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Novel three-phase piezoelectric composites that comprised lead zirconate titanate (PZT), aluminium and Portland

cement were fabricated at a low poling voltage of 0.6 kV/mm and temperature of 1608C. Aluminium and PZT particles

were distributed in a Portland cement matrix, and the dielectric constant, tan � and strain coefficients were

experimentally investigated as a function of inclusion volume fraction. The three-phase piezoelectric composites

were found to possess higher piezoelectric strain coefficients, d33, than their two-phase counterparts (PZT and

Portland cement composites). The highest value of d33 observed for the three-phase composite was 8.1 pC/N for

volume fractions of 0.7 and 0.2 for PZT and aluminium respectively, which was 164% of the value observed for the

two-phase composite, at the same PZT volume fraction. An analytical model was used to predict values for the

effective dielectric constant of the three-phase composites, and these values compared reasonably well to the

empirical data. An investigation of sample degradation as a function of time was performed. Samples showed the

highest degree of reduced dielectric performance occurred within two days of data capture, and minimal subsequent

reduction in performance after 300 d. Electrical properties of the composites are influenced by the oxidation of

aluminium by the alkaline constituents in the cement matrix, distribution of PZT and aluminium within the matrix,

particle agglomeration, inclusion size, contact resistance between particles and air voids. The increased dielectric and

piezoelectric strain coefficients, demonstrate that these types of materials may be useful in applications such as

structural health monitoring and energy harvesting.

Notation
� calculated value, � ¼ (�PZT � �Cement)/(�PZT + 2�cement)

� effective dielectric constant

�cement dielectric constant of cement

�PZT dielectric constant of PZT

�0–3 effective dielectric constant of the PZT–cement

composite

�0–3–0 effective dielectric constant of the PZT–aluminium–

cement composite

�Al volume fraction of aluminium

�PZT volume fraction of PZT

Introduction
Two-phase cement based piezoelectric composites have attracted

much attention over the past decade due to their potential

application in structural health monitoring (Blanas and Das-

Gupta, 2000; Olmi et al., 2011; Ou and Li, 2010) as sensors in

civil structures (Chaipanich, 2007a; Chaipanich and Jaitanong,

2008; Chaipanich et al., 2010; Chen et al., 1998; Cook-

Chennault et al., 2008a, 2008b; Dong and Li, 2005; Gong et

al., 2009; Huang et al., 2004b), such as high-rise buildings,

bridges, nuclear waste containment structures and so on, which

are often subjected to severe dynamic loading that can lead to

internal damage. Use of piezoelectric cement-based sensor and

actuators for structural health monitoring and active vibration

control of civil structures has been studied by (Brunner et al.,

2009; Chen et al., 1998; Guratzsch and Mahadevan, 2010; Olmi

et al., 2011; Sabra and Huston, 2011), and are considered

favourable candidates for this application because homogeneous

piezoelectric ceramics exhibit high dielectric constants and

piezoelectric strain coefficients (Bhattacharya and Tummala,

2000; Kim et al., 2004; Ulrich, 2004). The inherent brittleness

of homogeneous piezoelectric ceramics, high acoustic impedance

and relatively high density, make them unsuitable for application

to cement-based structures because of material incompatibility

with the host structure, which is typically cement (Dong and Li,

2005; Li et al., 2002, 2005). Material properties for ceramic

lead zirconate titanate (PZT) and Portland cement are detailed

in Table 1. Composite materials can be used to address the issue

of material incompatibility; however, the most rigorously studied
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piezoelectric composite materials are polymer based (Banerjee

and Cook-Chennault, 2011a; Banerjee et al., 2013a; Choi et al.,

2007). Similar to homogeneous ceramic materials, piezoelec-

tric–polymer composites suffer from material compatibility

issues, for example, differences in density, elastic compliance,

acoustic velocity and acoustic impedance as seen in Table 1.

These differences render most polymer–piezoelectric composite

materials and homogeneous ceramic piezoelectric materials

unsuitable for cement structures, owing to the differences in

volume stability under loading. Thus, cement-based piezoelectric

composites have been studied as a viable solution for material

compatibility of cement host structures.

The electromechanical properties of piezoelectric composites are

governed by the arrangement of phases within the composite,

which is referred to as ‘connectivity’. The concept of connectivity

was first developed by Newnham et al. (1980), and later enhanced

by Pilgrim and Newnham (1986). Connectivity describes the

manner in which an individual material within a composite is

physically in contact with itself (in all three directions). The ten

connectivity patterns for a two-phase composite (active piezo-

electric and matrix materials), are (0–0), (0–1), (0–2), (0–3),

(1–1), (1–2), (2–2), (1–3), (2–3) and (3–3), where the first and

second digits within the parenthesis refer to the number of

dimensions of connectivity for the piezoelectric active and matrix

phases respectively. In this work, the piezoelectric composites

comprise PZT, aluminium and Portland cement, where PZT and

aluminium particles are assumed not to be self-connected in any

of the three dimensions; hence, they have connectivity values of

0, whereas the cement is self-connected, and has a connectivity

value of 3.

