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Abstract A cement-based piezoelectret is reported
for the first time. Both poling during setting and
sodium silicate liquid admixture strengthened the
piezoelectret effect. The electret voltage increased
upon compressive sirain, with partial reversibility;
the voltage change was up to 450 V per unit strain
(i.e., piezoelectret coupling coefficient up to 4.2 x
107" m/V). The effect was relatively strong for a Na™
concentration of 0.5 M in the water, in combination
with a poling electric field of 225 V/m. The effect
increased with increasing magnitude of the constant
compressive stress. The direct piezoelectric effect was
observed as a minor effect, with the voltage decreasing
upon compressive strain; the voltage change was up to
6.7V per unit strain (i.e., piezoelectric coupling
coefficient down to —2.3 x 107'® m/V). An Nat
concentration of 0.5 M gave superior performance
than 1.0 M. For 0.5 M, the compressive modulus and
piezoelectret coupling coefficient were higher. The
poling reduced the compressive modulus and caused
pore formation in the vicinity of the electrodes, but it
enhanced the piezoelectret effect.
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1 Introduction

The piezoelectret effect [1] (also known as the
piezoelectric electret effect [2]) refers to the effect
of stress or strain on the voltage across a material,
such that the effect is due to the effect of stress or
strain- on the electret associated with the material.
This effect is to be distinguished from the well-
known direct piezoelectric effect, which is due to the
effect of stress or strain on the electric polarization in
the material in the absence of electret formation.
However, both the piezoelectret effect and the direct
piezoelectric effect are reversible and convert
mechanical energy to electrical energy and allow
the sensing of stress or strain. This paper provides the
first report of a cement-based piezoelectret.

The piezoelectret effect is useful for acoustic
emission signal detection [1] and accelerometers [3].
Electrets in the form of polymer films are commer-
cially used in microphones. This application is based
on the notion that the electret voltage is affected
by the acoustic vibrations. This notion basically
involves the concept of the piezoelectret effect. Other
applications of electrets (to be distinguished from
piezoelectrets) include dust anchoring [4], blood
platelet adhesion [5], memories [6], dosimetry of
y-radiation [7] and others [8].

The electret effect has been observed in polymers,
particularly polyvinylydene fluoride [9-16], which is
attractive for its polar bond and the consequent
electric polarizability. It has also been observed in
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ceramics, particularly Pb(Ti,Zr)O5 [17], CaTiO5 [18],
MgO-Ca0-Si0,—Al,03 [19] and hydroxyapatite
[20]. In addition, it has been observed in cement in
the absence of ionic admixtures and in the absence of
poling [21]. In particular, Panchapakesan [21]
observed an inherent voltage in cement after curing
in the absence of poling. This inherent voltage and
the response of the voltage to a current pulse are
indications of the electret effect. The inherent voltage
is attributed to slightly inhomogeneous distribution of
the ions in the cement paste.

The electret voltage in cement paste has been
shown by Huang and Chung [22] to be controlled and
increased by electric poling during setting and/or by
the use of sodium silicate liquid as an admixture.
Therefore, this paper will include investigation of the
effects of poling and sodium silicate on the piezo-
electret effect.

The piezoelectret effect and the direct piezoelec-
tric effects are different not only in the scientific
origin, but also in the performance characteristics.
The former involves the voltage in the stress direction
increasing upon compression (due to effect of strain
on the electret behavior), whereas the. latter involves
the voltage decreasing upon compression (due to the
decrease in the polarization).

The electret behavior originates from an inherent
voltage, which exists in the absence of a stress and is
due to inherent polarization. The inherent polariza-
tion is associated with an inherent separation of the
positive and neéative charge centers. This separation
is due to the difference in the spatial distribution of
the positive and negative charges. The special aspect
of the electret effect is that the charges associated
with the polarization relax and form a core, which
then induces surface charge of opposite sign (Fig. 1).
It is the surface charge that is responsible for the
electret effect. Because the surface charge is opposite
in sign from that associated with the inherent
polarization, the voltage, as measured by using
electrical contacts that are on the surface, changes
in opposite directions upon compression for the
piezoelectret effect (Fig. 1) and the direct piezoelec-
tric effect (Fig. 2).

The piezoelectret effect in cement-based materials
is expected to be valuable for allowing a cement-
based structure to sense its stress or strain. Alternate
mechanisms of such sensing include the direct
piezoelectric effect and the piezoresistive effect.
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Fig. 1 Possible mechanism of the piezoelectret effect. The
bold ions are due to polarization and the others ions are
induced by these ions. (a) Under no stress. (b) Under
compression. The strain due to the stress is exaggerated for
the sake of illustration
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Fig. 2 Mechanism of the piezoelectric effect. (a) Under no
stress. (b) Under compression The strain due to the stress is
exaggerated for the sake of illustration

The piezoresistive effect refers to the change in
electrical resistivity with strain and has been exten-
sively studied in carbon fiber reinforced cement
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[23-30]. The direct piezoelectric effect has been
investigated to a smaller extent in cement-based
materials [31-38]. Prior work on the direct piezo-
electric effect in cement-based materials emphasizes
the use of piezoelectric particle admixtures, such as
PZT [34-38]. In addition, it has been observed in
cement-based materials without admixture [32, 33].

