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Abstract

The crystallisation of amorphous precursors in the SrO-Al,O3 system has been studied by DSC and XRD. Amorphous pre-
cursors were obtained for compositions ranging from 12SrO.7A1,05 to Al,O3 by spray-drying aqueous solutions of strontium and
aluminium nitrates followed by heating the powders to decompose the nitrates. Of the stable compounds SrA, SrA, and SrAg, only
SrA crystallises directly at a usual heating rate of 5 °C/min (in this notation Sr=SrO and A = Al,03). All the alumina-richer com-
positions are characterised by the first and strong crystallisation of metastable solid solutions of SrA in its hexagonal form, stabi-
lised by excess aluminium cations, or y-Al,Oj3 stabilised by strontium cations, or even the two solid solutions, depending on the
composition. The hexaaluminate SrAg is formed as single phase by an exothermic transformation of the y-Al,O; solid solution at
1183 °C. The formation of SrA, is complicated by the easy and competitive formation of SryA-, of close composition. The latter
compound is stable only up to 1500 °C and is decomposed at higher temperatures. However SrA,, which is characterised by a slow
kinetics of formation from the amorphous state as well as from the high temperature liquid state, may be obtained pure by slow

heating or annealing at 900-1000 °C.
© 2003 Elsevier Science Ltd. All rights reserved.

Keywords: Crystallisation; Powders-chemical synthesis; Strontium aluminates; SrAl,O4; Phase development

1. Introduction

Despite large similarities with their closely related
calcium counterparts, strontium aluminates have
received much less interest. Beside their potential as
refractory oxides in the steel industry and binder mate-
rials in the cement industry, they are of interest in
materials science because of their use as long-duration
photoluminescence or thermoluminescence pigments.
Doped with rare-earth metal ions such as Eu’?* they
exhibit excellent properties such as high quantum effi-
ciency! and long persistence of phosphorescence.?

Compared with the better known CaO-Al,O5 system,
the SrO-Al,O; phase diagram (Fig. 1)3 is slightly differ-
ent and many uncertainties are still remaining, especially

* Corresponding author. Tel.: +33-38-515526; fax: +33-38-
638103.
E-mail address: douy@cnrs-orleans.fr (A. Douy).

concerning the melting points and the melting beha-
viours of many compounds, or more basically the exis-
tence of some compounds. Sr;A, SrA, SrA, and SrAg
are stable double oxides, isostructural with C;A, CA,
CA, and CAg4 (in the cement chemistry notation
C=Ca0, Sr=SrO and A=Al,03). SrsA has been
described by Massazza* to be stable only above 1125 °C,
under the B form between 1125° and 1320 °C or the o
form between 1320 and 1690 °C. SryA,; was hydro-
thermally synthesised by Nadezhina et al.> This com-
pound was more recently synthesised by solid-state
chemistry by Minquan et al.® and Lin et al.” We con-
firmed the easy synthesis of this compound and its
domain of stability, between 1100 and 1500 °C.}
Yamaguchi® described a sol-gel synthesis of Srj»As,
homologous with C,A, crystallising at 840-900 °C but
decomposing at higher temperature into Sr3A and SrA.
Recently Kahlenberg!® found single crystals of SripAs
on the surface of strontium-rich pellets sintered at
1600 °C for 144 h.
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In the course of our study of the local structure of
high temperature SrO-Al,O; liquids'! we compared
these liquids with amorphous and crystalline phases of
same compositions. And therefore we made a systematic
study of the crystallisation of the known compounds
from amorphous precursors. The present paper reports
this study. The amorphous precursors have been
obtained from a simple process: spray-drying aqueous
solutions of strontium and aluminium nitrates, followed
by heat treatment. This process had revealed to be very
efficient for the synthesis of chemically homogeneous
amorphous powders in the CaO-Al,O5 system.!?

