A inorganics

Article

Influence of Sintering Additives on Modified (Ba,Sr)(Sn,Ti)O3;
for Electrocaloric Application

Zhenglyu Li *', Christian Molin

check for
updates

Citation: Li, Z.; Molin, C.; Gebhardyt,
S.E. Influence of Sintering Additives
on Modified (Ba,Sr)(Sn,Ti)O3 for
Electrocaloric Application. Inorganics
2023,11,151. https://doi.org/
10.3390/inorganics11040151

Academic Editor: Kenneth
J.D. MacKenzie

Received: 27 February 2023
Revised: 20 March 2023
Accepted: 30 March 2023
Published: 1 April 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Sylvia E. Gebhardt

Fraunhofer Institute for Ceramic Technologies and Systems IKTS, Winterbergstrasse 28, 01277 Dresden, Germany
* Correspondence: zhenglyu li@ikts.fraunhofer.de; Tel.: +49-351-2553-7303

Abstract: This paper reports on the influence of sintering additives CuO and MgO on the recently
developed lead-free electrocaloric (EC) material Bag g»Srg 185n0,.065Tig.93503 (BSSnT-18-6.5). Details
on the sintering behavior and the resulting microstructure of bulk ceramic samples prepared through
solid-state synthesis and their dielectric, ferroelectric, and electrocaloric properties are presented. On
the one hand, the addition of CuO (xcyo = 2%) significantly reduced the sintering temperature from
1400 °C to 1150 °C. On the other hand, the addition of MgO (xpgo = 1%) dramatically reduced the
average grain size from 40 um to 0.4 um, leading to an increase in dielectric breakdown strength from
44V pum~1t0 7.7 V um~1. Thus, BSSnT-18-6.5 with the addition of MgO to bulk ceramic samples
could achieve maximum EC temperature changes (| ATgc |) of 0.27 K around 30 °C with almost
no aberration within a broad temperature range from 5 °C to 50 °C under an applied electric field
change of 5V um~!. The results show the potential of this material for the fabrication of multilayer
ceramic (MLC) components for future electrocaloric applications.
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1. Introduction

Electrocaloric (EC) materials feature a reversible adiabatic temperature change or
isothermal entropy change under the application or withdrawal of an electric field [1].
Over the past decade, many efforts have been made to investigate alternative cooling
technologies based on solid-state cooling utilizing caloric effects such as the EC effect.
Promising materials for electrocaloric applications should possess large entropy changes,
low hysteresis losses and high dielectric strength to achieve large EC temperature changes
in their intended working range [2,3].

It is known that the EC properties, among others, are determined by the applied
electric field strength, chemical composition, and microstructure characteristics, such as
grain size, the amount of porosity and pore distribution [4]. Among them, the influence of
grain size on EC properties has been widely reported. Patel and Kumar found the highest
electrocaloric effect (ECE) for a grain size of 0.5 pm in BaTiO3-based ceramics, which was
the highest grain size within their investigations [5]. Kartashev et al. compared the ECE of
nanoceramic (grain size: 0.1-0.4 pm) and microceramic (grain size: 30-50 um) BaTiO3. They
found a 2.4-fold higher ECE for microceramics [6]. For 1-x Pb(Mg1 /3Nb, /3)O3—x PbTiO3
(PMN-PT) materials, the highest ECEs were determined for the grain sizes of 2.2 um [7]
and 5.8 um [8] depending on the PbTiO3 content.