The charging of a polymer electret may be
achieved by the use of corona voltage application
[39], electron beam bombardment [39, 40] and
triboelectrification [41]. In contrast, the inherent
voltage in a cement-based material is due to the
non-uniform spatial distributions of the positive and
negative ions. This non-uniformity is not a conse-
quence of any special mixing procedure, as the
conventional mixing procedure tends to give rise to
small degrees of non-uniformity.

Cement is a silicate material, primarily calcium
silicate (3CaO - SiO, and 2CaO - SiO,). Ions in
cement are responsible for the piezoelectret effect.
To increase the ion content, salt such as sodium
chloride may be dissolved in the water that is used in
a cement mix. However, salt addition is undesirable,
due to its negative effect on the durability of cement-
based materials, particularly those that contain steel
reinforcing bars. Therefore, following Huang and
Chung [22], this work used sodium silicate (also
known as water glass) as a liquid admixture to
enhance the ion content in cement. Sodium silicate
has long been used as an admixture in cement for
underground construction [42], grout [43-46], waste
solidification [46], acid-resistant cement [47], crack
diminution admixture [48] and cement sealer [49].

The objectives of this paper.are (i) to observe for
the first time the piezoelectret effect in cement-based
materials and (ii) to investigate the effects of poling
and sodium silicate admixture on the piezoelectret
effect and on the mechanical behavior.

2 Research approach
2.1 Introduction

This work is an experimental invesligation that is
directed at observing the piezoelectret effect in
cement-based materials for the first time and evaluat-
ing this effect. These materials are cement pastes with
and without an admixture that provides additional ions

to the cement. This admixture is sodium silicate.
Furthermore, the effect of poling during setting on the
piezoelectret effect is investigated.

Electric poling refers to an electrical process in
which an external DC electric field is applied to
produce polarization in a material. This process is
well-known in case of ferroelectric materials, in
which ferroelectric domains are aligned to produce a
useful electroactive material that exhibits a net
macroscopic polarization. .

The experimental approach involves the following
aspects.

(i) Cement paste specimens with different propor-
tions of sodium silicate are prepared by mixing
and subsequent setting (24 h) and curing
(27 days), with the setting step performed
optionally in the presence of an applied electric
field of 225 V/im (36 V divided the 160-mm
length of the specimen) for the purpose of
poling. The electric field is applied through
electrical contacts in the form of silver coated
carbon fiber mat that are located at the end
surfaces of the specimen. These end surfaces are
perpendicular to the direction of the electric
field, which is along the length of the specimen.
Each electrical contact covers most of the area of
an end surface, so the electric field is essentially
uniform throughout the cross section of the
specimen. Both setting and curing are performed
in a moisture chamber.

(ii) After the setting and during the curing, in the
absence of an applied electric field, the voltage
across the specimen is monitored as a function
of time. This allows study of the process of
natural depoling during curing. The voltage is in
the same polarity as the poling voltage, indi-
cating that it is not due to polarization, but is
due to the electret effect. Thus, the decrease
of the voltage with time is an indication of
the gradual reduction of the electret effect after
the removal of the applied electric field.

(iii) Due to the electrolysis that accompanies the
poling process and the consequent generation
of gases at the electrodes, the end regions of
each specimen in the vicinity of the electrodes
are porous and are removed by cutting. The
shortened specimen is the form that is evalu-
ated in terms of the piezoelectret effect.
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(iv) The piezoelectret effect is evaluated by apply-
ing electrical contacts in the form of silver
paint (together with a copper foil, such that the
copper foil is attached to the specimen using
the silver paint) at the two end surfaces and
then subjecting the specimen o compression in
the direction perpendicular to the end surfaces.
The voltage across the two copper foils (at the
two end surfaces) and the strain (indicated by a
strain gage attached to the center of a side
surface of the specimen) in the stress direction
are monitored continuously during repeated
cycles of loading, a period of constant stress,
and subsequent unioading at various stress
amplitudes. The cycling allows study of the
extent of reversibility of the voltage change and
of the strain.

2.2 Experimental methods
2.2.1 Materials

All cement-based materials studied were cement
pastes. In other words, no aggregate (fine or coarse)
was used. The cement used was Portland cement
(Type I, Lafarge, Southfield, MI). Sodium silicate
(Na,SiOs, liquid, Grade 50, Occidental Chemical
Corporation, Dallas, TX) was optionally used as an
admixture for providing Na™ ions. The water-cement
ratio was 0.35. In case that sodium silicate is used, a
high-range water-reducing agent (Glenium 3000 NS,
Degussa Admixture, Cleveland, OH) was used in the
amount of 1.0% by mass of cement. A rotary mixer
with a flat beater was used for mixing. In the absence
of sodium silicate, no water reducing agent was used.

