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ABSTRACT

Alumina/silver nanocomposites were fabricated using a soaking method through a sol-gel route to construct an intra-type nano-
structure. The pulse electric-current sintering (PECS) technique was used to sinter the nanocomposites. Several specimens were
annealed after sintering. The microstructure, mechanical properties, critical frontal process zone (FPZ) size, and thermo-mechan-
ical properties of the nanocomposites were estimated. The relative densities of the specimens sintered at 1350 and 1450°C were
95% and 99%, respectively. The maximum value of the three-point bending strength was found to be 780 MPa for the 2x2x10
mm specimen sintered at 1350°C. The fracture toughness of the specimen sintered at 1350°C was measured to be 3.60 MPa - m'?
using the single-edge V-notched beam (SEVNB) technique. The fracture mode of the nanocomposites was transgranular, in con-
trast to the intergranular mode of monolithic alumina. The fracture morphology suggested that dislocations were generated
around the silver nanoparticles dispersed within the alumina matrix. The specimens sintered at 1350°C were annealed at 800°C
for 5 min, following which the maximum fracture strength became 810 MPa and the fracture toughness improved to 4. 21
MPam'? The critical FPZ size was the largest for the specimen annealed at 800°C for 5 min. Thermal conductivity of the alu-
mina/silver nanocomposites sintered at 1350°C was 38 W/mK at room temperature, which was higher than the value obtained
with the law of mixture.
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1. Introduction

lumina is widely regarded as a promising material for

structural applications due to its desirable properties as
a high-temperature material including its high refractori-
ness, hardness, good wear resistance, and chemical stabil-
ity. However, its low fracture toughness and poor thermal
shock resistance must be addressed before it can be utilized
as an engineering material.”

While the mechanical properties of structural ceramics
are known to improve slightly by dispersing larger ceramic
particles in ceramic-matrices,” the nanocomposites pro-
posed by Niihara et al. showed significantly improved
mechanical properties.*” The nanocomposites were fabri-
cated by dispersing nano-sized second phase particles
within the matrix grains and along the grain boundaries.
The thermal expansion mismatch between the matrix and
second phase particles produces a marked improvement in a
number of mechanical properties such as the fracture
strength, fracture toughness, creep resistance, thermal
shock resistance, and wear resistance. The mismatch of the
thermal expansion around the nano-sized second phase par-
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ticles induces shear stresses, which in turn generate dislo-
cations. In addition, this process leads to the formation of
sub-grain boundaries via the processes of dislocation rear-
rangement or reproduction; additionally, the expansion of
the critical frontal process zone (FPZ) size ahead of a crack
tip enhances the fracture toughness by creating nanoc-
racks.” This mechanism is fairly different from the particle-
dispersed composites, where larger particles are dispersed
within glassy materials generate cracks around the parti-
cles and improve the fracture toughness by a small
amount.”

It is known that the intra-type nanostructure generates
dislocations and improves the mechanical properties of
ceramics.*'” However, the intra-type nanostructure is par-
ticularly difficult to fabricate using the conventional pres-
sureless sintering technique or mixing processes. In this
paper, alumina-based nanocomposites were fabricated us-
ing a soaking method through a sol-gel route to construct an
intra-type nanostructure, in which a y-alumina powder with
high nanoporosity was used as the starting material.'”

The thermal expansion coefficients of the silver particles
and alumina matrix are 22 and 8.8/MK,'" respectively. Dis-
locations will be easily generated along the alumina-silver
boundaries as a result of the thermal expansion mismatch
between the two materials.’? Alumina/silver nanocompos-
ites will be particularly interesting as functional materials
due to their excellent thermal conductivity as well as their
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Fig. 1. Schematic description of the soaking method with y-alumina powder and silver sulfate solution.

mechanical properties. The incorporation of nanoparticles
with high thermal conductivity into a ceramic matrix may
enhance the thermal conductivity of the ceramic-based
nanocomposites and improve the thermal shock resistance.
The microstructures of the sintered materials along with
their mechanical properties (fracture strength, fracture
toughness, and critical FPZ size) and thermo-mechanical
properties are discussed here.

