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The sintering behavior of LagoSrg1GaggMgo 2035 oxide-ion conductor was systematically investigated by
thermodilatometry. The shrinkage data obtained with heating rates of 4, 7, 10 and 12 °C min ~ ! were analyzed by
the constant rate of heating model and by construction of the master sintering curve. Validation of the master
sintering curve was carried out by measurements of density in conventionally sintered specimens. Slight ani-
sotropy of shrinkage data was found and changes to the basic equation of density was proposed to account for

this effect. Plotting the data determined by the constant rate of heating model versus density allowed an easy
identification of the density range of constant activation energy. The activation energy (865 kJ mol ~ ') obtained
from the master sintering curve correlates quite well with that (874 kJ mol 1) obtained by the constant rate of

heating model.

1. Introduction

Nowadays there is a growing demand on advanced ceramic mate-
rials with suitable properties for technological applications in diverse
areas such as energy, sensors and microelectronics. The manufacturing
processes of these ceramics should be able to produce solid pieces with
required dimensions and physical properties [1].

In spite of recent developed technologies for fabrication of ceramic
components, the most utilized manufacturing processes still encompass
several steps, the sintering step being essential for obtaining the final
properties.

Sintering is a thermodynamic process where several phenomena
take place simultaneously at microscopic level, promoting continuous
changes of the microstructure [2,3]. Close control of the sintering
process is often required owing to the relationship between micro-
structure features and physical properties.

Theoretical and experimental approaches have been used to control
the sintering process with emphasis in multi-scale simulation meth-
odologies [4,5] and new experimental methods [6-9]. A recent com-
prehensive review on sintering mechanisms and models may be found
in [10].

Two methodologies based on linear shrinkage data have been ex-
tensively used to exploit the sintering process of ceramic powder
compacts: the constant rate of heating (CRH) model [11] and the
construction of the master sintering curve (MSC) [12]. Particularly, the
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MSC approach has been successfully applied to investigate the micro-
structure characteristics of several ceramic systems sintered under ar-
bitrary profiles of temperature and time [13-16]. At first, that metho-
dology was proposed to predict the density evolution of a ceramic
compact during sintering. In the last two decades, the MSC approach
has been extended to account for different sintering methods and to
investigate sintering kinetics [17,18]. Recently, the MSC methodology
has been applied to more complex ceramic and metal systems such as
ceramic-ceramic composites [19], dual-phase stainless steel [20] and
functionally graded ZnO ceramics [21]. However, the sintering process
of relatively few oxide-ion conductors has been investigated so far, with
emphasis on fluorite-type oxides such as stabilized zirconia and doped
ceria [17,18,22-26].

Oxide-ion conductors based on lanthanum gallate with partial
substitutions for strontium and magnesium in the A- and B-sites, re-
spectively, of the perovskite structure are considered promising candi-
dates for application in solid oxide fuel cells operating at intermediate
temperatures (500-700 °C), due to their electrical and electrochemical
properties [27,28]. Sintering of these solid electrolytes is usually per-
formed at high temperatures (higher than 1400 °C) yielding impurity
phases. Then, the design of sintering cycles able to decrease the sin-
tering time and/or temperature with consequent reduction of the grain
growth is highly advantageous and somehow desirable to minimize
production costs.

In this work, two methodologies were applied to evaluate the
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sintering process of doped lanthanum gallate, aiming to predict the
evolution of density and to determine the apparent activation energy
for sintering: the CRH model and the construction of the MSC.

2. Experimental

The Lag oSro.1Gag gMgp 2035 (hereafter LSGM) nominal composition
was prepared from the stoichiometric mixture of La;03 (99.9%), Ga;03
(99.99%), SrCO;3 (P.A.) and MgO (P.A.) by the solid-state reaction
method. In brief, the process consists of three steps of calcination at
1250 °C for 4 h with intermediate deagglomeration in agate mortar with
pestle. After calcination the powder is subjected to attrition milling for
1 h with isopropyl alcohol and then dried in an oven at 40 °C. A detailed
description of this method and specific parameters may be found else-
where [29].