Many researchers have investigated 0–3 PZT cement composites

(Chaipanich, 2007a; Dong and Li, 2005; Huang et al., 2006; Li et

al., 2002). Li et al. (2005) used a normal mixing and spreading

method to fabricate 0–3 cement-based PZT composites for

application to civil engineering. In this work, the 0–3 piezo-

electric–cement composites possessed higher piezoelectric and

electromechanical coefficients than their 0–3 PZT–polymer

counterparts with similar volume fractions of PZT. Like other

researchers, they concluded that 0–3 PZT–cement composites

have acoustic impedance and elastic coefficients that are similar

to that of the cement matrix, and these qualities make them more

compatible with the host material – Portland cement or concrete

(Huang et al., 2006; Li et al., 2002, 2005). Researchers such as

Huang and co-workers (Huang et al., 2004a, 2004b, 2006) have

investigated 0–3 PZT–sulfoaluminate cement composites and

found that their electromechanical properties are a function of the

poling conditions, particle size and volume fraction of the piezo-

electric phase. In this work, the samples were fabricated using a

compression technique, where the optimum poling condition was

found to be 4.0 kW/mm at a temperature of 1208C for 45 min.

They also concluded that the piezoelectric strain coefficient, d33,

increased with the particle size of PZT up to 130 �m. Others,

such as Chaipanich and co-workers (Chaipanich, 2007a, 2007b;

Chaipanich and Jaitanong, 2008; Chaipanich et al., 2010), have

investigated the influence of PZT volume fraction, particle size

and poling time on piezoelectric, d33, and electromechanical

coupling coefficients. These researchers found that there was a

noticeable increase in d33 values when the PZT particle size

increased from 3.8 �m to 620 �m, where the measured values

were 17 pC/N and 26 pC/N respectively (Chaipanich, 2007b).

Chaipanich (2007a) also found that the dielectric constant of

PZT–cement composites increased with the content of PZT,

where composites composed of 90% volume fraction of PZT had

dielectric constant values of 291 in comparison to 79 for pure

cement samples. Li et al. (2002) demonstrated that the piezo-

electric strain coefficient could increase by as much as ,4 times

when the volume fraction of PZT was increased from 60 to 85%.

They also found that the dielectric constant of the two-phase

composite increased by ,3 times when the volume fraction of

PZT increased from 30 to 60% (Li et al., 2002). Hence,

according to Li et al. (2002), the sensitivity of piezoelectric

composites could be enhanced by increasing the dielectric and

piezoelectric properties, when the volume fraction of the piezo-

electric component was increased. Unfortunately, composites with

high PZT content (above 70%) are difficult to fabricate and

structurally weak, owing to the brittle nature of the piezoelectric

material and insufficient amount of cement matrix available to

bind the composite together (Blanas and Das-Gupta, 2000).

Physical property PZT, EC76 Portland

cement

Aluminium

Density: g/cm3 7.0–8.0 2.0–2.4 2.69

Young’s modulus: GPa 50.5 11.2 68.95

Piezoelectric coefficient, d33: pC/N 425–500 — —

Dielectric constant, � 2000 3.7 —

Acoustic velocity: 3103 m/s 2.83 ,2.64–3.73 6.4

Acoustic impedance: 3106 kg/m2 s 21.2 ,5.3–9.0 ,8.17

Table 1. Physical properties of PZT, EC76, aluminium powder and

Portland cement
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Hence, Dong and Li (2005), Huang et al. (2006) and Li et al.

(2002) concluded that the ideal volume fraction range for an

optimal acoustic impedance match with concrete is 40–50%

volume fraction of PZT. On the other hand, composites with low

volume fractions of PZT, have low piezoelectric properties, for

example strain coefficients (1.8 pC/N for a PZT volume fraction

of 60%) and require high poling voltages (,4 kV/mm) due to

minimal connectivity between the particles of the piezoelectric

phase. Thus, work that leads to enhanced piezoelectric properties

of the piezoelectric composite while maintaining moderate

volume fractions (40–50%) of PZT has been recommended

(Gong et al., 2011; Safari, 1994).

Researchers have shown that the addition of an electrically

conductive phase to 0–3 epoxy-based piezoelectric composite

results in enhanced strain and dielectric coefficients in compari-

son to the two-phase, 0–3 polymer-based piezoelectric compo-

sites (Banerjee and Cook-Chennault, 2011a; Banerjee et al.,

2013a; Choi et al., 2006; Dang et al., 2002) at the same volume

fraction of piezoelectric material. For example, three-phased

polymer-based piezoelectric composites have demonstrated di-

electric constants ranging from 300 to 800 with varying PZT

volume fraction from 10 to 70% (Choi et al., 2006, 2007; Dang

et al., 2002, 2003; Qi et al., 2006; Yao et al., 2008), which are

higher than those for two-phase piezoelectric epoxy composites.

