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a b s t r a c t

The vaporization of Al–Dy–O mixtures has been investigated by the Knudsen effusion mass spectrometry
technique. The saturated vapor has been found to consist of the atoms Al, O and the molecules AlO, Al2O,
DyO. At the initial stage the vaporization of Dy2O3 and Al2O3–Dy2O3 mixtures was found to be incongruent
and accompanied by some loss of oxygen. An attainment of congruently vaporizing composition and
equilibrium state takes quite a long time. The activities of binary oxides have been measured at T = 2130 K.
eywords:
l2O3–Dy2O3

owders–gas phase reaction
hemical properties
amp envelopes
aporization

The Gibbs energies and enthalpies have been derived for formation of the compounds Dy4Al2O9, DyAlO3

and Dy3Al5O12 from sesquioxides.
© 2011 Elsevier B.V. All rights reserved.
nudsen effusion mass spectrometry

. Introduction

Alumina–lanthanide oxide systems (Al2O3–Ln2O3) are used in
roduction of high quality alumina-rich glass and ceramics. To
ssess the thermodynamic stability and reactivity of these systems
nder various preparation, processing and operational conditions
consistent set of thermodynamic properties is required. Avail-

ble information refers primarily to phase diagram characterization
nd solid phase equilibria study. Schneider et al. [1] reported on
he existence of various compounds (perovskites, garnets and of
ther types) in Al2O3–Ln2O3 systems by X-ray diffraction tech-
ique. The systematic phase diagram characterization by X-ray
nd thermal analysis was undertaken in a series of works of
izuno et al. (see, e.g. [2]). Wu and Pelton [3] carried out a criti-

al assessment of the Al2O3–Ln2O3 systems through the technique
f coupled thermodynamic-phase diagram analysis and calcu-
ated thermodynamic properties (enthalpies and entropies) of the

arious compounds and of the liquid oxide solutions as well as opti-
ized phase diagrams. Le Floch et al. [4] reported on metastable

olidification of Ln3Al5O12 (Ln = Dy, Lu) garnets examined by differ-
ntial thermal analysis (DTA). Gervias and Douy [5] reinvestigated
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E-mail address: T.Markus@fz-juelich.de (T. Markus).

1 On leave from Ivanovo State University of Chemistry and Technology, prosp.
ngelsa 7, 153000 Ivanovo, Russia.

925-8388/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.01.166
solid phase transformation and melting of Ln4Al2O9 (Ln = Gd, Dy)
compounds by DTA and dilatometry. Solution calorimetry (SC) was
applied to study the thermodynamics of phase equilibria for LnAlO3
perovskites and Ln3Al5O12 garnets in the investigation of Kanke and
Navrotsky [6] and Cordfunke et al. [7]. Recently a new approach
based on Pauling’s concept of electronegativity was developed by
Voňka and Leitner [8] for evaluation of the formation enthalpies of
the Ln4Al2O9, LnAlO3, and Ln3Al5O12 compounds.

Until now information on the thermodynamic activities of
sesquioxides in the systems at high temperatures is miss-
ing. Such information is of particular significance in simulating
the high pressure discharge metal halide lamps, in which the
Al2O3–Ln2O3 systems are applied as sealing glasses. The formation
of Ln–Al–oxide species occurs in the lamps due to corrosive reac-
tions between the salt filling inside the discharge vessel and the
burner wall made from alumina [9]. Technologically DyI3 is among
the most frequently used salts.

The phase diagram of the Al2O3–Dy2O3 system is shown in
Fig. 1. Knowledge on thermodynamic properties of the compounds
Dy4Al2O9, DyAlO3, Dy3Al5O12 formed in this system is scanty and
contradictory so far. Enthalpies of formation of these compounds
were extensively studied by the two groups [6,7] with the use

of SC technique. However these results are in conflict with each
other.

The purposes of the present study are the measurements of indi-
vidual oxide activities in alumina–dysprosia (Al2O3–Dy2O3) system
and the determination of Gibbs energies of formation of compounds

dx.doi.org/10.1016/j.jallcom.2011.01.166
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:T.Markus@fz-juelich.de
dx.doi.org/10.1016/j.jallcom.2011.01.166
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automatic infrared digital pyrometer (Dr. Georg Maurer GmbH, Kohlberg, Germany)
which was calibrated against the melting points of silver, gold, and nickel was used
for temperature measurements. The accuracy of the temperature measurement is
considered to be within ±10 K. The electron energy scale was calibrated against the
first ionization energies of pure metals [11].
Fig. 1. Phase diagram of Al2O3

rom sesquioxides in the crystal phase by Knudsen effusion mass
pectrometry (KEMS).