Green compacts with 6 mm diameter and 5mm thickness were
prepared by uniaxial (50 MPa) followed by cold isostatic pressing at
100 MPa (National Forge Co) for thermodilatometry (or dilatometry)
experiments. For conventional sintering, specimens with 8 mm dia-
meter and 2mm thickness were prepared according to the same pro-
cedure.

Conventional sintering was performed in a resistive furnace
(Lindberg BlueM) in the 1000-1500 °C range with holding times from
null to 12 h and heating rate of 10 °Cmin 1.

Thermodilatometry experiments were carried out in a vertical push-
rod type dilatometer (Anter, Unitherm™ 1161) with nominal precision
of 1pm. The compacts were heated with 4, 7, 10 and 12°Cmin ™!
heating rates up to 1500 °C and therefore cooled down at 10 °Cmin~
to room temperature. These experiments were performed in duplicate
for reproducibility purpose.

The sintered density was determined by the water immersion
method and compared to the theoretical density. Structural character-
ization was carried out by X-ray diffraction (XRD) measurements
(Bruker-AXS, D8 Advance) in the 20° < 26 < 80° range with Ni-filtered
Cu K, radiation (\. = 1.5405 1°\). Rietveld refinement of the XRD pattern
was carried out using (General Structure Analysis System) GSAS [30].
Correction for instrumental broadening was accomplished by mea-
suring a cerium dioxide standard. The predominant structure of this
compound was indexed according to (Inorganic Crystal Structure Da-
tabase) ICSD # 51-288 file with orthorhombic symmetry.

The mean grain size was estimated by the intercept method on
scanning electron microscopy (FEI Inspect - F50) micrographs.

The experimental data obtained by thermodilatometry were ana-
lyzed by the CRH method as modified by Wang and Raj [31]. The MSC
was constructed by calculating the work of sintering [12] assuming a
sigmoid function. Corrections applied to dilatometry data were due to
thermal expansion of the probe and specimen, as proposed in [32]. The
former was obtained by measuring a translucent alumina (Crystallox").
The thermal expansion coefficient was determined from the slope of the
shrinkage straight line recorded in the cooling process.

The CRH and the MSC methodologies are based on the combined-
stage sintering model [33]. In brief, in this model the rate of densifi-
cation of an isotropic specimen during sintering is described by:

("o )

where L is the specimen length, t the time, p the density, T the absolute
temperature, k the Boltzmann constant, y the surface energy, Q the
atomic volume, § the thickness of grain boundaries, G the mean grain
size, D; the diffusion coefficients, and I'; the lumped scaling parameters,
with i = gb, v. The subscripts gb and v stand for grain boundary and
volume, respectively, and are related to diffusion mechanisms. The
lumped scaling parameters contain density-dependent geometric terms.
The diffusion coefficients are defined by the usual Arrhenius expression
with Dy; and Q; being the pre-exponential factor and the activation
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energy, respectively.
Assuming that a single densification mechanism predominates, Eq.
(1) may be rewritten as:

ln( ) ) ln( @

In addition, if the mean grain size depends only on the density, the
first term in the right-hand side of Eq. (2) becomes just a function of
density.

In this derivation only volume diffusion was taken into account.
Similar equation may be written for the boundary diffusion mechanism.

Construction of the MSC involves similar hypothesis than those for
the CRH method. In this case, Eq. (1) is simplified and rearranged se-
parating the microstructure terms from those depending on the thermal
history, such that [12]:

f[ Q)dt— k
o 3)

"RT)T T yap,
where R is the gas constant. The right-hand side of Eq. (3) contains all
terms related to the microstructure, and the left-hand side term depends
simply on the temperature-time profile and the activation energy of the
mass transport mechanism. Then, the work of sintering, ©(t, T (t)),
representing a measure of the energy supplied to the compact during
non-isothermal sintering, is defined as [12]:

Q
d
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In this case, the analysis of the sintering process of LSGM was car-
ried out by applying Egs. (2) and (4) using a software specially devel-
oped for that purpose [34].
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3. Results and discussion

Fig. 1 shows the room temperature XRD pattern of LSGM specimen
sintered at 1350 °C for 2h. The Rietveld refinement provided good
fitting of this pattern with low value of xz (1.86). The diffraction peaks
were indexed according to the orthorhombic symmetry (ICSD 51-288).
A small amount (~5%) of LaSrGas0, (indicated by * in the diffraction
profile) was estimated from pattern refinement.

