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Abstract

Ferroelectric ceramic/polymer composites have been widely studied in recent years due
to the combination of good mechanical performance and high electroactive capabilities.
In this project, triglycine sulfate (TGS)poly(vinylidene fluoride-trifluoroethylene)
(P(VDE-TrFE), 70/30 mol%) 0-3 composites with various volume percents of TGS
were fabricated by compression moulding. Three series of composites were prepared: (I)
unpoled composites, (II) composites with only the TGS phase poled and (III)
composites with both phases poled. The structure, phase transitions and dielectric,

piezoelectric and pyroelectric properties of the composites were investigated.

Scanning electron microscope (SEM) studies of the composites showed that the TGS
particles were uniformly dispersed in the copolymer matrix. The reflection peaks of
both the TGS and P(V]jF~TrFE) phase appeared in the X-ray diffraction (XRD)
patterns of the composites and the phase transitions of the two phases were observed in
the differential scanning calorimetry (DSC) thermograms of the composites. The
relative permittivity and pyroelectric coefficient of the composites were found to
increase with increasing TGS content. The relative permittivity and pyroelectric
coefficient were compared with the theoretical predictions of the Bruggeman model and
the effective medium model, respectively, and good agreement was obtained. It was also
found that if the two phases were poled in the same direction, tﬁe pyroelectric

contributions from TGS and P(VDF-TrFE) reinforced while piezoelectric contributions
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partially canceled. Thus the composite with 43 vol% of TGS exhibited a high
pyroelectric coefficient and high pyroelectric figures of merit together with a low
piezoelectric coefficient. The low piezoelectric activity is a significant advantage in

pyroelectric sensor application since it will give rise to a low vibration induced noise.

Montmorillonite (MMT)YP(VDF-TrFE) (80/20 mol%) 0-3 nanocomposites with | wt%
and 4 wt% of MMT were also fabricated. Na*-MMT was first modified with
cetyltrimethylammonium bromide (CTAB) before being incorporated into the
copolymer matrix. The nanocomposites were characterized by means of XRD and DSC.
The dielectric pérmittivity, polarization hysteresis, piezoelectric coefficient and
p)‘/roelectric coefficient were also measured. The XRD patterns showed that P(VDF-
TrFE) copolymer chains had been intercalated into the layered nanostructures of the
CTAB treated MMT. The DSC thermograms indicated that the Curie temperature of the
nanocomposites were higher than that of the pure copolymer. The relative permittivity
and remnant polarization of the nanocomposites were found to increase with MMT
content. The piezoelectric coefficient and pyroelectric coefficient were also enhanced in

the MMT/P(VDF-TrFE) nanocomposites.
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Chapter 1 Introduction

1.1  Ferroelectric Ceramic/Polymer 0-3 Composites

Ferroelectric ceramic/polymer composites consisting of a ceramic filler and a polymer
matrix have been widely investigated in recent years. These materials combine the
advantages o‘f polymers, e.g. mechanical flexibility, good formability and low cost, with
the advantages of ceramics, e.g. high electroactive properties, and have become
“potential candidates in many applications including electromechanical transducers,

microphones, hydrophones and pyroelectric sensors. [Mazur, 1995]

Conventional ferroelectric ceramic materials such as barium titanate and lead zirconate
titanate (PZT) have good piezoelectric and pyroelectric properties. In addition, these
maferials exhibit high electromechanical coupling (4~0.4-0.5), a wide range of relative
pemﬂttivity ‘(8;'-'100-2400) and low dielectric loss. However, their brittle nature and
inﬂéxibility limit their use in some applications. Ferroelectric polymers such as
poly(vinylidene fluoride), PVDF, and vinylidene trifluoroethylene copolymers, P(VDF-
TrFE), have good mechanical properties and low relative permittivity. Therefore, a
ceramic/polymer composite is considered as an alternative material exhibiting high

electroactive properties and good mechanical properties. [Dias et al., 1994]
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1.1.1 Connectivities

The properties of composites depend not only on the properties of individual phases but
also on the way they are interconnected and the process of fabrication. The concept of
connectivity was first proposed by Newham (1978) to describe the interfacial spatial
relationship in multiphase materials. According to his idea, each phase in a composite
may be self-connected in zero, one, two or three dimensions. In the case of diphasic
composites, there are 10 connectivities, designated as 0-0, 0-1, 0-2,0-3, 1-1, 1-2, 1-3, 2-
2, 2-3 and 3-3 (the first number denotes the connectivity of the filler and the second one
denotes the connectivity of the matrix). Figure 1.1 describes the connectivities using a
cube as the basic building block. As an example, the commonly used composite of

dispersed particles embedded in a matrix should be denoted as a 0-3 composite.

7%

=
A

L N

T 1L

22

< D) mai
’!g g! f']r ﬁ matrix
&2
’%F%Wﬁ L] tiker
2% %%

Figure 1.1 Connectivity patterns in a diphasic composite system. [Newnham, 1978]
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Thel connectivity of the phases is a very imporiant parameter because it controls the
mechanical, electrical and thermal fluxes between the phases. This finding prompted
research on composites consisting of embedding rods of a piezoelectric matenal in a
polymer host to form a I-3 network [Savakus et al., 1980] which should exhibit better
properties than the simple powder dispersed composites. Other ceramic-polymer -
configurations have been investigated such as using ceramic fibres and coral ceramic
templates to make a self connected 3-3 composite [Skinner et al., 1978]. Nevertheless,
the 0-3 composite is still the most popular configuration because the composite can be
fabricated into various forms in a relatively 'simplc way and the low cost makes it

possible for mass production.

1.1.2 Mixing Rules for Permittivity

The dielectric properties of composites have been modelled through the so-called
mixing rules. As shown in Figure 1.2, in the simplest case, the permittivity can be

calculated from a capacitor mode! consisting of two different dielectrics connected in

parrellel series
connectivity connectivity

l.
;52/ 777777,
I
polarization
vector

€1

Figure 1.2 Parallel and series connectivities. [Newnham, 1978]
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parallel (corresponding to the 1-3 connectivity) or in series (corresponding to the 2-2
connectivity). The permuttivity £ of the composite consisting of two phases with

permittivities £, and £, is given by [Newnham et al., 1978]:

E=g-£ +{(1-¢)-£, (in parallel) (1.1)
1. ¢, 174 (in series) (1.2)
E & &

where ¢@is the volume fraction of phase 1. In the case of 0-3 composites, the calculation
becomes much more complicated. However, a number of formulae have been suggested
for the calculation of the permittivity of 0-3 composites. These formulae have been
deﬁvcd on the basis of various assumptions. Table 1.1 shows the most popular mixing
rules which have been used to describe the permittivity of 0-3 systems. The subscript ¢

and m represent the properties of the inclusion and the matrix, respectively.

