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1 | INTRODUCTION
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Abstract

This work reports a systematic study on the microstructure, electrical con-
ductivity, and nanoindentation of 8 mol% yttria-stabilized zirconia (8YSZ),
Lag ¢Sy 1GaggMg 055 (LSGM) in both pure form and as composites. The main
purpose was to evaluate the effects of the minor phase on the properties of the
composite materials. Commercial 8YSZ was the major phase. Pure LSGM and
composites consisting of 1, 10, and 20 wt.% LSGM were prepared by the solid-state
reaction method. Sintering experiments were carried out from 1200°C to 1450°C.
The temperature of maximum shrinkage decreased with increasing LSGM con-
tent. The average grain size of the composites was dependent on the relative
proportion of the minor phase. Interface reactions occurr during sintering. Elec-
trical conductivity of the composites was found to be lower compared to that of
8YSZ. The hardness showed no significant variation with the minor phase con-
tent, although a beneficial effect on the elastic modulus was noted for composites
containing 10 wt.% LSGM.

KEYWORDS
composites, electrical conductivity, LSGM, microstructure, nanoindentation, yttria-stabilized
zirconia

tively, is a well-known oxygen ion conductor with higher
ionic conductivity than that of 8YSZ, and has been

Stabilized zirconia containing 8 mol% yttria (8YSZ) with
a cubic fluorite-type structure is an oxygen ion conductor
with applications in electrochemical devices, such as solid
oxide fuel cells (SOFCs) for clean-energy production.’?
In addition to its high ionic conductivity, 8YSZ exhibits
good chemical stability over wide range of oxygen partial
pressure, and it is the ideal solid electrolyte for SOFCs
operating at high temperatures (~800 to ~1000°C). The
mechanical strength of 8YSZ is suitable for technolog-
ical applications, but it is lower than that of 3 mol%
yttria-stabilized zirconia, 3YSZ.?

Lanthanum gallate with partial replacement of stron-
tium and magnesium for lanthanum and gallium, respec-

proposed for substituting 8YSZ in SOFCs operating in
the intermediate-temperature range (~600 to ~800°C).*
Besides the high ionic conductivity of doped-lanthanum
gallates, this solid electrolyte display a wide electrolytic
domain. The elastic properties of solid electrolytes based
on lanthanum gallate were shown to depend on the
relative amounts of strontium and magnesium in the lan-
thanum gallate matrix. Some mechanical properties of
doped-lanthanum gallates were summarized in a recent
review.’

Former studies on composite ceramic materials for
SOFCs revealed improved performance on diverse proper-
ties, such as reduction of carbon contamination, decrease
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in the area specific resistance, and increase in the elec-
trical conductivity.®® Some recent reports also reveal that
secondary phases may be formed during sintering at high
temperatures and influence the electrical conductivity of
the composites.”!”

Composite ceramics based on 8YSZ have received
increasing attention as solid electrolytes and electrodes
in SOFCs,»!'"* and as thermal barrier coating.'>'® The
electrical and mechanical properties of the compos-
ite electrolyte based on 8YSZ and 3YSZ, for instance,
revealed increased fracture toughness accompanied
by a slight increase in electrical conductivity.”! An
increase in electrical conductivity was also reported
for 94 wt.% 8YSZ-6 wt.% Lag33SigO, composites syn-
thesized via a chemical route."! Composites of 8YSZ
and samaria-doped ceria (SDC) revealed an increase in
electrical conductivity with increasing amounts of SDC
up to a ratio of 8.5:1.5 (in wt.%)."* A suitable thermal
expansion coefficient, along with a dual structure was
reported for composites of 8YSZ and Bi,05."® Reduction
of the sintering temperature to about 900°C-1000°C
was also found for yttria-stabilized zirconia with Bi,O;
addition."

It is well-recognized that lanthanum diffusion accounts
for lanthanum zirconate formation whenever compounds
containing zirconium and lanthanum are combined. This
reaction is responsible for degradation of the electrical
and mechanical properties of the compounds and has
been investigated especially for cathodes in solid oxide fuel
cells.?*?!

