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A B S T R A C T   

This work presents the next leap in piezoelectric all-ceramic composites fabricated at ultra low temperatures. The 
“Upside-down” composite method is further developed and instead of the water-soluble lithium molybdate used 
in our earlier study, an organotitanate based precursor gel is used as a binder. Utilizing heat and pressure the 
precursor transforms into titanium oxide which, together with lead zirconate titanate particles, forms a high- 
performance piezoelectric composite. The two-step fabrication method is based only on mixing and uniaxial 
hot-pressing sequences. The all-ceramic samples are fabricated at ultra low temperatures 275–350 ◦C with 
exceptionally high fractions of filler (filler to matrix 84:16 vol ratio) resulting in low porosity and showing 
excellent dielectric and piezoelectric properties. The charge coefficient d33 ~150 pC N− 1 and the voltage coef-
ficient, g33 ~52 mVm N− 1 obtained with the developed composite outperforms many other known composites 
(80% and 70% higher than achieved with lithium molybdate bound upside-down composite, respectively) and 
are comparable even to some bulk piezoceramics and low permittivity polymer-ceramic piezocomposites. The 
sensor properties of the developed composite and the feasibility of the material from the application point of 
view are successfully demonstrated by utilizing sample elements in a charge mode acceleration sensor and 
sensitivities comparable to commercial devices are achieved.   

1. Introduction 

Piezoelectric materials have a multi-billion-dollar market in elec-
tromechanical transducers such as sensors, actuators and acoustic im-
aging devices [1–4]. Piezoelectric ceramic materials such as lead 
zirconate titanate (PbZrxTi1-xO3, PZT) obtain one of the best overall 
electromechanical performances and good manufacturability, but their 
conventional synthesis with sintering at over 1000 ◦C [3,4] hampers 
direct integration into monolithic devices and confines their utilization 
to discrete systems and the use of tedious multi-step assemblies. A high 
sintering temperature greatly increases the emissions and production 
costs due to the high energy consumption and it causes different tech-
nical issues such as unwanted diffusion and evaporation of volatile el-
ements from the compound during manufacturing. 

The traditional solutions for lowering the manufacturing tempera-
ture have been sintering aids such as different glasses, the lowering of 
particle size (nanoparticles) and the development of piezoelectric 
polymers or composites made with low temperature ceramic and poly-
meric materials [5–11]. Especially the ceramic-polymer composites 

enable very low manufacturing temperatures, but the electromechanical 
performance and temperature stability of these polymeric-based mate-
rials are only a fraction of those achieved with sintered ceramics [4, 
12–14]. 

A recently developed solution to enhance the electrical properties 
and temperature resistance of the composites utilizes a combination of 
the filler material with carefully selected particle size distribution and a 
water-soluble ceramic binder Li2MoO4 (LMO). This approach enables a 
filler-matrix ratio of 84:16 vol%, hence the name “Upside-down com-
posite” [15,16]. The method makes the fabrication of all-ceramic 
piezoelectric material possible even at room temperature with elec-
trical performance comparable in many aspects to that of materials 
produced with conventional sintering at over 1000 ◦C [16]. However, 
due to the water-solubility of LMO, these composites require a protec-
tion layer when utilized in high humidity environments. 

The “Soft solution processing” method was developed about two 
decades ago by Yoshimura et al. [17] and others [18–22]. It utilizes 
gel-like precursors and enables piezoelectric thin film fabrication even at 
very low temperature. However, the maximum thickness of these films is 
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limited to around 1 μm or less due to the very large shrinkage of the 
solution during the crystallization step. In upside-down composites the 
binder material forms a very thin layer between the particles. Hence, a 
precursor solution, used for thin film manufacturing, could also be used 
as a binder in this type of composite. Furthermore, since in upside-down 
composites pressure is simultaneously applied to the composite with 
heating, the shrinkage of the precursor solution can be compensated. 

