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Zirconia/stainless steel composites have been prepared by a wet processing method with metal
volume concentration ranging from 15% to 30%. The composites were characterized by electrical
and mechanical measurements. The dependence of the electrical properties of these composites with
the metal concentration presents a percolative behaviour with a metal-insulator transition, in addition
to an increment of the capacity in the neighbourhood of a critical volume concentration. This value
was found to be fc = 0.285, which is much higher than the theoretical value for randomly dispersed
3D composites (fe = 0.16). It has been found that the incorporation of stainless steel particles to
zirconia matrix, increases the toughness and decreases both the hardness and the flexural strength.
The enhancement of toughness is attributed to a crack deflection mechanism as a consequence of a

weak ZrOp/stainless steel interface.
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1. Introduction

Composite materials formed by an insulating matrix
and metallic particles have attracted much attention due to
a singular combination of properties, including mechani-
cal!, electrical® and magnetic®. Such properties make them
excellent candidates to fabricate multifunctional devices®.
Ceramic-metal composites are widely used in industrial
applications as resistors, sensors and transducers, such as
piezoresistors, and chemical sensors.

The variation of the average properties of these hetero-
geneous materials with the metallic content is not obvious,
and in most cases they do not follow the simple rule of
mixture. Moreover, the effective electrical properties for
metal-ceramic composites, where there is a huge difference
in conductivity between both components, are given by the
percolation theory. It states that there must exist a critical
concentration named percolation threshold™® where a
sharp change in the electrical properties takes place. Below
this threshold the properties are similar to those of the
matrix, while above that they are mainly determined by the
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nature of the metallic inclusions. A less known feature of
the percolation theory is the divergence of the imaginary
part of the conductivity, i.e. the real part of the dielectric
constant, at the percolation threshold’.

Brittle ceramics can be toughened by the incorporation
of metallic inclusions. The toughening effect is either con-
tributed by the plastic deformation of the metals or by crack
deflection. In the present study, stainless steel is chosen as
the reinforcement material for ZrO. The effect of the
volume fraction of the metal phase on the mechanical
properties (toughness, strength and hardness) of zirconia-
stainless steel composite has been described.

The unique properties of metal-ceramic composites in
regions close to the percolation threshold makes them
adequate for a wide variety of devices applicable to detect
critical changes, such as electro-mechanical sensors, wear-
ing-sensors, etc.

The aim of the current study was to understand the
processing of ZrOy/stainless steel composites as well as
their mechanical features and electrical properties. Similar
studies have been carried out for other ceramic-metal sys-
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tems, such as Mullite/Mo® and ZrO/Ni’. In this case,
stainless steel has been chosen because of its enhanced
corrosion resistance, high temperature oxidation resistance
and its strength. Its low cost is an attractive point facing
industrial applications.

2. Experimental

2.1. Starting materials

The following commercially available powders have
been used as raw materials: (1) Stainless steel powders
(Hogands AB, Sweden), average particle diameter
dso =219 = 0.1 um and chemical analysis (wt.%): Cr
(14.7%), Ni (10.5%), Mo (1.75%), Mn (0.11%). (2)
Tetragonal zirconia polycrystals (Y-TZP 3 mol%; TZ-3Y§,
Tosoh Corp., Japan), with an average particle size of
dsp=0.6 £ 0.1 um.

Size measurements of precursors were made by a light
scattering procedure using a particle size analyzer Coulter
LS130.

2.2. Sedimentation study

Different ZrOy/stainless steel suspensions of 70 and
80 wt% solid content were prepared using distilled water
as liquid media and a 1 and 3 wt% addition of an alkali-free
organic polyelectrolyte as surfactant (Dolapix PC-33) with
a relative proportion of metal of 40 vol%. The mixtures
were homogenized by milling with zirconia balls in poly-
ethylene containers at 150 r.p.m. for 24 h and then dried at
90 °C for 24 h. The sedimentation behaviour of water-based
slurries was studied at room temperatures in glass test tubes
for times up to 24 h.

