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In separate effect tests at 1000–1200 �C Ru oxidation rate and content of Ru in escaping air flow have
been studied with special emphasis on effects of other fission product elements on the Ru oxidation
and transport. The results showed that in the decreasing temperature section (1100–600 �C) most of
the RuO3 and RuO4 (�95%) decomposed and formed RuO2 crystals; while the partial pressure of RuO4

in the escaping air was in the range of 10�6 bar. The re-evaporation of deposited RuO2 resulted in about
10�6 bar partial pressure in the outlet gas as well. Measurements demonstrated the importance of surface
quality in the decreasing temperature area on the heterogeneous phase decomposition of ruthenium oxi-
des to RuO2. On the other hand water or molybdenum oxide vapour in air appears to decrease the surface
catalyzed decomposition of RuOx to RuO2 and increases RuO4 concentration in the escaping air. High tem-
perature reaction with caesium changed the form of the released ruthenium and caused a time delay in
appearance of maximum concentration of ruthenium oxides in the ambient temperature escaping gas,
while reaction with barium and rare earth oxides extended Ru escape from the high temperature area.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Earlier severe accident studies considered that mainly gaseous
and volatile fission products would be released from the damaged
fuel during reactor accidents and some noble metals like ruthe-
nium would not be released to any significant extent [1]. The
importance of potential ruthenium release was considered only
in the vitrification phase of spent fuel processing [2]. Further inves-
tigations and the Chernobyl accident indicated that under air in-
gress conditions the metallic ruthenium can be oxidised and
radioruthenium in form of gaseous RuO3 and RuO4 could be re-
leased in high degree (�100%) from the damaged fuel [3].

Ruthenium has significant fission yield (about 8% of the fission
product inventory [4]). Approximately 70% of fission product
ruthenium is in stable isotope form. Through its isotopes 103Ru
(t1/2 = 39.3 days) and 106Ru (t1/2 = 369 days) ruthenium is radiolog-
ically important in both a short and a long term. The amount of
produced ruthenium in fuel increases with burn-up and with fuel
enrichment in 235U. Moreover its content is greater in mixed oxides
(MOX) fuel than in UO2 fuel [5]. As a consequence in the future the
ruthenium amount formed in fuel will rise with optimizing of fuel
performance.

In spite of the many experiments devoted to ruthenium release
phenomena, prediction of consequences of severe accidents with
ll rights reserved.
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air ingress is still a challenge and needs further model develop-
ment in severe accident codes. One work package (WP) of the
source term topic of the EU 6th Framework Network of Excellence
project SARNET is producing and synthesizing information on
ruthenium release and transport with the aim of validating or
improving the corresponding modelling in the European ASTEC se-
vere accident analysis code [6].

Several experiments performed in Canada (at AECL) and France
(at CEA) were devoted to provide data on fission product release,
among them ruthenium, from irradiated fuel rods under severe
accident conditions.

In the AECL test series the kinetics of fission-product releases
from bare (MCE-1 tests) and from Zircaloy-sheathed segments of
CANDU fuel (HCE3 tests) were measured in inert and oxidising
conditions. In MCE-1 tests at 1700–2077 �C by changing from inert
to oxidising conditions, the kinetics of the Ru release was found
much faster than the I or Cs releases which was considered to be
consistent with the formation of volatile ruthenium oxides [7]. In
HCE3 series two high-temperature steam tests (H01, 1930 �C and
H03, 1840 �C) showed a release of �4% of Ru. An air test at
1890 �C (H02) showed the greatest release of Ru (�90%) for a
sheathed sample with two end-caps. Ruthenium release began at
significant period of time (>2000 s) after oxidative release of vola-
tile fission products. This delay was supposed to be due to the com-
petition among Zircaloy, UO2 and Ru for oxygen [8].

However some experiments performed in the frame of VERCORS
programme at CEA showed relative high release of ruthenium not
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only in air atmosphere, but also in steam (65% in HT2 test) and even
steam-hydrogen atmospheres (28% in RT6 test) as a consequence of
oxidising conditions associated with high burn-up of the investi-
gated UO2 fuel elements (48GWd/t and 72GWd/t, respectively)
[6,9]. Analyses of ruthenium deposits along the VERCORS loop con-
firmed the existence of volatile ruthenium oxide forms in oxidising
conditions, and an increase of their fraction on high burn-up UO2

fuels and on MOX fuels.
In experiments carried out at VTT formation and transport of

volatile ruthenium oxides was studied by exposing RuO2 powder
to diverse oxidising atmospheres at 827–1427 �C or by injecting
gaseous RuO4 into the facility in similar conditions [10,11]. The
authors found that the fraction of gaseous ruthenium of all ruthe-
nium transported through the facility was at its highest level at
1027 �C (�40% in dry air flow) although the release rate continued
to increase as the temperature of the furnace was increased. At
1227 �C the transport of gaseous ruthenium was dramatically de-
creased (0.1–0.8%). The authors supposed that at higher tempera-
tures (1227 �C and above) the gaseous ruthenium release was
almost limited to the revaporisation of deposited RuO2 and ruthe-
nium transport took place almost entirely as aerosol particles. The
fraction of released ruthenium transported as RuO2 particles was
found increased with reactor temperature ranging from less than
1% at 827 �C to about 35% at 1427 �C. Gaseous RuO3 produced dur-
ing the oxidation of the sample was assumed for the main source of
both RuO2 particles and large amount of deposition within the
facility where temperature decreases to about 800 �C. RuO4

decomposition at about 100–150 �C was experienced to be en-
hanced by stainless steel surface (compared to alumina), and on
stainless steel surface by deposited RuO2 particles.

