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Abstract

Ceramic precursors with LaGaO3 composition have been obtained by mechanosynthesis of a stoichiometric mixture of La2O3 and Ga2O3 after

34 h of milling. Single and crystalline phase powders can be obtained at a temperature as low as 800 8C; while by classical solid state reaction the

La4Ga2O9 secondary phase still appears after calcination at 1200 8C. The influence of the mechanosynthesis route on the sintering of the ceramics

has also been studied. The reduction of the particle size by prolonged milling and the higher reactivity of the activated precursors cause a reduction

of the maximum shrinkage rate temperature of 500 8C with respect to the solid state reacted precursors. Despite these facts, it is found that the

ceramics sintered from classically obtained precursors have similar densities at the optimum conditions as the ones obtained by mechanosynthesis,

but with lower purity. Mechanical activation is shown as a good alternative to synthesize LaGaO3 based ceramics with Sr and Mg doping, which are

candidates for electrolytes in solid oxide fuel cells (SOFC), but care with the sintering strategies must be taken into account to assure a high density

of the ceramics.
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1. Introduction

Fuel cell is an electrochemical device that converts chemical

energy into electrical energy and, on contrary to batteries, will

work continuously consuming a fuel (generally hydrogen) of

some sort [1]. They have received an increasing interest during

the last years for the generation of energy because of its

advantages with respect to the more widely used sources based

on fossil combustible. They are energetically more efficient,

because the generation of power is not limited by Carnot

efficiency. Further their building is simplified because they do

not contain any mobile parts. Environmental advantages must

also be taken into account, as fuel cells can be considered as

zero emission systems. When hydrogen is used as fuel, it only

generates power and water. CO2 emission is eliminated. The

basic concept of a fuel cell has three components: electrolyte,
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anode and cathode. A first classification of fuel cells can be

done regarding the nature of the electrolyte.

Within this classification, the fuel cells with a solid oxide as

electrolyte (SOFC) are by now the ones with the largest

theoretical efficiency, with values close to 60% in single cycle

that can increase to 85% in cogeneration cycles of heat and

electricity. Power densities in the order of 1–3 MW/m3 are

possible [2]. Zirconia based ceramics are the most common

materials used as electrolyte. They have good mechanical

properties and chemical stability, together with a high

conductivity [1]. This is essential for SOFC applications.

Values of ionic conductivity higher than 0.1 S/cm with low

electronic conductivity (<10�4 S/cm) are found for the so-

called yttrium stabilized zirconia (YSZ) compositions of ZrO2,

optimized by doping with 8% mol Y2O3 [3]. These values are

achieved at 900–1000 8C, which implies that high temperatures

are needed for the cell to work. Efforts are focused now on

reducing the operating temperature to 600–800 8C, with the

advantages it presents: reduction of the material cost for the

stacking of single cells, reduction of thermal isolation and

increase of the cell mean life due to the decrease of thermal
d.
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degradation and tension strains caused by the thermal cycles

during operation [4]. Alternative materials are thus needed to

reduce the operation temperature.

Ceramics with composition based on lanthanum gallate

LaGaO3 have higher conductivity than YSZ materials when

oxygen vacancies are created by doping with Sr and Mg [5–7],

which make them good candidates for uses as electrolytes at

intermediate temperatures (600–800 8C). The synthesis by

classical methods of ceramics with Sr, Mg doped composition

is difficult. Secondary phases [8], mainly Sr3La4O9, SrLaGa3O7

and SrLaGaO4 are usually observed. They cannot be eliminated

even at the highest sintering temperatures. These phases reduce

the conductivity of the ceramics [9], besides the worsening of

the mechanical properties [10]. Classical synthesis method by

solid state reaction also involves high sintering temperatures

that do not fully eliminate the secondary phases and that can

lead to compositional inhomogeneities due to Ga evaporation

[11].

Alternative processing methods are thus needed to resolve

this issue. Mechanical activation has shown to be a successful

route to improve the sinterability of the ceramic precursors, as

part of the energy necessary to produce the chemical reaction is

supplied by mechanical means. The reduction of the particle

size and the high degree of homogeneity of the mixture of the

starting materials (oxides, carbonates, hydroxides and others)

during the prolonged milling [12] allows the reactivity of the

precursors to be increased. The processing temperatures

decrease, and phases that cannot be obtained by classical solid

state reactions or that can be only stabilized by high-pressure

techniques are achieved by mechanical activation [13]. The

compaction density of the green pellet increases by particle size

reduction [14]. It results in highly dense ceramics [15,16] in a

single thermal process, and at lower temperatures that than

needed by classical means.

