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Abstract

The applications of ceramics for
structural components are often limited by its
brittleness. Adding one toughening agent,
such as zirconia particles or metallic particles,
can improve the toughness of ceramics. The
present study explores the toughening
behavior of the composites containing both
zirconia particles and metallic inclusions. Our

results suggested that the toughness of
ceramics could be improved significantly by
adding two toughening agents. In the present
study, the results on AIZO3—Zr02-Ni
composites are demonstrated. The presence
of metallic inclusions increases the phase
transformation extent of the zirconia
inclusions. The addition of ZrO, particles
into Al O -Ni system enhances the ductility
of Ni inclusions. The toughness increase of
AL O,-ZrO -Ni composites is therefore
higher than the sum of the toughness increase
of ALLO,-ZrO, and of Al,O,-Ni composites.

Keywords: nano-sized particle, composite,
toughness, zirconia, nickel
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The brittle nature of ceramics hinders
their applications as structural components.
One approach targets the toughness
improvement through the addition of
toughening reinforcement. Ceramic or
metallic reinforcement is incorporated into a
ceramic matrix. The reinforcement interacts
with the pre-existing and/or service-induced
cracks to slow down their propagation. The
toughness of the brittle matrix is thus
improved through such interactions. Though
the strength may be sacrificed slightly by
adopting this approach, the reinforcement
also acts as stress concentration site.
However, this approach is attractive for the



toughness values achieved by adding both
zirconia and nickel inclusions are 519 MPa
and 10 MPam®’, respectively. These values
are around 2 to 3 times those of alumina
alone.
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Fig. 2, The strength and toughness of Al O -
ZrO -Ni composites.

Fig. 3 shows the amount of m-phase
detected on the fracture surface of ALO,-
ZrO, and Al O,-ZrO -Ni composites. More
m-zirconia particles are detected for the
AL O,-ZrO -Ni composites. The elastic
modulus of nickel is very close to that of
zirconia.? However, the nickel is ductile;
therefore, it is able to absorb more stresses
from the nearby zirconia particles. More
transformation is thus taken place. Fig. 3
indicates that the contribution from
transformation toughening is enhanced due to
the presence of nickel inclusions.
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Fig. 3, The extent of transformation of ZrO,
inclusions on the fracture surface.

Fig. 4 shows the toughness increase
as a function of the square root of the product
of volume fraction and inclusion size of Ni in
the Al O,-Ni and Al O,-ZrO -Ni composites.
For the A1203—Zr02-Ni composites, the
contribution from transformation toughening

is removed from the total toughness increase,
to evaluate the contribution from plastic
deformation of Ni. There is a roughly linear
relationship between AK,.. and (Fxd)*’,
indicating that the plastic deformation of Ni
enhances the toughness.” Zirconia is a good
oxygen conductor. The presence of zirconia
particles can help the removal of oxygen from
nickel inclusions. The lower oxygen solute in
nickel, the higher its ductility.
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Fig. 4, The toughness increase, AK ., as a
function of the square root of the product of
volume fraction, F, and inclusion size, d.
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Nano-sized nickel particles were
prepared by a solution coating technique.
Two toughening agents, transformable
zirconia and ductile nickel, were added into
alumina. Both the contributions from the
transformation toughening and the plastic
deformation to toughening effect are
enhanced. The present study demonstrates
that the toughness of brittle ceramics can be
significantly improved by adding two
toughening agents.
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reliability of ceramics during the subsequent
usage can be improved significantly.

Many ceramic or metallic materials,
such as zirconia' and nickel® have been used
as toughening reinforcements. The presence
of these toughening agents enhances the
toughness of ceramics through the generation
of various toughening mechanisms. The
propagation of cracks is hampered due to the
effect of these mechanisms, resulting in an
increase in the toughness of ceramics.
However, the presence of a single toughening
agent frequently induces more than one
toughening mechanism. These mechanisms
operate simultaneously to a different extent
within the brittle matrix. In the present study,
it will be demonstrated that the coupling
between different toughening mechanisms
plays a key role on the development of tough
composites.
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Detailed procedures for the
preparation of the composites containing two
toughening agents can be found elsewhere.’
A brief description is given here.

