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Previous studies demonstrated that the strength of zirconia
(ZxO;) could be enhanced or reduced by respectively adding
micrometer-sized alumina (AlO3) or nickel (Ni) particles. In
the present study, 5 vol% micrometer-sized Al,O; particles and
1 vol% nanometer-sized Ni particles are incorporated into the
ZrO, matrix, which is subsequently densified by pressureless
sintering. The biaxial strength of the ZrO,/(Ni+Al,O3) nano-
composite is nearly double that of the monolithic ZrQ,. The
increase in strength correlated with a reduction in the critical
flaw size and not with any change in toughness, which may be a
result of grain boundary strengthening.

I. Introduction

THE strength and toughness of zirconia (ZrO,) are the best
among various ceramics at room temperature. Hence, ZrO,
has been chosen as a material for kitchen accessories, such as
scissors, knives, etc. Furthermore, the surface finish of ZrO,
component after suitable machining can be very smooth. Zir-
conia has thus been used as ferrule material for optical connec-
tors. The tetragonal phase of ZrO, is not stable enough for long-
term application under ambient conditions'; however, the addi-
tion of alumina (Al,O3) particles to ZrO, is one of the effective
methods of inhibiting low-temperature degradations.” Further-
more, the addition of micrometer-sized Al,O3 particles may give
rise to an extra strength enhancement.’

ZrO,-based ceramics exhibit many other interesting proper-
ties. For example, oxygen vacancies transport quickly through
ZrO», and thus it can be used as electrolyte for oxygen sensors.*
By exploiting the high electrical conductivity of metallic Ni,
Zr0O,/Ni composite has been used as the anode material for solid
oxide fuel cells (SOFC).> The elastic modulus and thermal ex-
pansion coefficient (TEC) of ZrO, are close to those of Ni; the
ZrO,—Ni system thus has the potential to act as a model com-
posite system. Nevertheless, apart from the application for
SOFC, studies on the mechanical properties of ZrO,/Ni com-
posites are lacking.® The limited data on the mechanical prop-
erties of ZrO,/Ni composites indicate that addition of 2040
vol% micrometer-sized Ni particles would decrease the strength
of Zr0,.% In contrast, a recent study demonstrated that the ad-
dition of 1-2 vol% nanometer-sized Ni particles could enhance
the strength of ZrO, by 20%.” Furthermore, the ZrO,/Ni nano-
composite exhibits ferromagnetic characteristics that provide
the possibility of remote sensing applications. ZrO, with an
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amount of Ni additive close to its percolation threshold exhibits
a high relative permittivity,* and therefore, such a composite has
been proposed for actuating applications. Nevertheless, me-
chanical integrity of the composite is essential for any function-
al application.

In the present study, both micrometer-sized Al,O3 and nano-
meter-sized Ni particles are added into a ZrO, matrix. The me-
chanical properties of the ZrO,/(Ni+Al,O3) nanocomposite are
determined. The magnetic and dielectric properties of the nano-
composite are also determined.

II. Experimental Procedures

Yttrium-doped ZrO, powder (TZ-3Y, ZrO,+3 mol% Y,0;,
dso =230 nm, Tosoh Co., Tokyo, Japan) was mixed with 5 vol%
ALO; (TM-DAR, dso=210 nm, Taimei Chem. Co. Ltd.,
Tokyo, Japan) powder by ball milling in de-ionized water for
24 h. Ammonia drops were added to the mixed powder slurry to
achieve a pH value of 9.2. A separate solution of Ni nitrate
(Ni(NOs), - 6H,0, Showa Chem. Co., Tokyo, Japan) with the
same pH value was also prepared. The mixed powder slurry was
poured into the Ni nitrate solution; the whole mixture was stirred
for 30 min. The amount of Ni in the slurry was 5 vol% of the
ZrO,-based powder mixtures, provided that all Ni ions were ad-
sorbed onto the surface of the ceramic particles. The Ni-coated
powder mixture was filtered, washed, and dried. The mixture was
then reduced in pure hydrogen at 550°C for 1 h, followed by ball
milling in ethyl alcohol for 24 h with ZrO, grinding media. Ref-
erence ZrO,, ZrO,/Al,03, and ZrO,/Ni specimens were also pre-
pared with the same technique for comparison purpose.