In this work, all-ceramic composites were made by combining 
upside-down and soft solution processes. PZT particles with suitable 
particle size distribution were bound together into all-ceramic com-
posites by using an organotitanate precursor gel that was reacted to ti-
tanium dioxide by applying simultaneous pressure and temperature. 
Compared to earlier work [16], the usage of organotitanate instead of 
LMO as binder resulted in samples which were insoluble in water and 
showed greatly enhanced electromechanical performance through 
improved electric field coupling. 

2. Materials and methods 

2.1. Materials 

The fabrication of the developed all-ceramic composite is mainly 
based on two performance enhancing approaches. The first one is the 
multimodal particle size distribution of the filler, which is generally 
known to enhance the packing ratio. The second approach is the utili-
zation of a gel-like binder that forms ceramic material via reaction when 
heat and pressure are applied, which compensates for the shrinkage of 
the precursor caused by the transformation of the organometal precur-
sor into titanium oxide. As for filler particles, commercial lead zirconate 
titanate (PZT) powder (PZ29, Meggitt A/S, Ferroperm TM Piezocer-
amics, Denmark) was used. The filler powder was sieved through 
63–180 μm screens prior to mixing with the binder. The binder used was 
TiOx precursor gel which reacts to TiO2 when heated. 

The synthesis of a TiOx –precursor gel was presented in earlier work 
[23] and was based on the works of Kim et al. [24] and Gergel-Hackett 
et al. [25]. Titanium-di-isopropoxide-2-acetoacetate (75 wt % of iso-
propanol, 13.2 mL, Merck KGaA, Germany) was mixed with 2-methox-
yethanol (99.3%, 50 mL, Merck KGaA, Germany) and ethanolamine 
(99%, 5 mL, Merck KGaA, Germany) in a three-necked round-bottom 
flask equipped with a thermometer, nitrogen inlet and condenser. The 
flask was heated in an oil bath and the reagent solution was constantly 
stirred with a magnetic stirrer. The reagents were added to the flask and 
flushed with nitrogen for 2 mins in order to remove oxygen from the 
reaction solution. Then, the stirred solution was heated to 80 ◦C for 2 h, 
120 ◦C for 1 h, followed by 80 ◦C for 2 h and 120 ◦C for 1 h. The resulting 
gel-like solution was collected, cooled and stored in a refrigerator at 
5 ◦C. 

2.2. Samples preparation 

To prepare a PZT-TiO2 composite sample, 1 g of the PZ29 powder 
was carefully mixed with 0.2 g of TiOx –precursor solution and trans-
ferred into a cylindrical steel mold (of 10 mm diameter) to produce disc- 
shaped pellets. The mixture was pressed at 250 MPa at room tempera-
ture followed by heating to 200–350 ◦C while keeping the pressure 
constant. After pressing and cooling, the samples were weighed with a 
precision balance. The densities, determined from sample dimensions 
and weight, varied among the samples between 83 and 86% of theo-
retical density, which is 4–5% less than that achieved with LMO bound 
upside-down composites. 

2.3. Structural characterization 

The microstructure of the composite was assessed using field emis-
sion scanning electron microscopy (FESEM, Zeiss Sigma, Carl Zeiss SMT 
AG, Germany) on cross-sectioned and polished samples. For Energy 

Dispersive Spectroscopy (EDS) elemental analysis, a specimen was 
finalized with ion polishing (Jeol IB-19520CCP, Jeol Ltd., Japan). Before 
FESEM analysis, a thin layer of carbon was sputtered on the polished 
surface to avoid charging effects. The crystallinity of the titanium oxide 
binder was investigated using a scanning transmission electron micro-
scope (JEOL JEM-2200FS analytical STEM, JEOL USA Inc, USA). For this 
purpose, composite samples were crushed with a mortar and pestle and 
the resulting powder was dispersed in ethanol using an ultrasonic bath 
and applied to a TEM measurement grid. 