The nano-sized nickel particles were
prepared by coating nickel nitrate solution
onto the surface of an alumina powder (TM-
DAR, Taimei Chem. Co. Ltd., Tokyo, Japan).
This technique was developed by Prof. Yang,
Fang-Ja University. The powder was also
prepared by his research group. The nicro-
sized nickel particles were also prepared by
mixing the with nickel oxide (NiO, Johnson
Matthey Co., U.S.A.), and zirconia (TZP,
ZrO, + 3 mol.% Y O,, Hanwha Ceramics
Co., Australia) powders by ball milling in
ethyl alcohol for 24 hours. The grinding
media used were zirconia balls. The green
compacts were sintered within a reducing

atmosphere, carbon monoxide, at 1600°C for
1 h. The ALO,-ZrO, and Al O -Ni
specimens, for comparison, were also
prepared with the same techniques. The
sintered specimens were machined
longitudinally with a diamond wheel. The
strength was determined by the 4-point
bending technique, the toughness by the

single-edge-notched-beam (SENB) technique.

The rate of loading was 0.5 mm/minute.
Phase identification of was performed by X-
ray diffractometry (XRD). The relative phase
content of zirconia was estimated by using

the method proposed by Evans et al.’
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XRD analyses detect a—AIZOB, t-ZrO

and cubic Ni in the sintered composites. The
nano-sized nickel particles can be
successfully prepared by the coating
technique, Fig. 1. The size of the nickel
particles is around 10 nm.
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Fig. 1, TEM micrograph of a Ni-coated
AL, powder. Nano-sized Ni particles are
found on the surface of alumina.

The relative density of the composites
is higher than 98%. It demonstrate the
composites containing micro-sized nickel and
zirconia particles can be prepared by using a
pressureless sintering technique. The
sintering of nano-composites is currently
carried out in our laboratory.

Fig.2 shows the strength and
toughness of the Al O -ZrO,-Ni composites
as a function of total inclusion content. Both
the strength and toughness of alumina are
enhanced. The optimal strength and
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Abstract

The applications of ceramics for
structural components are often limited by its
brittleness. Adding one toughening agent,
such as zirconia particles or metallic particles,
can improve the toughness of ceramics. The
present study explores the toughening
behavior of the composites containing both
zirconia particles and metallic inclusions. Our

results suggested that the toughness of
ceramics could be improved significantly by
adding two toughening agents. In the present
study, the results on ALO_-ZrO -Ni
composites are demonstrated. The presence
of metallic inclusions increases the phase
transformation extent of the zirconia
inclusions. The addition of ZrO, particles
into Al O,-Ni system enhances the ductility
of Ni inclusions. The toughness increase of
Al O,-ZrO-Ni composites is therefore
higher than the sum of the toughness increase
of Al O,-ZrO, and of AL O -Ni composites.

Keywords: nano-sized particle, composite,
toughness, zirconia, nickel
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The brittle nature of ceramics hinders
their applications as structural components.
One approach targets the toughness
improvement through the addition of
toughening reinforcement. Ceramic or
metallic reinforcement is incorporated into a
ceramic matrix. The reinforcement interacts
with the pre-existing and/or service-induced
cracks to slow down their propagation. The
toughness of the brittle matrix is thus
improved through such interactions. Though
the strength may be sacrificed slightly by
adopting this approach, the reinforcement
also acts as stress concentration site.
However, this approach is attractive for the



toughness values achieved by adding both
zirconia and nickel inclusions are 519 MPa
and 10 MPam®’, respectively. These values
are around 2 to 3 times those of alumina
alone.
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Fig. 2, The strength and toughness of Al O,-
ZrO -Ni composites.

Fig. 3 shows the amount of m-phase
detected on the fracture surface of A1203-

ZrO, and Al ,0,-ZrO -Ni composites. More

m-zirconia particles are detected for the

Al O,-ZrO -Ni composites. The elastic
modulus of nickel is very close to that of
zirconia.” However, the nickel is ductile;
therefore, it is able to absorb more stresses
from the nearby zirconia particles. More
transformation is thus taken place. Fig. 3
indicates that the contribution from
transformation toughening is enhanced due to
the presence of nickel inclusions.
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Fig. 3, The extent of transformation of ZrO2
inclusions on the fracture surface.

