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bstract

methodology based on a weight loss measurement was used to quantify the volatility of yttria in high temperature water vapor. This method was
rst assessed on silica. Sintered materials with a shape of pellets were exposed at temperatures between 1000 and 1400 ◦C in air with 50 kPa of

ater at atmospheric pressure, under a flowing gas velocity of 5 cm s−1. Besides the volatilisation rate, the nature of the volatile gaseous species
as determined using a kinetic study. Knowing the nature of flows in the furnace, partial pressures of yttrium (oxy-)hydroxide in equilibrium over
2O3 were calculated, and used to assess the enthalpies of formation of YO(OH) and Y(OH)3.
2010 Elsevier Ltd. All rights reserved.
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. Introduction

Materials including rare earth oxides, and especially Y2O3,
re more and more used in high temperature applications. For
xample, YSZ (ZrO2–8% Y2O3) is employed as an electrolyte
n SOFCs.1 Such an electrolyte can be in contact with a moist or
xidizing environment along one of its interfaces with an elec-
rode. Here, the volatilisation of yttria can have a few negative
ffects: the ionic conductivity can decrease, and an allotropic
ransformation can occur with the departure of the stabilizing
lement of the cubic ZrO2 phase. Elsewhere, thermal and/or
nvironmental barrier coatings can contain Y2O3 in their compo-
itions: YSZ (ZrO2–8% Y2O3),2 YAG (Y3Al5O12)3 and yttrium
ilicates.4 In this latter case, yttria volatility generates porosity

nd leads to a permeable coating less efficient against diffusion
f oxidizing species. Moreover, when Y2O3 is used as a sinter-
ng agent of Si3N4,5 Y2Si2O7 is formed along grain boundaries.

∗ Corresponding authors. Tel.: +33 556 84 47 39; fax: +33 556 84 12 25.
E-mail addresses: courcot@lcts.u-bordeaux1.fr (E. Courcot),

ebillat@lcts.u-bordeaux1.fr (F. Rebillat).
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uring corrosion, a decreasing of mechanical properties should
ccur with the loss of cohesion between grains.

In the above-described applications, materials have to resist
t high temperatures (>1000 ◦C) under a moist environment.
oisture provokes a degradation of materials through a cor-

osion process. By reaction of water with the oxides, volatile
ydroxides M(OH)x or oxy-hydroxides MOy(OH)z are formed
Eq. (1)).

xide (s, l) + H2O (g) → hydroxide (g) or oxy-hydroxide (g)

(1)

ydroxide species play a key role in the high temperature reac-
ivity of refractory materials in moist environments. In order to
redict the behaviour of these materials and particularly their
aporization rate, the thermodynamic properties of hydroxide
pecies have to be accurately known. These data can be deter-
ined from the measurement of partial pressures of gaseous
pecies in equilibrium with the studied material, since they rep-
esent the maximum quantities of materials able to be removed.
he flow conditions of corrosive and oxidizing species around

he material have to be known to correctly estimate the volatili-

mailto:courcot@lcts.u-bordeaux1.fr
mailto:rebillat@lcts.u-bordeaux1.fr
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ation rate of a material. Then, it is possible to deduce its ageing
elocity and its maximal life duration. However, these calcula-
ions can only be done if all the thermodynamic parameters are
lready known. As far as our knowledge, the corrosion process
f Y2O3 has not yet been studied and the thermodynamic data
f the gaseous volatile species formed at high temperatures in
oist environment are unknown.
In this work, it is proposed to assess the Gibbs free energy of

ormation of yttrium hydroxides or oxy-hydroxide by study-
ng the volatilisation of Y2O3 at high temperatures in moist
nvironment at atmospheric pressure.

. Bibliographic data

The formation of gaseous metal hydroxides over a metal
xide requires oxidizing and corrosive environments at high
emperatures. The determination of hydroxide partial pressures
n equilibrium with the metal oxide can be done with three meth-
ds: the Knudsen cell, the transpiration method and the weight
oss measurement.