Recently more experiments were performed at IRSN to investi-
gate ruthenium behaviour under conditions prevailing in the con-
tainment in a hypothetical severe accident with the aim of
improving assessment of potential radionuclide release into the
environment. From the results of RuO4(g) stability experiments
the half-life time of RuO4(g) was found about 5 h at 90 �C, and
9 h at 40 �C, in the presence of steam. No specific affinity of RuO4(g)
with investigated surfaces (stainless steel and steel covered with
epoxy paint) was found, while the humidity and the presence of
RuO2 deposits was supposed to play a catalytic role in the decom-
position process [12]. XPS results proved that Ru was present on
the surface of the deposits as an oxyhydroxide species of Ru(IV)
[13]. Possible revolatilisation of RuO2 deposited on containment
inner walls or ruthenium species present in the aqueous phase
(sump) by oxidising medium induced by air radiolysis in the reac-
tor containment building were experimentally evidenced [14,15].

The RUSET (RUthenium SEparate Effect Test) experimental pro-
gram was launched in order to investigate ruthenium high temper-
ature oxidation and transport through a decreasing temperature
area in air stream to understand the formation and possible behav-
iour of ruthenium oxides in the primary circuit during an air in-
gress accident. These simplified experiments were aimed to
investigate the effects of other fission products on the Ru oxidation
and release. New data from the RUSET measurements provide
complementary information to the results of the above listed
experiments and can help in interpretation of integral tests and
in model development to base estimations on realistic assump-
tions about the chemical nature of the radionuclides.
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Fig. 1. Experimental set-up.
2. Experimental

2.1. Oxidation setup and procedure

High temperature conditions were established in a vertical fur-
nace. The furnace had three independently heated stages and a
joint microprocessor control resulting 150 mm long stable temper-
ature section with about 1–2 �C accuracy. The reaction chamber
was a quartz tube with a larger diameter part at the middle con-
taining the test mixture. The experimental device is shown sche-
matically in Fig. 1.

The upper end of furnace area was closed with a 65 mm long
annular ceramic cone at the outlet section. The aim of this arrange-
ment was to get a reproducible decreasing temperature stage for
the determination of precipitation extent as a function of temper-
ature. The decreasing temperature scale was determined by
thermocouples.

Samples consisted of solid state mixtures of the investigated fis-
sion product (FP) elements and metallic ruthenium powder in ZrO2

matrix. The applied composition of inactive fission product compo-
nents was similar to that used in the SASCHA experiments at FZK
representing a 44 MWd/kgU burn-up fuel (see Table 1) [16].

With an air flow rate of 171 cm3/min (NTP) the evaporation of
Ru was fast enough to result in equilibrium partial pressures for
ruthenium oxides at beginning of experiments. Isothermal experi-
ments were performed at 1000, 1100 and 1200 �C. During the tests
air injection was started when sample in the furnace reached the
required temperature.

The released ruthenium was collected in two places:

� in an inner quartz tube (185 mm) placed into the outlet tube of
reaction chamber to determine the amount of deposited RuO2 in
the decreasing temperature area and,

� in an ambient temperature absorber solution (1 M NaOH–
0.05 M NaOCl) at final outlet air to quantify the gaseous ruthe-
nium oxide components in the outlet gas after cooling down.
To improve the efficiency of absorption the absorber solution
was cooled in ice bath as suggested by Larsen and Ross [17].

Both the inner quartz tube and the absorber solution were
changed at the same time to assess the RuOx escape from the high
temperature area in time. Sampling frequency was 60 min at
1000 �C and 30 min at 1100 �C furnace temperature.



Table 1
Composition of inactive fission product species used in the SASCHA experiments at
FZK [16] representing a middle burn-up (44 MWd/kgU) fuel.

Compounds Quantity for 100 g charge (mg)

CsI 71.3
Cs2CO3 404.8
Mo 394.8
Se 5.9
Sb 2.5
Cd 13.2
Te 69.6
Sn 7.0
Ag 7.4
Ru 502.0
Nd2O3 1111.1
CeO2 405.8
BaCO3 436.7
ZrO2 570.0
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To understand chemical reactions in the decreasing tempera-
ture outlet area and thermo chromatographic effects, a quartz
rod (170 mm with 2 mm diameter) was placed into the first ap-
plied quartz inner tube. The surfaces of quartz rods were investi-
gated using micro-beam X-ray fluorescence (l-XRF) technique in
order to determine the axial distribution of the deposited inactive
simulated fission elements with acceptable resolution. Besides
quartz fibre filters applied in the inlet of gas absorber or at the
top of reaction chamber outlet tube were studied by Philips SEM
505 scanning electron microscope (SEM) and LINK AN 10/55 S type
electron beam microanalyser (EDX) to find RuO2 aerosol formation.
2.1.1. Tests with pure ruthenium and with a set of main fission
products

In every case 1 g ZrO2 with �5 mg Ru powder or with mixtures
of fission product elements containing �5 mg Ru (for composition
see Table 1) was filled as a charge into the reaction chamber. At
two tests 100 mg UO2 were given to the charge of ZrO2 and FP ele-
ments. In these first experiments (signed with ‘a’) the absorber
solution was 1 M HCl and only one inner quartz tube was used,
i.e. RuO2 was not removed from the decreasing temperature area
during the measurement (several hours).

