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Abstract

In this article, we focus on cement-binded Bag gsSrg 152, Tip9O3 ceramics for pyroelectric applications. It was prepared
with the Bag gsSro 15210, Tip.9O3-to-cement ratios of 85%:15% and 80%:20% by weight. In order to improve the effective-
ness of thermal-to-electric energy conversion, the synchronized switch harvesting on inductor technique is experimen-
tally tested on cement composites. Our experimental findings reveal that this concept based on synchronized switch
harvesting on inductor can significantly increase the amount of power extracted from pyroelectric materials.
Furthermore, the optimized power across 15% and 20% cement composites were found to be 7.2 and 6 nWV, respec-
tively, in series synchronized switch harvesting on inductor and 8.5 and 7 nWV, respectively, in parallel synchronized
switch harvesting on inductor. These values are significantly higher when compared with non-switched circuit for pyro-
electric applications. Although, from the obtained results for the prepared composites, the power output is less when
compared with pure Bag gsSrg 15Zrg | Tip.9O3, they have some advantages: these composites can be made without any sin-
tering process and are compatible for structural applications.
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The pyroelectric materials are well known for their

Urheberrechtlich geschiitzt / In copyright https://rightsstatements.org/page/InC/1.0/


https://uk.sagepub.com/en-gb/journals-permissions
https://doi.org/10.1177/1045389X19828491
https://journals.sagepub.com/home/jim

870

Journal of Intelligent Material Systems and Structures 30(6)

drastically due to the incorporation of pores (Roscow
et al., 2015; Shaw et al., 2007; Zhang et al., 2010) which
are desirable for pyroelectric applications. Generally,
introduction of pores is done by some pore-forming
agents like poly-methyl methacrylate (PMMA) and
burning them out during the sintering process so as to
leave pores in the material which can help in tuning the
pyroelectric performance of materials. However, fabri-
cating porous ceramics is another challenging task.

In this direction, cement-binded pyroelectric compo-
sites have many advantages, for example, ease of fabri-
cation and promising in real-time structural health
monitoring sensors, as they are compatible with cement
structures (Dong et al., 2015; Lu et al., 2015). Although
a number of attempts have been made to explore piezo-
electric signals in cement-based composites (Gong
et al., 2009; Li et al., 2009), there is very little work
done on exploring cement-binded pyroelectric compo-
sites for pyroelectric applications. In one such study,
the pyroelectric coefficient of steel fiber cement paste
(61 X 107° C/m> K) and carbon fiber cement paste
(3.5 X 1072 C/m? K) is reported (Wen and Chung,
2003). These values are very low and need to be
improved. In order to further improve the functionality
of cement-based materials for pyroelectric applications,
we have synthesized cement-binded BaggsSrg 157101
Tip O3 (BSZTO) ceramics. The BSZTO was selected in
this investigation as it exhibits promising pyroelectric
properties (Patel et al., 2016; Patel and Vaish, 2016). It
has a pyroelectric coefficient of 25 X 10™* C/m* K at
room temperature which is almost nine times more
than that of the well-known pyroelectric material tri-
glycine sulfide (TGS) with a pyroelectric coefficient of
2.8 X 107* C/m* K (Patel et al., 2016). This composi-
tion also exhibits substantial FOMs at room tempera-
ture over other materials as reported by Patel et al.
(2016). Such a large-scale investigation suggests that it
could be a strong contender for many commercial
pyroelectric applications.

Therefore, this article deals with cement-binded
BSZTO ceramics as a potential material for pyroelec-
tric applications. The last section of this article presents
the interface of synchronized switch harvesting on
inductor (SSHI) for enhancing the power output across
the pyroelectric element. SSHI is a non-linear approach
of enhancing the voltage generated by different sources
and has been extensively applied in energy harvesting
(Chen et al., 2012; Cheng et al., 2017; Lefeuvre et al.,
2009; Shu et al., 2007; Wu et al., 2017; Xi et al., 2017,
Zi et al., 2016). The main advantages of such circuits
are low power dissipation and increased efficiency. The
inductor present in the circuit helps flip the voltage of
the internal capacitance of the material/source used for
harvesting energy with the help of triggering of a switch
at suitable intervals. Thus, the presence of an inductor
helps in boosting the overall power as compared to

non-switched circuits which is also discussed in this
article.