Cement paste specimens with different proportions
of sodium silicate were prepared by mixing and
subsequent setting (24 h) and then curing (27 days),
with the setting step performed optionally in the
presence of an applied electric field of either 31 or
795 V/m for the purpose of poling. Demolding
occurred immediately after the 24-h setting. After
pouring into molds, an external vibrator was used to
facilitate compaction and decrease the amount of air
bubbles. Immediately after the pouring of the cement
mix into the mold, a constant voltage (36 V, unless
stated otherwise, corresponding to an electric field of
225 V/m) was optionally applied across the 160-mm
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Electrical contact
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Fig. 3 Specimen configuration for poling

length of the specimen during the 24-h setting for the
purpose of poling (Fig. 3). The DC power supply
used was TO36-10M Regatran Semiconductor Power
Supply, The Electronic Measurements Co., Eaton-
town, NJ. After the 24-h period of setting and
optional simultaneous poling, the specimen was
demolded and placed in a moisture chamber for
27 days of curing, while the voltage between the two
electrical contacts was measured intermittently using
a multimeter (30XR, Meterman Test Tools, Everett,

'WA). Both setting and curing were performed in a

moisture chamber at a relative humidity of nearly
100%.

The poling electric field was applied through
electrical contacts that were located at the end
surfaces of the specimen, i.e., between a specimen
end and the proximate polyethylene mold surface.
Polyethylene was chosen due to its electrical insula-
tion ability. The mold cavity was of size 160 mm X
40 mm x 40 mm. The end surfaces were perpendic-
ular to the direction of the electric field, which was
along the length of the specimen. Each electrical
contact covered most of the area of an end surface, 80
the electric field was essentially uniform throughout
the cross section of the specimen.

The electrical contacts were in the form of carbon
fiber mat that had been coated with silver paint, as
fabricated using the following procedure. Carbon was
chosen due to its electrical conductivity and chemical
inertness. (The use of copper wire in place of carbon
led to undesirable reactions that resembled corrosion
at the copper.) A piece of carbon fiber mat (one
grammage, 34 g/mz) was sandwiched by two pieces
of carbon fiber mat (two grammage, 8 g/mz). These
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mats are wet-laid nonwoven carbon veil, with fibers
of length 6 and 12 mm and diameter 7 pm, and
binder in the form of polyvinyl alcoho! (Grade
20301A, Optimat Carbon Fiber Veil, Technical Fiber
Products Inc, Newburgh, NY). Silver paint was
manually applied between mats to from the sandwich.
In addition, silver paint was applied on the opposite
surfaces of the sandwich, Each electrical contact was
of size 50 mm x 35 mm and thickness 0.328 mm
before application of silver paint at the outer surfaces
and (.38 == 0.02 mm after application of silver paint
at the outer surfaces. The 50-mm length of each
electrical contact was along the direction perpendic-
ular to the base of the mold cavity.

The electrochemical reactions that occurred while
the cement was setting generated gases (probably O,
at the anode and H; at the cathode), thus causing the
formation of large voids around the electrical
contacts. The fact that gas evolution occurred at the
electrodes during poling suggests the drift of ions in
response to the applied electric field was long range
rather than short range.

A possible reaction at the anode is the following,
though it has not been ascertained.

40H™ — O, + 2H,0 + de™. (1)

The OH ions are inherently present in cement.
Reaction (1) generates oxygen gas. A possible
reaction at the cathode is the following,

2H* +2e” — H,. )

The HY ions are present in cement. Reaction (2)
generates hydrogen gas.

The gas generation reactions (1) and(2) above do
not involve carbon, the electrical contact material. In
other words, carbon, which merely serves as an

Table 1 Ingredients in each of three cement mixes

electrical conductor, is not responsible for the gas
generation,

Due to the gas evolution at the electrodes, regions
at and near the two ends of a specimen were highly
porous. Therefore, the end regions were removed by
cutting using a wet tile saw prior to testing. After
cutting, the specimen length was 140 mm, while the
other two dimensions remained the same.

The commercial sodium silicate product was
100% liquid. The solid content was 44.45 wt%, i.e.,
the proportion of the solid component after heating
the product to 1,000°F (540°C). This water amount
was included in the total water amount used in the
cement mix, so that the water—cement ratio was
maintained at 0.35. The composition of each of three
cement mixes used is shown in Table 1.

2.2.2 Testing

2.2.2.1 Piezoelectret evaluation Bach cement speci-
men was a column of height 140 mm column
and cross-section 40 mm x 40 mm (Fig. 4). Two
electrical contacts were used for voltage measure-
ment. They were in the form of silver paint in
conjunction with copper foil (50 mm x 50 mm x
0.035 mm) were attached to the two end surfaces that
were perpendicular to the axis of the column. For each
contact, silver paint was applied between the specimen
surface and a copper foil.

