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Abstract

ZrO2-based composites toughened by 5, 10, 15 and 20 vol% lamellar shape Ta metallic particles were made by pressureless sintering.
The microstructure and mechanical properties of these novel ceramic–metal composites have been studied. With only 15 vol%, the toughness of
ZrO2–Ta composites was increased from 9.1 of monolithic zirconia to 14 MPa m1/2 and the average bend strength was 700 MPa. Our results have
demonstrated that zirconia transformation and ductile phase toughening concepts can get together to enhance the fracture toughness of zirconia-
based materials with high strength.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

In the past few years, the use of ceramic materials has
significantly increased in various applications due to the unique
characteristics of these materials in comparison with metals and
polymers. The advantageous properties of ceramic materials are
hardness, rigidity, abrasive resistance and low density. Zirconia is
an interesting ceramic material because it has good mechanical
properties. This effect is based on the tetragonal to monoclinic
phase transformation under an applied stress. This stress-induced
martensitic transformation is associated with a volume increase of
approximately 3–5%. A transformation zone is created as a crack
propagates through the ceramic and a shielding stress is exerted on
the crack. This reduces the local stress intensity level at the crack
tip, and thus improves the fracture toughness of the material [1].
Nevertheless, the major limitation of zirconia based ceramics is
their low crack resistance properties. Brittle ceramics can be
toughened by introducing a ductile phase into them. The increase
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of the fracture toughness depends on the amount, size and shape
of the metal phase and on the uniformity of their distribution
[2–9]. Several studies on zirconia reinforced with metals such as
nickel, stainless steel, molybdenum and niobium have been
reported in the literature [10–17]. Moreover, metal particles in a
ceramic matrix disperse the energy of propagating cracks due
crack bridging mechanism and as a result increase the fracture
toughness of the material. Other mechanisms which bring about
the dispersion of fracture energy are (a) deflection of crack path by
particles, (b) branching of cracks and (c) stress relaxation via crack
nucleation or local plastic flow [18]. Consequently, these mechan-
isms can interact with each other and, under certain circumstances,
the interaction is synergistic [19].
Tantalum was selected as the metal second phase because of its

biocompatibility, corrosion resistance, and mechanical properties
[20–23]. Metals usually exhibit higher coefficient of thermal
expansion, thereby further complicating the problem of adherence
to an oxide material. However, in this particulate system, the
average coefficient of thermal expansion of Ta in the range
20–1000 1C is 6.5� 10�6 1C�1, is lower compared to a value of
12� 10�6 1C�1 for 3Y-TZP. Thus, when this composite is
ghts reserved.
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cooled from the sintering temperature, the reinforcement contracts
less than the matrix, which results into compressive stress in the
metal particles.

In previous work, zirconia–Ta composite was fabricated by
hot pressing [24]. Hot pressing sintering, spark plasma
sintering or pulse electric current sintering are typical techni-
ques employed to produce ceramic–metal composites. How-
ever, many of these techniques are not economically viable
depending on the use of the final product. Thus, conventional
sintering is still a more attractive sintering method to produce
ceramic products, mainly due to its simplicity and cost
compared to other methods.

The purpose of the present study was to obtain dense
3Y-TZP/Ta composites by conventional sintering (CS) and
describe the influence of tantalum particles on the mechanical
properties of zirconia–tantalum composites with different
amounts of metal phase.

2. Experimental procedure

2.1. Starting materials

The following commercially available powders have been
used as raw materials: (1) tetragonal zirconia polycrystals (3Y-
TZP, 3 mol% Y2O3; TZ-3YE, Tosoh Corp.), with an average
particle size of d50¼0.2670.05 mm, a BET specific surface
area of 1673 m2/g. (2) Tantalum (Alfa Aesar, 99.97% purity)
with an average particle size d50¼44 mm.

Tantalum powder was attrition-milled with zirconia balls in
a teflon container for 4 h using isopropilic alcohol as liquid
media. The ball-milled resulting powder consists of flake-like
deformed Ta particles with a high aspect ratio and a mean
particle size of 42 μm.

