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Abstract

The paper deals with the synthesis and characterisation of binary aluminate glasses in the La2O3–Al2O3 system with Al2O3 contents changing

between 74.6 and 86.9 mol% (48–65 wt.%), and of ternary glasses with 75.7 mol% Al2O3 doped with 1 mol% of Nd2O3 or Er2O3. Six binary and

two ternary compositions were prepared. Flame synthesis facilitated the preparation of X-ray amorphous microspheres in the systems with 58 wt.%

Al2O3, and with eutectic composition in the pseudobinary LaAlO3–LaAl11O18 system doped with Er. Other systems contained low fractions of

crystalline LaAlO3 perovskite, regardless of the composition. The diameter of prepared microspheres ranged between 2 and 10 mm. They were

transparent for visible light, as well as in the IR wavenumber range from 1300 to 4000 cm�1.
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1. Introduction

Aluminate glasses with high alumina contents are expected to

exhibit outstanding mechanical and optical properties, especially

hardness, high refraction index, transparency in IR region and

high chemical resistance, which are comparable to single crystal

sapphire [1]. However, the preparation of such glasses is usually

difficult due to high melting temperatures, often approaching to

2000 8C, and high tendency to crystallization. High cooling rates

up to 103 K s�1 are, therefore, required for their successful

preparation [2]. The preparation and structure of binary and

ternary glasses with high alumina contents have been dealt with

in several published works, and successful preparation of glasses

in the Al2O3–CaO [3], Al2O3–SiO2 [4], Al2O3–Re2O3, where

Re = La, Y, Yb, Nd [4,5] and Al2O3–Re2O3 (Re – Y, La, Gd)

systems [2] has been reported. The structure of Nd2O3 doped

silica and La2O3 + Y2O3 + Al2O3 glasses was studied and

described by Benmore et al. [6].

For the preparation of such glasses whole range of techniques

were described in literature. Their common features are high

melting temperatures and the possibility to achieve high cooling

rates. Aronne et al. [7] prepared the lanthanum–aluminosilicate
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glasses by melting the glass batch in a platinum crucible in an

electrically heated furnace. The melt was quenched by

immersing the crucible into cold water. Similar method could

be also used for the preparation of lanthanum–aluminphosphate

glasses [8], as well as for the ternary Re2O3–Al2O3 glasses with

5–30 mol% SiO2 addition [4], where the presence of SiO2 and

P2O5 enhances glass forming ability and stability of prepared

glasses. More sophisticated methods with extremely high

cooling rates are required especially in case of binary aluminate

glasses where the glass forming ability is low. Wilding et al. [9]

prepared sticks with composition identical to crystalline yttrium

aluminium garnet (Y3Al5O12, YAG) by sol–gel method, which

were then melted in oxygen atmosphere in electric arc. Molten

drops were falling through a Pt grid and quenched in water. Other

described methods include splat-quenching [10,11] and contain-

erless melting techniques, where the melt is heated by focused

laser beam whilst kept in levitation by conical-nozzle or aero-

acoustic levitator [12,13]. The flame-spraying synthesis

described by Rosenflanz et al. [2] was applied as a suitable

method for the preparation of aluminate glasses in the form

of microspheres. The crystalline powder precursor was fed into

H2–O2 flame and microscopic drops of melt were quenched

by spraying with distilled water and collected in a separation

tank. The flame synthesis in oxygen–methane flame has

been applied by Prnová et al. [14] for the preparation of binary

yttrium aluminate glasses with high alumina content. Through
d.
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subsequent hot pressing of prepared microspheres at tempera-

tures up to 1600 8C partially or completely crystalline specimens

transparent in IR region and with promising mechanical

properties were prepared [15].

In this work the flame synthesis in oxygen–methane flame

was applied for the synthesis of binary and ternary glasses in the

Al2O3–La2O3 system. The lanthanum-based systems have been

selected due to the fact that voluminous La3+ cations are

expected to stabilize amorphous structure in the prepared

glasses, thus reducing the tendency to crystallization and

improving their glass forming ability in comparison to Al2O3–

Y2O3. Small amounts of Er and Nd were added as potentially

photo-luminescent additives. Basic physical properties of

prepared glasses are reported.