. Experimental

.1. Sample preparation and characterization

The starting materials used were dysprosium oxide (purity 99.9%, Rhone
oulenc, France) and aluminum oxide (high purity alumina, Baikowski, USA). Before
se first these materials were dried at 800 ◦C for 16 h in air. To synthesize Dy4Al2O9,
yAlO3, and Dy3Al5O12 mixtures the starting materials with the wanted stoichiom-
try were ground in heptane for 30 min in an agate ball mill, decanted, dried and
refired at 1400 ◦C in alumina crucibles for 2 h in air. Subsequently, the prefired
owders were milled again in heptane and fired for a second time at 1600 ◦C in
lumina crucibles for 6 h. This last milling and firing step were repeated.

The fired materials were analyzed with X-ray diffraction (XRD) to identify the
rystalline phases. The measurements were performed with a PANalytical X’Pert Pro
PD diffractometer, equipped with a Cu X-ray source and an X’Celerator detector.

In sample Dy3Al5O12 no other phase than Dy3Al5O12 could be detected. In sample
y4Al2O9, besides the major phase Dy4Al2O9, a trace of DyAlO3 was detected. Sample
yAlO3 contained the major phase DyAlO3 and traces of Dy3Al5O12, Dy4.67(SiO4)3O
nd Dy4.8Si2.8Pb0.2O13 phases. The contamination with silicon oxide could be
xplained because grounding was performed in agate.

For the vaporization experiments mixtures of the synthesized dyspro-
ium aluminum oxides were used. These mixtures of Dy2O3–Dy4Al2O9 (1/1),
y4Al2O9–DyAlO3 (1/3), DyAlO3–Dy3Al5O12 (4/1) and Dy3Al5O12–Al2O3 (1/4) were
repared by means of milling in heptane for 30 min in agate.

Upon annealing the samples in vacuum at the temperatures lower than exper-
mental ones the silicate-containing impurities were completely removed. As an
vidence for this conclusion, Fig. 2 represents the XRD patterns of the synthesized
yAlO3 before annealing (a) and of the quenched mixture (42 mol.% Al2O3) (b).

.2. KEMS measurements

The vaporization experiments were carried out by using a substantially modified
agnetic sector field single-focusing mass spectrometer of the type CH5 (supplied

y Varian MAT Bremen, Germany) equipped with a Knudsen cell assembly. Knudsen
ells made of tungsten and lined completely with iridium were used. The Knudsen
ell is heated by electron bombardment and the vapor effusing through a channel
ype orifice (diameter: 0.3 mm) was ionized by electron impact. The ions produced

ere accelerated under a negative potential of 6000 V. The ion intensities were mea-

ured by secondary electron multiplier, Faraday cap or a counting system, depending
n the ion intensity. More details about the instrument are given elsewhere [10]. For
onizing the vapor species, electrons with an emission current of 200 �A and with
n energy of 27 eV were used. The temperature of the Knudsen cell was measured
n a blackbody hole located close to and below the bottom of the Knudsen cell. An
3 system (taken from Ref. [3]).
Fig. 2. XRD patterns of DyAlO3 sample before HTMS experiment (a) and of the
quenched mixture (Al2O3)0.42–(Dy2O3)0.58 after the experiment (b).



6186 V.B. Motalov et al. / Journal of Alloys and Compounds 509 (2011) 6184–6189

Table 1
Ion species registered in mass spectra and appearance energies, AE (eV).a

Al2O3 Al+ (5.7), O+ (13.7), AlO+ (9.8), Al2O+ (7.9)
Dy2O3 Dy+ (6.1), O+ (13.8), DyO+ (6.2), Dy++

b + + + + 8.1), Dy+ (6.0), DyO+ (6.0), Dy2+

as not investigated for Dy2+ due to low peak intensity.
x–(Dy2O3)1−x system (x = 0.42, 0.56); the appearance energies were measured for x = 0.42.
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Al2O3–Dy2O3 Al (6.2), O (13.9), AlO (10.0), Al2O (

a The uncertainties in AE values are assessed to be ±0.5 eV. Ionization efficiency w
b The ion species listed are the same for both studied compositions of the (Al2O3)