Piezoelectret evaluation involved measurement of
the voltage between the two ends of a specimen
during compression loading and unloading, with the
stress applied along the axis of the specimen column.
During compression of the specimen, each contact
was necessarily compressed in the direction perpen-
dicular to the plane of the contact. The compression

Admixture Water excluding that Sodium silicate product Water reducing
in the sodium silicate product (% by mass of cement) agent (% by mass
(% by mass of cement) of cement)

None 35 0 0

Na* fons* (0.5 M") 33 3.63 0

Na* ions* (1.0 M) 31 7.26 1.0

In each case, the total water amount corresponds to a water/cement ratio of 0.35

* From sodium silicate admixture

" Concentration of Na' ions in the water used in the mix
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Fig. 4 Specimen configuration for piezoelectret evaluation

50 mmn

was provided by a Sintech 2/D screw-action mechan-
ical testing system. After a selected stress (ranging
from 0.70 to 2.23 MPa) had been attained, the stress
was maintained constant for a time ranging from 10
to 80 min. In case of a time of 10 min at a constant
stress, multiple cycles of loading and unloading were
imposed. A strain gage (EA-06-120LZ-120, Mea-
surements Group, Instruments Division, Raleigh, NC)
was attached to the specimen surface at the center of
the column, as shown in Fig. 4, for monitoring the
strain in the stress direction during loading and
unloading. A multimeter (Keithley 2002, Cleveland,
OH) was used to measure the voltage.

2.2.2.2 Mechanical testing The mechanical behav-
ior was studied by compressive testing in the poling
direction. Each specimen was obtained by cutting a
specimen of size 160 x 40 x 40 mm, such that the
center portion of size 40 x 40 x 40 mm  was
obtained. A strain gage (Cat. No. EA-06-120LZ-120,
Vishay Measurements Group, Raleigh, NC) was
attached to the center of a face of the cubic specimen
surface, with the face being parallel to the poling
direction. Compressive stress was applied repeatedly,
such that the stress amplitude progressively increased
in the order: 0.84, 1.67,2.51,3.34,4.18 and 5.01 MPa.
The maximum stress in each stress cycle was
mairitained for 5 min. The displacement rate during
loading and unloading was 0.5 mm/min. The slope
of the stress—strain curve during loading gave the

-

modulus, which describes the elastic behavior. The
rate of change of the strain in the period of constant
stress described the inelastic behavior.

2.2.2.3 Relative dielectric ~ constant — medsure-
ment The relative dielectric constant was measured
at 1 kHz by using a Precision RLC meter (QuadTech,
Inc., Maynard, MA, Model 7600). Specimens without
poling were tested. Each specimen was a disc of
thickness 2.0 mm and diameter 12.7 mm, sandwiched
by two copper discs, each of thickness 3.0 mm and
diameter 12.7 mm, at a sandwiching pressure of
1.68 kPa. The amplitude of the voltage between the
two copper discs was 1.000 V. Between the

specimen and each of the two copper discs was a

. polytetrafluoroethylene (Teflon) sheet (thickness

0.025 mm) that served as an electrical insulator. The
capacitance of this parallel-plate capacitor was
measured and the relative dielectric constant was
calculated from the capacitance and the specimen
dimensions. The capacitance was obtained using two
methods, i.e., (i) Cp, which was obtained by assuming
an equivalent circuit consisting of a capacitor and a
resistor in parallel and (ii) C, which was obtained by
assuming an equivalent circuit consisting of a
capacitor and a resistor in series. These two values of
the capacitance were used to calculate the
corresponding values of the relative dielectric
constant.

3 Results and discussion
3.1 Electret behavior

The voltage was measured across the specimen by
using the same electrical contacts as in poling. The
poling was carried out only during setting (24 hy—
not during the subsequent curing. After poling, the
voltage was monitored in the absence of an electric
field up to 27 days of curing for the purpose of
investigating the stability of the electret formed by
the poling.

Immediately after removal of the poling voltage at
the end of the 24-h setting period, the specimen was
demolded and measurement of the voltage across the
specimen was immediately started. The measured
voltage was positive for all compositions and all
poling conditions, as shown in Table 2. T his means




Materials and Structures (2009) 42:541-557

547

Table 2. Voltage across the Na*
specimen, measured during

Poling electric

Measured voltage (V) Voltage at 28 days

curing

curing with the electric field ?;)/Ir;ccntration field (V/m) I day? 28 days” divided by that at 1 day
off
0 0 0.007 0.003 0.429
0 0 —~0.001 0.003 -3.22
0 0 —0.001 —0.004 3.82
0 31 0.90 0.04 0.044
0 31 0.89 0.02 0.022
0 225 1.39 —0.16 -
0 225 1.40 —0.40 -
0 225 1.20 -0.10 -
The voltage is in t.he same 0.5 225 074 0.18 0.243
polarity as the poling
voltage 0.5 225 0.90 0.18 0.200
2 Tmmediately after 1 day 0.5 225 0.90 022 0.244
of setting 1.0 225 0.67 0.31 0.463
b After I day of setting, 1.0 225 0.86 0.35 0.407
followed by 27 days of 10 225 0.86 033 0.384

that the measured voltage had the same polarity as the
poling: voltage, indicating that the voltage was due to
electret formation. However, the electret stability
differed among the various compositions and the
various poling conditions. In the absence of sodium
silicate, poling with a voltage of 5.0 V (electric field of
31 V/m) resulted in an increased electret effect
(Table 2). However, an increase in the poling voltage
from 5 to 36 V caused the polarization effect to
overshadow the electret effect, so that the measured
voltage was negative at 28 days of curing (Table 2).
‘or a poling voltage of 36 V (electric field of
5 V/m), an increase of the sodium silicate concen-
on from0to 1.0 M increased the electret stability,
own by an increased value of the ratio of the
et voltage at 28 days to that at | day (Table 2).
both poling and sodium silicate helped the
tion of a stable electret,

