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Abstract: A thrust for looking multifunctional materials for applications in civil engineering structures has attracted interest among 
researchers across the globe. Cement based Ba0.85Ca0.15Zr0.1Ti0.88Sn0.02O3 (BCZT−Sn) composites were prepared for electrocaloric 
applications with varying BCZT−Sn to cement ratio. Hysteresis loops showed some signature of saturation in cement composites. 
However, loops of pure sample were saturated due to its ferroelectric nature. Furthermore, these composites were explored for the 
first time in solid state refrigeration technology namely electrocaloric effect (ECE). Peak electrocaloric performance shows an 
adiabatic temperature changes of 0.71, 0.64 and 0.50 K and isothermal entropy changes of 0.86, 0.80 and 0.65 J/(kg∙K) for BCZT−Sn, 
10% and 15% cement composites, respectively, under application of 0−29 kV/cm electric field. The adiabatic temperature change in 
cement based composites is comparable with that of the BCZT−Sn ferroelectric ceramics. Furthermore, the dielectric constant (εr) of 
composites with different ceramic contents at room temperature reveals that dielectric constant increases with an increase in 
BCZT−Sn proportion in composites. These cement based BCZT−Sn composite materials may be used in solid state refrigeration as 
they are fairly competitive with the pristine sample. 
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1 Introduction 
 
    In order to have more efficient and functional 
buildings, there is a thrust of multi-functional properties 
in structural materials. Cement materials are the largely 
used building materials in structural engineering [1,2]. 
After many decades of use of concrete structures and 
because of the living environmental effect, the building 
structures may get affected. Therefore, it becomes quite 
arduous to immediately sense the damaged structure [3]. 
In this context, developing intelligent structures with 
features like self-inspection is the need of the hour [2−4]. 
Apart from safety, reduction of carbon and conservation 
of energy are also of prime importance. These difficulties 
paved the way for looking for new functionalities in 
building materials. 
    In this context, piezoelectric composite materials 
look promising to overcome the functional deficiencies. 
These materials have the potential to be used for sensors 
because of their piezoelectric properties [5,6]. The 
piezoelectric composite with cement matrix can be used 
to develop sensors that are really smart in real time 

structural health monitoring [2,7,8]. The incorporation of 
piezoelectric ceramic in cement significantly enhances 
the functionality of structural materials [9]. It is thus very 
interesting to explore such area for various applications. 
    Amongst many articles exploring such area, lead 
zirconate titanate (PZT)-based cement composite is one 
of them [10−13]. Researchers in Refs. [2,6,11] prepared 
PZT−cement composites using normal mixing and 
spreading methods and reported slightly higher 
electromechanical coefficient and piezoelectric strain 
factor than 0−3 PZT-polymer composites with a similar 
content of ceramics (PZT). However, these composites 
are made using PMN or PZT that are lead based and are 
of carcinogen nature which is main cause of cancer and 
other serious health hazards [14,15]. Therefore, due to 
environmental concerns, a demand has been increasing 
to eliminate toxic lead for these material systems. 
    In this context, BaTiO3 (BT, lead-free) based 
cement composites were prepared by RIANYOI       
et al [16] and the influence of ceramic content on the 
electromechanical coupling coefficient of cement based 
composites was studied. Apart from the civil engineering 
applications, these cement based composites were 
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explored for the first time in solid state refrigeration 
technology. There are several solid state refrigeration 
technologies which are under research like 
magnetoelectric, thermoelectric and electrocaloric 
refrigeration. Among these listed techniques, the 
electrocaloric refrigeration technique has many 
advantages. The electrocaloric effect (ECE) is a very 
good phenomenon in ferroelectric materials in which a 
material shows a reversible temperature change    
under the application of an electric field in adiabatic 
conditions [17−19]. A large electrocaloric effect may 
provide an efficient way to realize such solid state 
cooling devices for a broad range of applications 
including temperature regulation for sensors, electronic 
devices, and on-chip cooling etc. 
    The first study in this area was done in Rochelle salt 
in 1930s [17−19]. After more than thirty years of silence 
(since 1960s), the exploration paved the way for new 
type of refrigeration system using ferroelectric materials. 
Thereafter, abundant data have been reported in many 
kinds of ferroelectric materials like bulk materials, thin 
films, thick films and polymers [20,21]. A large ECE 
could be seen in thin film materials due to their ability to 
sustain higher breakdown field. In this direction, a large 
ECE of 12 K at 226 °C has been reported in 
PbZr0.95Ti0.05O3 thin films. Although large ECE is 
achieved in thin film, the heat extraction capacity is 
always lower than that of the ceramics. Therefore, the 
research on bulk electrocaloric materials is still a subject 
of interest. For instance, a large ECE of 4.5 K at 38 °C 
has been reported in BaZrxTi1−xO3 bulk ceramics at 
temperatures close to the first order phase-transition [22]. 
Large ECE value of 1.64 K was observed in 
BaHfxTi1−xO3 compositions with x=0.05 [23]. In this 
context, the family of barium titanate based ceramics 
have been extensively investigated as they show 
excellent ferroelectric behavior [24,25]. In this direction, 
it was reported that the incorporation of Zr and Ca in 
BaTiO3 system enhances the pyroelectric, ferroelectric 
and piezoelectric properties when fabricated in the 
morphotropic phase boundary (MPB) [17]. Therefore, 
barium calcium zirconium titanate (BCZT) ceramics 
have been widely investigated. BCZT based ceramics are 
potential lead-free materials suitable for solid state cooling 
as they show low electric field saturation [18,24,26]. 
Recently, KADDOUSSI et al [27,28] have found that 
adding Sn element to BCZT decreases the phase 
transition temperature with a large EC responsivity of 
26.2 mK∙cm/kV. 
    However, the ECE effect in cement based 
composites has not been explored till date. Therefore, the 
present work focused on BCZT−Sn solid solution using 
cement as the filler for the electrocaloric refrigeration 
applications. Furthermore, the ferroelectric hysteresis 

