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a b s t r a c t

Dense ceramics with La0.80Sr0.20Ga0.85Mg0.15O2.825 and La0.80Sr0.15Ga0.85Mg0.20O2.825 compositions have
been prepared by sintering of mechanosynthesized precursors. The perovskite is synthesized after 85 h
of milling in a planetary mill. Single phases have been obtained at conditions that are not possible if
traditional solid-state reaction (SSR) method is used. The influence of milling time and composition in
the reactivity of the precursors is studied. Highest purity is obtained in Sr = 0.15 and Mg = 0.20 composi-
tion, with relative density higher than 97%. The total elimination of typical secondary phases for these
Solid oxide fuel cell
Electrolyte
L
M

compositions, as SrLaGaO4 and SrLaGa3O7, allows the total conductivity of the ceramics to be improved.
The influence of the grain size and the nature of the grain boundaries on the electrical characteristic of
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. Introduction

Ceramics with Sr- and Mg-doped LaGaO3 composition with per-
vskite structure have received much attention in the last years as
andidates for uses as electrolytes in solid oxide fuel cells working
t intermediate temperatures (IT-SOFC). These are electrochemical
evices that directly convert chemical energy into electrical energy
nd, on contrary to batteries, they work continuously consuming a
uel (generally hydrogen) of some sort [1]. The most common elec-
rolyte material is the so-called yttrium-stabilized zirconia (YSZ),
hich are compositions of ZrO2, optimized by doping with 8% mol

2O3. However, this material has a limit its performance at tem-
eratures of the order of 900–1000 ◦C due to its relatively low ionic
onductivity (<0.1 S cm−1) [2].

Ceramics with La1−xSrxGa1−yMgyO3−ı composition presents
ood characteristics for uses as electrolytes in SOFC applications at
ntermediate temperatures (700–1000 ◦C). The doping of the per-
vkite LaGaO3 with Sr (in La-sites) and Mg (in Ga sites) introduces
quantity of oxygen vacancies that results in a high conductivity

>0.10 S cm−1 at 800 ◦C). Moreover, these composition have negligi-
le electronic conduction at temperatures T <1000 ◦C over a broad

ange of oxygen partial pressure from PO2 = 1 to ∼10−22 atm [3], and
stable performance over long operating times [4,5]. This results

n a better performance of the cell [6]. The highest conductivity at
00 ◦C in ceramics with these composition have been reported to be
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in compositions with x = 0.20, y = 0.17, with values of 0.166 S cm−1

[5].
The problems related with La1−xSrxGa1−yMgyO3−ı compositions

are the appearance of secondary phases [7], mainly Sr3La4O9,
SrLaGa3O7 and SrLaGaO4. They reduce the conductivity of the
ceramics [8], which influences in the performance of the fuel cell. In
particular, common secondary phase SrLaGaO4 has poor mechani-
cal strength due to easy cleavage fracture along a–b planes [9]. Its
presence can thus facilitate the creation and propagation of cracks
through the ceramics. Classical synthesis method by solid-state
reaction (SSR) involves high sintering temperatures that do not fully
eliminate the secondary phases and that can lead to compositional
inhomogeities due to Ga evaporation [10].

Alternative synthesis routes have been tested with two aims:
to reduce the final sintering temperature and to avoid the pres-
ence of secondary phases. Most of them are based on chemistry
methods. Some of them have been shown to be effective to elim-
inate the secondary phase, although for composition with x and
y values different than the ones chosen for this work (x = 0.20 and
y = 0.15, with a reported conductivity of 0.149 S cm−1). As examples,
sol–gel [11], Pechini [12], fuel-rich glycine-nitrate synthesis [13] or
organic precursor method with tartaric acid [14]. However, these
chemistry-based routes have some drawbacks. They require high
purity inorganic or even organometallic reactants, those are sensi-

tive to light or humidity and are more expensive than the widely
available oxides and carbonates.

Mechanosynthesis is a cleaner and economic alternative to
obtain highly reactive ceramic precursors. In this method, part
of the energy necessary to produce the chemical reaction is sup-

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:alberto.moure@icv.csic.es
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the microstructures of the sintered samples were examined by
scanning electron microscopy in a Zeiss Microscope (model DSM
950, Oberkochem, Germany). Impedance was measured using a LF
Impedance analyzer (model HP-4294A, Hewlett-Packard) on disk
pellets with electrodes of Ag (Dupont) calcined at 700 ◦C, 1 h.
90 A. Moure et al. / Journal of P

lied by mechanical means. During the process, the particle size
f the crystals is reduced and the homogeneity of the mixture is
ncreased [15]. It improves the reactivity of the precursors and
llows to optimise the compaction of the green pellet [16]. The
rocessing of highly dense ceramics [17,18] is possible in a single
hermal process in which grain growth and sintering take place. The
ower of this processing route has been recently proved. The com-
ination of mechanochemical activation and SPS provides highly
ense ceramics at sintering temperatures as low as 550–600 ◦C for
.92PbZn1/3Nb2/3O3–0.08PbTiO3 compositions [19].

