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Ruthenium–glass systems are formed during the vitrification of nuclear waste. They are also widely used
in micro-electronics because of their unique electrical properties. However, the interaction of this ele-
ment with the glass matrix remains poorly understood. This work focuses on a RuO2 particles-nuclear
alumino-borosilicate glass system in which the electrical conductivity is known to vary considerably with
the RuO2 content and to become electronic above about 0.5–0.7 vol.% RuO2 [R. Pflieger, M. Malki, Y. Guari,
J. Larionova, A. Grandjean, J. Am. Ceram. Soc., accepted for publication]. Some RuO2 segregation was
observed in SEM/TEM investigations but no continuous chain of RuO2 particles could be seen. Electron
relays between the particles are then necessary for a low-rate percolation, such as the nanoclusters sug-
gested by Adachi et al. [K. Adachi, S. Iida, K. Hayashi, J. Mater. Res. 9 (7) (1994) 1866; K. Adachi, H. Kuno, J.
Am. Ceram. Soc. 83 (10) (2000) 2441], which could consist in dissolved ruthenium. Indeed, several obser-
vations made here clearly indicate the presence of dissolved ruthenium in the glass matrix, like the mod-
ification of the glass density in presence of RuO2 particles or the diffusion-limited growth of RuO2

particles in the melt.
� 2009 Elsevier B.V. All rights reserved.
1. Introduction

The fission product ruthenium is a peculiar component of spent
nuclear fuel. Although its amount is low (around a few percents),
its complex chemistry is of great importance in the process of
immobilisation of nuclear waste within glass. Its solubility in glass
is very low (some tens to some thousands of parts per million [4,5])
and most of the ruthenium in glass can be found in the form of
RuO2 precipitates.

Ruthenium shows a particular behaviour in comparison with
the other platinum group metals, which results in a modification
of several macroscopic properties of the glass. For example, the
particular interaction between ruthenium dioxide and the glass
matrix makes RuO2–glass composites materials with unique
electrical properties: at very low ruthenium contents (a few
vol.%) an electronic contribution to the conductivity appears [6]
and the resistivity varies over several orders of magnitude with
RuO2 content [7]. This is why such composites have been widely
used in electronic applications such as thick film resistors (see
for example [8] and [2]). The electrical conductivity of the glass
melt is also a key parameter in the process of nuclear waste vit-
ll rights reserved.
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rification, the waste-glass frit mixture being heated by Joule ef-
fect, and the electrical conductivity of RuO2–glass frit
composites has been studied in our laboratories both in the solid
and molten states [1,9], showing a percolation threshold below
1 vol.%, so far below the RuO2 amount necessary for a geometri-
cal percolation (i.e., necessary for randomly distributed spheres
to touch), which is 16 vol.% [10] but in good agreement with
the results obtained on lead glasses by Kusy [11] in the 4.2–
300 K temperature range (vc = 2–4 vol.%). This very low percola-
tion threshold might be partially explained by a connected net-
work formed by the RuO2 particles but since the particles are
always separated by a glass film, ‘relays’ for the electrons are
necessary, such as nanoparticles of Ru or RuO2, or dissolved
ruthenium atoms/ions. This role of dissolved ruthenium as tun-
nelling resonant centres was suggested by Pike and Seager in
[12]. However, this theory has not been proved yet.

Another physical property extensively modified by the presence
of ruthenium dioxide is the viscosity of the glass melt that in-
creases with RuO2 content, even at low contents (about 1 wt% i.e.
0.3 vol.%; see e.g. [13]). These modifications of several properties
of the glass matrix are the signs of a strong interaction between
ruthenium dioxide and the glass matrix, which needs to be inves-
tigated in more details.

