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ABSTRACT

The development of 3D-printed sensors and actuators from piezocomposite

materials has increased in recent years due to the ease of production, low-cost

and improved functionality additive manufacturing provides. The piezocom-

posite material developed in this work has the potential to be used as a func-

tional material in stereolithographic additive manufacturing by combining the

optical, viscoelastic properties of NOA 65 and the piezoelectric properties of

Barium Titanate. The new (0–3) piezocomposite material consists of Norland

Optical Adhesive 65 (NOA 65) as the polymer matrix and Barium Titanate

(BaTiO3) with particles sizes (100 nm, 200 nm and 500 nm) as the dielectric

filler. We synthesized thin film samples of the (0–3) piezocomposite with 60%

w/w BaTiO3 using solution mixing and spin coating method to produce sam-

ples with layer thickness of 100 lm. Fourier-transform infrared spectroscopy

(FTIR) and Scanning electron microscopy (SEM) techniques were used to ana-

lyze the microstructure of the piezocomposite to determine the effect of different

particles sizes of BaTiO3 on the structural and mechanical properties of the

composite. The longitudinal piezoelectric coefficient d33 was also measured

using the laser vibrometer technique. Both single point scans and full surface

scans were carried out to obtain the average piezoelectric coefficient d33 of the

composite material. The results of the SEM confirmed the (0–3) structure of the

piezocomposite material with isolated BaTiO3 nanoparticles. It further showed

the uniform distribution of the BaTiO3 nanoparticles across each of the samples.

FTIR analysis showed that the filler nanoparticles had no effect on the native

structure of the polymer matrix. The longitudinal piezoelectric coefficient d33 of

the piezocomposite material was observed to increase with increasing BaTiO3
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particle sizes, while the indentation modulus of the composite investigated

using the method of Oliver and Pharr was observed to decrease with an increase

in particle size. Results from the single point scans showed the composite with

BaTiO3 particle size 100 nm, 200 nm and 500 nm having an average d33 of

2.1 pm/V, 3.0 pm/V and 3.9 pm/V while the average d33 obtained from the full

surface scan of 1430 scan points showed 1.4 pm/V, 6.1 pm/V, 7.2 pm/V.

1 Introduction

Piezocomposite materials with excellent mechanical

and piezoelectric properties are increasingly being

developed to be used in additive manufacturing of

new sensors and actuators which are highly efficient,

lightweight, and cheap. Additive manufacturing

technology offers a wider degree of geometric free-

dom, the possibility of combining different materials

for complex functions to easily meet fabrication

needs [1]. Developing sensing and actuating appli-

cations from piezocomposite materials via additive

manufacturing relies on the combination of materials

of different phases such as polymers and ceramic

nanoparticles. This process involves dispersing cera-

mic nanoparticles within a photolabile polymer resin

to form a piezocomposite mixture with the (0–3)

connectivity pattern. This method is therefore used to

create functional applications derived from the

combination of the most useful properties of each

constituent material within the bulk such as the

piezoelectric sensitivity of the ceramic and the flexi-

bility of the polymer.

Previously, piezocomposite materials have been

widely used in the manufacture of electromechanical

transducers such as pressure sensors, hydrophones,

vibration sensors and many more [2]. These have

mainly comprised of lead zirconate titanate (PZT) or

barium titanate (BT) as the dielectric fillers due to

their excellent piezoelectric properties and thermo-

plastic elastomers, and epoxy as the polymer matrix.

Piezocomposite materials with different connectivity

patterns have been described in [3] and are classified

according to the way both phases are connected

dimensionally e.g., (1-, 2-, or 3-) into 10 structures;

0–0, 0–1, 0–2, 0–3, 1–1, 1–2, 1–3, 2–2, 2–3, and 3–3 [3].

One such pattern which offers much promise in the

fabrication of highly functional transducers is the

piezocomposite with (0–3) connectivity pattern.