In a previous study, 8YSZ was added as a minor phase
(up to 20 wt.%) to doped-lanthanum gallate to form com-
posites envisaging to improve the microstructure of the
major phase and their microstructure-dependent proper-
ties. In that case, an improvement of the microstructure
was obtained up to 10 wt.% addition of 8YSZ, due to a
reduction of the fraction of the usually found secondary
phases in doped-lanthanum gallate. Chemical reaction of
the two solid electrolytes was observed for higher contents
of the minor phase, leading to formation of the lanthanum
zirconate phase. In addition, an unexpected increase in
the bulk conductivity and a decrease in the activation
energy for conduction were obtained for 1 wt.% addition of
8YSZ.%

In this work, the effects of LajqoSry;GaggMgy,0,.s
(hereafter referred to as LSGM) addition on densifica-
tion, microstructure, electrical and mechanical properties
of 8YSZ were investigated. The main purpose was to
obtain composite ceramics with improved ionic conductiv-
ity without or with little degradation of other properties of
8YSZ.

2 | EXPERIMENTAL

2.1 | Materials

The starting materials were zirconia-8 mol% yttria (8YSZ,
99.6%, Tosoh), lanthanum oxide (La,O;, 99.9%, Alfa
Aesar), gallium oxide (Ga,03, 99.99%, Alfa Aesar), stron-
tium carbonate (SrCOjz, 99.99%, Alfa Aesar), and magne-
sium oxide (MgO, P.A., Merck).

2.2 | Sample preparation

The Lag¢Sr;GaggMgy,05.s electrolyte was synthesized
according to the method previously described.?® In brief,
the starting materials were dried at 100°C, except for the
lanthanum precursor, which was heat treated at 1000°C for
3 h. Then, stoichiometric amounts of each material were
mixed together and calcined at 1250°C for 4 h followed by
deagglomeration. This step was repeated up to 12 h of total
calcination time. After calcination, the mixed powder was
attrition milled for 1 h with zirconia balls (¢ 2 mm, YTZP,
Tosoh) in an alcoholic medium and dried in an oven. The
prepared LSGM powder consists of soft agglomerates of 1-
5 um in size. Other characteristics of the prepared LSGM
powder may be found in a previous publication.”* The typ-
ical particle size of 8YSZ is 40 nm (supplier information).
Solid electrolytes of (100-x) 8YSZ + x LSGM, with x = 0,
1,10 and 20 wt.% were prepared by the solid-state reaction
method. Hereafter, composites will be denoted according
to the fraction of the minor phase as: 1LSGM, 10LSGM
and 20LSGM. The 8YSZ and LSGM powders were mixed
in the desired proportions in an agate mortar with iso-
propyl alcohol until drying. The mixtures were pressed into
disc-shaped pellets in a stainless-steel dye (¢ 8 and 2 mm
thickness) at 50 MPa. Sintering experiments were carried
out in a resistive furnace (Lindberg, BlueM) at dwell tem-
peratures in the 1200°C-1450°C range for a fixed dwell
time of 4 h.

2.3 | Characterization

Linear shrinkage measurements were performed in a
push-rod vertical dilatometer (Anter, Unitherm 1161) up
to 1500°C with 10°C.min~! heating rate. The apparent
density of sintered specimens was determined using the
Archimedes method with distilled water. The density
of the composites was calculated taking into account
the crystallographic densities and volume fractions of
8YSZ and LSGM. Crystalline phases were evaluated by
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conventional X-ray diffraction (XRD) analysis (Bruker-
AXS, D8 Advance) with Cu k, radiation in the 20° < 26
< 80° range, 0.05° step size and 3 s counting time. The
microstructure of the sintered ceramics was evaluated by
field emission gun scanning electron microscopy (SEM)
(FEI, Inspect F50) on the polished and thermally etched
(100°C below the sintering temperature for 30 min)
surfaces of the pellets. Complementary microstructure
analysis was carried out on specific microregions of
sintered samples by energy dispersive spectroscopy
(EDS).

