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Abstract

The synthesis of strontium aluminates of the SrAl,O, and Sr;Al,Og type using StCO5—Al,O3 blends was investigated. Blends 3:1 molar ratio of
Al,0O5 and mechanically activated StCO; were prepared and conformed into pellets by uniaxial compression at 100 MPa. In an experimental stage,
thermogravimetric analysis was used to investigate the isothermal decomposition of mechanically activated StCO5; powders in the blend, in the
range of temperatures from 900 to 1100 °C. Then, samples were sintered at 1450 °C for several periods of time (4-36 h), and the products obtained
were analyzed by X-ray diffraction and scanning electron microscopy. The results obtained showed that the formation of Sr3Al,Og starts after 4 h of
heat treatment, and it is completed at 36 h. Moreover, other phase such as SrAl,O, formed in small amounts in the samples sintered for 12 h.
Kinetic measurements showed that the conversion of SrCOj; into Sr;Al,Og¢ follow two different reaction mechanisms, with different controlling
steps. The first mechanism relates to the order of reaction model for the Sr3Al,O¢ phase formation, whereas the second mechanism relates to the
nucleation and growth of these phase particles. The activation energy measured for both processes was 88.59 kJ and 54.06 kJ, respectively.
© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction carbonate is widely used in several applications such as the

fabrication of TV screens and in the manufacture of permanent

Strontium is found mainly as SrSO,. This material is magnets [5,6]. Recently, strontium aluminates have been
processed to obtain strontium carbonate, strontium nitrate [1,2], extensively studied due to their wide range of applications.

strontium oxide [3], or strontium chloride [4]. The strontium When strontium aluminates are doped with Eu and Dy ions,

phosphorescence properties are obtained [7-9]. Depending on

the doped crystal structure of the strontium aluminate matrix,

* Corresponding author. Tel.: +52 844 4389600; fax: +52 844 4389600. different colors could be reflected [10,11]. The phosphores-
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such as watches fabrication, luminescent instruments, tools
used in the dark, etc., where luminescent coatings produce
required light for better vision [12,13].

Strontium aluminates can be also used in the fabrication of
CO, sensors for the chemical or metallurgical industries,
instead of sensors based on alkaline metals, as they can respond
to temperatures of up to 1100 °C, for any change in the partial
pressure of CO,. This is due to their high properties such as
chemical stability, mechanical resistance, corrosion resistance,
and thermal and conductivity values [14,15]. For these reasons,
they are highly employed also in the refractories industry.

The conventional process for obtaining strontium alumi-
nates consists in mixing SrCO5; and Al,O3 in stoichiometric
amounts, then using temperatures greater than 1150 °C to attain
SrCO; decomposition into SrO, forming in this way aluminates
type compounds [1,3]. Temperatures can vary between 1200
and 1600 °C, with holding times of up to 144 h for solid state
reactions.

A method of preparation of the starting materials by
mechanical activation has proven to be a powerful tool for
enhancing reactive sintering process, as less processing time
and lower temperatures are required. Heinicke [16,17] define
mechanical activation as a branch of chemistry, related to the
physical and chemical transformations of the solids through the
use of mechanical energy. One of the main effects of
mechanical activation is the reduction in particles size, which
has an important impact on the reaction rate [18]. As of the heat
generated during milling, this treatment increase chemical
reactivity of the solid not only by reducing particles size but
also by promoted structural changes (lattice disorder, atomic
mobility, point defects increase, etc.), generating high energy
reaction zones, fractures and new surfaces [16,19-21].

Mechanochemical processing, which was initially intended
to enhance ceramic strengthened alloys [4], has been
successfully used to synthesize a wide range of nanosized
ceramic powders, not only using high purity materials, but also
starting from low grade materials. Chen et al. [22] used the
high-energy ball milling treatment to prepare SrAl,O4. The
milling was performed between 5 and 30 h. Other researchers
observed that SrAl,O, is the stable phase between 1000 and
1100 °C, so the transformation of this phase into pure
compounds requires calcinations temperatures higher than
1250 °C, for completion [23].

In this study, SrCO5 was ball milled between 30 and 180 min
before mixing with Al,Os, in order to obtain pure Sr3Al,Og¢ by
solid-state reaction. The effects of the ball milling treatment on
the microstructure of SrCO; and the formation of Sr;Al,Og¢
were investigated using XRD and SEM techniques. The
kinetics of the reactions was studied using thermogravimetric
analysis at constant temperature, so it was possible to measure
activation energy of different processes that occurred, as it will
be discussed later.