Table 1.1 Formulae of mixing rules for the permittivity of diphasic 0-3 composites.

Mixing Rule : Formula Reference

Maxwell-W cog, 2int 82005 mC0) W, 1914
axwell-Wagner ' % +e P —c.) (Wagner, )

: 173
Bruggeman (E—mJ =(l-¢)- £i7&n (Bruggeman, 1935)
£ £ —E
Lichtenecker loge=¢-logg, +(1-¢)-loge, (Hippel, 1959)
ngle, - £,)
£=¢ -1+ = (Yamada et al,
Yamada ( ng, +(1-@)(¢ ~ &, )J

1982)
n is the shape parameter of particles
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1.1.3 Fabrication of Ferroelectric 0-3 Composites

Before the preparation of 0-3 composites, the ceramic has to be transformed into
powder form from its usual block shape after the pressing, firing and sintering stages.
The powder fonﬁ can be achieved either by the conventional method where the ceramic
is mechanically ground until the desired dimension is obtained or by heating the
ceramic block and then quenching it in a water bath kept at room temperature,
fracturing the ceramic along the cleavage planes arising from the thermal stresses. It is
clear that the grinding method provides a better control of the size of the ceramic grains
than the quenching process where a wider distribution of grain sizes is obtained. The
pov;fder may need to be further sieved to separate the grains into a narrow size range. A
more recent approach for producing ceramic powder is to use a sol-gel method where a
fine grain size is obtained through the direct calcination of the gel powder [Xu et al.,

1992].

The polymer to be used determines the way in which the méteﬁals will be mixed. If it is
a thermoset polymer e.g. an epoxy, the blending process can be performed in a simple
way where the right proportions of the resin, hardener and ceramic powder are mixed
together by hand at room temperature. In the case of a thermoplastic polymer the -
blending process can be done in two ways. In the first method the polymer is first
heated in a hot rolling machine to a temperature between its softening and melting
teﬁperature, then the ceramic powder is gradually ad;ied until a desired blend is

obtained. In the second method the polymer is dissolved in a suitable solvent and then
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the ceramic powder is added into the solution. This solution s then deposited onto a
plate and the solvent is allowed to evaporate at a suitable temperature. The composite
thus obtained sometimes needs further processing in order to obtain the desired
thickness. This is achieved by hot pressing above the softening temperature of the

polymer or by means of polishing and grinding operations.

1.2  Pyroelectric Applications of Ferroelectric 0-3 Composites

The main aim of this project is to fabricate ferroelectric 0-3 composites with high
pyroelectric activity and high pyroelectric figures of merit. Hence the pyroelectric
propetties of ferroelectric ceramic/polymer 0-3 composites that have been studied will

be reviewed in this section.

1.2.1 Pyroelectric Materials

The pyroelectric effect refers to the phenomenon in which the degree of polarization
changes with the variation of temperature. The magnitude of pyroelectric effect is

characterized by the pyroelectric coefficient p which is defined as:

_dP

_ 9 L.
T (13

r
In practical apphcations, to optimize the efficiency of a pyroelectric sensor, the heat

capacity per unit volume C;"" , relative permittivity £ , dielectric loss tand and

pyroelectric coefficient p must be also considered. Then the pyroelectric figures of merit

F; (for high current responstvity), Fy (for high voltage respounsivity) and Fp (for high
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detectivity) are given as:

F=-L_. F = . Fp= (14
C;o!. v C;o!.gga B C;ﬂl' (880 tan (5‘)“2

In addition, F,= p/£ is also a commonly used figure of merit. To date, several materials
have been developed and used as the pyroelectric sensing elements in infrared detectors.

Their properties are shown in Table 1.2,

Table 1.2 Properties of some pyroelectric matenais. [Moulson et al., 2003}

Material and -p c Fp F; Fv Fp
£ tand i )
Sform pC/m’K ik | #C/mK | 107mv | m¥C | 10°Pa™”
- TGS |
280 38 0.01 2.3 7.4 122 0.36 66
(single crystal);
LiTaO;
' 230 47 0.001 32 4.9 72 0.17 110
(single crystal)
{(SrBa)Nb,0s
550 400 | 0.001 2.3 1.4 239 0.07 70
(single crystal)
Modtﬁed
PbTiO; 350 220 0.01 2.5 1.6 140 0.07 32
(polycrystalline)
P(25Zr75Ti)03
220 350 | 0.008 2.7 0.6 81 0.03 17
(sol-get film)
P(70VDF-
33 74 | 0.017 23 4.5 14 0.22 13.6
30TrFE)film} ,
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Th:e usefulness of a material for pyroelectric sensor applications does not necessarily
depend on. its figures of merit alone. Other properties such as mechanical strength,
ch;enﬁcél stability, matching to amplifiers etc. may be important considerations. For
example, TGS crystals have high pyroelectric activity, but are fragile and water-soluble.
Ferroelectric ceramic/potymer 0-3 composites with good mechanical properties and

high pyroelectric activity may be good candidates to replace conventional materials.

1.2.2 Pyroelectric 0-3 Composites

Various pyroelectric 0-3 composites have been studied. These composites can be
divided into two groups: composites with only the inclusion phase pyroelectrically
active and composites with two phases pyroelecirically active. The commonly used
non-pyroelectric matrices include epoxy [Bhalla et al., 1981], rubber [Amin et al., 1983],
poiy(mc[hyl methacrylate) (PMMA) {Mazur, 1994] and PVDF [Yamada et al., 1982;
Yamazaki et al., 1981]. It was well known that PVDF in a polar phase (thel [ phase) can
possess pyroelectric properties, but it needs to be mechanically stretched prior (0 poling
to give pyroelectric activity. Thus in 0-3 composites. PVDF serves only as a non-

pyroelectric matrix with relatively high permittivity to facilitate poling.