2. Experimental

The compositions of all the prepared systems are

summarised in Table 1. Starting powders for flame spraying

synthesis were prepared with pure oxides (La2O3 – Treibacher

Industrie AG, Austria, Al2O3 – Taimicron TM DAR, Krahn

Chemie GmbH, Germany). Required amount of Al2O3 was

mixed with the lanthanum nitrate solution, which was prepared

by the dissolution of La2O3 in concentrated HNO3. The mixture

was homogenized by ball milling for 2 h. Then, the NH4OH

water solution was added to convert the nitrate to La(OH)3. The

mixture was again homogenized for 4 h to complete the

reaction. After drying under infra-red lamp the powder was

calcined in an electrically heated furnace at 700 8C for 1 h in air

to decompose the nitrates and to convert hydroxides to the

respective oxides. Dried powder was crushed and sieved

through a 100 mm mesh, and then pre-reacted for 4 h at

1600 8C. The powder was then crushed again, sieved through a

42 mm mesh, and fed to the flame. Nd- and Er-containing

precursor powder was prepared in a similar way. Lanthanum

oxide was mixed with the requested amounts of Nd2O3 or Er2O3

and the mixture was dissolved in concentrated HNO3.

Subsequent procedure was identical to the Al2O3–La2O3

system.

Glass microspheres were prepared by flame-spraying

technique. The powder precursor was fed into high-temperature

CH4–O2 flame (T � 2200 8C). Molten particles were sprayed
Table 1

Compositions of prepared systems. The La2O3 content represents the difference

to 100%. The melting temperature Tm is estimated from the phase diagram

La2O3–Al2O3.

Sample Al2O3 Nd2O3 Er2O3 Tm (8C)

mol% wt.% mol% wt.% mol% wt.%

A48L52 74.6 47.9 – – – – 1852

A50L50 76.2 50.0 – – – – 1815

A54L46 79.0 54.1 – – – – 1835

A58L42 81.8 58.4 – – – – 1875

A62L38 83.8 61.8 – – – – 1890

A68L32 86.9 67.5 – – – – 1925

A50L50Nd 75.7 48.9 1.0 2.1 – – –

A50L50Er 75.7 48.8 – – 1.0 2.4 –
with deionised water to ensure required cooling rate and then

collected in sedimentation tank for further separation.

Density of prepared microspheres was determined by liquid

pycnometry with hexamethyldisiloxane as the immersion

liquid. All measurements were carried out at constant

temperature of 20 � 0.01 8C. Basic information on the

morphology of prepared microspheres was obtained by optical

microscope (Nikon ECLIPSE ME 600) in transmitted light at

10–50� magnification. More detailed information was

obtained by SEM (ZEISS EVO 40 scanning electron

microscope) at accelerating voltage 20 kV. For the SEM

examination the microspheres were fixed at aluminium sample

holder using conductive graphite tape and sputtered with gold

(Carl-Zeiss SC-7620) to prevent charging during the measure-

ment. IR spectra of powder precursors and microspheres were

measured using FTIR spectrometer Nicolet Magna 750 in the

wave number range 400–4000 cm�1 using standard KBr

technique. For spectra treatment and data evaluation, the

software OMNIC was used. Differential thermal analysis

(DTA-TGA analyser SDT 2960) was used for the determination

of glass transition, Tg, onset of crystallisation, Tx, and

maximum crystallisation rate temperature, Tc. For the

measurements approximately 20 mg of microspheres were

placed into Pt crucible and heated in a flow-through atmosphere

at 10 8C/min up to 1200 8C.

Phase compositions of powder precursors and prepared

microspheres were studied by X-ray diffraction. The STOE

RTG powder diffractometer with Co Ka radiation with the

wavelength 1.78897 Å in the range of 2Q angles 15–858 was

used. Subsequently, selected compositions were characterised

with the use of high-temperature X-ray diffraction at 850 and

1050 8C. The temperatures were selected on the basis of DTA

analysis. The microspheres were fixed on a platinum pad, and

the reference X-ray diffraction pattern was recorded at room

temperature. Afterwards, the specimen was heated up to 850 8C
at a heating rate of 100 8C/min and another diffraction pattern

was recorded. The measurement took approximately 60 min.

When completed, the temperature was increased up to 1050 8C,

and another pattern was recorded. In some cases, one more

pattern was recorded after 60 min of isothermal dwell at

1050 8C in order to ensure the completion of crystallization.