2.2. Powder processing

Zirconia/Ta suspensions of 80 wt% solid content were
prepared using distilled water as liquid media and a 3 wt%
addition of an alkali-free organic polyelectrolyte as surfactant
[5]. Four powder mixtures compositions with the following
ZrO2 to Ta ratio (in vol%): 95ZrO2/5Ta, 90ZrO2/10Ta,
85ZrO2/15Ta and 80ZrO2/20Ta were prepared. The mixture
was homogenized by milling with zirconia balls in polyethy-
lene containers at 150 rpm during 24 h and then dried at 90 1C
during 12 h. The resulting powders were ground in an agate
mortar and subsequently passed through a 75 mm sieve. The
mixed powders were cold isostatically pressed to cylindrical
green samples (≈9 mm in diameter and 50 mm in length) at
200 MPa and sintered in argon atmosphere at 1500 1C for 2 h
before being cooled down to room temperature. Heating and
cooling rate 5 1C/min was used.

2.3. XRD characterization

The X-ray diffraction analyses (XRD) of these samples were
carried out in a Bruker D8 diffractometer using CuKα
(λ¼1.5405981 Å) radiation working at 40 kV and 30 mA in
a step-scanning mode from 271 to 33 1 with a step size of 0.011
and a scan speed of 0.06 deg/min. The monoclinic phase
content of different surfaces was calculated using the Garvie
and Nicholson method [25]

Xm ¼ Imð111Þ þ Imð1
�
11Þ

Imð111Þ þ Imð111
�

Þ þ Itð111Þ
where, It and Im represent the integrated intensity (area under
the peaks) of the tetragonal (101)t and monoclinic (111)m and
(�111)m peaks. The monoclinic volume fraction was then
obtained using equation proposed by Toraya et al. [26]

Vmtot ¼
1:311Xm

1þ 0:311Xm

2.4. Microstructural and mechanical characterization

The microstructure of sintered specimens was studied on
surfaces polished down to 1 mm and scanning electron micro-
scopy (SEM, Phenom G2, Netherlands). The Vickers hardness,
Hv, was measured using a Vickers diamond indenter (Leco
100-A, St. Joseph, MI) on polished surfaces, with applied load
of 490 N with an indentation time of 10 s. The magnitude of
the Vickers hardness was determined according to

Hv¼ 1:854 P=d2;

where P is the applied load (in N) and d is the diagonal length (in
mm). The corresponding indentations sizes were determined using
the same scanning electron microscopy. The hardness results were
averaged over 10 indentations per specimens.

2.4.1. Fracture toughness
Fracture toughness was measured using the single edge

notched beam (SENB) on machined specimens in the form of
bars with dimensions of 3.0� 4.0� 45 mm3. It should be
noted that specimens from the same size were used for three
point bending flexural test as well. The tests were performed at
room temperature using a 5 kN universal testing machine
SHIMADZU AutoGraph AG-X at a crosshead speed of
0.5 mm/min with span 40 mm. Notch was introduced by using
diamond blade (saw) [24].

2.4.2. Three point bending flexural test
The tests were performed at room temperature using a

universal testing machine (Shimadzu AutoGraph AG-X 5 kN,
Japan) [27]. The specimens in the form of bars with dimen-
sions of 3.0� 4.0� 45 mm3 were loaded to failure with a
crosshead speed of 0.5 mm/min and a span of 40 mm. The
strengths, sf, were calculated from the failure loads, F (N), and
the specimen dimensions, using the equation

sf ¼
3FL

2bd2

where L is the length of the support span (mm), b is the width
(mm) and d is the height (mm). The Young modulus was
obtained from the slopes of load-deflection curves of three
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point bending tests. A static extensometer was used to measure
the deflection with an error in the measurement of 0.1%.

The density of sintered specimens was measured according
to the Archimedes method.
3. Results and discussion

3.1. Microstructure

An electron micrograph of ZrO2–Ta composite is shown in
Fig. 1. In this micrograph the darker and bright phases are zirconia
and tantalum grains, respectively. The interface between ZrO2 and
Ta was well bonded and no microcracks were observed. The
tantalum particles are uniformly dispersed in the matrix.