Electrochemical impedance spectroscopy technique was
utilized for measuring the electrical response of the ceram-
ics either pure or composites. An AC signal was applied
to ceramic pellets in the 250°C to 500°C range. Mea-
surements were carried out in the ambient atmosphere
(pO, = 0.21 atm) using an impedance analyzer (HP, 4192A)
in the 5-13 MHz range, with input signal of 200 mV,
and ~60 min after the measuring temperature has been
attained for ensuring thermal equilibration of the pellets.
The measured impedance in the Nyquist plan Z = Z’ + iZ”,
where Z’ and Z” are the real and imaginary components
of the total impedance, respectively, was analyzed based
on equivalent electric circuit elements by software.** Silver
electrodes were applied by painting onto large surfaces of
pellets and curing at 400°C. The electrical conductivity of
the bulk was calculated from experimentally determined
resistances, and the Arrhenius plots were obtained by
Equation (1):

E
o = 0y exp [_k_;"] , @

where, 0y, E,, k and T are the pre-exponential factor, the
activation energy for conduction, the Boltzmann constant
and the absolute temperature, respectively.

Nanoindentation tests were performed with a triboin-
denter (Bruker, Hysitron TI 950) under maximum loads
of 4 and 8 mN, with loading, holding, and unload-
ing stages each lasting for 5 s. A diamond indenter
with Berkovich geometry was applied during tests. Load-
displacement curves (P-h curves) were obtained for the
samples. Reduced modulus and indentation hardness can
be predicted taking the data to be analyzed by the Oliver-
Pharr algorithm.? In addition, the sample elastic modulus
(E) was calculated based on the reduced modulus (E,) and
indenter elastic modulus (E;), and respective influences of
Poisson ratios (v) according to Equation (2), assuming for
the diamond the elastic modulus equal to 1140 GPa and
Poisson ratio of 0.07%:
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FIGURE 1 Linear shrinkage curves of pure 8 mol%
yttria-stabilized zirconia (8YSZ), and 10 mol%
Lay ¢Sry,Gag Mg, ,0;.5 (LSGM) and 20LSGM composites.

3 | RESULTS AND DISCUSSION

3.1 | Densification

Figure 1 shows linear shrinkage curves up to 1500°C for
pure 8YSZ and 10LSGM and 20LSGM composites. The
shrinkage of all specimens started in the 1180°C-1200°C
range. Pure 8YSZ exhibited a total shrinkage of ~22%,
whereas for composites, it amounted to ~27%. The temper-
atures corresponding to maximum shrinkage were 1200°C,
1225°C, and 1330°C for 20LSGM, 10LSGM, and pure 8YSZ,
respectively. At temperatures higher than 1300°C, the
shrinkage of composites slows down.

Table 1 summarizes the relative density data determined
after isothermal experiments with a dwell time of 4 h. The
relative density of pure 8YSZ after sintering at 1200°C is
only 72.5%, but the addition of 10 wt.% LSGM resulted in a
significant increase of 22%. The beneficial effect of LSGM
on the sintered density of 8YSZ does not hold for temper-
atures above 1300°C, although for the 1ILSGM composite,
a small increase in the density in relation to that of pure
8YSZ is observed.

3.2 | Structure and microstructure

Figure 2 depicts SEM micrographs of (A) 8YSZ and (B)
1LSGM composite sintered at 1250°C. The image of pure
8YSZ (Figure 2A) shows small grains, typically less than 1
um on average in size. Moreover, extensive porosity exists
at the grain boundaries, meaning that the sintering pro-
cess is in the second stage, where pore elimination plays
a role. The microstructure of the composite (Figure 2B)
consists of polygonal grains with a small volume fraction
of porosity compared to that of pure 8YSZ. The porosity in
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TABLE 1 Relative density values of pure 8 mol% yttria-stabilized zirconia (8YSZ) and composites sintered at several temperatures for 4 h.
LSGM content Temperature Relative density LSGM content Temperature Relative density

(Wt.%) ({9} (+ 0.5%) (Wt.%) °C) (+ 0.5%)
- 1200 72.5 - 1350 98.5
1 1200 85.0 1 1350 99.0
10 1200 94.5 10 1350 95.9
20 1200 92.1 20 1350 95.5
- 1250 91.1 - 1400 98.2
1 1250 94.6 1 1400 99.0
10 1250 95.7 10 1400 96.5
20 1250 93.8 20 1400 923
- 1300 98.5 - 1450 97.9
1 1300 96.8 1 1450 99.0
10 1300 96.5 10 1450 95.4
20 1300 94.9 20 1450 97.9

Abbreviation: LSGM, La ¢Sry;GaggMg,03.5.

