Netsu Sokutei 280 10 29-35

EEEEEEEEEREERE R EEEEREEREE

ER R R R EE R R R R R E R R R R R EEE R R

(]

g
s
.
5

[E[EEEEERIE

Frontiers of Solid-Gas Interaction Research As Extended by
Application of Atmosphere-Controlled High Temperature Mass
Spectrometer and High Temperature Kelvin Prove

Michio Yamawaki and Kenji Yamaguchi
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This study has reviewed (i) improvement of performance of atmosphere-controlled high
temperature mass spectrometer (ACHTMS), (ii) application of ACHTMS to studies of high
temperature solid-gas reactions of oxide ceramics, and (iii) application of high temperature Kelvin
probe (HTKP) to solid-gas interactions on oxide ceramics.

1. Introduction

A finely tunable atmosphere-controlled high
temperature mass spectrometer (ACHTMS) was developed
and has been used for studies of high temperature reaction
equilibia between solid and reactive gases!? In order to
confirm the performance of this newly-developed system
in regard of the adequacy for high temperature equilibria
studies, temperature dependences of introduced gas pressure
in Knudsen cell were measured for hydrogen as well as
for other gases?® After confirmation of the appropriateness
of this system, vapor pressures of lithium-bearing oxide
ceramics, the candidates for fusion reactor blanket breeder
materials, were measured with hydrogen gas introduced
in this system for evaluating the lithium losses of the
candidate breeder oxide ceramics.® It was observed that
the lithium vapor pressure is affected by non-stoichiometry
of the oxides. Further, the effect of hydrogen / water vapor
addition upon the vapor pressure of complex uranium-
akaline or -alkaline earth oxides was studied using the
ACHTMS system for simulating the behavior of highly
radioactive fission products during severe accidents of
nuclear reactors® Also, high temperature Kelvin probe
(HTKP) was applied to study interaction of lithium oxide
ceramics with reactive gases® Vacancy formation in such
oxides was detected using this method, which was attributed
to the irregular vaporization behavior of some lithium
oxides as observed with ACHTMS4

2. Characteristics of ACHTMS

The deuterium gas pressure in a Knudsen cell was
measured for fixed flow rates of introduced D, gas by means
of a Nuclide 12-90-HT mass spectrometer attached with a
mixed gas inlet system as shown in Fig.1. The gas inlet
system consists of a pair of outside gas reservoirs, a pair
of low conductance capillary tubes and a single fine platinum
tube with conductance higher than those of the connecting
capillary tubes. The platinum fine tube has the inner diameter
of 0.6 mm and was welded into a hole drilled through the
center of the bottom of Knudsen cell. The obtained temperature
dependence of D- pressure in Knudsen cell is shown in Fig.2,
as compared to that of atomic D pressure.”) The result
confirmed that the experimentally obtained gas pressures are
close to the theoretical values over a wide range of temperature
from room temperature to 1700 K, though the downward
departure of the measured value from the theoretical is clearly
identified for temperatures higher than 1173 K. The observed
downward departure in temperature dependence of gas pressure
in Knudsen cell was not so large as to cause significant
errors in the evaluated thermochemical equilibrium constants3
From measurements on various kinds of gases, it was
shown that the gas supply rate into Knudsen cell depends
on the reservoir gas pressure and the mass M of gas molecule
or atom. The supply rate decreases almost in proportion to
the inverse sguare root of M corresponding to the molecular
flow, while departure from this rule becomes conspicuous
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Fig.1 Knudsen cell attached with a mixed gas inlet
system for ACHTMS23)
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Fig.2 Temperature dependence of gas pressure in
Knudsen cell with gas introduction at fixed flow
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with increasing M.3

3. Hydrogen Atmosphere Effect on Lithium
Evaporation of Lithium-Bearing Oxide
Ceramics

Lithium oxide, Li»O, and lithium-bearing ternary oxides,
Li4SiOq, Li2TiOs, LioZrOz and LiAlIO,, have been intensively
studied as the main candidates for solid breeder material in
fusion reactor blankets® One of the concerns as to using
the solid breeders is the lithium loss at high operation
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Fig.3 Partial pressures of vapor species in (a) Li.O
(without D, or D,O admission) and (b) Li,OO
D, system.