2. Experimental procedure

A spray-drying and calcination process led to amor-
phous powders with the desired compositions. For this,
mixtures of titrated aqueous solutions (0.5-1 M) of
strontium and aluminium nitrates (Aldrich) were spray-
dried using a laboratory apparatus (Biichi, Flawil,
Switzerland, 190 mini spray-drier equipped with a 0.5
mm diameter nozzle). This atomiser operates on the
principle of nozzle spraying in parallel flow, i.e. the
sprayed product and the drying air flow in the same
direction. The drying air was heated to 200-210 °C. One
part of the collected powder was used for a thermo-
gravimetric analysis (TGA) of the decomposition. The
rest of the powder was heated in a ventilated furnace, at
5°C/min, to 750 °C for 3 h, and the resulting amorphous
powder, except for the strontium-rich compositions, was
used for the study of the crystallisation. Thermal ana-
lysis data, for TGA and differential scanning calori-
metry (DSC) were collected separately on Setaram
apparatuses (Caluire, France) using a 5 °C/min heating
rate under air atmosphere. DSC analyses were per-
formed on 200-300 mg of powder and «-Al,O3 was used
as a reference. X-ray diffraction (XRD) at room tem-
perature (Cu-K, radiation, Philips PWI1729 dif-
fractometer, Eindhoven, The Netherlands) was used to
identify the different crystalline phases.
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Fig. 1. SrO-Al,O5 diagram, after Massazza.?
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3. Results and discussion
3.1. Synthesis

The process of synthesis used in this study is simple
and rapid: spray-drying aqueous solutions, followed by
heat-treatment in order to decompose the nitrate ions.
This process has proved to be very efficient in the
synthesis of chemically homogeneous powders pre-
cursors of alkaline earth aluminates!? and especially
calcium aluminates'? and also silicates like magnesium
silicates'* and aluminosilicates like mullite'>!® and cor-
dierite.!” The spray-drying process is well known in cera-
mic powder synthesis'® and usually yields hollow spheres.
Fig. 2 shows a typical micrograph for a SrA, precursor
powder calcined at 750 °C. The particle size ranges from
about 0.5 to 5 um, as measured on the micrograph.

3.2. Thermogravimetric analysis

The decomposition of the nitrates has been studied by
thermogravimetry. In Fig. 3 are reported the TGA

Fig. 2. Scanning electron micrograph of a spray-dried powder pre-
cursor of SrA, heated to 750 °C for 3 h.
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Fig. 3. TGA curves of the spray-dried powders of different composi-
tions in the SrO-Al,O3 system; heating rate: 5 °C/min. The weight
losses are normalised to 100% at 1000 °C for comparison.
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curves of spray-dried powders of various compositions
in the SrO-Al,O;5 system. For comparison these curves
have been scaled to 100% of the weight loss at 1000 °C
for each composition. The spray-dried powder from
aluminium nitrate is decomposed between 100 and
350 °C, with two maxima for the weight loss rate,
determined from the derivative curve at 145 and 265 °C
(not shown). When spray-dried, the aluminium nitrate is
already partially decomposed, and its complete decom-
position is achieved via an intermediate oxynitrate'? at
the difference of commercial aluminium nitrate non-
ahydrate that is decomposed through a single step at
about 220 °C when treated at the same heating rate.

Strontium nitrate alone is decomposed between 535
and 720 °C with a sharp maximum at 703 °C in the rate
of weight loss. As one can see in Fig. 3, it is clear that
for the powders resulting from spray-drying mixtures of
the two nitrates, the decomposition of strontium nitrate
is shifted to lower temperatures as the aluminium con-
tent is increased; and the decomposition of aluminium
nitrate is also influenced by the presence of strontium
nitrate in the powder. This behaviour at the decom-
position of the nitrates was also noted in the case of
calcium aluminates.!?

3.3. Crystallisation

Except for the strontium-rich compositions (SrzA and
Sr4A) the powders annealed at 750 °C for 3 h were
amorphous and were suitable for the study of the crys-
tallisation. The DSC curves, at a heating rate of 5°/min,
of the amorphous precursors corresponding to the
known stable phases and some other compositions in
the SrO.Al,O;5 system are reported in Figs. 4 and 5.

3.3.1. A1203 and SVAﬁ (SVA[]QO]Q)

The thermograms of Al,O; and SrAg precursors
exhibit each two exothermic peaks and have to be com-
pared (Fig. 4). The spray-dried amorphous precursor of
alumina crystallises into a highly disordered transition
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Fig. 4. DSC curves of the alumina-rich amorphous precursors; heat-
ing rate: 5 °C/min.
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Fig. 5. DSC curves of amorphous precursors of SrA and two sur-
rounding compositions; heating rate: 5 °C/min.

alumina phase (n- or y-Al,0O3) through a first exother-
mic peak at 845 °C and transforms into the stable
a-Al,O3 phase through a second exotherm at 1142 °C.
For the hexaaluminate composition, the two exothermic
peaks are sharper and delayed to higher temperatures
(936 and 1183 °C). For the sample just heated beyond
the first peak, the XRD diagram displays only the broad
and diffuse peaks characteristic of a badly crystallised
transition alumina, probably y-Al,O3 (Fig. 6). After the
second exothermic peak only the SrAg magneto-
plumbite phase can be observed. The second exotherm
reflects the transformation of the y-Al,O;5 solid solution
into the pure and well ordered hexa-aluminate.