Until now, the only pyroelectrically active matrix used is P(VDF-TrFE) with TrFE
content >20 mol%. Chan’s research group has studied a series of ceramic/P(VDF-TrFE)
0-?; composites [Chan et al., 1998;1999]. It should be noted that the composites must be

poled at an electric field higher than the coetcive field of P(VDF-TrFE) (~50V/um) to
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elicit the pyroelectric activity in the copolymers.

On the other hand, the commonly used ceramic materials include the conventional
pyroelectric materials e.g. PbTiO; [Yamazaki et al., 1981; Dias et al, 1992], PZT
[Mazur, 1994; Dias et al., 1993], and PbTiO; and PZT modified with Ca [Zhang et al.,
1999; Dias et al., 1996] and La [Varaprasad et al., 1987]. Triglycine sulfate (TGS) has
also been used in pyroelectric 0-3 composites and the related work will be described in
the next section. Table 1.3 summarizes the pyroelectric properties of some typical

pyroelectric 0-3 cdmposites.

Table 1.3 Pyroelectric properties of some 0-3 composites.
| 0-3 composite P ple
) ) £ , Reference
(volume fraction of ceramic) | uC/m°K pC/m°K
PZT/Epoxy (0.4) 40 114 0.35 Bhalla et al., 1981
PTCa/PVDF (0.5) 50 56 0.90 Dias et al., 1993
Yamazaki et al.,
PbTiO3/PVDF (0.42) 459 27 1.70
1981
PbTiO/P(VDF-TrFE) (0.39) 534 295 1.81 Chan et al., 1998
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It should be noted that, for ferroelectric ceramic/P(VDF-TrFE) composites, the
pyréelectric coefficient of the ceramic and copolymer phases have like signs while the
piezoelectric coefficients have opposite signs. Therefore, when the two phases are poled
in the same direction, the pyroelectric contributions from the two phases reinforce while
piezoelectric contributions partially cancel each other. The low piezoelectric activity

will lead to a reduction of the vibration-induced electrical noise.

1.2.3 TGS/Polymer 0-3 Composites

Studies on the pyroelectric properties of TGS/PVDF 0-3 composites have been reported.
In the work of Fang et al. {1991], TGS crystals particles of size 45 to 75 pm were mixed
with PVDF which had previously been dissolved in an organic solvent and then the
composite solution was poured onto a glass plate to obtain 50~100 pm thick films.
Poling was performed at 70~80 °C for 2~3h at a field of 0.4~0.6 MV/m. The results
shown in Figure 1.3 indicated that the pyroelectric coefficient and figure of ment
increased with increasing TGS content. Wang et al. [1993] have also studied
TGS/PVDF composites witﬂ various vol% of TGS. The pyroelectric properties
increased with TGS content and at 80 vol% of TGS the pyroelectric coefficient obtained
was, ~90 pClmzK (as shown in Figure 1.4). Petty et al. [1993] have reported the
pyroelectric properties of a TGS/P(VDF-TrFE) composite with 10 wt% TGS powder
(sizc; ~5 um). The material possessed a pyroelectrip coefficient of 60 pC/mZK and a

figure of merit (p/(stan&)”z) of 150 pC/m’K.
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Figure 1.3 Pyroelectric coefficient p {a) and figure of merit p/e (b) as a function of
temperature for TGS/PVDF composites. WevprWrgs: 2/1 (curve 1), 1/2
(curve 2), 1/4 (curve 3), 1/1 (curve 4). W is the weight%. {Fang et al,,

1991]

— e |03
€ ! ’ 5
d'U D.G“ ) ¥ 0@ “g
f ("] v

2 o6 1 ; 04 £
o pal - &

02 | 402

X . . L ! : ; . 0

D 02 0.4 08 08 1 D2 04 . 08 0.8 !
Volume fraction Yolume fraction

Figure 1.4 Pyroelectric coefficient p (a) and figure of merit p/e (b) as a function of

TGS volume fraction for TGS/PVDF composites. [Wang et al., 1993]
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1.3 Ferroelectric Polymers: PVDF and P(VDF-TrFE)

As mentioned in the last section, of all the polymers which have been used as the matrix
of ceramic/polymer 0-3 composites, only P(VDF-TrFE) exhibits pyroelectric activity.
Therefore, in order to obtain high pyroelectric activity in a 0-3 composites, P(VDF-
TrFE) is a good choice as the matrix. The structure and properties of P(VDF-TrFE)

copolymer will be introduced in this section.

1.3.1 Structures of PVDF and P(VDF-TrFE) Copolymers

Poly(vinylidene fluoride) (PVDF), discovered by Kawai [1969] to be piezoelectric, is a
well-known semicrystalline polymer with approximately equal proportions of random
stacks of amorphous and crystalline lamellae [Murayama et al., 1976]. A PVDF
molecule consists of a repeated monomer unit (CH,CF;) which exhibits a dipole
moment due to the positive hydrogen and negative fluorine atoms. The crystal structure
of PVDF is dependent on the molecular conformation and packing mode. Four types of
crystal structures designated as forms o, B, vy and 8 (or forms I, II, III and IV) were
found and are shown in Figure 1.5, where T and G denote the trans planar isomer and
gauéhe non-planar isomer, respectively. Melt-crystallization of PVDF produces the
most stable structure: nonpolar ¢ phase which consists of TGTG’ molecules packed in
an antiparallel mode. a-PVDF can be converted into other phases, for example, the
polar B-PVDF (with all-trans conformation) which can be induced by mechanical

stretching. B-PVDF was found to exhibit ferroelectric behavior.
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Lando et al. [1968] reported in their early work that the introduction of 93 mol% TrFE
in PVDF can induce direct crystallization with a somewhat expanded B cell. Later on,
Yagi et al. [1980] synthesized P(VDF-TrFE) copolymers over the entire range of
compositions. Because of similarity in the size of hydrogen and fluorine atoms, VDF
and TrFE units are randomly distributed along the molecular chain to form a random
copolymer and cocrystallized into a single crystalline phase analogous to 3-PVDE. A
feﬁoelectﬁc to paraelectric phase transition exists in copolymers containing 50-85
mol% VDF. The structural and electrical behaviors of these copolymers are strongly

influenced by the mol% of VDF.

