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INTRODUCTION

Petroleum is an important source of energy in the world. 
Even today, despite the emergence and development of new 
technologies that allow energy production from renewable 
sources, according to data presented by the International 
Energy Agency, its share in this consumption is quite 
significant in the world scenario, representing about 31% 
of the energy matrix [1]. In petroleum production, different 
types of sensors are used to monitor temperature, pressure, 
flow rate, and other important parameters. These sensors 
are subject to hostile operating conditions, such as high 
temperatures and aggressive action of crude oil, factors 
that can affect the accuracy of the results and reduce the 
lifespan of these devices. However, it is very important 
that these devices present stable and inert behavior under 
these working conditions [2]. In the oil industry, the type of 
temperature sensor commonly used is the so-called resistance 
temperature detectors (RTD), due to their high precision 
over a wide temperature range. Typically, these sensors are 
constructed with metals such as gold, platinum, and niobium 
as temperature-detecting elements encapsulated in inert 
ceramics [3]. Ceramic materials, although brittle and fragile, 
generally exhibit good chemical stability and hardness 
[4]. These characteristics are favorable for encapsulating 
temperature sensors in hostile environments such as crude 
oil.

In recent years, complex cubic perovskite ceramics 

have been studied and considered as suitable materials for 
these purposes [5-8]. Complex perovskites with the formula 
A2BB’O6 are the result of the ordering of B and B’ ions in 
the octahedral sites of the primitive perovskite unit cell [9], 
where A is a divalent alkaline earth cation, and B’ and B” 
are transition metals and present an octahedral coordination 
with the O2- ions [10]. In this structure, both the cations in 
sites A and B can be replaced by different cations, A’ and 
B’, improving the structural stability of the perovskite and 
introducing structural and electronic defects [11]. Due to 
the increased complexity of the unit cell in these systems, 
it is possible to produce a wide variety of materials that 
exhibit a continuous progression of the lattice parameter. 
In this sense, this work aims to produce a complex cubic 
perovskite Sr2NiZrO6 from the nickelate series and study 
its chemical stability by analyzing its resistance to the 
corrosive environment of crude oil. Based on the study of 
the microstructural and mechanical characteristics of the 
new ceramic, its potential as encapsulation material in the 
manufacture of temperature sensors for petroleum wells is 
analyzed.

MATERIALS AND METHODS 

For the production of Sr2NiZrO6, high-purity powders 
were used as raw materials: Sr2CO3 (99.9% purity, Sigma-
Aldrich), ZrO2 (99% purity, Sigma-Aldrich), and NiO 
(99.99% purity, Sigma-Aldrich). The compound was 
prepared by the conventional solid-state reaction route, in 
which the constituents were mixed in their stoichiometric 
amounts and homogenized using a high-energy ball mill for 
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24 h, compacted at 5 ton/cm2 for 5 min, and calcined at 1250 
°C for 24 h in an ambient atmosphere. After calcination, 
the samples were analyzed by X-ray diffraction technique 
to confirm the formation of the complex cubic perovskite 
structure. With the confirmation of the crystalline structure, 
the calcined samples were fragmented, homogenized again, 
and uniaxially compacted in a metal mold to form 15 mm 
diameter disks with approximately 4 mm thickness. For 
powder compaction, a hydraulic press was used in a hard 
steel mold (AISI A2 - HRC 58) and, to stabilize the pressure 
distribution in the pressed compact, the following pressing 
route was performed: load of 5 ton/cm2 for 1 min, 7 ton/cm2 
for 1 min, and 10 ton/cm2 for 3 min. Then, the samples were 
sintered in a muffle furnace (mod. 614, Jung) at 1350 °C for 
24 h with a heating rate of 10 °C/min. The samples were 
cooled to room temperature without forced ventilation.

For the structural characterization of the ceramic 
compound, an X-ray diffractometer (XRD 700, Shimadzu) 
was used with CuKα radiation and wavelength λ=1.5405 
Å, with a scanning angle of 10°<2θ<90° and scanning 
speed of 1 °/min. The identification of peaks was made by 
qualitative analysis using the crystallographic files of the 
International Center for Diffraction Data (ICDD) database. 
The microstructure of the sintered ceramic was studied by 
scanning electron microscopy (SEM, Mira 3, Tescan) using 
20 kV voltage and a backscattered electron (BSE) detector 
on the sample surface. The samples were covered with a 
9 nm gold layer to allow electrical conduction to generate 
SEM images. To analyze the chemical composition of 
the sample, energy dispersive X-ray spectroscopy (EDS) 
was used through a detector coupled to the SEM capable 
of capturing X-rays and identifying the spectra of the 
constituent elements at a specific point of the sample. The 
mechanical behavior of the sintered ceramic compound was 
studied by the Vickers hardness test (HVS-5 21, Jenavert). 
The surface of the samples was previously polished with 
sandpapers of different granulometries until a mirrored 
surface was obtained. In order to obtain an average value 
of the hardness of the sample, 10 indentations were made 
in different regions of the polished sample, applying a load 
of 1000 g for 10 s using a diamond indenter with a square 
base pyramid shape. The Vickers microhardness (MHV) 
was calculated by: 