By this process of synthesis strontium ions can be
easily incorporated into the defect spinel structure of the
transition alumina. The y-Al,O5 structure may be sta-
bilised by replacing the AI*" and vacancies in the
tetrahedral sites by sz cations having ionic radii close
to that of A" (0.51 A), giving a maximum structural
stability for the stoichiometry MO.2A1,05. In the case
of Sr?™" the ionic (1.12 A) radius is really too high and
not compatible with a tetrahedral coordination. How-
ever a marked stabilising effect is observed for the
SrO.6A1,0;5 stoichiometry. Compared to the undoped
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Fig. 6. XRD patterns of the SrA¢ precursor after heating to 950 °C
(7-Al,O3 solid solution) and 1300 °C (SrAg single phase).
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alumina precursor, the presence of the strontium cations
renders the ordering of the structure more difficult and
needs higher temperatures for its formation. On the
other hand higher temperatures are also needed for its
transformation. This stabilising effect on the transition
aluminas is also observed with calcium and barium
ions.!?!3 The efficiency in the stabilising effect is in the
order of increasing ionic radius: Ca <Sr<Ba (0.99, 1.12
and 1.34 A respectively).

Like CA4'? SrAg¢ is obtained easily and pure by this
process of synthesis at relatively low temperature. Many
works have been devoted to CAg and the chemical
synthesis of this pure compound usually requires high
temperatures with long durations of thermal treat-
ment.!” In the present study we show that SrAg is syn-
thesised as easily as CAg, corroborating the high
efficiency of spray-drying nitrates solutions for the pro-
duction of chemically very homogeneous precursors.

3.3.2. Sr4 (SrAl,0,)

SrA is a stable compound in the StO—-Al,O5 system. It
crystallises through a single exothermic peak at 917 °C
on DSC analysis (Fig. 5). The stable structure at ambi-
ent temperature is monoclinic (JCPDS file 34-0379). The
crystallinity of the sample after the exothermic peak is
just improved by annealing at higher temperature
(Fig. 7). It is known that the monoclinic strontium
monoaluminate SrA transforms at high temperature, at
about 650 °C, into the hexagonal polymorph (JCPDS
file 31-1336).2° This has been checked by in-situ XRD
study of the structural evolution with temperature,® and
by DSC study of the crystallised sample (Fig. 8). The
monoclinic-hexagonal transformation is endothermic
(AH=3.2 kJ/mol) and the reverse hexagonal-mono-
clinic one is exothermic. The hexagonal polymorph can
be easily stabilised at room temperature as solid solu-
tion with many cations like calcium, silicium or excess
aluminium®?! as it is the case in the present study for a
wide scale of compositions between SrO.Al,O; and
SI'O.6A1203.
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Fig. 7. XRD diagrams of the SrA precursor after heating to 950 and
1300 °C: monoclinic SrA single phase.

3.3.3. SrA, and Sr A, (SrAL,0; and Sr Al14055)

SrA, and Sr4A; cannot be dissociated. Their compo-
sitions are close: 33.3 mol% SrO 66.7 mol% Al,O5 for
SrA, and 36.4 mol% SrO 63.6 mol% Al,O5 for SrsA-.
The DSC curves, at 5 °C/min (Fig. 4) exhibit a first and
sharp exothermic peak at 923 °C and a second and
wider exotherm at 1135 °C for Sr4A; and 1150 °C for
SrA,. After heating to 1000 °C in order to characterise
the first exothermic peak by XRD identification, the
sample of composition 4SrO.7Al,0; has crystallised
into a mixture of two solid solutions: the hexagonal SrA
stabilised by excess Al atoms and y-Al,Os, stabilised by
Sr atoms, the latter solid solution being more scarcely
discernible on the XRD diagram (Fig. 9). The presence
of this transition alumina solid solution has been con-
firmed by a detailed high resolution 2’Al MAS NMR
spectroscopy study.®2? These two solid solutions com-
bine at higher temperature (second exothermic peak) to
yield pure SryA;. This compound is easily synthesised.