With respect to the Knudsen cell, the nature of the gaseous
pecies in equilibrium with the oxide, as well as their par-
ial pressures, are determined with a mass spectrometer. This

ethod is restricted to low partial pressures as the ionizer and
etector of the instrument cannot tolerate P(H2O) greater than
Pa. In this method, reducing gaseous environments are gen-
rally required. The Knudsen cell technique must be adapted
or water vapor studies: alternatively H2 (g) may be introduced
o react with the oxide to form H2O (g) and the metal hydrox-
des. Moreover, only gaseous species, which do not condensate
elow 300 ◦C, can be detected and quantified. For example, with
his technique, Meschi and his colleagues studied the reactions
etween B2O3 and H2O and between Li2O and H2O.6,7 Murad
easured the thermochemical properties of gaseous FeO and
eOH.8 More recently, Hildenbrand and Lau used this technique

o study the silicon hydroxides9,10 and the manganese oxides and
ydroxides.11

The transpiration method is another valuable quantitative
echnique for obtaining data on hydroxides formation: a car-
ier gas transports a vapor at equilibrium towards a cold part of
evice where hydroxides condense. The amount of condensed
aterial is accurately determined by an appropriate analytical

echnique. From the amount of condensate, the vapor pressure
f that species can be calculated. This vapor pressure calculated
s a function of water vapor pressure to confirm the species
dentity and as function of temperature to obtain thermody-
amic data. For example, Hashimoto used this technique to study
he formation of Ca, Si and Al hydroxides.12 More recently,
his transpiration method was used to study the equilibrium of
a(OH)2 over BaO,13 and Si hydroxides over SiO2.14

Further, a weight loss measurement can be used to access
o partial pressure values. The weight change obtained from
nitial and final weights is used to calculate the partial pres-

ure of volatile species. For example, Opila and Myers studied
ith this methodology the alumina volatility in water vapor

t elevated temperatures (P(H2O) = [15–68 kPa], Ptot = 100 kPa,
= [1250–1500 ◦C], vgas = 4.4 cm s−1).15 Here, knowing that

(
e
p
t

Fig. 1. Configuration of the pellets in the corrosion furnace.

he hydroxide partial pressures depend on the water vapor par-
ial pressure, the nature of volatile species is determined. The
lot of log P(Al–OH) in function of log P(H2O) yields a slope of
.5, which is in agreement with the value of the stoichiometric
eaction ratio associated to H2O in Eq. (2).

1
2 Al2O3 + 3

2 H2O → Al(OH)3 (2)

n this work, the last method was chosen to determine the Gibbs
ree energy of formation of yttrium hydroxides.

For that purpose, air saturated with a controlled amount of
ater vapor flowed over a pellet made of oxides that was dis-
osed in a tubular furnace. The flow conditions of corrosive and
xidizing species around the material sample were controlled to
rovide a good estimation of the volatilisation rate.

. Experimental procedure

In order to validate the experimental procedure, experiments
ere first realised on silica. Actually, silica was chosen because

ts behaviour under moist environment is well documented4

nd all the thermodynamic parameters about silicon hydroxides
ormations are already assessed.16 Silica pellets (SiO2, 99.8%,
hempur) were prepared as the other materials in this study, to
lways consider the same exchange surface area. Powders (SiO2,
9.8%, Chempur and Y2O3, 99.9%, Chempur) were mixed and
ompacted under an unidirectional pressure of 0.5 MPa dur-
ng 10 min. Pellets were heat treated at 1300 ◦C during 5 h
nder ambient air for desorption and sintering. The porosity
as around 25%.
As mentioned in the literature, the assessment of ther-

odynamic data is allowed only when the partial pressures
re able to be determined. This requires that the thermody-
amic equilibrium is reached: the hydroxides formation rate
s much higher than the evacuation one. The volatilisation
xperiments were carried out on oxide pellets (∅= 10 mm,
hickness ∼ 2 mm, S ∼ 150 mm2) in a corrosion furnace, whose
rinciple is described elsewhere.17 The conditions of corrosion
re: temperatures between 1000 and 1400 ◦C, a moist air (water
apor partial pressure up to 65, 100 kPa total pressure with air to
omplete), with different gas velocities, during times between
.5 and 25 h. Alumina furnace tube was used for the experiments
ue to its corrosion resistance at high temperatures. However, in
oist environment, alumina can form Al(OH)3 gaseous species