Fig. 4 shows the toughness increase
as a function of the square root of the product
of volume fraction and inclusion size of Ni in
the AL O_-Ni and Al O,-ZrO -Ni composites.
For the A1203—Zr02—Ni composites, the
contribution from transformation toughening

is removed from the total toughness increase,
to evaluate the contribution from plastic
deformation of Ni. There is a roughly linear
relationship between AK,.. and (Fxd)"?,
indicating that the plastic deformation of Ni
enhances the toughness.” Zirconia is a good
oxygen conductor. The presence of zirconia
particles can help the removal of oxygen from
nickel inclusions. The lower oxygen solute in
nickel, the higher its ductility.
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function of the square root of the product of
volume fraction, F, and inclusion size, d.
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Nano-sized nickel particles were
prepared by a solution coating technique.
Two toughening agents, transformable
zirconia and ductile nickel, were added into
alumina. Both the contributions from the
transformation toughening and the plastic
deformation to toughening effect are
enhanced. The present study demonstrates
that the toughness of brittle ceramics can be
significantly improved by adding two
toughening agents.
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reliability of ceramics during the subsequent
usage can be improved significantly.

Many ceramic or metallic materials,
such as zirconia' and nickel” have been used
as toughening reinforcements. The presence
of these toughening agents enhances the
toughness of ceramics through the generation
of various toughening mechanisms. The
propagation of cracks is hampered due to the
effect of these mechanisms, resulting in an
increase in the toughness of ceramics.
However, the presence of a single toughening
agent frequently induces more than one
toughening mechanism. These mechanisms
operate simultaneously to a different extent
within the brittle matrix. In the present study,
it will be demonstrated that the coupling
between different toughening mechanisms
plays a key role on the development of tough
composites.
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Detailed procedures for the
preparation of the composites containing two
toughening agents can be found elsewhere.’
A brief description is given here.

The nano-sized nickel particles were
prepared by coating nickel nitrate solution
onto the surface of an alumina powder (TM-
DAR, Taimei Chem. Co. Ltd., Tokyo, Japan).
This technique was developed by Prof. Yang,
Fang-Ja University. The powder was also
prepared by his research group. The nicro-
sized nickel particles were also prepared by
mixing the with nickel oxide (NiO, Johnson
Matthey Co., U.S.A.), and zirconia (TZP,
ZrO2 + 3 mol.% Y203, Hanwha Ceramics
Co., Australia) powders by ball milling in
ethyl alcohol for 24 hours. The grinding
media used were zirconia balls. The green
compacts were sintered within a reducing

atmosphere, carbon monoxide, at 1600°C for
1 h. The Al O,-ZrO, and Al O,-Ni
specimens, for comparison, were also
prepared with the same techniques. The
sintered specimens were machined
longitudinally with a diamond wheel. The
strength was determined by the 4-point
bending technique, the toughness by the

single-edge-notched-beam (SENB) technique.

The rate of loading was 0.5 mm/minute.
Phase identification of was performed by X-
ray diffractometry (XRD). The relative phase
content of zirconia was estimated by using

the method proposed by Evans et al.”
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XRD analyses detect a-Al O,, t-ZrO
and cubic Ni in the sintered composites. The
nano-sized nickel particles can be
successfully prepared by the coating
technique, Fig. 1. The size of the nickel
particles is around 10 nm.
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Fig. 1, TEM micrograph of a Ni-coated
Al O, powder. Nano-sized Ni particles are
found on the surface of alumina.

The relative density of the composites
is higher than 98%. It demonstrate the
composites containing micro-sized nickel and
zirconia particles can be prepared by using a
pressureless sintering technique. The
sintering of nano-composites is currently
carried out in our laboratory.

Fig.2 shows the strength and
toughness of the Al O,-ZrO -Ni composites
as a function of total inclusion content. Both
the strength and toughness of alumina are
enhanced. The optimal strength and
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Toughening Ceramics by Adding Two Toughening Agents
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Abstract: The applications of ceramics for structural components are often limited by its brittleness.
The toughness of ceramics can be improved by adding one toughening agent, such as zirconia particles
or metallic particles. The present study explores the toughening behavior of the composites
containing two toughening agents. Our results suggest that the toughness of ceramics can also be
improved significantly as two toughening agents are added simultaneously into them. In the present
study, both metallic (silver or nickel) inclusions and zirconia inclusions are added into alumina. The
processing design, microstructural evolution and the mechanical properties of the Al1203-ZrO2-Ag

and Alp03-ZrO2-Ni composites are investigated. The metallic inclusions can bridge an advancing

crack and exert crack closure stresses on the crack wake. The toughness of alumina can also be
enhanced by the phase transformation of zirconia. Furthermore, the presence of the metallic
inclusions increases the phase transformation extent of the zirconia particles, indicating that the
toughening effect provided by the zirconia and metallic inclusions can interact with each other.
Therefore, a synergy effect; namely, the toughness increase for the composites containing two
ceramic particles and metallic inclusions is higher than the additive of the toughness increase of the

composites containing only one reinforcement, is observed.

