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The motivation of this work was to improve the dielectric properties of BaTiO3 (BT)
macrofibers by mixing BT nanofibers and commercial BT powder. BT nanofibers were
fabricated via electrospinning synthesis. The calcined electrospun nanofibers were chopped and
mixed with BT powder and converted in to a thermoplastic feedstock for extrusion of ceramic
macrofibers with a diameter of 500 μm. The electromechanical properties of the BaTiO3
macrofibers were investigated by varying calcination temperature of the nanofibers. For both
nano and macro fibers, microstructure and phase composition was investigated by SEM and
XRD. It could be observed that an increase in calcination temperature of the nanofibers
enhanced the final electromechanical properties of the sintered macrofibers. The relative
permittivity increased almost twice, the remanent polarisation increased about 4 times and the
strain almost increased 10 times with the addition of calcined nanofibers to macrofibers.
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1. Introduction
Lead-free ferroelectric materials are an interesting area of research in recent years due to their
high piezoelectric properties and the possibility of replacing the toxic lead-based piezoelectric
materials. BaTiO3 (BT) has been a promising candidate as a lead-free material for the past few
decades due to its high relative permittivity and low dielectric loss and still is one of the most
widely investigated electroceramic material. Chemically modified BT, binary and ternary solid
solutions with different types of phase transitions gain even more attraction due to the tunability
of piezoelectric properties. An extensive review is published recently, with particular emphasis
given on (BaCa)(ZrTi)O3, (BaCa)(SnTi)O3 and (BaCa)(ZrTi)O3 solid solutions.[1]
High piezoelectric properties of a material are significant in device engineering and several
strategies have been reported to improve it. One of the most common approaches is extrinsic
doping and tailoring the properties by adjusting the dopant concentration. It is found that Li+
doped BT fabricated using solvothermal approach could be sintered at a lower temperature,
1100 °C with a piezoelectric constant, d33 of 260 pCN-1, electromechanical coupling factor, kp
of 43.7% and without any loss of Curie temperature, TC = 130 °C.[2] BT forms solid solutions
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with several systems, where the polymorphic phase boundary (PPB) acts as the region of high
piezoelectric response due to the coexistence of different symmetry elements. Liu reported a
solid solution of Ba(Ti0.8Zr0.2)O3-(Ba0.7Ca0.3)TiO3 that shows high d33 of 620 pCN-1 at x=0.5
however; with a drop in TC to 93 °C.[3] Domain and grain size engineering have a noticeable
influence in the final piezoelectric properties. Although widely studied for altering the
properties of single crystals, domain engineering is not explored much in bulk ceramics.[4, 5]
An optimum grain size is essential to enhance the final piezoelectric properties of BT. Several
literatures have cited that, for BT a grain size between 1-2 μm would be the optimum value.[610] Too big grains experience a high fraction of non-180° domains back switching exerted by
the grain boundaries thereby decreasing the properties while too small grains suppress the
ferroelectricity due to the decrease in the tetragonal phase along with increased grain boundaries
that can act as a dead layer.[11, 12] Templated grain growth of BT can induce an orientation
effect due to the texturing of the ceramic. A high d33 value of 788 pCN-1 and a dielectric constant
of 1661 is reported in [110] textured BT with an average domain size of 800 nm.[13]
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Although piezoelectric properties of bulk ceramics and crystals and techniques to improve
them have been investigated extensively, BT piezoelectric fibers were rarely studied. [14] In
the recent past, piezoelectric fibers gained particular attention for the fabrication of composites
to use in applications such as ultrasound transducers, wearable biosensors, vibration absorbers,
composite force sensors etc. Since the ferroelectric properties are size, structure and