Mechanosynthesis can produce precursors that lead to ceramics
ith the ideal microstructure for applications as electrolytes. That

s, low porosity (lower than 5%), homogenous grain size distribution
nd with an adequate grain size: large enough to reduce the grain
oundary density and thus the blocking effect on the conductiv-

ty [20], and small enough to preserve good mechanical properties
13]. Its application to ceramic electrolytes for SOFCs is barely found
n the literature, in particular for La1−xSrxGa1−yMgyO3−ı compo-
itions. Gomes et al. reported [21] a reduction of the synthesis
emperature of the perovskite after mechanical activation, although
he presence of LaSrGa3O7 was detected by XRD. They applied it
o La0.95Sr0.05Ga0.90Mg0.10O3−ı composition, with a limited num-
er of oxygen vacancies due to the small quantity of dopants
r and Mg. This implies a limitation of the conductivity. Highly
ense ceramics at relatively low sintering temperature (1450 ◦C
or 4 h) were achieved. Zyryanov et al. obtained by mechanosyn-
hesis powders with higher amount of dopants [22,23], with
a0.80Sr0.15Ga0.85Mg0.20O2.825 composition. However, they applied
he obtained precursors to the sintering of nanocomposites with

ixed ionic–electronic conductivity. The effect on sintering of
ingle-phase LSGM ceramics was not reported.

In this work, ceramics with La0.80Sr0.20Ga0.85Mg0.15O2.825 and
a0.85Sr0.15Ga0.80Mg0.20O2.825 compositions have been prepared
y mechanosynthesis and compared with the ones obtained by
lassical SSR. The compositions were chosen due to their high con-
uctivity previously reported (in the order of 0.15 S cm−1 [5]), and
an allow to study the possibility of mechanical activation to over-
ome the known difficulties in obtaining single-phase ceramics
hen the Sr content in the composition increases. The effect of the

ime milling and composition on the processing of the ceramics
s shown. Measurements of the conductivity by impedance spec-
roscopy were also carried out and related with the microstructure
f the ceramics and the presence of secondary phases.

. Experimental procedure

Ceramic precursors of La0.80Sr0.20Ga0.85Mg0.15O2.825 and
a0.80Sr0.15Ga0.85Mg0.20O2.825 (hereinafter LSGM 20/15 and LSGM
5/20, respectively) were obtained by mechanosynthesis. The stoi-
hiometric quantities of La2O3, Ga2O3, MgO and SrCO3 necessary to
btain 4 g of the ceramic precursors were placed in a stainless-steel
ot with five also stainless steel balls, 2 cm diameter, 35 g mass.
echanochemical activation was carried out with a Pulverizette
model Fritsch planetary mill operating at 300 rpm. For the sake

f comparison, 10 g of precursors with the same two compositions
ere obtained by classical SSR method (SSR precursors). Stoichio-
etric mixtures were calcined at final conditions of 1300 ◦C, 16 h,

nd then attrition milled during 2 h and sieved with a 100 �m
ieve.

Evolution with time of the mechanochemically activated pre-
ursors was monitored by Bragg-Brentano X-ray diffraction (XRD)

ith a Bruker AXS D8 Advance diffractometer. Cu K� radiation

� = 1.5418 Å) and a 5 × 10−2 ◦ s−1 scan rate were used. Both milled
nd solid-state obtained precursors were treated at several tem-
eratures, as detailed later, and characterized by XRD in a Siemens
5000 diffractometer, typically at 3.3 × 10−2 ◦ s−1 scan rate.
ources 188 (2009) 489–497

The crystal size (t) was obtained from the XRD data using the
Scherrer formula: t = 0.9�/B cos �B, where � is the wavelength used,
B is the full width at half maximum of the diffraction peak and �B is
the Bragg angle [24]. BET surface area of the calcined powder was
measured using a Quantachrome Accusorb instrument.

Initial oxides and carbonates mixture and the ones after
prolonged milling were studied by differential thermal analysis
(DTA)–thermogravimetric (TG) techniques. For the first one, a ther-
moanalyzer Netzsch, model STA-409 was used up to 1200 ◦C, in
an alumina crucible with a heating rate of 5 ◦C min−1. For the sec-
ond one, the same thermoanalyzer was used up to 1500 ◦C, in a Pt
crucible, and with a heating rate of 10 ◦C min−1.