The (0–3) composite was first discovered by

Kitayama Pauer and Sugawara [4, 5], using PZT as

the filler material and polyurethane as the polymer

matrix, PBTiO3 ceramic and eccogel polymers,

PBTiO3 powder and chloroprene rubber. In a com-

posite with (0–3) connectivity, ceramic nanoparticles

are dispersed randomly within polymer phase. In

this pattern, the ceramic particles are not in contact

with each other. These composites can be used to

easily fabricate large flexible thin sheets, produce

applications in large scale and shaped to conform to

variety of shapes [6]. Transducers for sonar applica-

tions have been fabricated using the (0–3) piezoelec-

tric composite due to their ease of manufacture at

large scale and inherent flexibility [7]. Further appli-

cation of this composite is its use as piezoelectric

paint, and for damping mechanical vibrations [7].

And more recently, additive manufacturing of a fully

3D-printed piezoelectric microphone [8].

Recently, piezocomposite materials that have been

used in 3D—printing of functional applications,

includes materials consisting of BT, and Poly ethy-

lene glycol diacrylate (PEGDA) [8], BT and bisphe-

nol-A ethoxylate dimethacrylate (BEMA) [9] with [10]

making use of modified BT was the most commonly

used for additive manufacturing due to the high

natural piezoelectric response of BT and photoactive

property of PEGDA. However, such (0–3) piezo-

composite material exhibits low piezoelectric

response, with d33 coefficients two orders of magni-

tude lesser than that of piezoelectric ceramic and

single crystals [11]. Obtaining higher d33 coefficients

by increasing the concentration of the ceramic

nanoparticles trades off the ease of processability of

the piezocomposite during printing. A high particle

concentration often results in a composite with high

viscosity and also significantly increases attenuation

of light through the material due to scattering from

the particles. This often inhibits the ability to form

intricate geometries and considerably reducing

functionality of the printed structure [12, 13].
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Barium titanate has been widely studied over the

years. It is a typical perovskite-type ferroelectric

material that is widely used in contemporary devices

due to its well-balanced ferroelectric and high natural

piezoelectric responses and favorable dielectric con-

stant [14]. Although it has been shown that under

specific arrangements, using BT nanotubes or rods

greatly affects it ferroelectric properties with BT

nanoparticles giving higher d33 values [14].

In this work, we focus on the implementation of a

(0–3) piezoelectric ceramic-polymer composite com-

prising BT and an UV curable adhesive, Norland

Optical Adhesive 65 (NOA 65). NOA 65 is a clear,

colorless, liquid photopolymer that will polymerize

when exposed to ultraviolet light with a maximum

absorption within the range of 350–380 nm—the

cured adhesive is very flexible with a modulus of

elasticity of 10 MPa and can be easily molded to

different shapes [15]. Furthermore, the processing

methods employed are described in detail along with

the structural, mechanical and electrical properties of

the resultant composites. Spin coating technique has

been shown to be a versatile, inexpensive and highly

effective technique for depositing uniform thin films

[16] and extensively used to fabricate solution-pro-

cessed organic/inorganic electronic devices [17–19].

This technique was also employed in this work to

obtain uniform thin film samples.

2 Materials and methods

The materials used to fabricate the (0–3) piezocom-

posite include commercially available Norland

Optical Adhesive 65 Polymer (Norland Products

INC, NJ USA), and BT 100 nm, 200 nm and 500 nm

nanoparticles (US research nanomaterials INC, TX

USA). The NOA 65 material was used as supplied.

The BT material underwent ball milling using 20 mm

diameter alumina balls for a period of 24 h, to de-

agglomerate the BT nanoparticles prior to preparing

the piezoelectric composite mixtures. The process of

developing the material is shown in Fig. 1

2.1 Material formulation and spin coating

A composite consisting of a ceramic filler with dif-

ferent nanoparticle sizes and a UV curable polymer

material was used to make the samples reported in

this work. The polymer matrix used had a viscosity of

1200 cps at 25 �C making it possible to obtain higher

filler loading up to 60% w/w.

The piezoelectric composites were prepared by

mixing the ball milled BT at 60% w/w with the

NOA65 at 40% w/w using a THINKY AER-250

planetary mixer (Intertronics, Oxfordshire, England).

This ratio was chosen because a higher loading of BT

above 60% w/w resulted in a highly viscous mixture.