Introduction

The applications of ceramics as engineering components are often limited by their brittleness. To
improve the toughness of ceramics is therefore a challenging task for most ceramists. The addition
of second-phase inclusions that influence the propagation of cracks has been one much-studied
approach. Among the second-phase inclusions studied, zirconia particles [1,2] and metallic
particles [3,4] have received great attention.

The presence of metallic inclusions can bridge the flaws by the ductile phase in the wake
zone behind the crack tip [3,4]. The phase transformation of zirconia can induce stresses to
prohibit the opening of crack surfaces [1,2]. The toughness of a zirconia-toughened composite,
Kjc,c, is composed of matrix toughness, Kicmatrix, and a toughness enhancement, AKjc,

attributed to the phase transformation as
Kic,c = Kic,matrix + AK1c 1.
The phase transformation of zirconia mainly takes place in a region, process zone, near an

advancing crack, where the constraint applied by the rigid matrix is diminished. The toughness
enhancement is also a function of matrix toughness, Eq.(1) can thus be expressed as [5],

Kic,c = KiC,matrix + C * E * F * K¢ matrix (2),
where C, E and F are a constant, elastic modulus and volume fraction, respectively. The above

equation implies that the toughness of a ceramic can be significantly increased by choosing a
toughened matrix. The toughened matrix can be a composite, it thus implies that the toughness of
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ceramics can be significantly enhanced through the addition of two toughening agents
simultaneously (one toughening agent has to be transformable ZrO3). In the present study, t-ZrO,

and metallic particles, Ni or Ag, are added into an AlyO3 matrix. The toughness of the composites
are determined.

Experimental

Alumina (TM-DR, Taimei Chem. Co. Ltd., Tokyo, Japan), nickel oxide (NiO, Johnson Matthey
Co., U.S.A)) or silver oxide (Ag,0, Johnson Matthey Co., U.K.) and zirconia (TZP, ZrO; + 3
mol.% Y»03, Hanwha Ceramics Co., Australia) powders were ball milled together in ethyl alcohol
for 24 hours. The volume content of zirconia added was controlled to be the same as that of the
resulting metals. The slurry of the powder mixtures was dried and subsequently sieved. Powder
compacts were prepared by uniaxially pressing at 44 MPa. The sintering was carried out at 1600C
for 1 hour. The heating rate and cooling rate were 5C/min. The Al,03-ZrO;-Ni composites were
sintered in a CO atmosphere. Nickel oxide would reduce to nickel during sintering. The Al,O3-
ZrO7-Ag composites were sintered in air, AgyO would decompose to result in Ag during the
heating stage [6]. Some Al;03-ZrO; composites were also prepared with the same techniques for
comparison purpose. The sintered specimens were machined longitudinally with a 325 grit resin-
bonded diamond wheel at a cutting depth of 5 pm/pass. The final dimensions of the specimens
were 3 X 4 x 36 mm.

The strength of the specimens were determined by using the 4-point bending technique.
The upper and lower spans were 10 mm and 30 mm, respectively. The fracture toughness was
determined by the single-edge-notched-beam (SENB) technique. Phase identification of sintered
and machined specimens was performed by X-ray diffractometry (XRD). The relative phase
content of zirconia was estimated by using the method proposed by Evans et al [7]. The final
density of the specimens was determined by the Archimedes method. The solubility between the
materials used in the present study was low, the relative density of the sintered composites was
thus estimated by using the theoretical density of 3.98 g/cm3 for Al,03, 6.05 g/cm3 for ZrO;, 8.90
g/cm3 for Ni and 10.5 g/cm3 for Ag. Nickel and silver could vaporize during sintering, the volume
fraction of Ag in the specimens after sintering was determined by counting the point fraction on
the polished surfaces. Microstructural characterization used scanning electron microscopy (SEM).
The size of metallic inclusions and alumina matrix grains was determined by applying the line
intercept technique. The interconnectivity of metallic inclusions in the alumina matrix was
determined by measuring the electrical resistivity at room temperature.