Between 0.7 and 1 g of the powders were uniaxially pressed
in pellets with 0.8 mm diameter at 100 MPa and then isostatically
pressed at 200 MPa. The shrinkage behaviour was studied using
a dilatometer Netzsch Gerätebau (model 402 EP, Selb-Bayern Ger-
many) up to 1550 ◦C with a heating and cooling rate of 5 ◦C min−1.

The pellets were then sintered in air at conditions detailed
later and based on the dilatometric results, and then character-
ized by XRD at the same conditions as for the precursors. Density
of the ceramics was measured by Archimede’s method in distilled
water at room temperature. After polishing and thermal etching,
Fig. 1. XRD patterns of the stoichiometric mixture of La2O3, MgO, SrCO3, Ga2O3,
precursor of: (a) La0.80Sr0.20Ga0.85Mg0.15O2.825 and (b) La0.85Sr0.15Ga0.80Mg0.20O2.825

ceramics, after different milling times.
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Fig. 2. DTA and TG curves of a mixture of 0.4 La2O3, 0.15 MgO, 0.2 S

. Results
Fig. 1 shows the evolution with time of the oxides and carbon-
te mixture for LSGM 20/15 milled up to 85 and 100 h, and for
SGM 15/20 milled up to 85 h. In all cases, the peaks that can be
ndexed as corresponding to the perovskite phase begin to appear
fter about 35 h of milling. After 85 h, the diffraction corresponds

ig. 3. XRD patterns after thermal treatment of: (a) La0.80Sr0.20Ga0.85Mg0.15O2.825

recursors prepared by solid-state reaction and mechanical activation after 85 h of
illing and (b) same for La0.85Sr0.15Ga0.80Mg0.20O2.825 composition (*, perovskite; �,

rLaGa3O7; �, SrLaGaO4; �, Sr3La4O9).
and 0.425 Ga2O3: (a) without milling and (b) after 85 h of milling.

to the perovskite structure together with an amorphous to XRD
halo. An increasing of the milling time to 100 h does not change the
appearance of the diffraction pattern, although the characteristics
of the precursors are different, as it will be explained later.

Fig. 2 shows the DTA–TG curves of the mixture of the compo-
sition LSGM 20/15 after milling during 85 h. It is compared with

the initial mixture of oxides and carbonates to obtain precursors of
ceramics with the same composition. For this latter, weight loss is
observed in four steps, corresponding to four endothermic peaks
in the DTA curves. The last two ones are related with two wide

Fig. 4. (a) Shrinkage and (b) shrinkage rate of green pellets of
La0.80Sr0.20Ga0.85Mg0.15O2.825 and La0.85Sr0.15Ga0.80Mg0.20O2.825 compositions.
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Table 1
Density measured by Archimede’s method of La0.80Sr0.20Ga0.85Mg0.15O2.825 and
La0.85Sr0.15Ga0.80Mg0.20O2.825 ceramics.

Solid-state synthesis 1400 ◦C, 12 h 1450 ◦C, 12 h 1500 ◦C, 6 h

LSGM 20/15 (1300 ◦C, 16 h) 96.2%* 99.6%* 96.6%*

Mechanosynthesis 1320 ◦C, 12 h 1380 ◦C, 12 h 1430 ◦C, 12 h

LSGM 20/15 (85 h) No No 96.1%*

F
(
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ndothermic peaks. For the milled sample, the first three defined
teps are now a continuous weight loss, while the fourth step
lso appears between 700 and 800 ◦C. The wide endothermic peak
composed by two smaller peaks) between 800 and 1100 ◦C for
he mixture without mechanical treatment appears in the milled
ample between 700 and 900 ◦C.

Fig. 3 shows XRD patterns of the LSGM 20/15 composition after
ifferent thermal treatment of the precursor obtained by classi-
al SSR and after milling during 85 h, respectively, for LSGM 20/15
nd 15/20 compositions. At reduced temperature (1200 ◦C, 4 h),
hree secondary phases with Sr3La4O9, SrLaGa3O7 and SrLaGaO4
omposition are detected besides the ones corresponding to the
erovskite phase for SSR precursors. The number expresses the rel-
tive intensity of the most intense peaks of each phase with regard
o the perovskite one. The increase of the calcination tempera-
ure eliminates Sr3La4O9 phase, but the SrLaGa3O7 and SrLaGaO4
nes appear even at 1300 ◦C, 16 h. These latter phases also appear
or the mechanosynthesized powder, although the relative inten-
ity is clearly lower at reduced processing temperatures (1200 ◦C,
h). For LSGM 15/20 composition, SrLaGa3O7 and SrLaGaO4 appear
t 1300 ◦C, 16 h for the SSR precursors. However, calcination at
250 ◦C, 2 h of the mechanosynthesized precursors leads to single
erovskite XRD patterns.