This is due to the high w/w% fraction of the BT

nanoparticle not embedding in the NOA 65 chain.

The resulting mix was difficult to spin coat and cure

under UV light even after leaving the samples over

24 h. Furthermore, a lower solid loading less than

50% w/w BT loading resulted in very low piezo-

electric properties since the nanoparticle sizes influ-

ences the mechanical and electrical properties of the

composite material.

In order to prepare the thin film samples, an Ossila

Spin coater (Ossila Ltd, Sheffield, UK) was used with

the following process flow. A part of the BT com-

posite mixture was spin coated on a glass slides at

2000 rpm for 10 s—resulting in a layer thickness of

upto 100 lm. This speed and time of the spin process

were selected by trial and error. Higher speeds

resulted in the thinner films which could not be

polarized under an electric field. Shorter spin times

produced samples of thicker section which as a result

inhibited the complete volumetric cure of the sam-

ples. Polymerization of the thin film piezocomposite

samples was undertaken using an Intertronics

BT

NOA 65

UV

Spin Coa�ng

(0-3) Piezocomposite

Fig. 1 Shows the process flow used in making the samples. It

includes the solution mixing, spin coating and curing process
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IUV250 Hand Lamp (Intertronics, Oxfordshire, Eng-

land). Prior to curing, the samples were placed into

an air-tight zip-lock bag, the air was expunged from

the bag using nitrogen gas—to solve the problem of

oxygen inhibition which occurred during the poly-

merization [20] of the composite material while

under the UV light. Finally, silver paint (Sigma-

Aldrich Co Ltd, Dorset, UK) was coated on the both

surface of the sample as the top electrode and bottom

electrode before the polarization process.

The completed sample was then poled using the

direct method as shown in Fig. 2. This process involved

applying an electric field (E) to cause the BT electric

charges which (hitherto were randomly arranged

within the NOA 65 chains after the cure process) to

reorient themselves in the direction of applied field.

Thus, each sample was placed in silicon oil to prevent

surface discharges and heated to a constant tempera-

ture of 100 �C. A voltage of 1.5 kV was simultaneously

applied across the surface of the samples for 90 min.

Although the samples were also poled under higher

fields up to 5 kV, this led to the electric breakdown of

the samples. The breakdown voltage was found to be

around 2 kV. The dielectric strength of the cured

piezocomposites samples were found to be indepen-

dent on the particle sizes and determined as 20 MV/m

for the sample thickness of 100 lm. While cured sam-

ples consisting of only NOA 65 had a dielectric strength

of\ 1 MV/m. Electrical connections were made using

24 AWG gauge copper wires connected to both sides of

each sample after the polarization process.

2.2 Structural analysis

The microstructure of three different samples con-

taining BT nanoparticle sizes (100 nm, 200 nm and

500 nm) was investigated using a table-top scanning

electron microscope (Hitachi TM1000, Krefeld, Ger-

many) at an accelerating voltage of 15 kV. The

microstructure of the (0–3) piezocomposite was

investigated to determine the degree of dispersion

between the different filler sizes and matrix since this

greatly affects the poling result and thus piezoelectric

and mechanical properties of the composites [21].

Prior to SEM analysis, all samples had to be coated

with a thin layer of platinum under vacuum to obtain

clear micrographs.

2.3 FTIR analysis

FTIR spectra of the composite samples were obtained

using a Tensor II Bench ATR-IR (Bruker AXS,

Coventry, United Kingdom); each spectrum was

background subtracted. The samples were scanned in

an inert atmosphere over a wave number range of

4000–400 cm-1 with a resolution better than

0.01 cm-1. FTIR spectroscopy is a complex method,

which is especially useful since the resulting spec-

trum acts as a fingerprint for compounds. In this

work, the FTIR analysis was performed to ascertain if

different BT nanoparticle sizes and NOA 65 cause

changes in the resultant FTIR spectra. Each sample

consists of NOA 65 mixed with BT in a ratio 40:60,

respectively. BT particles have three different sizes

(100, 200 and 500 nm) and the combinations are

reported in Fig. 4a–c, respectively.

