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Abstract

This paper presents an experimental study of the electrical conduction mechanisms in glass-forming oxide melts con-
taining RuO, needles. The composites were obtained by melting calcine in an industrial-scale induction-heated cold cru-
cible melter. The temperature dependence of the conductance was measured by complex impedance spectroscopy, using
a four-electrode cell, from 1200 °C to 400°C. Direct current analysis revealed that even with low RuO, content, elec-
tronic and ionic transport occurred over a wide temperature range. The RuO, particle dispersion significantly enhances
the total electrical conductivity up to 1200°C. Percolation theory associated with tunneling conduction models is used
to describe the electronic contribution to the conductivity. An equivalent circuit is proposed to describe the mixed
ionic—electronic transport. The electronic conductivity not only depends on the RuO, content, but on the particle

length-to-diameter ratio and the RuO, solubility.
© 2004 Published by Elsevier B.V.

PACS: 72.80.N; 72.60

1. Introduction

Platinum group metals are chemically stable up to
high temperatures and are not corroded by molten
borosilicates. Investigations into the noble metal behav-
ior in glass melting processes show that the metals have
limited solubility on the order of 100 ppm [1,2]. In the
nuclear field, the properties of the fission by-products
including the platinoids Ru, Rh, and Pd in glass melts
have been investigated because they significantly affect
the viscosity and the thermal and electrical properties
of the melt during vitrification processes [3,4].
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Two types of platinum-group metal particles are
found in borosilicate nuclear waste glasses. The palla-
dium and rhodium species form spherical PdRh,Te, al-
loys with tellurium. The ruthenium species precipitate
and crystallize into long, needle-like RuO, particles [5].
The RuO, rutile phase is dense (p = 6.97g/cm’) and
metallic conductive (¢ =2.5x 10*°Q"'em™"). In typical
HLLW glasses, the platinoid (Ru, Rh, Pd) phases ac-
count for ~0.5vol.%, but their agglomeration and sedi-
mentation result in the formation of layers of higher
content, the viscosity and electrical conductivity of
which can increase by an order of magnitude [6].

The electrical conduction and viscosity gradients sig-
nificantly diminish the efficiency of the melting process,
both in the Induction Heated Melter with cold crucible
or in the Liquid-Fed Ceramic Melter with electrodes
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[4,5]. Despite their technical importance in these pro-
cesses, electrical transport mechanisms in molten boros-
ilicates containing platinum-group particles have still
not been fully elucidated. In the area of microelectronic
components, electrical transport has been widely investi-
gated in high-lead glasses containing RuO, particles,
known as TFR [7-9].

Many conduction mechanism models have been pro-
posed in the literature concerning electrical transport in
these composites. Above a very low critical RuO, con-
tent, electronic transport occurs and the conductivity in-
creases with the RuO, content [9]. Although this is still a
subject for debate among thick-film researchers, the elec-
trical percolation model [10] and the tunneling barrier
model [7] seem to best match the experimental results.

The literature on the electrical transport in noble-
metal/glass heterogeneous materials suggests that only
the metal oxide phase RuO, can play an important role
in the electronic transport at low content. This is consis-
tent with the fact that, unlike the metal or alloy phases,
the RuO, phase has outstanding properties. The RuO,
phase exhibits unique redox properties. The Ru®*,
Ru®* and Ru** defects at the rutile surface are likely
to adsorb mobile cations (like H*, Li*, Na™) and/or en-
hance electron transfer across the RuO, /glass interface
[11]. Moreover, the RuO, phase has an outstanding
interaction with glass. Some authors have suggested
the presence of subtle structural modifications in the
very thin area across the RuO»/glass interface [12]. In
glass-forming molten oxides, the RuO, particles tend
to agglomerate with interparticle distance typically on
the order of 1nm. This equilibrium distance could be
the consequence of a competition between van der
Waals attraction forces and ‘steric-like’ or electrostatic
repulsion forces [13].

At the melting temperature (~1200°C), as the solu-
bility of the platinum-group metals is very low, the mass
concentrations of the soluble species in the molten boro-
silicate are negligible compared to those in the metal and
the metal oxide phases. The material studied consists of
a complex molten borosilicate containing metallic alloy
spheres and RuO, needles. Laboratory-scale investiga-
tions have revealed that at about 2wt% platinoid con-
tent, the electrical conductivity increases significantly
whereas the viscosity remains nearly unchanged [6].
The authors have suggested that the electrical conductiv-
ity depends on the size and the morphology of the RuO,
particles, but they have not proposed electrical transport
mechanisms to explain the abnormally high electrical
conductivity.