In all later tests the absorber was alkaline hypochlorite solution
and both the inner quartz tube and the absorber solution were
changed at the same time. Experimental conditions for tests with
metallic Ru powder without or with removing RuO2 from the
decreasing temperature area at regular intervals are summarized
in Table 2.
Table 2
Experimental conditions for tests with pure metallic Ru powder or Ru with other FPs
in ZrO2 matrix without (signed with ‘a’) or with removing RuO2 from the decreasing
temperature area (i.e. using one inner quartz tube during the full duration of
measurement or changing inner quartz tubes with absorber solutions at the same
time).

Experiment Charge Temperature (�C) Remarks

a4 Ru 1100 –
a5 Ru 1100 Air stream: 300 cm3/min
a6 Ru 1000 –
a7 Ru 1100 SS inlet
a8 Ru 1200 –
a9, a12 Ru 1100 Wet air
a11 Ru 1100 Dry, then wet argon
a17 Ru + FPs 1100 Wet air
a18 Ru + FPs + UO2 1100 Wet air
a19 Ru + FPs + UO2 1100 –
7 Ru 1000 –
8, 33 Ru 1100 –
2.1.2. Tests with Mo–Ru–Rh–Pd alloy
Ruthenium appears in irradiated UO2 in form of small alloy pre-

cipitations together with Mo, Rh, Pd and Tc (white inclusions) [18].
In this test series differences between ruthenium evaporation rates
from pure ruthenium metal and from Mo–Ru–Rh–Pd alloy (as a
simulant for white inclusions) were investigated. The chemical
composition of the alloy (Mo 47%/Ru 27%/Rh 7%/Pd 19% by weight)
was determined based on literature data for spent PWR fuel with a
burn-up of 36.195 MWd/kgU [19]. Experiments were performed
using 1 g ZrO2 matrix with �18.52 mg powdered alloy (containing
�5 mg Ru), moreover with other inactive fission product compo-
nents (for the applied concentrations see Table 1) as well. The test
parameters are compiled in Table 3. Note: in these tests the con-
centration of Mo in the charge was 2.2 times of that in the SASCHA
experiments.
2.1.3. Tests with selected groups of fission products
To investigate the effects of several fission product components

on the formation, transport and decomposition behaviour of ruthe-
nium oxides in high temperature air stream, they were divided into
four characteristic groups:

� Ru + metals (Mo, Se, Sn, Ag, Sb, Cd, Te).
� Ru + Ba compounds (BaO/BaCO3).
� Ru + rare earth oxides (Nd2O3, CeO2).
� Ru + Cs compounds (CsI, Cs2CO3).

In these tests 1 g ZrO2 with a group of fission product elements
containing �5 mg Ru was filled as a charge into the reaction
chamber.

Formation of Cs2RuO4 can increase the volatility of Ru [20] and
change the transport and decomposition mechanisms of it in the
decreasing temperature area. For this reason it is of primary impor-
tance to understand the high temperature interaction of ruthe-
nium oxides with caesium compounds. Solid state mixture of Ru
with CsI and Cs2CO3 at mol ratios of stoichiometric, sub- and
super-stoichiometric according to Cs2RuO4 were oxidised in high
temperature air stream. In every case �5 mg Ru with different
amounts of caesium compounds (Cs:Ru = 0.56; 1.00; 1.51; 2.01
and 4.03) in 1 g ZrO2 matrix was used as a charge. The relative
amounts of CsI and Cs2CO3 were the same in every sample accord-
ing to Table 1.

While the volatility of fission product caesium is much higher
both in reducing and oxidising conditions than that of ruthenium,
Cs will be deposited on the cold surfaces in the reactor cooling sys-
tem (RCS) earlier than ruthenium oxides during a severe accident
scenario [7,8]. To investigate the effect of Mo- and Cs-oxides depo-
sition in the decreasing temperature area on the decomposition of
ruthenium oxides, in two experiments (Nos. 24 and 30) first the
sampling inner quartz tubes were covered by evaporation of Mo
powder or of CsI–Cs2CO3 mixture in air stream from the usual
�1 g ZrO2 and then these tubes were used in a second measure-
ment with pure metallic Ru powder in the charge.

The experimental matrix for tests with selected groups of fis-
sion product elements is summarized in Table 4.
Table 3
Experimental matrix of tests with Mo–Ru–Rh–Pd alloy.

Experiment Charge Temperature (�C) Remarks

2 Alloy 1000 –
5 Alloy + FPs 1000 –
1, 3 Alloy 1100 –
4, 6 Alloy + FPs 1100 –



Table 4
Experimental conditions for tests with selected groups of fission product elements.

