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Abstract

Mechanoluminescence materials, characterized with non-thermal light emission in response to mechanical
stimuli, can have many applications in direct conversion of mechanical energy into light energy. The aim of
this study was to develop wet chemistry approaches for the synthesis of the finest ceramic powders of barium
calcium titanate for the use in the production of a mechanoluminescent detector. Wet chemistry route allows
the control of the particle size of ceramic materials up to several nanometers. For the first time luminescence
was recorded in Ba,,Ca, ,TiO; ceramics despite reports that light emission in BCT is possibly only over
23% of calcium content. The resulting ceramics showed high relative density, reasonable ferro and dielectric
properties, and red light emission can be observed with the naked eye.
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I. Introduction

Mechanoluminescence (ML) is a non-thermal emis-
sion of light in response to mechanical stimuli, so that
ML materials can have a lot of applications in the direct
conversion of mechanical into light energy. When the
ML layer covers the monitored structure, the image of
the entire surface emission recorded by the cameras re-
flects dynamic forces and stress distribution, so it can act
as a remote visual mechanical sensor of the dynamical
forces and stress distribution. Due to this optical tech-
nique for mechanically weak points detection, the ML
surface layer can early reveal danger of destruction and
later final crack propagation. Consequently, ML mate-
rials have been used for structural health monitoring
(SHM) of buildings [1-3], bridges [4,5] as well as weld-
ing points of metal constructions and pipelines [6]. Ad-
ditionally, a novel information storage and visual ex-
pression devices based on ML are also very attractive
for consumer electronics market [7].

These materials are also extremely interesting from a
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scientific point of view, because of the piezoelectric and
optical properties occurring simultaneously in one in-
telligent structure. However, the ML phenomenon itself
remains still unclear [8].

Barium titanate with the chemical formula BaTiO,
(BT) is a well-known lead-free piezoelectric material
with the perovskite structure discovered very early. BT
has a relatively high piezoelectric constant so it can
even be used for actuator applications [9,10]. The BT
perovskite structure is very tolerant to variations in the
composition and even defects due to its adaptation abil-
ity to the lack of A—O and B-O bond. Consequently,
the centre of positive and negative charges in the unit
cell is no longer in equilibrium, resulting in creation
of the polarization vector and piezoelectric effect [11].
These variations frequently involve changes in the crys-
tal symmetry when one or more cations shift from high-
symmetry space in the lattice [12,13]. Preparation of
a solid solution of barium titanate - calcium titanate
(BCT) leads to further improvement of piezoelectric
properties [14,15], comparable with potassium sodium
niobate KNN [16].

However, even though barium titanate is one of the
very early discovered perovskites, new processing and
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sintering methods are still part of active research to im-
prove the final properties, because of environmental re-
striction for the lead contained PZT. In this study BCT
powders were produced by new chemical route. Finally,
the improved dielectric properties and piezoelectric co-
efficients were achieved. Additionally, for the first time
luminescence was recorded in Ba, ,Ca,,TiO; despite
reports that light emission in BCT is possible only in
barium calcium titanate with over 23% of calcium con-
tent [17].

II. Experimental details

In this work a new wet chemistry method was
used for the preparation of Pr-doped BCT ceramic
powders, i.e. Bajgy5CayPry o, TiO; (B9CITO) and
Ba y95Cay oPr() 0, TiO; (BIC9TO) samples. The au-
thors successfully applied co-precipitation and calcina-
tion of precursors (BaCO; and CaCO, from POCH-
Avantor Performance Materials) using ammonium ox-
alates and the thermal decomposition of the ob-
tained organometallic precursors of ethylene diaminete-
tra acetic acid (EDTA) and citric acid. Appropriate
quantities of BaCO, and CaCO, powders were mea-
sured on the analytical balance to the nearest 0.001 g
in the amount calculated according to the reactions:

0.1CaCO, + 0.9BaCO, + TiCl, + 2H,0 —>

Ba, ,Ca, , TiO; + CO, + 4 HCI (1)
0.9CaCO, +0.1BaCO, + TiCl, + 2H,0 —
Ba, ,Ca, ,TiO, + CO, + 4 HCI )

The weighed substrates were completely dissolved
in concentrated hydrochloric acid and a sufficient
amount of 0.998 M TiCl, (Sigma-Aldrich) was added.
Praseodymium oxide (Pr,O,;) (Sigma-Aldrich) was
then dissolved in hot nitric acid in the amount of y =
0.002, calculated using the formula Ba,  Ca, Pr TiO;
(where x = 0.1 and 0.9). The prepared adenosine admix-
ture was added to the solution of Ba’*, Ca®* and Ti**
cations. Each solution was diluted with distilled water
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to the same volume of 500 cm?. Using a method of co-
precipitation with saturated ammonium oxalate, 20 g of
both compounds were prepared. The samples were cal-
cined separately at 1000 °C with a constant temperature
rise of 5 °C/min and hold period at maximum tempera-
ture of 2 h.