Three-phase barium titanate (BaTiO3)–polyvinylidene fluoride

(PVDF)–nickel composites had enhanced dielectric constants that

were ,3–10 times more than two-phase barium titanate–poly-

vinylidene fluoride composites with the same volume fraction of

barium titanate (Blanas and Das-Gupta, 2000). Also, Banerjee

and Cook-Chennault (2011b, 2012) demonstrated that three-phase

PZT-epoxy-aluminium composites have dielectric constants that

are 4–10 times those of two-phase PZT-epoxy composites for the

same volume fraction of PZT. Researchers have also studied

barium titanate–poly(methyl methacrylate) (PMMA)–nickel

composites having high dielectric constants of above 500, which

are more than 5 times than that of two-phase, 0–3, barium

titanate–poly(methyl methacrylate) composites, which can have

dielectric constants of less than 100 (Choi et al., 2006).

Hence, work towards three-phase piezoelectric cement composites

has come to be an area of interest, in order to improve the

piezoelectric properties of the two-phase cement-based compo-

sites. For example, Gong et al. (2009) fabricated three-phase

piezoelectric composites that were composed of white cement,

PZT and carbon black, and found that piezoelectric sensitivity

was drastically improved by the incorporation of carbon black,

owing to its conductive properties. These samples were fabricated

at a poling voltage of 4 kW/mm for 20 min. Gong et al. (2011)

also prepared three-phase composites composed of Portland

cement, PZT (70 vol.%) and carbon nanotubes (CNTs) (0.3

vol.%). They concluded that inclusion of the CNTs improved the

poling efficiency and enabled the poling process to be carried out

at room temperature, in contrast to higher temperatures such as

1208C that had been used by others (Chen et al., 2011; Huang et

al., 2004b, 2006). There has been little investigation of piezo-

electric composites composed of a piezoelectric material, Port-

land cement and metallic inclusions, although others have studied

two-phase composites comprising cement matrix and metallic

inclusions. For example, Han et al. (2009) added nickel powder

to a cement matrix, and examined nickel’s influence on the

composites’ electrical resistivity and stress/strain properties, and

Stephan et al. (1999) examined the influence of chromium, nickel

and zinc additives on the hydration of cement. Several researchers

have examined corrosion of metals embedded with cement

matrices, such as steel (Gomez et al., 2010; Grattanbellew, 1996;

Wen and Chung, 2002). Metals such as these chemically react

with either an acid or an alkali. On the other hand, Portland

cement releases free calcium hydroxide, which is a very strong

alkali and can have pH values as high as 12 or 13 when it is

hydrated (Setiadi et al., 2006; Studart et al., 2005). Strong alkali

materials are capable of removing the oxide protective layer

found on some metals, which ultimately exposes the bare metal,

leaving it susceptible to chemical reaction and subsequent corro-

sion.

The purposes of this work are to illustrate that addition of an

electrically conductive metal, such as aluminium, can increase

the dielectric and piezoelectric properties of a two-phase, 0–3

piezoelectric composite composed of PZT and Portland cement,

and to study the change in electromechanical properties over

time. The authors also describe the process for fabrication of

novel three-phase composite piezoelectric materials that are

composed of PZT, Portland cement and aluminium, and examine

parameters such as dielectric constant, strain coefficient and

dielectric loss, which can be used to evaluate the applicability of

these materials to health-monitoring sensors and energy harvest-

ers. The aforementioned properties of two- (cement and PZT)

and three-phase (Portland cement, PZT and aluminium) piezo-

electric composites are compared to ascertain the possible

benefits/disadvantages of the added aluminium. It is well known

that alkaline constituents in the cement matrix could influence the

properties of the embedded metals by way of oxidation and

subsequent corrosion processes. Hence, a study to explore the

change in composite properties with time was conducted. An

analytical model is also used to predict values of the composites’

effective dielectric constants. These predicted values are com-

pared to empirical data.

Methodology
Two methodologies were employed: an experimental procedure

for the fabrication of the three-phase samples and an analytical

approach for prediction of the effective dielectric constant of the

composite materials.

Experimental method

An overview of the fabrication process for the three-phase piezo-

electric composites is provided in Figure 1. The two-phase PZT–

cement sample is fabricated with the same procedure, only no

aluminium particles are used. The piezoelectric material
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(EC-76 R8658), lead zirconate titanate, was purchased from Reade

International. Scanning electron microscopy (SEM) images of the

PZT and aluminium powders are provided in Figures 2 and 3

respectively, and illustrate that the particles ranged in size from 2

to 7 �m and from 5 to 100 �m respectively. The nominal physical

properties of the PZT, aluminium and Portland cement are

provided in Table 1. The aluminium powder (purchased from

Acros Organics) was 200 mesh, 99.97% purity grade, nitrogen

flushed, and possessed a true density equal to 2.69 g/cm3: Portland

Type I cement, adhering to ASTM C150 (ASTM, 2012), was used.