An understanding of the milling operation on the perovskite

LaGaO3 doped with Sr and Mg is needed in order to apply this

method to process electrolyte materials. With this aim, this

work presents the results of the mechanosynthesis of LaGaO3

precursors using a mixture of La2O3–Ga2O3 for the first time to

the author’s best knowledge. Advantages over the classical

solid state method have been established: reduction in the

synthesis temperature of crystalline phase and in the sintering

temperature. Ceramics prepared from both routes are studied

for comparison. Differences in the sintering behavior between

both routes and the effect in the final attained density are also

discussed.

2. Experimental procedure

Mechanical activation was used to obtain the precursors of

LaGaO3 ceramics, and the results were compared with the ones

obtained by classical solid state reaction (SSR) method. For

mechanically activated (MA) precursors, 3 g of a stoichio-

metric mixture of the La2O3 and Ga2O3 oxides were initially

homogenized by hand mixing in an agate mortar and placed in a

stainless-steel pot, with five 2 cm diameter, 35 g mass,

stainless-steel balls. Mechanical activation was carried out
with a Pulverizette 6 model Fritsch planetary mill operating at

300 rpm. SSR precursors were obtained by thermal treatment at

1200 8C/4 h.

Phase compositions of the precursors and from sintered

samples were analyzed by Bragg–Brentano X-ray diffraction

(XRD) with a Bruker AXS D8 Advance diffractometer. Cu Ka

radiation (l = 1.5418 Å) and a 5 � 10�2 8 s�1 scan rate were

used. Both MA and SSR precursors were treated at several

temperatures between 800 and 1500 8C, as detailed later, and

characterized by XRD in a Siemens D5000 diffractometer,

typically at 3.3 � 10�2 8 s�1 scan rate.

Initial oxide mixture and the one after prolonged milling

were studied by Differential Thermal Analysis (DTA)–

Thermogravimetric (TG) techniques. A thermoanalyzer

Netzsch, model STA-409 was used up to 1200 8C, in an

alumina crucible with a heating rate of 5 8C min�1.

X-ray fluorescence technique was used (spectrometer

Phillips model PW-2424) to determine the possible contam-

ination of the MA precursors. For the analysis, a sample of 0.3 g

in fusion with 5.5 g of Li2B4O7 was prepared. Traces of Fe2O3

were specially searched. It was estimated that the amount of

iron oxide in weight% was 1 � 0.2%.

Quantities in the range of 0.7 and 1 g of the powders were

uniaxially pressed in pellets with 0.8 mm diameter at

1000 kg cm�2 and then isostatically pressed at 2000 kg cm�2.

2. The shrinkage behavior was studied using a dilatometer

Netzsch Gerätebau (model 402 EP, Selb-Bayern Germany) up

to 1600 8C with heating and cooling rates of 5 8C min�1.

The SSR precursors were first attrition milled and sieved

with a 100 mm sieve to avoid the presence of large

agglomerates. Green pellets were obtained by uniaxial pressing

at 1000 kg cm�2. Also, all the pellets were isostatically pressed

at 2000 kg cm�2. The samples were sintered in air at different

conditions: 1400–1450 8C-12 h, 1500 8C-6 h for SSR precur-

sors and 1200–1400 8C-12 h for mechanosynthesized powders,

with different sintering strategies as explained below. All the

heating rates were 3 8C min�1. Density of the ceramics was

measured by Archimedes’ method in distilled water at room

temperature.

3. Results

Fig. 1 shows the evolution of the La2O3 and Ga2O3 mixture

before and after milling at different times. At 1 h a broadening

of the peaks due to the reduction of the particle size is observed.

This situation is maintained up to 17 h, where peaks

corresponding to the perovskite structure with LaGaO3

composition begin to appear. A mixture of phases is produced,

as some peaks corresponding to the initial mixture are still

observed, although their width and reduced relative height

indicate a reduction in the size and crystallinity. At 34 h, the

perovskite seems to be isolated as the only detectable phase.