The data were recorded using a high-temperature X-ray powder

diffractometer with Cu Ka radiation and the wavelength

1.5405 Å in the 2Q angle range 15–608. Diffraction patterns

were analysed using SW Crystallographica Search-Match box,

version 2.1.1.0 (Oxford Cryosystems, Oxford, UK).

3. Results

The results of the microspheres characterisation obtained by

optical microscopy are shown in Fig. 1. The micrographs

indicate that spherical transparent particles with the diameters

changing from 2 mm to 10 mm were prepared. No traces of

crystallised (and opaque) or un-melted particles were observed

by optical microscopy. Based on these results it can be

concluded that the applied flame temperature was sufficient for

selected compositions in the Al2O3–La2O3 system, with



Fig. 1. The optical microscopy photographs of prepared microspheres: (a) A58L42, (b) A68L32, (c) A50L50Er, and (d) A50L50Nd.
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melting temperatures ranging between 1815 and 1925 8C, as

estimated from the phase diagram.

More detailed examination of prepared micro-beads was

carried out by scanning electron microscopy (Fig. 2). Major

part of all the specimens contained only regular spherical

particles with smooth surfaces without any traces of crystal-

lization. However, partly or totally crystalline microspheres

appeared sporadically. Such features were present especially in

particles with diameters >10 mm due to the insufficient cooling

rate in microspheres with low thermal conductivity. With

growing alumina content the fraction of partly crystalline

microspheres is increasing. This effect is explained by higher

melting temperatures, as well as by growing tendency to

crystallization with increasing Al2O3 content.

Results of density measurements of microspheres of various

compositions are given in Fig. 3. The values ranged in the

interval from 3.85 g cm�3 (sample A68L32 containing

86.9 mol% Al2O3) up to 4.77 g cm�3 (sample A48L52

containing 74.6 mol% Al2O3). The density of prepared

microspheres decreases with increasing Al2O3 content.

DTA records of microspheres are presented in Fig. 4. In most

cases, the glass transition temperature Tg of prepared glasses

could not be identified from the DTA records. The only

exception is the composition A50L50 where an insignificant

maximum is visible on the DTA curve at temperature about

700 8C, directly followed by extensive and clear exothermic

effect. The former can be, with some caution, interpreted as the

Tg. Based on this, we can assume that the glass transition
temperatures of all the prepared glasses will be close to this

temperature, also with regard to their expected structural

similarity. Exothermic maxima corresponding to the tempera-

ture of maximum crystallisation rate Tc were observed at

temperatures from 918 8C (compositions A54L46 and

A58L42) up to 940 8C (compositions A48L52–A68L32).

The crystallization proceeds in most prepared systems in

two stages, as indicated by the presence of two exothermic

maxima in DTA records of samples with the alumina content

exceeding 54 wt.% (compositions A54L46–A68L42), with the

first maximum appearing at 918 8C and the second one at

940 8C. In samples with lower alumina content these combine

creating one broad exothermic peak with maximum at 930 8C
observed for the compositions A48L52 and A50L50. The

presence of another exothermic effect can be observed in the

A50L50 system in temperature interval 1250–1300 8C. The

origin of this maximum is not clear at present.

The results of X-ray diffraction phase analysis are

summarized in Fig. 5. Precursor powders were crystalline

although in some compositions (A50L50, A62L38, A68L32)

the diffraction intensities were extremely low (Fig. 5a). Two

crystalline phases were identified in all powders, regardless of

composition, especially lanthanum–aluminium perovskite

LaAlO3, and in smaller volume fractions LaAl11O18 (some-

times also referred to as b-La-Al2O3). Prepared microspheres

(Fig. 5b) although mostly amorphous, all contained small

volume fractions of crystalline phases, except of the A58L42

system that appears XRD amorphous. The largest fraction of



Fig. 2. The SEM micrographs of prepared microspheres: (a) A58L42, (b) A68L32, (c) A50L50Er and (d) A50L50Nd. Fully or partially crystalline microspheres are

marked by arrows.
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crystalline phases was detected in A54L46. However, the

intensities of diffraction peaks were very low in all records,

indicating highly amorphous character, and very small volume

fraction of crystalline phases, in all prepared microspheres.