Experiment Charge Temperature (�C) Remarks

18 Ru + Mo group 1000 –
15, 17 Ru + Mo group 1100 –
24 Ru 1100 Mo covered

inner tubes
20 Ru + Ba compounds 1000 –
13 Ru + Ba compounds 1100 –
21 Ru + rare earth oxides 1000 –
14 Ru + rare earth oxides 1100 –
19 Ru + Cs compounds 1000 Cs:Ru = 0.56
11, 22 Ru + Cs compounds 1100 Cs:Ru = 0.56
32 Ru + Cs compounds 1100 Cs:Ru = 1.00
35 Ru + Cs compounds 1100 Cs:Ru = 1.51
31 Ru + Cs compounds 1100 Cs:Ru = 2.01
34 Ru + Cs compounds 1100 Cs:Ru = 4.03
30 Ru 1100 Cs covered

inner tubes
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2.2. Determination of ruthenium balance

The total weight of deposited components in a given sampling
period (Dm) was measured by weighing the inner quartz tubes be-
fore and after their use. Based on numerous pre-experiments to re-
duce RuO2 quantitatively to Ru, a heat treatment in 5% H2 + N2 gas
stream at 1100 �C for 5 h proved to be appropriate. The Ru could be
dissolved in alkaline hypochlorite solution and this was used di-
rectly for spectrophotometric measurements. This reduction pro-
cess provided reliable results even in the presence of other
deposited elements like Mo, Cs and Te.

Ruthenium absorbed or dissolved by alkaline hypochlorite solu-
tion (1 M NaOH–0.05 M NaOCl) was measured in septivalent (per-
ruthenate) form at 380 nm [17].
2.3. l-XRF analysis of deposited elements on quartz rods

During the measurement the surface of quartz rod was scanned
through a microscopic X-ray beam generated by a silver-anode
fine-focus X-ray diffraction tube. The beam was focused to 80 lm
(FWHM) by means of a polycapillary minilens (IfG, Germany).
The X-ray tube was operated at 40 kV and 40 mA. The sample
was fixed to a computer-controlled sample stage and moved in
front of the capillary. Because of the relatively small range of the
movement, the original 170 mm long rod was cut into two pieces.
The measurements were carried out in 1 mm steps; each point was
measured for 100 s. Spectra were recorded by a Si(Li) X-ray detec-
tor and the intensities of the characteristic X-ray lines were evalu-
ated by the AXIL code. Mo and Ru were determined using K lines,
while Cs, I and Te using L lines. The relative sensitivities for the
lines of interest (Mo-Ka, Mo-La, Ru-Ka, Ru-La, Cs-La, I-La, Te-
La) were determined from measurements of thin standard samples
of MoO3, CsBr and ZnTe (Micromatter), as well as a dried droplet
prepared on a polypropylene X-ray film from 1 g/l Mo, Ru and Cs
standard solutions (Spectrascan, 5 ll each).
3. Experimental results and discussion

The average partial pressure of RuOx in the high temperature
reaction chamber (pfurnace) was calculated from the total amount
of precipitated (Dmprecipitated) and absorbed (Dmabsorbed) ruthe-
nium, while the average partial pressure of RuO4 in the escaping
ambient temperature gas (poutlet air) was calculated from the
amount of ruthenium in the absorber solution (Dmabsorbed) and
the volume of gas streamed through during a given sampling per-
iod (Vair). The temperature values (tequilibrium), which would result
the same partial pressures in equilibrium as measured in the
escaping gas (poutlet air), were calculated using the following equi-
librium equations published in [21]:

for process RuO2ðsÞ þ O2 $ RuO4ðgÞ
lg Kp ¼ �6219:4=Tþ 4:2120� 1:0315 lg T� 0:0557� 105 T�2

ð1Þ
for process RuO2ðsÞ þ 1=2O2 $ RuO3ðgÞ
lg Kp ¼ �12968:5=T þ 10:1385� 1:2429 lg T � 0:1399� 10�3

T þ 0033� 105 T�2 ð2Þ

with Kp (atm) and T (K).
3.1. Formation and transport of ruthenium oxides in high temperature
air

In the first test series metallic ruthenium powder was oxidised
from ZrO2 matrix mainly at 1100 �C and in an air stream of
171 cm3/min (NTP).

In a control test for the role of oxygen (No. a11) for 2 h first dry
high purity argon, then for 2 h wet argon was streamed through
the high temperature (1100 �C) reaction chamber containing
5 mg Ru powder in ZrO2. Ru appeared neither in the decreasing
temperature outlet tube nor in the absorber solution.

The results showed that Ru evaporates in form of RuO3 and
RuO4. Partial pressures of RuOx in the high temperature reaction
chamber calculated on the basis of the sum of deposited Ru mass
and Ru in liquid solution (see Table 5) were in good agreement
with the equilibrium partial pressure of RuO4 + RuO3 system pub-
lished in [21,22]. This means that both RuO3 and RuO4 reached sat-
urated concentration in the furnace (until enough Ru was present
in the ZrO2 matrix), which limited the rate of Ru oxidation.

In the outlet section of furnace between about 1100 and 600 �C
RuO3 and most of the RuO4 decomposed and formed characteristic
deep blue RuO2 crystals (CVD – chemical vapour deposition). Only
5–10% of ruthenium reached the room temperature samplers dur-
ing the total experimental time (several hours). In the later phase
of tests using one inner quartz tube, i.e. without removing the pre-
cipitated RuO2 from the decreasing temperature area, Ru escapes
were coming from the deposited RuO2 by re-evaporation into the
high temperature air resulting in �10�6 bar partial pressure in
the outlet gas (see Fig. 2). In [23] the authors found that while
the ruthenium release rate from the crucible and ruthenium depo-
sition velocity were constant, the RuO4 transport was likely
increasing at the end of measurement. In some cases similar trend
can be seen in our measurements (see Fig. 2) probably as a result of
increasing re-evaporation rate of RuO2 deposits in the later phase
of the experiments.