2. Experimental

Powders of commercial Al,O3 (>99.9 purity) and SrCO5
(>99.9 purity) with an average particle size of 50 wm, were

used as starting materials. SrCO5; was mechanically activated in
a planetary mill (Analizette, Fritsch) for 30, 60, 90, 120, 150
and 180 min. The particle size distribution was measured using
a Coulter LS100Q particle size analyzer.

For the analysis of the effect of mechanical activation on
crystallite size, the most common technique employees the
Scherrer equation. For determining crystallites size, first the X-
ray diffraction pattern is obtained, where the peak broadening is
used for determining such a value. This method is applied for
crystallites size in the range from 3 to 100 wm [24]. The
samples obtained were then analyzed by XRD to analyze the
crystallite size in a Phillips diffractometer TW-3040 with Cu-
K, radiation (A =0.15418 nm). The crystallite sizes were
calculated using Scherrer’s equation:

0.9

Dikr= Bcos6

ey

where Dy, ;. ; is the crystallites size, A is the X-ray wavelength
(0.15418 nm), O is the Bragg’s angle at which the peak is
observed, measured in radians, and B is the full width of the
diffraction line at half of the maximum intensity (FWHM).

Afterwards, a blend with a molar composition of 3:1 of
SrCOj; (mechanically activated) and Al,O3 was prepared. This
blend was homogenized in a cylinder-shaped container using
spinning rods and alumina balls for 4 h. Disc pellets, which
were 2.5 cm in diameter, were formed by uniaxial pressing at
100 MPa.

In the first experimental stage, the samples were sintered in
a tubular furnace Thermolyne 54500 at 1450 °C for several
periods of time (4-36 h), and the heating rate used during
sintering was also 10 °C/min. The products obtained were
analyzed by X-ray diffraction and scanning electron micro-
scopy (Phillips XL-30 ESEM). Scanning electron microscopy
(SEM) was used to analyze microstructure formation via grain
growth evolution and their semi-quantitative chemical
composition.

Finally, thermogravimetric analysis was used for studying
the decomposition kinetics of mechanically activated SrCOj in
the blends with Al,Os. This was carried out in the range of
temperatures from 900 to 1100 °C, during 4 h. Heating rate was
fixed at 10 °C/min. The apparatus employed was a high
temperature thermogravimetric analyzer Perkin Elmer, model
TGA-7, using platinum crucibles.

3. Results and discussion
3.1. Mechanical activation of SrCOj3

In a previous work [26], samples of SrCOz; were
mechanically activated and the particle size distribution for
the samples was analyzed. It was determined that over 45 min
of milling, the particles size distribution did not change.
Therefore, it is assumed that mechanical activation is effective
after this period of time, so 45 min could be taken as the period
of time at which mechanical activation starts. This is called
O min activation time. The average size distribution of the
particles is shown in Fig. 1.
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Fig. 1. Particle size distribution for mechanically activated SrCO; samples as a
function of milling time.

Fig. 2 shows a comparison between the XRD patterns of
the SrCO5; without mechanical activation (WMA) and those
of the samples with mechanical activation. For the sake of
comparison, the peaks corresponding only to the SrCOj; are
considered. As the mechanical activation time increases, the
intensity of the peaks (a—f) decreased, whereas their width
increased. The (f) peak during mechanical activation after
180 min tended to disappear. In conclusion, the distortion of
the structure induced by mechanical activation is reflected in
the line broadening and shift in reflections as well as the
reduction of peak intensities (areas under the curves). To
verify the effect of mechanical activation on crystallites
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Fig. 2. XRD patterns of the SrCO; without mechanical activation and with
mechanical activation for several times.

size of SrCOj; using the Scherrer’s equation, the most
intense peaks (1 1 1) in the X-ray diffraction pattern at the
angle position (26) of 25.189° are selected. According to
these results, the crystallite size decreased from 13.97 nm
without mechanical activation to 10.39 nm with 180 min of
mechanical activation.

3.2. Sintering of 3SrCO3-Al,O; blend.

Fig. 3 shows the microstructure of the calcined powders at
1450 °C after 36 h with (¢ and d) and without mechanical
activation (a and b). The samples without mechanical activation

Fig. 3. Microstructure of the 3SrCO5-Al,05 mixture calcined at 1450 °C for36 h: (a and b) without mechanical activation and (c and d) mechanically activated for

90 min.
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Fig. 4. XRD patterns corresponding to the sample of 3:1 SrCO;:Al,0; me-
chanically activated for 90 min and heat treated for 4, 12 and 36 h at 1450 °C.

presented the incipient formation of necks in the particles
contact points where the mass transfer can occur and the surface
energy is high. However, the material is highly porous, as
shown in Fig. 3a. Sintering at 1450 °C for 36 h resulted in a
porous microstructure with an average grain size of less than
1 pm (Fig. 3b).