Mechanical behavior

gures 5-9 show the variation of the stress with time
of the strain with time during repeated compres-
oading at progressively increasing stress
tudes for the specimen types listed in Table 2.
’ tion, they show, for each specimen type, the
ssive stress-strain curve during loading and
ent unloading for various values of the
um stress. Each specimen type is characterized

by its combination of poling electric field and sodium
ion concentration. These plots provide information on
the elastic behavior (variation of the strain with stress
in the period of increasing stress) and the inelastic
behavior (variation of the strain with time in the
period of constant stress in each cycle). The strain is
not totally reversible upon unloading, even for the
lowest value of the maximum stress. Furthermore, the
strain tends to increase with time in the period of
constant stress.

Table 3 compiles the data for the elastic behavior.
Poling decreases the modulus, whether sodium ions
are present or not, presumably because the nonunifor-
mity in the ion concentration after poling. Increase of
the Na* concentration from 0 to 0.5 M increases the
modulus, whether poling has taken place or not. This is
probably because of the sealing ability of the sodium
silicate. However, further increase of the Nat con-
centration from 0.5 to 1.0 M decreases the modulus.

Table 4 compiles the data for the inelastic behavior,
which is described in terms of the strain rate at a
constant stress for each of six values of the constant
stress. The strain rate is not much affected by the
poling or the sodium ion concentration, except that an
Na™ concentration of 1.0 M greatly increases the
strain rate. This high strain rate correlates with a low
modulus (Table 3). This means that a high sodium
silicate concentration is detrimental to the mechanical

properties.
nl;em
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Fig. 5 Mechanical behavior for plain cement (without sodium
silicate) in the absence of a poling electric field. (a) Strain
versus time and stress versus time for progressively increasing

3.3 Relative dielectric constant

Table 5 shows that the relative dielectric constant,
whether based on C,, or C,, is essentially not affected
by the sodium ion content, in spite of the ion
concentration increase provided by the sodium sili-
cate. This is attributed to the sealing effect of sodium
silicate [49] and the consequent increased restriction
of the ion movement. This sealing effect overshad-
owed the effect of increased ion content, as the
sodium silicate proportion increased.

3.4 Piezoelectret behavior
Table 6 describes the piézoelectret effect under

compression at a constant stress of 1.81 MPa, which
was applied for 80 min, for various combinations of

i

values of the maximum stress. Stress—strain curve for a
maximum stress of (b) 0.84 MPa, (¢) 1.67 MPa, (d) 2.51 MPa,
(e) 3.34 MPa, (f) 4.18 MPa, and (g) 5.01 MPa

composition and poling electric field. The strain was
negative, due to the compression. During the period
of constant stress, the measured voltage as well as the

compressive strain increased. The increase in com-

pressive strain at a constant stress is due to inelastic
deformation. In case of the voltage (measured with
the same polarity as the poling voltage) prior to
loading being negative, the voltage changed sign
(from negative to positive) during the period of
constant stress (Fig. 10). In case of the voltage prior
to loading being positive, the voltage just increased
without changing sign during the period of constant
stress.

The strength of the effect is described by the
change in measured voltage per unit strain during the
period of constant stress. Both the poling voltage and
the sodium silicate strengthen the effect (Table 6).
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Fig. 6 Mechanical behavior for plain cement (without sodium
silicate) after poling at 225 V/m. (a) Strain versus time and
stress versus time for progressively increasing values of the

The effect is strongest for an Na* concentration of
0.5 M in combination with a poling electric field of
225 V/m, as shown in Fig. 10.

Increase of the Na™* concentration from 0 to 0.5 M
strengthens the effect, but further increase of the Na™t
concentration from 0.5 to 1.0 M diminishes the effect
(Table 6). The complex dependence of the strength of
the piezoelectret effect on the Nat concentration is
due to the effects of the Na¥ concentration on the
mechanical properties and on the relative dielectric
constant. The low strength of the piezoelectret effect
at an Na* concentration of 1.0 M is partly due to
the poor mechanical properties at this concentration
(Sect. 3.2) and partly due to the low value of
the relative dielectric constant at this concentration
(Sect. 3.3).

maximum stress. Stress—strain curve for a maximum stress of
(b) 0.84 MPa, (¢) 1.67 MPa, (d) 2.51 MPa, (e) 3.34 MPa,
(f) 4.18 MPa, and (g) 5.01 MPa

Table 7 shows that the strength of the effect
increased with increasing magnitude of the constant
compressive stress. This effect of the stress is mainly
due to the increase in the extent voltage change upon
increase in the stress, as the strain change varies with
the stress only in a limited away.