In a recent work, we have studied the electrical prop-
erties of molten borosilicates containing RuO, particles
by changing the morphology of the particles (needles
or grains) and the nature of the matrix (good or poor
ionic-conducting matrix) [14]. The results have revealed
that these heterogeneous materials are mixed ionic—elec-

tronic conductors. The electronic contribution to the
conductivity does not depend on the nature of the
matrix, but to a large extent on the microstructure of
the particle network, which is consistent with the electri-
cal percolation model. However, the electrical transport
mechanisms have not been fully elucidated.

The present work focuses on the electrical conduction
mechanisms in simulated HLLW glass melts. The exper-
imental data are used to determine the critical RuO,
content above which electronic transport occurs, and
the conductivity versus RuO, content relation. We then
discuss the electronic transport mechanism that implies
the interparticle electronic jump.

2. Experimental
2.1. Glass preparation

The compositions studied simulated a complex nucle-
ar waste glass containing noble metals. In these glasses,
platinoid phases as Pd, Rh and RuO, typically account
for 0.1, 0.04 and 0.4vol.%, respectively. As RuO, is
assumed to be mainly responsible for the outstanding
electrical behavior of oxide melts, we only considered
the RuO, content. The compositions were then called
MATRIX(x) where MATRIX is the name of the
noble-metal free glass and x is the volume percent of
the RuO, phase.

A complex composite IHM(0.7) was prepared by
industrial-scale vitrification of simulated high-level
waste in Induction-Heated Melter. The RuO, phase,
present as needles, accounted for 0.7vol.% of the com-
posite (Fig. 1). The needle length ranged from 10um
to 20um. The aspect ratio (length-to-diameter ratio)

Fig. 1. Optical microscope (transmission) image of RuO,
needles in IHMn(0.7).
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was about 10:1. Higher concentrations (IHM(x),
x > 0.7vol.%), as well as the noble-metal free IHM ma-
trix, were obtained by particle sedimentation during heat
treatment. The RuO, content was determined by density
measurements using the Archimedes principle.

Some results obtained by Luckscheiter [6] on a simu-
lated nuclear waste glass containing RuO, needles
(LUCK(x)) were also reported.

2.2. AC impedance analysis

For the electrical conductivity measurements, the
composite was ground and a suitable amount (=35g)
was remelted in an alumina crucible placed in the homo-
geneously heated zone of a tubular furnace. Details of
the experimental setup, calibration, and corrections for
the four-electrode measurements have been described
elsewhere [15]. The sample conductivity was measured
between 1200°C and 400 °C. The upper limit of the tem-
perature range was chosen to minimize aggregation or
sedimentation phenomena.

The electrical conductivity changes were followed by
impedance spectroscopy measurements in 10°C steps as
the melt cooled. The Nyquist diagram was plotted at
each temperature. The sample resistance R was extracted
and the electrical conductivity was determined using the
relation ¢ = K/R, where K is the cell constant. An aque-
ous KCl solution with conductivity in the range of that
of the molten sample was used to evaluate K. A few elec-
trical conductivity measurements were performed during
the second heating run of the composite. The furnace
was stabilized at each temperature step for the reheating
measurements.

2.3. Direct current analysis

The purpose of the present method is to allow the
determination of the partial electronic (electron/hole)
conductivity of a mixed ionic—electronic conductor. This
time-domain measurement aims at emphasizing elec-
trode polarization in order to block ionic diffusion. It re-
quired a two-blocking electrode configuration, which
consisted in the two external sheets of the four-electrode
cell. The melt was stabilized at each temperature 7 stud-
ied. The sample was provided with a voltage step AV of
amplitude 7;=0.15V for the duration ¢4, of 1ms to
infinity, and the current i(¢) was detected as the output
voltage U(¢) across a reference resistor R (Fig. 2).
The voltage variations across the electrodes V(f) were
also measured. Assuming that no electrolysis, or charge
transfer, occurs at the electrodes, the current increases
instantaneously with the AV and decreases exponentially
with the piling-up of ions at the electrodes. When the
mobility of ions increases (at high temperatures), the
exponential decay leads to a null ionic current in a few
milliseconds. Electronic transport is assumed to be
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Fig. 2. (a) Schematic illustration of the dc experiments. (b)
Single-shot responses of (1) a purely ionic-conducting liquid, (2)
a purely electronic-conducting liquid, and (3) a mixed ionic—
electronic conducting liquid.

responsible for the remaining steady currents. This
method is based on the hypothesis of independent ion
and electron transport mechanisms.