Though ruthenium in glass is mostly in the form of RuO2 precip-
itates, its volatility is not negligible at temperatures above 1000 �C.
Since ruthenium is a fission product, its volatility has been studied
in the context of the dissolution of spent nuclear fuel in nitric acid
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[14,15] and of nuclear power plant severe accidents (for a recent re-
view see [16]). In particular it has been shown that the vapour of
ruthenium dioxide in air contains significant amounts of RuO3 and
RuO4 (e.g., under thermodynamic equilibrium at 1100 �C and
1 bar pressure: 2 wt% RuO3 and 0.2 wt% RuO4 [17]). On the other
hand, only little literature exists on ruthenium volatilisation from
glasses. Kamizono et al. [18] studied 106Ru concentration in a closed
stainless-steel canister containing high-level waste in a borosilicate
glass by a c-radiation scanning method. They found the equilibra-
tion time to be quite long, in the order of 24 h at 600 �C, and ob-
served some reaction of the vapour with the stainless-steel walls,
leading to reprecipitation of RuO2. Another important report on
the volatilisation of ruthenium from borosilicate glass melts is the
one of Wilds [19]. This author submitted borosilicate glasses con-
taining 0.05 or 0.15 wt% RuO2 to a 3-h-thermal treatment at
1150 �C. He observed that between 2.8 and 7.5 wt% of the ruthe-
nium was volatilised, depending on the composition of the glass
(high Al- or high Fe-rate) and on the atmosphere (Ar or air).

In this paper, we focus our attention on the interaction of RuO2

with one particular borosilicate glass, the composition of which is
very close to the one of the glass frit used in France for the vitrifi-
cation of nuclear waste. Ruthenium volatility from this glass is
measured and the influence of the glass on this volatility is dis-
cussed. We then try to bring to light how RuO2 modifies the glass
density. The interaction between ruthenium dioxide and the glass
is also demonstrated by the growth of RuO2 crystallites in the glass
melt, which was followed by X-ray diffraction.

2. Experimental procedure

2.1. Sample preparation

Studied samples were composites of RuO2 particles and glass
frit FNOC57, the glass frit usually used for the confinement of
French nuclear waste. The composition of this glass frit is given
in Table 1. Samples were prepared by mixing powders of glass frit
and of RuO2 (HERAEUS), grinding them together in an agate mor-
tar, melting the mixture placed in an alumina crucible at tempera-
tures between 1000 and 1500 �C and heating for two hours.
Various RuO2 contents were studied for each synthesis tempera-
ture, in the range 0–4 wt% (a sample containing 8 wt% RuO2 was
also prepared at 1100 �C). The densities of FNOC57 and RuO2 are
2.49 and 6.97 g cm�3, respectively, and the glass transition temper-
ature of FNOC57 is about 520 �C. A series of composites was also
synthesised using an acidic solution of ruthenium nitrosyle nitrate
as RuO2 precursor: the mixture of the powdered glass frit and solu-
tion, placed in an alumina crucible, was first dried at 120 �C for
20 h; it was then submitted to a 2-h-heat treatment in a muffle
furnace.

Obtained composites were quenched in air and then annealed
at about 20 �C below their glass transition temperature (i.e., at
500 �C) for 12 h followed by a slow cooling down to room
temperature.
Table 1
Measured composition of the glass frit FNOC57.

FNOC57, wt%

Al2O3 4.28
B2O3 18.15
CaO 5.23
Li2O 2.56
Na2O 7.00
SiO2 58.84
ZnO 3.24
ZrO2 0.70
Volatility measurements were also performed on a series of so-
dium borosilicate glasses (SiO2–B2O3–Na2O glasses) with a fixed
SiO2/B2O3 mass ratio (equal to 1.83) and Na2O contents of 12, 15,
20, 25 and 30 wt%. These glasses (called SBNx, with x the initial
mass fraction of Na2O) were prepared as described in [20]. The ob-
tained quenched glasses were then grinded, and for each composi-
tion two 17.5 g samples were prepared in alumina crucibles and
submitted to the same heat treatment (3 h at 1200 �C followed
by a quenching in air): a reference one of the pure SBNx glass,
and one in which the SBNx powder was mixed to 4 wt% RuO2

powder.

2.2. Density measurements

Densities were measured on monolithic annealed samples using
a hydrostatic balance based on Archimedes’ principle. For each
composition, density measurements were performed either once
on six glass pieces or three times on one glass piece, and the mean
value was calculated. The accuracy was estimated to be about
2 � 10�3 g cm�3.