hat may react with the surface of the pellet and lead to forma-
ion of YAG (Y3Al5O12) or YAM (Y4Al2O9) from 1200 ◦C. To
revent as far as possible this pollution to occur, it was decided

i) to limit the experiment duration and (ii) to use a new pellet for
ach new experiment, and (iii) to dispose the pellet on a zirconia
late (Fig. 1). For the silica reference sample, no mullite forma-
ion was observed under such conditions. The limited aluminum
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discrepancy can be explained by the nature of flows. Indeed,
in many experiments,19,20 the volatisation process is controlled
by the diffusive flows and in these conditions, the volatilisation
rate may be faster. Indeed, the equations allowing relating the kl
E. Courcot et al. / Journal of the Europ

ollution was checked at the sample surface by use of vari-
us characterizations: X-ray diffraction, Raman spectroscopy
nd energy dispersive spectroscopy. Data were considered as
ccurate after similar results obtained from three independent
xperiments.

The weight loss induced by water corrosion was measured
ccording to a reactive vaporization (Eq. (3)). It was well known
hat the gaseous hydroxide species should condensate at rel-
tively high temperatures (upper than 300 ◦C).9–14 Indeed, a
hite deposit is observed downstream from the samples inside

he furnace. As it can be seen later, in the case of a porous pellet,
llowing the production of large amount of hydroxides, it can
e considered that their evacuation over the sample occurred
y convection, through the geometric surface (the diffusion of
ydroxides inside the porosities of this pellet is a fast phe-
omenon in regard to their evacuation by convection). Knowing
he sample surface area in contact with the moist environment,
he oxide volatilisation rate kl was derived directly from the slope
f the straight line representing the weight loss/surface ratio as
function of corrosion time.

aOb + yH2O → aMOx(OH)y with x = b + y

a
− y (3)

n our working conditions, the moisture supply was very high
ompared to the consumed quantity, and further, the reaction
inetics being very slow, the low quantity of gaseous products
as assumed to be easily evacuated far from the sample sur-

ace. Thus the volatilisation process was only limited by the
urface reaction. From values of Reynolds numbers (equal to
5 at 1673 K), it has been first checked that the volatilisation
rocess is mainly controlled by a convective flow through the
urnace. Moreover, calculations of the involved gaseous flows
how that the convection would limit the volatilisation process
in regard to the diffusion one). The hydroxide partial pressure
ver the oxide is thus deduced from the volatilisation rate (Eq.
4)).

l = vgas × 3.6 × MMaOb
× 1

a
× PM–OH

R × Tamb
(4)

here kl is the volatilisation rate (mg cm−2 h−1); vgas is the gas
ow velocity at room temperature (cm s−1); MMaOb

is the molar
eight of MaOb (g mol−1); a is the stoichiometry ratio before
Ox(OH)y in Eq. (3); PM–OH is the sum of the volatile (oxy-

hydroxide partial pressures (Pa); R is the ideal gas constant
=8.314 J mol−1 K−1); Tamb is the ambient temperature (296 K).

As the reactive volatilisation process is thermally activated,
he Arrhenius law is used to fit the variations of the volatil-
sation rate as a function of temperature and to calculate the
inetic parameters (the activation energy Ea and the preexpo-
ential term k0) of the hydroxide formation. Using Eq. (4), the
verage partial pressure of the hydroxide can thus be determined.
t a given temperature, the Gibbs free energy of formation of

he hydroxide is estimated using Gibbs free energy minimiza-

ion technique.18 Without specific mention, thermodynamic data
sed for these calculations come from the COACH database
ssociated to the software. By running thermodynamic calcu-
ations using the parameters corresponding to the experimental

F
(

ig. 2. Theoretical partial pressures of silicon hydroxides in function of tem-
erature. Comparison with experiments: dots (50 kPa H2O, at Patm with vgas =
cm s−1).

onditions (temperature, total pressure and H2O partial pres-
ure), a value of the Gibbs free energy of formation of the
ydroxide is selected in order to give the measured partial pres-
ure. The repetition of this procedure for several temperatures
llowed to establish the temperature dependence of the Gibbs
ree energy of formation of the hydroxide in the range from 1000
o 1400 ◦C.