2. Experimental Procedure

2.1. Materials and procedure

Commercially available y-alumina powder (AKP-G015,
Sumitomo Chemical, Japan, purity 99.99%, 260 nm in aver-
age size) was used as the matrix of the nanocomposites,'”
and silver (I) sulfate (Ag,SO,, Osaka KISHIDA Chemistry,
Japan, purity 99.5%) was used as nano-sized second phase
particles dispersed within the matrix grains. 10 mass% o-
alumina (AKP-53, Sumitomo Chemical, Japan, 99.99%
purity, 0.3 um average size) was used as a sintering seed.
The y-alumina powder and 1 M (mol/]) silver sulfate solution
were prepared using a soaking method. The soaking
method, schematized in Fig. 1, can be explained as follows.
First, the y-alumina powder was soaked in the silver sulfate
solution in a vacuum. Second, the y-alumina/silver sulfate
solution composite powder was centrifuged for 30 min at
3000 rpm to remove the excess silver sulfate solution from
the surface of the agglomerated y-alumina powder and was
then filtered to fabricate an intra-type nanostructured pow-
der. Third, the mixed powder was calcined at 550°C for 3 h
in air to obtain silver oxide particles in the pores of the y-
alumina powder. Finally, the calcined powder was reduced
in hydrogen atmosphere for 2 h at 800°C to obtain metallic
silver nanoparticles. i

The specimens were sintered using the pulse electric-cur-
rent sintering (PECS) technique at 1250, 1350, and 1450°C
for 5 min under 30 MPa in a vacuum. The volume fraction
of the silver particles was approximately 1 vol%. The speci-
mens sintered at 1350°C were then annealed for 5 min at
700, 750, 800, 850, and 900°C in an argon atmosphere.

2.2, Characterization

The relative density of the sintered specimens was mea-
sured using the Archimedes method. The crystal phases of
the calcined powder, reduced powder, and sintered speci-
mens were analyzed by X-ray diffraction (SHIMADZU, XD-
D1, Japan). The fracture strength was measured using a
three-point bending test on 2x2x 10 mm specimens with an
8-mm span and a cross-head speed of 0.5 mm/min. The frac-
ture toughness was measured using the single-edge V-
notched beam (SEVNB) method.'® After the three-point
bending test, the fracture surfaces were observed via a scan-
ning electron microscopy (SEM) (JEOL, JSM-6360LV,
Japan).

The thermal diffusivity and heat capacity of the nanocom-
posites were measured by means of the laser-flash method
(Ulvac Shinku-Riko, Flash Constant Analyzer, TC-7000,
Japan). The thermal conductivity of the nanocomposites
was calculated by multiplying the thermal diffusivity, heat
capacity and bulk density. The specimens were prepared in
the form of circular disks 10 mm in diameter and 1 mm in
thickness.

3. Results and Discussion

Fig. 2 shows a TEM micrograph of the agglomerated y-alu-
mina powder with silver nanoparticles prepared via the

Fig. 2. TEM micrograph of reduced silver particles within y-
alumina agglomerates.
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Fig. 3. XRD patterns of calcined and reduced powders for
alumina/silver nanocomposites.
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Fig. 4. XRD patterns of sintered specimen for alumina/silver
nanocomposites.

soaking method after reducing in a hydrogen atmosphere.
Silver nanoparticles are observed within the agglomerated
y-alumina powder. It can be observed that metallic silver
particles with an average grain size of 30 nm are dispersed
within the y-alumina agglomerates: primary particles of the
y-alumina with a needle-like shape are observed as well.

XRD patterns of the calcined and reduced powders and
the sintered specimen for the alumina/silver nanocompos-
ites are shown in Figs. 3 and 4, respectively. In Fig. 3, most
of the XRD peaks of the calcined powder are due to the
glassy phase of y-alumina. In addition, metallic silver and a-
alumina can be observed in the reduced powder. Fig. 4
shows the XRD patterns of the specimen sintered at 1350°C,
in which a-alumina is the main phase coexisting with the
metallic silver phase.