temperature. To evauate the lithium loss of solid breeders,
the vapor pressure over each oxide was measured under
addition of hydrogen gas of about 1 Pa into Knudsen cell
to simulate the sweep gas of the blanket191) An example
of such a measurement is shown for Li,O and Li,O-D. system
in Figs.3(a) and 3(b), respectively1? Due to the fact that
only a limited amount of D, can be admitted in order to
maintain "Knudsen flow" regime, a considerable decrease
of D, partial pressure was observed at temperaturest 1300
K. It is likely that most of D, reacted with Li>O(s) in this
temperature range to form DO and LiOD, which were not
observed in Fig.3(a); i.e. the case without D, admission.
From such vaporization results, the equilibrium constants
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Fig.4 Summation of partial pressures of lithium-bearing
species as a function of temperature.

of the reactions between the vapors of oxides and hydrogen
gas were evaluated.

For evaluation of the lithium loss, the typical sweep
gas was assumed to be the helium gas at 1 atm pressure
added with 100 Pa hydrogen gas. The addition of hydrogen
gas is intended to enhance the recovery rate of tritium
from the solid breeder during irradiation. As an indicator
of the lithium loss, the sum of partial pressures of al the
lithium-bearing vapor species was calculated from the
evaluated equilibrium constants and the mass conservation
law 3 The obtained sum Pjt@ of partial pressures of lithium-
bearing species over each oxide breeder is exhibited in Fig.4.
At 1000K of blanket temperature, Py ittd is evaluated to be
about 0.005 Pa, 0.002 Pa, 0.0015 Pa, 0.001 Pa and 0.0001
Pa for Li2O, Li2ZrOs, LisSiOs, Li2TiO3z and LiAIOz,
respectively 412 In the case of LisSiOs, however, aremarkable
oxygen potential effect was observed as shown in Fig.4. This
behavior can be related to the tremendous oxygen pressure
drop observed when low pressure (O 1 Pa) hydrogen was
added into Knudsen cell, as shown in Fig.5. A minor oxygen
pressure drop was observed in the case of Li>ZrOs, while
little change in oxygen pressure was identified for Li,O,
Li,TiOs and LiAlO212 Such an exceptional behavior of
LisSiOs was attributed to change of the non-stoichometric
composition that LisSiO4 has. The work function measurement
of LisSiO4 performed by means of HTKP revealed a strong
tendency for this material to produce oxygen vacancies on
contacting the reducing atmospherel? as described in Section
5 of this report.
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Fig.5 Changes of oxygen partial pressures when

hydrogen was admitted.

4. Hydrogen / Water Vapor Atmosphere
Effect on Vaporization of UO,-Based
Complex Oxides with Alkaline Metals or
Alkaline Earths

The Cs(g), Sr(g) and Ba(g) partial vapor pressures are
especially important to assess the possible impact of severe
accidents of light water reactors because of their strong
radioactivities and volatilities.

The partial vapor pressure of Cs(g) was found to be
more than one order of magnitude higher than those of
other vapor species, CsO(g), CsOD(g) etc. over Cs,UO, as
well as CsU4012% As shown in Fig.6, the Cs(g) vapor
pressure over Cs;UO4 was found to be greatly affected by
the oxygen potential of the atmosphere; the pressure of Cs(g)
was highest when D, was introduced into the Knudsen
cell, it was secondly highest when D>O(g) (corresponding
to 2D,0 O, mixture) was introduced, while it was lowest
when D20 20, mixture was introduced514 On the other hand,
the pressure of Cs(g) over Cs,U4O12> was observed not to
be so much influenced by the oxygen potential of the
atmosphere, i.e. by whether D, or D.0 Oz mixture was
introduced into the Knudsen cell 1 as shown in Fig.7. The
different behaviors observed on Cs,UQ4 and Cs,U4O12 can
be explained as follows;

The vaporization reaction for Cs;,UOs and Cs,U4012
can be expressed by the following eguations, respectively:

2C5,U04(S)0 D,0(g)0 Cs:U,07(s)0 2CSOD(). (1)



gooo

10
e Cs in vacuum
a Cs with D2{(g)
intet
4 Cs with D2+02
© (D2/02=2:1)
o 1 o Cs with D2+02
- { D2/02=1:2)
o
O‘] FR S——
7 75 8 8.5 <] 8.5
10000 To1 / Kot
Fig.6 Comparison of Cs pressures over Cs,UO, under
different conditions.
100
10 | Cs(g) with Dy(g)
E admission
EE L
- TE
o E
0.1
E - Cs(g) with Dy(g)+O4(g)
- admission Cs(q) in vacyum
001 Lo o v 0 v w oo, [CS(0)iG vacyum
6 6.5 7 7.5 8
10000 Tot / Kot
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and