2.4 Mechanical properties

The mechanical properties of piezocomposites

depend strongly on the adhesion between the filler

and matrix, the filler size, and filler loading [22]. With

smaller particle sizes providing higher strength,

higher rigidity, increased tensile strength [23, 24]. The

effect of the particle sizes on the Indentation modulus

of the samples was evaluated using a nanoindenter

(Oxford Instruments Asylum Research, MFP-3D-BIO,

Santa Barbara, CA, USA) with a calibrated Berkovich

tip made of single crystalline diamond and results

shown in Table 2. Analysis was carried out using the

Oliver and Pharr method [25] to determine the

average indentation modulus (E) of each sample.

When this method is used the mechanical properties

of the piezocomposite (hardness and elastic modu-

lus) is determined from indentation load–displace-

ment data obtained during cycle of loading and

Silicon Oil

V=1.5kV

BT/NOA 65 

Fig. 2 Shows the method used to polarize the piezocomposite

material. Each thin film sample was sandwiched between a pin

electrode and a base plate electrode and immersed in silicon oil

raised to a temperature of 100 �C. A poling voltage of 1.5 kV was

applied across each sample
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unloading [25]. Measurement of different samples

consisting of only cured NOA 65, and piezocom-

posites with different nanoparticles sizes were taken

in 6 9 6 array indentations, separated by 15 lm in

both axis was carried out to a fixed depth of 1 lm in

order to reduce the influence from neighboring

indentations and to avoid the substrates influence on

the mechanical properties. A maximum load of

460 lN was applied.

2.5 Piezoelectric properties

The average longitudinal piezoelectric coefficient of

the (0–3) piezocomposites was investigated using a

microscanning laser doppler vibrometer technique

[26, 27] employing a Polytec MSA100-3D (Polytec,

Waldbronn, Germany). This method is based on the

converse piezoelectric principle. Each sample is

firmly glued onto glass slides using general purpose

super glue and placed on a steel block 3 cm by 3 cm

to eliminate bending of the substrate. The voltage

stimulus was generated by the MSA100-3D internal

data acquisition board of the laser vibrometer. A

sinusoidal AC voltage of 10 V was applied across the

axis of charging and the resulting displacement along

the poling axis was measured. A focused image of the

sample is first obtained and a frequency sweep

stimulus was applied from 1 to 20 kHz to obtain the

resonant frequency of each sample after which mea-

surements are obtained below the resonant fre-

quency. The laser is focused at the centre of each

sample and single point scans are obtained. A more

detailed surface scan of each sample with a total of

1430 scan points were now taken to obtain the aver-

age d33. All measurements were averaged over 20

cycles, using complex averaging.

3 Results and discussion

3.1 Morphology

The degree of homogeneity of the filler and matrix

was observed as shown in Fig. 3. The micrograph

confirms the (0–3) structure of the composite for each

of the sample since the particles all appear to be

unconnected with the polymer matrix. Furthermore,

the degree of dispersion of the BT filler material at

different particle sizes in the matrix was also

observed. Figure 3a shows the case for BT (100 nm).

Here, the filler is seen to be densely and uniformly

populated within the matrix at both levels of mag-

nification. Figure 3b and c shows the case for BT

(200 nm) and BT (500 nm). The same uniform dis-

tribution can be observed here and at higher magni-

fication, the filler appears more homogenous with no

apparent agglomeration. Although, some spaces

were observed (white arrows) in composites with

higher particle sizes (200 and 500 nm), indicating that

the thickness of the NOA 65 matrix surrounding the

BT nanoparticles increases with an increase in BT

particles sizes. It can be concluded from these SEM

micrographs that a (0–3) piezocomposite structure

can be obtained using different particles sizes of BT

and NOA 65. During the solution mixing, it is pos-

sible for agglomeration of the BT nanoparticles to

occur due to the attracting van der waal forces

between the nanoparticles.

This agglomeration of the BT (500 nm) nanoparti-

cles was observed in [28], however, the ball milling

technique used when mixing the piezocomposites

has deagglomerated the BT nanoparticles thereby

producing a (0–3) piezocomposite with uniform dis-

persion. Several studies have also shown that the

deagglomeration of the nanoparticles can be obtained

through particle coating, the use of surfactants, or

charging the nanoparticle surface to repel them [29].