Results and Discussion

XRD analysis reveals a-Aly03, t-ZrO3, Ni or Ag in the sintered Alp03-Zr0O>-Ni or Al»03-ZrO»-
Ag composites, respectively. No monoclinic ZrO2 phase was detected on the surface of the
composites. The NiO and Ag,O are fully reduced into their metallic form after sintering. Fig. 1
shows the microstructures of Al03/15%ZrO7, Alx03/(15%ZrO2+15%Ni)  and
AlpO3/(15%Z1r02+15%Ag) composites. The ceramic and metallic inclusions are distributed
uniformly within the alumina matrix. The initial size of nickel and silver oxide particles is larger
than that of zircornia particles. The size of metallic inclusions is thus larger than that of ceramic
inclusions. The metallic and zirconia inclusions on the micrographs can thus be roughly identified
by their size difference.
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Fig. 2 shows the relative density of the composites as a function of total inclusion
content. There is a little solubility of zirconia in alumina, the presence of Zr solutes prohibits the
densification of alumina [8]. The presence of the metallic inclusions prohibits the densification of
composites. It may result from the poor wetting of the metallic melt on alumina [9,10]. The
density of the composites thus decreases with the increase of total inclusion content.
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Fig. 2, Relative density of composites as function of total inclusion content.
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Fig. 3, Size of metallic inclusions as a function of metal content.



In the composites containing two toughening agents, the added volume fraction of Ni or Ag
was the same as that of ZrO; in the beginning. Ni or Ag vaporizes during sintering; the maximum
metallic content is thus slightly ~ lower than 15vol.%. The electrical resistivity of the  metal-
containing composites is higher than 1014 Q-m, indicating that the metallic particles are isolated
from each other within the alumina matrix. Fig. 3 shows the size of metallic inclusions within
alumina matrix as a function of metal content. The figure indicates that the coalescence of metallic
inclusions can take place during sintering despite the metallic particles are separated from each
other. Fig. 4 shows the grain size of alumina matrix, the matrix grains is significantly reduced in
their size as the zirconia and metallic inclusions are incorporated. The presence of the inclusions,
either zirconia or metals, prohibits the movement of alumina grain boundaries. The microstructures

of composites is thus refined.
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Fig. 4, Grain size of alumina matrix as function of total inclusion content.

Fig. 5 shows the strength of composites as a function of total inclusion content. The
strength of alumina is enhanced by adding both ceramic and metallic inclusions. The microstructure
of composites is refined due to the addition of zirconia and metallic inclusions. The strength
enhancement can thus attribute to the microstructural refinement.

Fig. 6 shows the toughness of composites as a function of total inclusion content. The
toughness of the composites containing two toughening agents is higher than that of Al;03-ZrO>
composites. Furthermore, the toughness of Al;03-ZrO2-Ni composites is higher than that of
Al203-ZrO-Ag composites.

The metals are ductile, relative to ceramics, in nature. They deform plastically during the
opening of crack surfaces, as demonstrate in Fig. 1(b). The strain energy induced by the plastic
deformation raises the toughness of the metal-containing composites. The strain energy of the
constrained metallic particles in rigid matrix is proportional to their size [11]. The high toughness
of the nickel-containing composites may attribute partly to the larger size of the nickel inclusions.
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XRD analysis detects only tetragonal ZrO; phase on the surface of the sintered Al;03-
Zr0, Al03-ZrO;-Ni and Al;03-ZrO;-Ag composites. Fig. 7 shows the percentage of phase
transformation of ZrO; on the fracture surface as a function of zirconia content. On the fracture
surface, some t-ZrO; particles in the composites containing two toughening agents are transformed
to m-phase. Fig. 7 demonstrates the same trend as the results shown in Fig. 6. It indicates that the
toughness enhancement of the composites is contributed partly by transformation toughening. The
presence of metals lowers the elastic modulus of composites, less constraint is thus imposed on
ZrO; particles. More phase transformation in the metal-containing composites takes place during
fracturing process, higher toughness is therefore resulted. Furthermore, the amount of monoclinic
phase is higher onthe fracture surface of Alp03-ZrO;-Ni composite, the toughness of the

composite is thus high.
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Fig. 5, Strength as composites as function of total inclusion content.

Conclusions

Both zirconia and metallic particles were added into an alumina matrix. The strength and toughness
of the composites containing two toughening agents are higher than that of matrix alone and of
Al03-ZrO; composites. The strengthening effect is contributed by microstructural refinement.
More tetragonal zirconia particles are transformed into monoclinic phase due to the presence of
metals. The toughness of the composites containing both zirconia and metals is therefore high.
Furthermore, as the metal content is lower than 15 vol.%, as the cases investigated in the present
study, the electrical resistivity of the composites is high. It suggests that the composites can be
applied as electrical insulators; nevertheless, with better strength and toughness.
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