The calcined powders were then homogenized by
milling in an attrition mill for 1h using milling me-
dia made of ZrO, in anhydrous propanol. After adding
1% of plasticizer to the mortar, disks with a diameter
of 10 mm were prepared by uniaxial compression. The
pressed samples were heat treated at 400 °C and held for
30 min to burn off organic matter. They were then heated
with a constant temperature rise of 5 °C/min to 1500 °C
and kept at a maximum temperature for 2 h. The sam-
ples were placed in a platinum crucible in the air during
sintering.

To determine the shrinkage of the samples during the
sintering, the diameters of green and sintered discs were
measured with an optical microscope (Leica M32) and
the microstructure was examined with NOVA NANO
200 SEM. Microstructural analysis was done using a
scanning electron microscope (SEM) and the grain size
on the observed surface (after chemical etching) was
measured by the linear intercept method using a con-
version factor of 1776.24 and the average size was cal-
culated from measurements of 300 grains. The phase
composition of the obtained BCT samples was analysed
by X-ray diffraction (PANalytical X’PertPro multifunc-
tional diffractometer). The Rietveld refining method
was used to determine the size of unit cells.

Dielectric and ferroelectric properties were measured
using Quadtech 7600 Plus Precision LCR Meter. Lumi-
nescence spectra were recorded at room temperature on
a Spex Fluorolog 2 spectrofluorometer.

II1I. Results and discussion

3.1. Microstructural investigation

Figure 1 shows SEM images of the etched surfaces
of the prepared BCT ceramics. The BIC9TO ceram-
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Figure 1. SEM images for the obtained B1C9TO (a) and BIC1TO (b) ceramics
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Figure 2. SEM images for the obtained B1C9TO (a) and BIC1TO (b) ceramics

Table 1. XRD related results for the obtained B1C9TO and B9C1TO ceramics

BI9CITO B1C9TO
Parameter - " :
BaTiO, BaTiO, CaTiO,
Density measured [g/cm?] 5.81 4.29
Density calculated XRD [g/cm?] 6.1078 4.50
Lattice parameter, a [10%] 3.9778(6) 3.9967(1) 5.4425(2)
Lattice parameter, b [A] 3.9778(6) 3.9967(1) 7.6481(2)
Lattice parameter, ¢ [A] 4.0069(7) 4.0222(2) 5.3970(3)
Unit cell volume, V [A3] 63.39930 64.24787 224.2327
Space group Pdmm Pdmm Pnma
GOF 1.9 1.4 1.4

ics shows grains with partially large size, even with
the size of over 50 um, that are surrounded by much
smaller grains suggesting biphasic structure with bar-
ium titanate and calcium titanate grains (Fig. 1a). On
the other hand, the sample BOC1TO has a homogeneous
microstructure with an average grain size of 23 um in-
dicating on the single phase structure. However, this ce-
ramics has a higher amount of inter-crystalline porosity
than the sample B1C9TO (Fig. 1b).

After sintering, shrinkage was measured and it was
equal to 13 + 1.2% and 15 + 1.2% for the Pr-doped
Ba,,Ca, TiO; and Ba; Ca,,TiO; ceramics, respec-
tively, so that the densification process is almost com-
plete.

3.2. XRD characterization

The literature data confirmed [18,19] that a pure
tetragonal phase is present in the ceramics with
low Ca content (0-0.25), and two-phase tetrago-
nal/orthorhombic structure was observed for the sam-
ples with higher calcium content. Figure 2a shows the
XRD pattern of the BOCITO ceramics with practically
no difference in the form compared to the calculated
formula from the PDF database (for barium calcium ti-
tanate 0.88/0.12/0.96)). Consequently, the Goodness of
Fit (GOF) parameter in this case was almost ideal and
equal to GOF = 1.9. Thus, the BOC1TO sample shows
a tetragonal perovskite phase (P4mm space group) with-
out any secondary phase.