The measured partial pressures of RuO4 in the ambient temper-
ature outlet air (ranged between 10�7 and 10�5 bar) are higher by
several orders of magnitude than the equilibrium value of
RuO4 + RuO3 system (�10�20 bar at 25 �C [21]). At higher furnace
temperature (No. a8) or at higher air flow rate (No. a5), higher par-
tial pressures of RuOx appeared in the escaping air (see Fig. 2). This
can be attributed to the fact that the rate of (surface/RuO2 cata-
lyzed) decomposition process of RuO4 to RuO2 was not fast enough
to follow entirely the equilibrium with the temperature. The tem-
perature values (tequilibrium), which would result the same partial
pressures in equilibrium as measured in the escaping gas (calcu-
lated according to (1) and (2) equations), showed that the chemical
process of RuOx to RuO2 stopped at about 600–800 �C (see Table 5),
which agree reasonable well with temperatures at the end of RuO2

deposition determined from the position and thermocouple
calibration.



Table 5
Experimental conditions and results of tests with pure metallic Ru powder in ZrO2 matrix with changing both the inner quartz tube and the absorber solution at the same time.

Main parameters Sample Time (min) Vair (dm3) Dm (mg) Dmprecipitated (mg) Dmabsorbed (mg) pfurnace (bar) poutlet air (bar) tequilibrium (�C)

t = 1000 �C 7-1 60 10.29 4.33 3.29 0.10 8.12E�05 2.28E�06 745.7
Ru 7-2 60 10.29 1.99 1.51 0.05 3.74E�05 1.14E�06 697.0
mRu = 5.87 mg 7-3 60 10.29 0.97 0.74 0.04 1.86E�05 9.30E�07 683.4

7-4 120 20.57 0.20 0.15 0.07 2.66E�06 8.40E�07 676.6

t = 1100 �C 8-1 30 5.14 6.04 4.59 0.08 2.24E�04 3.60E�06 779.3
Ru 8-2 30 5.14 0.73 0.55 0.06 2.92E�05 2.64E�06 756.4
mRu = 5.22 mg 8-3 30 5.14 0.10 0.08 0.01 4.30E�06 6.60E�07 661.0

t = 1100 �C 33-1 30 5.14 5.76 4.38 0.08 2.14E�04 3.60E�06 779.3
Ru 33-2 30 5.14 0.90 0.68 0.05 3.53E�05 2.52E�06 753.0
mRu = 5.04 mg 33-3 30 5.14 0.09 0.07 0.00 3.40E�06 1.20E�07 562.9

0 50 100 150 200 250 300 350 400 450 500
10-7

10-6

10-5

1100oC

1000oC

Pa
rti

al
 p

re
ss

ur
e 

of
 R

uO
4 in

 o
ut

le
t a

ir 
(b

ar
)

Time (min)

 Ru - a4
 Ru - a5 300 cm3/min
 Ru - a6 1000°C
 Ru - a7 SS inlet
 Ru - a8 1200°C
 Ru - a9 wet air
 Ru - a12 wet air
 Ru+FP - a17 wet air
 Ru+FP+UO2 - a18 wet air
 Ru+FP+UO2 - a19

1200oC

Fig. 2. Partial pressures of RuO4 in the outlet air in tests using one inner quartz tube during the full measurement duration (i.e. RuO2 was not removed from the decreasing
temperature area as in the later experiments). The temperatures of reaction chamber (air – Ru reaction) were 1100 �C at all experiments except the two tests signed in the
plot (1000 and 1200 �C).

212 N. Vér et al. / Journal of Nuclear Materials 396 (2010) 208–217
However no aerosol formation was found in the given test con-
ditions as in the similar experiments performed at VTT [10,11]. On
the quartz fibre filters applied in the inlet of gas absorber or at the
top of reaction chamber outlet tube RuO2 particles could not be
seen by SEM and the mass of ruthenium on the filters measured
by XRF were lower than 1% of the initial ruthenium mass in the
charge. Using quartz fibre filters did not influenced the Ru content
in the absorber liquids.

To test the influence of stainless steel (SS) surfaces in the
decreasing temperature area on the release of Ru a 0.5 mm thick
170 � 2.6 mm SS plate has been placed into the inner quartz tube
(see Fig. 2; No. a7). The RuO2 precipitation formed on the SS plate
was at the same elevation interval as on the quartz tube surface.
Even the morphology of precipitation was the same on SS and on
quartz surface. The mass of precipitation cannot be weighed, be-
cause of the oxidation of SS resulted a substantial mass increase.

Using air with ca 5% steam content, the steam decreased the
decomposition of RuO4 to RuO2 and resulted in higher RuO4 partial
pressures in the escaping gas (�1.5–2 � 10�6 bar) than in case of
dry air (see Fig. 2; Nos. a9 and a12). (In these tests less Ru precip-
itated in the inner quartz tubes and some more in the tube system
going to the sampler unit.) In the VTT experiments [11] at 1027 �C
addition of small amount of water vapour into the air flow also in-
creased gaseous RuO4 transport rate in the outlet air compared to
dry condition. (The fraction of gaseous ruthenium of all ruthenium
transported through the facility was �40% in dry air flow. This frac-
tion increased to �70% as the steam volume fraction was increased
to at least 10%, and was the highest (�90%) in air saturated with
water vapour at 30 �C.) When steam volume fraction was further
increased by them (above 10%), the transport rate decreased below
that measured in dry air.