The amount of Ni in the powder mixture was determined by
inductive coupled plasma-atomic emission spectroscopy (ICP-
AES, 3000DV, Perkin—Elmer, Optima, Boston, MA). Green
compacts with a diameter of 25.4 mm and a thickness of 5 mm
were formed by uniaxial pressing at 30 MPa. The compacts were
then sintered within a covered graphite mold at 1600°C for 1 h;
they were covered with graphite powder in the mold. A reducing
atmosphere, carbon monoxide mainly, was generated during
sintering. The heating and cooling rates were 5°C/min.

Phase identification was performed by X-ray diffractometry
(XRD) with CuKa radiation. Two scanning rates were used:
0.05°/s for phase identification and 0.002°/s for quantitative
analyses. The final densities of the specimens were determined
by the Archimedes method. Assuming that the solubility be-
tween the materials used in the present study was low; the rel-
ative densities of the composites were estimated from the
theoretical densities of ZrO,, Al,Os, and Ni, which are 6.05,
3.98 and 8.90 g/cm?>, respectively. The microstructure of the
specimens was observed by scanning electron microscopy
(SEM). Polished surfaces of the specimens were prepared by
grinding and polishing with a 3 pm diamond paste and a 0.05 pm
silica suspension. A thermochemical technique’ was used in the
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present study to determine the grain boundaries of the compos-
ites. The polished specimens were subjected to chemical etching
with a solution of 0.8N orthophosphoric acid and 0.5N nitric
acid (3:1) for 4-5 min, followed by thermal etching at 1250°C for
30 min. The line intercept technique was used to determine the
size of the matrix ZrO, grains; more than 200 grains were
counted. The size of Ni inclusions in the fired composites was
estimated from the XRD patterns by the Scherrer formula.'”
The amount of m-phase ZrO, was estimated using the formula
proposed by Evans et al.'!

In preparation for mechanical testing, the sintered specimen
disks were first ground with a 325 grit resin-bonded diamond
wheel at depths of 5 pm/pass. The elastic modulus of the specimens
was determined with an ultrasonic technique at 5 MHz (pulse re-
ceiver 5055PR and oscilloscope 9345CM, LeCroy Co., New York,
NY). The strength of the disks was determined by a biaxial flexure
technique’® in a universal testing machine (MTS 810, MTS Co.,
Eden Prairie, MN). A one-ball-on-three-balls jig was used; the
loading rate was 0.5 mm/min. Four disks of each composition
were used for the strength measurement. The fracture toughness
was determined by an indentation technique at a load of 196 N.
The relationship proposed by Lawn et al.'> was used to calculate
the toughness from the indentation data. The magnetization curves
were obtained by a SQUID magnetometer (MPMS7, Quantum
Design Co., San Diego, CA). The dielectric constant was measured
by an LCR meter (2330A, NF Electronic Instrument Co., Yoko-
hama, Japan) at an excitation voltage of +1J at 1 kHz.

III.  Results

The ICP analysis showed that the amount of Ni in the ZrO,/Ni
and ZrO,/(Ni+Al,O3) powder mixtures was much less than the
amount originally added to the slurry (see Table I). This indi-
cates that only part of the added Ni ions is adsorbed onto the
surface of the ceramic particles. Most Ni ions are filtered and
removed during the solution-coating stage. Figure 1 shows the
XRD patterns of the specimens after sintering and surface grind-
ing. A small amount of m-phase ZrO, was found on the ground
surface. At faster scanning rates, XRD analysis showed neither
Al,O5 nor Ni peaks. However, the (111) peak of Ni was detected
at a slower scanning rate. The size of Ni inclusions can thus be
estimated by measuring the full-peak width at half-maximum
intensity (FWHM).'® The size of Ni particles in the starting
powder mixture was 20 nm. The Ni inclusions remained small
after sintering: less than 40 nm (see Table I).

The densities of the ZrO,/Ni and ZrO,/(Ni+Al,O3) speci-
mens were higher than 98%, indicating that dense Ni-containing
nanocomposites can be prepared by pressureless sintering.
Figure 2 shows the typical micrographs of the specimens. The
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Fig.1. X-ray diffractometry patterns of specimens after pressureless
sintering and surface grinding.
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Tablel. Composition of Specimens Investigated in the Present
Study and Their Microstructural Features

Ni ALO; Relative ZrO, grains Ni inclusion

(vol%) (vol%) density (%) (um) (nm)
V4{0)) —_ — 97.5 0.79 —
Zr0,/Al,03 — 5.0 97.9 0.89 —
ZrO,/Ni 09 — 100 1.4 37
7r0,/(Ni+ALO;) 0.7 52 983 12 35
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Fig.2. Typical micrographs of (a) ZrO,/Al,O3, (b) ZrO,/Ni, and (c)
Zr0O,/(Ni+Al,O3) composites after sintering at 1600°C for 1 h.
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Fig.3. Fracture surfaces of (a) ZrO,, (b) ZrO,/Al,O3, (c) ZrO,/Ni, and (d) ZrO,/(Ni+Al,O3) specimens.