The tantalum oxide (Ta2O5) is always present at the starting Ta
powder surface as passivated oxide layer. The phase diagram for
the zirconia-rich portions of the Ta2O5–ZrO2 system [28] at
temperatures in excess of 1400 1C indicates limited solubility of
the pentavalent oxide in zirconia (∼2 mol% TaO2.5). However, co-
doping with yttria has been observed to enhance their solubility in
the tetragonal phase [29–31]. We assume that the entire passivated
oxide layer is present in solid-solution (SS) after sintering and the
fraction of Ta2O5 was lower than this limit of 2 mol% SS. No
additional phases were detected.
Fig. 1. SEM micrograph of microstructure in zirconia – (A) 5 vol%, (B) 10 vol% (
and black is porosity.
The densities of the 3Y-TZP/Ta composites obtained by
pressureless sintering are presented in Table 2. The density
tests confirmed the possibility of obtaining high density
(490% th.) 3Y-TZP/Ta composites.
3.2. Mechanical properties

Evaluation of Vickers hardness (HV), toughness (KIC), elastic
modulus (E) and flexural strength (sf), together with densities
measured are given in Table 1.
The hardness is rising with increasing ceramic phase content,

from 5.4 for the 3Y-TZP/15Ta composition, to 7.9 for the
3Y-TZP/5Ta composition. A maximum strength of �697 MPa
was obtained for the 3Y-TZP/15Ta composite. The higher
porosity of composition with 20% vol. Ta explains its poor
mechanical performance. The presence of porosity generally has
a negative influence on mechanical properties, since pores can
cause stress concentration, resulting in low strength.
By analyzing the mechanical behavior of the composites

(strength versus amount of metallic phase) it can be concluded
that strength increases until an optimum point of embedded
metal particles (3Y-TZP/15Ta) and from this point values
decrease significantly.
C) 15 vol% and (D) 20 vol% Ta composite. Gray phase is zirconia; light is Ta



Table 2
The monoclinic volume fraction (Vmtot) for 3Y-TZP and 3Y-TZP/Ta composites.

5 vol% Ta 10 vol% Ta 15 vol% Ta 20 vol% Ta 3Y-TZP

Polished
surface

Fractured
surface

Polished
surface

Fractured
surface

Polished
surface

Fractured
surface

Polished
surface

Fractured
surface

Polished
surface

Fractured
surface

Vmtot 3.7 17.2 3.9 19.1 4.2 28.5 3.8 15.2 1.1 10.2

Table 1
Mechanical properties and densities corresponding to the materials studied.

3Y-TZP/5 Ta 3Y-TZP/10 Ta 3Y-TZP/15 Ta 3Y-TZP/20 Ta 3Y-TZP

Elastic
modulus (GPa)

19875 19177 18278 13674 19078

Flexural
strength (MPa)

438714 531717 697721 406712 787710

Vickers
hardness (GPa)

7.970.24 5.770.31 5.470.35 470.36 4.870.11

Toughness (MPa m1/2) 12.170.33 12.870.42 1470.47 8.970.44 9.170.12
Density 96% th. 95% th. 95% th. 90% th. 98% th.
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The average fracture toughness of ceramic–metal compo-
sites was about 12–14 MPa m1/2 (except the composition with
20 vol% Ta), which was higher than the result for the
monolithic zirconia (about 9.1 MPa m1/2). The increase in
toughness may be due to the ductile metallic phase, which
can absorb the energy of crack propagation during fracture,
and could enhance crack deflection and bridging as well as
stress relaxation near the crack tip. In addition, the increase in
toughness occurred because of the presence of solid solution of
Ta2O5 enhances the transformability of zirconia. Table 2
shows the monoclinic volume fraction for polished and
fractured surfaces of monolithic zirconia and zirconia–metal
composites. The obtained results showed that in the monolithic
3Y-TZP about 10 vol% of the tetragonal zirconia transformed
to monoclinic symmetry during the failure. In the meantime,
the analysis of XRD data proved that the fraction of zirconia
transformation considerably increases for zirconia–metal com-
posites. The enhanced transformability is related to the
alloying effect on the tetragonality (c/a – cell parameters ratio)
of stabilized tetragonal ZrO2, so the addition of this oxide
increases the tetragonal distortion of the cubic lattice. When a
trivalent oxide, like Y2O3, is added to ZrO2 as stabilizer,
certain amount of lattice defects i.e. oxygen vacancies, are
produced in the ZrO2 lattice. The effect of doping with
pentavalent oxides such as Ta2O5 (cationic radii in the +5
oxidation state ∼0.68 Å) indicates that ions reside as substitu-
tional defects in the zirconium lattice (ionic radius of the Zr4+