If other fission products were present in the charge (No. a17)
the release of Ru started in the beginning of experiments with low-
er intensity and with certain delay than in tests where the charge
was pure Ru powder in ZrO2. If beside the FP elements 100 mg UO2

were given to the sample (Nos. a18 and a19) the partial pressure of
Ru oxides (after a time) were higher (�4 � 10�6 bar) than in case of
Ru powder or Ru powder + fission products. This is probably due to
the formation of BaUO4 from BaCO3 and UO2 at temperatures high-
er than 1000 �C (see Section 3.3.2.). The delay in escape of Ru was
larger at using wet air with ca 5% steam (No. a18) than using dry
air (No. a19). After a longer time there is no difference in the escape
rate of ruthenium in wet or dry air (see Fig. 2).

3.2. Oxidation and release of ruthenium from Mo–Ru–Rh–Pd alloy

In this test series oxidation and release of ruthenium from Mo–
Ru–Rh–Pd alloy as a simulant for white inclusions were investi-
gated. As can be seen from Fig. 3 the oxidation rate of Ru from
Mo–Ru–Rh–Pd alloy is about 45% of the evaporation rate of pure



0 50 100 150 200 250 300 350 400
0.0

5.0x10-5

1.0x10-4

1.5x10-4

2.0x10-4

2.5x10-4

Pa
rti

al
 p

re
ss

ur
es

 o
f r

ut
he

ni
um

-o
xi

de
s 

in
 fu

rn
ac

e 
(b

ar
)

Time (min)

 Ru - 8,33 1100°C
 alloy - 1,3 1100°C
 alloy+FP - 4,6 1100°C
 Ru - 7 1000°C
 alloy - 2 1000°C
 alloy+FP - 5 1000°C

Fig. 3. Partial pressures of RuOx in the high temperature reaction zone.

0 100 200 300 400 500 600
0.0

1.0x10-5

2.0x10-5

3.0x10-5

4.0x10-5

5.0x10-5

Pa
rti

al
 p

re
ss

ur
es

 o
f r

ut
he

ni
um

-o
xi

de
s 

in
 o

ut
le

t a
ir 

(b
ar

)

Time (min)

 Ru - 8,33 1100°C
 alloy - 1,3 1100°C
 alloy+FP - 4,6 1100°C
 Ru - 7 1000°C
 alloy - 2 1000°C
 alloy+FP - 5 1000°C

Fig. 5. Partial pressures of RuO4 in the outlet air.

N. Vér et al. / Journal of Nuclear Materials 396 (2010) 208–217 213
Ru at 1000 �C and 55–65% at 1100 �C. This slower reaction rate
probably was a result partly of the larger grain size of the pow-
dered alloy as compared to the commercial ruthenium powder
and partly of the simultaneous presence of large amounts of Mo,
Rh and Pd in the grains as opposed to the other measurements.
There were smaller differences in the partial pressures of RuOx in
the high temperature reaction chamber between pure alloy and al-
loy with other fission product components both at 1000 �C and
1100 �C.

Although there were no significant differences in the partial
pressures of RuOx in the high temperature reaction chamber be-
tween pure alloy and alloy with other fission product components
at 1000 �C (see Fig. 3), the precipitated amount of Ru was signifi-
cantly greater in case of pure alloy than in presence of other fission
product components after an initial time (60 min) (see Fig. 4). At
1100 �C the amount of Ru leaving the high temperature reaction
zone was smaller in the first 30 min, but greater after this initial
time in presence of other FPs than at pure alloy oxidation (see
Fig. 3). However the amount of precipitated Ru was greater during
the whole sampling period in case of pure alloy than in presence of
other FPs (see Fig. 4).

Partial pressures of RuO4 in the ambient temperature escaping
air are about one order of magnitude higher in case of alloy or alloy
with other FPs than in case of pure Ru (see Fig. 5). While in case of
pure alloy concentration of RuO4 in the outlet air decreased contin-
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Fig. 4. Amount of Ru precipitated in the decreasing temperature area.
uously in time, presence of other fission products influenced it and
caused a time delay (60–120 min at 1000 �C and 30–60 min at
1100 �C) in appearance of its maximum values.

In presence of other fission product elements there was also a
slight time delay in the escaping of Ru from the furnace at both
temperatures (see Fig. 3). It suggests that reactions in the high
temperature area delayed the release of Ru in the escaping cooled
down air (see Sections 3.3.2 and 3.3.3).

At oxidation of Mo–Ru–Rh–Pd alloy the fraction of Ru appeared
in the absorber solution was �40% at 1000 �C and �20% at 1100 �C,
while in presence of other FP components these fractions were
�65% and �30%, respectively. In case of pure Ru oxidation only
4–5% of the initial 5 mg Ru reached the absorber solution at
1000 �C, and 2–3% at 1100 �C.

Molybdenum oxides and other FP elements deposited in the in-
ner quartz tube decreased the catalytic effect of quartz tube for
decomposition of RuOx to RuO2 (for mechanisms see Sections
3.3.1 and 3.3.3) and resulted in nearly one order of magnitude
higher RuO4 partial pressures in the ambient temperature escaping
air as in case of pure Ru oxidation.

