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Zirconia-tungsten composites have been obtained by the densification of ceramic-metal
powders. The influence of the sintering conditions and the metal volume fraction on the
morphology, the porosity, the linear shrinkage, the microhardness and on the linear
expansion coefficient has been evidenced. Using a general effective medium equation to fit
the electrical resistivity of the composites (1400°C-3 h) a percolation threshold of 0.26 has
been found. The distribution functions of relaxation times obtained from impedance
spectroscopy measurements show that the higher is the thermal treatment the sharper are
the peaks and the lower is the relaxation time t,. The intragrain zirconia ionic conductivity
is improved for high tungsten volume fractions below the percolation threshold.
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1. Introduction

Ceramic-metal materials obtained by powder mixture
sintering are mainly studied for the improvement of the
ceramic materials toughness [1, 2]. Indeed, introducing
ductile metal particles in a ceramic matrix can increase
the K¢ value of the resulting material. K¢ values in the
range 5 MPa - m'/2-8.5 MPa - m'/? have been reached
for Ni/Al,O3 composites. These results are interesting
knowing that Kic(Al,O3) =3 MPa-m!/2,

The main parameter used to describe a composite
material is the volume fraction for each phase. Most
of the physical properties of such materials are vol-
ume fraction dependent like density, hardness, thermal
expansion, thermal and electrical conductivity. The dc
electrical conductivity is then very low, when the vol-
ume percent of the conductive particles (generally metal
or carbon) is low, and increases very rapidly around a
value called the percolation threshold. This threshold
can be viewed as the point where a conductive network
is built up by the contact of the conductive particles
from one side to the other in the composite medium.

The aim of this work is to describe the synthesis of
sintered zirconia-tungsten cermets obtained from com-
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posite powders and to characterise the evolution of the
composite materials properties with the metal volume
ratio. These materials could be interesting for the real-
isation of high temperature heating elements.

2. Experimental procedure

Composite zirconia-tungsten powders have been syn-
thesised by ourselves using a “sol-gel/co-precipitation”
route. This preparation is described elsewhere [3] but
a scheme of the synthesis is given in Fig. 1. Different
sintering conditions have been employed for the densi-
fication of the composite powders:

— cold pressing and sintering in Hy/Ar (10/90) atmo-
sphere at 1400°C-3 h; 1400°C-10h; 1500°C-8 h;
1850°C-30 min

— hot pressing (1450°C-300 kg/cm?>-10~* mbar-
30 min).

For each sample we have checked by X ray diffrac-
tion (Inel, Cu K, radiation) that only the ZrO;(c) and
W phases were present in the composite. SEM ob-
servations were carried out with a JEOL microscope
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Figure 1 Scheme of the W/ZrO, powder synthesis.

to determine the morphology of the materials and the
particle size of each phase.

The mercury porosimetry (Micromeritics) has been
used to determine the pore size of the sintered materials.
Before each measurement the samples were outgased
at room temperature.

Linear shrinkage analysis and the determination of
the linear thermal expansion coefficient have been per-
formed with a Thermo Mechanical Analyse equip-
ment (Setaram TMA) under flowing Ar (50 ml/min)
for shrinkage measurements and under flowing He
(50 ml/min) for thermal expansion measurements.

Indentation was performed using a Shimadzu micro-
hardness tester with a Vickers diamond and an applied
load lying between 100 g and 500 g.

A four probes method has been employed for the
dc electrical conductivity measurements (AOIP OM
21 microohmmeter) both at room and high tempera-
ture. For ac measurements at room temperature a gain
and phase equipment (Solartron 1253) was used, the
frequency was in the range 10~3 Hz-20 kHz. Mea-
surements at high temperature were performed using a
two terminal ac bridge (HP 4192M) between 5 Hz and
13 MHz. For both room and high temperature ac con-
ductivity analysis Pt electrodes were sputtered on each
side of the samples.