size of ZrO, grains in the composites was slightly larger than
that of monolithic ZrO, (see Table I). The fracture surfaces of
the specimens are shown in Fig. 3. The fracture mode of mon-
olithic ZrO, is predominantly intergranular. A higher extent of
transgranular fracture can be found in the ZrO,/Al,O3, ZrO,/
Ni, and ZrO,/(Ni+Al,O3) composites.

The elastic modulus of the ZrO,/Al,05, ZrO,/Ni, and ZrO,/
(Ni+Al,O3) composites was slightly higher than that of mono-
lithic ZrO, (see Table II). The strength of the composites, espe-
cially the Ni-containing ones, was higher than that of the
monolithic ZrO, specimen. The addition of a small amount of
Al,Os, Ni, or Ni+Al,O3, however, had little influence on the
toughness of ZrO,.

Figure 4 shows the magnetization curves of monolithic ZrO,,
ZrO,/Ni, and ZrO,/(Ni+Al,O3) nanocomposites. Although the
Ni-containing nanocomposites exhibit ferromagnetic character-
istics, both the saturated magnetization and coercivity were
small. The dielectric constant k£ at room temperature of the
Z1O,/(Ni+Al,03) nanocomposite was 33, which is slightly high-
er than that of monolithic ZrO, (k = 25).

TableII. Mechanical Properties of Monolithic ZrO,, ZrO,/
Al O3 Composite, and ZrQ,/Ni and ZrO,/(Ni+Al,O5)
Nanocomposites

Elastic modulus ~ Strength ~ Toughness Griffith flaw
(GPa) (MPa) (MPam®®)  size (um)
710, 193 666+23 34 20
710,/ Al,05 206 978+37 3.6 11
ZrO,/Ni 217 1351+37 34 5
Z1rO,/(Ni+Al,O3) 211 1187+78 3.6 7

IV. Discussion

One previous study demonstrated that the addition of 2040
vol% micrometer-sized Al,Oj3 particles prevented the coarsening
of a ZrO, matrix.® The amount of ALOs used in the present
study was much lower than 20 vol%. The addition of a small
amount of Al,Oj3 particles increases both the final density and
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Fig.4. Magnetization curves of monolithic ZrO,, ZrO,/Ni, and ZrO,/
(Ni+ZrO,) nanocomposites at room temperature.
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the grain size. From previous studies on Al,O5/SiC nanocom-
posites, the SiC particles may act as a grinding medium to Al,O5
agglomerates during the milling stage.'® The hardness of Al,Os
is higher than that of ZrO,, and therefore, the Al,O3 particles
may also act as a grinding medium in ZrO, agglomerates during
turbo mixing. This is demonstrated by the fact that the fired
density of the Al,O3/ZrO, composites is higher than that of
ALO; (see Table I). A faster densification rate and less large
pores in the green compact then lead to a larger grain size after
sintering.

The strength of ZrO, is enhanced with Al,Os3 inclusions. The
Griffith flaw size ¢ for the specimen can be estimated from the
strength o and toughness values K;c with the following equation:

2
- (5)

where Y is the stress intensity function of the crack. Assuming
that the crack is half-penny shaped, ¥ = 2/4/r. The critical flaw
size is reduced with the addition of Al,O; particles to the ZrO,
matrix (see Table II), hence, the mechanical strength of ZrO, is
improved.

The solution coating technique is a powerful method of in-
troducing nanometer-sized particles into micrometer-sized par-
ticles, as demonstrated by many previous studies.”'* However,
the amount of nanoparticles added may be limited by the avail-
ability of surface charge on the micrometer particles. The
amount of surface charge on the ZrO, particles is low under
the current experimental conditions, and, therefore, the amount
of nanometer-sized Ni introduced onto the surface of the ZrO,
particles is low: approximately 1 vol%. The dispersion of the
ZrO, particles is aided by the presence of surface charges. The
density of the Ni-containing composites is thus higher than that
of the ZrO, specimen.

In the present study, many fine Ni particles were found within
the ZrO, grains (see Fig. 2(b)), indicating that the fine Ni inclu-
sions had a relatively small influence on the movement of ZrO,
grain boundaries. A faster densification can lead to a larger grain
size, and therefore, the size of ZrO, grains in the Ni-containing
nanocomposites is larger than that in the monolithic ZrO,. The
critical flaw size is smaller in the Ni-containing nanocomposites
(see Table II); hence, the mechanical strength is higher.