FIGURE 2
pure and (B) 1 mol% La, ¢St ;Gay Mg, ,03.s (ILSGM) composite.

the composite material is mainly found at triple grain junc-
tions, indicating that at 1250°C the composite is at the end
of the second stage or at the beginning of the final stage
of sintering, with grain growth becoming increasingly
significant.

The overall results on dilatometry, density, and
microstructure analyses are in general agreement one
with each other and suggest that the LSGM addition
speeds up the densification kinetics of 8YSZ.

The structure and microstructure evolution of the solid
electrolytes were found to be independent of the sinter-
ing temperature in the 1300°C-1450°C range. Then, only
results in this range will be focused.

The XRD patterns of 8YSZ, LSGM, and composites sin-
tered at 1450°C are shown in Figure 3. Pure materials
display the characteristic peaks of the cubic (8YSZ) and

Scanning electron microscopic (SEM) micrographs of 8 mol% yttria-stabilized zirconia (8YSZ) sintered at 1250°C/4 h (A)

orthorhombic (LSGM) structures, indexed according to
PDF files 30-1468 and 51-290, respectively. The XRD pat-
tern of ILSGM is similar to that of 8YSZ, as expected, due to
the experimental limitations of the measuring technique.
The XRD patterns of the 10LSGM and 20LSGM compos-
ites did not exhibit diffraction peaks related to the minor
phase. This effect may be due to several factors, such as
a large difference in the X-ray absorption coefficient of
both materials or the solubility of the minor phase into the
matrix, among others. A careful examination of the diffrac-
tion patterns reveals a slight shift towards low angles of the
diffraction peaks, suggesting some solubility of the minor
phase into 8YSZ. The XRD pattern of the 20LSGM com-
posite, in addition, shows low-intensity peaks, indicated by
*, characteristics of lanthanum zirconate, La,Zr,0, (PDF
73-444).

25L60 1 SUOLLILIOD BAITER.D 3[ed (dde 2Ly} Aq PauLeA0b a1 DI VO 128N J0 S3INI J0J ARRIG1T BUIIUO AB]1VA LIO (SUOIHIPUOD-PUE-SLLLIBYLID" A3 1M ATe.q 116U U0/ Schil) SUONIPLOD PLE SLLLB | 3L 39S *[5202/0/E0] U ARi12UIUO AB]IA * Sade - O] [9an|A LR 13 Ad £00ST I/ TTT'0T/10p/L00"Ad 1 ATR1q1 U1 UO'SD L 60/ SAY WO Papeojumod °e ‘G202 ‘20v L. T



Applled
50f10 Ceramic
JECHNOLooY .

FUJIMOTO ET AL.

20LSGM
*
*
* *
| J
10LSGM
2 || | .
T 1LSGM
5
= ]| |
Q A A
= 8YSZ
= = = oA S
9B L E§ g
2,8 s
8 a 2
g g g 2 g LM
S 2 s ¢ g g
g o € S
= —~ ) = <y -~ =
—— ————
24 36 48 60 72
20 (degree)
FIGURE 3 X-ray diffraction patterns of pure 8 mol%

yttria-stabilized zirconia (8YSZ) and La, oSty ;GagsMg,03.5
(LSGM), and composites sintered at 1450°C/4 h. * La,Zr,0, (PDF
73-444).

Figure 4 shows, as an example, SEM micrographs of
specimens sintered at 1400°C, when pure 8YSZ as well
as the composite materials have achieved their maximum
shrinkage.

Pure 8YSZ (Figure 4A) shows polygonal-shaped grains
with an average size of 4.2 + 0.1 ym, and low poros-
ity. The composite ILSGM (Figure 4B) exhibits a similar
microstructure with slightly smaller grains (4.0 + 0.1 um
average grain size). In contrast, the 10LSGM compos-
ite (Figure 4C) is characterized by relatively large grains
with 17.5 + 0.4 um average size. The SEM micrograph of
20LSGM (Figure 4D) shows a large fraction of the sec-
ondary phase. The average grain size is 12.7 + 0.3 ym.
Figure 4E shows a high magnification SEM micrograph of
the 10LSGM, revealing submicron sized polygonal grains;
those grains are located at triple grain junctions and dis-
persed along the grain boundaries. Small-sized grains are
also observed at triple grain junctions in 1LSGM and
20LSGM composites.