2.3. Volatility of RuO2

The knowledge of ruthenium oxide volatility during heat treat-
ments of RuO2–glass composites at temperatures above 1000 �C is
necessary for the estimation of RuO2 amounts in studied samples.
In order to determine this volatility, samples were systematically
weighed before and after each heat treatment. This fast and simple
method was chosen because it presents the advantage of avoiding
sampling in non-always homogeneous samples. The obtained mass
losses Dm were then compared to the mass loss Dmfrit of the cor-
responding reference sample, namely pure glass frit FNOC57 sub-
mitted to the same heat treatment. Subsequently, the mass
fraction of RuO2 lost by evaporation was obtained from the follow-
ing formula, where mRuO2 is the RuO2 mass introduced in the
sample:

xvap
RuO2
¼ Dm� Dmfrit

mRuO2

ð1Þ

The ratio of the free evaporating (geometric) surface to the mix-
ture powder mass was kept constant and equal to 0.266 or
0.229 cm2/g (±5%), depending on the experiment series. No signif-
icant difference was observed in the volatilities observed with both
ratios.

For comparison, similar volatility measurements were also per-
formed on pure RuO2 samples submitted to a 2-h heat treatment
(at 900, 1100 or 1300 �C) under an argon flux.

2.4. Electron microscopies

The FNOC57–RuO2 samples containing 4 wt% RuO2 were also
studied by scanning electron microscopy (SEM) and by transmis-
sion electron microscopy (TEM). SEM measurements were per-
formed on carbon-coated polished samples, using a JEOL 6330F
field-emission microscope. For TEM investigations, samples were
first crushed in ethanol, and the small glass particles in suspension
were deposited onto a holey carbon film, supported by a copper
grid. The electron diffraction and imaging were carried out with
a PHILIPS CM20 microscope operating at 200 kV and equipped
with an OXFORD analyser which allowed us to localise ruthenium.

2.5. XRD spectra

Studied glasses were first ground to fine powder in an agate
mortar. The diffraction data were collected at room temperature



In
te

ns
ity

, A
.U

.

0

1000

2000

3000

4000

5000

6000

7000

8000

2θ, °
21 30 40 50 60

Fig. 1. Raw room temperature diffractogram of a FNOC57–4 wt% RuO2 composite
synthesized at 1300 �C. Indexation lines correspond to the RuO2 reference (JCPDS
sheet 00-040-1290).
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using a Bragg Brentano diffractometer in the h/h geometry, with a
Cu anticathode (k(Ka1) = 1.54060 Å, k(Ka2) = 1.54439 Å, 40 kV,
20 mA) and a linear detector. The angular range 2h = 10–110�
was scanned at 1.2� min�1 using 0.0174� steps. Composites with
4 wt% RuO2 were also synthesised in situ, by heating the mixed
powder of FNOC57 + 4 wt% RuO2 placed on a Pt pellet in the dif-
fractometer; a fast temperature ramp (1600 �C/min) up to 900,
1050, 1100 or 1200 �C was used, followed by a temperature pla-
teau of several hours. Successive scans within the 2h = 26.5–29.0�
(steps of 0.0174�, counting time per step of 1.2 s) range were then
performed during this plateau, and in the end at room tempera-
ture, after a fast temperature decreasing ramp of approximately
2–3 min (ramp of 400 �C/min). A typical raw diffractogram is
shown in Fig. 1.

Obtained diffractograms were treated using the WINPLOTR
software: they were corrected for background, the relative contri-
bution of Ka1/Ka2 was fixed at 0.5 and the full-width at half max-
imum intensity (FWHM) was measured for the main three peaks.

The crystallite size D of the RuO2 phase can be obtained from
the measured FWHM using Scherrer equation [21]:

D ¼ kk
b cos h

ð2Þ

where k is a correction factor taken as 0.89, k is the wavelength of
the Cu Ka line (k = 1.54060 Å), h is the Bragg angle of the selected
Fig. 2a. Estimation of RuO2 volatility (as defined in Eq. (1)) by mass losses during
melting and 2-h thermal treatment at 1100 �C: 3.1% loss (±0.3).
line and b = (B2 � b2)1/2 with B the FWHM and b the resolution
parameter of the diffractometer. This last parameter b was mea-
sured on silicon, and is equal to 0.0865� at 2h = 28.4�. The uncer-
tainty on the FWHM was considered as 0.002� for the silicon
sample and as 0.005� for FNOC57–RuO2 composites.

