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a b s t r a c t

SrZrO3 powders are obtained by solid state reaction from SrCO3 and ZrO2 precursors, without involv-
ing intermediate calcination and grinding steps. The resulted powders are essentially within a single
phase, with sub-micron average crystallite size. Pellets of these powders show a relatively poor sintering
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behavior, when fired up to 1600 ◦C. Alternatively, spark plasma sintering technique is used in order to
obtain nearly 100% dense samples at the expense of excessive grain coarsening (i.e., up to 5 �m in diam-
eter). Crystalline structure, composition and morphology of the specimens obtained in this work are
investigated by X-ray diffraction, scanning and transmission electron microscopy together with energy
dispersive X-ray spectroscopy.
olid state reaction

intering
icrostructure

. Introduction

Strontium zirconate (SrZrO3) belongs to the perovskite fam-
ly and has an orthorhombic structure at room temperature, with
pace group Pbnm [1,2]. Acceptor doped SrZrO3 perovskite oxides
ave been studied for their high-temperature proton conductivity
3], which makes them potential candidates for electrolytes in novel
lectrochemical devices such as solid oxide fuel cells and hydro-
en sensors. Due to its high dielectric constant, high breakdown
trength and low leakage current density [4,5], SrZrO3 has been
xtensively investigated as a possible candidate material for high-k
ate dielectrics (i.e., Eg = 5.6 eV) [6].

Recently, due to their simple structure and compatibility with
etal oxide semiconductor technologies [7], SrZrO3 has been stud-

ed as a potential candidate material for the next generation
f nonvolatile information storage purposes [8,9]. For instance,
andom access memories (RAMs) based on thin films of SrZrO3
ould present excellent resistive switching properties such as low

pearating voltage, fast switching, high resistance ratio and good
tability, improved endurance and retention time [10,11]. The pos-
ibility to cast thin films of SrZrO3 offers the opportunity not
nly to study in detail the intrinsic mechanisms responsible for
he resistive switching processes, but also to improve the func-
ional parameters, such as the switching life-time by controlling

r-deficiency [12].

SrZrO3 (SZO) powders were initially obtained by solid-state
eaction of SrCO3 and ZrO2 at 1473 K for 48 h, with intermittent
rinding [13,14]. The resulted powders were inhomogeneous and
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coarse, with nonuniform size distribution. In order to avoid that,
wet chemical methods such as sol–gel [15], co-precipitation [16]
and hydrothermal methods [17] have been employed to synthe-
size SZO powders with desired stoichiometry. However, several
disadvantages have been noted with these techniques such as the
evaporation of solvents resulting in phase segregation and the
alteration of stoichiometry due to incomplete precipitation, expen-
sive chemicals and time consuming processes.

Alternatively, auto-ignition (combustion) of a precursor solu-
tion containing metal ions, oxidant, and a fuel leads to fine
crystalline powders (∼15 to 25 nm) [18]. Pellets of these powders
show good sintering behavior, with relative density values >98% of
the theoretical one, (i.e., 5.46 g/cm3, from Refs. [1,2]) when heated
at 1470 ◦C for 4 h. It turns out that, nevertheless, the combustion
method demands an elaborate preparation procedure and involves
corrections for the oxidant-to-fuel ratio and for the pH of solution. It
is, however, worth it to mention that the combustion method leads
to single phase SZO powders, without making use of intermediate
calcination and grinding steps.

In this work, we show that SZO powders can be readily obtained
by solid state reaction from SrCO3 and ZrO2 precursors, without
involving intermediate calcination and grinding steps. The syn-
thesis time is reduced, from 48 to 8 h [13]. The resulted powders
are essentially within a single phase (i.e., with orthorhombic Pbnm
crystal symmetry). They have a relatively wide distribution of grain
size, with the average value of ∼385 nm. Pellets of these powders
exhibit a relatively poor sintering behavior, with a relative den-

sity up to ∼92% of the theoretical one, when fired in air at 1600 ◦C
for 5 h. Alternatively, in order to improve that, we make use of
spark-plasma sintering (SPS) technique. SPS gained much attention
lately because of the rapid heating, the enhanced densification rate,
and the improved microstructure [19,20]. The crystalline structure
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ig. 1. Relative densities of one SZO pellet sintered successively for 5 h at the indi-
ated temperatures, with a heating/cooling rate of 5 ◦C/min. The relative density of
he green pellet (i.e., ∼69.7%) is given by the dashed line. The upper graph shows the
eat treatment history.

nd morphology of green powders and dense pellets are analyzed
y X-ray diffraction (XRD), scanning and transmission electron
icroscopy (SEM/TEM), whereas the stoichiometry is verified by

nergy-dispersive X-ray spectroscopy (EDS).