1.3.2 Properties of P(VDF-TrFE) Copolymers

The physical properties of P(VDF-TtFE) copolymers, e.g. permittivity, polarization
reversal, piezoelectric and pyroelectric properties, have been extensively studied in the
past 25 years. The relative permittivity of copolymers with 13-82 mol% VDF has been

reported by Higashihata et al. [1981]. As shown in Figure 1.6, the copolymers exhibit a
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peak in a temperature range between 60 and 150 °C, which is considered to be the
manifestation of a ferroelectric phase transition (Curie point). The peak shifts to higher

temperature with increasing VDF content.
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Figure 1.6 Relative permittivity for P(VDF-TrFE) copolymers in the composition
ranges of (a) 0-55 mol% VDF and (b) 55-100 mol% VDF as a function

of temperature. {Higashihata et al., 1981}

The polarization reversal in ferroelectric P(VDF-TrFE) copolymers can be
demonstrated by the appearance of hysteresis loops. Figure 1.7 shows the hysteresis
loops of the copolymer with 65 mol% VDF under different amplitudes of electric ficld
andj a well-defined loop appears when the amplitude exceeds 55 MV/m. Because of the

semicrystalline nature of the copolymer, the values of coercive field E. and remanent
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polélization P, are particularly sensitive to the crystallinity. Tajitsu et al. [1987] found
that annealing the copolymer sample between the Curie and melting point may induce
dramatic increase in crystallinity. For copolymers containing 60-80 mol% VDF, the
cryétallinity may go up to 80%, resuiting in high values of £, (5§5-60 MV/m) and P, (70-
90 mC/m?). To elicit pyroelectric properties, the copolymer should be poled under a
field several times higher than E., which is sometimes difficult to achieve without an

electrical breakdown due to the relative high E. of P(VDF-TrFE) copolymers.

120
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Figure 1.7 Hysteresis loops for P(VDF-TrFE) copolymer with 65 mol% VDF at 20

°C and 10 Hz. [Furukawa, 1989]

The pyroelectric properties of a polarized P(VDF-TtFE) film is shown in Table 1.2, and
it can be seen that the pyroelectric coefficient of P(VDF-TrFE) is somewhat smaller
than that of some other pyroelectric materials used in the pyroelectric infrared detectors.
HoWever, P(VDF-TrFE) copolymers have additional advantages as pyroelectric devices,
such as easy formation of large area thin film, low thermal diffusion, flexible

configuration and low cost.
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1.4  Motivation and Objectives of Research

Various ceramic/polymer 0-3 composites have been prepared with the purpose of
maximizing the piezoelectric and pyroelectric properties. In this project, the main aim is
to produce 0-3 composites with high pyroelectric activity and high pyroelectric figures
of merit. Based on the above discussion, the composite with two phases pyroelectricly
actilve may be a good choice to obtain high pyroelectric activity, and P(VDF-TrFE)
coplolyrner is hence employed as the matrix phase. On the other hand, two kinds of
materials are selected as the inclusion phase and the related considerations are given

below.

Based on the model proposed by Chew et al. [2003], the pyroelectric coefficient p of a

0-3.composite is given by:

E-€ £ —€
p:[ g ].pl +( 1 )-pm (1.5)
£ —£, £ —E,

where ¢, g and g, are the relative permittivities of the composite, inclusion and matrix,

respectively and p; and p,, are the pyroelectric coefficients of the inclusion and matrix,
respectively. If we use the Maxwell-Wagner mixing rule (as shown in Table 1.1) to
calculate the relative permittivity of the composite ¢, the pyroelectric coefficient can be

rewritten as:

3e £ +2¢,

;”:‘”'[(g,.+2gm)_m¢(.s,.-g,,,)J‘P"*(“‘”'[(g,.+zg,,,)-¢(g,._sm)]"’m (19

It can be seen that the pyroelectric coefficient of the composite is also related with the
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rela‘:tive permittivity of the individual phases. Using this equation, we find the
relationship between the pyroelectric coefficient of the composite p and the relative
permittivity of the inclusion &;. As shown in Figure 1.8 (where the relative permittivity
of the matrix &, the pyroelectric coefficient of the inclusion p; and the matrix pp,, and
thelvolume fraction of the irniclusion ¢ are assumed to be 10, 300 uC/m’*K and 30
uC/m’K, and 0.3, respectively), when the relative permittivity of the inclusion varies
from 15 to 2000, p of the composité decreases dramatically. It can be concluded that

high relative permittivity of the inclusion will inhibit the improvement of pyroelectric

properties in 0-3 composites.

100 - Assumgption:
£ =10, ¢=0.3,
p=300, p_=30.
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Figure 1.8 Dependence of pyroelectric coefficient of 0-3 composites on the relative

permittivity of the inclusion phase.

Based on the above considerations the relative permittivity of the inclusion should be

low in order to obtain good pyroelectric properties, hence trigiycine sulfate (TGS)
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which has 'a high pyroelectric coefficient and a low relative permittivity would be an
ideal material to be used as the inclusion phase. In previous publications, studies on
TGSIPVDF 0-3 composites have been reported (as shown in Section 1.2.3). However,
there is no systemic study on TGS/P(VDF-TrFE) 0-3 composites. In this thesis, the
dielectric, piezoelectric and pyvoelectric properties of TGS/P(VDF-TrFE) 0-3

composites are studied in detail.

Nonferroelectric fillers, such as tartaric acid [Krug, 1985], have also been used in 0-3
composites. In thi-s work, we attempt to use a nonferroelectric filler montmorillonite
(MMT) which is a kind of layered silicate. MMT has been widely used in layered
silicate/polymer nanocomposites to improve the mechanical and chemical properties of
common polymers or the conductivities of conductive polymers. However, MMT has
not been incorporated in a ferroelectric polymer in order to improve the poling
efficiency or to enhance the polarization. In this work, MMT powder is embedded in
P(VDF-TrFE) matrix to form MMT/P(VDF-TrFE) ¢-3 composites. The dielectric,

piezoelectric and pyroelectric properties of MMT/P(VDF-TrFE) are investigated.
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1.5 Outline of Thesis

Following this introduction, there are five Chapters entitied:
¢ Preparation of TGS/P(VDF-TrFE) 0-3 Composites;
¢ Structures and Phase Transitions of TGS/P(VDF-TrFE) 0-3 Composites;
¢ Dielectric, Piezoelectric and Pyroelectric Properties of TGS/P(VDEF-TrFE)
0-3 Composites;
¢ Studies of MMT/P(VDF-TrFE) 0-3 Nanocomposites;

¢ Conclusions and Suggestions for Future Work.