3. Results and discussion

3.1. Sintering and mechanical properties
The green density of composite materials obtained by
mixing two powders influences the density of the result-
ing sintered materials for a given thermal treatment.
The compactness of a random close packing of ho-
modisperse spheres is 0.64. This compactness can be
increased up to 0.74 by mixing two spherical powders
with a radius ratio 7 = Fmagrix / Finclusion < 0.1 [4]. Results
of green density measurements for different tungsten
volume fractions are listed in Table I. The zirconia par-
ticle size is about 100 nm with a sharp distribution. For
the tungsten crystals the size is in the range 0.1 um-—
10 m with a mean size about 6 um—7 um. Hence the
condition rz,0p/rw < 0.1 is fulfilled. We note a relative
density of the zirconia powder below 0.64 meaning that
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TABLE I Relative green density for different metal volume fractions

Relative green

W volume fraction (%) density
0 0.58
17 0.68
32 0.67
51 0.65

this powder is not homogeneous and that agglomerates
are surely present. For the composite powders the rela-
tive density is always above 0.64 implying a good ho-
mogeneity of the powders and a good dispersion of the
inclusions.

After a sintering step at 1400°C-3 h we can observe
a different morphology between a low (5 vol%) and
a higher (30 vol%) metal content in the composite
(Fig. 2). This different morphology arises from the first
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Figure 2 Morphology of the composite materials. a) W 5 vol%, b) W
30 vol%.



stage of the powder synthesis. It is know that zirco-
nia obtained from a metal salt precipitation in an aque-
ous solution forms hard agglomerates. Indeed these ag-
glomerates are the result of the surface hydroxyl groups
condensation following [5, 6]:

—Zrgui—OH + HO—Zrgy—
— — Zrguf—O—Zrgui— + HO

Such hard agglomerates can not be broken by hand
milling and consolidate during the thermal treatment,
that what we see on Fig. 2a. Furthermore, we have
shown [3] that the introduction of a tungsten salt in
the solution leads to the zirconia surface recovery by
charged tungsten species. This recovery creates repul-
sive interactions between grains thus improving the
suspension stability and avoiding the formation of oxo
bridges between the zirconia particles. This effect is al-
ways present after sintering as it is illustrated on Fig. 2b.
Indeed during the reduction step the adsorbed tungsten
oxides are reduced leading to a homogeneous distribu-
tion of tungsten crystals inside the zirconia matrix.
The density of the fully stabilised zirconia (Y,03
10 mol%) is 5.929 g/cm® [7] and the tungsten
one is 19.3 g/cm® [8]. According to the mixing
rule the density of a W/ZrO, composite material is
d=13.371x 4+5.929 (g/cm3), where x is the tungsten
vol%. Results of density measurements for different
sintering conditions and different tungsten vol% are
given on Table II. For a given thermal treatment the
density increases with increasing tungsten vol% con-
firming that the composite powder homogeneity is im-
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TABLE II Density of materials for various metal volume fractions
and various sintering conditions

Tungsten Sintering Theoretical Experimental Relative
vol% conditions density density density (%)
9,7 1400°C-3h 7,22 5,02 69.5
19,7 1850°C-30 min 8,56 7,92 92,5
25 1400°C-3h 9,25 6,72 72,6
25 1400°C-10h 9,25 7,03 76
26 1450°C 9,43 9,24 98
(hot pressed)
37 1400°C-3h 10,87 8 73,6
37 1500°C-8h 10,87 8,37 71
43,1 1400°C-3h 11,69 9,6 82,1
43,1 1400°C-10h 11,69 9,97 85,2

proved. Although the increase of the temperature and
dwell time leads to denser materials it is obvious that
only the hot pressing technique is appropriate to reach
relative densities of the cermet above 95%.

Results of porosimetry (Fig. 3) for samples sintered
at 1400°C-3 h indicate that only one pore population
is present whatever is the content of metal in the range
10 vol%—40 vol%. When the metal vol% is low (Fig. 3a)
the peak is broad and asymmetric meaning a non uni-
formity of pore size. The peak becomes sharper and the
pore diameter becomes smaller increasing the tungsten
vol%, hence, for the same thermal treatment, the sin-
tering is more efficient for a high tungsten content in
the composite. The well defined and homogeneously
distributed pores can be seen on Fig. 4 where a view of
the surface sample (W 30 vol%) is presented. Although
the density is higher for a thermal treatment at 1500°C
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Figure 3 Results of the porosimetry measurements. a) W 9.7 vol%, b) W 25 vol%, ¢) W 35 vol%, d) W 42 vol%.
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Figure 4 SEM surface view of a composite material (W 30 vol%-1400°C/3 h).

during 8 hours, we observe that the pore diameter is
in the range 4 um-5 pwm. Obviously for hot pressing
conditions no open porosity is detected in the material,
but pores are observed inside the sample (Fig. 5).