Fig. 4 shows the shrinkage studies of green pellets prepared
rom classical SSR and for mechanosynthesized precursors at dif-

erent conditions and for the two compositions. Fig. 4a shows the
hrinkage of the pellets and Fig. 4b shows the shrinkage rates.
he curve corresponding to LSGM 20/15 after 100 h milling is
omposed of a first measurement up to 1130 ◦C, then cooling to
oom temperature and re-heated up to 1550 ◦C (due to a exper-

ig. 5. XRD patterns of La0.80Sr0.20Ga0.85Mg0.15O2.825 ceramics sintered from precursors ob
c) 100 h of milling and (d) La0.85Sr0.15Ga0.80Mg0.20O2.825 composition from precursors obt
LSGM 20/15 (100 h) 94.8%* 95.2% 95.5%
LSGM 15/20 (85 h) 97.0% 98.1% 97.9%

Asterisks denote the ceramics where secondary phases were observed by XRD.

imental error). The shrinkage of the sample with SSR precursors
has a unique step, beginning at 1000 ◦C, approximately, with a
maximum shrinkage rate located at 1370 ◦C. For the activated pre-
cursors, there are three steps prior to the maximum shrinkage.
For the 20/15 composition, the maximum rate fits with the one
of the SSR, while for the 15/20 composition it is located at 1300 ◦C,
approximately.

The aspect of the shrinkage curve led to different sintering
strategies for activated precursors and the ones obtained by SSR.
For the former, two intermediate plateaus at 400 and 800 ◦C during
1 h were carried out during the heating. For the latter, heating to
the sintering temperature was carried out in only one step. Fig. 5
shows the XRD patterns of the ceramics obtained from SSR and

activated precursors, respectively. For SSR precursors, even at the
highest sintering temperatures (1500 ◦C, 6 h), peaks corresponding
to SrLaGa3O7 secondary phase appear. Its presence diminishes as
sintering temperature increases.

tained by (a) SSR; and precursors obtained by mechanosynthesis after (b) 85 h and
ained by mechanosynthesis after 85 h of milling.
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Fig. 6. SEM micrographs of ceramics: La0.80Sr0.20Ga0.85Mg0.15O2.825 composition from SSR precursors sintered at: (a) 1400 ◦C, 12 h, (b) 1500 ◦C, 6 h, from activated precursors
milled up to (c) 85 h, 1430 ◦C, 12 h, (d) 100 h, 1380 ◦C, 12 h, and (e) 100 h, 1430 ◦C, 12 h; and La0.85Sr0.15Ga0.80Mg0.20O2.825 composition from activated precursors milled up to
(f) 85 h, 1380 ◦C, 12 h and (g) 1430 ◦C, 12 h.



4 ower Sources 188 (2009) 489–497

f
c
p
1
t
T
t
p

b
l
c
f
a
d
h
t
(
w
t
m
d

c
a
c
T
g
b
a
m
t
c
s
S
a
L
m
c
m
F
t
g
a
s
L
i
c

t
e
w

T
E
a

L

L

94 A. Moure et al. / Journal of P

For the mechanosynthesized precursors, differences are found
or different milling times and composition. For the LSGM 20/15
omposition milled during 85 h, traces of SrLaGa3O7 secondary
hase are detected at the highest sintering temperature (1430 ◦C,
2 h). However, the increase of the milling time to 100 h makes
he ceramics to be single phase to XRD after sintering at 1380 ◦C.
he situation is improved for the LSGM 15/20 composition. Even at
he lowest sintering temperature (1320 ◦C, 12 h) ceramics are single
hase.