In Chapter 2, the structural and ferroelectric properties of TGS  crystals are first
introduced. The fabrication process of TGS/P(VDF-TrFE) '(70"30 mol%) 0-3
composites with various weight percents of TGS is then described. The densities of
TGS powder and the P(VDFE-TrFE) film are measured in order to determine the volume

percent of TGS in the composites.

In Chapter 3, field emission scanning electron microscopy (FE-SEM) is employed to
study the cross-sectional microstructures of the 0-3 composites in order to ensure that
the TGS particles have been well dispersed in the copolymer matrix. X-ray diffraction
{XRD) technique is used to confirm the compositions and crystalline phases of the
composites. The phase transition behavior in the composites is studied by differential
scanning calorimetry (DSC) and some thermodynamic parameters are obtained from the

DSC thermograms.
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The dielectric, piezoelectric and pyroelectric properties of TGS/P(VDF-TrFE) 0-3
composites are measured and discussed in Chapter 4. The experimental techniques and
proc;,edurcs are briefly explained. Results of the relative permittivity and pyroelectric
coefficient are compared with the Bruggeman model and the effective-medium (EM)
model, respectively. The pyroelectric figures of merit (FOM) of the composites are also

calculated and presented in Chapter 4.

~ In Chapter 5, MMT/P(VDF-TrFE) 0-3 nanocomposites with various weight percents of
MMT embedded in a P(VDE-TrFE) 80/20 mol% matrix are fabricated using a polymer
intercalation method. The composites are characterized by XRD and DSC. The
dielectric permittivity, polarization hysteresis, piezoelectric coefficient and pyroelectric

coefficient are also measured.

Conclusions and suggestions for future work are given in Chapter 6.

YANG YAN 20



% Chapter 2 Preparation of TGS/PIVDF-TrFE) 0-3 Composites

% THE HONG KONG POLYTECHNIC UNIYERSITY

Chapter 2

Preparation of TGS/P(VDF-TrFE) 0-3 Composites

In this Chapter, the structural and ferroelectric properties of triglycine sulfate (TGS)
crystals were introduced. Fabrication of TGS/P(VDF-TrFE) (70/30 mol%) O0-3
composites with various weight percents of TGS were described. The densities of TGS
powder and the P(VDF-TrFE) film were measured and the volume percent of TGS in

the composite was then determined.

2.1 Introduction to TGS Crystals

Thé ferroelectric activity of triglycine sulfate, (NH,CH,COOH);-H,SO4 (abbreviated as
TGS) was discovered by Matthias et al. in 1956 [Matthias et al, 1956]. It has
in@ediately attracted the attention of many researchers because it exhibits ferroelectric
properties at room temperature, and it can be easily grown into large sample from a
water solution. In addition, TGS is one of the best pyroelectric materials for infrared

detectors.

The Curie temperature of TGS lies at 49°C and the transition is of second order. The
phaSe above the transition has monoclinic symmetry and belongs to the
centrosymmetrical class 2/m. Below the transition temperature, the mirror plane

disappears and the crystal belongs to the polar point group 2 of the monoclinic system.
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In the ferroelectric phase, the spontanecous polarization is found along the direction of
the b-axis of the monoclinic cell. Details of the crystal structure have been clarified by
X-ray diffraction [Hoshino et al., 1959], as shown in Figure 2.1. There are two different
kinds of glycine group NH,CH;COOH in the crystal structure of the TGS molecule.
The glycine group 1 is a ‘nonplanar type’ with the two carbon atoms and the two oxygen
atoms all lying roughly in one plane, while the nitrogen atom is apparently displaced
outiof the plane. Both glycine groups II and III are ‘quasi-planar type’, i.e.,- all the
carbon, oxygen and the nitrogen atoms of one group lie in the same plane. The glycine
groups I and IIT are mirror images of each other and are almost perpendicu'lar to the b-
axis. The oxygen atoms in group I and group III are connected by a hydrogen bond
with a distance of 2.5A. This hydrogen bond connecting glycine groups II and III plays

an important role in the ferroelectric phase transition.

Figure 2.1 Structure of TGS: L II and HI are glycine groups and m’ is a mirror

symmetry plane. {Hoshino et al., 1959]
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The crystallographic structure of TGS is more complex than some other ferroelectric
crystals, however, its physical properties, especially ferroelectricity, are very prominent
and rather simple to understand. The temperature dependence of the relative
permittivity along the polar axis is shown in Figure 2.2 and there is a peak in the

vicinity of the transition temperature T.
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Figure 2.2 Relative permittivity of TGS as a function of temperature. [Hoshino et al.,

1959]

The temperature dependence of the spontaneous polarization P; is described in Figure
2.3 [Chynoweth, 1960], and it is a typical second order transition. The value of P, at
room temperature is about 2.3~2.8 uC/cm®. Below 0°C, the spontaneous polarization
increases slowly with decreased temperature and reaches a value of approximately 4.3
uC/ecm? at -140°C. The coercive field E, of TGS had been measured by a number of

researchers, and it is strongly dependent on the amplitude and frequency of the applied
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field. The temperature dependence of E. measured with a 50 Hz, 1500 Vicm field is
dep;icted in Figure 2.4 [Domanski, 1958]. The value of E, is about 430 V/cm at room
temfperature. Below -10°C, E. increases sharply because the relaxation time of the
reversal process increases rapidly with decreasing temperature.

3.5

3.0

Py, 'microct)uiombs/c‘ma
N
o

O . 9 ! 13 I 3
o 20 a0 60
Temperolure | °C

Figure 2.3 Spontancous polarization of TGS as a function of temperature.

[Chynoweth, 1960]

TGS crystal is widely used as a pyroelectric material in infrared detectors. It has a large
pyréoelectn’c coefficient of 200~350 uC/m°K at room temperature, and it has the largest
sensitivity D" among the known pyroelectric materials. TGS has high figures of merit
buf is a rather fragile, water-soluble single-crystal material. It can be modified to
witihstand temperatures in excess of its Curie point without depoling, but it cannot be
heated in a vacuum to the temperature necessary for outgassing without decomposition.