The lattice parameters a, b and c¢ of the distorted orthorhombic
structure (space group Imma) and the theoretical density of
Lag.oSro.1Gag sMgo 203.5 obtained from pattern refinement are sum-
marized in Table 1. Those figures are in good agreement with previous
reported values [35].

The high temperature range of linear shrinkage curves of LSGM

2 -
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*2 g g g g b
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Fig. 1. XRD pattern of LSGM specimen sintered at 1350 °C for 2 h and data from
Rietveld refinement. Crosses = experimental data, solid (red) = calculated,
solid (blue) at bottom = difference and tick mark = Bragg position. (For in-
terpretation of the references to color in this figure, the reader is referred to the
web version of this article)
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Table 1
Values of lattice parameters a, b and ¢, and theoretical density of
the orthorhombic phase of LSGM determined by XRD pattern

refinement.
Parameters Values
a(A) 5.5056(9)
b (A) 7.8241(7)
c A 5.5387(5)
Theoretical density (gcm™3) 6.682
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Fig. 2. High-temperature range of linear shrinkage curves of LSGM compacts
obtained under several heating rates.

compacts recorded with several heating rates is depicted in Fig. 2.

The evolution of the linear shrinkage is similar for all curves. The
one registered with the slowest heating rate exhibited faster shrinkage
than the others, as previously noted for other materials [12,14]. This
effect is attributed to the large amount of thermal energy transferred to
the compact heated at low heating rates. The maximum shrinkage rate
(—0.012%/°C) occurs at 1460 °C evidencing the low sinterability of
LSGM prepared by the solid-state method. The average coefficient of
thermal expansion of LSGM determined in the 400-1400 °C range is
9.7 x107¢°Cc™ L

The LSGM compacts utilized for thermodilatometry experiments
achieved 96-98% of relative density and about 2 pm of mean grain size,
as shown in Fig. 3. In addition, the compacts exhibited negligible
(< 2%) weight loss and differential shrinkage. Table 2 list values of
shrinkage determined in the axial and radial directions of LSGM com-
pacts obtained under several heating rates.

Fig. 3. Scanning electron microscope micrograph of the LSGM compact heated
at a rate of 4°Cmin~ .
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Table 2

Values of axial and radial shrinkages of LSGM compacts heated at several rates.
Heating rate ("Cmin ) Axial Radial
4 —0.2486 —0.2240
7 —0.2553 —0.2215
10 —0.2544 —0.2231
12 —0.2679 —0.2267

The axial shrinkage is slightly higher than the radial one (Table 2).
In addition, the radial shrinkage exhibits similar values independent on
the heating rate (within experimental errors). The same behavior holds
for the axial shrinkage. It is well-known that LSGM is not single phase
material when prepared by solid state reaction. The distribution of
impurity phases (LaSrGaz0;, La;Ga,09, LaSrO,4 and MgO) is assumed to
be random, but there are preferred positions. MgO, for example is
usually found as a precipitated phase along the grain boundaries [29].
These impurity phases behave distinctly during sintering and may ac-
count for the slight difference observed between the radial and axial
shrinkages.

Then, this slight anisotropic shrinkage behavior seems to be an in-
trinsic characteristic of LSGM, owing to its complex composition with
simultaneous diffusion of several cations (La, Sr, Ga and Mg) during
sintering. This anisotropic shrinkage imposed a change of the usual
density (p) equation to:

Po
(152)- (1o o

where p), L, and AL are the green density, the initial length and the
difference between the instantaneous and the initial length of the
compact; k is a proportionality constant obtained from the radial to
axial shrinkage ratio.