loops of cement composites were also discussed in detail 
which are important parameters to find the ECE. All the 
previous reports indicated low content of ceramics in the 
composite which resulted in round loops due to high 
losses associated with larger fraction of cement. 
Therefore, cement based composites with higher fraction 
of ferroelectric ceramic were prepared and studied. 
 
2 Experimental 
 
    A conventional solid state fabrication route was 
used to prepare Ba0.85Ca0.15Zr0.1Ti0.88Sn0.02O3 (BCZT−Sn) 
ceramics. Reagent grade (>99% pure) powders of BaCO3, 
CaO, ZrO2, TiO2 and SnCl2 were used as the starting 
precursors. 
    The starting precursor powders were mixed 
according to stoichiometric ratio with 2% Sn (mole 
fraction). Initially, these materials were ball milled using 
acetone as the wetting agent to attain physical 
homogeneity. The mixture powders were calcined at 
1350 °C for 6 h after drying. The resultant mixture was 
compressed under a uniaxial pressure of 392 MPa and 
made into pellets of 12 mm × 0.9 mm (diameter× 
thickness). Then, the pellets were sintered by 
conventional technique at 1400 °C for 6 h. X-ray 
diffraction technique was performed to confirm the 
formation of single phase. 
    To prepare BCZT−Sn cement composites, the 
calcined powder was mixed with varying compositions 
of 10% and 15% ordinary Portland cement by mass 
fraction. Water was then added to the resultant mixture 
(0.25 mL) according to a certain water/cement ratio and 
subsequently poured into the mould. The mould 
specimens were cured for 28 d in water to obtain 
hardness. After curing, specimen surfaces of composite 
were polished to obtain disk shape with 12 mm in 
diameter and 0.9 mm in thickness. 
    The morphology of the surface was characterized by 
scanning electron microscopy (SEM). Archimedes 
principle was employed to determine the density of these 
samples. For measuring hysteresis loop (P−E), the flat 
surfaces of the specimens were coated with silver paste 
to form electrical contacts. The samples were subjected 
to bipolar electrical field (50 Hz) to obtain polarization 
(P)−electric field (E) loops at different magnitudes of 
electric fields and temperatures using a modified Sawyer 
Tower circuit. The dielectric properties of the composites 
were measured by using an Agilent precision impedance 
analyzer. The dielectric constant (εr) was evaluated from 
Eq. (1) as follows:  

r p 0/( )C t Aε ε=                                (1) 
 
where Cp denotes capacitance of the sample, t is the 
thickness, A is area of electrode and ε0 is the free space 
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permittivity (8.854×10−12 F/m). 
 
3 Results and discussion 
 
3.1 Microstructural characterization 
    The XRD pattern of BCZT−Sn sample is depicted 
in Fig. 1, which confirms the formation of single phase 
as there are no unidentified peaks related with secondary 
phase. The sharpness of X-ray diffraction peaks indicates 
good homogeneity and crystallinity of sample. 
 