A Rietveld refinement was performed using the software FULL-
PROF� with the WINPLOTR� interface to evaluate the lattice
parameters of the main phase. The diffractograms conducted at
different temperatures and different amounts of RuO2 were com-
pared with theoretical diffractograms of RuO2 established from
the structure determined by Takeda et al. [22].
3. Results

3.1. Volatility

In order to estimate the amount of RuO2 lost by evaporation
during a 2-h heat treatment at 1100 �C, several FNOC57–RuO2

composites were synthesised, with RuO2 amounts in the range
0–8 wt%. For comparison, samples with 0 and 4 wt% RuO2 were
also synthesised at 1100, 1300, 1400 and 1500 �C. Mass losses of
the pure glass frit were of 0.07 ± 0.03% at 1100 �C, of 0.17% at
1300 �C, of 0.52% at 1400 �C and of 1.10% at 1500 �C.

RuO2 losses obtained at 1100 �C are plotted as a function of the
RuO2 content (2–4 wt%) in Fig. 2(a). Error bars indicated on the
graphs correspond to an uncertainty estimated considering only
the accuracy of the weighing (±0.002 g). Losses calculated for ini-
tial RuO2 amounts above 2 wt% are all non-significantly different,
and give a mean value of 3.1% (with a standard deviation of
0.3%), which fairly agrees with Wilds’ values [19] of 2.8–7.5% for
a 3-h-thermal treatment at 1150 �C. Below 2 wt%, obtained volatil-
ities move away from this value, probably because of the very low
mass of RuO2 contained in the sample and the increasing uncer-
tainty of possible matter losses. This is why they are not presented
in Fig. 2(a).

The temperature dependence of the RuO2 losses is then shown
in Fig. 2(b) for a RuO2 amount of 4 wt% and temperatures between
1100 and 1500 �C. Fig. 2(b) also presents the volatility measured on
pure RuO2 heated at 900, 1100 and 1300 �C under argon for two
hours (at 1300 �C, RuO2 was reduced to metal). An inert atmo-
sphere was used since heating under air resulted in the complete
evaporation of the RuO2 samples.
Fig. 2b. Estimation via mass loss measurements of RuO2 volatility (as defined in Eq.
(1)) during a 2-h-heat treatment at T: d in FNOC57–4RuO2 under air, q in pure
RuO2 under argon. (s) Comparison with the vapour in thermodynamical equilib-
rium with RuO2 as calculated using FactsageTM.
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Finally, Fig. 2(b) also presents the total amounts of gaseous
ruthenium species in thermodynamic equilibrium with RuO2 cal-
culated using the FactsageTM software. Reagents considered in this
calculation are solid RuO2 and gaseous O2, with an oxygen activity
fixed to 0.9. The amount of all the species (solid and gaseous) in
equilibrium with the mixture are then calculated for different tem-
peratures from 800 to 1500 �C by the FactsageTM software [23]. The
oxygen activity was fixed to 0.9 because this value is very close to
the oxygen activity in oxidised glasses [24].

The obtained RuO2 volatility at 1100 �C is 3.1 ± 0.3%. It then in-
creases with temperature: 5.6 ± 0.2% at 1300 �C, 6.9 ± 0.2% at
1400 �C and 10.9 ± 0.2% at 1500 �C. The same temperature ten-
dency is observed in the case of pure RuO2 under argon but with
higher values of the volatility than in the presence of the glass ma-
trix. This increase of the volatility with temperature is not surpris-
ing: indeed the amount of gaseous ruthenium species in
equilibrium with RuO2, as calculated using FactsageTM, also in-
creases with temperature, as can be seen in Fig. 2(b). The experi-
mental volatilities observed here in both systems (pure RuO2 and
RuO2 in glass) are higher than the calculated equilibrium one be-
cause the present system is not closed. The difference between
the volatility from RuO2 in glass and RuO2 at thermodynamic equi-
librium is less marked at 1400–1500 �C. This can be explained by
the reduction of RuO2 through the important evaporation of
RuO3 and RuO4. The amount of gaseous ruthenium species above
the formed metallic Ru is then lower.