Unlike the precursor powders, only one crystalline phase,

lanthanum–aluminium perovskite LaAlO3, was identified in the

microspheres. The only exception is the composition with the

highest Al2O3 content, A68L32, where traces of the LaAl11O18

phase could be also identified. The Er and Nd doping had no

observable influence on phase composition: neodymium doped
Fig. 3. The dependence of the density of microspheres on their compositions.
system contained small amounts of LaAlO3 phase whilst

erbium doped samples were X-ray amorphous.

The results of high-temperature X-ray diffraction are

summarized in Fig. 6. To define crystallization process we

selected two compositions: A50L50 eutectic composition

where we could expect the lowest tendency to crystallization

and A68L32 composition with the highest Al2O3 content
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A. Haliaková et al. / Ceramics International 38 (2012) 5543–5549 5547
where, on the contrary, high tendency to crystallization was

expected. As seen in Fig. 6, with growing temperature the

diffraction peaks are systematically shifted to lower 2Q

values due to the change of lattice parameters resulting from

thermal expansion of crystal lattice. The peaks are relatively

broad, which is most likely because of the presence of small

sized crystals, at the level of several tens of nm. Crystal-

lization of a single phase, lanthanum–aluminium perovskite,

LaAlO3, takes place at the eutectic composition A50L50

(Fig. 6a). Even at the temperature as low as 850 8C certain

increase of diffraction peaks intensities in comparison to the

room temperature measurement could be observed. This

increase was more pronounced during measurements at the

temperature of 1050 8C. Subsequent isothermal heating (1 h

at 1050 8C) did not bring any visible change of diffraction

intensities. Based on this fact we concluded that the

crystallization of the specimen was completed. Two crystal-

line phases were identified in the sample A68L32 already at

room temperature (Fig. 6b). LaAlO3 perovskite phase was

present as in the case of the composition A50L50,

accompanied by smaller amount of LaAl11O18 phase. Such

phase composition agrees with the composition expected

from the phase diagram of the studied system. However,

during the high-temperature experiment no visible change in
diffraction intensities was observed, even at 1050 8C. This

indicates high thermal stability and high resistance to

crystallization of the composition A68L32.

IR spectroscopy revealed that all the studied compositions,

both the precursor powders and microspheres were IR

transparent in the wavenumber interval from 1300 to

4000 cm�1. As no vibration bands were detected in the IR

spectra in this interval, only parts of the spectra in the interval

between 400 and 1500 cm�1 are shown in Fig. 7. Vibration

bands in all the prepared systems were poorly resolved, and

apart from some exceptions, they contain no clearly defined

sharp peaks but rather wide bands that indicate highly

amorphous character of prepared microspheres with high

measure of structure disorder and large interval of vibration

energies. As seen from the comparison of the spectra of

individual systems, the highest fraction of amorphous phase can

be expected for the composition A50L50–the eutectic with the

lowest melting temperature, and in the A58L42 sample. Spectra

of these specimens consist of a single wide absorption band in

the wave-number interval from 400 to 1300 cm�1. For other

compositions with lower Al2O3 content (A48L52 and A54L46)

it is possible to distinguish two wide bands in the intervals 400–

600 cm�1, and 600–800 cm�1, with maxima at 470 and

660 cm�1, respectively. Absorption maxima of samples with
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higher Al2O3 contents (A62L38 and A68L32) were shifted to

higher wavenumber values, i.e. to 620 and 750 cm�1.

4. Discussion

Measured densities of the prepared glasses decrease

monotonously with increasing Al2O3 content. Regarding the

similarities observed in IR spectra, as well as the results of X-

ray diffraction the trend can be interpreted as the combination

of reduced content of the component with high molar weight

and density, i.e. La2O3, accompanied by structure change of

prepared glasses. The only exception is the composition

A54L46 (79.0 mol% Al2O3) whose density 4.62 g cm�3 is

significantly higher than expected on the basis of its

composition. However, the deviation is due to relatively high

content of LaAlO3 crystalline phase in comparison to other

compositions, as shown by the results of X-ray diffraction.