In the past decades, lead-containing material systems have attracted intensive attention
due to their outstanding electrocaloric properties, such as PbgggLag 11(Zrg7Tig3)0.972503
(PLZT) [9], PbScps5Taps503 (PST) [10] and 0.92 Pb(Mg; ;3Nb,,3)03-0.08 PbTiO3 (PMN-
8PT) [11]. However, the toxic nature of lead has further raised the growing concern
recently. In particular, the cumulative toxicity of lead damages multiple body systems
and is especially harmful to children [12]. The accumulation of lead usually comes from
pollution during lead mining and processing as well as the machining of lead-based
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piezoceramics and electronic waste. Legislation has been introduced in many countries to
minimize the amount of lead that enters the environment at the end-of-life of electrical and
electronic devices. For example, the EU’s Restriction of Hazardous Substances in Electrical
and Electronic Equipment (RoHS), revised in 2011, restricts the content of lead to 0.1 wt%
in homogeneous materials [13]. In this context, the development of lead-free materials with
high electrocaloric effect becomes urgent and necessary. The most investigated lead-free
material systems reported in the literature are based on ferroelectric BaTiO3 as well as
relaxor ferroelectrics Big5Nag 5TiO3 and K 5Nag 503. The substitution of ions such as Ca%*
and Sr%* on the A site or Zr**, Sn**, and Hf** on the B site of BaTiOj3, can be used to
broaden the temperature range of a large ECE or to shift the maximum of the ECE to the
desired temperature. For instance, 0.9 Ba(Tig goSng 11)O3—-0.1 (Bag7Cag3)TiO3 (BTS-10BCT)
exhibits a broad ECE peak of more than 0.4 K in the temperature range from 20 °C to
90 °C under an electric field of 4 V um ™! [14]. 0.92 Big 5Nag 5TiO3-0.08 BaTiO3 (NBT-8BT)
investigated by Bai et al. shows an abnormal ECE with a negative temperature change of
0.33 K under an electric field of 5V um~! [15]. The material 0.9 K 5Nag5NbO3-0.1 SrZrO;
(KNN-10SZ) shows the large electrocaloric effect of 1.19 K for 3.5 V um~! at 94 °C [16].
Additionally, Srp ¢Bag4NbyOg (SBN) shows a maximum electrocaloric temperature change
of 0.32 K around 90 °C under an electric field of 6 V um~1 [17].

Multilayer ceramic (MLC) components are most promising for EC applications. They
can withstand high electric fields, leading to larger EC temperature changes compared to
bulk ceramics. Moreover, the adjustable thickness of MLC components can drastically in-
crease cooling capacity compared to thin films while being matched to the system frequency
for optimal heat exchange.

In our previous work, we systematically investigated the lead-free ferroelectric mate-
rial barium titanate (BaTiO3) modified with strontium (Sr) and tin (Sn) to achieve a high
ECE at room temperature and to simultaneously broaden the temperature range of the
ECE [18]. Our results demonstrated that Bag gySrg18Sng.065Ti0.93503 (BSSnT-18-6.5) is a
promising candidate for EC applications because of its comparatively high |ATgc| of 0.49 K
around 30 °C even under the application of the low electric field of 2 V um~!. Moreover,
it shows a broad ECE peak, |ATgc| > 0.3 K, in the temperature range from 10 °C to 50 °C.
However, the high sintering temperature of 1400 °C combined with the giant grain growth
turned out to be challenging for the fabrication of MLC components. High sintering tem-
peratures essentially limit the choice of usable inner electrodes. Thus, the reduction of
the sintering temperature can have a positive effect on grain growth and the future manu-
facturing costs of multilayer components. Additionally, giant grains reduce the dielectric
breakdown strength or even promote unwanted electric conductivity paths between the
inner electrodes of MLC components. In consequence, BSSnT-18-6.5 components have
not been able to withstand high electric fields so far to achieve EC effects comparable to
those of lead oxide based materials such as PMN-PT [19,20] or PbScg 5Tag 503 (PST) [21].
The dielectric breakdown strength of dielectric ceramics is strongly dependent on the
grain size. Tunkasiri and Rujijanagul described the relationship between the dielectric
breakdown strength and grain size of barium titanate by E «« G™“, where E, G and 4 are
the breakdown field strength, the grain size and a constant of the value of approximately
0.5, respectively [22]. This means that the dielectric strength of ceramic components in-
creases with decreasing grain size. Cai et al. introduced a phase-field model to study the
dielectric breakdown strength of nanostructured ferroelectric ceramics and also observed
an increased dielectric strength in smaller grain-sized ceramics which is attributed to the
larger amount of grain boundaries [23]. Both, sintering temperature and grain growth can
be influenced using sintering additives. It is known that the addition of CuO lowers the
sintering temperature in BaTiO3-based materials through the formation of a liquid phase
during sintering [24,25]. The addition of MgO can be used to prevent grain growth by the
inhibition of the interdiffusion of grains during sintering [26-28].