It is difficult to handle and cannot be used in devices where it would be subjected to
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Figure 2.4 Coercive field of TGS as a function of temperature. [Damanski, 1958]

either a high vacuum or high humidity. In contrast, P(VDE-TrFE) has lower figures of
merit but can be easily fabricated into large area thin film and is mechanically robust. It
has relatively higher resistance to heat, vacuum and moisture than TGS. It also has
lower heat conductivity and lower permittivity so that both thermal and electrical
couplings between neighboring elements on the same piece of material are minimized.
Based on the complementary characteristics of TGS and P(VDF-TrFE), we fabricated

TGS/P(VDF-TrFE) 0-3 composites in order to combine their advantages and also

minimize the disadvantages.
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2.2 Fabrication of TGS/P(VDF-TrFE) 0-3 Composites
2.2.1 Materials Used

The P(VDF-TrFE) 70/30 mol% copolymer used as the matrix was supplied by
Piezotech, France. The TGS single crysial and powder were supplied by the Institute of

CrXstal Materials, Shandong University, China.

To minimize the particle size of the TGS powder obtained from crashed TGS single
crystals, we firstly ground them by hand. After that, the powder was dispersed in
ethanol and ball-milled at 250 rpm for 10h in a ball miller (Nanjing University
[nstrument QM—BP).‘ After evaporation of ethanol, the TGS powder was ready for the

fabrication of 0-3 composites.

The mean particle size of the powder was measured by a centrifugal automatic particle
size distribution analyzer (Horiba CPCA-700) using a noncontact measuring method
bas;ed on liquid-phase sedimentation (measuring the change in particle concentrations
on the basis of light transmission). Figure 2.5 shows the TGS particle size distribution
and the medium value is about 5.7 pm. At the same time, the TGS particles were also
measured by a scanning electron microscope (JEOL JSM-6335F FE-SEM), as shown in

Figure 2.6.
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Figure 2.5 TGS powder particle size distribution,
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Figure 2.6 SEM micrograph of TGS powder.
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2.2.2 Fabrication Process

Powder of P(VDF-TrFE) 70/30 mol% copolymer was dissolved in dimethylformamide
b(DMF) and then a predetermined amount of TGS powder was dispersed into the
solution. After 20 minutes of ultrasonic agitation, the solution was then stirred
magneticatly at 60 °C until a gel-form composite was obtained. In order to remove the

solvent completely, the thick composite film was dried at 80°C in a vacuum oven for 12

h.

A hot compression moulding method was employed to fabricate 0-3 composite films.
The thick composite film was cut into small pieces and placed on a circular steel mould
(Constant Thickness Film Maker, SPECAC P/N 15620). Between the sample and the
steel mould, two pieces of polyimide films were used to prevent the composite film
from sticking onto the mould after a hot pressing process and also to produce a
smoother surface. The mould was then placed on a hot-press machine (CARVER 2699-
127) with a temperature of 160°C. After 10 minutes of preheating, about 15 MPa
pressure was applied on the mould for 15 minutes. Higher temperature or pressure
should not be used to prevent the TGS from decomposing. The mould was then
removed and cooled to room temperature in air. In order to enhance the crystailinity, the
composite films were annealed at 130°C for 2 h. The TGS/P(VDF-TrFE) 0-3
composites with 4, 10, 20, 25, 30,.40wt% of TGS were finally obtained. The final
thickness of the composite film was about 70 um. Cr-Au electrodes were deposited on

both sides of the film for subsequent property measurements.
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2.2.3 Sample Density

A flotation method was used to determine the density of the TGS single crystal and the
puré copolymer film. In this method, a small piece of sample was immersed in a
mixture of two different liquids, which were dibromomethane (DBM) with a higher
density of 2488 kg/m3 and ethanol with a lower density of 788 kg/m® at room
temﬁperature. We can vary the proportion of DBM and ethanol until the sample is
neutrally buoyant in the mixture. The density of this mixture was measured by using a

density bottle (E-MIL BREQ02). The density of TGS single crystal and P(VDF-TrFE)

70/30 mol% copolymer film is found to be p,;; =1690 kg/m® and L eopotymer 21902 kg/m’,

respectively. Using these values, the volume percent @ of TGS in the 0-3 composites

can be calculated and the results are tabulated in Table 2.1.

Table 2.1 Volume percentages of TGS in TGS/P(VDF-TrFE) 0-3 composites.

wt % 4 10 20 25 30 40

vol % 45 11.1 22.0 213 32.6 42.9
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Chapter 3

Structures and Phase Transitions of TGS/P(VDF-

TrFE) 0-3 Composites

In this Chapter, the structural properties of TGS/P(VDF-TtFE) 0-3 composites were
investigated by scanning electron microscopy (SEM), X-ray diffraction (XRD) and
differential scanning calorimetry (DSC). A field emission SEM was employed to study
the cross-sectional microstructures of the 0-3 composites in order to make sure that the
TGS particles were well dispersed in the copolymer matrix. XRD was used to confirm
the compositions and crystalline phases of the composites. The transition behavior of
the composites was studied by DSC and some thermodynamic parameters were

obtained from the DSC thermograms.

3.1 Microstructures

The fractured surfaces of the composites were examined by a field emission scanning
electron microscope (JEOL JSM-6335F FE-SEM) in order to observe how the TGS
particles disperse in the copolymer matrix. To obtain a fractured surface, the film was
dipf)ed into liquid nitrogen for 1 minute, then it was taken out and fractured in air. The
fractured surface was coated with gold before imaging in order to improve the quality of
images. The cross-sectional micrographs of the composites with various volume

percentages of TGS are shown in Figure 3.1: (a) 4.5 vol%, (b) 11.1 vol%, (c) 22.0 vol%,
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(d) 27.3 vol%, (e) 32.6 vol% and (f) 42.9 vol%. It is seen that the TGS particles are

dispersed rather umiformly in the copolymer matrix.