Traces of non-reacted initial oxides are not observed, although

they can be present in small amounts or in amorphous form.

Thus, it can be concluded that 34 h of milling is enough to

mechanosynthesis single phase perovskite LaGaO3, according

to XRD.



Fig. 1. XRD patterns of the stoichiometric mixture of La2O3, and Ga2O3,

precursor of LaGaO3 ceramics, before (0 h) and after different milling times [*:

initial La2O3; +: initial Ga2O3; O: mechanosynthesized LaGaO3].
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Fig. 2 shows the DTA–TG evolution of the La2O3 and Ga2O3

mixture up to 1200 8C. Weight loss is observed in three steps.

The last two ones are related to two sharp endothermic peaks in

the DTA curve. The region between 500 and 1200 8C is

amplified to better distinguish other two endothermic peaks

near 800 8C and between 950 and 1050 8C.

Fig. 3 shows the DTA–TG evolution of the mechanochemi-

cally activated precursors, up to 1500 8C. There are differences

with the observations in Fig. 2. The three steps in the weight

loss are now a continuous decrease with an inflexion at 400 8C
approximately, and an additional step at 650 8C that does not

appear for the oxide mixture. The related endothermic peaks

are less sharp than the ones observed in Fig. 2. The total weight

loss at 1200 8C is lower for the mechanochemically activated

than for the oxide mixture. The region between 500 and
Fig. 2. DTA and TG curves of a
1200 8C is also amplified. The two endothermic peaks

appearing at 650–700 8C seem to correspond to the ones

appearing at 950–1050 8C in Fig. 2. At temperatures higher

than 1400 8C there are a number of peaks that can be attributed

to structural phase transitions.

Fig. 4 shows the XRD pattern of the SSR precursor powder

after calcination at 1200 8C-4 h. A main perovskite phase is

obtained, but with traces of La4Ga2O9 composition (JCPDF

ICPD file no. 37-1433). This secondary phase appears typically

in the synthesis of this composition by traditional SSR [17] in

LaGaO3 powders. Fig. 5 shows the corresponding pattern after

thermal treatment at 800 8C-4 h of the mechanosynthesized

precursor. Traces of secondary phases are not found. A

reduction of more than 400 8C is thus obtained with the use of

MA to isolate LaGaO3 perovskite phase with higher purity than

if SSR is used.

Figs. 6 and 7 show the dilatometric studies of LaGaO3 green

pellets compacted from precursors obtained by SSR and

mechanosynthesis, respectively. The curves of shrinkage and

shrinkage rate are much simpler for the SSR precursors than for

the mechanosynthesized ones. A contraction beginning at

approximately 1100 8C extends to 1500 8C. The highest

shrinkage rate is achieved at 1450 8C, approximately. For the

mechanosynthesized mixture, different shrinkage processes

occur between room temperature and 800 8C, approximately.

Then there are two additional shrinkages, between 850 and

1050 8C and between 1100 and 1300 8C. A late contraction is

observed between 1350 and 1450 8C. This is the only one that is

reversible, as it is observed as an expansion during the cooling

of the sample (dashed line).

Pellets prepared from SSR precursors were sintered at

1400 8C-12 h, 1450 8C-12 h and 1500 8C-6 h. The XRD

patterns of the resulting ceramics are shown in Fig. 8. A
mixture of La2O3 and Ga2O3.
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secondary phase begins to appear at increasing sintering

temperatures, being clearly distinguished in the ceramic

sintered at 1500 8C-6 h (marked with a circle). Fig. 9 shows

the XRD patterns of the ceramics sintered from mechan-

Fig. 3. DTA and TG curves of a mixture
Fig. 4. XRD patterns after thermal treatment at 1200 8C-4 h of a mixture of

La2O3, and Ga2O3, precursor of LaGaO3 ceramics.

Fig. 5. XRD patterns after thermal treatment at 800 8C-4 h for the mechan-

osynthesized powder for 34 h of milling.
osynthesized precursors. Single phase ceramics are obtained

except for that sintered at 1400 8C-12 h. The secondary phases

could not be identified with any structure containing La and/or

Ga.

Table 1 shows the densification of the LaGaO3 ceramics

measured by Archimedes’ method. Values close to 95% are

La2O3 and Ga2O3 after 34 h of milling.
Fig. 6. Linear shrinkage and shrinkage rate of green pellets of LaGaO3, from

precursors obtained by solid state reaction.