The fabrication process began with measurement and weighing of

the appropriate amounts of PZT and Portland cement. Then these

materials were combined, stirred by hand and ball milled for 1 h.

Micron-sized aluminium powder was dispersed in 200-proof

(absolute) ethanol, and mechanically stirred for 15 min in a

separate container. The volume fraction of aluminium was held

constant at 2% for all composite samples. Next, the PZT–cement

mixture was added to the aluminium–ethanol mixture. The

resulting mixture was stirred as the ethanol evaporated away.

Next, a specified amount of water (40% by weight of the amount

of cement) was added to the mixture. This mixture was subse-

quently hand stirred to produce a composite paste, which was

then poured into a stainless steel mould that was 6 mm thick with

a radius of 7 mm. The mixture was then cold pressed in a

hydraulic compression machine (Carver model 3856) at

,100 MPa for 15 min. The sample was then removed from the

mould and cured in an environmental test chamber (Associated

environmental test chamber, LS Series) at 408C for 24 h at a

relative humidity of 98%. After curing, samples were polished,

first, with 150 grit sand paper to remove micron-sized defects on

both sides of the composite’s surfaces, and second, with 1000 grit

sand paper to remove smaller surface defects. Both sides of the

sample were painted with colloidal silver paint.

Aluminium ethanol
are mechanically
stirred for 15 min

�

Powders weighed

Portland cement
PZT mixed by hand

�

Cement PZT aluminium mixed
and stirred. Ethanol is

evaporated out

�

Water
added

Cement PZT aluminium
mixed with water

� �

PZT cement mixture
ball milled for 1 h

� Sample pressed in hydraulic
press at 100 MPa

Sample cured in environmental test
chamber at 400°C for 24 h

Figure 1. Overview of the fabrication process, wherein the appropriate amount of powder is weighed. The aluminium is functionalised in

ethanol, while separately Portland cement and PZT are mixed by hand. The PZT and cement mixture is ball milled for an hour, and

subsequently combined with the aluminium and stirred. An appropriate amount of water is added to the aluminium, PZT and cement

mixture. The final mixture is placed in a mould, pressed and then placed in an environmental chamber to cure
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Once the silver paint had dried, the samples were poled with the

aid of a Spell SL Series high-voltage generator assembly. The

experimental set-up for the poling is provided in Figure 4. In this

process, samples were submerged in a dielectric medium (silicon

oil), and the dipoles of the PZT inclusions were aligned by way

of application of 0.6 kV/mm along the thickness of the sample, at

a temperature of 1608C for 60 min. After poling, the sample was

wrapped in aluminium foil for 24 h to remove the residual

charges. No additional hydration steps were performed on the

sample. They were kept at standard atmospheric room conditions

24 h after they were fabricated.

Dielectric and piezoelectric properties were measured after the

samples were fabricated. These properties were subsequently

examined as a function of time. A piezometer and HP4194A

impedance analyser were used to measure the capacitance, C,

dielectric loss tangent, tan �, and piezoelectric strain coefficient,

d33, at 100 Hz, and the effective dielectric constant was

calculated using the geometry of each sample and measured

capacitance values. The fractured surface morphology of the

samples was studied using a scanning electron microscope

(Fesem Zeiss 982). Empirical data were captured after 24 h, 2 d,

300 d and 600 d.

Acc.V
10·00 kV

Spot
3·0

Magn
100�

Det
SE

WD
5·4 PZT

200 mμ

Figure 2. Scanning electron micrograph of micron-sized PZT

particles at 3100 magnification. Particles are 2–7 �m in size and

spherical in shape. There is evidence of clustering of the raw

particles

20 mμ EHT 10·00 kV
WD 7·9 mm

�
�

Signal A SE2� Date: 14 March 2011
Mag 1·08 KX�

Figure 3. Scanning electron micrograph of micron-sized

aluminium particles at 31.08K magnification taken prior to

mixing with ethanol. The majority of the aluminium particles are

not spherical in shape, but instead the particles are spheroids with

aspect ratios greater than 1

High-voltage generator

Fixture for supporting the
electrode and the sample

Electrode

Silicone oil

Composite
cement sample

Hot plate

Figure 4. Poling set-up showing the Spellman SL series high-

voltage generator and the high-voltage fixture immersed in

silicone oil on the hot plate
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Analytical method

After empirical data had been collected using the experimental

method described in the previous section, they were compared

with the predicted results obtained from the two analytical

models. Analytical expressions for the effective dielectric con-

stant of a 0–3 composite have been developed by many

researchers. For example, Garnett (1906), Bruggeman (1936), Ho

et al. (2006) and Poon and Shin (2004) developed analytical

models to predict the effective dielectric constant for two-phase,

0–3 piezoelectric composites. These models predict the effective

dielectric constant for two-phase piezoelectric composites ex-

pressed in terms of the individual dielectric constants of the

matrix and the piezoelectric inclusions, for example

� ¼ �cement 1þ 1þ 3�PZT�

1� �PZT�

� �
1:

(1� �PZT)
�cement � �

�cement þ 2�
þ �PZT

�PZT � �

�PZT þ 2�
¼ 0

2:

�¼ �cementþ�PZT(�PZT� �cement)

3
1

�PZTþ
1

3
(1��PZT)

�PZT

�cement

(1��PZT)þ�PZTþ 2

� �
3:

where �PZT is the volume fraction of PZT, � ¼
(�PZT � �cement)=(�PZT þ 2�cement) and � is the dielectric constant

of the PZT–cement composite.

These existing models have been extended to incorporate a

third metallic phase, aluminium. In the three-phase model,

the PZT and aluminium are assumed to be fillers that are

surrounded by a cement matrix that is assumed to be self-

connected in three dimensions. Hence the three-phase compo-

site is modelled by first considering the two-phase, so-called,

0–3 piezoelectric composite system depicted in Figure 5. In

this figure, a depiction of the two-phase material described

by analytical models presented by Garnett (1904, 1906) and

Stockman et al. (1999), wherein a single piezoelectric

spherical inclusion with dielectric constant, �PZT, is housed

within an infinite matrix. In this case, Portland cement is the

matrix material, which has a dielectric constant, �cement:

Garnett (1906), Ho et al. (2006) and Poon and Shin (2004)

developed an analytical model for the prediction of the

effective dielectric constant of a two-phase 0–3 composite

(depicted in Figure 5), wherein it was assumed that the

embedded piezoelectric particles were uniformly distributed

within a continuous matrix medium. Hence, in the develop-

ment of the three-phase model, the 0–3 PZT–cement compo-

site is considered to behave as an isotropic material (Ho

et al., 2006), and the third phase (aluminium powder) is

assumed to be uniformly distributed and separated in the

continuum of the isotropic 0–3 composite matrix as depicted

in Figure 6.

The effective dielectric constant can be determined by consider-

ing a 0–3 composite material that is exposed to an external field

applied across the z-axis. Here, the electric field inside the

matrix and that inside the inclusion are assumed to be uniform

and parallel to each other. The displacement field experienced

by a single particle is considered as a sum of two parts; the first

part due to the infinite matrix and the other due to the

polarisation of all the inclusions embedded inside the infinite

matrix. Using these assumptions, Poon and Shin (2004) showed

that the dielectric constant of the 0–3 composite could be

determined from Equation 3. Hence, the effective dielectric

constant of a 0–3–0 composite can be evaluated, where the

second phase is assumed not to have self-connection with itself,

that is, no dimensions of connectivity with itself within the

composite. Thus, based on Lal and Parshad (1973) Equation 2

reduces to

�0�3 ¼ �3-dimensional-matrix þ �Al

3�3-dimensional-matrix

(1� �Al)
24:

which leads to the following equation (Banerjee and Cook-

Chennault, 2011a; Blanas and Das-Gupta, 2000)

Inclusion

Matrix

Figure 5. Representation of the system modelled by Garnett

(1904), Garnett (1906) and Stockman et al. (1999), wherein

spherical inclusions are distributed inside a matrix, for example a

0–3 composite. This model assumes that the host medium must

be isotropic, homogeneous, local and optically linear; the

dimensions of the inclusion must be smaller than the wavelength

of the incident light (r , 0.01º); and, the volume fraction of the

inclusion be significantly less than that of the host medium, for

example, fi ,, fh, where fi and fh are the volume fraction of the

inclusion and host medium respectively
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�0�3�0 ¼ �cement þ �PZT(�PZT � �cement)
1

�PZT þ
1

3
(1� �PZT)

�PZT

�cement

(1� �PZT)þ �PZT þ 2]

� �

þ �Al

3 �cement þ �PZT(�PZT � �cement)
1

�PZT þ
1

3
(1� �PZT)

�PZT

�cement

(1� �PZT)þ �PZT þ 2]

� �
8><
>:

9>=
>;

(1� �Al)
25:

Results and discussion
In Figure 7, the dielectric constants for the two-phase PZT–