Upon loading (i.e., during the period of increasing
stress rather than constant stress), the voltage
decreased, with the voltage change per unit strain
up to 6.70 V (Table 8; Fig. 10). Both the voltage
decrease and the compressive strain increase during
loading were largely reversible upon unloading. The
strain effect relates to elastic deformation.

The voltage baseline becomes more and more
positive as repeated stress cycling takes place. This
baseline increase is because of the superposition of
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Fig. 7 Mechanical behavior for cement with 0.5 M Na* ions
in the absence of a poling electric field. (a) Strain versus time
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the effect associated with the voltage increasing with
the compressive strain during the period of constant
stress to the effect associated with the voltage
decreasing with the compressive strain during stress
increase (Fig. 11).

The effect of the voltage decreasing with increas-
ing compressive strain during the period of stress
increase is the minor effect, as shown by the
relatively small magnitude of the voltage change per
unit strain (Table 9). In contrast, the effect associ-
ated with the voltage increasing with compressive
strain in the period of constant stress is the major
effect, as shown by a relatively large magnitude of
the value of the voltage change per unit strain
(Table 7). The major effect is more significant in
Fig. 10 than Fig. 11 because the time at constant

-

Strain (%)

maximum stress. Stress—strain curve for a maximum stress of
(b) 0.84 MPa, (¢) 1.67 MPa, (d) 2.51 MPa, (e) 3.34 MPa, (f)
4.18 MPa, and (g) 5.01 MPa

stress was only 10 min in Fig. 11, but was 60 min
in Fig. 10. Due to the difference in the time at
constant stress, the strain change in this period is
much larger in Fig. 10 than Fig. 11. In Fig. 10, due
to the long time at a constant stress, the major effect
dominates and the minor effect is only slightly
present, if at all.

The major effect described above is the piezo-
electret effect, whereas the minor effect described
above is the direct piezoelectric effect. In the
piezoelectret effect, the voltage increases upon com-
pression (Fig. 1); in the direct piezoelectric effect, the
voltage decreases upon compression (Fig. 2).

The direct piezoelectric effect has been previously
reported in cement mortar without admixture or
poling [33]. The piezoelectret effect has not been
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previously reported, but it is suggested by the data in
[33]. Figure 5 of [33] resembles Fig. 11 of this work,
it does not show the irreversible deformation that
sociated. with the piezoelectret effect and
n in Fig. 11.
e piezoelectret effect is more sluggish than the
piezoelectric effect, as shown by the longer
e piezoelectret effect takes to occur and the
deglee of reversibility of the piezoelectret
fect. compared to the direct piezoelectric effect.
e‘: sluggishness is probably due to the charge
axation and induction associated with the piezo-
lectret effect.

Table 8 shows that, in the period of stress
nctease, the change: in voltage per unit strain is
creased only slightly upon poling at a fixed Na*
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maximum stress. Stress—strain curve for a maximum stress of
(b) 0.84 MPa, (¢) 1.67 MPa, (d) 2.51 MPa, (e) 3.34 MPa,
(f) 4.18 MP4, and (g) 5.01 MPa

concentration of 0.5 M. However, for a fixed poling
electric field, the sodium ion concentration strongly
affects the change in voltage per unit strain; the
change in voltage per unit strain increases signifi-
cantly when the Na™ concentration increases from 0
to 0.5 M, and decreases when this concentration is
further increased from 0.5 to 1.0 M. Hence, a high
value of the change in voltage per unit strain during
stress increase (Table 8) correlates with a high value
of the change in voltage per unit strain in the period
of constant stress (Table 7).

The piezoelectret effect is not completely reversible
upon unloading. Table 9 shows that the reversible and
irreversible components, as described respectively by
the reversible voltage change per unit reversible strain
change and the irreversible voltage change per unit
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after poling at 225 V/m. (a) Strain versus time and stress (b) 0.84 MPa, (¢) 1.67 MPa, (d) 2.51 MPa, (e) 3.34 MPa,
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Table 3 Compressive modulus (GPa) for various values of the maximum stress (ranging from 0.84 to 5.01 MPa) for different types
of specimen

Na* Poling electric 0.84 MPa 1.67 MPa 2.51 MPa 3.34 MPa 4.18 MPa 5.01 MPa
concentration (M) field (V/m)

0
0.5
0.5
0
0
0.5
0.5
1.0
1.0

0 18 &3
50 4 20
53 £ 30
1341
16 +2
20+ 4
226
40+03

3.0+ 0.1

24 £1
56 £ 19
52 £27
13%£2
16 + 3
25£5
29£3
40403
3.0+ 0.1

25 %3
54 £20
63 £ 33
13 &1
17 + 1
303
26 £5
40+03
3.0£02

25 £ 1
54 £ 16
57 £ 36
14 £ 1
17 + 1
29 £ 4
28 + 4
4.0+ 04
3.0£04

24 &2
57 + 14
50 £ 31
14 4 3
17+2
2743
28 +£4
40 +02
40£03

23+ 2
46 & 25
52+ 15
14 £ 2
17 £3
24 £ 4
28£3
4.0+ 04
4.0+ 04

0
225
225
225
225
225
225

The modulus is obtained from the initial slope of the stress—strain curve from zero stress to the maximum stress
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Table 4 The strain rate (107% s7") in the period of constant compressive stress for different combinations of stress and specimen

type

Nat concentration Poling electric  0.84 MPa 1.67 MPa 2.51 MPa 3.34 MPa 4,18 MPa 5.01 MPa
™M) field (V/m)