2.4. Electrical characterization 

Dielectric properties were measured at room-temperature at fre-
quencies from 100 Hz to 1 MHz with a LCR meter (Hewlett-Packard 
4284A, Agilent Technologies, USA). For dielectric and ferroelectric 
measurements thick film silver ink (DuPont 5064H, DuPont Electronic 
Materials, Ltd., UK) electrodes were manually applied on both sides of 
the discs and cured at 120 ◦C according to the manufacturer’s in-
structions. Ferroelectric measurements (up to 3 kV mm− 1) were per-
formed at 24 ◦C in a silicone oil bath using a ferroelectric tester 
(Precision 10 kV HVI-SC, Radiant Tech., USA) with a standard bipolar 
triangular waveform at a frequency of 10 Hz. For comparison, a com-
mercial PZ29 disc (Meggitt A/S, Ferroperm TM Piezoceramics, 
Denmark) was also analyzed with the ferroelectric tester. The samples 
were poled in a silicone oil bath at 100 ◦C in a 3 kV mm− 1 electric field 
for 1 h, after which the oil was cooled down to about 30 ◦C before the 
electric field was removed. The piezoelectric coefficient d33 was 
measured using direct and converse piezoelectric effects. The direct 
piezoelectric effect was measured using a d33 -meter (Piezo d33 Test 
System, APC International Ltd., USA) with an alternating force of 0.25 N 
at 110 Hz. In the converse method, a sinusoidal AC signal from 300 to 
500 V (maximum electric field 0.30 kV mm− 1) between 30-480 Hz was 
applied to the samples and the thickness change (strain) in the samples 
was monitored using a laser-doppler vibrometer (OFV-552 measuring 
probe, Polytech GmbH, Germany). In the sensor measurement, a min-
ishaker (Brüel & Kjær, Denmark) was used to provide sinusoidal vibra-
tion, while the amplitude and frequency of the movement was 
monitored with the vibrometer. The sensor elements were placed into a 
jig where a pre-stressing force of 28 N (±2.3 N) was applied to the 
sample in parallel to the electrodes. The total seismic mass on top of the 
sample was 10.96 g (Fig. S1, supporting information). An acceleration of 
about 1.30 g (±0.08 g) was used at frequencies from 30 to 1000 Hz. The 
charge generated by the sample was conducted to a simple two stage 
amplifier and measured from its output with an oscilloscope. The 
amplifier consisted of a simple inverting charge amplifier, with 22 nF 
feed-back capacitor as the first stage and an inverting voltage amplifier 
with 100x amplification as the second stage (Fig. S2, supporting 
information). 

3. Results and discussion 

3.1. Electron microscopy analysis 

The high packing density of the PZT particles was confirmed by 
FESEM analysis of a cross-sectioned composite (Fig. 1 a and b.). 
Furthermore, titanium oxide phase surrounding the large PZT particles 
with close proximity between each other can be seen in Fig. 1 c. The 
compositions of the different material phases visible in Fig. 1 c, were 
confirmed with EDS elemental mapping. The calculated composition of 
the cross-section of the sample contained 81 vol% PZT, 4 vol% TiO2 and 
15 vol% voids. The binding amorphous TiO2 phase was inspected with 
STEM crystallography analysis for a crushed sample treated at 350 ◦C. 
TEM images of the TiO2 on top of the PZT particles are presented in 
Fig. 1 d and e. The diffraction pattern analyses shown in f) revealed that 
TiO2 is in amorphous phase, thus it was concluded that the treatment 
temperatures used in this work were not sufficient to produce crystalline 
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titanium dioxide. 

3.2. Dielectric measurements 

The relative permittivity (εr) and the dielectric loss tangent (tan δ) 
measured from an unpoled samples in the frequency range of 100 Hz to 
1 MHz are shown in Fig. 2. The relative permittivity (at 1 kHz) increased 
with increasing fabrication temperature until 300 ◦C and then saturated 
to close to the level of 280 (Fig. 2 a). The error bars in Fig. 2 a are 
showing a deviation of 5–15% between different samples. The loss 
tangent decreased to an almost constant level of about 0.022 when the 
fabrication temperature was increased above 250 ◦C. The dielectric 
properties of the three highest fabrication temperature samples as a 
function of frequency (Fig. 2 b) show very similar behavior, as the 
permittivity decreased with increasing frequency from about 290 to 260 
in all samples. The losses showed a minimum value of about 0.018 
(±0.001) in the 100 kHz region while a small increase (tan δ ~0.019 