Fig. 7. Linear shrinkage and shrinkage rate of green pellets of LaGaO3, from

precursors obtained by mechanosynthesis after 34 h of milling. Dashed line:

measurement on cooling.



Fig. 8. XRD patterns of LaGaO3 ceramics sintered from precursors obtained by

solid state reaction.

Fig. 9. XRD patterns of LaGaO3 ceramics sintered from precursors obtained by

mechanosynthesis after 34 h of milling.
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found for the ones sintered from SSR precursors at 1400–

1450 8C, and then they decrease when ceramics are sintered at

1500 8C-6 h. For the ceramics sintered at 1200–1400 8C from

mechanosynthesized precursors, the sintering strategy was

made by heating with two intermediate plateaus at 400 and

800 8C, based on the data of the shrinkage curve. Bubbles in the

surfaces of the ceramic sintered at 1400 8C were observed. In

addition, as Fig. 9 shows, secondary phases are found. No

higher sintering temperatures were then checked. A new

sintering heating curve was checked, with a plateau at the

temperatures of the maximum shrinkage rate (900 8C-6 h) and

final sintering at 1300 8C, also for 6 h (total sintering time of

12 h). Similar values of relative density are found to the ones

obtained by single sintering at 1300 8C-12 h. In all cases, the
Table 1

Densification of LaGaO3 ceramics measured by Archimedes’ method.

LaGaO3 (solid state synthesis 1200 8C-2 h)

Conditions 1400 8C-12 h

Density 94.8%Archimed

LaGaO3 (mechanosynthesis 34 h)

Conditions 1200 8C-12 h 1300 8C-12 h

Density 84.8% 92.1%
relative densities of the ceramics from mechanosynthesized

precursors are in the same order than those found from SSR

precursors. The maximum density for ceramics from mechan-

osynthesized precursors is achieved for sintering at 1300 8C
(92%).

4. Discussion

Differences in the behavior of the two LaGaO3 precursors

used are observed in the DTA–TG curves. The starting material

for SSR is a mixture of oxides that transform to LaGaO3 after

heating. For the mechanosynthesized, the material is a

perovskite powder obtained by milling, as observed by XRD.

The weight loss in three steps of the initial oxide mixture

corresponds to the decomposition of La(OH)3, which is present

at ambient atmosphere with La2O3. The sequence of the

decomposition occurs in three stages [18]:

(1) Elimination of absorbed water.

(2) Dehydration of two molecules of water: 2La(OH)3!
2LaO(OH) + 2H2O.

(3) Dehydration of one molecule of water: 2LaO(OH)!
2La2O3 + 1H2O.

For the MA precursor, the weight loss can also be attributed

to loss of water incorporated to the mechanosynthesized

perovskite, but with different size and crystallinity that modify

the way in which the water is incorporated to the material with

respect to the non-milled La2O3. The additional step at 650 8C
must be attributed to the loss of CO2 from the carbonated state

after milling [19]. The lower total weight loss for the

mechanosynthesized mixture indicates that the perovskite

can trap lower amounts of H2O.

The endothermic peaks at 800 8C and extended to 950–

1050 8C for the oxides mixture, and at 650–700 8C for the

mechanosynthesized one are due to the same phenomena, and

are indicative of the differences between them. The peak at

higher temperature is related to the formation of the perovskite

through an intermediate La4Ga2O9 phase (peak at lower

temperatures) that still appears in XRD patterns shown in Fig. 4

after calcination at 1200 8C. The crystallization process is

energetically more favorable in the mechanosynthesized

product, as the endothermic peaks are closer one to the other

than in the SSR precursor.

The crystallization of an isolated LaGaO3 phase is achieved

at lower temperatures (800 8C), as Fig. 5 shows, due to the high

reactivity of the mechanosynthesized precursor. Comparing

with SSR method, a reduction of more than 400 8C is achieved.
1450 8C-12 h 1500 8C-6 h

es 95.4% 94.0%

900 8C-6 h + 1300 8C-6 h 1400 8C-12 h

92.6% 88.9%
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Typical temperatures to obtain single phase in powder form are

1400 8C [20]. Different routes to the classical one for the

synthesis of LaGaO3 are barely found in the literature. Jena

et al. reported pure phase at temperatures in the range of 720–

820 8C [21] by metal nitrate–tartarate complex decomposition

method. Kojima et al. recently used [22] a novel method of

molten carbonates (with (Li0.435Na0.315K0.25)2CO3), reducing

the synthesis to 500 8C, although the perovskite phase obtained

was not completely pure. Moreover, mechanosynthesis route

has the advantage of avoiding the necessary chemical steps in

order to isolate pure enough phases.