The samples with mechanical activation presented a
complete reaction in which the neck growth occurred
completely and porosity decreased. Fig. 3c presents a
microstructure with lower porosity and particles size are seen
be larger by coalescence and was observed after 36 h of
sintering (Fig. 3d).

3.3. Thermal behavior of a 3SrCO3;-Al,O3 blend

Fig. 4 shows the XRD patterns corresponding to the sample,
which contains SrCO; mechanically activated (for 90 min) after
sintering at 1450 °C. Sr;Al,Og and SrAl,O4 were identified as
the main phases. Sr3Al,0¢ was present after the 240 min
sintering treatment. SrAl,O, was present after 720 min sintering
treatment. However, the intensity of the peaks corresponding to
this phase decrease as the sintering time increased.

The microstructures of the calcined and sintered powders at
1450 °C are shown in Fig. 5. Fig. 5a shows an intermediate
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reaction stage, where a SrAl,O, particle core is surrounded by
the Sr3Al,Og¢ phase. The reaction for this sample was
incomplete, presenting a reaction layer of SrzAl,O¢. This
phase is considered as an intermediate aluminate formed during
the synthesis of Sr;Al,Og, as shown in the XRD pattern (Fig. 4).
The reaction is completed at longer heat treatment times, as
shown in Fig. 5b.

According to Chen et al. [22], Sr3ALO¢ is obtained after
1800 min of mechanical activation and sintering at 1200 °C
(they do not indicate holding time at this temperature). In this
study, the time of mechanical activation was 3 h, and the
sintering temperature was 1450 °C for 240-2160 min. Com-
paring the results of both investigations, it can be concluded
that long mechanical activation times are not required to obtain
this type of strontium aluminate. From the results of XRD
analyses, a synthesis for the formation of the Sr;Al,Og can be
proposed as follows.

The SrAl,O, is formed after 4 h of sintering at 1450 °C.
Then, at temperatures lower than 1100 °C, the SrO reacts with
Al,O3 to give SrAl,O4 in a locally attained 1:1 M stoichio-
metric relationship, which can be attributed to the decomposi-
tion of strontium carbonate into SrO, which is represented as
follows:

SrCO; = SrO + CO, 2

StO + AlLO; = SrAlLO, 3)

In contrast, at temperatures higher than 1100 °C, the
SrAl,O, was obtained, which is attributed to the chemical
reaction between SrO and Al,O; as a consequence of a 1:2 M
stoichiometric relationship locally established, as shown by the
next reaction:

SrO + 2A1,03 = SrAlLOy 4

However, this phase is not stable at this temperature, and it
decomposes as follows:

SrAl;O;7 = SrAlL,O4 + AL O3 5

The residual SrO reacts with Al,O5 at higher temperatures
(>1150 °C), forming the Sr3Al,O, as is presented by the next
reaction:

3SrO + Al,O3 = Sr3AlLOg (6)
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Fig. 5. Microstructure of the milled blend mechanically activated for 90 min and then calcined at 1450 °C for 12 h (a) and 36 h (b).
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After 4 h of sintering at 1450 °C, the Sr3Al,O¢ and SrAl,04
phases were observed. Thus, the entire reaction that represents
the formation of aluminates is

5S8rO + 3A1203 = ZSIA1204 + SI'3A1206 (7)

Therefore, under the treatment conditions described above, a
mixture of phases of Sr3Al,O¢ and SrAl,O,4 could be obtained.

3.4. Kinetics of Sr3Al,O4 formation as SrCO3 thermal
decomposition in the presence of Al,O3

The initial objective of kinetic analysis is the identification of
reaction rate equations which describe more appropriately the
results of the reactions studied. For the selection of a kinetic
model, different aspects must be taken into account, as follows: (1)
fitting of the experimentally obtained values to the mathemati-
cally predicted values for the reacted fraction versus time, (2) the
range of values over which the mathematically adjusted values
fitting the experimentally obtained values is acceptable (it can be
accepted that two different kinetic models could be applied in
different ranges of reacted fraction to cover the entire range)
and (3) validate the mathematically predicted values from a
comparison with the values of a new set of experiments.

As is depicted in Table 1 [25], several kinetic models would
exist to be employed on the study of solid state reactions.

According to the kinetic measurements performed in the
system analyzed, the values of the reaction rate obtained were
fitted to the models of Table 1. The best models fitting the
kinetic values were; reaction order, first order (F;) and
nucleation and growth, energy law (P,) of the Sr;Al,Og phase
particles as a result of reaction (6).