morphology dependent, the amount of literature over the preparation of nanostructures such as
nanofibers, nanotubes, nanospheres etc have been increased over the last decade.[15] One
dimensional featured materials such as nanofibers and nanotubes are particularly interesting
due to their high surface to volume ratio that facilitates single domain structure which in turn
increases the ferroelectric properties.[16] Lusiola and Clemens reviewed processing,
characterization method, properties, and applications for macro, micro, and nanofibrous
materials.[17] It is reported previously that the morphology of the constituents affects the
sintering process and influences the final ferroelectric properties and the density of the
material.[17]
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In this contribution, BT macrofibers were fabricated using thermoplastic ceramic
processing.[18-20] Due to their high intrinsic properties, BT nanofibers have been employed as
ferroelectric fillers in the nanocomposites to improve the final dielectric properties while
typically a polymer material is used as the matrix. The effect of BT nanofibers in ferroelectric
macro structures has not been investigated so far. An investigation was performed to study the
influence of the calcination temperature of nanofibers on final ferroelectric macrofibers
properties.
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2. Experimental
The production of BT macrofiber is divided into several steps which comprise of nanofiber
fabrication, production of the thermoplastic feedstock, extrusion, sintering, and
characterization. Figure 1 shows the schematic of the macrofiber fabrication process.
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Figure 1: Schematic representation of BT macrofiber fabrication
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The BaTiO3 nanofibers were fabricated using the electrospinning technique. The first step to
implement the electrospinning is the preparation of the BaTiO3 sol-gel. The precursor solution
for electrospinning was prepared by dissolving barium acetate (Sigma-Aldrich, Switzerland)
(4.78 g) in acetic acid (Sigma-Aldrich, Switzerland) (15.74 g) at 70°C for one hour. The
solution was cooled down to 3-5 °C and Titanium (IV)-isopropoxide (Sigma-Aldrich,
Switzerland) (5.31 g) was added to the clear solution and continued stirring for 15 hours at
ambient temperature (solution A). The polymer binder was prepared separately by dissolving
Polyvinylpyrrolidone (PVP, MW = 1300000) (Sigma-Aldrich, Switzerland) (0.75 g) in ethanol
(8.88 g) for one hour, hereafter called as (solution B). Solution B was added slowly to solution
A in 50:50 volume ratio and the resulting precursor was further stirred for one hour. The PVPBaTiO3 sol precursor was filled into a 20 ml syringe having a metallic needle tip, (inner
diameter = 1.067 mm) for electrospinning. The solution was fed into the syringe using a syringe
pump. The solution was electrospun using the apparatus, NEU-Pro (NaBond Technologies Co.,
Limited - China) at the applied voltage of 15 kV, the flow rate of 0.3 ml/h, the tip-to-collector
distance of 10 cm and the collector drum speed of 4 rpm. The Modular Compact Rheometer
(MCR 302 from Anton Paar GmbH, Austria) was used for investigations of the rheological
behavior of the BaTiO3 sol-gel. The rheology of the sol-gel is an important factor for
electrospinning since a low viscosity precursor flows freely while high viscosity precursor tends
to clogs the needle. The rheological measurements were carried out using a concentric cylinder
system, between the shear rate of 10 to 500 s-1. A pre-shear of 10 s-1 is applied prior to the
measurement and the test was performed at ambient temperature.
 Macrofiber fabrication
A low shear mixing process, developed at Empa, was used for the thermoplastic extrusion of
BaTiO3 macrofiber. [19, 20] All feedstocks were formulated with 30 vol% of BT powder (Ticon
F, Ferro Electronic Materials, Niagara Falls, NY, USA) and 20 vol% BT nanofibers calcined at
different temperatures, along with 40 vol% thermoplastic binder, ethylene-vinyl acetate
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copolymer resin (Elvax® 410, DuPont, Switzerland), 8 vol% surfactant - stearic acid (Fluka,