For a given temperature and dwell duration the zir-
conia and tungsten particle size evolution is differ-
ent. As we have mentioned before the zirconia grain
size is about 100 nm at 1100°C. This size increases
up to 1 um-2.5 pum (1400°C-3 h), depending on the
metal volume fraction, by a coarsening process which
is greatly enhanced when the sintering is realised at
1500°C during 8 hours. Moreover it seems that the sta-
bilisation of the zirconia cubic phase by the yttrium
oxide implies a more important zirconia grain growth
[9]. The tungsten crystal size does not vary very much in
the range 1100°C—1400°C (3 h) and the distribution is
always broad (0.1 um—10 pm). The growth of tungsten
crystals is evidenced for a thermal treatment at 1500°-
8 h where the mean size is 15 pum, in these conditions

Figure 5 Closed porosity view of the hot pressed composite.
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the diffusion of the tungsten is improved. An illustra-
tion of the grain growth is given in Fig. 6. For a low
sintering temperature (1200°C-3 h) grain and pore size
is small and a high porosity is observed. For a high sin-
tering temperature (1500°C-8 h) the porosity is lower
but the pore and the grain sizes are larger.

Linear shrinkage curves for different metal volume
fractions are given on Fig. 7. We can note the effect
of the tungsten addition on shrinkage. The metal acts
as a hindrance or more precisely slows the shrinkage
of the composite. This behaviour has already been re-
ported for various composite materials. For ZnO matrix
composites, the densification, for a given temperature,
is always higher for the sole matrix than for the ma-
trix reinforced with SiC particles [10] or zirconia parti-
cles [11]. This slowing densification effect could be due
to stresses induced by the inclusions [12, 13] which can
lead to cracks. For ours materials the shrinkage starts
at 1100°C which is the powder synthesis temperature.
It seems that only the matrix is involved in the lin-
ear shrinkage. At 1600°C the tungsten does not sinter
even if a continuous metal network is formed inside
the composite (43% tungsten volume fraction). Nev-
ertheless, according to the density results, the relative
density of the material increases with increasing the
tungsten volume fraction for a given thermal treatment.
For high tungsten volume fractions the densification
is probably due to the zirconia grain coarsening. In-
deed, the zirconia grain size, for a given thermal treat-
ment (1400°C/3 h), evolves from 1 pum, for a20% tung-
sten volume fraction, up to 2.5 um for a 60% tungsten
volume fraction. An expansion measurement has been
performed for a 20% tungsten volume fraction compos-
ite up to 1850°C. For this temperature linear shrinkage
reaches 12%. This value is inferior to the value obtained
with the zirconia matrix treated at 1600°C but shows
that a good densification of the composites needs a high
temperature thermal treatment.

Results of Vickers microhardness measurements are
presented on Fig. 8, all the samples were heat treated at
1400°C during 3 hours. The microhardness of the fully
stabilised zirconia monocrystal is 16.1 GPa [14] and the
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Figure 6 SEM surface views of a composite material. a) 1200°C-3h,

b) 1500°C-8h.

tungsten one is 2.25 GPa [15]. For low metal volume
fractions materials the high microhardness is due to the
zirconia which is a hard ceramic. The microhardness
rapidly decreases between 10% and 40% metal vol-
ume fraction and does not evolve very much beyond
this value. We can link this behaviour to the percola-
tion effect. Beyond this threshold tungsten grains form
a backbone which support a large part of the load. Sim-
ilar results have been published. For a Ni-Al,O3 cermet
Tuan [1] observes that the microhardness decreases
from 16 GPa to 6 GPa when the Ni volume fraction
increases from 0% to 25%, while Breval [2] obtains
9.6 GPa for a 50% Ni volume fraction. The discrepancy
between these results could arise from different particle
size or different material densities indicating the influ-
ence of the synthesis process on the microhardness.
Results of the average expansion coefficient measure-
ments between 20°C and 1000°C are summarised on
Fig. 9. These results are compared with the mixing rule,
the Turner model and the Kerner model. Turner [16] as-
sumes that the material is isotropic on a macroscopic
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Figure 8 Vickers microhardness results.
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Figure 7 Linear shrinkage curves for various tungsten vol%.
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Figure 9 Comparison of thermal expansion coefficient measurements
with the mixing rule, the Turner and the Kerner models.