In the present work, we investigate the influence of the sintering additives CuO and
MgO on the BSSnT-18-6.5 material. We intensively study sintering behavior, microstructure,
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dielectric and electrocaloric properties with the objective of the future fabrication of lead-
free MLC component which possess high dielectric strength and thus high EC temperature
changes around room temperature.

2. Experimental Procedure

Bag 82510,18510,065 Ti0.93503 (BSSnT-18-6.5) ceramic powders were synthesized by a con-
ventional solid-state reaction. A stoichiometric mixture of BaCOs (Solvay S.A., Duisburg,
Germany, 99.86%), SrCOj3 (Alfa Aesar, Karlsruhe, Germany, 99%), SnO; (abcr, Karlsruhe,
Germany, 99.9%) and TiO, (Venator Germany GmbH, Duisburg, Germany, 99.5%) was
milled in water at 200 rpm for 6 h using a planetary ball mill (Fritsch, Idea-Oberstein, Ger-
many, Pulverisette 5). The mixed powders were subsequently dried, sieved and calcined in
an alumina crucible at 1100 °C for 4 h. Different ratios of sintering additives CuO (Merk
Group, Darmstadt, Germany, >99%) and MgO (Merk Group, Darmstadt, Germany, >99%)
were added to the calcined powders in mole fractions (x;) with respect to the concentra-
tions of BSSnT-18-6.5. The compositions were again ball-milled in isopropanol for 6 h
at 200 rpm. A small amount of polyvinyl butyral (TER HELL & CO GMBH, Hamburg,
Germany) was added as a binder, and the mixture was dried using a rotary evaporator
(BUCHI Labortechnik AG, Essen, Germany, Rotavapor R-134). The milled powders were
then pressed into pellets of a diameter of 10 mm and a thickness of around 1.5 mm. After
debindering, the pellets were sintered for 1 h at different temperatures with a heating rate
of 5 Kmin~!. After sintering, the samples were of a diameter of 8.4 mm and a thickness
of around 1.2 mm. Sintering behavior was characterized by the determination of density
(Archimedes” method), weight loss and shrinkage in the lateral dimension. For electrical
measurements, the sintered samples were ground to thicknesses between 250 and 800 pm
and electrodes of silver conductive paste (Heraeus, Hanau, Germany, C1075SD) were
applied. The temperature-dependent relative permittivity and dielectric loss tangent were
measured at 0.1 kHz, 1 kHz and 10 kHz in a temperature range from —50 to 150 °C using
an LCR meter (Hewlett Packard, HP 4263A). Polarization-electric field (P-E) hysteresis
loops were measured using a Sawyer Tower circuit with an analog input and digital I/O
module (Measurement Computing, USB-1616HS-4). The dielectric breakdown strength
was determined using a dielectric strength tester (Sefelec GmbH, Germany, PR 12 PF) by
immersing the samples in an insulation fluid (M&I Materials, Midel 7131). Electrocaloric
temperature changes were characterized directly in a temperature range from —15 to 95 °C
under different magnitudes of electric field using a fine diameter thermocouple (Type K,
50 um in diameter, Omega Engineering) with a bead-welded junction. For the analysis of
the microstructure, micrographs were taken by field emission scanning electron microscopy
(FESEM) (Carl Zeiss AG, Germany, ULTRA 55). Average grain sizes were determined by
linear analysis by the examination of >500 grains according to the ASTM E112 standard.
X-ray diffraction (XRD) measurements were performed at room temperature using a D8
Advance diffractometer (Bruker AXS GmbH, Germany) with a step width of A(260) = 0.03°
and a counting time of 1 s in the range of 10-120°.

3. Results
3.1. Sintering Behavior

Figure 1 shows the bulk density and shrinkage values of BSSnT-18-6.5 ceramics with
different sintering additives. As shown in Figure 1a,b the addition of CuO increases the
density and reduces the sintering temperature dramatically. By adding CuO with a mole
fraction of xcyo = 2%, the sintering temperature of BSSnT-18-6.5 could be decreased by
250 K to 1150 °C. This resulted from the formation of the Cu3TiO4 liquid phase promoting
the complete shrinkage and grain growth of the ceramics at lower temperatures [29].
Figure 1c,d depicts the bulk density and shrinkage of BSSnT-18-6.5 with the addition of
MgO (xmgo = 1%). The addition of MgO has no significant influence on the density and
shrinkage of BSSnT-18-6.5. The sintering temperature remains constant at 1400 °C. A
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simultaneous addition of CuO (xcyo = 2%) and MgO (xygo = 1%) leads to an increase in
density and a reduction in the sintering temperature to 1200 °C.
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Figure 1. Bulk density and shrinkage of BSSnT-18-6.5 bulk ceramics with addition of CuO (a,b), MgO
(c,d) and CuO and MgO (ef).
3.2. Microstructural Analysis