Table 1 shows the densities of the sintered ceramics measured
y Archimedes’s method. The theoretical density has been calcu-
ated from the division of the molecular weight by the cell volume
alculated by Datta et al. [25], giving place to a value of 6.68 g cm−3

or LSGM 20/15 composition and 6.67 g cm−3 for LSGM 15/20. The
sterisks mark the ceramics where secondary phases have been
etected by XRD. Thus, the density measured for those ceramics
as a certain error, which cannot be exactly determined. Some
rends can be observed. Relative density at optimized conditions
maximum density) is higher for ceramics from SSR precursors and
ithin activated precursors, for LSGM 15/20 composition, for which

he sintering at 1320 ◦C (slightly higher than the temperature of
aximum shrinkage) produces single-phase ceramics with 97% of

ensity.
Fig. 6 shows the micrographs of polished thermally etched

eramics sintered from SSR, and mechanosynthesized precursors
fter 85 and 100 h of milling, for LSGM 20/15 and LSGM 15/20
ompositions. Different sintering conditions are also compared.
wo phases (one darker within a clearer matrix) are easily distin-
uished for the ceramics sintered from SSR precursors (Fig. 6a and
), and for the mechanically treated during 85 h (1430 ◦C, Fig. 6c)
nd 100 h (1380 ◦C, Fig. 6d and 1430 ◦C, Fig. 6e, where a third phase
arked with a “3” is also observed) in the LSGM 20/15 composi-

ions. The amount of secondary phase seems to diminish for the
eramics from mechanosynthesized powders. It is remarkable that
econdary phases not detected by XRD (Fig. 5c) appear now in the
EM images (Fig. 6d and e). An increase in the sintering temper-
ture affects only slightly to the size of secondary phases. For the
SGM 15/20 activated composition (Fig. 6f and g), only the clearest
atrix phase appears without secondary phases. EDS analysis was

arried out on the different phases observed in the micrographs,
arked as 1, 2 and 3 in Fig. 6a and e. Results are shown in Table 2.

rom the images, it is also observed that if similar processing condi-
ions are compared (85 h activation, 1430 ◦C sintering temperature),
rain size is higher for Mg-rich (LSGM 15/20) compositions. Fig. 6f
nd g have an inset where transgranular fracture micrographs are
hown. They proved that the appearance of a higher porosity in
SGM 15/20 composition ceramics is in fact due to pull-out dur-
ng polishing. Polished surfaces micrographs are shown for a better
omparison of the grain size.
Fig. 7 shows the impedance spectra at approximately 300 ◦C of
he LSGM ceramics, as representative of the observed at differ-
nt temperatures. The arcs at higher conductivity are associated
ith the bulk conductivity and the ones at intermediate frequen-

able 2
DS analysis (wt.%) of matrix and secondary phases marked in points shown in Fig. 6a
nd e.

O–K Ga–K Sr–L La–L

SGM 15/20 SSR 1400 ◦C, 12 h
Point 1 21.70 47.48 2.72 28.10
Point 2 19.10 29.85 0.89 50.15

SGM 20/15 100 h 1430 ◦C, 12 h
Point 1 20.54 39.59 1.97 37.91
Point 2 21.31 44.84 2.41 31.45
Point 3 19.23 30.70 0.90 49.17
Fig. 7. Impedance spectra of ceramics with La1−xSrxGa1−yMgyO3−ı composition at
temperatures close to 300 ◦C.

cies with grain boundary conductivity. The tails observed at lower
frequencies are associated to the interface ceramic–electrode.

Fig. 8 shows the Arrhenius plots of the bulk, grain boundary and
total conductivity for ceramics obtained from SSR and mechanosyn-
thesized precursors, obtained from impedance spectra similar to
the ones shown in Fig. 7. Those sintered at higher temperatures
(1430 and 1500 ◦C) present the highest total conductivity, and
within them, the ones prepared from precursors mechanosynthe-
sized during 100 h (LSGM 20/15) and 85 h (LSGM 15/20) have higher
conductivity. Although no so clearly marked, this trend is also
observed for both bulk and grain boundary conductivity. Table 3
shows the activation energy values at the different processing con-
ditions obtained from the slope of the Arrhenius plot.

4. Discussion

As Fig. 1 shows, powders with perovskite structure can be
obtained by mechanosynthesis of the mixture of oxides and carbon-
ate. Crystal sizes obtained from the XRD data by using the Scherrer
equation are 25 and 30 nm for these powdered perovskites with
LSGM 20/15 and 15/20, respectively. The values of specific surface
area were found to be 30.5 and 25.5 m2 g−1, respectively. Taken the
relation between particle size (D) and specific surface (S) given by
D = 6/dth × S, where dth is the theoretical density, calculated crystal-
lites sizes are 30 and 35 nm. This result confirms the ones obtained
by XRD results within experimental error. However, the results of
the DTA and XRD of the subsequent thermal treatments show that in
fact the powder obtained does not only contain perovskite phases.