Apart from the increase in strength, the amount of trans-
granular fracture in the ZrO,/Al,O3 composite is higher than
that in the monolithic ZrO,. This indicates that the strength of
the grain boundary is increased. The addition of excess Al,O;
(above the solubility limit) can exert a scavenging effect on the
ZrO, matrix,'® namely, the Al,O; inclusions can attract silica
onto their surfaces, resulting in cleaner grain boundaries, which
may subsequently lead to larger ZrO, grains in the ZrO,/Al,O3
composite. Furthermore, cleaner grain boundaries can give rise
to a higher grain boundary strength.

A change in fracture mode from intregranular to transgran-
ular can be noticed for the Ni-containing nanocomposites. This
phenomenon has also been reported for Al,O3/SiC nanocom-
posites.'>!¢ The increase in grain boundary strength may have
originated from: (1) crack deflection from grain boundary to
grain by Ni particles and (2) chan%e in local stresses because of
the thermal expansion mismatch.'® For the Al,O/SiC nano-
composites, the mismatch in thermal expansion between the
matrix and inclusion leads to the formation of radial compress-
ive stress within the inclusions and tensile stress in the matrix.
The presence of tensile stress in the matrix grains favors the de-
flection of crack from grain boundaries into the adjacent grains.

The change in fracture mode has not yet been documented for
the Si3Ny4/SiC and Al,O3/Ni nanocomposites.!”'® For these two
systems, the thermal expansion of the inclusion is higher than
that of the matrix, and therefore, the presence of residual stress
may not underline the change in fracture mode. In the case of a
ZrO,/Ni system, the thermal expansion of ZrO, (12 x 107° K™
is slightly lower than that of Ni (13.3 x 107® K™1). In a recent
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study on the ZrO,/Ni composites,'* a hard amorphous layer was
observed around the Ni nanoparticles. Although the formation
mechanism of this layer has not yet been investigated, the pres-
ence of such a hard layer may induce a crack path deflection.

One previous study demonstrated that adding NiO to the
ZrO, matrix promoted a transformation from a r-phase to an m-
phase.'” The addition of NiO to ZrO, thus enhances the tough-
ness of ZrO,. Careful quantitative XRD analyses have been
conducted on the fracture and ground surfaces. The ground
surface was prepared by grinding the surface with a resin-bond-
ed diamond wheel at a depth of 5 or 20 um. No significant dif-
ference was noticed between the amount of m-phase in the
monolithic ZrO, and that in the Ni-containing nanocomposites.
Therefore, the toughness for the composites prepared in the
present study is similar to that of monolithic ZrO, specimen (see
Table II).

Metallic Ni is a ferromagnetic material. The addition of Ni
particles conferred a ferromagnetic characteristic to the matrix
Zr0O,. However, the saturated magnetization and coercivity of
the ZrO,/Ni and ZrO,/(Ni+Al,0O3) nanocomposites were low
(see Fig. 4). These values are lower than those reported previ-
ously by Kondo et al.” The Ni content in Kondo ef al.’s nano-
composite is 1-2 vol%, and the size was 100-200 nm, which is
larger than the Ni inclusions in the present study. It is well-
known that ferromagnetic properties depend strongly on the
particle size.?® A particle with a size close to the size of a single
domain exhibits excellent ferromagnetic behavior. This implies
that the Ni inclusions prepared in the present study do not reach
the critical size.

The introduction of metallic particles into an insulator re-
duces the size of effective electric field.> However, the amount of
Ni particles was much lower than the percolation threshold, and
therefore, the dielectric constant remained low. This is also re-
flected by a high electrical resistivity (>10'% Q- cm).

V. Conclusions

The addition of both Ni and Al,Oj3 inclusions significantly en-
hances the strength of ZrO,. The strength increase was due to a
decrease in flaw size and not an increase in toughness, which
may be a result of grain boundary strengthening. The addition
of nanometer-Ni inclusions can transform ZrO, from a non-
ferromagnetic to a ferromagnetic and ferroelectric material. Al-
though the saturated magnetization, coercivity, and relative per-
mittivity of the nanocomposite are relatively low, these
properties can be improved by increasing the Ni content or
the Ni particle size. The present study demonstrates the versa-
tility and potential of the ZrO,/(Ni+Al,O3) nanocomposite.
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