30KV X16.000  Tum

(b)
Figure 3.1 SEM micrographs of the fracture surface for TGS/P(VDF-TtFE) 0-3
composites with (a) 4.5 vol%, (b) 11.1 vol%, (c) 22.0 vol%, (d) 27.3

vol%, (e) 32.6 vol% and (f) 42.9 vol% of TGS.
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Figure 3.1 Continued
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Figure 3.1 Continued
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3'2. XRD Characterization

X-ray diffractometry (XRD) is a versatile method to reveal detailed information about
the physical structure of various materials. As it can be applied to all kinds of materials
and is non-destructive, XRD becomes an indispensable method for materials
characterization and quality control. In our experiment, an X-ray diffractometer (D8
Advanced Bruker Analytical XRD) equipped with Ni-filtered Cu-K, radiation
(A=1.541A) was used and operated in the 0-20 scanning mode. The scanning speed was

0.04°s.

The XRD patterns of the 0-3 composites are shown in Figure 3.2 and for comparison,
the patterns of P(VDE-TrFE) copolymer and TGS powder are also presented. For the
pure copolymer (Figure 3.2 (a)), the peak at 20~19° corresponds to the composite peak
of the (200,110) reflections of the p phase (polar phase) composed of all trans chains
[Lovinger et al., 1982]. In the XRD patterns of TGS powder (Figure 3.2 (h)), random
orientation diffraction peaks associated with the TGS reflections are observed. In the
composites, the copolymer reflections and the TGS reflections are both observed. With
the increase in the amount of TGS in the composites, the diffraction peak intensities
corresponding to the TGS reflections are gradually enhanced, which confirms that TGS
pow'dcr has been embedded into. the copolymer matrix effectively without

decomposition.
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Figure 3.2 XRD pattemns for (a)} P(VDF-TtFE), TGS/P(VDF-TrFE) 0-3 composites

with (b) 4.5 vol%, (¢) 11.1 vol%, (d) 22.0 vol%, (e) 27.3 vol%, (f) 32.6

vol% and (g) 42.9 vol% of TGS, and (h) TGS powder.
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3.3, DSC Thermal Analysis
3.3.1 Experimental Techniques

Dif:ferential scanning calorimetry (DSC) is a technique widely used to study the
tranisitions in the sample material such as melting, glass transitions, solid-state
transitions or crystallization. To study the endothermic and exothermic reactions, DSC
15 u:sual]y programmed to scan a temperature range at a linear rate. The energy absorbed
or évo!ved by the sample is compensated by a heater, which is located in the sample
holder, to keep the sample holder temperature identical to that of the reference holder.
Thf; continuous adjustment of the heater power (energy per unit time) provides a

varying electrical signal (in milliwatts) equivalent to the varying thermal behavior of the

sample. The heat capacity under constant pressure per unit mass C,*’ and the transition

enthalpy AH can be determined by:

Pow.)er:£=J’7’1~C"’rm ar 3.1
dt A /1
_ 1 i) dQ _ T mass
AH-;-JIE-dt—L' Cre . ar (3.2)

whére m is the sample mass, dQ/dt the value of the heater power which is obtained from
the experiment and dT/dt is the heating rate. In our experiment, the instrument DSC 7
{The Perkin-Elmer Co. USA) was used for the thermal analysis. About 10 mg sample
wasi encai;)sulated in an aluminum pan and another empty pan served as a reference. The

heating rate was set at 10°C/min in the temperature range of -20°C to 180°C.
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3.3.2 Results and Discussion

Figure 3.3 shows the DSC thermogram of P(VDF-TrFE) 70/30 mol% copolymer.
During the heating process, there is a broad endothermic peak near 101°C which
cortesponds to the ferroelectric to paraelectric (F-P) phase transition T. and a sharp
endothermic peak at 150.5°C associated with the melting temperature 7,,. During the
cooling process, the crystallization temperature lies at 135.5°C and the Curie
temperature exhibits a strong thermal hysteresis which appears at around 60°C. The
phase transition of the copolymer (70/30 mol%) is a first-order transition {Tashiro et al.,
1984] in which thermal hysteresis is usually observed [Lines et al., 1977). Figure 3.4
shows the DSC thermogram of the TGS powder. During the heating and cooling process,

the Curie transition of TGS appears at 49°C.
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Figure 3.3 DSC thermograms of P(VDF-TrFE) during (a) heating and (b) cooling.
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Figure 3.4 DSC thermograms of TGS powder during (a) heating and (b) cooling.

Figure 3.5 presents the DSC thermograms of the 0-3 composites during the heating
process and for comparison, the DSC curves of the pure copolymer and TGS powder
are also plotted. The phase transition heat 4H of TGS is much smaller than that of
P(VDF-TrFE). However, we can still observe the endothermic peak'at around 49°C
associated with the Curie temperature of TGS in the composites and the intensity
increases with increasing volume percent of TGS ¢. The composites also exhibit the
endothermic peak in the vicinity of the Curnie temperature of the copolymer and the
intensity decreases gradually with increasing ¢ . The DSC thermograms during the
cooling proccss. are also plotted in Figure 3.6. The exothermic peak of TGS in the
composites cannot be clearly identified because it overlaps with the phase transition of

the P(VDF-TrFE) matrix.
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DSC thermograms for (a) P(VDF-TrFE), TGSIP(VDF—TrFE) 0-3
composites with (b) 4.5 vol%, (c) 11.1 vol%, (d) 22.0 vol%, (e) 27.3

vol%, (f) 32.6 vol% and (g) 42.9 vol% of TGS, and (h) TGS powder

during the heating process.
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Figure 3.6
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DSC thermograms for (a) P(VDF-TrFE), TGS/P(VDF-TrFE) 0-3
composites with (b) 4.5 vol%, (c) 11.1 vol%, (d) 22.0 vol%, (e) 27.3
vol%, (f) 32.6 vol% and (g) 42.9 vol% of TGS, and (h) TGS powder

during the cooling process.
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Table 3.1 summarizes the heat capacities C™* and C* and the phase transition heat
P ¥ » P

A4H of P(VDF-TrFE) copolymer, TGS and the 0-3 composites determined during the

heating process. The heat capacity per unit mass C,;*" is calculated by using Equation

3.1 and the heat capacity per unit volume C;"" is calculated by using:

vol. mass )
Cp = pcampa:n‘re ) Cp (33)
p composite = ¢ P TGS + (l - ¢) P copolymer (34)

where p,c; (=1690 kg/m*) and P copotymer (1902 kg/m’) have been measured in Chapter

2. 'fhe phase transition heat AH is calculated by using Equation 3.2. The heat capacities

of TGS and P(VDE-TrFE) are similar to each other, so C ;"" varies very little with ¢.