MHV=1.8544F.d-2 				    (A)

where F is the applied load and d is the average diagonal of 
the pyramid base imprinted on the sample after indentation. 
The density and porosity of the Sr2NiZrO6 sintered ceramic 
were measured by the conventional Archimedes method. 
This method involved only measurements of the dry and 
saturated mass of the sample and followed the ABNT NBR 
15845:2010 standard. After characterization, the sintered 
sample was submerged in crude oil. In order to verify 
its chemical and mechanical stability in the aggressive 
environment of the oil, after 60 days the sample was removed 
and a new structural, microstructural, and mechanical 

characterization was performed.

RESULTS AND DISCUSSION 

The X-ray diffraction (XRD) pattern of the powder 
calcined at 1250 °C is shown in Fig. 1. It is possible to 
observe the formation of the perovskite structure through the 
intense characteristic peaks of the primitive cubic structure 
of perovskite, as well as some weak reflection lines resulting 
from the superlattice reflections. The basic composition of 
perovskite (ABO3) requires some prerequisites to ensure its 
stability: the element in the A site must be a cation with the 
largest ionic radius in the crystal structure, coordinated with 
12 oxygen anions, forming a cubic close packing, while the 
element in the B site must be a cation with a smaller ionic 
radius than the A cation and coordinated with 6 oxygen 
anions so that the B element is inserted in octahedral spaces 
[9, 12]. When cations are substituted in simple perovskite, 
particularly in the B site, new multiple compounds of this 
unit are formed. They have larger unit cells, for example, 
A2BB’O6 and A3B2B’O9, and are called complex perovskite 
[13]. Thus, in the composition of Sr2NiZrO6, Sr2+ with a 
larger ionic radius (1.26 Å) occupies the A site, while Ni2+ 
(ionic radius 0.69 Å) and Zr4+ (ionic radius 0.84 Å) occupy 
the B and B’ sites in the B site due to their smaller ionic radii 
compared to Sr2+.

Due to the ordering of B and B’ in the octahedral site of 
the ABO3 unit cell, there is a doubling in the lattice parameter 
of the basic unit cell of the cubic perovskite. Thus, the XRD 
pattern of the Sr2NiZrO6 compound was indexed in an 
A2BB’O6 cubic cell with the lattice parameter of the unit cell 
corresponding to twice the lattice parameter of the simple 
cubic perovskite ABO3. The pattern obtained from the X-ray 
diffraction of the Sr2NiZrO6 ceramic is equivalent to those 
of complex cubic perovskite oxides of the A2BB’O6 type 
reported in the literature [14, 15], based on the comparison 
of d-spacing and peak intensity. The X-ray diffraction data of 
the Sr2NiZrO6 are presented in Table I. The presence of the 

Figure 1: Powder X-ray diffraction pattern of Sr2NiZrO6 
calcined at 1250 °C for 24 h.
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(311) and (533) reflection lines of the superstructure in the 
XRD pattern of the Sr2NiZrO6 ceramic compound confirmed 
the ordered complex cubic perovskite structure, where the 
Ni2+ and Zr4+ cations occupy the B and B’ positions, as 
evidenced by the significant intensity of these superstructural 
reflection lines [16, 17]. The experimental lattice parameter 
of Sr2NiZrO6 calculated from the XRD experimental data is 
aexp=8.2215 Å. The theoretical lattice parameter calculation 
for materials with A2BB’O6 type structure is based on the 
rigid sphere approximation and was calculated using the 
following equations:

2(RA+RO)

√2
aA= 				    (B)

aB=RB+RB’+RO 				    (C)

aA+aB

2
acalc= 					    (D)

where RA, RB, and RB’ are the ionic radii of the cation A, B, 
and B’, respectively, and RO is the oxygen anion radius; aA and 
aB are the lattice parameters calculated based on the cations 
A and B, and acalc is the average lattice parameter [14]. The 
theoretical lattice parameter calculated for the unit cell of 
Sr2NiZrO6 was acalc=8.0918 Å. The difference of about 1.60% 
between the theoretical and experimental lattice parameters of 
Sr2NiZrO6 was due to the rigid sphere approximation used in 
the calculation of the theoretical lattice parameter.