(±0.001)) could be observed from the minimum when reaching 1 MHz. 
The measured frequency dependence of permittivity and loss is typical 
for composites with two different materials having significant contrast 
in permittivity. This combination leads to accumulation of charges at the 
interfaces of the materials and when the applied frequency is increased 
from the 100 Hz to 1 MHz the polarization resulting from interface 
charges cannot follow the AC field in phase, thus causing the permit-
tivity to decrease [26,27]. The permittivity was at a reasonable level 
when considering the analysis with STEM which showed that the ma-
jority of the titanium oxide was in the amorphous phase. The relative 
permittivity of amorphous TiOx and the low temperature synthesised 
anatase phase are reported to be around 14–19 (for the high temperature 
rutile phase TiO2 it is around 64) [28,29]. This is only about 1% of the 
permittivity of PZ29 (measured for this comparison from three depoled 
commercial PZ29 discs). 

When compared to our earlier study of a piezoelectric upside-down 
composite lithium molybdate-PZ29 (LMO-PZT) [16], the permittivity 

Fig. 1. a) – c) Cross-section of composite sample fabricated at 350 ◦C. Squares show the close-up areas. Close packing of PZT particles can be observed, as well as 
darker TiO2 phase in between the particles. Colored EDS elemental map in c) shows the multimodal PZT particles as the location of lead in PZT is shown as brownish 
color and TiO2 phase as blue color. Figures d) and e) show the TiO2 phase on the surface of PZT particles ground off from the sample cross-section, seen as partly 
transparent material. Figure f) shows the diffraction image with no indication of crystallinity. The arrow shows the analyzed spot. Scale bars: a) 100 μm, b) and c) 10 
μm, d) 1 μm, e) 100 nm. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 2. Dielectric properties of upside-down TiO2-PZT. Relative permittivity (blue) and loss tangent (red) of unpoled samples a) as a function of fabrication tem-
perature at 1 kHz (averages with standard deviation as error bar), b) typical results from samples fabricated at 300, 325 and 350 ◦C in frequency range from 100 Hz to 
1 MHz. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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was about 27% higher, while the losses remained about at the same level 
at frequencies above 10 kHz and slightly lower in the range 100–10 kHz. 
Also, the frequency dependence or drop in permittivity value in the 
measurement range was smaller in TiO2 bound upside-down composite. 
These observations are in line with the fact that amorphous titanium 
dioxide possesses a higher permittivity than LMO (7.34 at 1 MHz [16]), 
thus higher effective permittivity results with TiO2 and lower interface 
polarization is probably present, decreasing the frequency dispersion of 
permittivity at low frequencies. However, the slightly lower relative 
density in TiO2-PZT than in LMO-PZT composites limits the enhance-
ment in effective permittivity, thus the difference was not as large as the 
difference between LMO and TiO2 permittivity would suggest. 

3.3. Ferroelectric measurements 

The maximum electric field that could be applied to the samples in 
polarization vs electric field (PE) measurements without breakdown at 
the edges was between 3.5 and 4.0 kV mm− 1. Thus 3 kV mm− 1 was 
selected to be the highest field which could be safely applied to all 
samples. The electrical polarization in samples fabricated in different 
temperatures as a function of external electric field at a maximum of 3 
kV mm− 1 are shown in Fig. 3. A typical polarization hysteresis loop 
recorded from the samples can be seen in the inset of Fig. 3, which in-
dicates that the samples possess ferroelectric material property. The 
remanent polarization (Pr) increases with fabrication temperature 
similarly to that of permittivity in the dielectric measurements. The 
highest Pr is achieved with samples fabricated at temperatures higher 
than 275 ◦C. In samples fabricated above this temperature the remanent 
polarization is saturated within the deviation between individual sam-
ples. When compared to the LMO-PZT composite, the utilization of TiOx 
precursor as the binding material increases the maximum usable electric 
field by 1 kV mm− 1 in all fabrication temperatures. Thus, a higher 
electric field can be used in the poling process. The average remanent 
polarization at 2 kV mm− 1 of samples fabricated at 300, 325 and 350 ◦C 
(0.52–0.84 μC cm− 2) was close to the values reported for LMO-PZT 
composite (0.7–0.8 μC cm− 2) at the same maximum electric field. 
However, at 3 kV mm− 1, which could not be reached with LMO-PZT, the 
Pr in the TiO2-PZT composites was 1.60 μC cm− 2 (±0.09 standard de-
viation), which is about 100% higher than that achieved with LMO-PZT. 
Furthermore, the highest measured remanent polarization in TiO2-PZT 