2. Material synthesis and characterization

A conventional solid-state fabrication route was
employed to prepare BSZTO ceramics. Reagent-grade
(with purity > 98.5%) powders of BaCOj;, SrCOs;,
Zr0O,, and TiO, were used as the starting precursors.
Stoichiometric amounts of powders were mixed and
ball milled using acetone as the wetting agent to attain
physical homogeneity. The mixture was then calcined at
1350°C for 6 h after drying. The resultant mixture was
compressed under a uniaxial pressure of 6 ton/cm? into
pellets of 12mm X 1 mm (diameter X thickness).
Then the pellets were sintered by a conventional tech-
nique at 1400°C for 6 h. X-ray diffraction technique
(Rigaku Smart Lab, Tokyo, Japan) employing CuK«
radiation was performed to confirm the formation of a
single phase. In order to prepare BSZTO—cement com-
posites of varying compositions (15% and 20% cement
by weight), the calcined powder was thoroughly mixed
with ordinary Portland cement. Addition of water to
the mixture according to certain water—cement ratio
was done prior to pouring into the mold. The prepared
mold specimens were cured for 28 days in water to
obtain sufficient stiffness. Following this, the cement
specimens were polished to obtain disk shapes with
12 mm diameter and 1 mm thickness. Scanning elec-
tron microscopy (SEM; FEI Nova NanoSEM 450
(Field Electron and Ion Company, FEI); Hillsboro,
OR, USA) was used to study the morphology of the
samples under consideration. Archimedes’ principle
was employed to determine the density of these sam-
ples. The dielectric properties of the composites were
measured using an impedance analyzer at a heating rate
of 1°C/min (Agilent E4990A; Agilent Technologies
Inc., Santa Clara, CA, USA). The samples were subse-
quently poled in a 3 kV/mm electric field for 2 h at
45°C in silicon oil in order to measure pyroelectric
properties.

2.1. Methodology

In order to explore the investigated materials for pyro-
electric applications, the poled sample was alternatively
placed in front of hot and cold air for continuous tem-
perature measurements for a fixed time interval as
shown in Figure 1. It shows the internal electrical circuit
for the pyroelectric element, where C, and R, are the
material capacitance and resistance, respectively, and 7,
denotes the pyroelectric current. Figure 2(a) presents
the non-switched circuit which connects the pyroelectric
element directly across load R;. Now, according to
Kirchhoff’s current law as shown in equation (1), the
quantity of current (/,) which is produced due to
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temperature gradient is the sum of current passing
through material capacitance (C,), material resistance
(R,), and load resistance (R;) yielding

av, V, Vy
Al RS RS R | 1
Cp dt Rp RL P ( )

Therefore, voltage V), across the pyroelectric element
is shown in equation (2)

—t

o\ L+ 1
-8 4 " @
P
Since the voltage across load is the same as pyro-vol-
tage, the average power (P) dissipated across the load
resistance is calculated as shown in equation (3)

=2 (3)

The SSHI technique is a non-linear approach in
which an inductor stores the magnetic energy tempo-
rarily and is one of the common techniques in buck-
boost converters also which exploits the feature of the
inductor to store energy. The only limitation with such
a design in which inductors are used to boost power is
the losses in the circuit due to switch resistance and
windings of the inductors. However, such losses are
insignificant in comparison to the boosted power.

Figure 2(b) presents a parallel SSHI circuit in which
a switching device consists of cascaded combination of
an inductor and an electronic switch which are placed
in parallel with a pyroelectric element. The synchro-
nized switch harvesting principle works on the basis of
synchronization between charge extraction and tem-
perature gradient through an inductor by adding non-
linear processing of the pyroelectric voltage with the
help of an electronic switching device connected to the
pyroelectric element (Guyomar et al., 2008; Lien et al.,
2010). One of the important characteristics of this tech-
nique is that the pyroelectric element remains in open
circuit condition for most of the time except when the
triggering of switch takes place at the peak of pyroelec-
tric voltage resulted from heating and cooling where
LC, oscillations take place with frequency (f) as
denoted by equation (4)

1
2m./LC,

where L is the inductor and C, is the internal capaci-
tance of the pyroelectric material. The inductor is con-
nected either in parallel or in series to the pyroelectric
material with a switching device controlled by a logic
circuit using a metal oxide semiconductor field effect
transistor (MOSFET). The control unit is assumed to
turn on and off the MOSFET transistor at the

/= 4)
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Figure 1. Schematic of the experimental set-up for pyroelectric
signal generation on exposure to heating—cooling source and the
inset shows internal electrical circuit of pyroelectric element.

switching frequency. One of the prime advantages of
using MOSFET as a switch is their low power require-
ment and low switching time.