. Assessment of the method on silica

The whole procedure was checked with silica since its equi-
ibrium properties between solid state and gaseous species in

oist environment are already well known.4 For temperatures
anging between 1000 and 1400 ◦C, Si(OH)4 is by far the
ain gaseous silicon bearing species and partial pressures of
iO(OH)2, SiO and SiO2 were assumed to be negligible (Fig. 2).
ig. 3 shows the linear weight loss of silica that increases with

emperature. Its slope corresponds to the volatilisation rate kl
f the solid oxide. These volatilisation rates appear one order
f magnitude higher than those reported in literature.19 This
ig. 3. Weight losses during volatilisation of SiO2 at different temperatures
under corrosion at 50 kPa H2O, at Patm with vgas = 5 cm s−1).
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ate to the hydroxides partial pressures are different. However
ach kind of experiment, in condition of thermodynamic equi-
ibrium, the hydroxides partial pressures, over the solid surface,
re always identical (this has been checked in our work, during
he validation procedure, but not explained in a publication).

The volatilisation process is an interfacial phenomenon, ther-
ally activated. The activation energy is thus deduced from the
rrhenius law. From these experiments, the estimated activa-

ion energy value around 56 kJ mol−1 is in good agreement with
hose in the literature (61 ± 8 kJ mol−1).12,19 The partial pres-
ure of Si(OH)4 is calculated from Eq. (4) and then compared
ith the partial pressure calculated by running minimization of

he Gibbs free energy of the chemical system with parameters
orresponding to the experimental parameters. The Gibbs free
nergy of formation of silicon hydroxides comes from ref. 16. A
ood agreement between experimental and calculated equilib-
ium hydroxide partial pressures over SiO2 is therefore obtained
Fig. 2). The deviation between these two values is less than
0%. The experimental approach can be reasonably considered
s accurate and the following main assumptions are validated:
he environmental conditions used in the furnace allow thermo-
ynamic equilibrium to be reached along the sample surface
rea, and the limiting step in the volatilisation process leads to
quilibrium vapor by a mainly convective flow.

. Reactive volatilisation of yttria

In order to assess the thermodynamic parameters of YOOH
nd Y(OH)3, an overview of Y-containing gaseous and solid
pecies has to be done and their associated thermodynamic data
re compiled.

With regard to gaseous species, the vaporization of Y2O3
as already been studied in dry air by mass spectrometer cou-
led with a Knudsen cell. This method revealed the formation of
O, Y2O, Y2O2. Though not experimentally observed, the exis-

ence of YO2 molecule was deduced by analogy with rare earth
ompounds.20–23 Their thermodynamic data were gathered in
he COACH database.18

The most recent modelling of the yttrium–oxygen system was
ealised by Djurovic et al.24 Contrary to the first thermodynamic
valuations of the Y–O system,25–28 Djurovic et al. take into
ccount the gaseous and liquid phases and the two polymorphic
hases of Y and Y2O3. In the working temperatures ranging
etween 1000 and 1400 ◦C, �-Y2O3 (C-type Y2O3) is the most
table phase to consider in calculations (Eq. (5)).24

◦G (J mol−1) = −1 976 462 + 731.6512T − 121.881T

ln T − 0.005060T 2 + 1 090 000T−1 − 1.3 × 107T−2 (5)

reliminary thermodynamic calculations showed that YO2 is the
ain Y-bearing gaseous species in equilibrium with �-Y2O3

n dry air. Partial pressures around 10−9 and 10−12 atm were
espectively calculated at 1400 and at 1100 ◦C.
The system Y–O–H has not been yet investigated. The above-
escribed procedure was then applied to estimate the Gibbs free
nergy of formation of yttrium hydroxide. For that purpose, the
olatilisation rate of Y2O3 in a moist environment at high tem-

A
w
t
i

ig. 4. Volatilisation rate of Y2O3 in function of gas velocity (under corrosion
t 1200 ◦C, in air with 50 kPa H2O, at Patm) (if not visible, uncertainties are
idden in the size of the dots).

eratures was determined. With respect to Eqs. (6) and (7), two
aseous species YOOH and Y(OH)3 are formed when yttria is
n contact with water vapor at high temperature.