Tig. 5 shows the shrinkage rate as a function of the tem-
perature to monitor the phase transition of alumina nano-
composite specimens during sintering by the PECS tech-
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Fig. 5. The shrinkage rate of alumina/silver nanocomposites
during pulse electric current sintering.
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Fig. 6. Relative densities of the sintered specimens as a func-
tion of sintering temperatures.

nique. The [A] range in Fig. 5 represents the phase transi-
tion of alumina with a large specific volume reduction. y-alu-
mina transforms into 8-alumina at 850°C and then into 6-
alumina at 900°C. A further increase of 100°C in the sinter-
ing temperature results in a transformation into a-alumina
with maximum densification during sintering. In addition,
the relative densities change from 3.6-3.65 g/cm® in the 8-
alumina phase (a spinel structure with cubic close packing
of the oxygen sublattice) to 3.98 g/lcm® in the a-alumina
phase (a corundum structure with hexagonal close packing
of the oxygen sublattice).'” As illustrated in Fig. 5, the [B]
range of 1000- 1100°C appears to correspond to a rearrange-
ment, which is likely to be in a liquid sintering procedure.
The [C] and [D] ranges represent the densification and
grain growth as well as the stabilization stages, respec-
tively.

The relative densities of the specimens sintered at several
different temperatures are shown in Fig. 6. The specimen
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Fig. 7. Strength and fracture toughness of the sintered speci-
mens as a function of sintering temperatures.

not fully densified at 1250°C shows 75% relative density.
However, the densities of alumina/silver nanocomposites
are enhanced as the sintering temperature increases: the
specimens sintered at 1350°C and 1450°C showed 95% and
99% relative densities, respectively.

The mechanical properties, in this case the three-point
bending strength and fracture toughness, are shown in Fig.
7. The maximum strength of the alumina/silver nanocom-
posite was 780 MPa for a specimen sintered at 1350°C,
while the maximum fracture toughness for a specimen sin-
tered at 1350°C was 3.60 MPam'. The strength and frac-
ture toughness of the specimen sintered at 1450°C was
slightly lower due to coarsening of the matrix grains at the
higher sintering temperature. Moreover, dislocations gener-
ated around the silver nanoparticles in the alumina matrix
will migrate outside the matrix grains at higher tempera-
tures. Compared with the values for monolithic alumina
(520 MPa and 3.78 MPam'?) measured previously,'” the
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Fig. 8. SEM micrographs of the fracture surfaces of alumina/
silver nanocomposites and monolithic alumina at vari-

ous sintering temperature.
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Fig. 9. Strength and fracture toughness vs. annealing tem-
peratures for the specimens sintered at 1350°C and
annealed for 5 min.

nanocomposites sintered at 1350°C and 1450°C show a
higher fracture strength with a slight reduction in the frac-
ture toughness. '

Fig. 8 shows SEM micrographs of the fracture surfaces of
nanocomposites sintered at (a) 1250°C (b) 1350°C, (c)
1450°C; (d) shows monolithic alumina sintered at 1350°C.
The fracture mode of nanocomposites with dislocations
around the second-phase silver nanoparticles within the
alumina matrix was found to be transgranular, in contrast
to the intergranular fracture mode of the monolithic alu-
mina (d). Thus, the nanocomposites show an improvement
of strength due to the decrease in residual stresses in the
alumina matrix and along the grain boundaries. Davidge et
al. also reported dramatic differences in the abrasive wear
surfaces between monolithic alumina and nanocomposites:
in their study, the surface of monolithic alumina showed
grain pullout, while the nanocomposites showed a ground or
abraded surface due to the improved strength along the
grain boundaries.'

Fig. 9 shows the strength and fracture toughness versus
the annealing temperature for the specimens sintered at
1350°C and annealed for 5 min. The maximum strength and
fracture toughness of the specimen annealed at 800°C were
810 MPa and 4.21 MPam', respectively. It is also known
that the annealing temperatures below 800°C have only a
slight effect on the strength and fracture toughness, which
implies that dislocations become active only at higher tem-
peratures above 750°C.

The fracture toughness of ceramics can be improved by
expanding the critical FPZ size ahead of the crack tip,'? as
ceramics with larger critical FPZ size consume relatively
more fracture energy during crack extensions and conse-
quently have a higher fracture toughness. In this section,
the relationship between the experimentally obtained st-
rength and fracture toughness and the calculated critical
FPZ size is discussed for the as-sintered and annealed nano-
composites. As a theoretical explanation of this relationship
is reported elsewhere,' it is only briefly described here.
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Fig. 11. Relation between the critical frontal process zone
sizes and annealing temperatures for the specimens
sintered at 1350°C.