3. Results and discussion

The THM matrix contains more than 20 elements but
its electrical properties are mainly those of a simple so-
dium borosilicate glass (SBN). The diffusion of Na* is
mainly responsible for the electrical transport. The ionic
conductivity of the IHM matrix is comparable to that of
the simple SBN matrix (Fig. 3). For both matrices, the
temperature-dependence of the electrical conductivity
is satisfactorily described by Arrhenius and Vogel-Tam-
man-Fulcher (VTF) laws, below and above T, respec-
tively [15]. The complex impedance plot of a purely
ionic-conducting liquid like IHM shows a semicircular
arc characterizing electrode polarization (Fig. 4) [15].
The melt electrical resistance is read at the high-fre-
quency intersection of the semi-circle with the x-axis
(=Z" minimum).

As the RuO, concentration increases, the impedance
plot of IHM(x) is no longer circular, but is distorted and
shifted to lower (Z’ values along the x-axis (Fig. 4). As
we think that the frequency dispersion still corresponds
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Fig. 3. Inverse temperature dependence of the electrical con-
ductivity of the IHM matrix compared with that of a simple
sodium borosilicate (SBN). The matrix (SBN) contains SiO,,
B,03, Na,O at a mass ratio of 55:30:15. For both matrices an
arrow indicates the glass transition temperature.
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Fig. 4. Plot of —Z" versus Z' for IHM, THM(0.7) and
THM(1.3), from 1 MHz (left) to 100 Hz.
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to an effect of electrode polarization, we chose, by con-
vention, to read the resistance at the intersection of the
high frequency part of the distorted ‘arc’ with the x-axis
(see arrows).

The measurements performed during the cooling of
the melt were used to extract Arrhenius plots for the
IHM(x) series, within the [1200-600°C] temperature
range (Fig. 5). At a given temperature, the electrical con-
ductivity increases significantly with the RuO, content.
For each RuO,; content, an ‘apparent’ activation energy
can be calculated from the log(s) versus 1/T plot slope.
The order of magnitude of the activation energy for elec-
trical conduction in molten IHM(x) is 1eV. The analysis
of the electrical conductivity data is not straightforward.

The dc current analyses were carried out to check the
hypothesis of an electronic mechanism at molten state.
As the ionic mobility is high at molten state, the accu-
mulation of ionic carriers, i.e., the double-layer forma-
tion, lasts a few milliseconds when the voltage step is
applied so that the ionic current drops to a null value.
For IHM(x) melts, an electronic current was detected
except for very low x values (x < 0.2vol.%), which be-
have as IHM (not shown here). The electronic current

T(°C)
0 1200 1000 800 600
., L IHM
0.5 Q&‘:\\_ | IHM(0.7) |
£ '\_\\.‘\ s IHM(0.9)
< -1.04 s, e— IHM(1.3) |
€ LN
5 \‘\s
= -1.5- NG -
b 0,
5 .
2 201 \-\ i
'25 T T T T T
7 8 9 10 11 12

104T (K™

Fig. 5. Inverse temperature dependence of the electrical con-
ductivity of the IHM(x) series.

increases as the temperature increases. Nevertheless,
the electronic conductivity only accounts for a fraction
of the total electrical conductivity at molten state. For
IHM(1.9) at 1100°C (Fig. 6), the electronic conductivity
measured in the time domain is obtained using the value
U, of the voltage U, at the plateau. The electronic con-
tribution is around six fold higher than the ionic conduc-
tivity of the molten IHM matrix so the electrical
transport mechanism is mainly electronic.

We assume that the electronic transport is indepen-
dent of the ionic transport. For low RuO, volume frac-
tions, we can assume as well that the ionic conduction
pathways do not significantly change. At a given temper-
ature, we can then determine the electronic conductivity
by subtracting the ionic conductivity of the molten ma-
trix IHM from the electrical conductivity of the molten

012

Measured voltage (Volt)
o o o
o o o o
B [+2] [+3] —

o
o
R

o

5 10 15 20 25 30
time (sec)

Fig. 6. Variations of the current intensity i(z) = Ryr X U(?) as a
function of time (thick line), in response to two consecutive
applied voltage steps (thin line) for the THM(1.9) melt at
1100°C.
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IHM(x). Fig. 7 shows the RuO, concentration depen-
dence of the electrical conductivity at 1150°C. We have
added to our data those obtained by Luckscheiter,
LUCK(x), at the same temperature [6,14]. The electronic
conductivity is comparable for both compositions.