For the SrA, precursor, the same two solid solutions
were found after the crystallisation, along with SrA,
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Fig. 8. DSC traces of SrA showing the endothermic monoclinic-
hexagonal transformation on heating and the exothermic reverse
transformation on cooling; heating and cooling rates: 5 °C/min.
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Fig. 9. XRD diagrams showing the formation of Sr;A;, via a mixture
of hexagonal SrA solid solution and y-Al,O5 solid solution, and its
decomposition at high temperature into a mixture of SrA (monoclinic
at room temperature) and SrA,.
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(Fig. 10) but heating beyond the second exothermic
peak did not yield pure SrA,. The sample was a mixture
of SrA,, as main phase, Sr4A; and SrAg. It is clear that
by this thermal treatment the crystallisation of SryA; is
favoured at the detriment of SrA,.

SrA, appears as a stable compound in the SrO.Al,O3
phase diagram.> However the stability of the dialumi-
nate SrA, was questioned by Appendino?® in 1972.
Indeed this compound could be obtained only by soli-
dification of the melt*?32> while it was not formed by
solid state reaction at 1400 or 1550 °C??® nor at
1600 °C.?° Moreover Appendino?® observed that long
annealing times at 1400 °C (200 h) resulted in its partial
decomposition. He concluded that the dialuminate was
metastable and could be obtained only from the melt or
that its stability domain was restricted to a narrow
temperature scale close to its melting point (~ 1800 °C).
The synthesis by Lindop et al.?” of monocrystals grown
by Czochralski technique confirmed the stability of
SrA, at very high temperatures, near the melting point.

By a careful study of the crystallisation of SrA, and
SrsA;32122 we arrived to the following conclusions:

e SrA, is a stable compound and may be obtained
as pure phase by cooling the high temperature
melt or by heating the amorphous precursor, but
it is characterised by a slow kinetics of formation.
It is metastable between ~1100 °C and a tem-
perature close to its melting point (~ 1800 °C).

e SrsA; is stable between ~1100 and 1500 °C.822
At higher temperatures it decomposes into a
mixture of SrA and SrA, (Fig. 9). The Ilatter,
being not stable in this domain of temperature,
decomposes slowly in its turn into a mixture of
SrA and SrAg by long annealing or more rapidly
by increasing the temperature, as reported by
Appendino.?

o SrA,,%2! with a low kinetics of formation, may
be obtained pure by slow heating the amorphous
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Fig. 10. XRD patterns obtained after heating at 5 °C/min an

amorphous precursor of composition “SrO.2A1,03” to the indicated
temperatures.

precursor. At 0.5 °C/min it crystallises at
~900 °C without any intermediary metastable
phase. It can also be obtained as single phase via
the two metastable solid solutions, hexagonal
SrA-h and y-Al,Os, by annealing this mixture in
the 950-1000 °C temperature range. That means
that the temperature, associated with the low
kinetics of formation, is essential in the synthesis
of SrA,. If no sufficient time is allowed for the
complete formation of SrA,, as the temperature
raises beyond ~1100 °C, SrsA; will crystallise.
At the heating rate of 5 °C/min, for the precursor
of composition 4SrO.7A1,03, SryA5 is formed as
single phase at ~1135 °C (Figs. 4 and 9), while
for the sample of composition SrO.2A1,0; a
mixture of SrA,, SryA; and SrAg is obtained
(Fig. 10). The behaviour at the solidification
from the melted composition is similar. By con-
trolled cooling (4 °C/min) to 1700 °C and then
quenching to room temperature pure SrA, was
obtained wile by direct quenching from the liquid
state (~600 °C/s) a mixture of phases was
obtained again.??!

e It is to be noted a supplementary and unusual
behaviour for the amorphous precursors of SrA;
and SryA;. Usually spray-dried amorphous pre-
cursors of alumina rich oxides are chemically
very homogeneous and do not necessitate any
other treatment before heating for crystallisation.
However these two precursors are very sensitive
to mechanical treatment. So after a simple man-
val grinding of the powder in an agate mortar,
the precursor of SrA, crystallises directly at
~900 °C into single phase SrA.,, at a heating rate
of 5 °C/min, while the precursor of SryA; crys-
tallises into a mixture of SrA, and SrA.%2! The
free energy of the two systems must be very close
and a little amount of energy brought by grinding
can completely modify the scheme of crystal-
lisation, into SrA, versus into the mixture of the
two solid solutions SrA-h and y-Al,03;. The
understanding of this unusual behaviour needs a
careful study of the local structure of the amor-
phous powders.