In Fig. 2b evolution of strong new peak, i.e. at around
33°(26) in the sintered B1C9TO sample is clearly seen.
Several additional peaks are also visible for this high
Ca doping concentration, so that the material becomes
biphasic (tetragonal BaTiO; + orthorhombic CaTiOj;).
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The lattice parameters for both forms were calculated
using the Rietveld method from all peaks of tetragonal
structure and results are shown in Table 1. It can be seen
that the reduction in unit cell size and volume is proba-
bly due to the replacement of Ba>* ion with the smaller
Ca** ion in the Ba, ,Ca,, ,TiO, structure in comparison
to the Ba; 4Ca,, ; TiO; one.

3.3. Temperature induced dielectric properties

Figure 3 shows dielectric spectra at different frequen-
cies of both BCT samples measured near the Curie tem-
perature. The peak of dielectric permittivity has a nar-
row shape for the BOCITO ceramics and reaches the
value of 10856 at the Curie temperature (7¢) of 395K
(Fig. 3a), which is significantly higher than reported in
the literature [20,21].

On the other hand, completely flat characteristics
for the Curie temperature range were recorded in the
B1C9TO sample containing only 10% of ferroelectric
BaTiO, phase (Fig. 3b). The same effect is reflected in
the dielectric loss tangent spectra, so that the BOC1TO
ceramics reflects clear maxima shortly below T'¢, but the
B1C9TO sample does not (Figs. 3c and 3d).

To sum up, the wet chemistry method used gives such
a large increase in dielectric permittivity in 7¢, confirm-
ing exceptionally pure ferroelectric phase in the case of
Ba, (Ca, , TiO; ceramics.

3.4. Ferroelectric properties

As expected, the hysteresis loop as a ferroelectric fin-
gerprint was registered only for the BOC1TO ceramics
(Fig. 4). As mentioned above, this characteristic ferro-
electric indicator occurs in the form of a sharp peak in
the dielectric constant characteristic at 395 K, therefore
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Figure 3. Dielectric characteristics of B9C1TO (a) and (¢) and B1C9TO (b) and (d) ceramics
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Figure 4. Ferroelectric hysteresis loops for B1C9TO (a) and B1C9TO (b) ceramics

polarization reorientation by electric field is only ob-
served in the BCT ceramics with low calcium content
(Fig. 4a).

Generally, however, multivalent cations as
praseodymium and oxygen vacancies create sources
of residual conductivity, which means that annealing
treatment during ceramic processing can significantly
rise the conductivity. Thus, this is the reason of asym-
metrical shape and not saturated hysteresis loop, as one
can see in Fig. 4a.

The remnant polarization defined as the saturation
polarization at zero field is P = 10 uC/mZ, and the
coercive field is the field value at zero polarization

Ec = 2.7kV/cm. In the case of the BIC9TO ceramics,
only the dielectric response in a form of a circle at P-E
characteristics is visible without traces of polarization
switching (Fig. 4b).

3.5. Luminescence properties

Luminescence spectra were recorded at room temper-
ature. Emission of red light can be observed with the
naked eye when excited by UV light (Fig. 5a). The emis-
sion spectrum of the Pr**-doped Ba,Ca, 4 TiO; is pre-
sented in Fig. 5b. The emission spectrum shows a strong
single emission band reaching a maximum at 615 nm.
The position and width of the emission band are the
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Figure 5. Luminescence (a) and the emission spectrum for Ba,,Ca,  TiO;:Pr** ceramics (b)

same as for the Ba, ,,Ca, ,,TiO; doped compound re-
ported by Wang [17]. Thus, the emission band can be
assigned to the same luminescent centre — the 'D,—H,
transition of Pr;* in the CaTiO, based host.

IV. Conclusions

In this work wet chemistry method was used for
the preparation of Pr-doped BCT (Ba,, ,Ca, , TiO; and
Ba, ,Ca,,TiO,) powders and the corresponding ceram-
ics were prepared after uniaxial compression and sinter-
ing at 1500 °C for 2h. The resulting ceramics showed
high relative density, reasonable dielectric and ferro-
electric properties. The peak of dielectric permittivity
has a narrow shape for the Pr-doped Ba,, ,Ca,, ; TiO; and
reaches the value & = 10856 at the Curie temperature
(395 K), which is significantly higher than from mixed
oxide method reported in the literature. For the first
time, luminescence was recorded in Ba,, ,Ca,, , TiO;, de-
spite reports that light emission in BCT is probably only
over 23% calcium content, and the red light emission
can be observed with the naked eye.
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