Fig. 4 shows the density curves calculated from linear shrinkage
data applying Eq. (5).

The density evolution may be separated into three steps. The first,
from room temperature up to ~1000 °C is characterized by insignificant
increment on density (~2%). The second, from ~1000 to ~1300 °C
exhibits a gradual, but modest densification (13%). The last step, for
temperatures beyond ~1300 °C, is dominated by a fast increase of
density. Indeed, the LSGM specimen sintered at 1300 °C for 2 h that was
utilized for XRD experiment (Fig. 1) attained 92% of relative density.
Then, for temperatures higher than 1300 °C, grain growth and con-
sequent speed up of densification of LSGM are expected to occur. Si-
milar behavior of the linear shrinkage was observed in chemically
synthesized LSGM [36].

The density curves (Fig. 4) were used to construct the MSC of LSGM
in the whole density range (45-98%), Fig. 5. The inset shows the typical
dependence of the mean residual squares on activation energy (Q)
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Fig. 4. High-temperature range of density curves of LSGM compacts obtained
under several heating rates applying Eq. (5). (See text for details).
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Fig. 5. Convergence of density data (symbols) obtained for LSGM compacts
sintered under several heating rates and the corresponding MSC (solid line).
Discrete points are density values determined for conventionally (isothermal
and non-isothermal) sintered specimens. Inset: mean residual squares versus
activation energy.
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Fig. 6. Arrhenius plots of LSGM for estimate the activation energy for sintering
according to the CRH method. Numbers stand for relative density (in %).
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Fig. 7. Evolution of the apparent activation energy for sintering LSGM de-
termined by the CRH method.

values. Minimization of the mean residual squares was obtained for Q
= 865kJmol .

The experimental data (symbols) obtained with several heating
rates, shown in Fig. 5, exhibit good conversion and good fitting with the
MSC (line) in the wide range of log® investigated. The validation of the
MSC was obtained from density values determined for LSGM specimens
sintered isothermally and non-isothermally by the conventional method
(discrete points). These results support the proposed correction to take
into account the slight anisotropic behavior of LSGM.

In order to further evaluate the reliability of the apparent activation
energy for sintering determined from the MSC methodology, the CRH
model was applied to the same data set. Fig. 6 shows Arrhenius plots of
the sintering data in the 56-95% relative density range.

In this case, the apparent activation energy at a given density was
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determined from the slope of the least square fit of the sintering data for
the specific relative density. The straight lines are parallel to each other
in the ~68 to ~82% relative density range. At high and low relative
densities, different slopes are observed. Changes of slope in Arrhenius
plots of simple oxides are usually associated to several factors, such as
bi-or multimodal distribution of particle sizes of the starting powder,
changes in the rate-determining mechanism of sintering or even in the
relative weight of competing mechanisms [11].

Values of the apparent activation energy for sintering calculated
from Arrhenius plots versus density are depicted in Fig. 7.

The average value of the activation energy for sintering in the
68-82% relative density range amounts 874 kJ mol !, which is close to
that determined by the MSC analysis. Then, it may be concluded that in
the second stage of sintering (corresponding roughly to the 68-82%
relative density range), there is no change in the rate-controlling me-
chanism of LSGM. The relatively large standard deviation
(£ 100kJmol™!) of the activation energy in Fig. 7 may be a con-
sequence of the simultaneous diffusion of the four cations in this
complex oxide.

4. Conclusions

The sintering process of LagoSrg1GagsMgo 035 oxide-ion con-
ductor prepared by solid-state synthesis was investigated by thermo-
dilatometry. Data analysis was conducted by the constant rate of
heating model and by construction of the master sintering curve. The
slight anisotropy of the shrinkage data was treated by changing the
basic density equation. Validation of the master sintering curve was
accomplished by density measurements of conventionally sintered
specimens. The value of the activation energy for sintering obtained
from the master sintering curve (865kJ mol™ 1) is close to that de-
termined by the constant rate of heating model (874 kJmol 1) in the
second stage of sintering.
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