Sigma-Aldrich, Switzerland), 2 vol% paraffin wax (Sigma-Aldrich, Switzerland). For the low
shear mixing process, toluene as a solvent was added and mixed at room temperature using
magnetic stirrer for 30 minutes followed by mixing at 110°C for 1 h (temperature just below
the boiling point of the solvent was used). The mixture was dried over 2 days at 90 °C and the
dried feedstocks were collected for extrusion. The thermoplastic extrusion of the BT feedstocks
was performed with a vertically mount capillary rheometer (RH7 Flowmaster, Rosand
Precision Limited, UK) through a 500 µm die. The macrofibers were extruded at 60 °C and a
shear rate of 500 s-1, with a 4 mm adapter. A schematic of the adapter used is shown elsewhere.
[21]
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To study the effect of nanofiber inclusion on macrofiber properties, a constant nanofiber
content (20 vol.%) of barium titanate nanofibers were added. Prior to addition, BT nanofibers
were calcined at different temperatures ranging from 900 °C to 1350 °C. All macrofiber
compositions were finally sintered at 1350 °C for 5 hours.
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The crystallographic structure of the BaTiO3 nanofibers was characterized by X-ray
diffraction using X-ray diffractometer (X’Pert Pro MPD, PANalytical, The Netherlands) with
CuKα radiation (λ = 0.154 nm). The microstructure and surface morphology were analyzed
using a scanning electron microscope (TESCAN SEM Vega3, Czech Republic). The crystallite
size was calculated using XRD data and the Scherrer equation, Equation 1 and lattice
parameters, phase composition and tetragonality (c/a) of the peaks were calculated by Rietveld
refinement (X’Pert HighScore Plus v3.0, PANalytical, The Netherlands).
----- (1)
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Equation 1: Scherrer equation
where Dp is crystallite size, k is the Scherrer constant, λ is x-ray wavelength, B is full width at
half maximum of XRD peak and θ is the XRD peak position. Ferroelectric behavior of the fibers
was measured with a piece of equipment (FerroFib) developed in collaboration between Empa
and aixACCT System GmbH.[22] A schematic of the device is shown in Figure 2 while the
sample holder is reported elsewhere.[23, 24] The fibers were cut to a length of approximately
2.5 mm and glued vertically on to a PMMA disc. Both fiber ends were coated with Ag epoxy
paste (Electrodag 5915, Acheson Colloids Co. (Henkel), Germany) to ensure electrical contact.
The bottom part of the fiber is connected with the FerroFib via a metallic strip which serves as
the bottom electrode as shown in Figure 2. The fibers were immersed in silicone oil to avoid
arcing between the electrodes. All the samples were poled at room temperature for 5 minutes
depending on the breakdown field. The large signal polarization and strain hysteresis as a
function of applied electric field was recorded at 0.1 Hz. Small signal stimulus (100 V at 10
Hz) was applied, and the displacement was measured with a laser interferometer to measure the
piezoelectric constant, d33.[25]
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Figure 2: Schematic of Ferrofib used for ferroelectric and piezoelectric measurement and
sample holder [20]
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To study the flow property of the BaTiO3 sol-gel, the rheological analysis was performed. In
Figure 3, shear stress and viscosity of the BaTiO3 sol-gel is shown as a function of shear rate.
The shear stress (τ) – shear rate (γ̇) relation is fitted to the power law as given in Equation 2.
The Power-law named by Ostwald–de Waele is commonly used for non-Newtonian fluids to
describe the flow behavior. Figure 3 gives the flow curve parameters such as the consistency or
flow coefficient c and the power law index p. The power law index p will give evidence about
the deviation of the specimen from Newtonian behavior. A value of p < 1 represents shearthinning behavior, while p > 1 denotes shear-thickening behavior. If p = 1, the fluid behaves
like Newtonian liquids, and the flow coefficient c is equal to the reciprocal viscosity η. A flow
consistency of 0.08 Pa.s and p index of 0.98 is obtained for the barium titanate sol-gel which
represents a very small shear thinning behavior.