Portland cement composite at 100 Hz are plotted as a function of

PZT volume fraction (0.10 , �PZT , 0.70) along with the pre-

dicted values from models proposed by Bruggeman (1936),

Garnett (1906) and Poon and Shin (2004). In the analytical

models, the dielectric constants for PZT and cement used were

2000 and 3.7 respectively. The dielectric constant of the cement

was measured to be 3.7 from a single-phase cement sample with

the same dimensions, water content and hydration conditions as

the composite samples. As reported by previous researchers

(Chaipanich, 2007b; Chaipanich et al., 2010; Poon and Shin,

2004), the dielectric constant of the composite increases as the

volume fraction of PZT increases. In general, the empirical

results agree well with the analytical models, as shown in Figure

7. The Maxwell–Garnett approximation (MGA) provides an

underestimation of the dielectric constant because the volume

fractions of the composites fabricated are larger than those for

which the model was intended. Also, the dielectric function

depends on the applied electric field, and the MGA assumes that

the electric field inside one or more of the pure components is

uniform; but in reality the dielectric function can vary widely

within a composite due to local electric fields and currents, which

can lead to large enhancements (as in the present case) or

decreases in quantities relative to their values in the homogeneous

media (Zhang and Stroud, 1994). The agglomeration of PZT

particles leads to increases in PZT aspect ratios and cluster sizes,

which result in higher effective dielectric constants (Chaipanich,

2007b; Chan et al., 2011; Choi et al., 2006; Jaitanong et al.,

2009).

The Bruggeman model (Bruggeman, 1935) overestimates the

prediction of the dielectric constant values, in a manner similar to

Dang et al. (2002), because the model assumes that the

inhomogeneous material is composed of two types of spherical

grains, where the effective permittivity corresponds to a hierarch-

ical medium with inclusions of very different sizes (Bruggeman,

1936, Sun et al., 2009). The real composite material has piezo-

electric particles that are agglomerated, which results in non-

spherical inclusions. Of the models used for comparison, the

PZT inclusion

Cement
matrix

PZT–cement composite
considered as an isotropic
material

Aluminium inclusion

PZT–cement
composite

Figure 6. Representation of a three-phase (0–3–0) composite by assuming that the 0–3 composite is an isotropic material. In (a) the PZT

inclusion is completely surrounded by the cement matrix, which is self-connected in all three dimensions; (b) the PZT–cement composite

is considered to be an isotropic material and (c) the PZT–cement composite (matrix) surrounds the aluminium inclusion
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Poon and Shin model (Poon and Shin, 2004) predictions agree

reasonably with the empirical data.

In Figure 8, the empirical effective dielectric constant values are

compared with the values predicted from the model. The di-

electric constants of the PZT–cement–aluminium composites are

plotted as a function of PZT volume fraction. There is reasonable

agreement between the three-phase model and the empirical

dielectric constant data. However, as expected, the experimental

values are somewhat larger than the values predicted by the

model, which is probably because the analytical model assumes

that all inclusions are perfectly spherical in shape, whereas in

reality, filler particles (aluminium) were not spherical, as shown

in Figure 3. The increase in the aspect ratio of the electrically

conductive inclusions increases the effective conductivity of the

matrix, and thus the dielectric constant of the composite (Baner-

jee and Cook-Chennault, 2011a; Banerjee et al., 2013a, 2013b;

Chan et al., 2011; Suriati et al., 2011). The model also assumes

that the matrix material is isotropic, but, in reality, the clustering

and agglomeration may have led to some localised anisotropy.

However, similar to the findings of some research studies (Dong

and Li, 2005; Gong et al., 2009; Huang et al., 2006; Li et al.,

2005, 2009; Rianyoi et al., 2011), the d33 coefficients increased

with increasing PZT volume fraction. Also, the dielectric function

depends on the applied electric field, and the model assumes that

the electric field inside one or more of the pure components is

uniform; but, in reality, the dielectric function varies within a

composite owing to local electric fields and currents. It is

believed that this caused large enhancements in quantities relative

to their values in the homogeneous media (Zhang and Stroud,

1994).

In Figure 9, the effective dielectric constants of the two- and

three-phase composites are plotted as a function of PZT volume

fraction. This figure indicates that the addition of aluminium
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PZT–cement composite with increasing volume fraction of PZT.

The experimental data are plotted along with predictions from

Bruggeman (1936), Maxwell–Garnett (Garnett, 1906) and Poon

and Shin (2004). As expected, the Bruggemen model

overestimates the effective dielectric constant beyond a volume

fraction of 3% of PZT, while the other models underestimate the

effective dielectric constant of the composite
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matches the trend of the experimental data reasonably, while in

general, the experimental values are greater than those predicted

by the model

10

20

30

40

50

60

70

80

90

0 0·1 0·2 0·3 0·4 0·5 0·6 0·7 0·8

D
ie

le
ct

ric
 c

on
st

an
t,

ε

Volume fraction, PZT

ε – PZT–cement (two phase)

ε – PZT–cement–aluminium
(three phase)
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fraction. Both composites show an increase in dielectric constant

as a function of PZT volume fraction, while the effective dielectric

constant of the three-phase composite demonstrates higher

values for every volume fraction of PZT
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inclusions to the two-phase piezoelectric composite improves the

dielectric performance of the composite. For example, at PZT

volume fractions of 10, 60 and 70% the dielectric constant of the

three-phase composite is 2.5 times that of the two-phase 0–3

composite. The addition of aluminium to the two-phase compo-

site also results in increased values of strain coefficient, d33, and

effective dielectric loss, tan �, as shown in Figures 10 and 11,

respectively. For example, for PZT volume fractions of 30, 40

and 50%, the d33 coefficients of the three-phase composite are

greater than 300% more than those of the two-phase composite.