A constant time period of the heating and cooling
cycle is maintained across the pyroelectric element such
that the switch is triggered at each temperature extre-
mum for a brief time period of 7/LC, (Guyomar and
Lallart, 2011; Lallart, 2017). During these triggering
times, an electrical oscillation corresponds to L and C,
is established where an oscillating discharge of the pyro-
electric voltage across capacitor C, occurs through the
inductor L which leads to inversion and enhancement
of voltage across capacitor C, as compared to non-
switched interface (Lefeuvre et al., 2006). However, this
inversion is not perfect due to internal losses of circuit
and is given by coefficient y as shown in equation (5)
which represents the ratio of voltage after switching to
voltage before closing. It is related to the electrical qual-
ity factor Q which represents the ratio of the stored
energy to the dissipated energy (equation (6))

T

y=en (5)

L

where r represents the inductor losses in the circuit.
This concept is explored in this article and the two tech-
niques are differentiated to show their importance.

With Kirchhoff’s current law, when the switch is
closed as shown in Figure 1, we have

0=

N |-

AV, Vs
I, = ,,df +z+—R”L (7)
and
dij
V,e = L— 8
p: dt ( )

where V), is the root mean square (RMS) voltage across
the pyroelectric material after the switching process,
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Figure 2. Schematic of (a) non-switched circuit, (b) parallel SSHI, and (c) series SSHI.

which is used to calculate power across different load
resistances (Ry).

Now, we explore the series SSHI technique, the
operation of which is similar to that of parallel SSHI.
However, the electronic switching device consisting of
an inductor and an electronic switch is connected in
series as shown in Figure 2(c).

3. Results and discussion

The X-ray diffraction (XRD) pattern of the BSZTO
ceramic confirms the formation of a single phase as
shown in Figure 3(a). Figure (3b(I)) shows the SEM
micrograph recorded on the as-sintered surface of pure
BSZTO ceramic. The sample exhibits good densifica-
tion, with well-interconnected grains and without any
major pores, having a bimodal grain size distribution
(larger grains coexist with small grains). Furthermore,
the density of the sintered sample was estimated using
Archimedes’ principle and found to be ~95% of the
theoretical density, confirming the highly dense struc-
ture due to closely packed grains. The SEM micro-
graphs of cement-binded composites with varying
compositions (15% and 20%) are displayed in Figure
3(b(I1l)) and (b(III)), respectively. Microstructural
observation demonstrates that the porosity tends to
increase by increasing the content of cement which is
consistent with the measured density of the samples.
Figure 4 presents the dielectric constant (g.) and
dielectric loss (tan 6) of the understudied compositions.
In this direction, the dielectric constant and loss are
compared at a fixed frequency of 1 kHz for cement

compositions in Figure 4(a). It is evident from Figure
4(a) that the dielectric constant decreases with cement
addition and found to be 114 and 76 for the 15% and
20% cement samples, respectively. The ¢, value mea-
sured at a constant frequency for the cement compo-
sites decreased with an increasing porosity (with
cement content) due to the volume fraction effect which
resulted in reduced density and can be explained based
on the dominating effect of the passive phase (pores)
over the active phase (BSZTO) of the material (Zhang
et al., 2007). Moreover, we observed no shift in phase
transition temperature (Curie temperature) at all with
cement addition compared with pure BSZTO ceramic,
the dielectric plots of which are shown in Figure 4(b).
The dielectric constant is manifolds smaller for cement
composites when compared with pure BSZTO ceramic.
It is to note that the dielectric constant of the cement
composite is not varied linearly with composition. It
could be due to the change in microstructure with the
addition of BSZTO. There is a significant effect of
interfacial polarization which contributes to the non-
monotonous dielectric behavior. In order to further
understand the dielectric behavior of the understudied
composites, researchers have proposed different types
of models to describe the dielectric, piezoelectric, and
pyroelectric properties of 0-3 composites which are
based on mixture rules, such as those derived by
Jayasundere and Smith (1993) as follows:

_ &1V + 82112[381/(82 + 2&‘1)”1 + 3U2(82 - 81)/(82 + 281)]
V1 + U2[381/(82 + 261)][1 + 3‘U2(82 - 81)/(82 + 261)]

©)
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It describes the dielectric constant of a two-phase
composite, where ¢, &, and ¢ are the dielectric con-
stants of the matrix, inclusions, and composite, respec-
tively, and v; and v, represent the volume fraction of
the matrix and inclusions, respectively.