composites was about 5.7% of the saturated Pr value (28 μC cm− 2) 
measured from a commercial bulk PZ29 disc at 2.0 kV mm− 1. The dif-
ference between these is due to the much lower permittivity and lower 
coupling of the electric field. 

3.4. Piezoelectric properties and sensor measurements 

The samples fabricated at 300, 325 and 350 ◦C showed the best re-
sults in the dielectric and ferroelectric measurements and were therefore 
selected for poling and the piezoelectric and sensor measurements. The 
results from these, and from other electrical measurements, are pre-
sented in Table 1. The piezoelectric coefficient measured with a d33 
-meter from samples fabricated at 300, 325 and 350 ◦C were 158, 143, 
151 pC N− 1, respectively. These values are high for any piezoelectric 
composite and the highest reported for ultra low temperature compos-
ites. The average d33 (151 pC N− 1) of the samples fabricated above 
275 ◦C corresponds to 26% of the value reported for bulk PZT (PZ29, 
Meggitt A/S) [33]. Furthermore, it is about 80% higher than the d33 of 
LMO-PZT, which has been the state of the art so far in the field of 
piezoelectric ultra low temperature composites. Particular reasons for 
these significantly higher coefficients are high filler content (over 80 vol 
%), satisfactory density (83–86% theoretical) and improved electric 
field coupling as a consequence of higher permittivity (and low loss) of 
the inorganic binder material (14–19 and 7.3 at 1 MHz in TiOx and LMO 
respectively). As it can be seen in the table, the d33 values obtained with 
a vibrometer utilizing the converse piezoelectric effect (and 110 Hz 
signal frequency) were about 15–20% smaller. This was due to the dif-
ferences and non-ideal setups in these two measurement methods. In the 
direct method, the applied force might not be distributed evenly to the 
electrodes, because the “jaws” of the meter were different in size than 
the samples’ electrode area and the pre-load that keeps the sample in 
place was not monitored, thus it may have varied in measurements. 
These may have built up in the sample and produced extra charges. In 
the converse method, the fixing of the sample to the setup for electrical 
connection slightly constrained the sample. Thus, the sample was not 
working in a purely stress-free mode, which may have affected the 
effective strain measured with the vibrometer. In addition, the coupling 
of the electric field might have been compromised due to the large dif-
ference of permittivity between the filler and matrix materials. How-
ever, in the converse method, the standard deviation in the frequency 
range of 30–480 Hz was less than 7% of the average d33 value in all 
samples, being 3% as an average, thus the measurement was stable and 
samples showed no resonances in this frequency range. 

In sensor applications the piezoelectric voltage coefficient (g) is often 
calculated to describe the sensor properties [16]: 

g= d/ε, (1)  

where d is the piezoelectric charge coefficient and ε is the permittivity of 
the material. Piezoelectric voltage coefficient g33 for the composite 
samples was calculated using the d33 results from the d33 -meter and 
permittivity at 100 Hz. The coefficients of the samples fabricated at 300, 
325 and 350 ◦C were 63, 55 and 59 mVm N− 1, respectively (listed in 
Table 1). These values were almost twice as high as those reported 
earlier with LMO-PZT upside-down composite, which had already out-
performed many all-ceramic piezoelectric composites [16]. 