The strain coefficient is a function of the capacitance of the

material, which is proportional to the number of charges that are

stored on the surface of the sample under an applied electric

field. The inclusion of fillers, such as PZT, that possess a high

dielectric constant results in an increase of the permittivity of the

composite, and ultimately higher piezoelectric coefficients.

Furthermore, the dielectric properties of the composite are

enhanced, as explained by Equations 4 and 5. The d33 coefficient

reaches a maximum value of 4.93 pC/N when the PZT volume

fraction is equal to 70%. The increase in dielectric constant of

the three-phase composite is most likely due to enhanced

conductivity of the matrix phase once the aluminium is included.

This increase can be related to the ability of the polarisation field

to reach the embedded piezoelectric particle. The ability of a

ferroelectric material to reverse its polarisation vector upon

application of a realisable electric field, so-called ‘domain switch-

ing’, enables a change in the polarisation vector from one

crystallographically equivalent polar direction to another. It is this

property that enables multi-domain polycrystalline ferroelectric

materials to be piezoelectric upon the application of a strong

enough electric field in a process called ‘poling’ (Akdogan and

Safari, 2008; Jaffe et al., 1971; Megaw, 1957). In 0–3 composites

the electric field that acts on an individual spherical piezoelectric

grain is controlled primarily by the dielectric constant of the

polymer phase. Since most matrix materials have lower dielectric

constants compared to ceramic piezoelectric materials, the

applied electric field lines usually condense in the lower dielectric

constant phase. The addition of aluminium to the matrix enhances

the intensity of the electric field lines reaching the embedded

piezoelectric particles.

The loss coefficient, tan � was also measured. This parameter

characterises the macromolecular viscoelasticity of the material,

and thus represents the damping capacity of the material, for

example, the material’s ability to convert mechanical energy into

heat energy, when subjected to an external load. In general

tan � ¼ Ej j sin (�)

Ej j cos (�)
¼ E 0

E9

where tan � is the phase angle between the stress and strain (Tian

and Wang, 2008), while E9 and E 0 are the elastic storage modulus

and elastic loss modulus, respectively. The results provided in

Figure 11 indicate that high volume fractions of PZT lead to

higher loss factor values. This trend agrees well with those noted

by Ramanaa et al. (2009) and Tian and Wang (2008), and the

experimental values follow the power law (Choi et al., 2006)

tan � ¼ tan �0

�C � �
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Figure 10. Variation of tan � as a function of PZT volume fraction

for two- and three-phase piezoelectric composites, where the

volume fraction of aluminium is held constant at 2%. The

three-phase materials have higher dielectric loss than the

two-phase materials
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Figure 11. A comparison of the piezoelectric strain coefficient,

d33 (at a poling voltage of 0.6 kV/mm and poling temperature of

1608C) of the two- and three-phase composites as a function of

PZT volume fraction. Three-phase composites have higher d33

coefficient as compared to the two-phase composites
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In Equation 6, tan �0 is the loss tangent of the two-phase matrix

and r is the direct current conductivity of the composites. The

experimental values of the dielectric loss tangent are in good

agreement with Equation 6 and follow the same trend as revealed

by Dang et al. (2002, 2003), where r may be determined from the

empirical data provided. The addition of aluminium inclusions

produces an increase in dielectric loss, tan �, of the three-phase

composites. In particular, the majority of the three-phase tan �
values are ,1.5 times that of the two-phase composites for the

same volume fraction of PZT. This may be attributable to the

formation of regional percolation clusters owing to the addition

to aluminium inclusions, which increases the dielectric loss in the

composites. Evidence of sample porosity is seen in the SEM

micrograph of the three-phase PZT–cement–aluminium compo-

site in Figure 12 (Foley, 1986; Gougar et al., 1996; Nagadomi et

al., 1996b; Siedel et al., 1993), where PZT volume fraction is

40%, and aluminium volume fraction is 2%. This figure also

shows the possible formation of ettringite structures (micron

scale), which are needle-like crystals formed during the curing

and hydration of cement. These structures are similar to those

described by Kelzenberg et al. (1998), Rothstein et al. (2002) and

Thomas et al. (2003), who describe the formation of ettringite

during early hydration of Portland cement. Ettringite is typically

formed in hydrated Portland cement as a result of the reaction of

calcium aluminate with calcium sulfate, which are both present in

Portland cement. The presence of ettringite depends on the ratio

of calcium sulfate to tri-calcium aluminate (Winnefeld and

Lothenbach, 2010). In general, ettringite usually forms during the

early hydration step and then converts to calcium aluminate

monosulfate relatively quickly. If the relative concentration of

calcium sulfate to tri-calcium aluminate is moderate to high,

ettringite will coexist with calcium aluminate monosulfate or

minimally convert (Kelzenberg et al., 1998; Rothstein et al.,

2002; Thomas et al., 2003).