scale, that a perfect adhesion exists between the two
phases and that the strains of the two constituents are
the same as the composite strains. Moreover, he admits
that the internal stresses due to the increase of the tem-
perature are not high enough to damage the material,
he thus obtains the following expression:

_ omKmem + aiKic
KmCm + KiCi

)]

a: linear expansion coefficient of the composite, o,
«;: linear expansion coefficient of the matrix and the
inclusions, K, K;: bulk modulus of the matrix and the
inclusions, ¢, ¢;: volume fraction of the matrix and
the inclusions.

Kerner [17] assumes that the grains are spherical and
perfectly bounded to the matrix. He also takes into ac-
count the volume expansion and the shear stresses that
exists between the matrix and the inclusions. He obtains
the following expression:

1 1
—1
Cm Ci 3
e 2
X|:Km+Ki+4Gm:| ()

G n: shear modulus of the matrix.
When K, = K these two expressions lead to the mix-
ing rule:

o = OnCm + Qi 3)

The zirconia and tungsten linear expansion coefficients,
the bulk modulus and the shear modulus used for these
models are listed in Table III.

For ours materials the linear expansion coefficients
lie between the Turner and the Kerner models meaning
that a good adhesion exists and that shear stresses are

TABLE III Values of @, K and G parameters

W Zr0 (10% Y,03)
o 451070 10107

K 310 GPa 133 GPa

G - 156 GPa
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probably present between inclusions and matrix. More-
over no fracture have been observed for the composites
whatever was the metal volume fraction.

3.2. Electrical properties

At room temperature the electrical conductivity of the
composite is due to the metallic phase. When the com-
posite is a conductor its connectivity is 3-3 meaning
that each phase is linked to itself in the 3 dimensions
[18]. At the percolation threshold the connectivity of
the material evolves from 0-3 to 3-3. This transition
is difficult to visualise using electronic microscopy
techniques. On Fig. 10 are presented backscattered
electrons views of the composites, sintered at 1400°C
during 3 hours, for different tungsten volume frac-
tions. For a low metal content (8 vol%), the number
of tungsten crystals is low and the distribution is non
homogeneous (Fig. 10a). Zirconia agglomerates are
present in the starting powder and during the reduc-
tion step tungsten species lead to large tungsten crys-
tals between theses agglomerates. For a 25% metal
volume fraction (Fig. 10b), the distribution of tung-
sten crystals inside the oxide matrix is more homoge-
neous. For this metal content the percolation thresh-
old is not reached. Above the percolation threshold
(45 vol%), the number of tungsten crystals is high and
the distribution is uniform at the scale under consid-
eration (Fig. 10c) even if it is difficult to evidenced
a percolating way. We thus see that the sol-gel pro-
cess leads, for metal volume fractions high enough
(>20 vol%), to composite materials where the metal is
homogeneously distributed without mixing and milling
steps.

Results of the electrical resistivity measurements,
for composites sintered at 1400°-3 h, are presented on
Fig. 11, experimental data have been fitted using the
general effective medium equation (G.E.M) [18]:

1 1
f(pm/l — 01 /"

p&l/t n A,Oll/t

(1= ol = p")

1/t

) =0 &
Pm +Ai011/t

Pm: composite resistivity, pp: non conductive phase
resistivity, p;: conductive phase resistivity, A=
(1 — fo)/fc: f. being the percolation threshold f: con-
ductive phase volume fraction (metal volume/sample
volume), ¢: parameter.

The tungsten electrical resistivity is 5.65 u€2-cm
[19] and the zirconia one is 8.2 x 10242 - cm [20].
For low metal volume fractions (<25 vol%) no per-
colation cluster exists, the resistivity is high and does
not evolve very much. Around the percolation thresh-
old clusters are created at random. The increase of
the metal volume fraction leads to the occurrence of
more percolation clusters with a higher average sec-
tion and a lower average turtuosity thus decreasing the
resistivity of the composite. Using this model the per-
colation threshold is 0.26 and the ¢ parameter is 3.5.
The percolation threshold of a composite material can
vary according to the synthesis process, the inclusions
shape and size or the percolation model used. Chen
and Johnson [21] find a percolation threshold as low as



Figure 10 Backscattered electrons views of composite materials for var-
ious tungsten vol%. a) W 8 vol%, b) W 25 vol%, c¢) W 45 vol%.