 
Fig. 1 X-ray diffraction pattern for calcined BCZT−Sn powder 
sample 
 
    Figure 2(a) shows the SEM micrograph of sintered 
BCZT−Sn ceramics. The surface of the sample was 
found to be free from any major porosity or anomaly. 
Further, the density of the sample was found to be    
5.6 g/cm3 using Archimedes principle, which was ~95% 
of the theoretical density. This confirms the high dense 
structure due to closely packed grains. However, the 
SEM images of cement composite show some pores 
which are formed due to the inclusion of cement. The 
microstructures of cement based ferroelectric composites 
are shown in Figs. 2(b) and (c). The density of the 
cement based composite was found to be 4.5 and     
4.2 g/cm3 using Archimedes principle for 10% and 15% 
cement, respectively, which reveals that there are more 
pores in the cement based composites compared with 
BCZT−Sn sintered ceramic pellet. 
 
3.2 Hysteresis characteristics 

In order to further investigate the hysteresis 
characteristics of BCZT−Sn ceramics and the cement 
based composites, P−E hysteresis loops of BCZT−Sn 
and cement−(BCZT−Sn) composites were recorded at 
varying temperatures and a constant frequency of 50 Hz 
as shown in Figs. 3(a), (b) and (c). The BCZT family of 
ceramics shows saturation at low electric field and 
belongs to low-field actuator materials [18,26]. This 
leads to low temperature change capacity in similar class 

 

 

Fig. 2 SEM micrographs of pure BCZT−Sn sample (a),    
90% (BCZT−Sn)−10% cement composites (b) and 85% 
(BCZT−Sn)−15% cement composites (c) 
 
of ferroelectric ceramics. However, the addition of Sn 
can enhance the saturation polarization (Pmax) and the 
polarization gradient ∂P/∂T. In this direction, well 
sintered BCZT ceramics with 2% Sn doping resulted in 
the highest saturation polarization of 17.3 µC/cm2 (as 
shown in Fig. 3(a)) compared with BCZT where Pmax is 
obtained as 14 µC/cm2 at 303 K [29,30]. Further, adding 
Sn decreases the ferroelectric properties [29]. 

Therefore, the 2% Sn doped BCZT ceramics was 
selected for the present investigation. Furthermore, the 
cement composites were made by normal mixing and 
pressing. The composites showed fair density and 
polarization. To study the polarization behavior, the P−E 
loops of the cement based composites (10% and 15% 
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Fig. 3 P−E hysteresis loops of pure BCZT−Sn (a), 10% cement composite (b) and 15% cement composite (c) measured at different 
temperatures, and comparison of P−E loops at room temperature (d) 
 
cement by mass fraction in BCZT−Sn) are depicted in 
Figs. 3(b) and (c), respectively. 
    It is important to note that due to porous 
microstructure in cement composites, P−E loops are not 
completely saturated when compared to BCZT−Sn 
ceramics. However, the loops of BCZT−Sn cement 
composites have shown some signature of saturation. 
Figure 3(d) shows the variation of polarization at room 
temperature for all the investigated samples. The 
hysteresis characteristics like remnant polarization and 
saturation polarization decrease with the inclusion of 
cement particles in BCZT−Sn ferroelectric ceramics as 
shown in Fig. 3(d). BCZT−Sn has a saturation 
polarization of 17.3 µC/cm2 which reduces to 8.20 and 
6.90 µC/cm2 with addition of 10% and 15% cement to 
BCZT−Sn ceramics, respectively [29,30]. This reduction 
in hysteresis parameters owes to the fact that the samples 
exhibit lower density. This may also be attributed to the 
fact that due to the losses associated with cement   
ionic content, completely saturated loops were not 
obtained [30−35]. 
    The BCZT−Sn is a ferroelectric material; hence, 
higher BCZT−Sn concentration in the composites should 
have higher Pr and Pmax. Moreover, the P−E loops of 

composites are not saturated due to the presence of a 
non-ferro electric/piezoelectric layer of cement between 
the BCZT−Sn particles. The isolated ceramic particles 
increase with higher cement volume fraction in the 
composite. In the case of ferroelectric cement composites, 
the applied electric field (E) on the ceramic particles can 
be given as  

r r 0

r r r r

3( / )
[1 2( / )] [1 ( / )]

E
E

V
ε ε

ε ε ε ε
′

=
′ ′+ − −

               (2) 
 
where rε ′ , V and E0 are relative permittivity of the 
cement matrix, volume fraction of the ferroelectric 
ceramic and externally applied electric field, respectively. 

rε ′ , εr and E0 are constant, therefore, E depends only on 
the ceramic volume fraction. The reduction in net 
polarization can be ascribed to the fact that adding 
cement generates an internal stress between ferroelectric 
ceramic and cement which consequently leads to the 
reduction in net polarization as shown schematically in 
Fig. 4 [36]. 