The crystallisation of the metastable hexagonal SrA
solid solution stabilised by excess Al atoms is dominat-
ing for a wide scale of compositions of spray-dried
powders. It results in the easy formation of SryA5. This
was the case for two intermediary compositions studied
as examples: SrO.3A1,0;, noted “Srdsy”, and
2Sr0.3A1,03, noted “Sr,45” (Figs. 4, 5 and 11). After
the second exothermic peak, for “SrAs;”, besides SrAg
and SrA,, SrA and Sr4A5 are present (Fig. 11), while for
“Sr,A3” a mixture of SrA, SrA, and SrsA; can be
found. Mixtures corresponding to the phase diagram
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Fig. 11. XRD patterns obtained after the DSC analyses of two

compositions surrounding SrA,; S4A7 is present in the two mixtures.

established by Massazza,® i.e. SrA¢ and SrA, for
“SrAs”, SrA and SrA, for “SrA; s’ can be obtained by
controlled cooling from the melt, by slow heating the
precursor powders or still after grinding the amorphous
powders.

3.3.4. Strontium rich compositions

Yamaguchi et al.® reported the synthesis of a new
compound, Srj»A; analogous to C5A; in the
Ca0.Al,03 system. For this they hydrolysed strontium
and aluminium alkoxides. The differential thermal ana-
lysis, at 10 °C/min, revealed exothermic and endothermic
peaks at 840-900 °C and 1035-1120 °C respectively. The
exothermic peak was found to result from the crystal-
lisation of Sri,A;, and the endothermic peak was found
to result from the decomposition of Sri,A~ into Sr3A and
SrA. The DSC curve, at 5 °C/min, of the spray-dried
amorphous powder of this composition (Fig. 5) is quite
similar to their DTA curve with an exothermic peak
between 820 and 840 °C and a wide and weak endother-
mic peak between 950 and 1050 °C. However, the XRD
diagram of the sample just heated to 850 °C (Fig. 12) did
not reveal the presence of Sri,A; (JCPDS file 40-0025).°
SrA and Sr3A were already present with traces of an uni-
dentified phase. After heating to 1200 °C the sample was a
mixture of better crystallised SrA and Sr3A. This mixture
corresponding to the phase diagram is reached more
rapidly by spray-drying nitrates solutions than by sol-gel
with alkoxides as reported by Yamaguchi.’

Sr3A is a stable compound, isostructural with C;A
(CazAl,0g). It crystallises below 700 °C, when the
nitrates are completely decomposed, and no amorphous
precursor can be obtained for this composition and
other strontium-richer compositions, like SryA, which
are not stable in moist atmosphere. For the composition
10SrO.3A1,05 corresponding to the new compound
Sri0A5 described by Kalhenberg,!? the XRD diagram of
the spray-dried sample, heated to 1500 °C for 1 h, indi-
cated the only presence of SrzA and B-Sr4A, according
to the phase diagram after Massazza.3
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Fig. 12. XRD diagrams of the amorphous precursor of composition
12Sr0.7A1,05 after heating to 850 and 1200 °C; no trace of “Srj,A;”
was detected, the sample was a mixture of SA and S;A, according to
the phase diagram after Massazza.?

4. Conclusion

By decomposition of nitrates, amorphous precursors
can be obtained for the compositions ranging from
12SrO.7A1,03 to Al,Osz. The monoaluminate SrA is
directly crystallised through a single exothermic peak.
For all the alumina-richer compositions, at a heating
rate of 5 °C/min, the formation of the stable compounds
is performed via the crystallisation of metastable solid
solutions of hexagonal SrA, stablised by excess alumi-
nium cations, or 7v-Al,O; stabilised by strontium
cations, or even the two solid solutions. The hexa-
aluminate SrAg is obtained as single phase at relatively
low temperature through y-Al,O;5 solid solution.

SrA, and SrsA; are competing with each other for
crystallisation. At a usual heating rate of 5 °C/min
Sr4A~ is easily formed at 1100-1150 °C but it is decom-
posed at temperatures higher than 1500 °C. On the
other hand SrA,, having a slow kinetics of formation,
may be crystallised directly at 900-1000 °C by slow
heating. It can also be crystallised directly at 5 °C/min
heating rate if some energy, from grinding, is brought to
the amorphous precursor.
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