. Results and discussion

.1. Mass spectra and vapor composition

In the electron-impact-ionization mass spectra the ions listed
n Table 1 have been detected in the temperature ranges of
968–2238 K (Al2O3), 1951–2290 K (Dy2O3), and 2037–2210 K
Al2O3–Dy2O3 system). As one can see, the mass spectrum in the
ase of the system Al2O3–Dy2O3 was qualitatively the combination
f those of individual oxides. No evidence of presence of hetero-
omplex ions (for instance, DyAlO+) in the mass spectrum of the
ystem was obtained. The ion species in the mass spectrum of pure
l2O3 are in agreement with the data of earlier mass spectrometric
tudies [12–19]. In Refs. [13,17–19] it is reported on the detection of
l2O2

+ and AlO2
+ ions at temperatures higher than ours. The mass

pectrum of pure Dy2O3 agrees with those reported earlier [20–22],
or other lanthanide sesquioxides. In these spectra the Ln+, LnO+

ons are predominant.
Ion attribution to the neutral precursors was done by analysis

f the ion appearance energies (Table 1) determined by the linear
xtrapolation method of the near-threshold segments of the ion-
zation efficiency curves (IEC). The appearance energies of ions in

ass spectra of pure oxides agree within the error of measurement
ith the results [12,13,15–19,23] of the earlier mass spectromet-

ic determinations. The AE values are seen to be close for the pure
xides and the system and indicate that at low electron energies
ll the ions detected are parent ions produced by direct ioniza-
ion of the respective atoms (Al, O, Dy) and molecules (AlO, Al2O,
yO). In addition, no obvious breaks indicating fragmentation con-

ributions at higher ionizing electron energy were revealed from
EC’s shape analysis. Thus one can neglect the dissociative ioniza-

ion of polyatomic species for both the pure oxides and the system.
n order to check this conclusion for the energy of 27 eV used in
he present study, an experiment with vaporization of pure Al2O3
nder reducing conditions (when adding a small quantity of Ta to
he sample) was performed. Figs. 3 and 4 respectively show the

Fig. 3. Ion current ratios on
Fig. 4. Equilibrium constant expressed by ion currents for the reaction
Al2O(g) = Al(g) + AlO(g).

comparison of ion current ratios and equilibrium constants of the
gas-phase reaction Al2O = Al + AlO expressed by ion currents mea-
sured under neutral and reducing conditions. It can be seen that in
spite of considerable differences between the ion current ratios in

the neutral and reducing vaporization conditions (about 3, 2.5 and
9 times for Al+/AlO+, Al+/Al2O+ and AlO+/Al2O+, respectively) the
values of equilibrium constant remain practically unchanged thus
confirming the fragmentation to be negligible.

vaporization of Al2O3.
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Table 2
Activity, aa, of individual sesquioxides in (Al2O3)x–(Dy2O3)1−x system and Gibbs
energy of formation, −�oxG◦ (kJ mol−1)a, of mixed compounds from sesquioxides
at 2130 K.

Property Reaction Composition

x = 0.42 x = 0.56

ai

i = Al2O3 (1) 0.039 ± 0.008 0.233 ± 0.047
(2) 0.029 ± 0.009 0.243 ± 0.073
Average 0.034 ± 0.006 0.238 ± 0.040

i = Dy2O3 (3) 0.100 ± 0.020 0.011 ± 0.002
−�oxGo

i
i = Dy4Al2O9 141.4 ± 10.6
i = DyAlO3 50.3 ± 3.5 52.6 ± 3.5

denote the measurements made in the system and in the pure
ig. 5. Temperature dependences of ion currents (cooling and heating cycles are
hown with arrows above an below points, respectively).

.2. Attainment of the equilibrium

The temperature dependences of ion currents in the case of pure
esquioxides are shown in Fig. 5. It can be seen that the ion cur-
ents in the experiment with Al2O3 are well reproducible in the
ooling–heating cycles. In contrast, the temperature dependence
or Dy2O3 is of hysteresis type. This observation compelled us to
uspect that there are some difficulties for equilibrium attainment
ithin a Knudsen cell.