3.2. Density

Density measurements are commonly used in order to deter-
mine the RuO2 content in glass–RuO2 composites in a simple
way. Indeed, assuming that no interaction exists between the glass
matrix and ruthenium dioxide, the molecular volume of the com-
posite (Vcomposite) should be expressed as a linear combination of
the molecular volumes of RuO2 particles (VRuO2 ) and of the pure
glass frit (Vglass):

Vcomposite ¼ yRuO2
� VRuO2 þ yglass � Vglass: ð3Þ

In this equation, yRuO2
(resp. yglass) is the volume fraction of RuO2

(resp. of the glass) in the composite. The density of the composite
dcomposite is then expressed as follows, where xRuO2 stands for RuO2

mass fraction and dglass for the density of the glass matrix free of
RuO2:
Fig. 3. Comparison of experimental densities (black squares) of glass frit–RuO2

composites synthesised at 1100 �C with densities estimated for an ideal mixture
(full line) assuming the absence of interactions (through Eq. (4)). The uncertainty on
the measured density at 8 wt% RuO2 is larger due to the increasing inhomogeneity
of composites at high RuO2 contents.
1
dcomposite

¼ xRuO2

dRuO2

þ ð1� xRuO2 Þ
dglass

: ð4Þ

The density of RuO2 dRuO2 was taken equal to 6.97 g cm�3. Den-
sities were measured for FNOC57–RuO2 composites with RuO2

mass fractions in the range 0–8 wt%, all submitted to a 2-h heat
treatment at 1100 �C. Fig. 3 shows a comparison of experimental
densities (squares) and densities obtained through Eq. (5) (full
line), thus assuming that the particles do not interact with the
glass matrix. Indicated RuO2 contents were corrected for volatilisa-
tion. Experimental densities show a linear evolution with the RuO2

content, too, but the slope (1.52 ± 0.06) is lower than in the ab-
sence of interactions (1.64). For RuO2 contents below 1 wt% the dif-
ference is negligible; on the contrary in the assumption of the
absence of interactions, the density of a 4 wt% RuO2 composite is
overestimated by approximately 0.2% and that of a composite with
8 wt% RuO2 by approximately 0.7%. In other words, if Eq. (4) is used
to estimate the RuO2 amount in the composite, the latter is under-
estimated by 5–13%, depending on the RuO2 amount in the range
0–8 wt%.

3.3. Microscopy observations

Fig. 4(a) and (b) give an example of SEM pictures of a FNOC57–
4 wt% RuO2 sample synthesized at 1200 �C; dark zones correspond
to the glass matrix and light grey ones to RuO2. No continuous
chain can be observed. However, it can be seen that RuO2 particles
are not dispersed homogeneously in the glass matrix but tend to
agglomerate, building particle-rich zones and zones of pure glass.
In Fig. 4(b), ruthenium-rich zones appear to be made up of clusters
of RuO2 nanoparticles (large enough to be detected by SEM analy-
sis) and of RuO2 grains (probably composed of numerous crystal-
lites) of about 1–5 lm.

Fig. 5(a) and (b) present TEM patterns obtained from a similar
sample, but synthesized at 1100 �C. As shown in Fig. 5(a), a similar
gathering of RuO2 particles is observed at the sub-micrometer scale
and zones of pure glass can be observed (Fig. 5(b)). Most observable
nanoparticles have a 50–100 nm size, and it was checked by elec-
tron diffraction that these particles are single-crystals. The TEM
analyses performed on various samples of FNOC57–RuO2 showed
only few isolated very small nanoparticles. However, their detec-
tion is not easy here. Indeed, due to the signal of the glass matrix,
the critical size of a RuO2 nanoparticle to be detected is not only
driven by the resolution of the TEM. Nevertheless, no very small
Ru-clusters (though larger than 1 nm) have been observed.
Fig. 4a. SEM pictures of a FNOC57–4 wt% RuO2 sample synthesized at 1200 �C; dark
zones correspond to the glass matrix and light grey ones to RuO2.



Fig. 4b. Detail of Fig. 4a.
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3.4. Crystallite size

3.4.1. Evolution with time of the crystallite size in the glass melt
The main three RuO2 diffraction peaks, positioned at

2h = 28.02�, 2h = 35.07� and 2h = 54.27�, are well-defined enough
to allow a determination or at least an estimation of the corre-
sponding crystallite sizes. They correspond to the (110), (101)
and (211) diffraction planes. The initial sizes of RuO2 crystallites
Fig. 5a. TEM picture of a FNOC57–4 wt% RuO2 composite synthesized at 1100 �C;
zone rich in RuO2 particles.