The microstructural characteristics of ceramics play an 
important role in controlling crack propagation and energy 
dissipation mechanisms. In the production of ceramic 
compounds, it is important that the final product has low 
porosity and a uniform microstructure to avoid the creation 
of stresses that aid in the propagation of cracks and micro-
fissures in the sintered body [15-18]. The microstructure of 
the sintered Sr2NiZrO6 ceramic at 1350 °C for 24 h, studied 
by scanning electron microscopy (SEM), is presented in 
Fig. 2. Through the micrographs, it was observed that the 
Sr2NiZrO6 presented a microstructure with uniform surface 
morphology, low porosity, and good homogeneity in grain 
size and distribution. In addition to SEM, energy dispersive 

spectroscopy (EDS) was used for qualitative microanalysis 
of the chemical elements present in the sample. The darker 
points highlighted in the SEM images were identified 
as regions with a higher concentration of nickel. The 
confirmation of the presence of only the expected constituent 
elements Sr, Zr, Ni, and O can be seen in Fig. 3.

The physical properties, density, and porosity, of 
the sintered Sr2NiZrO6 ceramic were obtained using the 
Archimedes method. These properties are important in 
characterizing ceramic compounds, as less porous materials 
tend to have better mechanical properties [19]. The calculated 
experimental value of the apparent density of Sr2NiZrO6 
was 4.85 g/cm3 and the porosity was 3.85%. These results 
showed that the sintered compound had reduced porosity. 
The mechanical properties of the new ceramic compound 
Sr2NiZrO6 sintered at 1350 °C were evaluated by Vickers 
hardness test. Different points on the polished surface of the 
ceramic were examined, resulting in an average microhardness 
value of MHV=698 HV.

Table I: X-ray diffraction data of Sr2NiZrO6.

2θ d (Å) (hkl) I/I0

30.662° 2.913 (220) 1.000
37.195° 2.415 (311) 0.083
43.994° 2.057 (400) 0.309
47.033° 1.971 (420) 0.059
54.765° 1.675 (422) 0.300
64.097° 1.452 (440) 0.108
72.736° 1.299 (444) 0.096
81.134° 1.184 (533) 0.038
89.231° 1.097 (642) 0.084

Figure 2: SEM micrographs of Sr2NiZrO6 ceramic sintered 
at 1350 °C at different magnifications.

a) b)

Figure 3: EDS spectrum (a) and elemental mapping for 
Sr (b), Zr (c), O (d), and Ni (e) of the sintered compound 
Sr2NiZrO6.
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CONCLUSIONS

Ceramic compound Sr2NiZrO6, from the nickelate series, 
was produced by solid-state reaction. In the structural analysis, 
through the X-ray diffraction (XRD) pattern, the formation of 
the ordered complex cubic perovskite structure was confirmed, 
with an experimental lattice parameter of aexp=8.2215 Å. 
The microstructural characteristics of the sintered ceramic 
were evaluated by scanning electron microscopy (SEM) and 
indicated a good homogeneity in the grain size and distribution. 
Through energy dispersive spectroscopy, the presence of only 
the constituent elements was verified, indicating that there 
was no contamination during the processing of the samples. 
The mechanical behavior of the ceramic compound sintered at 
1350 °C was studied by the Vickers hardness test, presenting an 
average hardness value of MHV=698 HV, which is sufficient 
for the encapsulation application of this ceramic. The physical 
properties of density and porosity, investigated through the 
Archimedes method, in which the calculated experimental 
apparent density value was 4.85 g/cm3 and the porosity was 
3.85% revealed that the Sr2NiZrO6 ceramic had low apparent 
porosity. The stability of the sintered ceramic compound in crude 
oil was investigated through the structural, microstructural, and 
mechanical analysis of the sample after 60 days of immersion 
in crude oil. The results of XRD and SEM showed that the 
Sr2NiZrO6 ceramic submerged in crude oil did not undergo 
any changes at any stage of immersion. From these results, it 
can be concluded that Sr2NiZrO6 ceramics are inert to crude oil 
and are therefore considered potential candidates for ceramic 
encapsulation in the manufacture of temperature sensors for 
temperature monitoring in oil extraction wells.
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