It is shown that under the application of electric 
field, the ferroelectric cement gets strained due to 
ferroelectric switching which is associated with 180° 
domain rotation as depicted in Fig. 4(a). However, the 
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Fig. 4 Pure ceramic (a) and cement composite (b) under influence of electric field 
 
addition of cement generates internal stress which 
consequently leads to internal clamping of domains as 
shown in Fig. 4(b). Such phenomenon has been well 
explained in Ref. [36]. 
 
3.3 Electrocaloric properties 
    In order to evaluate the electrocaloric properties of 
BCZT−Sn bulk ceramics, P−E loops were recorded for 
every 10 K interval from 303 to 373 K. From the P−E 
loops plots, the maximum polarization data (Pmax) are 
extracted from their upper branches which were plotted 
against operating temperature. From these values, the P−T 
graph was plotted and further polynomial fitting with 
goodness of fit R2=0.99 was done to obtain large number 
of data (close to 100). These obtained data were further 
utilized to calculate electrocaloric temperature change 
(ΔT) and isothermal entropy change (ΔS) as shown in 
Figs. 5(a) and (b), respectively. 

It is reported that the incorporation of 2% Sn into 
the pure BCZT ceramics increases both Pmax and 
polarization gradient with respect to temperature which 
is capable of exhibiting pronounced caloric effect [29]. 
The Maxwell’s relation (∂P/∂T)E=(∂S/∂E)T was used to 
estimate the adiabatic temperature change (ΔT) and 
isothermal entropy change (ΔS) using the following 
equations [19,26,37−39]:  

 







∂
∂−=Δ 2

1
d1 E

E
p

E
T
PT

c
T

ρ
                     (3) 

 

 







∂
∂−=Δ 2

1
d1 E

E
E

T
PS

ρ
                         (4) 

 
where P represents polarization, E1 and E2 are the lower 
and higher electric field limits, respectively, cp denotes 
the specific heat capacity of the material and ρ implies 
the density of the ceramics which was measured      
by employing Archimedes principle. The temperature 
dependent specific heat capacity is reported for BCZT 
ceramics which was used for estimating the EC    
effect [40]. 

 

 
Fig. 5 Comparison plots showing electrocaloric effect (ΔT) (a) 
and isothermal entropy change (ΔS) (b) versus temperature (T) 
of BCZT−Sn ceramics and cement composites under same 
electric field 
 
    The specific heat capacity for cement composites is 
kept constant at all temperatures and estimated by 
employing rule of mixtures as shown:  

cpcom ))(1()()( ppp cVcVc ρρρ −+=               (5) 
 
where subscripts com, p and c represent composite, pure 
sample and cement, respectively, and V denotes the 
volume fraction. 
    Figure 5(a) provides more information about    
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the influence of ceramic/cement ratio in composites   
for electrocaloric cooling. The comparison of EC 
characteristics of BCZT−Sn, 10% cement and 15% 
cement composites, respectively versus material 
temperature under electric field of 29 kV/cm is plotted  
in Fig. 5(a). The pure sample (2% Sn doped) possess a 
maximum ΔT of 0.71 K at electric field of 29 kV/cm  
and 358 K. 
    This composition (2% Sn dopant) is the best 
composition to obtain a meliorated EC performance in 
BCZT-based ferroelectric materials. The maximum ΔT is 
achieved as a result of ferroelectric to paraelectric  
phase transition corresponding to tetragonal to cubic 
phase [19,41]. However, the adiabatic temperature 
changes of 0.64 and 0.50 K at 358 K were estimated for 
10% and 15% cement composites, respectively. These 
values are quite significant and comparable with the 
other ferroelectric ceramics. 
    Only adiabatic temperature change does not provide 
sufficient information to predict the electrocaloric 
performance of a material. Another important parameter 
is isothermal entropy change (ΔS) which predicts the 
overall heat extraction capacity of a sample. Figure 5(b) 
displays ΔS as a function of temperature at a particular 
electric field of 29 kV/cm for all investigated samples. 
The pure sample (BCZT−Sn) gives a maximum ΔS of 
0.86 J/(kg∙K). The maximum entropy changes in cement 
composites with 10% and 15% cement by mass fraction 
in BCZT−Sn were found to be 0.78 and 0.64 J/(kg∙K), 
respectively. 
    These estimated values are obviously lower than 
that of the pure BCZT−Sn sample. However, there are 
several advantages associated with cement based 
composites, such as (1) these composites can be 
fabricated without any sintering processes, (2) it is easy 
to cast them into any shape and size, (3) the product cost 
will be lower, and (4) it can be installed with cement 
structure for next generation energy efficient buildings. 
 