0.08 for a Ni/polypropylene composite with filamentary
shape inclusions and 0.27 for nodular shape inclusions,
Abeles et al. find 0.47 for W/Al, O3 thin films [22]. For
a hot pressed pellet with 20% tungsten volume fraction
the resistivity was 3 x 1073 © - cm showing the influ-
ence of the density on the percolation threshold. The ¢
parameter is related to the fractal dimension of the per-
colation clusters. This parameter generally lies between
1.65 and 2 for a composite medium with spherical inclu-
sions distributed at random. Recently ¢ parameter in the
range 3—6 have been found for metal-insulator compos-
ite materials [23—25] araising from the microstructure
of the compacts and the presence of porosity.

——G.EM
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4 fc=0.26
t=3.5

p (Q.cm)
g
.

T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

W volume fraction

Figure 11 Fit of the electrical resistivity of the composites by a general
effective medium equation.

The evolution of the dc electrical resistivity, of a 45%
tungsten volume fraction composite, with the tempera-
ture is compared with the tungsten electrical resistivity
[19] on Fig. 12. For both materials the resistivity in-
creases with temperature which evidenced the metallic
nature of the conductivity. We can note a different slope
for the composite and the pure tungsten, the lower slope
of the composite can be related to the ionic conductiv-
ity of the stabilised zirconia which is surely enhanced
by the thermal treatment under reducing atmosphere.
Some oxygen vacancies have been created by such a
thermal treatment thus improving the ionic conductiv-
ity of the zirconia for the range of temperature under
investigation. According to the linear fits, the tempera-
ture coefficients of resistivity (TCR) in the range 20°C—
400°C are 4.89 x 1073/°C and 5.21 x 1073 /°C for the
tungsten and the composite respectively.

Samples with tungsten volume fractions (14% and
20%) below the percolation threshold have been char-
acterised using the impedance spectroscopy at room
temperature. The interest of this characterisation is to
obtain qualitative informations about the ceramic-metal
interface from the distribution function of relaxation
times. Indeed dielectric materials could be modelled
by an equivalent electrical circuit shown on Fig. 13.
The complex impedance of such a circuit is given by
the relation:

tungsten

p (mQ.cm)
p (u€2.cm)

composite (W 45 vol. %)

T T T T T
0 100 200 300 400 500

Temperature (°C)

Figure 12 Comparison of the temperature dc electrical resistivity de-
pendence for a composite material and pure tungsten.
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Figure 13 Scheme of the equivalent electrical circuit.
Roco
Z(w)=Roc + ——— )
1+ jor,

R is the resistance for a infinite frequency, Ry is the
resistance for a 0 frequency, Roso = Ro—Roo, jZ=—1
and 7, = R,C},. The above equation can be written in
the following form:

[R(®) — (Rp + Roo)/2)* + [ X (@)]* = 1/4(Rp — Roo)*
(©6)

which is a semicircle equation centred on the R (w) axis.
R(w) and X (w) are the real and the imaginary part of the
impedance Z(w). The relaxation time 7, is defined as
7, = 1 /w with w taken at the top of the semicircle. This
impedance diagram describes the ideal Debye case. For
areal case the centre of the semi circle is situated below
the real axe forming with it an angle 6. The Cole-Cole
[26] model is then necessary to study the behaviour of
the material under an alternative voltage. An example
of such adiagram, often called Nyquist plot is presented
on Fig. 14. The complex impedance becomes:

Rooe %

Z =R _
(a)) 0+ (1 T jwrp)l‘ﬁ

B =26 /m and can be seen as a heterogeneity parameter.
Once this parameter is known it is possible to have
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o
x
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[ -3
= 10° Hz
. [ |
' | ]
Ty,
00 : : . A
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Figure 14 Nyquist plot of a composite material (20 vol%).
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the distribution function of relaxation times using the
following expression:

_ L sin(B)
F = 27 cosh[(1 — B)s] — cos(Bm) ®

with s = In(z/7p).
The study of the distribution of relaxation times for
percolating systems have recently been reported [27].
For ahomogeneous material F' () will be a Dirac peak
centred on T = 1p,. The peak will be broader for a large
distribution of relaxation times meaning a non homo-
geneity of relaxing species which, in our case, are space
charges blocked at the ceramic-ceramic or ceramic-
metal interfaces. Figs 15a and 15b present the influ-
ence of the tungsten volume fraction, for two different
thermal treatments, on the distribution function of re-
laxation times. The relaxation time T, is longer when
the metal volume fraction is increased in the composite.
This could be due to a higher number of tungsten crys-
tals and thus a higher number of ceramic-metal inter-
faces which leads to a longer return to equilibrium time
of the relaxing species. Broader peaks are also observed
when the tungsten content is increased, this could be
link to the higher number and a non homogeneity (shape
and size) of the ceramic-metal interfaces. The effect of
the thermal treatment on F'(¢) is revealed on Figs. 15¢
and d. We notice that the peak becomes sharper for the
high temperature thermal treatment (1500°C-3 h), this
is clearly seen for the 14% tungsten volume fraction
composite but it is also true for the 20 vol% compo-
sition sample. Moreover the peak is shifted towards
lower times. It seems that the high temperature sinter-
ing homogenises the material improving the tungsten
crystals size distribution which becomes sharper and
accentuating the geometrical ceramic-metal interfaces
similarity. The peak position shift could be linked to
an improvement of the ceramic-metal interface quality
(tight contact) and to the material densification. As it is
also noted by Lu et al. [28], for Ni-Al,O3 cermets, we
believe that space charges polarization plays a domi-
nant role in the dielectric behaviour of composites.
The ionic conductivity of the stabilised zirconia
arises from the addition of yttrium oxide which cre-
ates some oxygen vacancies in the fluorite structure
according to the following reaction:

Y,0; — ZYér + Vs + 30;

Y7, is the substitution of Y for Zr in the fluorite lattice,
Oy, is the lattice oxygen and Vs the oxygen vacancy.
The ionic conductivity is due to the movement of oxy-
gen from site to site (vacancy) under the electric field
and temperature. Arrhenius plots of the intragrain ionic
conductivity of the zirconia for two composite materi-
als (9 vol%, 14 vol%) are presented on Fig. 16. As it
can be noted the three lines are parallels indicating that
the tungsten have no influence on the activation energy
of the stabilised zirconia intragrain ionic conductivity.
This activation energy (1.13 eV) is equal to the energy
found by Schouler et al. [29]. Nevertheless, the pres-
ence of the metal phase improves the ionic conductivity
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Figure 15 Distribution function of relaxation times. a) and b) effect of the tungsten volume fraction, c¢) and d) effect of the sintered temperature.
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Figure 16 Arrhenius plots of the intragrain ionic conductivity for three
compositions.

of the zirconia. Indeed, for a given temperature the ionic
conductivity of zirconia increases with the metal vol-

ume fraction.

4. Conclusion

Stabilised zirconia-tungsten composites have been ob-
tained starting from composite powders. Pressurless
sintering leads to composites with an open porosity
whatever is the metal volume fraction, hot pressing is
then necessary to densified the material. The influence
of the metal volume fraction on the samples morphol-
ogy has been evidenced, indeed no zirconia agglom-
erates are present in the composite for metal volume
fractions above 20%. During the sintering step the lin-
ear shrinkage greatly depends on the tungsten volume
fraction. The microhardness of the sintered materials

decreases with increasing the metal volume fraction as
well as the thermal expansion coefficients which lie
between the Turner and the Kerner model.

The electrical resistivity of the composites has been
fitted using the general effective medium equation. Ac-
cording to this model, the percolation threshold is 0.26
and the ¢ parameter is 3.5. The impedance spectroscopy
allows to show that high temperature treatments lead to
a better ceramic-metal interface and that space charges
polarization is an important phenomenon in ceramic-
metal composites. Ionic conductivity measurements in-
dicate that the intragrain zirconia ionic condiuctivity is
improved when the tungsten volume fraction increases.
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