The microstructure of sintered bulk ceramics was investigated on selected composi-
tions (Table 1) to evaluate the influence of the addition of MgO and CuO to BSSnT-18-6.5.

Table 1. Compilation of samples for further investigations prepared with different mole fractions of
CuO (xcyo) and MgO (xpjg0) and sintering temperatures (Ts).

Sample xXcuo!/% xmgo/ % Tg/°C
BSSnT-18-6.5 0 0 1400
BSSnT-Cu 2 0 1150
BSSnT-Mg 0 1 1400
BSSnT-Cu-Mg 2 1 1200

Figure 2a shows the microstructure of BSSnT-18-6.5 with an average grain size of
about 40 pm. As shown in Figure 2b, the addition of CuO leads to a bimodal grain size
distribution with Cu-rich phases. The accumulation of small matrix grains causes further
abnormal grain growth. Due to the resulting coarse grains (>10 um), the addition of CuO is
not feasible for the fabrication of multilayer ceramic components. The addition of MgO
leads to a homogeneous fine-grained microstructure with an average grain size of 0.4 um
(Figures 2c and 3). The grain size reduction by two orders of magnitude can be explained
by our process route, in which MgO was added after calcination. Usually, a replacement
of Ti** or Sn** ions by Mg?* would lead to the formation of oxygen vacancies up to the
solubility limit due to an acceptor-type substitution [30]. By adding MgO after calcination,
it is difficult for Mg to solute into the BSSnT-18-6.5 crystal. Hence, the suppression of grain
growth can be attributed to the precipitation of Mg at the grain boundary, similarly to the
case of Min doping [31,32].
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Figure 2. FESEM images of BSSnT-18-6.5 (a), BSSnT-Cu (b), BSSnT-Mg (c) and BSSnT-Cu-Mg (d).
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Figure 3. Grain size distribution of BSSnT-18-6.5, BSSnT-Mg and BSSnT-Cu-Mg.

Both samples of BSSnT-18-6.5 with sintering additives show an amorphous-like sec-
ondary phase which is either Cu-rich (BSSnT-Cu) or Mg-rich (BSSnT-Mg). The simultaneous
addition of CuO and MgO results in a monomodal grain size distribution with a fine grain
size of 0.4 um (Figures 2d and 3). Again, secondary phases were observed and were identi-
fied as Cu- and Mg-rich phases using dispersive X-ray spectroscopy (EDX). An element
mapping analysis of BSSn'T-Mg (see Figure S1 in Supplementary Materials) shows the
distribution the different elements Ba, Sr, Ti, Sn, Mg and O.

3.3. Phase Analysis

XRD measurements were carried out to determine possible secondary phases within
the bulk ceramic samples. The XRD pattern shown in Figure 4 indicates that all samples
exhibit a pure perovskite phase without any crystalline secondary phases. The XRD patterns
of all compositions are in good agreement with those outlined by the Inorganic Crystal
Structure Database for the comparable material composition of Bag ¢Srg 39Sng 26 Tip 7403
(ICSD file no. 01-077-9432), indicating a cubic crystal structure (Pm3m, 211 space group).
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The overall shift to lower diffraction angles is due to the difference in the content of Sr and
Sn ions, which causes an increase in the lattice parameter.