The order of reaction model (F;) describes the first part of
the considered system, from O to 110 min, while the model of
nucleation and growth (P,) describes the second part, from
110 min or greater.

Table 1
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=O== 900°C
=ty 950°C
0.81 wp= 1000°C
=== 1050°C
=== 1100°C
0.6

0.4

0.24
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Fig. 6. Plots of transformed fraction () versus time for SrCO; and Al,O; at
various temperatures.

The transformed fraction o was calculated using the
following equation:

moy — nm;

o0=—" (®)
my —mg

where my is initial mass, m;, is the actual loss or gain of mass,

and my is the total loss or gain of mass.

Fig. 6 shows the corresponding curves of transformed
fraction of « as a function of temperature. The mass fraction of
Sr3Al,Og increases as the temperature increases, and is very
close to 1.

Fig. 7 is a comparison of the two models fitting the
experimental results, where the overall behavior of the
Sr3Al,0g formation can be distinguished.

During the first stage, the thermal decomposition of SrCO;
occurs, as is shown in Eq. (2), which initiates chemical reaction
between SrO and Al,O;. Immediately, the nucleation and
growth of Sr3Al,Og4 particles occurs. From the curves of («)

Differential and integral functions of the several kinetic models employed for studying solid state reactions [25].

Kinetic model

Differential form floe) = (1/k) (do/dr)

Integral form g(«) = kt

Nucleation and growth models
Energy law (P,) 1 <n <3
Exponential law (E;) o
Avrami-Erofeev (A,)
Avrami-Erofeev (A3)
Avrami-Erofeev (A4)

Geometrical contraction models

ﬂDl(n — Din

Phase boundary (R,) 1 <n <3 n(l —a)'™
Contracting area (R;) 2(1 — )
Contracting volume (R3) 31 — )3

Diffusion models
Unidimensional diffusion (D) 12«
Two-dimensional diffusion (D,)
Three-dimensional diffusion (D3)
Ginstling—Brounshtein (D)
Reaction-order models
Zero-order (Fy) 1
First-order (F) (1—a)
Second-order (F,) (11— «)?
Third-order (F3) (1-a)?

2(1 — &)[=In(1 — @)]*?
3(1 — )[—In(1 — )]
41 — a)[—In(1 — o))"

[~In(1 — o))
3201 —a)*? (1 — (1 — )3
3201 —a) P —117!

a(l/n)

Ina

[=In(1 — )]'?
[—In(1 — )]
[—In(1 — a)]"*

1-(1-a"
1—(1— a)llz
1-(1-u"”

0[2

[(1l—a)In (1 —a)]+«
[1 _ (1 _a)1/3]2
1—Qa3)— (1 —a)*?

o

—In(1 — )
[1/(1 —a)] — 1
[1/1 — )] —1




894 R.S. Garcés et al./Ceramics International 38 (2012) 889-894

1.0
[ ]

0.8 -
g — Experimental
2 ®  Reaction order
‘§ 06 4 O Nucleation and growth
&
:

0.4 -
)
b
=
=
-
[

0.2 -

0.0 - T T T

0 50 100 150 200 250
Time (min)

Fig. 7. Comparison of the two models fitting the experimental results.

versus time in Fig. 7, the values of the rate constants for each
one of the temperatures were determined. From a plot of In k
versus 1/7, the activation energies of these processes were
obtained, using the Arrhenius equation:

—Ea
k=A —_— 9
e 0
Two values of activation energy were calculated; the first one
corresponds to the model of order of reaction (F,), for the time
interval from O to 110 min, while the second one corresponds for

the nucleation and growth model (P,) for the time interval of
110 min and greater. These values were the following:

Reaction order : 88.59kJ (10)

Nucleation and growth : 54.06 kJ (11

4. Conclusions

Strontium aluminates of the SrAl,O, and Sr3Al,O¢ type
were synthesized by solid-state reaction. Starting from
mechanically activated SrCO; in blends 3:1 molar with
Al,O5. X-ray diffraction and SEM analyses confirmed the
presence of strontium aluminates phases, demonstrating that
mechanical activation is a useful method to obtain SrAl,O, and
Sr3Al,O¢ by solid-state reaction, which can shorten processing
times compared to conventional processes. Kinetics measure-
ments allowed to determine the main governing mechanisms of
reaction; chemical reaction (Ea = 88.59 kJ) for time interval
from O to 110 min and nucleation and growth (Ea = 54.06 kJ)
for time interval from 110 and greater minutes.
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