DTA shows that the well-defined endothermic peaks in SSR pre-
cursors associated with weight loss up to 600 ◦C, approximately,
are not so defined in activated precursors. Moreover, the weight
loss is continuous and not in steps. Marques et al. reported [26]
that at room atmosphere, La2O3 contains La(OH)3, and that the
mixture La2O3–SrCO3 decomposes in four stages: (a) elimination
of absorbed water; (b) dehydration by loss of two molecules of
water; (c) dehydration by loss of two molecules of water; (d) decom-
position of SrCO3 with liberation of CO2. This corresponds to the
observed in the SSR powder. The weight loss occurs in the same
range of temperatures for the mechanosynthesized precursors. It is
due to the water absorbed in the mixture during milling and to the

one incorporated on the initial oxide, with different crystallization
state and size that modified the conditions where water is released.
That is the reason for which the weight loss is produced in a continu-
ous form. The total weight loss is lower for the mechanosynthesized
precursor than for the SSR one, because a part of the initial La oxide
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ig. 8. Arrhenius plots of the (a) bulk, (b) grain boundary and (c) total conductivity
f La0.80Sr0.20Ga0.85Mg0.15O2.825, and La0.85Sr0.15Ga0.80Mg0.20O2.825 ceramics.

as reacted to form the perovskite. Less amount of water can thus
e trapped.

The DTA curve also presents a wide endothermic peak, com-
osed by two smaller peaks at lower temperature for the
echanosynthesized precursor. The one at the highest tempera-
ure can be attributed to the formation of perovskite, as XRD in Fig. 3
onfirms. It is produced together with intermediate phases that also
ppear in Fig. 3 (Sr3La4O9, SrLaGaO4 and SrLaGa3O7). Within them,
rLaGa3O7 is the most stable, and it cannot be eliminated even at the
ighest sintering temperature (1500 ◦C) for the SSR precursors. The
ources 188 (2009) 489–497 495

temperature of the formation of these phases is reduced by ∼300 ◦C
by mechanosynthesis, as it is pointed out in Figs. 2 and 3. The reduc-
tion of the processing temperature after mechanical treatment is a
widely observed phenomenon in the ceramics processing [16,17].
As a consequence, secondary phases appear in a lesser amount by
heating mechanical activated precursors. However, for the LSGM
20/15 composition activated during 85 h, it is not possible to have
single-phase ceramics according to XRD, as the peaks correspond-
ing to SrLaGa3O7 appears even after sintering at 1430 ◦C, 12 h. This
confirms that part of the activated powder is an amorphous rest
of the initial oxides and carbonate, which react after heating and
form the secondary phases. It does not disappear after later thermal
treatment.

The increase of the milling time to 100 h makes the mixture to
be more reactive, and single-phase ceramics according to XRD are
achieved now by sintering at 1380 ◦C (Fig. 5). The possible draw-
back comes from contamination at extended milling. The milling
media used in this work was stainless-steel. The mean contamina-
tion will thus come from Fe. For the powder activated during 85 h,
X-ray fluorescence technique gave an estimation of ∼1% in weight
of Fe contamination. It must be slightly increased at longer milling
times. However, this issue is not a critical factor for the compositions
studied in this work. It has been reported that Fe [27–29], with an
atomic radius (for Fe3+ is 64 pm) closer to the Ga one (Ga3+, 62 pm),
incorporates to the perovskite structure La1−xSrxGa1−yMgyO3−ı

composition for Fe amounts higher than 1.5 wt.%. It can even
improve the ionic conductivity in La0.8Sr0.2Ga0.8Mg0.17Fe0.03O3−ı

composition (1 wt.%) [29].
The secondary phases can be identified in the SEM images. The

darkest grains marked as “1” in Fig. 6a and “2” in Fig. 6e corresponds
to a Ga-rich phase as shown in EDS analysis (Table 1), and it is related
with the LaSrGa3O7 phase. The clearer one indicated as “1” in Fig. 6e
is associated with the LaSrGaO4 composition. The results and the
aspect of the phases in the micrograph are in agreement with the
observed by Lu et al. [8]. Finally, the one marked as “2” in Fig. 6a
and “3” in Fig. 6e as similar compositions, and are identified as the
matrix perovskite phase.

It is remarkable that single-phase ceramics according to XRD
show secondary phases in the SEM micrographs. These are large
enough and are present in amount detectable by XRD techniques.
The samples for microscopy were prepared after being lapped
for conductivity measurements. Thus, surfaces of the ceramics
were removed. Fig. 9 shows the XRD pattern of the LSGM 20/15
composition sintered at 1380 ◦C from precursors milled during
100 h (Fig. 6d) after surface removal. Peaks corresponding to the
LaSrGa3O7 and LaSrGaO4 phases clearly appear now. The obser-
vation of single-phase surfaces with perovskite structure and
secondary phases in the bulk is a phenomenon previously observed
within these compositions by Djurado and Labeau [7]. Most of the
works in the literature often ignores this point, perhaps because
the usual situation is the contrary, that is, surfaces with sec-
ondary phases and purer bulks. However, it must be taken into
account. Even an improvement of the reactivity of the precursors
by mechanosynthesis (proved by comparing the samples with the
classical SSR) can lead to this situation.