. Experimental

SrZrO3 powders are obtained by conventional solid-state reaction. For that,
quimolar quantities of SrCO3 (i.e., aged powder stored in glass vial) and ZrO2 (i.e.,
rom Merck, with >98.5% purity and <2.5 wt.% of HfO2) were mixed and ground thor-
ughly in agate mortar using alcohol as lubricant (C2H5OH, with >96% purity from
himopar SA). The powder was then let to dry out and placed in alumina (Al2O3)
rucibles, moved to furnace and fired in air at 1250 ◦C for 8 h, with a heating/cooling
ate of 3 ◦C/min.

Differential scanning calorimetry (DSC) and thermo-gravimetric (TG) measure-
ents are carried out on precursors and their equimolar mixture. For that, we make

se of a modular Thermogravimetric Analyzer TGA (Evolution SETARAM) that allows
o measure the heat flow and the mass loss simultaneously, upon heat treatment
nd under specific conditions (i.e., 1 bar air). The precursors are studied separately.
he DSC/TG curves are recorded up to 1500 ◦C, with a temperature sweep rate of
0 ◦C/min. From that, the decomposition temperatures (e.g., for SrCO3) and phase
ransformations (e.g., ZrO2) are determined, respectively. The equimolar mixture
f precursors is, however, subjected to a different heat treatment profile which
imics in great detail the one used in this work for powder synthesis. Explic-

tly, the DSC/TG curves are measured up to the temperature of formation of SZO
i.e., ∼1250 ◦C), with a temperature sweep rate is 3 ◦C/min. At 1250 ◦C, the tem-
erature is kept constant for 8 h and the heat flow and mass loss are continuously
onitored.

Crystalline structure of as-prepared powders and sintered pellets are exam-
ned by X-ray diffraction (XRD) technique using a X-ray diffractometer (Bruker D-8
dvance) with rotating Nickel filtered Cu anode and silicon strip detector (Lynx-
ye). � − 2� scans are performed in Bragg–Brentano geometry between 2� = 20◦ and
5◦ , with a speed of 4◦/min. The XRD peaks are indexed by using the Inorganic
rystal Structure Database (ICSD). Lattice constants are determined from fit to the
orresponding XRD spectra by using the Material Analysis Using Diffraction (MAUD)
oftware.

Morphology of green powders and sintered pellets is studied by using a Zeiss
vo 50 XVP scanning electron microscope (SEM) with LaB6 cathode enabling 2 nm
esolution. For that, the powder is dispersed in distilled water by using a ultrasonic-
ath for 15 min. Sintered pellets are cut transversally and polished with diamond
aste, down to a granulation of 0.5 �m. Subsequently, in order to reveal the inter-
rain microstructure, the sintered specimens are thermally etched for 1/2 h at a
emperature with 50 ◦C below the sintering temperature (i.e., at 1500 ◦C).

The microstructure and stoichiometry of as-prepared powders are analyzed by
ransmission electron microscopy (TEM) by using a JEOL 200 CX electron micro-
cope operated at 200 kV and equipped with an IXRF EDS unit. Additionally, one
intered pellet (i.e., at 1600 ◦C for 5 h) was ground in a mortar and dispersed on

oley membrane TEM grids by using ethylic alcohol.

Classical sintering (CS) is carried out in a Nabertherm furnace (LHT 04/18). For
hat, one pellet with a diameter of 16 mm is made out of ∼3.5 g of powder by uniaxial
ressing at ∼350 MPa. The relative density of the resulted pellet is ∼69.3% of the
heoretical one. The pellet is then sintered successively for 5 h at the temperatures
hown in Fig. 1, with a heating/cooling rate of 5 ◦C/min. After each sintering cycle,
ompounds 509 (2011) 6395–6399

the geometrical density is determined. During the sintering processes, the overall
mass loss was less than ∼0.7%.