PT

𝝉 = 𝒄 ∙ 𝜸̇ 𝒑 ----- (2)
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Equation 2: Ostwald–de Waele power law

Figure 3: Rheological properties of the barium titanate sol-gel
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The BaTiO3 sol-gel was fed into a syringe and subjected to electrospinning. Figure 4 shows the
SEM image of electrospun BaTiO3 nanofibers. It is evident from the figure that a homogenous
mat of nanofibers was obtained which has an average diameter of 650 nm (± 23 nm).

Figure 4: SEM of (a) electrospun BT nanofibers mat, 1000x and (b) at higher magnification,
30000x
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The nanofiber mat was subjected to different calcination temperatures, ranging from 900 °C to
1350 °C to obtain the required perovskite phase. Rietveld analysis was performed on the XRD
patterns, Figure 5(a) to determine the crystalline structures, lattice parameters and quantify the
coexisting phases. The crystallographic open database COD, an open-access collection of crystal structures [26] with following numbers were used for the initial model for Rietveld refinement 1507757, for the cubic phase [27] and 1513252, for the tetragonal phase.[28] The calculated lattice parameters and crystal structures are shown in Figure 5(b). At 900 °C, a 100%
cubic phase is obtained with a lattice parameter of 4.009Å. At higher temperatures, co-existing
cubic and tetragonal phases are observed and the tetragonal phase content increased from 71 to
74.5% in 975-1000 °C range. Above 1100 °C, 100% tetragonal BT is observed with an increase
in tetragonality from 0.88 to 0.96% with increase in temperature.

Figure 5: (a) XRD and (b) lattice parameters of BT nanofiber mat calcined at different temperatures.
The micrograph of calcined nanofibers at different temperatures from 900 °C to 1350 °C is
shown in Figure 6. A clear growth in grain size can be observed with increase in temperature.
However, the nanofiber mat tends to sinter together as a bulk mass at 1350 °C which results in
losing the fiber like morphology.
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Figure 6: SEM of calcined nanofiber mat calcined at different temperatures (a) 900 °C, (b)
975 °C, (c) 1000 °C, (d) 1100 °C, (e) 1200 °C and (f) 1350 °C
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The electrospun BT nanofibers were calcined at different temperatures and the effect of calcination temperature of the nanofibers on phase analysis and crystallite growth of the sintered
macrofibers at 1350 °C is shown in Figure 7. The amount of calcined nanofibers added is fixed
to 20 vol% in all the cases. Due to the loss of fiber like morphology; the nanofibers calcined at
1350 °C was ground to fine powders and added to microfiber feedstock. A peak splitting can
be observed at 2θ = 45.5°, which is 200p peak and could be attributed to the tetragonal crystal
structure of BT. With increase in the calcination temperature of nanofibers, the peak splitting
becomes more and more obvious, which indicates an increase in the tetragonality of the macrofibers. This is further confirmed using Rietveld refinement, in Figure 7(b) where an increase in
tetragonality is observed with an increase in calcination temperature of nanofibers. A considerable jump in tetragonality is observed between 1000 and 1100 °C, probably due to the phase
transition into the predominant tetragonal phase. A calcination temperature higher than 1000
°C is favored for the tetragonal phase formation over the cubic phase. [29] A linear increase in
crystallite size is also observed with an increase in calcination temperature of nanofibers. An
increase in tetragonality and crystallite size is visible, on direct comparison of BT macrofiber
sintered at 1350 °C with and without nanofibers. It can be deduced that the addition of nanofibers with tetragonal phase promotes the tetragonal phase growth in macrofibers while sintering.
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Figure 7: (a) XRD and (b) crystallite size of sintered BT macrofibers with and without nanofibers, which were calcined at different temperatures. The marked points in the ellipse are the
results of the macrofibers without nanofibers.
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Figure 8: SEM of sintered BT macrofibers with and without nanofibers, which were calcined
at different temperatures (a) 1000 °C, (b) 1100 °C, (c) 1200 °C, (d) 1350 °C and (e) without
any nanofibers.