Fig. 10 shows the critical stress state ahead of a crack tip
in an infinite plate, in which the critical FPZ size is defined
as r, on the r-axis and the critical local stress, o, corre-
sponds to the stress at r,. A case in which the crack is suffi-
ciently long enough compared with the critical FPZ size is
considered, and Irwin’s K; value approximation is applica-
ble at r,. Thus, the following relationship is derived at r,
under the critical state:

Ki¢

2717'0

oo~

@

Here, K, is the fracture toughness. The critical FPZ size
can be calculated using the relationship between the bend-
ing strength, o, and the critical local stress, o, using
Weibull statistics'®:

m
O¢ VB
—=d 2
OB {VFPZ} @

In Eq. 2, m represents the shape parameter of the Weibull
distribution and V; and Vi, are the effective volumes of the
flexure specimen and critical FPZ, respectively. V, and V,,

Fabrication and Characterization of Alumina/Silver Nanocomposites 347

can be expressed as'®

|4

Vg=—"F— ®3)
P a(m+1)>?
and
Vipy=3.29rB @)

V represents the volume of the flexure specimen (V=B
(thickness) x H (height) x S (span)).

First, an assumed r,; value must be utilized. V, is then
calculated from Eq. (4). Second, o, is estimated using Eqs.
(8) and (2). Finally, r, is obtained from Eq. (1). If the calcu-
lated r, value differ from the assumed value, the calculation
process must then be reported using a newly assumed r,
value.

Fig. 11 shows the calculated critical FPZ size of the as-sin-
tered and annealed nanocomposites under the assumption
that m is 20 in Eqs. (2) and (3). It was found that the
annealed nanocomposites have a larger critical FPZ size
compared with the as-sintered nanocomposites and that the
critical FPZ size of the nanocomposites annealed at 800°C
has the largest value. Although the fracture toughness lev-
els of the specimens annealed at 850°C and 900°C show
lower values compared to those of the as-sintered nanocom-
posites, the critical FPZ sizes of the specimens annealed at
850°C and 900°C are nonetheless large. Thus, it is conceiv-
able that in the matrix grain, there will be migration of dis-
locations if a proper annealing temperature is used and the
nano-crack formation around the dislocations will expand
the critical FPZ size on the basis of a toughening mecha-
nism that was proposed previously.®?

The thermal conductivity of the alumina/silver nanocom-
posite at room temperature was 38 W/mK for the specimen
sintered at 1350°C, which was higher than the value calcu-
lated with the law of mixture, as shown in Fig. 12. The ther-
mal conductivity of the monolithic alumina (30 W/mK) will
be improved slightly due to the dispersion of silver nanopar-
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Fig. 12. Thermal conductivities of the alumina/silver nano-
composites and monolithic alumina sintered at 1350°C.
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ticles. However, the high thermal conductivity of the nano-
composites mainly results from the release of sintering
residual stresses in the alumina matrix by the formation of
dislocations, which activates the phonon as a carrier of heat.

4. Conclusions

Alumina/silver nanocomposites were fabricated using a
soaking method through the sol-gel route in combination
with pulse electric-current sintering (PECS) to yield an alu-
mina-based intra-type nanostructure. The maximum frac-
ture strength of the as-sintered alumina/silver nanocom-
posites was 780 MPa for a specimen sintered at 1350°C: the
maximum fracture toughness was 3.60 MPam'* obtained
via the single-edge V-notched beam (SEVNB) technique for
a specimen sintered at 1350°C. The fracture mode of the as-
sintered nanocomposites with dislocations around the silver
nanoparticles within the alumina matrix is transgranular
in contrast to the intergranular fracture mode of monolithic
alumina. The maximum fracture strength of the annealed
nanocomposites for the specimen annealed at 800°C was
810 MPa, and the fracture toughness was 4. 21 MPam'?
The marked improvement in the fracture toughness can be
explained by the expansion of the critical frontal process
zone (FPZ) size. Thermal conductivity of the alumina/silver
nanocomposite was 38 W/mK at room temperature for the
specimen sintered at 1350°C, which was higher than the
value obtained with the law of mixture. Thus, alumina/sil-
ver nanocomposites are interesting as functional materials
due to their high thermal conductivity as well as their
mechanical properties.
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