ion is 0.79 Ǻ), annihilating the oxygen vacancies generated by
yttria doping. Since oxygen vacancies are effective in stabiliz-
ing the tetragonal structures, the destabilizating effect of Ta
doping can be attributed to the decreased concentration of
oxygen vacancies. However it is important to underline that
the composition with 20 vol% Ta demonstrates the lowest
value of monoclinic volume fraction due to high porosity. The
transformation toughening mechanism was expected to be
considerably more effective in material with negligible poros-
ity due to the magnitude of the t–m transformation.
Fractographic studies of the materials showed evidence of

bridging and plastically deformed tantalum lamellar particles
and matrix-reinforcement interfacial decohesion [Fig. 2]. Elon-
gated thin Ta grains may act as bridges and deform plastically
during the period of bending. On the other hand, the thick
grains may act as elastic bridge and fail during the period of
bending. Cleavage fracture indicates that the metal particles
ultimately failed without much plasticity. Then the elastic and
plastic deformation of the bridging particles before fracture
contributes to a substantial toughening. Once the crack has
reached the particle–matrix interface, the difference in the
crack-tip opening displacement between the ductile particle
and the brittle matrix will cause the crack to be locally blunted
and its segments forced to circumvent the particle, thus
bridging the crack along its length. On applying an external
load to the sample, these ligaments impose closure traction on
the crack surfaces against the opening of the crack. Thus, the
bridging of intact ligaments reduces the stress at the crack tip
through elastic loading and plastic deformation. So, the
dominant toughening mechanism operating in the present
ZrO2–Ta composite is crack bridging, except the composition
with 20 vol% Ta. In this particular case the dominant failure
mechanism is metal particle pull-out. No evidence of plastic
deformation was observed. Residual porosity remains at the
ceramic–metal interface (Fig. 2D). Ceramic matrix composites
reinforced with platelet or flake like particles, frequently show
a considerable degree of porosity in the interface between the
matrix and reinforcement phase. The sintering behavior of
flake-reinforced composites may be compared to that observed
in bimodal distribution of spherical particles [32]. Fine
particles show rapid densification because of their high
curvature, while the large particles (platelets or flakes) exhibit
a lower driving force for sintering. Consequently, pore



Fig. 2. SEM micrographs of the fracture surface of zirconia – Ta (A – 5 vol%, B – 10 vol%, C – 15 vol% and D – 20 vol%) composite. Dashed black arrows show
the plastic deformation of tantalum particles.
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channels between flake and dense fine-grained regions appear,
and then the relative density of the compacts decreases when
flakes amount are increased. This interface porosity enhances
the formation of a weak boundary structure increasing the total
probability of intergranular fracture. The metal particles begin
to debond behind the crack tip and continue to debond as the
crack extends (Fig. 2D). This debonding occurred by contin-
uous decohesion with interaction with interface porosity.

The current results demonstrate that transformation and
ductile phase toughening mechanisms can be successfully
utilized together to enhance the fracture toughness of cera-
mic–metal composites fabricated by pressureless sintering. In
this regard, the amount of second phase, due to the presence of
intergranular porosity, can impart a low resistance to crack
propagation and therefore, lower effectiveness of each tough-
ening mechanism.

4. Conclusions

Homogeneous zirconia–metal composites (with 5, 10, 15 and
20 vol% Ta) were fabricated following a wet-processing route
and pressureless sintering. All composites exhibited microstruc-
tures with uniformly distributed metallic particles into zirconia
matrix. It was found that the addition of only 5, 10 and 15 vol%
of Ta particles to the 3Y-TZP matrix, produces reinforcement
effect which appears as increase of fracture toughness,
12.1 MPa m1/2, 12.8 MPa m1/2 and 14 MPa m1/2, respectively.
This increase in toughness was explained by crack bridging of
the elastic–plastic deformations of ductile metal particles
associated with the transformation toughening mechanism in
zirconia matrix. The lower value in strength and fracture
toughness of ZrO2–20 vol% Ta composite is related to cera-
mic–metal interface porosity.
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