Based on the exciting model, we calculate the dielec-
tric constant for the 15% and 20% cement composites.
The values of dielectric constant obtained for the 15%
and 20% cement composites are 40 and 26, respectively.
However, the corresponding experimentally observed
values are 95 and 60. It is clear that the composites (rule
of mixture) method could not provide a good agree-
ment with the measured &, because it is also influenced
by the particle/grain size (Figure 3), porosity of mate-
rial, mixing, and connectivity (1-3, 0-3). Further
detailed discussion on the effect of cement incorpora-
tion on the dielectric properties is discussed in Srikanth
et al. (2018) and Xin et al. (2007). This decrease in the
dielectric constant advantages immediate benefits in
switching the pyroelectric FOMs (Liu et al., 2015;
Roscow et al., 2015; Sun et al., 2014; Yu et al., 2012). In
this regard, there are a couple of FOMs derived for
pyroelectric materials for various applications (Liu
et al., 2015; Roscow et al., 2015; Sun et al., 2014; Yu
et al., 2012). In addition, the dielectric loss (tan 8) of the
cement composites was found to increase (with an
increase in cement content) as shown in Figure 4(a).
Such a discrepancy can also be rationalized by
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Figure 3. (a) X-ray diffraction pattern of the sintered BSZTO
ceramic and (b) SEM micrographs of (1) sintered BSZTO, (ll)
85% BSZTO-15% cement composite, and (lll) 80% BSZTO-20%
cement composites.

considering the porous microstructure of the samples.
tan & also exhibits a well-defined peak at the transition
temperature. It is interesting to note that the value of
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Figure 4. Temperature dependence of the dielectric constant (g,) and loss (tan ) for (a) comparison at | kHz, (b) pure BSZTO, (c)
15% cement sample, and (d) 20% cement sample at different frequencies.
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Figure 5. (a) Temperature profile near the pyroelectric material surface and (b) plots of open circuit voltage versus time for all the

compositions.

tan & increased marginally in cement-based composites
when compared with pure BSZTO. The measured capa-
citance is 4.4 nF, 96 pF, and 60 pF (at room tempera-
ture and 1 kHz), and the corresponding ¢, values are
~4400, 96, and 90 for BSZTO ceramics and 15% and
20% cement composites, respectively.

Figure 5(a) presents the thermal gradient cycle in
which the temperature increases from its starting value
of room temperature and goes up to 45°C at a given
cycle frequency (0.05 Hz) which is essential to have a
temperature gradient and to have a continuous electri-
cal signal from the pyroelectric material due to electri-
cal displacement of dipoles, which leads to the open
circuit voltages of 600, 360, and 250 mV in pure
BSZTO and 15% and 20% cement composites, respec-
tively, as shown in Figure 5(b). The pyroelectric coeffi-
cients of all the three samples can be measured by
Byer—Roundy methods. However, in this study, voltage
(V) is measured across the resistance (R = 15 MQ)
and the pyroelectric current (/) is estimated as V' = [IR.
The pyroelectric coefficient (p) is calculated as

dar
I =pA—

7 (10)

where dT/dt is the rate of temperature variation. It is to
note that the estimated pyroelectric coefficient could be
underestimated because the selected load resistance is
not optimized for maximum electric current flow.
Figure 5(a) shows the d7/dt rate of temperature varia-
tion, whereas Figure 6 shows the voltage (V) across the
resistance (R = 15 MQ); these data are used in conju-
gation with equation (10) and the estimated p value is
1 X 107 C/m* K for the 15% cement composites.
Similarly, the p values for pure BSZTO and the 20%
cement composite are also estimated as ~2.1 X 1074
and ~0.8 X 10~* C/m? K, respectively. Recently, we