0 0 -35+08 -224+£05 -26+06 23404 -32+07 -37409
0.5 0 -54+ 12 -254+£05 —-40+£03 —-13=%06 —1.3+£04 —~14 £ 0.6
0.5 0 —-4.0 £ 0.5 -56+06 -36+£04 3606 3.0+ 07 -39+04
0 225 -25+03 -324£04 -341+06 3604 —431+05 —4.0+0.38
0 225 —1.6 £ 0.6 —-414+£08 -304£05 -23£07 —35+ 09 -29+05
0.5 225 —-19 £ 04 —62+07 -63+04 -52+& 08 —424+03 —-11.6+038
0.5 225 —-1.3£06 -06+07 —-074+06 —13+038 —-32 408 —-42 +09
1.0 225 82+ 07 -80£05 —-149+13 176+ 1.1° —14+06" —6.1+06"
1.0 225 —2824£22 291 +28 —-258+19 ~169+17 —1744+19 ~—114+15°

? The specimen fractured during the mechanical testing at this stress amplitude

Table 5 Relative dielectric constant (x) in the absence of
poling

Na' concentration (M)  x (based on Cp) i (based on Cy)

the length of the specimen in the direction of
polarization, 0V the change in voltage, g the change
in stress, and & is the permittivity of free space,
which is equal to 8.85 x 107'? F/m.

0 20.6 £ 1.0 2094+ 14 . . .
0.5 20 3‘i s 0.5 & 17 In case of 0.5 M Na™ concentration in combina-
’ ’ ) ’ ' tion of a poling electric field of 225 V/m, the
1.0 20.1 £ 2.7 204 £ 2.8

irreversible strain change during a constant stress of
1.81 MPa, were comparable for an Na* concentration
of 0.5 M, whether the poling electric field voltage was
0 or 225 V/m. For Na* concentrations of 0 or 1.0 M,
the irreversible portion dominated. This may be related
to the effect of sodium silicate concentration on the
mechanical properties of the cement paste. In contrast,
the direct piezoelectric effect is quite reversible, as
shown in Fig. 11.

The piezoelectret (piezoelectric) coupling coeffi-
cient is defined as

_ e — 1)V
4= 9o ’

where r is the relative dielectric constant, d the
piezoelectret (piezoelectric) coupling coefficient, /

piezoelectret coupling coefficient is 4.2 x 107"
(C/N or m/V), since [ =0.14 m, 0V = 0.0636 V
(Table 6), 0o = 1.81 MPa and «x (based on C,) =
20.5, and the piezoelectric coupling coefficient is
~2.3 x 107'® (C/N or m/V), since /= 0.14 m,
0V = —0.004448 V (Table 8), 0¢ = 2.32 MPa and
K (based on C,) = 20.5.

Table 10 lists the piezoelectret and piezoelectric
coupling coefficients for the various combinations of
Na* concentration and poling electric field. The
values of the piezoelectret coupling coefficient are all
much higher than those of the piezoelectric coupling
coefficient, due to the fact that the piezoelectret effect
is the major effect while the piezoelectric effect is the
minor effect. In each case, the values based on C, and
C, are close.

Both piezoelectret and piezoelectric coupling
coefficients are increased in magnitude by poling

Table 6 Change in voltage

, . Na* concentration
per unit strain under a

Poling electric

Change in Maximum Change in voltage

constant stress of .81 MPa, M) field (V/m) voltage (V) strain (%) (V) per unit strain
: . under constant stress
which was applied for
80 min 0.5 0 0.0257 —0.0218 —164
0 225 0.0040 —0.0440 —-37
0.5 225 0.0636 —0.0797 —454
1.0 225 0.0155 —0.0422 —101

-
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Fig. 10 Piezoelectret behavior for a Na' concentration of
0.5 M in combination with a poling electric field of 225 V/m.
The behavior was observed during a single cycle of compres-
sive Joading at a stress amplitude of 1.81 MPa. The constant
stress application time was 70 min. (a) Variation of the
measured voltage with time and of the strain with time at a
constant stress of [.81 MPa. The increase in voltage is due to
the piezoelectret effect and the increase in compressive strain
magnitude is due to inelastic deformation. (b) Relationship of
the measured voltage with strain during one cycle of loading
and unloading

and by increase of the Nat concentration from 0 to
0.5 M. However, further increase of the Na™
concentration from 0.5 to 1.0 M decreases the values.
These trends reflect similar trends in Tables 6 and 8
for the piezoelectret and piezoelectric effects
respectively.