Because of the high amount of Mo in the investigated alloy the
total amount of Ru appeared in absorber solution was about 10
times greater in case of pure alloy (or alloy with other fission prod-
ucts) than in tests conducted with metallic Ru powder. On the
other hand the slower escape rate of ruthenium, e.g. because of
the bigger grain size of the powdered alloy, the simultaneous pres-
ence of high amounts of Mo, Rh, and Pd in the grains, the high tem-
perature reactions with other FPs or the slower oxidation rate at
lower temperature (1000 �C) also resulted in higher Ru fraction
in the escaping air because of the longer sampling time.

3.3. Delay of ruthenium escape in presence of some fission product
elements

The main objectives of these experiments were investigation of
effects of four characteristic groups of fission product elements on
behaviour of Ru in high temperature air atmosphere and identifica-
tion of those fission products, which play role in the time delay in
appearance of ruthenium oxides in ambient temperature escaping
gas and identification of those chemical reactions and/or mecha-
nisms, which causes this delay.

3.3.1. Effects of molybdenum and other metals
The release rate of Ru from the high temperature reaction

chamber was slightly lower in case of molybdenum and other met-
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als (Se, Sn, Ag, Sb, Cd, Te) containing mixtures (in tests Nos. 15, 17
and 18) than in case of pure Ru oxidation both at 1000 �C and
1100 �C (see Fig. 6). Above the competition between Ru and Mo
oxidation this slightly lower Ru amount measured in case of
molybdenum including samples was partly caused by the black
uncontrolled deposition on the outlet tube of reaction chamber
at the same elevation where ruthenium precipitation occurred in
the inner quartz tubes. This phenomenon did not appear in case
of other charges and resulted in poorer Ru mass balance.

Molybdenum has its main effect on the surface catalyzed
decomposition of ruthenium oxides to RuO2 in the decreasing tem-
perature area. RuO2 crystals start to grow on inhomogeneity of the
quartz wall and on the formed RuO2 particles.

Mo oxidizes fairly fast to MoO3 and in the first minutes after
start of air injection polymer (MoO3)n appeared as white aerosol
(this phenomenon was also experienced in tests with pure Mo–
Ru–Rh–Pd alloy). The vapour phase consists predominantly of
Mo3O9, Mo4O12 and Mo5O15 molecules [24].

In presence of molybdenum in the charge fraction of ruthenium
appeared in the absorber solution was about 40% at 1000 �C, and
about 13% at 1100 �C, while using MoO3 covered sampling tubes
this part was only�7% at 1100 �C (test No. 24). In the vapour phase
simultaneously present molybdenum oxides decrease the surface
catalyzed decomposition of RuOx and result in nearly one order
of magnitude greater RuOx partial pressures in the ambient tem-
perature escaping air compared to pure Ru oxidation (see Fig. 7).

As can be seen in Fig. 8 MoO3 and TeO2 deposited together in
temperature range between 300 and 600 �C. At this area large
RuO2 crystals grew which are usually typical at the higher temper-
ature region. Between 400 and 500 �C stable glasses can form in
the MoO3–TeO2 system, while at 550–600 �C crystalline or glassy
Te2MoO7 depending on quenching conditions [25]. The Te peak ap-
peared at about 550 �C. A second Ru peak appeared under 600 �C
between 350 and 450 �C.

3.3.2. Influences of barium and rare earth oxides
At temperatures of investigations in the solid state mixtures of

ruthenium with barium oxide or rare earth (Nd, Ce) oxides barium
ruthenate or rare earth ruthenates can form. These reactions
caused elongated Ru escape from the high temperature area (see
Fig. 9) and probably also resulted in time delay in appearance of
the maximum concentration of RuO4 in the outlet air (see Fig. 10).

The amount of Ru leaving the furnace and precipitating in the
decreasing temperature area was smaller in presence of Ba or Nd
and Ce than in case of pure Ru both at 1000 and 1100 �C. On the
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Fig. 6. Partial pressures of ruthenium oxides in furnace (group of Mo and other
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other hand concentration of Ru in the escaping air was slightly
higher at 1000 �C, and after 30 min also at 1100 �C. The slower
Ru escape from the high temperature reaction chamber in presence
of barium and rare earth oxides resulted in a slightly higher ruthe-
nium fraction in the absorber solution (�10% both at 1000 and
1100 �C).

3.3.3. Ruthenium release in presence of caesium compounds
Caesium seems to be the fission product element, which plays

main role in time delay in appearance of maximum concentration
of ruthenium oxides in the ambient temperature escaping gas.

If Cs was present less than the stoichiometric concentration
according to Cs2RuO4 in the test mixtures (i.e. at mol ratios of
Ru:Cs = 2:1, Ru:Cs = 1:1 and Ru:Cs = 2:3) the maximum concentra-
tion of RuO4 in the outlet air appeared between 30 and 60 min at
1100 �C at sampling frequency of 30 min (see Fig. 11). On the other
hand if the sample contained Ru and Cs at mol ratios of 1:2, the
fraction of Ru reached the absorber solution was only �0.7% during
the 90 min sampling period and the concentration of RuO4 in the
ambient temperature outlet air slightly increased in time.