2O3 + 3H2O → 2Y(OH)3 (6)

2O3 + H2O → 2YOOH (7)

irst of all, it appears important to check that the thermodynamic
quilibrium is always reached between this poorly known com-
ound and the gaseous phase. According to Eq. (4), the linear
ependence of the vaporization rate with the flow rate over the
ellet was first checked. So the entrainment of the equilibrium
apor by convection remains the limiting step in the volatil-
sation process. Thus, volatilisation tests were carried out at
200 ◦C in air with 50 kPa of water at atmospheric pressure,
nder different flowing gas velocities. The volatilisation rates
ere deduced from the slope of the experimental straight line

orresponding to the weight loss/surface ratio as a function of
ime. Then, the values of rates were plotted in function of the
as velocity (Fig. 4). The proportionality relation is verified in
he range of gas velocity considered. A straight line through the
rigin is obtained, as expected (Eq. (4)). The thermodynamic
quilibrium appears to be reached whatever the gas velocity and
he same value of partial pressure of the gaseous volatile species
ver Y2O3 is deduced from the slope. Consequently, in order
o be at the thermodynamic equilibrium with convective flows
nd to limit the interaction with Al(OH)3 from the furnace tube
whose formed quantities are logically proportional to the gas
elocity), a working gas velocity of 5 cm s−1 is chosen.

Further, volatilisation tests are done at different temperatures
n air with a water partial pressure of 50 kPa at atmospheric
ressure under a gas velocity of 5 cm s−1. The variations of the
atio between the weight change and the surface of the pellet
s a function of time are shown at different temperatures in
ig. 5. The weight loss is linear with time and increases with

emperature. The volatilisation rates kl deduced from the slope
f the linear curves (Fig. 5) are gathered in Table 1. Using an

rrhenius plot, the thermoactivation of the reaction of Y2O3
ith moisture reveals a discontinuity at 1200 ◦C (Fig. 6). For

emperatures below 1200 ◦C, the value of activation energy
s around 41 ± 1 kJ mol−1, against around 175 ± 10 kJ mol−1,
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Fig. 5. Weight losses as a function of time during volatilisation of Y2O3 at differ-
ent temperatures (under corrosion at 50 kPa H2O, at Patm with vgas = 5 cm s−1).

Table 1
Volatilisation rates of Y2O3 (determined for the following conditions: 50 kPa
H2O, Patm, vgas = 5 cm s−1).

Temperature kl (mg cm−2 h−1)

1000 ◦C, 1273 K 0.0122 ± 0.0003
1100 ◦C, 1373 K 0.0162 ± 0.0001
1200 ◦C, 1473 K 0.0208 ± 0.0003
1
1
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Fig. 7. Determination of the nature of the gaseous species at 1000, 1200 and
1 ◦
v
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300 ◦C, 1573 K 0.051 ± 0.001
400 ◦C, 1673 K 0.12 ± 0.02

bove 1200 ◦C. This last value is much higher than that corre-
ponding to the volatilisation of silica (61 ± 8 kJ mol−1).12,19 At
igh temperatures (>1200 ◦C), yttrium hydroxides appear more
ifficult to form than Si(OH)4.

This behaviour is indicative of a change in the volatilisation
echanism. Two domains of reactivity were thus assumed to

ake place according to temperature. They were associated with
change of the hydroxide species formed.