Spark-plasma sintering (SPS) is conducted by using a FCT Systeme (GmbH HP
D 5/2) furnace in conjunction with two Poisson pistons that can press with a force
up to 50 kN on a 20 mm diameter graphite die. For that, ∼4.0 g of powder is poured
in the graphite die and pre-pressed uniaxially (i.e., at 25 MPa) at room tempera-
ture. Subsequently, the die is moved to the SPS system and pressed with a constant
force of 20 kN upon the heating process. In order to avoid sample embrittlement, the
force is released prior the cooling process. An estimate for the relative green density
is ∼70.2%. The system is evacuated to a pressure of 40 Pa and the temperature is
increased up to 1550 ◦C, with a rate of 150 ◦C/min. At maximum temperature (i.e., at
1550 ◦C), the output power is manually adjusted in order to increase densification
rate. A hint to that is the rapid change in the relative distance between the pistons
which, for our sample, occurs above 1430 ◦C. The temperature is measured by using
an optical pyrometer focused on the external surface of the die. The heating is pro-
vided by a pulsed dc current that is allowed to pass through the conductive die which
acts as heating element. The heating pattern consists of 14 pulses (i.e., 12:2/ON:OFF
pulses). The pulse period is 3 ms. The total time of one sequence (cycle) is 0.04 s. The
operating voltage and the peak current were 5 V and 1600 A, respectively. After the
experiment is complete, the pressure is released, the power is switched off and the
sample is let to cool to room temperature, with a rate ∼400 ◦C/min.

3. Results and discussion

DSC and TG measurements performed on precursors show
that SrCO3 exhibits the polymorphic transformation from the
orthorhombic phase (space group Pmcn) to the rhombohedral
phase (space group R-3m) [21] at 932 ◦C, whereas the decompo-
sition reaction occurs at 1153 ◦C. These features are accompanied
by up to ∼45% mass loss that is due to CO2 emission from SrCO3
decomposition, mainly. ZrO2 shows the phase transformations
from monoclinic (i.e., low temperature phase) to tetragonal (i.e.,
high temperature phase) at 1196 ◦C and the reversible martensitic
transformation, at 1017 ◦C [22].

The DSC/TG curves measured on the equimolar mixture follow-
ing the heat treatment profile used in this work (i.e., 1250 ◦C for
8 h, with a heating rate of 3 ◦C/min) shows the phase transforma-
tions observed for precursors, with the following differences: (i)
the decomposition temperature of SrCO3 is lower (i.e., 1033 ◦C)
due to the presence of acidic ZrO2 in the mixture; (ii) the phase
transformation from monoclinic to tetragonal occurs at a higher
temperature (i.e., at 1210 ◦C). The formation of SrZrO3 is observed
at 1236 ◦C. The exoenergetic peak corresponding to the reversible
transformation of ZrO2 from tetragonal to monoclinic is not present
upon cooling to room temperature. This indicates that SrZrO3 forms
readily from SrO and tetragonal ZrO2.

The fact that the features corresponding to the reversible trans-
formation of ZrO2 (i.e., from tetragonal to monoclinic phase) are not
present in the equimolar mixture indicates that the formation of
SZO powders is complete after 8 h (i.e., or longer) of thermal treat-
ment at 1250 ◦C. Shorter dwell time results in incomplete reacted
specimens; i.e., in the DSC curve, the features corresponding to the
reversible phase transformation of precursors i.e., ZrO2) are present
upon cooling to room temperature.