have measured p for pure BSZTO as 3.4 X 107% C/
m? K (303 K) using the direct measurement method
(Patel et al., 2018). The present method of p estimation
is in good agreement with the direct measurement
method of Patel et al. (2018). It can be expected that
the p values for the other two compositions are also
within the expected range. The pyroelectric coefficient
(p), dielectric constant (¢,), and loss (tan 8) can be uti-
lized to determine the various pyroelectric FOMs.
The details of pyroelectric FOMs (BSZTO) are dis-
cussed in the literature (Patel et al., 2018) and com-
pared with the values reported in the literature. The
FOM for wvoltage responsivity is expanded as
F, = p/c,e60, high detectivity-based FOM is defined
as F; =p/c,\/eeotand, and energy harvesting—based
FOMs as F, = p?/e,e0 and F* = p? /c?e,& used by vari-
ous researchers for pyroelectric material selection
(Patel et al., 2018; Srikanth et al., 2017, 2018). ¢, is the
specific heat capacity at a constant volume. These
FOMs clearly indicated that, as g. decreases FOMs
increase, and hence it is expected that the cement incor-
poration increases the FOM values up to 10 times than
the FOMs for BSZTO ceramics. The same composition
with glass incorporation already is detailedly discussed
in a previous article (Srikanth et al., 2017). Similar
behavior can also be observed in our case.
Furthermore, Figure 6 presents the pyroelectric voltage
(Vp) obtained using a non-switched circuit across
15 MQ load resistance for the 15% cement composite
which is in phase with temperature because the pyro-
electric material is connected directly across load R;
and compare with the parallel SSHI technique. In addi-
tion, it is worth noting that the inversion of voltage of
the material capacitance (switched voltage condition)
as shown in Figure 7 for the 15% cement sample using
the parallel SSHI technique depends on the inversion
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Figure 6. Voltage across 15 MQ load resistance for the 15%
cement composite employing for non-switched circuit and
parallel SSHI.

factor y because of switching of the circuit at its extre-
mum temperature that leads to the oscillation of
charges which results in a change in the waveform of

the pyroelectric material compared to the non-switched
circuit. Similar patterns were observed for pure BSZTO
and the 20% cement composition sample which are not
shown here.

The pyroelectric element was further connected with
a controlled switch and the effect of the switching pro-
cess on the voltage signal of all the investigated compo-
sitions were used to compute the power across different
load resistances and compared with non-switched
power as shown in Figure 7. The output power of the
pyroelectric generator strongly depends on the load
resistance and it is maximum when load impedance is
equal to source impedance in all the three cases of the
15% cement composite, 20% cement composite, and
BSZTO ceramics. The optimum harvested power
increased from 6 to 8.5 nW (using parallel switched
interface) and 7.2 nW (using series switched interface)
for the 15% cement specimen as shown in Figure 7(a).
Similarly, the optimum harvested power obtained for
the 20% cement sample is shown in Figure 7(b). The
power obtained for series SSHI is less as compared to
parallel SSHI due to the effect of load resistance which
falls during the discharging loop when the switch is in

(a) 85% BSZTO-15% Cement

Power (nW)

= Parallel SSHI
—=fe— Series SSHI

(b) 80% BSZTO-20% Cement
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0 5 10 15 20 25 30 35 40

Resistance (MQ)

Figure 7. Harvested electrical power as a function of load resistance for (a) 15% cement composite, (b) 20% cement composite,

and (c) BSZTO ceramics.
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ON state which leads to poor voltage inversion com-
pared to parallel SSHI. However, the power harvested
from pure BSZTO increased from 17 to 27 nW (using
parallel SSHI) and 23 nW (using series SSHI) as shown
in Figure 7(c).

4. Conclusion

In this study, cement-binded BSZTO composites (15%
and 20% cement by weight) were fabricated by the nor-
mal mixing and pressing method. The dielectric con-
stant and loss for all the investigated samples were
determined. The dielectric constant decreased drasti-
cally for the cement composites, which is desirable for
pyroelectric applications. It is imperative to note here
that the electrical signal (power) in the cement compo-
sites is significant when compared with pure BSZTO
ceramics. Consequently, this trademark highlights the
potential of cement-based materials for pyroelectric
applications. A 4 wH inductor with resistance (55 Q) is
used in the switched interface that leads to a quality
factor (Q) of 6 for the 15% cement composite with C,
determined from the impedance analyzer at 45°C and
the optimized power is found to be 7.2 and 6 nW in
series SSHI and 8.5 and 7 nW in parallel SSHI for the
15% and 20% cement composites, respectively, which
is sufficient for pyroelectric sensing applications. The
results reveal that the non-linear processing technique
based on SSHI leads to significant power improvement
compared to non-switched interface.
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