Cs2U4012(8)0 4UO20x ()0 2(10 X)O2(g)0 2Cs(9)- (2

The reaction product UO,q« (S) in eq.(2) can vary its
oxygen content according to the oxygen potentia of the
amosphere, so that the impact of the change of the atmosphere
composition can be moderated compared to the case without
formation of UOznx (9), i.e. the case of Cs;UQ4(S).

In case of SrUO3z and BaUQOgs, D, or D,O introduction
into Knudsen cell decreased the vapor pressures of Sr(g) and
Ba(g), respectively. This can be attributed to the absolute
value of Gibbs energy of formation per mole of O, of
hyperstoichiometric strontium or barium uranate is smaller
than that of stoichiometric strontium or barium uranate.®

The above results suggest that the existence states
of cesium, strontium and barium in the oxide fuel pellet
can greatly influence their vapor pressures and hence the
potential risk of release and transportation of their high
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Fig.8 Configuration of the HTKP system.16)

radioactivities to reach the human environment.

5. Work Function Measurement under
Controlled Gas Atmosphere at Elevated
Temperatures

The high temperature Kelvin probe (HTKP), which
is exhibited schematically in Fig.8, has been developed
and modified by the authors in collaboration with J. Nowotny,
the University of New South Wales, with which work function
(@) measurement at high temperatures and under controlled
atmosphere can be performed.1® In order to confirm the
performance of the system, the work function change of Y SZ
(zirconia stabilized with 2 at% yttria) due to the change of
oxygen potential was measured at 973 K 1617 The relation
between the work function change and the oxygen partial
pressure obtained from the experimental results showed good
agreement with that predicted based on the defect equilibrium:

00 Vo200 ne'D 1/20(g), G

The work function changes of breeder blanket materials
caused by the change of composition of the sweep gas
were then measured by using the same apparatus. Fig.9(a)
shows the change of CPD (contact potential difference,
corresponding to work function difference with respect to
reference electrode) between Li»ZrOs; and Pt reference
electrode as caused by the change of the composition of
flowing gas, while Fig.9(b) shows that between Li,TiO3
and Pt electrodel?) The chemical composition of the sweep
gas was either (O): He; (100 cc min?l) or (R): HeO 1.06 %
Hz (100 cc minot). It is shown in Fig.9(a) that when the
chemical composition of the sweep gas was changed from
(O) to (R), the CPD was first decreased abruptly by 500
mV (portion "a"), and then gradually increased to a steady
state value (portion "b"). It should be noted that the CPD
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Fig.9 Change of CPD between Li-bearing ternary oxides

and Pt electrodes due to the change of chemical
composition of sweep gastd: (a) Li.ZrOsz at 943
K, and (b) Li,TiOs; at 933 K. Shown also here
is the change of oxygen potential (dashed curve).

change showed good correlation with the change of oxygen
partial pressure, Po,. Assuming that the change "a" is due
to production of oxygen vacancies, V"0, the decrease of
work function and that of Po, which is determined by a
defect equilibrium (eq. (3)) can be related by:

VKT (@ @0 InPoy)0 U/2(n0 1), (4

according to which 1/2(n0 1)0 1/5.68 (nO 1.84) was obtained.
Thisimplies that doubly charged Vi is predominant. Similar
results were obtained for LisSiOs4, measurement of work
function change of which was performed at 973 K 18)

In the case of Li,TiOsz (Fig.9(b)), it is characterized
by a single step of the CPD change whose rate was very
slow compared with that of Li»ZrOs. Such a slow change
of work function due to the change of Po, may be explained,
if one assumes that it is governed by adsorption / desorption
of Hz on the surface, whose processes are vitally important
in the tritium release from ceramic breeders.