: T
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Figure 4. X-ray diffraction pattern of sintered BSSnT-18-6.5 ceramics with different additives.
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3.4. Dielectric Properties

The relative permittivity and dielectric loss as functions of temperature measured at
1 kHz for BSSnT-18-6.5 ceramics with different additives are plotted in Figure 5. BSSnT-
18-6.5 shows a permittivity peak at Ty, = 27 °C with a maximum relative permittivity of
erm = 25,300. BSSnT-Cu shows a peak at Ty, = 19 °C with a decreased permittivity of
er,m = 12,900. The addition of MgO leads to a broad peak around T, = —11 °C and a
strongly decreased permittivity of e m = 4900. The combination of both additives, CuO
and MgO, also leads to a broad peak around Ty, = —1 °C with a permittivity of &, m = 4700.
All investigated additives reduce the relative permittivity and shift the temperature of
maximum permittivity towards lower temperatures. The addition of MgO leads to the
largest decrease in Ty, which is of about 38 K. This reduction can be explained by the
reduction in the tetragonal c/a ratio caused by the local deformation of the perovskite unit
cells due to Mg-substitution on the B-sites in the perovskite structure [33].

T T T T T )
25,000 —BSSnT-18-6.5 |
r —BSSnT-Cu 1
20,000 i — BSSnT-Mg ]
15.000 — BSSnT-Cu-Mg | |
P ’ L f=1kHz A
10,000 ]
5000 -
0 : .

T T T T g T T
0.04 |- 7]
" J
c 002 N’_”_’_
S N ]
0 L L : — :
-50 0 50 100 150

T/°C

Figure 5. Temperature dependence of relative permittivity (e;) and dielectric loss factor (tan )
measured at 1 kHz for BSSnT-18-6.5 ceramics with different additives.
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A modified Curie-Weiss law by Uchino and Nomura [34] was applied to calculate the
diffuseness parameter of the phase transition:

11 (T — Tm)"
81- sr,m Cl 7 ( > m)/ ( )

where v and C; are modified constants. The exponent 7y = 1 for an ideal ferroelectric,
and 9 = 2 for an ideal relaxor ferroelectric material. Values of 1 < ¢ < 2 indicate an
incomplete diffuse phase transition [35]. Figure S2 shows the plots of log(1/e; — 1/&rm)
versus log(T — Tr) at 1 kHz for BSSnT-18-6.5 ceramic samples, as well as the slope of their
fitting line. The obtained values of v were found to be in the range of 1.6-1.9 (Table 2),
which suggests the occurrence of a diffuse phase transition with both fluctuation-induced
disorder in the composition and single or multisite structural disorder in the cationic
arrangement in the crystal structure [35]. Moreover, a diffuse phase transition can also
be observed in ceramics with small grains and defects [36]. The diffuseness of the phase
transition can also be described by an empirical parameter, ATgifs,qe, defined as [37,38]:

ATgifuse = T0.9¢rm(1 kHz) — Ty (1 KHz)/ 2

where Tyg., (1 1H) i the temperature corresponding to 90% of the maximum of the
relative permittivity (¢;m) on the high temperature side at 1 kHz. The values of ATyg;fyse
are summarized in Table 2. The results show that MgO addition as well as CuO and MgO
addition enhance the diffuseness of the phase transition of BSSnT-18-6.5, which can be
explained by the effect of grain size and has long been discovered and discussed in barium
titanate systems [39—41]. Furthermore, Mao et al. [42] systematically investigated how a
grain size ranging from 0.8 to 8 um affects the dielectric properties of Bag 751 3TiOs. They
found that ceramics with smaller grains have a broader phase transition than samples
with coarser ones, which is caused by the suppression of the phase transition and the
consequently reduced relative permittivity. This suppression occurs due to the high amount
of low-permittivity and nonferroelectric grain boundaries in fine grain ceramics [43].

Table 2. Compilation of temperature of maximum permittivity (Tr,), maximum relative permittivity
(&r,m), loss factor at Ty, (tan dp), critical exponent (vy) and empirical parameter (ATgjgyse) Of BSSNT-
18-6.5 with different additives (measured at 1 kHz).

Sample Tm/°C &r,m tandm 0% AT giguse’K
BSSnT-18-6.5 27 25,300 0.0040 1.7 44
BSSnT-Cu 19 12,900 0.0074 1.6 6.5
BSSnT-Mg -11 4900 0.0119 1.9 214
BSSnT-Cu-Mg -1 4700 0.0187 1.7 235

Figure 6 shows the temperature dependence of ¢, at different frequencies for BSSnT-18-
6.5 bulk ceramics with different additives. The permittivity of BSSnT-18-6.5 with additions
of MgO and CuO/MgO shows frequency dispersion around the permittivity peak, and the
maximum relative permittivity decreases with increasing frequency, which confirms the
relaxor behavior previously discussed.
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Figure 6. Temperature dependence of ¢, measured at different frequencies for BSSnT-18-6.5 (a),
BSSnT-Cu (b), BSSnT-Mg (¢) and BSSnT-Cu-Mg (d).