As it has been suggested in the literature for solid
RuO,-glass composites [9,10], and recently for molten
borosilicates containing RuO, particles [14], the elec-
tronic conduction occurs through a network of intercon-
nected particle chains. The RuO, particles are separated
from their neighbors on the chain by a thin matrix layer.
This isolating layer acts as an interparticle barrier for
electronic conduction. The electronic conductivity o,
can be described by the relation

Oe = Oep(x — xc), (1)

where x is the RuO, volume fraction, x. is the critical
volume fraction corresponding to the percolation
threshold and p is the critical exponent of the scaling
law. The parameters ooy = 6 X 10*S/em, x. = 0.15vol%
and p=2.3 satisfyingly fit the experimental results
(Fig. 7). For comparison, the parameters corresponding
to the classical percolation predictions for spherical
RuO, particles embedded in an isolating matrix would
be e~ 3 x 10*S/em, x. ~ 15vol.% and u=1.7 (Fig.
7). The particle morphology affects the critical volume
fraction, which can reach values as low as 1vol.% for
needle-shaped particles of high aspect ratio [16].

The classical percolation model corresponds to an
abrupt transition from isolating properties to conduct-
ing properties. It is based on the apparition of an infinite

S 1 /@r’ J/,
£ o *
£ 0F , ! J
S g ’
OCI)
o -1r [ 1
_O (.D
20 I ]
f [
3L . : L .
0 5 10 15 20 25

RuO2 concentration (vol%)

Fig. 7. Effect of RuO, needle concentration on the electronic
conductivity of the IHM(x) series (solid circles) and LUCK(x)
series (open circles) at 1150°C. The series LUCK(x) represent
the data obtained by Luckscheiter on simulated HLW melt at
1150°C [6]. The solid line represents Eq. (1) with .9 = 3 X 10*s/
cm, X, = 15vol.% and u = 1.7. The dashed line represents Eq.
(1) with 6,9 = 3 x 10*S/em, x. = 8vol.% and u=1.7.

chain of conducting particles in which the neighboring
particles contact one another. In the case of RuO,-glass
systems, the needle morphology is not the only relevant
parameter that explains the very low percolation thresh-
old and the abnormally high critical exponent. Very low
percolation thresholds (1vol.%) have been also found
for networks of grain-shaped RuQO, particles in borosil-
icate matrices [9,14].

As it has been suggested in the literature, the RuQO,/
glass interaction has outstanding characteristics. In par-
ticle agglomerates, the particles are not in contact but a
thin layer of matrix separates them. The region of the
closest approach between two conducting segments can
be schematically depicted as a parallel-plate capacitor
with area A, separation d and capacitance C = A/4nd
[7]. The thickness d is typically on the order of 1nm
for RuO,/glass composites.

This typical equilibrium distance could be attributed
to the interplay of van der Waals attraction forces and
repulsion forces due to the structure of the thin inter-
granular liquid, as it has been suggested for liquid-sin-
tered polycrystalline ceramics [13]. The intergranular
molten borosilicate wets the RuO, surface. Contact an-
gles of 50° have been measured between RuO, thin film
and glass with a viscosity of 10*Pas [17]. The crystallo-
graphic structure of the RuO, phase may induce a pre-
ferred epitaxial orientation of the silica liquid (SiO4
tetrahedra) on the grain surfaces. As the liquid inter-
granular layer gets small, the configuration matching be-
comes severe and the energy of the system rises [13]. This
equilibrium thickness has been observed experimentally
on liquid-phase sintered ceramics [18] and on glass con-
taining nano-sized RuO, grains [12]. For needle-shaped
RuO, particles, it seems that the region of closest ap-
proach between two particles is mainly at the points.
Agglomerates of RuO, needles seem to adopt urchin
shape (Fig. 1).

The typical distance d = 1nm between conducting
segments is consistent with the presence of tunneling
conduction mechanisms. This conduction model has
been widely used in the literature to describe the electri-
cal properties of solid RuO,—glass composites [7]. The
resistance R., which controls the amount of electronic
current, can be expressed as a series combination of
the resistance of the RuO, phase R,,(7) and the tunnel-
ing resistance Ry(7) (Fig. 8):

n

Re(T) = (Rmi(T) + Rui(T)), (2)

i=1

where i represents the basic unit of the tunneling barrier
model which consists of a metal-insulator segment. The
number of segments n depends on how the chain seg-
ments are connected geometrically. In particular, it de-
pends on the particle morphology and the chain
tortuosity.
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Fig. 8. Schematic representation of the electronic and ionic
pathways during direct current measurements in a sodium
borosilicate melt containing RuO, needles. Electrons move
along chains of RuO, needles, whereas diffusion of sodium ions
occurs in the oxide melt.