For further comparison of the piezoelectric properties of the devel-
oped composites, the measured d33 and g33 values were plotted together 
with some other piezoelectric all-ceramics fabricated at low and ultra 
low temperatures and polymer-ceramic composites (Fig. 4). The selected 
materials represent typical materials from three different groups: low 
temperature liquid phase sintered ceramics, low temperature composite 
and ultra low temperature materials. It should be noted that in order to 
keep the figure clearer, there are only the main ceramic compositions 
mentioned in the figure in the case of complex compounds and that the 
most common sintering additives utilized in them include various 

Fig. 3. Remanent polarization at maximum electric field of 3 kV mm− 1 in TiO2- 
PZT fabricated at temperatures from 200 ◦C to 350 ◦C. Inset: Polarization 
hysteresis of a typical sample fabricated at 350 ◦C at 10 Hz frequency in 2 
(smaller loop) and 3 kV mm− 1 (larger loop). 
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amounts of e.g. MnO2, CuO, LiBiO2 [6,30–32]. Among the selected 
material groups, the liquid sintered ceramics represent the highest d33 
values, as expected. The TiO2-PZT outperforms all the ultra low tem-
perature piezoceramics showing 80% higher d33 than reactive hydro-
thermal liquid-phase densified (rHLPD, 400 ◦C, 30 MPa) barium titanate 
and ~37 times higher than cold sintered PZT (300 ◦C, 500 MPa). It is 
worth mention that with CS a high temperature sintering is usually 
utilized as a second heating step to achieve the desired material prop-
erties. In the case of PZT, post-firing at 700 ◦C enhances the d33 to 80 pC 
N− 1, reaching almost to the level of the referred rHLPD barium titanate 
[34,35]. Interestingly, some of the liquid phase sintered (lowest fabri-
cation temperature) piezoelectrics possess d33 that is only 8–36% higher 
than that achieved with the developed TiO2 bound upside-down com-
posite [8,30]. However, the difference in fabrication temperatures be-
tween these sintered ceramics and the developed TiO2-PZT is several 
hundreds of degrees (900–920 ◦C vs. 300–350 ◦C). Furthermore, the 
liquid sintered compositions are reported to be very sensitive to varia-
tion of the additives (partly due to the high temperatures). Slight vari-
ation causes poor densities or, for example, affect the ferroelectric 
nature of these compounds making the “soft” piezoelectrics “harder” [6, 
30–32]. Thus, from the fabrication point of view, the method developed 
and presented here is far easier and results in high performance piezo-
electrics in very low temperatures, unlike the methods utilizing liquid 
phase sintering at much higher temperatures. As can be seen in Fig. 4, 
the TiO2-PZT possesses a g33 that is double compared to almost any of 
the presented bulk piezoceramics. The highest g33 is found among the 

low permittivity materials, which are mainly the polymer-ceramic 
composites. Compared to the ultra low temperature composites (green 
area), the upside-down TiO2-PZT possesses the highest g33 and almost 
three times the d33 of any of the polymer-ceramics or cement composites 
[36–41]. All in all, to our knowledge the developed TiO2-PZT 
upside-down composite possesses one of the highest piezoelectric charge 
and voltage coefficients measured for an all-ceramic piezoelectric 
composite that is fabricated at ultra low temperature and below 400 ◦C 
and it also performs very well when compared to liquid sintered bulks. 

The results from sensor measurements are shown in Fig. 5, where the 
sensitivity (charge per acceleration, g = 9.81 m s− 2) of the piezoelectric 
sample elements are plotted against the frequency. All samples had a 
similar frequency dependence, which might have been due to the pre-
stressing setup and its possible small mechanical resonances that could 
occur at this frequency range as they did not appear from the piezo-
electric element itself. 

The sensitivity of samples (presented values are without electrical 
amplification) fabricated at 325 and 350 ◦C showed averages of 8.30 and 
8.32 pC g− 1 with a standard deviation of 0.5 and 1 pC g− 1 (6% and 12%), 
respectively. The highest sensitivity (9.80 pC g− 1, 0.5 pC g− 1 standard 
deviation) was measured with 300 ◦C samples which also showed a 
higher response in other electrical measurements. The obtained results 
were stable in the measured frequency range and showed high sensi-
tivity corresponding even to some commercial 1-axis charge type vi-
bration accelerometers (for example Brüel & Kjær: 4370 series) [42]. 
Thus, the material is electrically and mechanically suitable for the 
proposed sensor applications. 