However, these methods tend to degrade the prop-

erties of the nanocomposites.

3.2 FTIR analysis

The polymer matrix NOA 65 contains in its structure

a N–H group, which is visible in the FTIR spectra in

the band 3450–3330 cm-1 while in the band

2900–2800 cm-1 the peaks indicate aliphatic groups

CH3 and CH2 [25]. These characteristic peaks are

present in spectra in Fig. 4. When NOA 65 is com-

bined with BT, the obtained results show how the

main difference in the structure is detectable only in

the fingerprint region (1500–500 cm-1). In this region,

it is much more difficult to pick out individual bonds

than it is in the ‘‘cleaner’’ region at higher

wavenumbers. The changes in the fingerprint region

indicate the bonds between NOA 65 and BT particles.

One of these bonds could be Ti–O but it is not

easily discernable. Further analysis using NMR, or

TOF–SIMS would be needed here. However, extra

analysis with those techniques results in further

complications due to the opaque nature of the

J Mater Sci: Mater Electron



polymer. Depending on BT particle size, the combi-

nation with NOA 65 produces a different pattern of

troughs in the spectrum.

Despite the fingerprint region changes, the rest of

the FTIR spectra looks quite similar when BT with

varying particle sizes are added. This result indicates

that the combination between the polymer and the

ferroelectric material does not alter the native struc-

ture of NOA 65.

3.3 Piezoelectric properties

The d33 coefficient of the (0–3) piezocomposite con-

sisting of varying filler particle sizes was investigated

using the direct displacement technique with a laser

vibrometer. The surface displacement as a function of

frequency during single point scans is shown in

Fig. 5. The mechanical displacement of each piezo-

composite is observed with the BT (500 nm) having

maximum displacement at 14 kHz, BT (200 nm) at

9 kHz and BT (100 nm) at 10 kHz. The average d33
measured for each sample using the laser vibrometer

is shown in Figs. 6 and 7. A full surface scan with a

grid of 1430 scan points is performed at each resonant

Fig. 3 Representative

scanning electron micrographs

of the post cured (0–3)

Piezocomposite. a Shows the

surface area of the

piezocomposite containing BT

nanoparticles (100 nm) at 60

wt%. b Shows the surface area

of the piezocomposite

containing BT nanoparticles

(200 nm) at 60 wt%. c Shows

the surface area of the

piezocomposite containing BT

nanoparticles (500 nm) at 60

wt%. BT nanoparticle was

densely packed and appeared

to be uniformly distributed

across all the sample. The

composite material had a

thickness of 100 lm
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Fig. 4 FTIR spectra for a mixture of BT with different sizes and

NOA 65. a The red spectra shows a combination of 60% of BT

with a size of 100 nm and 40% of NOA 65. b The black spectra

indicates 60% of BT with a size of 200 nm and 40% of NOA 65.

c The green spectra corresponds to a combination of 60% of BT

with a size of 500 nm and 40% of NOA 65. d The purple spectra

is the signal for pure NOA 65. All spectra are detected from 4000

to 400 cm-1. The arrows indicate the two recurrent peaks that

characterize the consistent structure of NOA 65 (Color

figure online)
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frequency obtained during the single point scan, a

good signal to noise ratio was observed with the

noise floor ranging less than 1 pm across the scanned

frequency as shown in Fig. 6. This could be as a result

of the excellent optical properties of NOA 65 and the

thickness of the composites. It was also observed that

the d33 increases with increase in BT particle sizes.

This may be due to the effect of poling on the (0–3)

piezocomposite. Previous work observed a transition

from single domain to multi domain in BT/PVDF

composites with BT particle sizes greater than

100 nm [30]. Furthermore, it has been reported that

the size of the BT crystal determines the phase tran-

sition and domain configuration of BT powder [30].

Although each composite had BT 60 wt%, the com-

posite with higher BT nanoparticles size may require

less activation energy for domain orientation.