The overall resistance of the heterogeneous material
can be expressed as a parallel combination of the resis-
tance of the electronic contribution, corresponding to
the particle network, and the resistance of the ionic con-
tribution, corresponding to the matrix (Fig. 8). This is
valid if we assume that electronic and ionic transports
are independent.

In the solid state, ac impedance analysis with the two-
electrode technique [15] was performed on THM(1.3)
disks from 25°C to the glass transition temperature
(510°C) in order to check the assumption that the ionic
contribution to the electrical conductivity is negligible
compared to the electronic contribution (Fig. 9). The dis-
crepancy between the four-electrode method data and the
two-electrode method data around T, may be due to the
uncertainty on the RuO, content in the small solid sam-
ples and to the different thermal treatments. Nevertheless,
the experimental results at low temperatures confirm that
the high conductivity is mainly due to electronic trans-
port. We assume that the tunnel barrier resistance limits
the amount of current that flows along a particle chain.
Based on the tunneling barrier model, the overall resis-
tance can then be expressed by the following equation:

R(T) = Ry exp(iT) (SiZ;T) {1 +exp (%)} 7 (3)

where T is the absolute temperature, «a is related to the
insulating barrier height, E is the electrostatic charging
energy, k is Boltzmann’s constant, Ry, is a lump term
accounting for the barrier characteristics and the num-
ber of barriers along the conducting pathways, and A
is a term accounting for the thermal expansion of the
composite. 4 is proportional to the thermal expansion
coefficient of the glass matrix. The barrier characteristics
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Fig. 9. Inverse temperature dependence of the electrical con-
ductivity of the IHM(1.3) composite, from 25°C to 530°C (on
composite disk using a two-electrode method), and from
1200°C to 600°C (in a crucible using the four-electrode
method). The data corresponding to the IHM matrix are also
reported (solid line).

include the barrier thickness d and area A, the energy
level ¥, and the impurity concentration within the barrier.

This expression satisfyingly describes the weak tem-
perature dependence of the electrical conduction of com-
posites with RuO, content above x., below the glass
transition temperature. Below T, the barrier character-
istics are assumed to be constant, except the distance d,
which is expected to increase with the temperature.

Some authors have proposed that the impurity con-
centration within the barriers significantly affects the
tunneling probability [7]. During the high-temperature
processing of the heterogeneous material (firing or glass
melting), the metal oxide partially dissolves in the glass.
Although the reported solubility of ruthenium in boro-
silicate glasses is not high [1], soluble ruthenium species
are present [9,19,20] and their concentration is enhanced
near sharp particle edges (like the needlepoint). This
hypothesis is consistent with the investigations on the
growth of RuO, particles in molten oxides [21].

The oxidation state and the coordination of the
ruthenium ions are more uncertain. Some investigations
on silicate glasses doped with ruthenium ions have
suggested that tetravalent ruthenium is in equilibrium
with trivalent ruthenium [22,23] and that the Ru*"
species mainly contribute to the electronic conduction
mechanism [23]. They have evidenced also that the firing
conditions (the hydrogen or oxygen atmosphere) signif-
icantly affect the final electrical properties of ruthenium-
doped glasses by modifying the ratio between the
concentrations of Ru** and Ru** species. With all these
features given in the literature, the presence of ruthe-
nium impurities in the molten glass is hardly in question.
However, the exact mechanism by which they affect the
tunneling transmission coefficient is uncertain.
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Some authors have proposed that ruthenium impuri-
ties act as resonant tunneling centers, which create local-
ized energy levels accessible to the electrons [7]. We are
currently unable to propose a detailed mechanism
accounting for the effect of the ruthenium impurities
on the tunneling properties. Nevertheless, it is clear that
below the glass transition temperature, the concentra-
tion of ruthenium impurities in glass does not vary with
the temperature or the time, as the structure of the mate-
rial is frozen. On the contrary, above T, the ruthenium
concentration increases with both temperature and time,
as an effect of the dissolution kinetics.