To study the possible changes in ion currents with time for
ach composition of the (Al2O3)x–(Dy2O3)1−x system (x = 0.42,
.56) and for pure sesquioxides, long-term isothermal vaporiza-
ion runs were carried out at T = 2130 K (Fig. 6). The instrument
as allowed to stabilize for ∼1 h before the initial ion current
easurement. The fluctuations in the temperature over the isother-
al runs were no more than ±1 K. Vaporization of pure Al2O3
as carried out before and after every long-term isothermal run

n order to ensure the reproducibility of sensitivity. It can be
een that in the case of Dy2O3 and the Al2O3–Dy2O3 system, the
on currents change drastically at the initial vaporization stage,
hereas those in the case of Al2O3 demonstrate constancy with
ime. An apparent steady-state, which may be characterized as
ongruent vaporization, is achieved in quite long time intervals:
bout 6 h for Dy2O3 and at least 30 h for the Al2O3–Dy2O3 sys-
i = Dy3Al5O12 183.2 ± 14.2

a The overall uncertainty given with ‘±’ sign is estimated on the base of run-to-run
reproducibility (∼5%) of sensitivity constant of our instrument.

tem. At the first stage the vaporization of Dy2O3 and Al2O3–Dy2O3
is incongruent with high fraction of oxygen in the vapor, which
decreases with time. The other ion currents stay almost constant
(Dy2O3) or change at opposite trend with I(O+) after going through
a minimum (Al2O3–Dy2O3). The observed changes reflect a gradual
approach to congruently vaporizing composition. The formation of
the congruently vaporizing oxygen-deficient phases R2O3−ı (R is
lanthanide) with a small extent of deviation from stoichiometry
(ı ∼ 0.005–0.02) under the conditions of high temperature vapor-
ization in vacuum was reported earlier [22]. Since our XRD results
did not reveal any new phases in the samples after vaporization
within the sensitivity limits (see Section 2.1), the changes in ion
currents observed may be attributed similarly to the defect for-
mation process. Another reason, which might explain the initial
evolution of ion currents, stems from an expected aging of the sam-
ples at early stages of sintering like for instance rapid reaction of
smaller particles and their disappearance as well as evolution of
the reactive surfaces [24].

To examine an attainment of equilibrium at different stages
of isothermal vaporization the equilibrium constant K of the gas
phase reaction Al2O(g) = Al(g) + AlO(g) was calculated and plotted
in Fig. 7 as a function of time. One can see that in each run with
the system a strong deviation of K at the initial vaporization stage
is observed. Eventually the values of K approach within the exper-
imental errors to that measured for Al2O3 thus demonstrating that
the steady-state stages of isothermal evaporation are equilibrium
ones. Additional evidence to this inference is provided in the next
section.

3.3. Thermodynamic properties

The activities of Al2O3 and Dy2O3 in the Al2O3–Dy2O3 system at
2130 K were derived considering the following reactions:

[Al2O3] + Al = 3AlO, aAl2O3
= I3

s (AlO+)/Is(Al+)

I3
o(AlO+)/Io(Al+)

; (1)

[Al2O3] + Al2O = 4AlO, aAl2O3
= I4

s (AlO+)/Is(Al2O+)

I4
o(AlO+)/Io(Al2O+)

; (2)

[Dy2O3] + Dy = 3DyO, aDy2O3 = I3
s (DyO+)/Is(Dy+)

I3
o(DyO+)/Io(Dy+)

. (3)

(Crystal state is denoted by brackets; the symbols ‘s’ and ‘o’
oxides, respectively.) Oxygen-containing reactions were not used
for the activity evaluation due to significant interfering background
ion currents at m/e = 16. The activities, a, are listed in Table 2. The a
values for Al2O3 obtained from reactions (1) and (2) agree well.
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Fig. 6. Time dependencies of ion currents in long-term isothermal experiment

According to the phase diagram (Fig. 1) the individual crys-
al compounds are present in the (Al2O3)x–(Dy2O3)1−x system at
130 K: Dy4Al2O9 (x = 0.42), DyAlO3 (x = 0.42, 0.56) and Dy3Al5O12
x = 0.56). To calculate the Gibbs energies for the formation of these
ompounds from sesquioxides the following solid-state reactions
ere considered:

l2O3 + 2Dy2O3 = Dy4Al2O9, �oxGo
T

= RT ln(aAl2O3
· a2

Dy2O3
); (4)

.5Al2O3 + 0.5Dy2O3 = DyAlO3, �oxGo
T

= RT ln(a0.5
Al2O3

· a0.5
Dy2O3

); (5)

.5Al2O3 + 1.5Dy2O3 = Dy3Al5O12 (6), �oxGo
T

= RT ln(a2.5
Al2O3

· a1.5
Dy2O3

). (6)
The results are listed in Table 2. It can be seen that the Gibbs
nergies of DyAlO3 determined from measurements in the different
elds of the phase diagram (x = 0.42, 0.56) are in good agreement
hus supporting the inference made above on the correspondence
f the steady-states of vaporization to the equilibrium ones.
aporization of pure sesquioxides and (Al2O3)x–(Dy2O3)1−x system (T = 2130 K).