The curves of shrinkage shown in Figs. 6 and 7 reveal

differences between the sintering of both precursors. The

contractions of the MA samples at temperatures lower than

800 8C are due to the loss of H2O and CO2 trapped from the

atmosphere in the mixture during milling, as it is produced in the

same temperature range observed in the DTA/TG curves. It does

not appear in the SRR precursors because the pressed material is

totally composed by the perovskite and impurity phases, without

trapped carbonates or water. The comparison of both curves

shows that the sintering starts at a lower temperature (800, 350 8C
lower) for the MA precursors than for the SSR ones, and with a

higher velocity (maximum shrinkage rate of 0.29 K�1 against

0.18 K�1). This is indicative of the higher reactivity achieved by

mechanical activation. From the Scherrer equation [23]

(t = 0.9l/B cos uB, where l is the wavelength used, B is the

full width at half maximum of the diffraction peak and uB is the

Bragg angle), values of crystallite size in the order of 20 nm were

calculated. Small particles allow a better compacting of the green

pellet and the higher specific surface favors the closure of the

porosity. Moreover, the prolonged milling introduces a number

of defects that also favor the mass transport. A reduction of the

sintering temperature to obtain similar or higher densification is

expected. However, as observed in Table 1, the results are more

complex.

The intermediate contractions in the mechanosynthesized

precursors due to the elimination of gases, as water and CO2 from

the carbonated state after milling probably leads to the

appearance of voids that are difficult to close at increasing

temperature. It cannot be even ruled out that the secondary phases

appearing in SSR precursors can play a role in sintering, pinning

the grain boundaries and promoting the densification without

grain growth and then achieving lower porosity. A strategy for

emulating the same process with mechanosynthesized precursors

with a long dwelling at 900 8C (maximum shrinkage rate) does

not improve densification (Table 1). These results show the

difficulty of the densification of LaGaO3 ceramics at low

temperatures, even with the use of alternative processing routes.

As example, Jena et al. [21] reported values of density of 87% by

sintering at 1350 8C from precursors obtained by metal nitrate–

tartarate complex decomposition method. Results shown here are

better even at lower sintering temperatures (1300 8C). It must be

remarkable, however, that LaGaO3 based ceramics for electro-

lyte applications are doped with Sr and Mg, that favor the

densification of the ceramics [21]. Mechanosynthesis would

provide a simplified method to process the ceramics in a unique

thermal step, and with higher purity.
The appearance of the secondary phase after sintering at the

highest checked temperatures (>1400 8C) seems to be related

to the Ga loss. The variation of the ceramics weight before and

after sintering from SSR precursors was slightly higher at

1500 8C (3.9%) than at 1400 and 1450 8C (3.6%). The amount

of secondary phase is also higher, as Fig. 8 shows. Ga

elimination gives place to Ga-deficient surfaces, favoring the

formation of phases different than the perovskite one. Again,

reduction of sintering temperature provided by mechanosynth-

esis would prevent this Ga elimination, achieving a higher

purity of the ceramics.

5. Conclusions

Mechanosynthesis of LaGaO3 perovskite phase has been

obtained after 34 h of milling in a planetary mill of a La2O3 and

Ga2O3 mixture for the first time. Pure and crystalline phases are

obtained at 800 8C-4 h, reduction of more than 400 8C in

temperature than when classical solid state reaction route is used.

Shrinkage studies show a complex sintering process in the

mechanosynthesized precursors. Ceramics with similar poros-

ity to the achieved with SSR precursors and with higher purity

are obtained at lower sintering temperature.

Mechanosynthesis is a promising alternative for increasing

the purity of LaGaO3 based ceramics for SOFC applications, in

which it is expected that the doping with Sr and Mg improves

the densification of the ceramics. A simpler processing in a

unique thermal step can be maintained, but control of the

sintering strategies must be taken into account to assure a high

densification of the ceramics.
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