An analysis of the changes in the three-phase composites’

dielectric and piezoelectric properties as a function of time was

performed, and the results from this study are presented in Figures

13, 14 and 15. In these figures, there is a decrease in the dielectric

constant, strain coefficient and the tangent loss over a period of

10 mμ EHT 5·00 kV
WD 7·5 mm

�
�

Signal A SE2
Filename PZT-cement-A103.tif

�
�

Date: 21 July 2011
Mag 4·73 K� �

Figure 12. Scanning electron micrograph of a PZT–cement–

aluminium composite with PZT volume fraction of 0.4 and

aluminium volume fraction of 0.02. This image depicts pores and

the possible existence of ettringite structures, which are rod-like

crystals formed during the curing and hydration of cement (Foley,

1986; Gougar et al., 1996; Nagadomi et al., 1996b; Siedel et al.,

1993)
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600 d, where the most significant changes are observed within the

2 d of data capture. For example, for a PZT volume fraction of

0.7, the dielectric constant decreased from ,82 to ,68, ,68 to

,63 and ,63 to ,60 over time periods of 2, 300 and 600 d

respectively. The reduction in the coefficients can most likely be

attributed to two factors; the switching of PZT dipoles and their

localised misalignment (Li et al., 2002, 2005, 2006), and pores

resulting from the aluminium–water reaction, whose by-product

is hydrogen gas. The formation of hydrogen gas could have

contributed to the formation of pores in the composites seen in

Figure 12, and described by other researchers (Double, 1973;

Kuzel, 1996; Nagadomi et al., 1996a; Nagadomi et al., 1996b;

Studart et al., 2005). Evidence of the aluminium–water reaction

was observed during the mixing step of the methodology. Applica-

tion of pressure to the samples and subsequent sample curing

probably flattened and ultimately reduced the size of the resulting

pores in the samples. In general, the switching of the dipoles

becomes stable a few days after the preparation of the sample (Li

et al., 2006) owing to the stabilisation of the remnant polarisation.

In addition to hydrogen gas, aluminium–water reactions can

produce alumina gel, boehmite (AlOOH) and/or gibbsite

(Al(OH)3), which are the three main corrosion stages that

correspond to the first stage – slow rate, second stage – highest

rate and third stage – slow rate of corrosion, respectively. The

kinetics of the aluminium–water reaction can be influenced by

the presence of cement. Specifically, the pH effect and the

kinetics of the dissolution/precipitation reactions of cement

particles in water (Gomez et al., 2010; Setiadi et al., 2006;

Studart et al., 2005) can enhance the possibility of aluminium

corrosion, because in presence of water, cement particles dis-

solve, and yield Ca2þ and aluminium hydroxide (Al(OH)4) ions,

which consequently increase the pH of the composite matrix and

the ionic strength of the aqueous medium (Barret et al., 1992;

Barret and Bertrandie, 1986; Barret and Glasser, 1992). Environ-

ments such as these enhance the possibility of corrosion of the

aluminium and sequential steps of corrosion as identified by

(Foley, 1986). The compression of the samples at 100 MPa

probably reduced the number of initial pores in the samples,

which perhaps reduced the effects of hydrogen in the samples.

Also, the subsequent poling and exposure of the samples to a

silicon bath and applied voltage potential most likely influenced

the pH and number of available ions, which in turn affect the rate

of kinetics and probability of corrosion of aluminium within the

sample. In Figures 14 and 15, the rate of decrease in values of

strain coefficient, dielectric constant and tan � appeared to

diminish beyond the first year, and appeared nearly stable be-

tween the 300th and 600th day. Lastly, the aforementioned

parameters measured for the three-phase samples on the 600th

day were superior to those of their two-phase counterparts.

Conclusions
Novel three-phase PZT–cement–aluminium piezoelectric compo-

sites with micron-sized aluminium inclusions were fabricated and

analysed. The change of dielectric and piezoelectric values as a

function of PZT volume fraction was explored, and empirical

values were compared to values predicted from analytical models.

It was found that the empirical data matched fairly well with the

analytical models, and that the dielectric and piezoelectric proper-

ties increased with the addition aluminium and PZT fillers.

Specifically, these values increased as content of PZT volume

fraction increased. Three-phase samples had higher dielectric and

piezoelectric properties in comparison to the two-phase compo-

sites. An analysis of the dielectric and piezoelectric properties as

a function of time was also observed, where the highest rates of

change in the values were observed within 2 d of data capture.

The rate of decrease of values slowed down by the 600th day of

data capture. In conclusion, ease of processing, flexibility and

good dielectric behaviour of the three-phase piezoelectric compo-

sites could make them feasible alternatives for self-powered

energy harvesting and structural health-monitoring devices, in

particular if admixtures are used to retard the water–aluminium

reaction.
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