The XRD and SEM results point to a complex
microstructure development associated with the LSGM
concentration in the 8YSZ matrix. A possible explanation
for the observed features is based on both the content
and setting of the minor phase. The grains of LSGM are
found at triple grain junctions and probably remain as
a stable phase for specimens with very low contents, for
example < 1wt.%. The buildup of the submicron grains at
the grain boundaries occurs with an increasing fraction of

LSGM in the matrix. At this point, two events may take
place: solid solution formation and diffusion of zirconium
and lanthanum ions leading to the lanthanum zirconate
secondary phase. Solid solution should take place first,
explaining the large average grain size of 10LSGM and
the shift toward small angles in the XRD pattern. An
increase of the lanthanum zirconate phase is observed
with an additional increment of the LSGM content,
probably above the solubility limit. The secondary phase
(La,Zr,0,) may inhibit, to some extent, the grain growth
of the composite.

This picture may, however, be oversimplified, because
it does not take into account the well-known diffusion of
magnesium ions toward the grain boundaries, neither the
loss of gallium from the bulk during high-temperature heat
treatments. Then, EDS analyses by elemental mapping
and line scan of selected microregions of 10LSGM were
carried out to identify the possible contribution of cation
diffusion.

Figure 5 shows the SEM image of a specific microregion
and the corresponding elemental mapping.

Oxygen (red) is found throughout the entire microre-
gion. Zirconium (pink) and yttrium (cyan) are found in
the bulk of the grains. Strontium (green) is also pref-
erentially set up in the bulk. Lanthanum (light blue),
magnesium (light purple) and gallium (dark purple) are
mostly found at the grain boundaries. Note that the rel-
ative concentration of magnesium and gallium goes in
the opposite direction so that, the darker is the pur-
ple color, the lower is the content of magnesium and
the higher is the fraction of gallium. The arrow points
to a grain boundary in which some enrichment of oxy-
gen is found, along with magnesium, lanthanum, and
gallium.

Figure 6 shows a selected microregion with high mag-
nification (top) and the line scan (bottom) according
to the direction of the arrow (top). At both extremes
of the arrow, zirconium (brown) and yttrium (black)
dominate the spectrum. The white areas crossed by
the arrow consist of zirconium, yttrium and lanthanum
(olive), suggesting lanthanum zirconate formation. Near
the center of the arrow, a grain boundary microre-
gion with gray color shows abrupt reduction of zirco-
nium and yttrium, and a simultaneous growth of the
magnesium (green), gallium (blue) and oxygen (red)
signals.

Similar results were obtained as well for the 20LSGM
composite and suggest that besides the lanthanum gal-
late secondary phase, diffusion of magnesium and gallium
from the bulk towards the grain boundaries promoted
another secondary phase, possibly magnesium gallate.
Nevertheless, the content of this phase is too small to be
detected by conventional X-ray diffraction.
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FIGURE 4 Scanning electron microscopic (SEM) micrographs of (A) pure 8 mol% yttria-stabilized zirconia (8YSZ), (B) ILSGM, (C)
10LSGM, (D) 20LSGM and (E) 10LSGM with high magnification, composites sintered at 1400°C. LSGM, La, ¢St ;Ga,sMg;,05.5-

3.3 | Electrical and mechanical
characterization

The electrical and mechanical characterizations were car-
ried out in specimens sintered at 1450°C, usually employed
for sintering of the matrix.

Impedance spectroscopy diagrams of pure 8YSZ and
composites are depicted in Figure 7. The -Z”(w) X
Z’(w) plots recorded at 340°C consist of a sequence of
arcs representing the resistive and capacitive effects of
bulk and grain boundaries/interfaces. The numbers in
the impedance diagrams are the relaxation frequency,
and the real and the imaginary components of the
total impedance were normalized for sample dimensions
for comparison. The arc related to the interfaces/grain
boundaries is barely seen in these plots, because of

the relatively large average grain sizes.”® The impedance
diagram of 20LSGM shows an overlap of two arcs,
probably related to the matrix and to the secondary
phases.