Now, it appears important to determine the nature of the dif-
erent gaseous species, through experiments under various water

apor pressures. In fact, the (oxy-)hydroxides partial pressures
epend on the water partial pressures according to Eqs. (6) and
7) (Eq. (8)). The (oxy-)hydroxide pressure PM–OH, which cor-
esponds to the sum of the partial pressures of YO2, YOOH and

ig. 6. Determination of the apparent kinetic laws of Y2O3 volatilisation by
eaction with H2O (with kl in mg cm−2 h−1) (uncertainties are in dots at low
emperatures).
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E

400 C through the extraction of the reaction order associated to H2O (Patm,

gas = 5 cm s−1) (with P in Pa) (if not visible, uncertainties are hidden in the
ize of the dots).

(OH)3, is calculated from Eq. (4) and take into account the
xperimental gas flow velocity.

= PM–OH

P
y
H2O

⇒ ln PM–OH = ln K + y ln PH2O (8)

s a consequence, plotting ln P(Y–OH) versus ln P(H2O), a
lope equal to 1.5 is expected for the formation of Y(OH)3 (Eq.
6)), whereas a slope equal to 0.5 would be obtained for the
ormation of YOOH (Eq. (7)).

Further volatilisation tests were carried out at different tem-
eratures in air with different water partial pressures ranging
rom 17 to 65 kPa at atmospheric pressure, with a gas flow veloc-
ty of 5 cm s−1. As expected, the yttria volatility rate increases
n function of moisture content. Three different slope values
qual to 0.87, 1.19 and 1.41 were respectively measured at
000, 1200 and 1400 ◦C respectively (Fig. 7). From these results,
ormation of YOOH is expected to take place mainly at low
emperature, whereas Y(OH)3 should be the high temperature
ydroxide species. Moreover, the slopes increase with temper-
ture, that means that the proportion of Y(OH)3 raises with
emperature at the expense of YOOH. The change of the nature
f the main volatile gaseous species (YOOH or Y(OH)3) has
o be related to the slope fracture shown in Arrhenius graph at
200 ◦C (Fig. 6). For temperatures lower than 1200 ◦C, the pre-
ominant gaseous species is YOOH. For temperatures higher
han 1200 ◦C, Y(OH)3 becomes the major species. Moreover
or temperatures upper than 1300 ◦C, Y(OH)3 can be assumed
o be the only volatile gaseous species since the partial pressure
f YOOH is comparatively negligible.

. Free energy of formation of yttrium (oxy-)hydroxides

The above-described approach based on the measurement
f the partial pressures was used to determine the Gibbs free

nergy of formation of the yttrium hydroxides. These partial
ressures are estimated from the apparent volatilisation kinetic
aw obtained with a water partial pressure of 50 kPa (Fig. 6 and
q. (4)).
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as Y(OH)3. Respectively, the theoretical predictive methods are
developed for estimating the bond energies and free energy
functions of volatile species, in order to extend knowledge of
the mechanism and extent of steam-accelerated volatilisation
ig. 8. Variation of the Gibbs free energy of formation of YOOH and Y(OH)3

s a function of temperature.

In our study, two domains of temperature can be distin-
uished: the first one higher than 1300 ◦C, where Y(OH)3 is
he predominant species and the second one at temperatures
ower than 1200 ◦C, where a mixture of YOOH and Y(OH)3 is
resent. First the Gibbs free energy of formation of Y(OH)3 is
etermined in the high temperature domain where two yttrium
earing species have to be considered: Y(OH)3 and YO2 (Eq.
9)). This last species is the predominant species formed in dry
ir atmosphere.

exp = PY(OH)3 + PYO2 (9)

he variations of Gibbs free energy of Y(OH)3 formation
etween 1300 and 1400 ◦C were determined according to the
bove-described procedure from measurements of volatilisation
ates carried out at 1300, 1350 and 1400 ◦C. A temperature
ependent equation is extracted from the as determined date
Fig. 8). Extrapolation of this equation in the low temperature
omain allowed to calculate the equilibrium partial pressures of
(OH)3 below 1300 ◦C. Consequently the equilibrium partial
ressures of YOOH were deduced (Eq. (11)). The same proce-
ure was applied at 1000, 1100 and 1200 ◦C and a temperature
ependant equation was obtained in the low temperature domain
Fig. 8).