Fig. 5b. TEM picture of a FNOC57–4 wt% RuO2 composite synthesized at 1100 �C;
zone of pure glass.
were measured on raw RuO2 powder: they are, in the directions
perpendicular to these three planes, 10.3 ± 0.3, 11.7 ± 0.3 and
10.0 ± 0.3 nm.

The size evolution with time of RuO2 crystallites in FNOC57–
RuO2 composites was followed in situ during thermal treatments
at 800, 1050, 1100 and 1200 �C, via the FWHM of RuO2 main dif-
fraction peak (2h = 28�, (110) diffraction plane). Actually, RuO2

crystallites are not homogeneous in size (see for instance SEM pic-
tures 4a and 4b); the size thus derived from the FWHM measure-
ment is a crystallite-volume-weighted average size. Therefore, the
present work focuses on the crystallite size evolution and not on
absolute values. The obtained size evolutions at 800, 1050, 1100
and 1200 �C are shown in Fig. 6. A fast initial increase in size is ob-
served in all cases. However, the final size is obtained after about
40 min at 1200 �C and much faster at 800 �C, whereas the crystal-
lite size slowly increases continuously at 1050 and 1100 �C. Be-
sides, at the end of the scan series, the temperature was
quenched in 2–3 min, imitating the glass quenching in the stan-
dard synthesis, and the corresponding room temperature crystal-
lite size was then measured (last point in each curve). It remains
the same as during the temperature plateau. This validates the
measurement of crystallite sizes on quenched samples.

3.4.2. Evolution of the crystallite size with temperature
The size evolution of the crystallites with temperature was fol-

lowed either in situ (at 600, 800, 1050, 1100 and 1200 �C) or at
room temperature on quenched samples (synthesized at 1000,
1100, 1200, 1300, 1400 and 1500 �C).

The obtained size evolution versus temperature is presented in
Fig. 7 for the (110) diffraction plane. Similar trends and sizes were
obtained for the (101) and (211) diffraction planes. Here it has to
be specified that sizes at high temperatures (above 1300 �C) must
be considered as indicative values only. Indeed, Scherrer equation
is valid only for sizes up to approximately 100 nm given the reso-
lution of our laboratory diffractometer. In particular, the FWHM
values become very small for bigger crystallites, and the uncer-
tainty on their sizes consequently increases. Nevertheless, the
crystallite size is seen to increase greatly with temperature: this in-
crease is already noticeable at 950 �C; it rises up quickly to 1300 �C
and then slows down beyond. The final size at 1400 �C is about 10
times bigger than the initial one whatever the diffraction plane
considered ((110), (101) and (211)). This corresponds to increases
along a-, b- and c-axes of the same order of magnitude (around 10
times between raw RuO2 powder and crystallites at 1400 �C, which
corresponds to a total volume increase of about three orders of
Fig. 6. Evolution of the RuO2 crystallite size in the (110) direction vs. time;
FNOC57–4 wt% RuO2 composite; temperatures of 800, 1050, 1100 and 1200 �C.



Fig. 7. Evolution with the synthesis temperature of the crystallite size perpendic-
ularly to the (110) diffraction plane; two RuO2 precursors were used: RuO2 powder
(d) and a solution of ruthenium nitrosyle nitrate (s). Crystallite sizes obtained in
pure RuO2 heated under argon are also indicated (�).
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magnitude). Thus, the initial grain shape seems to be conserved
and no tendency to form needles is observed.

When a solution of ruthenium nitrosyle nitrate is used as RuO2

precursor (white dots in Fig. 7), the same crystallite sizes are ob-
tained as with a powder precursor (black dots in Fig. 7). Thus,
the crystallite sizes and shapes appear not to depend on the
RuO2 precursor nature.

Crystallite sizes obtained for pure RuO2 heated 2 h under argon
are also shown in Fig. 7 (crosses): they are of 107 nm at 900 �C and
of 151 nm at 1100 �C.

3.4.3. Volume of the cell
A Rietveld refinement was applied to the room temperature dif-

fractograms of FNOC57–RuO2 composites synthesised at different
temperatures in the range of 1000–1400 �C and with different
RuO2 contents, in order to determine the lattice parameters (a
and c). The unit cell volume was then calculated and was found
not to change with the synthesis temperature and with the amount
of RuO2: 62.660 ± 0.012 Å3.