3.4 Dielectric behavior 
    In order to have materials for caloric applications, 
the dielectric losses should be negligible. In this context, 
the dielectric properties of cement based composites 
were studied. The capacitances of BCZT−Sn and the 
cement composites were determined at various 
frequencies by utilizing impedance analyzer. The 
temperature dependent dielectric constant for the 
samples investigated was calculated from the obtained 
capacitance using Eq. (1). The dielectric constant of 
BCZT−Sn has a peak value of 6500 at phase transition 
measured at frequency of 1 kHz, as shown in Fig. 6(a). 
The dielectric constant for the BCZT−Sn−cement 
composites of 10% and 15% cement by mass fraction are 
depicted in Figs. 6(b) and (c), respectively. 

    It is observed that the dielectric constant increases 
with the increase in ceramic content in the composites. 
From these results, it is observed that all the samples are 
in agreement with previous studies which show 
increasing εr with the increase in ceramic particle content. 
Generally, the dielectric constant decreases with the 
increase in porosity in samples. The dielectric loss values 
(tan δ) for all the samples are also depicted in Figs. 6(a), 
(b) and (c). 
 

 
Fig. 6 Dielectric constant and loss as function of temperature 
under different frequencies: (a) BCZT−Sn; (b) 10% cement;   
(c) 15% cement 
 
    The tan δ also exhibits a well-defined peak at the 
transition temperature. It is interesting to note that the 
value of tan δ has marginally increased in cement based 
composites which may not affect much in electrocaloric 
performance. 
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4 Conclusions 
 
    (1) The Ba0.85Ca0.15Zr0.1Ti0.88Sn0.02O3−cement based 
composites (10% and 15% cement) were fabricated by 
the normal mixing and pressing method. 
    (2) BCZT−Sn has a saturation polarization of   
17.3 µC/cm2 which reduces to 8.20 and 6.90 µC/cm2 for 
BCZT−Sn composites with 10% and 15% cement, 
respectively, due to decrease in density. 
    (3) The electrocaloric performance was evaluated 
using Maxwell relation and found to be adiabatic 
temperature changes of 0.71, 0.64 and 0.50 K and peak 
isothermal entropy changes of 0.86, 0.80 and 0.65 J/(kg∙K) 
for pure sample, 10% and 15% cement composites, 
respectively. 
    (4) The dielectric constant (εr) at 303 K and 1 kHz is 
3127 for pure BCZT−Sn ceramic and is reduced to 2614 
and 2418 for 10% and 15% cement composites, 
respectively. It is also found that εr increases with the 
increase in BCZT−Sn content in the composites and 
exhibits a well-defined phase transition at 358 K. 
    (5) The losses in cement based composites were 
fairly competitive with the pristine sample. In order to 
confirm our findings, further studies are warranted using 
direct approach. 
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摘  要：寻找用于土木工程结构的多功能材料的努力引起全球研究人员的兴趣。在不同 Ba0.85Ca0.15Zr0.1- 
Ti0.88Sn0.02O3(BCZT−Sn)与水泥配比条件下，制备适合于电热应用的水泥基 BCZT−Sn 复合材料。水泥基复合材料

的磁滞回线表现出一定的饱和特征，纯 BCZT−Sn 样品的磁滞回线则由于其铁电性质而饱和。此外，首次探索这

种复合材料在固态制冷技术中的应用，即其电热效应(ECE)。在 0~29 kV/cm 的电场作用下，纯 BCZT−Sn、含 10%
水泥及 15%水泥的复合材料的热力学温度变化分别为 0.71、0.64 和 0.50 K，等温熵变分别为 0.86、0.80 和       
0.65 J/(kg∙K)。水泥基复合材料的热力学温度变化与 BCZT−Sn 铁电陶瓷的相当。此外，具有不同陶瓷含量的复合

材料的室温介电常数(εr)数随着复合材料中 BCZT−Sn 含量的增加而增大。由于其优异的性能，这种水泥基

BCZT−Sn 复合材料有望用于固态制冷技术中。 
关键词：电热行为；水泥基复合材料；介电；熵 
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