A lower milling time and sintering temperature are needed
for LSGM 15/20 composition to obtain pure single-phase ceram-
ics in surface and bulk, as XRD and SEM images show. Powder
treated at 1250 ◦C after milling of 85 h has no traces of secondary
phases, while SSR powder after heating at 1300 ◦C, 16 h still present
SrLaGaO4 and SrLaGa3O7 secondary phases. Even at the lowest

sintering temperatures (1320 ◦C, 12 h), single-phase ceramics from
activated precursors are obtained, with relatively high density (97%,
Table 1). It has been shown that the solubility of Sr in the structure is
enhanced by adding Mg simultaneously [30]. The LaGaO3 lattice is
easily expanded by the addition of Mg ions, increasing the solubil-
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Table 3
Activation energy for conductivity obtained from Arrhenius plots of La1−xSrxGa1−yMgyO3−ı ceramics.

Ceramics Ea (bulk, eV) Ea (grain boundary, eV) Ea (total, eV)

Mechanosynthesis
20/15 85 h+ 1430 ◦C, 12 h 0.975 0.774 0.818
20/15 100 h+ 1380 ◦C, 12 h 0.980 0.930 0.980
20/15 100 h+ 1430 ◦C, 12 h 0.940 0.891 0.912
15/20 85 h+ 1380 ◦C, 12h 0.984 0.974 0.979
15/20 85h+ 1430 ◦C, 12 h 0.979 0.951 0.965
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olid-state
20/15 1400 ◦C, 12 h 0.957
20/15 1500 ◦C, 6 h 0.912

ty of Sr. The mechanical treatment produces a continuous mixing
t atomic levels of the constituents, improving the co-doping of the
erovskite structure. It favors the incorporation of Sr in the per-
vskite and limits the appearance of Sr-rich secondary phases, as
rLaGaO4 and SrLaGa3O7.

These results implies that mechanochemical pro-
ess changes somehow the phase diagram of the system
a2O3–MgO–Ga2O3–SrO reported by Rozumek et al. [31] that
stablished the solubility limit of both Sr and Mg dopants to 5 at.%
ach at 1250 ◦C. This phase diagram only considers composition
nd temperature, but mechanochemical process introduces a
ressure-like component in the diagram. It has been shown [32]
hat mechanosynthesis can stabilize perovskite-structure ceramics
ith low tolerance factor that can be only achieved by pressure

ssisted. Prolonged milling introduces high level of disorder and
efects that produce high crystalline strain with a compressive
ydrostatic-like component, and that is retained after sintering.
or LSGM 15/20 composition, the change with respect to the
olid-state reacted phase diagram is evident. For LSGM 20/15 it
s observed that increase of milling time to 100 h also change the
hase diagram somehow, with the disappearance of secondary
hases at 1380 ◦C, at least at the surface of the ceramic, if compared
ith classical SSR precursors or the ones milled during 85 h. It is

onsistent with the fact that strain is accumulative at longer milling
ime. In this case, the increase of time activation is equivalent to
higher pressure component [32] that produces a further change

f phase diagram. This is a promising result, as it suggests that
echanosynthesis is a good route to prepare LSGM ceramics with

igher amounts of Sr and Mg, that is, a larger number of oxygen
acancies to improve the conductivity of the electrolytes.

ig. 9. XRD patterns of ceramics: La0.80Sr0.20Ga0.85Mg0.15O2.825 composition sintered
t 1380 ◦C, 12 h from precursors obtained by mechanical treatment up to 100 h of
illing before and after surface removal.
0.897 0.923
0.799 0.863

Comparing the values of relative density of the single-phase
ceramics for LSGM 20/15 and LSGM 15/20 in Table 1, the increase
of Mg content favors the densification of the ceramics, but the
microstructure shows that porosity is similar for both composi-
tions. The error in measured density comes from the presence of
the secondary phase in the Sr-rich ceramics. This is in agreement
with that reported by Datta et al. [33]. It is remarkable the high den-
sity achieved at relatively low temperature (97 and 98% at 1320 and
1380 ◦C, respectively for LSGM 15/20), which is comparable with
the recently reported by Oncel et al. [14] and Isikawa et al. [34]
for single-phase ceramics processed by regenerative sol–gel and
self-propagating high temperature synthesis, respectively.

