement of thermal diffusivity and specific
heat of the y~alumina/1vol%Ni and oalumina/1vol%Ni samples.
The specific heat of both samples was found to be approximately
equivalent to that of monolithic alumina. The thermal diffusivity
of the y~alumina/1vol%Ni sample was higher than that of mono-
lithic alumina, whereas that of the o~alumina/lvol%Ni sample
was lower than that of monolithic alumina. The above results
indicate that the difference in thermal conductivity between the
y-alumina/1vol%Ni and o-alumina/1vol%Ni samples is affected
by thermal diffusivity. The major factor affecting the thermal
conduction of ceramics is phonon diffusion due to lattice vibra-
tion. Increased dislocation in crystals prevents the lattice from
producing harmonic oscillation, thus resulting in attenuation.
Consequently, phonons are scattered and thermal conductivity
declines significantly.'” Several studies have reported that
increased residual stress on the lattice causes strain, thus dec-
reasing thermal conductivity.'? With the c-alumina/1vol%Ni
sample, the residual stress on Ni existing in alumina grain-
boundaries (lattice strain) caused phonon scattering attributable
to lattice vibration, thus decreasing the thermal conductivity.
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Table 3. Thermal Properties of Monolithic Alumina and Alumina
Nanocomposites

Specific Heat Thermal Diffusivity
sample
x 10° J/kgK x 107° m%/s
alumina 0.77 12.21
o~alumina 1vol%Ni 0.76 9.76
y-alumina 1vol%Ni 0.74 13.02
20
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Fig. 8. Relation between Ni content and breakdown voltage of
alumina/Ni nanocomposites.

Meanwhile, with the p~alumina/1vol%Ni sample, despite the fact
that dislocation occurred within alumina particles, the thermal
conductivity remained unchanged. Therefore it is likely that the
major reason for this is the fact that the existence of Ni within
alumina particles decreased the residual stress within the alumina
particles.

3.4 Electrical characteristics

Figure 8 shows the relation between the Ni content and break-
down voltage. The breakdown voltage of the y-alumina/1vol%Ni
sample was lower than that of monolithic alumina by 4%,
whereas the breakdown voltage of the o¢~alumina/lvol%Ni
sample was lower by approximately 19%.

A leak electric current is generated with an increase of the
voltage that is applied to alumina matrix. The increase in leak
electric current produces breakdown.'#' The electrical charac-
teristics of composites were examined based on the percolation
phenomenon.'® The percolation threshold of materials with con-
ductive materials added to its insulator varies depending on the
parent phase particle/conductive particle diameter ratio. If con-
ductive particles have a sufficiently small diameter compared
with that of the parent phase, the critical volume decreases, and
conductivity is attained when only a small amount of conductive
substance is added. Consequently, the addition of sufficiently
small nanosize Ni, even in trace amounts, may hinder efforts to
maintain the insulation properties.!” Since the TEM observation
result indicates that the ratio of the alumina particle diameter to
the Ni particle diameter in the jp-alumina/l1vol%Ni and o~
alumina/1vol%Ni samples was approximately 15:1, there is suf-
ficient potential for the withstand voltage to have decreased
based on the percolation theory. The existence of Ni particles at
the grain boundaries of the ¢~alumina/1vol%Ni sample
decreased the withstand voltage based on the percolation theory.
Based on the above, the position of the existence of Ni in
alumina/nanosize Ni composites is considered to affect the
breakdown voltage of ceramics. However, since Ni existed
within alumina particles of the y-alumina/1vol%Ni sample, the
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percolation theory was not applicable, and the withstand voltage
hardly decreased, thus ensuring approximately the same dielec-
tric breakdown voltage as that of monolithic alumina.

4. Conclusion

The position of the existence of nanosize nickel (Ni) in
alumina matrix was changed to examine the mechanical,
thermal, and electrical characteristics of nanocomposites, and the
following results were obtained:

(1) The Ni particle dispersion status in the microstructure of
nanocomposites varied depending on the type of alumina used as
a starting material. With the y~alumina/1vol%Ni sample, Ni par-
ticles existed mainly within alumina particles, whereas with the
o~alumina/1vol%Ni sample, Ni particles existed mainly at grain
boundaries.

(2) The existence of Ni particles within alumina particles
improved the mechanical characteristics (fracture strength and
fracture toughness) compared with those of monolithic alumina.
However, if Ni existed at grain boundaries, the mechanical char-
acteristics remained unchanged, even if the particle size was the
same.

(3) The existence of Ni particles within alumina particles
also improved the thermal characteristics (thermal expansion and
thermal conductivity coefficients) as in the case of mechanical
characteristics. Meanwhile, the existence of Ni at grain bound-
aries decreased the thermal expansion coefficient to 6 ppm/K,
and that of thermal conductivity to 30 W/m-K, from those of
monolithic alumina.

(4) The existence of Ni particles within alumina particles
decreased the breakdown voltage by 4%, whereas their existence
at grain boundaries decreased it by 19%.
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