In presence of Cs in the charge the average Ru concentration
during the first 30 min in the outlet air was lower than in case of
pure Ru. One explanation could be formation of Cs2RuO4 in the
high temperature reaction chamber. The partial pressure of this
compound is much higher (pCs2RuO4

= 1.7428 � 10�3 bar [20]) than
that of ruthenium oxides (pRuO3þRuO4

= 2.4510 � 10�4 bar [21]) at
1100 �C. While the deposition mechanism of the Cs2RuO4 is con-
densation, in this case the Ru concentration remaining in the outlet
air is much lower (pCs2RuO4

= 2.5931 � 10�25 bar at 25 �C [20]) than
in case of the surface catalyzed decomposition of ruthenium oxides
to RuO2 (pRuO4

� 10�6 bar, see Table 5). However interpretation of
higher RuO4 concentration in the escaping gas in the second
30 min at mole ratios of Ru:Cs = 2:1, Ru:Cs = 1:1 and Ru:Cs = 2:3
and the lower RuO4 concentration at stoichiometric composition
(Ru:Cs = 1:2) compared to pure Ru (see Fig. 11) needs further
investigations.

In test No. 30 Cs was previously deposited on sampling tubes,
and then these tubes were used in a second measurement with
pure Ru powder in the charge. By diffusing into the quartz wall,
Cs changed the quartz surface feature (decreased its catalytic effect
on decomposition of RuOx to RuO2) and resulted in nearly one or-
der of magnitude higher RuOx partial pressures in the ambient
temperature escaping air than in case of pure Ru oxidation (see
Fig. 11). The fraction of ruthenium appeared in the absorber solu-
tion was about 12%. However in [11] the authors found that CsI
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powder (mass 1 g) placed inside the alumina tube at location 65–
90 cm after the furnace trapped 0.74 mg Ru (3.3% of the injected
gaseous RuO4), and they supposed most likely in the form of
Cs2RuO4.

An example for results of the l-XRF measurements can be seen
in Fig. 12. If Cs was present in the charge, Ru and Cs deposited to-
gether in the decreasing temperature area between 400 and 900 �C,
while this phenomenon did not appear if only the inner quartz
tube was covered with Cs (see Fig. 13). This probably means that
part of the Ru and Cs evaporated from the high temperature reac-
tion chamber in form of some caesium compounds. On the other
hand the measured Ru–Cs peaks did not show any constant stoi-
chiometry. Presence of Cs in the charge or on the surface of sam-
pling quartz tubes resulted in ruthenium precipitation at a
relatively low temperature region (below 600 �C, while oxidising
pure Ru at 1100 �C for 30 min, Ru deposits usually between 600
and 1100 �C). However the reliability of relative amounts of Ru
and Cs gained with l-XRF technique needs further investigations,
on the one hand because of diffusion of Cs into the quartz material,
on the other hand because of the relative high concentration and
inhomogeneity of the investigated elements on the surface of the
quartz rods.
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4. Conclusions

In the RUSET programme Ru oxidation rate and content of Ru in
escaping air flow have been studied with special emphasis on ef-
fects of other fission product elements on the Ru oxidation and
transport.

The results showed that Ru evaporates in form of RuO3 and
RuO4; both reached saturation concentration in the high tempera-
ture area at the given experimental conditions. In the decreasing
temperature section of experimental device between about 1100
and 600 �C most of the RuO3 and RuO4 (�95%) decomposed on
quartz surfaces and formed RuO2 crystals; while the partial pres-
sure of RuO4 in the escaping air was in the range of 10�6 bar, far
above the value that would be expected from equilibrium. The
decomposition of RuO3 and RuO4 to RuO2 is a heterogeneous phase
chemical reaction catalyzed efficiently by the inhomogeneity of
quartz surface and the formed RuO2 particles. On the other hand
under the given test conditions, the surface catalyzed decomposi-
tion process of RuOx to RuO2 was not fast enough to follow entirely
the equilibrium with the temperature. In the later phase of tests Ru
was coming from the deposited RuO2 by re-evaporation resulting
in about 10�6 bar partial pressure in the outlet gas.

Other fission products influenced the concentration of RuO4 in
the ambient temperature escaping gas and raised time delays in
appearance of its maximum values. The concentration of RuO4 in
the escaping air was enhanced – i.e. the surface catalyzed decom-
position of RuO3 and RuO4 to RuO2 was decreased – by

� steam content of air,
� molybdenum oxide vapour in air,
� MoO3 layer on quartz surfaces,
� and Cs deposition, which partly diffused into the quartz and

changed the quartz surface feature.

Caesium seems to be the fission product element, which plays
main role in time delay in appearance of maximum concentration
of ruthenium oxides in the ambient temperature escaping gas. If Cs
was present in the charge, ruthenium escaped from the high
temperature region partly in form of caesium compounds and
deposited at relative low temperatures (400–900 �C) compared to
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the pure RuO2 precipitations. The deposition mechanism in this
case is simple condensation, and this process lowered the ruthe-
nium concentration in the outlet air.

In presence of barium and rare earth oxides barium ruthenate
and rare earth ruthenates are formed resulting in extended Ru es-
cape from the high temperature area.

Measurements demonstrated the importance of surface quality
in the decreasing temperature area on the heterogeneous phase
decomposition of ruthenium oxides to RuO2. In this way molybde-
num and caesium depositions in the RCS can play an important
role in the surface catalyzed decomposition of ruthenium oxides
(RuO3 and RuO4) and so on the source term in a hypothetical air in-
gress accident.

Results of these experiments are concerning on quartz surfaces,
and further experimental investigations are required to address
various other surfaces (stainless steel, zirconium alloys, ceramics)
in the decreasing temperature area that can be encountered in
accidental situation. From the above results also can not be ex-
cluded any ruthenium trapping effect of caesium deposition in
the decreasing temperature area because of significant caesium
diffusion into the quartz material.
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