2.3. Powder processing and sintering process

Different ZrOo/stainless steel 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 with a relative proportion of
stainless steel ranging from 15 to 30 vol.%. The mixtures
were homogenized by milling with zirconia balls in poly-
ethylene containers at 150 r.p.m. for 24 h and then dried at
90 °C for 24 h. The resulting powders were ground in an
agate mortar and subsequently passed through a 100 um
sieve. Finally, the powders were isostatically pressed at 200
MPa. The resulting cylindrical rods (=5 mm diameter) were
fired using a tubular furnace in a 90%Ar/10%H> atmos-
phere at 1350 °C for 2 h for final sintering. The heating and
cooling rate was kept at 10 °C/min. For comparative pur-
poses, a similar experimental procedure was used to obtain
pure zirconia compacts.
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2.4. Microstructure and density

The microstructures of fired specimens were studied on
diamond polished surfaces down to 1 um by scanning
electron microscopy (Karl-Zeiss, DSM-950 model).

The bulk densities of all the samples were measured
using the Archimedes method, with mercury as the immer-
sion medium.

2.5. Electrical properties

Complex impedance measurements were carried out
with a complex-impedance analyzer Solartron 1260, in
frequencies ranging from 1 Hz to 1 MHz in the two points
configuration. Silver electrodes were painted over both
faces of each sample. The applied voltage was always lower
than 0.5 V. According to the analyser specifications, all
measurements were made with an experimental error less
than 5%. Dielectric constant measurements were carried
out at 1 kHz for insulator samples (f = 0.15, 0.20, 0.26 and
0.28).

2.6. Mechanical properties

Bending strength, G, was determined by a three-point
bending test using the resulting cylindrical rods. The tests
were performed at room temperature using a universal
testing machine (Instron4411). The specimens were loaded
to failure with a cross-head speed of 0.5 mm/min and a span
of 40 mm.

The Vickers hardness, Hy, and fracture toughness, Kic,
were measured using a Vickers diamond indenter (Leco
100-A) on surfaces polished down to 1 pum, with applied
loads of 490 N. The corresponding crack sizes were deter-
mined using an optical microscope (Leica DMRM). The
fracture toughness was calculated using the formula given
by Miranzo and Moya'’.

3. Results and discussion

3.1. Sedimentation and microstructure

The results obtained from the sedimentation study of
the suspensions as well as the microstructural aspects are
summarized in Table 1. Figure 1A shows the segregation
of powders in the suspension with 70 wt.% in solid content
and 1 wt.% addition of surfactant. In order to obtain a
homogeneous dispersion of steel in the zirconia matrix the
most convenient combination of parameters was 80 wt.%
in solid content and 3 wt.% addition of surfactant. This
slurry presented no segregation of powders and leaded to
homogeneous fired microstructures (see Fig. 1B). Mi-
crographs corresponding to the microstructure of samples
made under these conditions with 15 vol.% and 30 vol.%
metal are shown in Fig. 2. In these pictures it can be seen
that metal particles are homogeneously distributed into the
ceramic matrix and there is no evidence of agglomerates.
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Table 1. Formulation of the suspensions used in this study and summary of experimental results.

Sample Solids loading (wt%) Deflocculant addition (wt%) Sedimentation Microstructure
70-1 70 1 Segregation Agglomerates
70-3 70 3 Segregation Agglomerates
80-1 80 1 Gradual segregation F.G.M. with agglomerates
80-3 80 3 Homogeneous Homogeneous
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Figure 1. Sedimentation behaviour of two ZrO2/stainless steel different
suspensions: A) 70 wt.% solid loading and 1 wt.% deflocculant, B) 80
wt.% solid loading and 3 wt.% deflocculant.

The relative densities of the obtained sintered
ZrOo/stainless steel composites were found to be very close
to the theoretical values (>99%th.).

3.2. Electrical measurements

We have employed capacity measurements of the insu-
lator samples obtained from impedance spectroscopy to
determine the percolation threshold of these systems in-
stead of conductivity measurements. This is due to the fact
that the chosen technique, based on the expected capacity
increase at the percolation threshold, is experimentally
easier to implement for highly insulating systems than

Figure 2. Optical micrographs of the polished cross section of zir-
conia/stainless steel composites: A) 15 vol.% metal and B) 30 vol.% metal.
Lighter phase is metal and the darker phase is zirconia.

conventional DC conductance experiments. In Fig. 3 we
plotted the relative dielectric constant of samples with
different metal concentration. The electrical properties in
the neighbourhood of the percolation threshold follow a
scaling law with concentration. The general theory predicts
that the behaviour of the dielectric constant is given by
expression:
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Figure 3. Relative dielectric constant (gy) vs. filling factor (f) correspond-
ing to different monolithic ZrO2/stainless steel composites (15, 20, 26 and
28 vol.% metal).