In a previous work concerning simple sodium borosil-
icate melts containing RuO, grains, we have indirectly
evidenced the role of the ruthenium impurities on the
electronic conduction mechanism by showing that the
electrical conductivity has a different pattern of behavior
during cooling and heating runs of the material [14]. This
hysteresis loop can also be observed with the IHM(x)
melts (Fig. 10). If we assume that the tunneling occurs
over the whole temperature range studied and that the
ruthenium solubility is mainly responsible for the tem-
perature dependence of the electronic conductivity above
the glass transition temperature, we may get a rough idea
of the solubility contribution to the tunneling probabil-
ity. We report in Fig. 9 the concentration (in ppm) of
the soluble ruthenium species versus 1/7. These data
have been reported in the literature [1] for sodium silicate
melts with 20mol% Na,O. The variations of the conduc-
tivity are comparable with those of the solubility. As an
example, from 900°C to 1150°C, both the electrical
conductivity and the ruthenium solubility increase by
an order of magnitude. This suggests that the tunneling
current could be proportional to the concentration of
ruthenium impurities within the tunneling barriers.

29 x, 43
g log(solubility) (ppm)

T T T
5 6 7 8 9 10 1 12 13 14 15 16
4 -1
104T (K™)

Fig. 10. Arrhenius plot of the electrical conductivity of
IHM(1.9) during cooling (solid symbols) and reheating (open
symbols) of the melt. For comparison, the temperature depen-
dence of the ruthenium solubility in a sodium silicate melt is
also reported (data from the literature [1]).

Although some aspects of the impurity-assisted tun-
neling mechanism remain unclear, we speculate that:

e The morphology of the particles is a very important
parameter because it is correlated to the number of
tunneling barriers along the conducting chains. At a
given RuO, content, the electronic contribution to
the conductivity should increase with the aspect ratio
of the particles. On the contrary, the percolation
threshold should decrease with the aspect ratio.

e The thickness of the interparticle layer significantly
affects the tunneling probability. To minimize elec-
tronic conduction, one should work out a matrix
composition that increases the repulsion forces
between RuO, particles. Some authors have sug-
gested that the presence of titanium in the matrix
would increase the interparticle distance [24].

e The composition of the matrix should play an indi-
rect but important role on the electrical properties.
It has been observed that both the aspect ratio of
the particles [25] and the ruthenium solubility [1]
increase with the Na,O content. Both effects enhance
the electrical conduction. The redox properties of the
melt should affect the electronic conduction by con-
trolling the equilibrium concentration ratio of the
soluble impurities Ru** and Ru*".

e The temperature and the duration of the melting pro-
cess should affect the electronic conductivity. The
high temperatures enhance the ruthenium solubility
and are suspected to favor high aspect ratios. Long
duration involves aggregation and sedimentation,
which increase the RuO, content in localized molten
mass zones. The areas of high RuO, content should
show higher conductivity. This should result in local-
ized overheating. The continuous stirring of the melt
should prevent this unstable heterogeneous heating.

Lastly, we would like to stress the point that the crit-
ical fraction x.=0.15vol.% found by fitting the elec-
tronic conductivity versus the RuQO, content curve
corresponds to the apparition of a conducting pathway
for electronic transport. At this content, the electronic
contribution to the conductivity is negligible compared
with the ionic contribution to the conductivity. The con-
tent at which the electronic conductivity is on the order
of the ionic conductivity is closer to 0.4vol.%.

The study on the correlation between the ruthenium
impurity concentration and the tunneling current is
now in progress.

4. Conclusion
Four-electrode impedance spectroscopy was used

to determine both the temperature- and the RuO,
content-dependence of the electrical conductivity of
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simulated nuclear oxide melts. Using the direct current
method, we showed that electronic transport is responsi-
ble for the abnormally high electrical conductivity, for
RuO, content as low as 0.4vol.%. The variations of
the electronic conductivity with the RuO, content are
understandable in light of electrical percolation consid-
erations. In light of the literature on RuO,-glass com-
posites, we propose that the limiting mechanism on
electronic transport is the tunneling through insulating
interparticle barriers, even at high temperatures. Above
the glass transition temperature, the increasing ruthe-
nium solubility involves the ‘doping’ of the matrix layer
with ruthenium impurities. We propose that these impu-
rities enhance the tunneling current and consequently
the electrical conductivity. We then give reasonable pre-
dictions on how the electrical conductivity of oxide melts
containing platinum-group particles could be affected by
the RuO, content, the organization of the RuO, particle
network, the size and the morphology of the RuO, par-
ticles and the ruthenium solubility.
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