6. Discussion

One of the facts which led the authors to suppose
an existence of non-stoichiometric layer in the near surface
of LisSiO4 and Li»ZrOs was the finding that in these cases
the equilibrium constant, K, of LiOD formation was dependent
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Fig.10 Temperature dependence of equilibrium constant
of LiOD formation reaction obtained from several
different runs: (a) LisSiOs; for reference, the data
by Penzhorn et al .19 are shown with the dashed
lines, and (b) LiAIO;.

on oxygen potential 119 In Figs.10(a) and 10(b) are compared
the equilibrium constants corresponding to:

Li4SiO4(s)0 D20(g)0 2LiOD(g)0 Li2SiOa(s),
5LiAIO(s)0 2D20(g)0 4LiOD(g)0 LiAlsOg(s).

®)
(6)

It can be seen from the above equations that the partial
pressure of LiOD is considered to be weakly dependent on
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that of O.. According to the figure, it was true in the case
of LiAIO, (Fig.10(b)), whereas it was not in the case of
LisSiOs4 (Fig.10(a)). This has led the authors to suppose
that a reaction such as,

Li4SiOsx (90 xO2(g)/20 D20(g)0 2LiOD(g)0 Li-SiOs(s)
(7

is responsible for the obtained result shown in Fig.10(a).
This equation implies that the larger the Po, is, where Po,
is considered to decrease as Run 1-30 Run 1-40 Run 1-2,
the larger the K30 (PLiop)?/Pp,0 becomes, since Ks[0 (Po,)* 2.

In order to examine whether the oxygen-deficient layer
is really formed, the HTKP was employed. The performance
of the probe was examined thoroughly by using YSZ as a
sample, the defect concentration of which is controlled by
the dopant, yttria (Y 20s). Thermochemical behavior of defects
in YSZ is well known, so that the experimental results can
be compared with those cited in literature??) By closely
comparing with the data of Y SZ, the thermochemical behavior
of Li-bearing ceramics with respect to defect formation /
annihilation was studied. According to the results obtained
thus far, two steps of the work function change are normally
observed; i.e. a fast initial change being followed by a
slow change. So long as the defect equilibria hold, the former
can be attributed to the oxygen vacancies formation /
annihilation, whereas the latter to adsorption / desorption
or other surface kinetics, if any.

Another important aspect of the work function
measurement in the present system is that the observed work
function change may be deconvoluted to severa different
surface kinetics. It was demonstrated that the defect formation /
annihilation process is very fast, which can be clearly
distinguished from other processes, such as adsorption and
desorption. The HTKP may be effectively combined with
other surface-sensitive techniques such as thermal desorption
spectroscopy (TDS)2 or FT-IR2 to clarify the mechanism
of surface reactions.

In an environment relevant to fusion blanket, not only
surface reactions?® but also irradiation effects?® may play
avital role in tritium release from ceramic breeders. Kelvin
probe can be further extended to investigate the behavior
of non-equilibrated irradiation defects. Actually, the authors
et al. have set up a new apparatus to investigate the effect
of beam irradiation on the work function of solid materials,
and found that significant drop in the work function of metals
and oxides occur on hydrogen ion beam irradiation2)
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Although thermochemical evaluation of ceramic breeder
may be possible by means of high temperature mass
spectrometry alone, some properties are characteristics of
material and / or environment to which it belongs. Without
microscopic characterization of materials in use, macroscopic
predictions can vary by orders of magnitude as shown in
the case of LisSiOs, see Fig.4.

As is clear from the present study, application of
two independent experimental techniques can provide valuable
information on the thermochemical behavior of Li ceramics,
both from macroscopic and microscopic standpoints. According
to the results of vapor pressure measurements on various
Li-bearing ceramics, the vaporization behavior was observed
to be dependent on the oxygen potential in the cases of
LisSiOs and Li2ZrOs. This observation led the authors to
assume an existence of oxygen-deficient surface layer in
these ceramics. In order to further investigate the
thermochemical behavior of Li-bearing ceramics, a high
temperature Kelvin probe was employed. The work function
changes of LisSiOs (973 K) and Li»ZrOsz (943 K) were
measured. The work function change of oxygen vacancies
formation / annihilation was observed, followed by the change
due to adsorption / desorption. In the case of Li,TiOs; (933
K) and Li>O (823K), where a single step of the work function
change, due to adsorption / desorption, was observed. These
results support the authors' interpretation of the results of
the high temperature mass spectrometry described above,
indicating possible relevance between macroscopic and
microscopic behaviors of hydrogen at the surface of ceramic
breeders.
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