3.5. Ferroelectric Properties

Figure 7 displays the electric field-dependent polarization of BSSnT-18-6.5 with dif-
ferent additives measured at electric fields varying from —2 to 2 V um~! at —10, 20, 50,
80 °C and 10 Hz. The polarization decreases for all compositions with increasing temper-
ature, and the loops become slimmer and, finally, almost linear, indicating the transition
of samples from the ferroelectric phase to the paraelectric phase. For better comparison,
hysteresis loops of BSSnT-18-6.5 with different additives measured at 20 °C and 10 Hz are
shown in Figure 8. By the addition of CuO and MgO, the hysteresis loops become narrower,
indicating a decrease in ferroelectric hysteresis losses (see also Table 3). Additionally, the
remanent polarization (P;) strongly decreases. According to the work by Su and Button [33],
distortions due to oxygen vacancies lead to the formation of both electric and elastic dipoles.
Their orientation causes domain-wall pinning and consequently reduced dissipation in
the ferroelectric state. Moreover, according to Martirena and Burfoot [40], a reduction in
the grain size affects ferroelectric properties by constraining the motion of domain walls,
resulting in the behavior of each grain acting as a single domain. As grain boundaries can
be additional pinning points for the motion of domain walls, walls move quite freely in
giant grains and their motion is inhibited by a decrease in grain size. Additionally, the grain
boundaries are considered low-permittivity regions and have poor ferroelectricity [44].
Thus, fine grains with more grain boundaries lead to a decrease in polarization. Since the
additives induce oxygen vacancies [25,28] and the addition of MgO decreases the grain size
significantly, the reduced ferroelectric properties can be understood as the combination
of both effects. A summary of the ferroelectric data is listed in Table 3. Figure S3 shows
the decrease in remnant polarization (P;) with increasing temperature, indicating that the
samples underwent diffuse phase transition.
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Figure 7. Hysteresis loops measured at —10, 20, 50, 80 °C and 10 Hz for BSSnT-18-6.5 (a), BSSnT-Cu

(b), BSSnT-Mg (c) and BSSnT-Cu-Mg (d).
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Figure 8. Hysteresis loops for BSSnT-18-6.5 with different additives measured at 20 °C and 10 Hz.

Table 3. Compilation of maximum polarization (Pr,), remanent polarization (P;) and coercive field E.
for BSSnT-18-6.5 with different additives (measured at 10 Hz, 2 V um™—1).

Sample Pn/uC cm—2 P./uC cm—2 E/1072V um~1
BSSnT-18-6.5 13.38 3.30 4.72
BSSnT-Cu 10.40 0.82 5.18
BSSnT-Mg 6.06 0.42 8.57
BSSnT-Cu-Mg 6.95 0.58 4.77

3.6. Electrocaloric Properties

The temperature-dependent electrocaloric effect (ECE) was measured directly in an
environmental test chamber by using a fine-diameter thermocouple which was firmly at-
tached to the samples by pressing them with a PTFE stamp. The results of the electrocaloric
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temperature change (|ATgc|), dependent on the temperature caused by the withdrawal
of a comparatively low electric field of AE =2 V um~!, are shown Figure 9. In addition,
the electrocaloric properties of BSSnT-18-6.5 with different additives are summarized in
Table 4. By adding CuO, MgO or CuO/MgO to BSSnT-18-6.5, the EC peaks become broader
while the maximum of the ECE decreases drastically. The values of the heat capacities
(cp) also become broader, and the visible peak in BSSnT-18-6.5 disappears as additives are
introduced (Figure S4). Pure BSSnT-18-6.5 shows an electrocaloric temperature change
(|ATgc]) of >0.25 K in a broad temperature range from 10 to 60 °C. The addition of MgO
strongly reduces the electrocaloric temperature change (|ATgc|). However, the sample with
the addition of MgO can withstand higher electric fields of up to AE =5V um~! during
EC measurements due to the increased dielectric strength compared to pure BSSnT-18-6.5.
In the latter, a maximum electrocaloric temperature change, |ATgc| = 0.27 K, at 30 °C
was measured with almost no aberration within the temperature range from 5 to 50 °C
(Figure 10).
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Figure 9. Electrocaloric temperature change (|ATgc|) depending on temperature (T) for BSSnT-18-6.5
with different additives measured at AE =2V pm™—1.