The common piezoelectric materials are quartz,
BaTiO;, PZT and PbNb,Og. The values of their
piezoelectric coupling coefficient d33 are 2.3 x 1072,
1.90 x 107'%, 2,68 x 107" —4.80 x 107" and
8 x 107" m/V, respectively [50]. No value of the
piezoelectret coupling coefficient has been previously
reported for any material The values of both piezo-
electret and piezoelectric coupling coefficients, as
shown in Table 10, are much lower in magnitude than
the values mentioned above for typical piezoelectric
materials. That the values of the piezoelectric coupling
coefficient (Table 10) are low in this work is because
of the fact that the piezoelectric effect is a minor effect.

4 Conclusion

The electret effect in cement has been previously
established. This paper provides the first observation
of the piezoelectret effect in cement-based materials.
No aggregate was used. Both poling during the
setting of the cement mix and the use of sodium
silicate as an admixture helped the formation of a
stable electret and strengthened the piezoelectret
effect. In this effect, the voltage increased upon
compressive strain, with partial reversibility, such
that the voltage change was up to 450 V per unit
strain, corresponding to a piezoelectret coupling
coefficient up to 4.2 x 107" m/V (based on C,).
The effect was relatively strong for a Nat concen-
tration of 0.5 M in the water used in the cement
mix, in combination with a poling voltage of 36 V
(225 V/m). The strength of the effect increased with
increasing magnitude of the constant compressive
stress. The direct piezoelectric effect was also
observed, though it was a minor effect, with the
voltage decreasing upon compressive strain, such that
the voltage change was up to 6.7 V per unit strain,
corresponding to a piezoelectric coupling coefficient
down to —2.3 x 107" m/V (based on C,).

Table 7 Change in voltage

. . Constant
per unit strain under §
constant stress, which was stress voltage
’ * (MPa) V)

applied for 80 min

Change in

Maximum
strain (%)

Change in voltage
(V) per unit strain
under constant

stress

0.70

1.0 M. The poling electric 1.81
field is 225 V/m :

0.0048
The Nat concentration is 1.25 0.0121

0.0155

—0.0324 -39
—0.0256 . =72
—0.0422 —101
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Table 8 Change in voltage per unit strain during stress increase for the first cycle of compressive loading

Nat concentration Poling electric Change in

Change in Change Change in voltage

M) field (V/m) stress (MPa) voltage (mV) in strain (%) (V) per unit strain
0 225 1.81 —0.186 —-0.0104 1.79
0.5 0 1.81 —-0.413 —0.0064 6.45
0.5 225 2.32 —4.448 —0.0664 6.70
1.0 225 1.81 -0.999 —-0.0173 5.77
0.045 T 0 Table 9 Reversible voltage change per unit reversible strain
! ;' N L -0.01 change and irreversible voltage change per unit irreversible
0.04 4 i :' I, ‘ L .0.02 strain change during a constant stress of 1.81 MPa, which was
'} | applied for 80 min, for various combinations of sodium ion
o 003 ation and poling electric field
s P - concentration and poling electric fie
2 00351 | ﬁ [ -0.04 ® - - -
S Lo L 005 £ Nat Poling Reversible Irreversible
% 0.03 ll ! L .0.06 E concentration electric voltage voltage change/
= | i o M) field (V/m)  change/ irreversible
[ -007 reversible strain change
0.025 + ! d - -0.08 strain %)
- -0.09 change (V)
0.02 T T T -0.1
0 1000 2000 3000 4000 0 225 -5 —17
Time (s) 0.5 0 —119 —119
Fig. 11 Piezoel behavior for a Na® on of 2 2 % 8
1. Z tret 4 g a Ng trat
ig iezoelectret behavior for a Na™ concentration o L0 295 _18 9

0.5 M in combination with a poling electric field of 225 V/m,
as observed during three cycles of compressive loading at a
stress amplitude of 2.23 MPa. The constant stress application
time in each cycle was 10 min. The voltage decreased with
increasing compressive strain magnitude during the period of
stress increase (piezoelectric effect). The voltage baseline
became more and more positive when stress cycling pro-
gressed. This baseline increase is due to the voltage increasing
with the compressive strain in the period of constant stress

The poling reduced the compressive modulus and
caused pore formation in the vicinity of the two
electrodes used for electric field application during
poling. However, it enhanced the electret effect by
increasing the magnitude and stability of the voltage.
In addition, it enhanced the piezoelectret effect by
increasing the extent of voltage change in response to
strain.

An Nat concentration of 0.5 M gives superior
performance than that of 1.0 M. For 0.5 M, the
compressive modulus and piezoelectret coupling
coefficient are higher.

Although sodium silicate provided Na* ions, the
relative dielectric constant (without poling) was
essentially not affected by the sodium silicate. This
is due to the known sealing effect of sodium silicate.

Table 10 Piezoelectret and piezoelectric coupling coefficients

Na®* ion Poling Piezoelectret Piezoelectric
concentration electric coupling coupling
(M) field (V/m) coefficient coefficient
(107" mvy (1077 m/v)
C, C, C, Cs
0.5 0 17 17 -27 =27
0 225 2.6 2.7 -12 -12
0.5 225 41 42 -22 =23
1.0 225 9.9 10 —64 —6.5
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