To further enhance the sensor’s capabilities and enable less variation 
and even higher sensitivity, the sensor setup could be modified, for 
example by: better alignment of the elements, changing force trans-
mitting element and force, changing the amount of seismic mass on top 
and using multiple, thinner piezoelectric elements [43,44]. Now, for 
example, the prestressing force applied by tightening a screw might 

Table 1 
Electromechanical properties of the TiO2-PZT composites fabricated between 200-350 ◦C.  

Fabr. Temp. (◦C) Relative Density (%) εr @1 kHz tan δ @1 kHz Pr (μC mm− 2) d33 
a (pm V− 1) d33 

b (pC N− 1) g33 
c (mVm N− 1) Sensitivity (pC g− 1) 

350 85.7 278 0.021 1.60 126 151 59 8.32 
325 87.9 288 0.022 1.41 114 143 55 8.30 
300 85.0 277 0.022 1.63 131 158 63 9.78 
275 86.3 249 0.024 1.21 – – – – 
250 86.2 195 0.024 0.75 – – – – 
200 85.7 188 0.054 0.60 – – – –  

a d33 with vibrometer. 
b d33 with d33 -meter. 
c g33 with d33-m, ε value at 100 Hz. 

Fig. 4. Piezoelectric charge and voltage coefficients of materials fabricated at 
various temperatures. Red area: bulk ceramics sintered with sintering aids, 
green area: Portland cement and polymer bound composites, blue area & star: 
ultra low temperature fabricated all-ceramic materials. *amount of CuO 0.3 wt 
%, **amount of CuO 0.5 wt%, nano = PZT nanoparticles. (For interpretation of 
the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 

Fig. 5. Sensitivity of the charge mode accelerometers in frequency range 
30–1000 Hz. 
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slightly vary approximately ±2.3 N between samples due to human 
error. 

4. Conclusions 

Novel piezoelectric upside-down composites and their fabrication 
and electromechanical properties were investigated. High quality TiO2- 
PZT samples were successfully fabricated at temperature above 275 ◦C. 
The samples compressed at 300, 325 and 350 ◦C showed very few dif-
ferences in their electromechanical properties. Compared to earlier 
studies of PZT-LMO piezoelectric upside-down composite, the density of 
the samples was slightly decreased (from 87–90% to 83–86%), but the 
electromechanical properties were significantly improved. In addition, 
this new binder approach makes the composite water-resistant. The 
measured piezoelectric coefficients d33 and g33 as high as 150 pC N− 1 

and 53 mVm N− 1 were about 80 and 70% higher, respectively, than 
those reported for upside-down composite with the same filler ceramic, 
but with LMO as binder (84 pC N− 1 and 33 mVm N− 1), which was un-
derstood to be a consequence of enhanced coupling of the electric field 
in the titanium oxide bound composite. Furthermore, the achieved 
piezoelectric coefficients d33 and g33 corresponded to about 26% and 
157% of the bulk PZ29 values, respectively, and were one of the highest 
ever achieved with ultra low temperature fabricated piezoceramics. The 
potential of upside-down composites for piezoelectric sensor applica-
tions was demonstrated for the first time and the results with a compress 
mode acceleration sensor setup showed high and almost frequency in-
dependent sensitivity in the frequency range of 30–1000 Hz (maximum 
9.8 pC g− 1). Thus, the developed composite is feasible for sensor 
applications. 

It is concluded that the TiO2 precursor together with the upside- 
down composite -method enabled fabrication of water-resistant, high- 
performance composites at ultra low temperatures. Furthermore, espe-
cially such materials whose properties are tightly bound with their 
crystalline phase purity, were seen as potential materials for new upside- 
down composites in the future. From the commercial point of view, the 
process is rapid with low energy consumption, the resulting phases can 
be carefully controlled and it is suitable for the manufacture of discrete 
components. Therefore, it would be beneficial to investigate also other 
sol-gel precursors and functional materials to further optimize the 
binder and filler compatibility and to develop totally new high- 
performance materials. 
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