exp = PY(OH)3 + PYO(OH) + PYO2 (10)

he temperature dependence equation of Gibbs free energy of
ormation of Y(OH)3 and YOOH is respectively given by Eqs.
11) and (12):

�GY(OH)3 = 1.1799999999 × 10−2T 2

−5.756228 × 102T − 9.574324178 × 105 (11)

GYOOH = 1.135T 2 − 3.13381 × 103T − 9.75679715 × 105

(12)

artial pressures of Y(OH)3, YOOH and YO2 in equilibrium
ith Y2O3 were then calculated by Gibbs free energy mini-

ization (Fig. 9). Their variations are in agreement with the

xperimental observations, and confirm the negligible level of
OOH partial pressures in the range of temperatures upper than
200 ◦C.

F
t
1
(
t

ig. 9. Partial pressures of Y(OH)3, YOOH and YO2 over Y2O3 at equilibrium
n a moist environment (calculated with the assessed thermodynamic data of
(OH)3 and YOOH) (PAr = 40 kPa, PO2 = 10 kPa, PH2O = 50 kPa).

In order to check that the thermodynamic parameters are
orrect for different water partial pressures, the equilibrium
-containing gaseous species partial pressures obtained exper-

mentally (points) and those estimated by thermodynamic
alculations (line) are compared at 1000, 1200 and 1400 ◦C for
H2O ranging from 17 and 65 kPa (Fig. 10). The good agreement
etween experience and theory allows validating our method and
he accuracy of the assessed thermodynamic data.

. Discussion

Moreover, these results can be compared with literature. By
rikorian,29 the experimental and theoretical approaches were

ealised at high temperatures and at high pressure, 100 atm, in
team with a very low oxygen content, 10−2 atm. In such con-
itions, the considered main gaseous formed species over Y2O3
s Y(OH)3. At high total pressure, the produced gaseous species
lways leads to a decrease of the total number of gaseous moles,
ig. 10. Comparison of P(Y–OH) between calculations (line) (from assessed
hermodynamic data) and experience (dots) from volatilisation tests at 1000,
200 and 1400 ◦C under a moist environment (Ptot = 100 kPa, vgas = 5 cm s−1)
if not visible, uncertainties on the experimental results are hidden in the size of
he dots).
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rocesses. Using these data, the calculated hydroxides partial
ressures are lower than those experimentally estimated from
ur experimental procedures. However, it is clearly mentioned
y Krikorian that in most cases the combined presence of steam
nd oxygen gives rise to a greater increase in metal oxide volatil-
ty than the presence of steam alone.29

Through works about vapor transport of fission products
nder nuclear accident conditions by Cubicciotti,30 the metal
xide volatility has been quantified in H2O and H2 gas flows,
nder high pressures, 3 and 170 atm, at high temperatures. In
his work, only hydroxides species are again considered (no
xy-hydroxides). In the divers atmospheres characterized by dif-
erent H2/H2O ratios, the hydroxide (Y(OH)3) partial pressures
emain much lower than those estimated in our conditions, with

2/H2O mixtures. In H2/H2O mixtures, these pressures depend
ot only the temperature but on the partial pressures of reactive
as, H2 and H2O, in the system.

Our work has not to be opposed to these results, but is a
omplement in oxidizing and moist environments. In this kind
f environment, the mechanisms involved in the formation of
xy-hydroxides and hydroxides should be more complex.

. Conclusion

The kinetics study of yttrium sesquioxide volatilisation in a
oist environment enabled us: (i) to determine the activation

nergy of this reactive volatilisation, (ii) to identify the nature
f the volatile (oxy-)hydroxides formed as a function of tem-
erature and to propose a volatilisation mechanism in function
f temperature, and (iii) to assess the Gibbs free energies of
(OH)3 and YOOH formation.
Further works will be devoted to the determination of the

hemical and thermal stability of other rare earth oxides and
hen to the quantification of the stability of the Y2O3–SiO2 and

2O3–Al2O3 systems. This work will be used to understand
he stability of yttrium silicates higher than silica. It will be
roved that this higher stability is linked to the decrease of one
agnitude order of the silica activity in yttrium silicates.
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