The grain size is lower for Sr-rich composition (Fig. 6). It seems
to be a consequence of the presence of secondary phases for the
LSGM 20/15. It can be observed that an increase of temperature
from 1400 to 1500 ◦C does not change greatly neither the size of the
secondary phase or the matrix ones. A stable structure is achieved
at early stages of the sintering, pining the perovskite phase grain
boundaries. The decrease in grain growth rate probably promotes
also the development of microstructure with a low porosity. On the
contrary, for the LSGM 15/20 composition, no secondary phases are
pinning the grain boundaries, and thus grain size can be larger at
lower sintering temperatures, even at expense of the appearance of
slightly larger pores.

It is worth noting that the ceramics without secondary phases
has the highest total conductivity, as Fig. 8 shows. The presence of
LaSrGa3O7 or SrLaGaO4 phases has two effects on the conductivity.
The first is an intrinsic reduction of the conductivity due to the
isolating character of this phase, that at 800 ◦C can be three orders
of magnitude lower than the perovskite one [9] for the SrLaGaO4
phase. On the other hand, its appearance produce changes in the
real stoichiometric of the main perovskite phase, as part of the Sr
is not incorporated to the structure. It diminishes the number of
oxygen vacancies and thus the conductivity.

As expected, the grain boundary conductivity is lower than
the bulk one. The fact that the single-phase ceramic have higher
grain boundary conductivity can be also indicative that at least
part of the secondary phases segregate to the grain boundary.
Their values are comparable to the ones obtained with the non-
single-phase ceramic sintered form SSR precursors at 1500 ◦C, 6 h.
It shows the importance of eliminating the secondary phases in
these compositions, as well as optimizing the processing to opti-
mize the microstructure to assure simultaneously good electrical
and mechanical properties.

Due to experimental limitations, it was not possible to carry out
measurements at temperatures higher than 500 ◦C. Moreover, it is
not possible to extrapolate data from Arrhenius plots at temper-
atures higher than 600 ◦C, where these structures suffer a phase

transition that results in a change in the slope of the conductiv-
ity [5,8]. The activation energies (depending on the slope of the
Arrhenius plot), shown in Table 3, are similar to the reported by
Huang et al. [5]. Thus, extrapolation of conductivity values from the
Arrhenius plots up to 600 ◦C for comparing the results is possible. It
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hows values of conductivity close to the reported previously at that
emperature, in the range of 0.015–0.017 S cm−1. The slightly lower
alues are attributed to different nature of grain boundary, as well
s to differences in grain boundary density per volume. The simi-
ar activation energy also proves that the conductivity measured is
asically ionic, due to the presence of oxygen vacancies [5].

. Conclusions

Influence of the mechanical treatment in the processing of
eramics with La0.80Sr0.20Ga0.85Mg0.15O2.825 and La0.80Sr0.15Ga0.85
g0.2O2.825 compositions have been studied. The mechanosynthe-

is of the perovskite is achieved after 85 h of milling.
The formation of single-phase perovskite, according to XRD

nalysis, is possible at lower temperatures than the needed by
lassical solid sate reaction when milling time or Mg content is
ncreased. The solubility at lower temperatures of the Sr and Mg
opants in the perovskite phase is increased by effect of the pro-

onged milling.
For Sr = 0.20 and Mg = 0.15 composition, there are differences

etween surface and bulk composition, with secondary phases
ppearing in the core of the ceramics and disappearing at the sur-
ace. For Sr = 0.15 and Mg = 0.20, ceramics are real single phase.

Highly dense, single-phase ceramics are obtained by sinter-
ng of the mechanosynthesized precursors (98% for Mg = 0.20) at
elatively lower temperatures (1380 ◦C, 12 h) than the needed if
raditional methods are used (>1450 ◦C).

The conductivity of the ceramics increases when purity of the
hases increases, and decreases when increasing the amount of
econdary phases or the grain boundary density per volume.

Mechanosynthesis have thus shown to be a successful route to
btain dense and single-phase ceramics at relatively low temper-
tures with a high amount of dopants necessaries to increase the
onductivity of lanthanum–gallium perovskites for applications as
lectrolytes in solid oxide fuel cells.

The processing route is shown to be appropriated to obtain bulk
nd most likely thick film ceramics of these materials with high
onic conductivity. Due to the relative low particle size obtained
nd low processing material temperature, the application for fabri-
ation of thin films by adequate rheological control is also expected
o be produced. Further studies are needed for the processing of
hin films with these compositions.
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