3.1. As prepared powders

Fig. 2 shows the XRD pattern of as-prepared powders. Together
with that, the XRD spectra measured on sintered pellets (CS
and SPS) are shown. All specimens exhibit the Bragg reflections
corresponding to the orthorhombic phase (i.e., with Pbnm crys-
tal symmetry, from Refs. [1,2]). Thus, no structural changes are
observed in the heated samples when compared to as-prepared
powders. This indicates that the formation of SrZrO3 phase is

essentially complete during the solid-state reaction process itself,
without involving intermediate calcination and grinding steps. It
is, nevertheless, worth it to point out that the diffraction peak
at 2� = 28.17◦ corresponding to some unreacted monoclinic ZrO2
phase is observed in all XRD patterns. However, the contribution of
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Fig. 2. XRD patterns of SrZrO3 powders obtained by solid state reaction at 1250 ◦C
for 8 h, without involving intermediate calcination and grinding steps. Together with
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hat, the XRD spectra measured on sintered pellets (classical and SPS) are shown.
xcept for the main (1̄11) Bragg reflection of monoclinic ZrO2 at 28.17◦ , all the
ntensity peaks correspond to SZO with orthorhombic Pbnm crystal symmetry.

he ZrO2 phase to the XRD spectra estimated from fit to data is less
han 0.36 wt.% for all specimens.

The lattice constants determined from fit to the corresponding
RD data are slightly different (i.e., a = 0.5801 nm, b = 0.5816 nm and
= 0.8207 nm) than those reported so far [1,2]. The average crystal-

ite size of green powders is ∼385 nm. This value is in reasonable
greement with that observed in SEM micrographs (i.e., in Fig. 3a).

In Fig. 4(b), TEM images obtained for green powders show a
ide dispersion of grain size, from tens of nm up to several hun-
reds of nm or 1 �m. Fig. 4a – right side shows the diffraction
attern from a large selected area, which includes small and large
rystal grains. The diffraction pattern shows a large number of dif-
use and streaked diffraction spots and rings, which results from
mall grain size and, eventually, heavily faulted crystals. The Miller
ndices corresponding to the main reflections for the orthorhombic
rZrO3 phase [1,2] are indicated. The broadening and splitting of
he diffraction rings might be related to a small unit cell distortion.
he inset in Fig. 4b shows a large faulted SrZrO3 crystal grain. The
iffraction contrast indicates the presence of planar defects and,
ossibly, twin domains. The EDS quantitative analysis indicates that
r and Zr are present in equal atomic concentrations, according to
he SrZrO3 stoichiometry.

.2. Classical sintering

Classical sintering (CS) yields to poorly dense pellets (i.e.,
91.9%, when treated up to 1600 ◦C for 5 h). However, from the
ata in Fig. 1, one may point out that densification already starts
pon heat treatment at 1300 ◦C. Nevertheless, the values for the
elative densities in Fig. 1 do not flatten off with increasing tem-
erature. This suggests that neither the temperature nor the dwell
ime where optimally chosen in order to obtain highly dense pellets
i.e., with relative densities >98%).

In Fig. 3b, the SEM micrographs taken on CS pellets reveal con-
lomerates of sub-micron-size grains delineated by a network of
icro-fractures. This may result from the processing route used
n this work that combines (i) the nonuniform stress distribution
long the pellets resulted from uniaxial pressing, (ii) the wide grain
ize distribution and (iii) the lack of grinding steps, which leads to
elatively large conglomerates in the green powders (i.e., as shown
n Fig. 3a). The presence of micro-fractures indicates that, to some
Fig. 3. SEM micrographs of SrZrO3 powders obtained by solid-state reaction at
1250 ◦C for 8 h (i.e., in (a)). In (b) and (c), microstructure of transversal cuts through
SZO pellets sintered classically and by SPS technique are shown, respectively.

extent, the values for the geometrical density for the CS pellet are
somewhat underestimated. However, in order to verify the influ-
ence of the classical sintering route used in this work on the density
values in Fig. 1, we have prepared a pellet in similar condition

and fired it for 5 h at 1600 ◦C only, with a heating/cooling rate of
5 ◦C/min. The value for the geometrical density was ∼91.1% of the
theoretical one whereas a relative value of ∼94.5% is obtained by
using Archimedes’s method.
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Fig. 4. Small magnification TEM images of SZO powder samples. In (a), the diffrac-
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ion patterns for green powders (right side) and the ground CS pellet (left side) are
resented together for comparison. In (b) and (c), TEM micrographs for the green
owders and for the ground CS pellet are shown, respectively. The insets show SZO
rystal grains with multiple structural defects.