The Gibbs energies resulted as (kJ mol−1): −141.4 ± 10.6
(Dy4Al2O9), −51.5 ± 2.5 (DyAlO3) and −183.2 ± 14.2 (Dy3Al5O12)
do not contradict the respective values −134.0, −56.7 and −211.5
evaluated for T = 2130 K from the enthalpies and entropies assessed
by Wu and Pelton [3], which were considered to be tem-
perature independent. In order to compare our results with
the literature data [3,6,7] on formation enthalpies of the com-
pounds from sesquioxides we derived �oxH values from the
Gibbs energies determined using the entropies from Ref. [3]. The
enthalpies are compared (Table 3) under assumption [3,8] that
�oxH(T) = �oxH(298.15). It should be noticed that the heat capac-
ities of the Dy4Al2O9, DyAlO3 and Dy3Al5O12 compounds were
measured by Cordfunke et al. [7] in the temperature range of
10–930 K. However we did not use these data for reducing our high
temperature enthalpies to T = 298.15 K due to the large extrapola-
tion involved on the one hand, and poor reliability of the data [7],
on the other hand (see discussion below).

It can be seen from Table 3 that in case of Dy4Al2O9 and DyAlO3
the enthalpies of different authors agree satisfactorily except for

the data [7], which are systematically higher in absolute value for
all the compounds under consideration. It is noteworthy that (1)
the data of Refs. [6,7] were obtained by the same method (solu-
tion calorimetry) but with different solvents; (2) the data of Ref.
[8] based on Pauling’s concept of electronegativity were fitted to
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Table 3
Enthalpies of formation of mixed compounds from sesquioxides, −�oxH◦

(kJ mol−1).a

Ref., method Dy4Al2O9 DyAlO3 Dy3Al5O12

This work, KEMS 87.5 ± 10.6 24.1 ± 2.5 162.6 ± 14.2
Kanke and Navrotsky [6], SC 21.4 ± 2.2 97.7 ± 6.2
Cordfunke et al. [7]b, SC 228.5 ± 7.5 91.0 ± 7.8 219.4 ± 10.9
Wu and Pelton [3], assessment 80.1 29.3 190.9
Voňka and Leitner [8], estimation 75.7 28.4 106.5

a The errors are overall uncertainties (this work, Ref. [7]) or standard deviations
(Ref. [6]).

b The standard formation enthalpies �fH◦ (298.15 K) [7] of the compounds were
combined with �fH◦ (Al2O3, cr, 298.15 K) = −1675.7 ± 1.3 kJ mol−1 (Ref. [25]) and
�fH◦ (Dy2O3, cr, 298.15 K) = −1863.4 ± 5.0 kJ mol−1 (Ref. [26]) in order to derive the
�oxH◦ values.
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ig. 7. Time dependencies of equilibrium constant K expressed by ion currents of
he reaction Al2O(g) = Al(g) + AlO(g) (T = 2130 K).

xperimental values of Ref. [6] and therefore cannot be considered
s truly independent ones. The formation enthalpies of Dy3Al5O12
re scattered in the range of about 120 kJ mol−1 with our value of
162.6 kJ mol−1 falling in its middle.
. Conclusions

Vaporization processes in Al–Dy–O mixtures have been inves-
igated by the Knudsen effusion mass spectrometry technique for
he first time. The saturated vapor has been found to consist of

[
[
[

[

ompounds 509 (2011) 6184–6189 6189

the atoms Al, O and molecules AlO, Al2O, and DyO. At the ini-
tial stage the vaporization of Dy2O3 and Al2O3–Dy2O3 system is
incongruent and accompanied by some loss of oxygen. An attain-
ment of congruently vaporizing composition and equilibrium state
takes quite a long time. Thermodynamic treatment of the data
is based on the approach [22] that slight deviation from stoi-
chiometry due to oxygen deficiency does not affect significantly
the thermodynamic characteristics. The activities of binary oxides
have been measured in the (Al2O3)x–(Dy2O3)1−x system (x = 0.42,
0.56) at T = 2130 K. The Gibbs energies and enthalpies have been
calculated for reactions of formation of the mixed compounds
Dy4Al2O9, DyAlO3 and Dy3Al5O12 from the constituent sesquiox-
ides.
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