These assumptions are also supported by the IR spectro-

scopy results. To our knowledge, the Al2O3–La2O3 system was

not studied extensively by IR spectroscopy so far, and only

limited information is therefore available in the published

literature. Exact interpretation of measured spectra based on
literature data is, therefore, not possible, and can only be carried

out with reference to IR spectra of other rare earth aluminates,

such as Al2O3–Y2O3. In these systems, gradual disappearance

of vibration bands at 431 and 474 cm�1 corresponding to Al–O

vibrations in tetrahedral co-ordination in YAG structure [16–

21], and increase in the intensity of bands at 490 and 592 cm�1

corresponding to Al–O vibrations of octahedrally coordinated

aluminium atoms characteristic for a-Al2O3 was observed with

increasing alumina content [22]. Similarly, the presence of a

band in the wavenumber ranging from 1000 to 1200 cm�1 can

be attributed to Al–O vibrations in structures with octahedrally

coordinated aluminium atoms. The results indicate gradual

increase of the coordination number of aluminium atoms in the

glass structure from 4 to 6 that could be observed in yttrium–

aluminium glasses with higher Al2O3 content [22]. It is a matter

of discussion whether the vibration maxima changes observed

in the samples with high alumina contents in this work can be

attributed to such a change of aluminium atom coordination,

especially due to the fact that garnet structures of the

composition La3Al5O12 were not described in the literature.

However, by more detailed study of the spectrum of the sample

A50L50 we observed two weak absorption maxima at 446 and

657 cm�1 within the major absorption band 400–1300 cm�1

that were observed in aluminates with perovskite structures

[23]. These could be also identified as weak maxima at 470 and

660 cm�1 of broad vibration bands in the A48L52 and A54L46

compositions. Their gradual disappearance with increasing

content of Al2O3 in glasses, as well as the shift of absorption

maxima to higher wavenumbers, can be caused by the change

of coordination number of aluminium atom from 4 to 6. These

conclusions are supported also by the results of X-ray

diffraction, which revealed crystallization of LaAl11O18 (also

described in the literature as La-b-Al2O3 [24]) in the A68L32

system.

The presence of small amount of LaAlO3 perovskite as the

only crystalline phase was confirmed in the prepared micro-

spheres in majority of studied compositions. With increasing

temperature the intensities of diffraction peaks of the

perovskite phase increased at temperatures as low as

850 8C, and the crystallization was practically completed

after 1 h of isothermal dwell at 1050 8C, with the perovskite

phase as the only crystalline phase present. In the sample

A68L32 with the highest Al2O3 content two phases were

present even at room temperature: LaAlO3 perovskite, together

with LaAl11O18, which indicates the presence of structural

units with octahedral co-ordination of aluminium atoms in

amorphous aluminate network. It is interesting that diffraction

intensity during high temperature X-ray experiments remains

unchanged regardless of the temperature, and even after 1 h

isothermal experiment at 1050 8C, no observable change of

phase composition takes place. Such result is the indication of

relatively high thermal stability of the A68L32 system. More

detailed study of such behaviour will be the subject of further

research. Some hints are provided by the work of Costa and

Muccillo [24], who reported that the temperature up to 1500 8C
was required for complete synthesis and crystallization of La-

b-Al2O3 (LaAl11O18) phase.
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5. Conclusions

The work describes preparation of binary aluminate glasses

in the La2O3–Al2O3 system with high alumina content (up to

86.9 mol%) by flame synthesis in the form of microspheres, and

of ternary glasses containing 1 mol% of potentially photo-

luminescent additives Nd2O3 or Er2O3. Prepared microspheres

are mainly amorphous, with only small fraction of crystalline

aluminates LaAlO3 (perovskite) and LaAl11O18 (La-b-Al2O3).

The latter was detected only in compositions with the highest

Al2O3 content (86.9 mol%). Prepared microspheres were IR

transparent in the wavenumber range 1300–4000 cm�1. IR

spectra in the wavenumber range from 400 to 1300 cm�1

indicate changes in the structure of prepared glasses with

increasing alumina content, with gradual change of the

aluminium coordination number from 4, characteristic for

LaAlO3, to 6 typical for La-b-Al2O3 (LaAl11O12) or a-Al2O3.

Fully crystalline LaAlO3 could be prepared by the crystal-

lization of A50L50 microspheres at 1050 8C. No significant

influence of Er2O3 and Nd2O3 doping on the structure, and

phase composition of prepared glasses was observed.
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