The piezoelectric property of the samples based on

the direct piezoelectric principle was obtained using

a quasi–static piezoelectric ZJ-6B d33/d31 meter (Insti-

tute of Acoustics, Chinese Academy of Sciences,

Beijing, China). This process has been used to deter-

mine the piezoelectric property of single crystals,

ceramics and thin films [31] and involved applying a

periodic force of 0.25 N to the sample and measuring

the resulting charge generated by the sample. The

average d33 constant measured is compared in

Table 1. Although the measured values obtained

using the LDV technique and the d33 meter were

quite different, measuring the d33 coefficient of thin

films using the d33 meter is prone to error due to the

bending effect of the thin film samples.

3.4 Mechanical properties

The effect of the BT nanoparticle sizes (100 nm,

200 nm and 500 nm) on the mechanical properties of

the samples was investigated using the method of

Oliver and Pharr [25]. The indentation modulus

(n = 36) obtained for each sample is shown in Table 2.

It is seen that the values of E were found to decrease

Fig. 5 Shows the result obtained during single point scans. It

shows the magnitude of mechanical displacement as a function of

a driving sinusoidal voltage of 10 V p–p delivered over a

frequency range between 1 and 20 kHz
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Fig. 6 Shows the average d33 of each sample at the peak

frequencies over 1430 scan points. As a function of a driving

sinusoidal voltage of 10 V p–p delivered over a frequency range

between 1 and 25 kHz
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Fig. 7 Shows the average d33 of obtained from 3 samples each

over a frequency range of 3 and 13 kHz. The effect of nanoparticle

sizes on the d33 can be observed. The d33 increases with an

increase in the particle sizes
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significantly with an increase in particle size,

although each sample had the same wt% loading, this

result may be attributed to the agglomeration of the

filler and the high filler ratio used. Some studies have

shown that particle sizes in the range of 1–62 lm

tends to have little or no effect on the indentation

modulus, and for lower volume fractions (10–18

vol%). However, for higher volume fractions (30–46

vol%) there is a slight decrease in modulus with

increasing particle sizes [32, 33].

4 Conclusions

A piezocomposite material with a (0–3) structure was

developed using BT nanoparticles and an ultraviolet

curable polymer NOA 65. The direct and inverse

piezoelectric property of the material was examined

using both the LDV technique and the d33 meter, the

average d33 coefficient obtained from the LDV (full

surface scan) showed that the d33 increases with

increase in particle size and further predicts a better

measurement technique since it eliminates the

bending effect of the thin film which occurs when

testing the d33 of thin films using the d33 meter. The

measured d33 values of 2–7 pm/V shows some

improvement over that of BT composites consisting

of Photocurable polymers such as PEGDA and

BEMA. Although each sample tested had maximum

displacement at different regions of the bulk of the

material, which may be due to the agglomeration of

the filler nanoparticles and the method of poling. The

3D LDV single point experiments showed that at

higher frequencies (9 kHz for the 100 nm sample,

10 kHz for the 200 nm sample, and 14 kHz for the

500 nm sample) all the samples vibrate with higher

amplitudes which could be due to the samples hav-

ing a uniform thickness and homogeneity across

different regions. This property suggests the possi-

bility of using this novel piezocomposite as a func-

tional material for 3D-printed piezoelectric devices

such as the devices developed in [8, 9]. The

mechanical properties of the composite material were

tested using the nanoindentation method, whereby

the load–displacement curve and values obtained

showed that the material exhibits plastic behavior

and the indentation modulus decreases with

increasing particle size. This effect is due to high BT

loading and the size of the BT nanoparticles

employed in fabricating the samples since the BT

nanoparticles have a larger modulus than the

matrix [34]. The SEM analysis of the composite

material showed a uniform distribution of BT

nanoparticles within the matrix and good bonding

condition irrespective of the filler particle size used.

Further work is required investigate the effect of

filler/matrix adhesion, filler loading on the compos-

ite material stiffness and strength and the effect of

different particle sizes on the dielectric properties.

Ways of enhancing the d33 value of this new piezo-

composite and 3D printing of structures and devices

with this material needs to be explored.
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