The scanning electron micrographs of sintered BT macrofibers with nanofibers calcined
at different temperatures and without any nanofibers are displayed in Figure 8. A reduction in
grain size was observed with the addition of nanofibers, see Table 1. Moreover; the addition of
nanofibers calcined at higher temperature tend to restrict the grain growth in the sintered macrofibers. The piezoelectric properties of sintered BT fibers with nanofibers calcined at different
temperatures and without any nanofibers are shown in Figure 9 and Table 1 . An increase in
dielectric constant, polarisation and strain is displayed with an increase in nanofiber calcination
temperature. It can be considered that an increase in the dielectric properties of BT is correlated
8
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with high tetragonality which originates from the tetragonal lattice distortion.[30] Hoshina et
al demonstrated that a high room temperature dielectric constant of 8000 at 1 kHz can be
reached by bringing the grain size of BT down to about 1.2 μm.[31] This increase in dielectric
constant is attributed to the domain wall contribution and it is considered that domain wall
width decreases proportionally with grain size. Previous theoretical studies from Arlt shows
that 90° domain width is proportional to the square root of grain size [32] and a recent experimental study shows a proportionality of (grain size)1/2.8.[31] It was confirmed that fine grained
ceramics lead to higher domain wall density which results in an increase in piezoelectric properties. It was previously suggested that crystal structure around the 90° domain wall is quite
different from that of the original BT structure and this gradient in crystal lattice contributes to
the ionic polarisation [33-35]. Thus an increase in domain wall density also increases the dielectric permittivity. From the current study, it is evident that control in grain size and an increase
in tetragonality are possible with addition of calcined nanofibers which seems to be beneficial
for improving the dielectric properties of macrofibers.
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Figure 9: (a) P-E and (b) S-E hysteresis of sintered BT macrofibers with nanofibers calcined
at different temperatures and without any nanofibers
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Table 1: Piezoelectric properties of sintered BT fibers with nanofibers calcined at different
temperatures and without any nanofibers

Piezoelectric constant, d33 (pm/V)
82.5 ±4
at 0.04 kVmm-1
Piezoelectric constant, d33*
(pm/V) at 2 kVmm-1
Relative permittivity (-)

205 ±16

1200

1350

Without nanofibers

79.8 ±2

74 ±2

67 ±11

88.8 ± 3

216 ±5

250 ±11

259 ±9

41 ±17

1108 ±3 1578 ±9 1460 ±17 1780 ±13
0.07
±0.02

Strain (%)

1100

0.08
±0.03

0.10
±0.02

0.10
±0.02

Remanent polarisation (μC/cm2) 5.0 ±1.2 4.5 ±1.1 6.3 ±0.8 7.6 ±1.2
50 ±9

46 ±16

U

51 ±17

1106 ±13

41 ±16

0.016 ±0.004
2.0 ±0.3
62 ±13

N

Grain size (μm)
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temperature (°C)

1000
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A new approach has been proposed to improve the dielectric and piezoelectric properties of BT
fibrous structures (e.g. longitudinal-mode). BT nanofibers were synthesized using electrospinning technique and macrofibers were synthesized using thermoplastic processing, successfully.
Addition of nanofibers into macrofibers restricts the grain growth which proves advantageous
for the final electromechanical properties. It is found that the dielectric and piezoelectric properties of macrofibers sintered at 1350 °C increases with the calcination temperature of nanofibers. As evident from Rietveld analysis, higher calcination temperature of the nanofibers enhances the tetragonality of BT and conversion of BT into 100% tetragonal phase. A similar
effect is noticed when the amount of nanofibers introduced in to the macrofibers is increased.
Addition of nanofibers restricts the grain growth while sintering thereby increasing the domain
wall density in the grains. A restriction in grain growth is favorable in BT until 1-2 μm to
enhance the piezoelectric and dielectric properties. However, nanofiber addition does not influence piezoelectric constant while an improvement is observed in the dielectric constant.
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