TEM micrographs of ground CS pellets are shown in Fig. 4c.
he image is similar to that obtained for green powders shown
n Fig. 4b. The grains have a wide size distribution, from tens
p to hundreds of nm. Larger grains contain extended structural
efects such as dislocations and planar defects (i.e., see the inset in
ig. 4c). The diffraction pattern in Fig. 4a – left side, confirms the
rthorhombic SrZrO3 phase observed in as-prepared powders, with
he slight difference that in this case the diffraction spots do not
how a diffuse aspect. EDS analysis indicates that stoichiometry is
reserved.

.3. Spark plasma sintering

The formation of micro-fractures in CS pellets can be avoided

y making use of SPS technique. Apart from spark impact pres-
ure, Joule heating and electrical field induced diffusion effect, the
dvantage of the SPS technique over the CS one is the continu-
us uniaxial pressing used in the former that forces the voids out
f the sample via grain boundaries. The heating rate and dwell
ompounds 509 (2011) 6395–6399

time can be adjusted so as highly dense samples are obtained,
without a major change in grain-size. However, in our SPS exper-
iment, we have deliberately subjected the sample to prolonged
heat treatment at 1550 ◦C, for two reasons: (i) to assure that a
highly dense pellet is obtained since the only parameter to monitor
that is the relative change of piston positions and (ii) to overcome
the temperature gradients within the sample, which results from
the nonuniform distribution of current density along the constitu-
tive grains. The relative density – as determined by Archimedes’s
method, of the spark-plasma sintered sample is over 96% of the
theoretical value. In Fig. 3c, the SEM micrograph on a fractured
SPS sample shows excessive grain coarsening (i.e., up to 5 �m in
diameter). The sample does not show pores or micro-fractures (i.e.,
similar to those in Fig. 3b for CS samples), even at larger scale
(i.e., up to hundreds of �m). This suggests that the sintering pro-
cess was effective, leading to specimens with densities near the
ideal value (i.e., 100%). The different density values from above
might be due to sample embrittlement upon the cooling process,
which combines fast pressure release with high temperature sweep
rates (i.e., 400 ◦C/min). This may result in major cracks/voids within
the sample. It is, nevertheless, worth it to mention that the grain
boundaries in the SPS sample exhibit a well defined geometry (i.e.,
∼200 nm in width). Their composition is similar to that observed
in the adjacent grains (i.e., stoichiometric SZO, from EDS). From
this point of view, it may be meaningful to discern on whether
the grain boundaries exhibit crystalline structure or not since the
morphology of grain boundaries is often related to a drop of ionic
conductivity.

4. Conclusions

Single phase SrZrO3 powders are obtained by solid state reaction
from SrCO3 and ZrO2 precursors, without involving intermediate
calcination and grinding steps. The time for powder synthesis was
reduced, from 48 to 8 h. The resulted powders consist of sub-micron
grains with a wide distribution in size, from tens to hundreds of nm.

SZO forms readily from SrO and tetragonal ZrO2. To promote the
formation of SZO, it is essential to dwell above the temperature cor-
responding to the martensitic transformation of ZrO2, from the high
temperature phase (i.e., above 1210 ◦C) to the low temperature one
(i.e., below 1017 ◦C). This feature suggests that the synthesis tem-
perature may be further reduced in order to obtain SZO powders
with smaller and narrower distribution of grain size.

Classical sintering yields to poorly dense specimens, when fired
at 1600 ◦C for 5 h (i.e., with relative density of ∼92%). They consist of
sub-micron grains delineated by a network of micro-fractures that
most probably results from the preparation route used in this work.
Alternatively, SPS technique leads to highly dense specimens which
are morphologically different than those prepared by classical sin-
tering route; i.e., the SPS sample shows excessive grain coarsening
(i.e., up to 5 �m in diam.) due to prolonged heat treatment. The
grain boundaries of SPS sample are substituted for nm-size domains
with well defined geometry (i.e., ∼200 nm wide) and stoichiome-
try. To some extent, one would expect some contribution of these
domains to the overall electronic transport properties of SPS sam-
ples since the morphology of grain boundaries is often related to a
drop of ionic conductivity.
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