where €, is the dielectric constant of the matrix, f. is the
percolation threshold and fis the filling factor of the com-
posite. The fit for the ZrOy/stainless steel series to this
expression gives ¢ = 0.84 £ 0.06, which is in agreement
with the most common found value, g = 0.90. A value of
percolation threshold f. = 0.285 £ 0.015 was obtained. This
value is nearly twice larger than the one predicted by
classical percolation theory in randomly disordered sam-
ples, probably due to an ordering process into the suspen-
sion. This phenomenon, which has been observed in
ZrO»/Ni sintered composites by a digital image treatment’,
implies the existence of a preferential distance between first
neighbours in contraposition to the random distribution, in
which all distances are equally probable.

3.3. Mechanical properties

The variation of bending strength, fracture toughness
and Vickers hardness with the stainless steel volume frac-
tion is shown in Fig. 4.

Since the zirconia monolithic samples have a smaller
grain size, resulting in smaller intrinsic flaw dimensions,
they exhibit higher strength than the ZrO»/stainless steel
composites. The bending strength decreasing of the
ZrOy/stainless steel composites as a function of stainless
steel content can be explained considering that the average
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Figure 4. Mechanical properties of ZrOy/stainless steel composites: A)
Bending strength, B) fracture toughness and C) Vickers hardness. The
dashed lines are guides to the eyes.
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grain size of the metal particles is =20 pm, resulting in a
higher defect size.

The hardness of all the zirconia/stainless steel compos-
ites is lower than that of zirconia (8.8 GPa) and it decreases
as the metal content increases.

The increment in fracture toughness observed in the
composites with higher content of metal inclusions can be
assigned to the crack deflection and/or crack extension
around the particles. Susceptibility to interface debonding
strongly influences the quantitative effect of this mi-
cromechanism. A thermal expansion mismatch exists be-
tween the ceramic matrix and the metallic particles.
Therefore, internal stresses developed during cooling of the
composites are set up around the metallic inclusions. As the
thermal expansion coefficient of the inclusions is bigger
than that of the matrix (cts, sieel = 18.4 100 °C™! at 538 °C
and 0z:o2 = 11.8 10 °C! at 1000 °C), the ceramic-metal
interface is subjected to a radial tensile stress. These
stresses can produce deflection processes as well as an
insufficiently strong interfacial bond which cause the par-
ticle debonding.

As it can be observed in Fig. 5A, the crack follows the
zirconia/stainless steel interface. The crack propagates
smoothly in the ceramic matrix and, on intercepting the
metal particles, follows the weak ZrO»/stainless steel inter-
face. Figure 5B shows the fracture surface of ZrO»/20 vol%
stainless steel composite. In neither composite there was
indication of plastic deformation of the metal particles
during fracture.

X-ray diffraction patterns relative to the fracture surface
of ZrO, (3Y-TZP) sintered in reducing atmosphere'!, show
that there is no presence of the main peak corresponding to
monoclinic pattern (20 = 28.223°). It is established that
heating zirconia in reducing environments produces lost of
oxygen, and, therefore, the resulting zirconia is non-
stoichiometric, ZrO».x, and stability of phases may be af-
fected'?. Therefore, the zirconia matrix is greatly stabilized
and does not afford stress-induced transformation toughen-
ing.

4. Conclusions

We have studied the processing of the ZrO»/stainless
steel system. The conditions to obtain monolithic homoge-
neous composites with density close to theoretical
(>99%th.) at 1350 °C in reducing atmosphere have been
adjusted to the optimum: 80 wt.% in solid loading and 3
wt.% in deflocculant addition.

It has been proved, by complex impedance measure-
ments, that in wet processed ZrO»/stainless steel compos-
ites the percolation threshold corresponds to a critical
filling factor f. = 0.28.

It was found that the presence of stainless steel particles
decreases the strength and hardness and increases the
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Figure 5. A) SEM micrograph illustrating the form of a crack initiated
through a Vickers indentation in sample with 20 vol.% metal. Lighter
phase is zirconia and the darker phase is metal. B) SEM micrograph of
fracture surface of the same ZrOy/stainless steel composite.

toughness of the composites. Crack deflection due to a
weak ZrQOo/stainless steel interface was found to be the
main toughening mechanism in these ceramic/metal com-
posites.
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