4. Discussion

Several indications of the interaction of ruthenium dioxide and
the glass matrix FNOC57 have been studied here, in order to pro-
gress in the understanding of the observed very low electrical per-
colation threshold (about 1.5–2.0 wt% RuO2 i.e. less than 0.7 vol.%
[1]).

The ruthenium segregation observed by SEM, leaving entire
zones of pure glass (see Fig. 5(b)), can indeed lower the percolation
threshold well below the geometrical percolation threshold of
16 vol.% (see for instance the computer simulations of Lebovka
et al. [25]). Such a formation of regions rich in RuO2 particles
was also observed by Adachi et al. [2] in lead–borosilicate glasses,
though it was considered to be due to the firing process (since ob-
tained regions of pure glass had the size of the initial glass pieces).
However, in our case and in Adachi’s, the observed RuO2 chains are
not continuous, and moreover a matrix layer is always present be-
tween the RuO2 particles. Therefore, there is the need of electron
relays between the particles to explain the electronic conduction.
Adachi et al. brought to light an appreciable diffusion of ruthenium
in glass, of at least 1 lm after 1 h at 900 �C. Since on the other hand
Ru solubility was very limited (up to 200 ppm but below the detec-
tion limit for most compositions they studied), they suggested that
‘the dissolved Ru ions’ were ‘taking the form of clusters less than
1 nm size in low-lead glasses’. This hypothesis of the existence of
ruthenium nanoclusters was supported by the results of EXAFS
studies performed by Sacchi et al. [26], who compared the Fourier
transformed signals of RuO2 in a 67 wt% SiO2–33 wt% B2O3 glass
(Ru/glass � 1.5 wt%) heated at 1300 �C for 4 h with pure RuO2.
They observed a similar amplitude for the first peak but a strong
reduction in the amplitude of larger interatomic distance peaks,
which they explained by the presence of clusters of less than 1 nm.

In the present study, no Ru based-clusters larger than 1 nm
were observed during the TEM investigations. Thus, the role of
electron relays is probably played by smaller entities, such as phys-
ically or chemically dissolved ruthenium, which in fact would cor-
respond to Adachi’s clusters [2,3]. All the results presented here are
in good agreement with this hypothesis.

First of all, the measured densities of the composites are always
found to be lower than the densities calculated in the absence of
interactions, and this volume expansion is roughly proportional
to the RuO2 fraction. But this observed volume expansion is not
due to changes in the RuO2 unit cell volume, as was checked by
Rietveld analysis. Indeed, the unit cell volume was found not to
vary with RuO2 content and to correspond with its value for pure
RuO2 (within 0.02%, while an increase of up to 35% for 8 wt%
RuO2 would be necessary to account for the density changes). This
means that the glass matrix has expanded (by 2% for a RuO2 con-
tent of 4 wt%), either in the vicinity of the RuO2 particles, because
of rearrangements of chemical bonds and of the presence of phys-
ically dissolved ruthenium oxides, or in the bulk, also because of
the presence of physically dissolved ruthenium oxides.

Another clear indication of the presence of dissolved ruthe-
nium is the growth of RuO2 crystallites in the glass melt. Indeed,
it has been shown here that RuO2 crystallite size increases with
the temperature of the thermal treatment, and the measured
kinetics indicate a diffusion-limited growth. Ostwald ripening of
RuO2 particles was also observed by Nakano et al. [7] on borosil-
icate and on lead glasses, and by Prabhu and Vest [8] on lead–
borosilicate glasses.

The Ostwald ripening [7] or the Lifshitz, Slyviziv and Wagner
theory (LSW theory) [27] describes the kinetics of growth of parti-
cles in a supersaturated solution where the nucleation stage has
completed. The decrease of the free energy of the system is then
mainly due to a decrease in the total interfacial energy. In this the-
ory, for the diffusion- controlled mechanism the average particle
radius r increases with time according to the equation:

r3 � r3
0 ¼ Kt; ð5Þ

where r0 is the average radius at time t = 0, and K is the rate con-
stant depending on the particle matrix interface energy (c), diffu-
sion coefficient (D), molar volume of particles (Vm), equilibrium
saturated concentration (C1), gas constant (R) and temperature
(T) according to the equation:

K ¼ 8cDVmC1
9RT

: ð6Þ

Fig. 8 shows the time evolution of r3 obtained from the crystal-
lite sizes measured at 800, 1050, 1100 and 1200 �C. Below 1200 �C
this evolution gets linear after a more abrupt start (during the
heating of the sample), which suggests a diffusion-limited growth
of these crystallites in our system. Moreover, the slope of the linear
fits, which represents the rate constant K, increases with the tem-
perature. This result is in agreement with the diffusion-controlled
particle growth as described here. Indeed both the diffusion coeffi-
cient and the equilibrium saturated concentration increase with
temperature. This result indicates that the dissolution of ruthe-
nium oxide into the melt may be a critical factor responsible for
the crystallite growth. At 1200 �C, the growth kinetics are faster



Fig. 10. SEM picture of a FNOC57–4RuO2 sample submitted to a 2 h-heat treatment
at 1500 �C. Black zones correspond to the glass matrix, light grey ones to Ru and
dark grey ones to RuO2.Fig. 8. Time evolution of the crystallite sizes at 800, 950, 1050 and 1100 �C and

linear fits.
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and not linear any more: this may be explained by a higher ruthe-
nium volatility and a lower viscosity of the melt, which makes con-
vection not negligible any more.

Finally, the interaction of the physically or chemically dissolved
ruthenium with the glass matrix is also indicated by the lower
crystallite sizes and the lower RuO2 volatilities obtained in the
presence of this matrix. This can be explained by the molten glass
matrix restraining the diffusion and the evaporation of ruthenium
oxide, its viscosity preventing an easy access of the dissolved
ruthenium to the RuO2 crystallites and to the atmosphere. Support
to this explanation was brought by independent volatility mea-
surements on a series of simple borosilicate glasses, the viscosity
g of which was made to vary in varying the Na2O content in order
to study the influence of the diffusion coefficient D on the volatil-
isation. According to the fundamental Stokes–Einstein equation,
for a given temperature the diffusion coefficient D of a Brownian
particle of radius r is inversely proportional to the shear viscosity
g:

D ¼ kT
6pgr

ð7Þ

Measured volatilities for a 2-h heat treatment at 1200 �C are
plotted in Fig. 9 vs. the reciprocal viscosity at 1200 �C (viscosity
values taken from [28]). The obtained correlation is linear meaning
Fig. 9. Volatility vs. the reciprocal viscosity for a series of sodo-borosilicate glasses
with various Na2O contents (the volatility was measured from mass losses after 2 h
at 1200 �C and viscosity values are those given at 1200 �C by Grandjean et al. in
[28]).
that the volatility is proportional to the diffusion coefficient and
that RuO2 volatility is indeed restrained by ruthenium species dif-
fusion in the melt.

Ruthenium oxide physical and chemical dissolution leads to
losses by volatility, but also, through reprecipitation, to the growth
of RuO2 crystallites. It may also be responsible for another ob-
served feature: though most particles observed in SEM investiga-
tions after a thermal treatment at relatively high temperature
(1400–1500 �C) are made of pure RuO2 or pure Ru, some of them
present a particular structure of a Ru core covered by a RuO2 shell
(see Fig. 10). This shell may have been formed by reprecipitation of
dissolved ruthenium species on already formed particles during
cooling.
5. Conclusion

A series of RuO2–borosilicate glass composites was studied,
with RuO2 amounts of the order of what is observed in vitrified nu-
clear waste. The amount of RuO2 lost by evaporation during a 2-h
thermal treatment at 1100 �C was measured to be 3 wt% of the ini-
tial RuO2 mass, and to increase with temperature. Besides, it was
shown that the amount of volatilised ruthenium at a given temper-
ature increases linearly vs. the reciprocal viscosity of the glass
melt, indicating that the volatility is restrained by the glass melt
viscosity.

In the quenched glass the remaining ruthenium is mostly in the
form of RuO2 grains and was shown to induce an expansion of the
matrix volume, indicating a modification of the glass structure,
possibly due to the presence of chemically or physically dissolved
ruthenium. It would be interesting to study in details this modifi-
cation of the glass structure in the presence of ruthenium, e.g.,
using spectroscopy investigations (Raman, NMR). Another clear
indication of the presence of this dissolved ruthenium in the glass
melt, namely Adachi’s ruthenium nanoclusters [2], is the growth of
RuO2 crystallites, the kinetics of which appears to be diffusion-
limited.
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