The Arrhenius plots of the bulk conductivity, oy, for
specimens sintered at 1450°C are shown in Figure 8. All
specimens display a single straight line with apparent acti-
vation energy for conduction of approximately 1 eV. The
highest value of the electrical conductivity was obtained
for pure LSGM and the lowest for the 20LSGM composite.
Extrapolated values of the bulk conductivity of compos-
ites at 600°C are 9.45 (1LSGM), 1.61 (10LSGM) and 0.674
mS.cm™! (20LSGM), and 28 (LSGM) and 16.4 mS.cm™!
(8YSZ) for pure ceramics. According to the present results,
the addition of LSGM in the 1 to 20 wt.% to 8YSZ
exerts a deleterious effect on the electrical conductivity
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TABLE 2 Values of elastic modulus (E) and hardness of 8 mol% yttria-stabilized zirconia (8YSZ), LSGM and 10LSGM and 20LSGM
composites sintered at 1450°C. LSGM, La, ¢St ;Gay sMg ,05.5.
Material Load (mN) E (GPa) Hardness (GPa) Load (mN) E (GPa) Hardness (GPa)
8YSZ 4 247+3 19.1+0.5 8 241 +£5 182+0.3
LSGM 4 22152 135+ 0.3 8 206 +9 13.6 + 0.4
10LSGM 4 258 +3 185+ 0.5 8 255+2 18.4+0.3
20LSGM 4 261 +2 18.4 + 0.2 8 257+ 5 182+ 0.4
Hard phase
20LSGM 4 234+ 6 153 +0.2 8 223 +9 155+0.1
Soft phase
Abbreviations: LSGM, La, ¢St Gag Mg, ,03.5; YSZ, yttria-stabilized zirconia.
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FIGURE 7 Impedance spectroscopy diagrams of pure 8 mol%
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FIGURE 6 Scanning electron microscopic (SEM) micrograph

and line scan spectrum of a specific microregion of 10LSGM.
Zr-brown; Y-black; La-olive; Sr-purple; Mg-green; Ga-blue; O-red.

of 8YSZ attributed to interface reactions occurring during
sintering.

Nanoindentation tests allowed observing interesting
results based on load-displacement (P-h) curves. The
obtained hardness and elastic moduli are summarized in
Table 2. A comparison between pure materials (8YSZ and
LSGM) reveals that the matrix is harder than the minor

yttria-stabilized zirconia (8YSZ), and 1LSGM, 10LSGM and 20LSGM
composites sintered at 1450°C. LSGM, La, oSt ;Gag gMg,05.5.

0.5
8YSZ
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N> 10LSGM
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FIGURE 8 Arrhenius plots of the bulk conductivity for 8
mol% yttria-stabilized zirconia (8YSZ), LSGM, and composites
sintered at 1450°C. LSGM, La, ¢Sr;GagsMg;,03.5.

phase. Surprisingly, an improvement in the elastic mod-
ulus was obtained for the 10LSGM composite, and the
hardness was approximately the same as that of 8YSZ.
Increasing the volume fraction of LSGM, two distinct
behaviors were observed on the load-displacement curve,
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denoted in Table 2 as hard and soft phases. The hard phase
exhibited similar hardness to 8YSZ and 10LSGM, and a
slightly higher elastic modulus than 10LSGM. The soft
phase, possibly associated with secondary phases, showed
lower hardness and elastic modulus than 8YSZ, but its
hardness was higher than that of pure LSGM.

4 | CONCLUSIONS

Composites of §YSZ and LSGM were successfully obtained
via solid state sintering. The addition of the minor phase
enhanced the sintering kinetics of the matrix, allowing for
obtaining high density values at relatively lower tempera-
tures. Lanthanum zirconate secondary phase was detected
in the composite containing 20 wt.% LSGM. The evolution
of the microstructure was complex and depended on the
relative amount of the minor phase. Enrichment of magne-
sium and gallium was found at grain boundaries by energy
dispersive spectroscopy mapping and line scan. The elec-
trical conductivity of composites is lower than that of 8YSZ
and LSGM pure materials. The hardness of the composites
was similar to that of pure 8YSZ up to 10 wt.% LSGM. An
improved elastic modulus was obtained for the 10LSGM
composite.

The overall results highlight that sometimes unpre-
dictable effects may come out when combining ceramic
materials because of the several reasons such as point
defects, solubility, and interface reactions, among others.
Therefore, optimization of solid electrolyte properties is
not an easy task and should be investigated deeply, tak-
ing into account the potential reactions that may take place
during processing and/or further procedures.
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