Table 4. Compilation of maximum electrocaloric temperature change (|ATgc|) measured at an electric
field change (AE) of 2V pum~1, corresponding temperature (T), dielectric breakdown strength (E,q)
and specific heat capacity (cp) at zero electric field.

Sample T/°C | ATgc /K Epg/V um 1 cp T kg 1K1
BSSnT-18-6.5 35 0.47 4.4 465
BSSnT-Cu 25 0.29 8.7 458
BSSnT-Mg 20 0.08 7.7 450
BSSnT-Cu-Mg 35 0.09 6.7 459

The correlation between the temperature of maximum ECE (Tgc max) and the tem-
perature of maximum relative permittivity (Tn) of BaTiO3-based materials (Figure 11)
shows that the Tgc max is usually 5 K above Ti,. The addition of MgO increases the gap
between the Tgc max and T m by 30 K. This can be explained by dielectric nonlinearity, i.e.,
a change in incremental permittivity in certain ferroelectric compositions undergoing a
strong electric field [45].
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Figure 10. Electrocaloric temperature change (|ATgc|) depending on temperature (T) for BSSnT-Mg

measured under different electric fields (pink curve: electrocaloric temperature change (JATgc|)
depending on temperature (T) for BSSnT-18-6.5 measured at AE =2V pum 1 as reference).
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Figure 11. Compilation of temperature of maximum electrocaloric temperature change (Tec max)
measured at AE=2V um ™! and temperature of maximum relative permittivity (Tr,) for bulk ceramics
BaTiO3, Ba0.688r0,32TiO3 (BST—SZ), Basno‘nTio‘ggOg (BSnT—ll), [9] BSSnT-18-6.5 and BSSnT-18-6.5 with
ngo =1%.

4. Conclusions

In the present work, we investigate the influence of different additives on the lead-free
electrocaloric material BSSnT-18-6.5 to allow its future application in multilayer ceramic
components. By the addition of CuO, we successfully decreased the sintering temperature
by 250 K from 1400 °C down to 1150 °C. However, its bimodal grain size distribution
with coarse grains over 10 um is not feasible for the fabrication of multilayer ceramic
components with a ceramic layer thickness of around 40 pm. As for BSSnT-18-6.5 without
additions, single grains could extend the inner electrode distance and thus allow electrical
conduction through the grain boundaries [10]. The addition of MgO leads to a strong
decrease in grain size from 40 pm to 0.4 um. Moreover, a combination of both additives
could be used to simultaneously decrease sintering temperatures and grain sizes. Although
all additives lead to a decrease in the EC temperature change, the addition of MgO leads to
a significant increase in dielectric strength, thus allowing the application of higher electric
fields. Consequently, an EC temperature change of |[ATgc| = 0.27 K in a broad temperature
range from 5 to 50 °C could be achieved for BSSnT-Mg. Our experiments show that EC
properties are strongly dependent on the grain size of materials. Future investigations will
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therefore focus on the influence of grain size on the ECE of BSSnT-Mg multilayer ceramic
components and on tailoring the grain size to achieve an optimum high ECE and high
dielectric strength in this lead-free material for EC applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/inorganics11040151/s1. Figure S1: FESEM-EDX mapping of
BSSnT-Mg illustrating the occurrence of Mg-rich phase for this composition; Figure S2: Plot of
log(1/er — 1/€rm) versus log(T — Tm) and fitted curves at 1 kHz for BSSnT-18-6.5 ceramics with
different additives; Figure S3: Temperature-dependent measurement of remanent polarization (Pr)
for BSSnT-18-6.5 with different additives measured at 2 V um~! and 10 Hz; Figure S4: Specific heat
capacity (c,) depending on temperature (T) for BSSnT-18-6.5 with different additives.
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