The phase transition heat of TGS AH7gs increases and the phase transition heat of the

copolymer AH qpo1ymer decreases with increasing ¢ .
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Table 3.1 Specific heat C, and phase transition heat 4H for P(VDF-TrFE), TGS

and TGS/P(VDF-TrFE) 0-3 composites during the heating process.

TGS Volume | Deposie | €, (H/gK) C;d‘ AHrgs | AH copotymer

Percent, ¢ (ke/m’) (MJ/m*K) (J/g) (J/g)
25°C | 40°C | 25°C | 40°C

P(VDF-TrFE) 1902 1.10 1.16 2.09 2.21 -~ 15.137
4.5 vol% 1892 1.10 1.17 2.08 2.21 0.057 14.903
11.1 vol% 1878 1.12 1.19 2.10 2.23 0.162 13.087
;22.0 vol% 1855 1.13 1.21 2.10 2.24 0.306 11.839
27.3 vol% 1844 1.15 1.22 2.12 2.25 0.429 10.265

- 32.6 vol% 1833 1.16 1.24 213 2.27 0.561 9.622
342.9 vol% 1811 1.18 1.27 2.14 2.29 0.808 - 8.362

TGS 1690 1.29 | 1.38 2.18 2.33 1.809 -
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3.4 Summary

Thej cross-sectional microstructures of the TGS/P(VDF-TrFE) 0-3 composites were
observed by a FE-SEM and a good dispersion of TGS particles in the copolymer matrix
wasj confirmed. The crystalline structures of the two phases in the 0-3 composites were
studied by XRD. The X-ray reflections of TGS and copolymer both appeared in the
composites. With ran increase in the volume percent of TGS ¢, the intensity of the
copolymer reflection at 20~19° was suppressed gradually and at the same time the
reﬂéctions of TGS became more and more obvious. The DSC technique was employed
to investigate the phase transitions in the 0-3 composites, and the specific heat C, and
the ‘phase transition heat AH were also calculated from the thermograms. Both the Curie
terﬁperature of TGS at 49 °C and that of P(VDF-TrFE) at about 101 °C (during heating}
and 60 °C (during cooling) appeared in the DSC thermogram of the composites and the
changes of 4H and the intensity of the endothermic/exothermic peaks followed the
chaﬁge in ¢ . From the investigations described above, we can draw the conclusion that
TGS/P(VDF-TrFE) 0-3 corﬁposites have been successfully fabricated and the structural
proberties of the composites show systematic variations with different volume percents

of TGS.
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Chapter 4
Dielectric, Piezoélectric and Pyroelectric

Properties of TGS/P(VDF-TrFE) 0-3 Composites

The hysteresis behavior and the dielectric, piezoelectric and pyroelectric properties of
TGS/P(VDF-TrFE) 0-3 composites were studied and discussed in this Chapter. The
hysteresis loops of the composites were obtained and a poling process was then selected
based on these results. The relative permittivity and dielectric loss of the composites
were measured as a function of temperature and frequency. The piezoelectric and
pyroelectric coefficients were also measured. The pyroelectric coefficient of the
composites was modeled using an effective-medium model. Finally, the pyroelectnc

figures of merit of the poled 0-3 composites were calculated.

4.1 Hysteresis Measurement
4.1.1 Experimental Techniques

The behavior of polarization reversal can be described by a hysteresis loop. In this
project, the hysteresis loops were obtained by a modified Sawyer-Tower circuit (Sawyer

and Tower, 1930) as shown in Figure 4.1. A sinusoidal electric voltage at a frequency of
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Sample R,

_ +2 1-Q ' fﬁm
| 4

Figure 4.1 Schematic diagram of a modified Sawyer-Tower circuit. {Lines et al.,

1977]

10 Hz was applied to the sample and the voltage V across the sample was connected to
the horizontal plate of an oscitloscope. A reference capacitor C, was connected in series
with the sample and the voltage across the reference capacitor V, was connected to the

vertical plate of the oscilloscope. Thus, the electric polarization P of the sample is given

by:

p=p=2_5V (4.1)
A A

where D is the electric displacement and A is the arca of the electrode. To ensure the full
a'pplication of V across the sample, a reference capacitor with a capacitance of 1 uF,
which is much larger than the capacitance of the sample, has been used in the

measurement.

YANG YAN 45



Q,b Chapter 4 Dielectric, Piezoelectric and Pyroelectric Properties of
qz TOS/PVDE-TrFE) -3 Composites

THE HONG KONG POLYTECHNIC UNIVERSITY

4.1.2 Results and Discussion

Figure 4.2 shows the hysteresis loop of a TGS single crystal measured under an a.c.
electric field of 0.1 V/um at room temperature. It is found that the remanent polarization
P, and the coercive field E, are equal to 3.33 uC/em?® and 0.029 V/um, respectively.
Figure 4.3 shows the hysteresis loop of P(VDF-TrFE) copolymer measured under an a.c.
electric field of 100 V/um at room temperature. The remanent polarization P, and the
coefcive field E, are found to be 6.50 pC/em?® and 56.5 V/pm, respectively. The
hysteresis loops of 0-3 composites with various volume fractions of TGS measured at
room temperature are presented in Figure 4.4. Values of the P, and E; in composites
with different volume percent of TGS ¢ are tabulated in Table 4.1. The remanent
polarization decreases with an increase in ¢ and the coercive field also shows a slight

decrease with increasing ¢.
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Figure 4.2

Figure 4.3
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Hysteresis loop of TGS single crystal measured at room temperature.
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Hysteresis loop of P(VDF-TrFE) measured at room temperature.
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Figure 4.4
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Hysteresis loops for (a) P(VDF-TrFE) and TGS/P(\_JDF—TrFE) 0-3
composites with (b) 4.5 vol%, (¢) 11.1 vol%, (d) 22.0 vol%, (e) 27.3
vol%, (f) 32.6 vol% and (g) 42.9 vol% of TGS measured at room

temperature.
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Table 4.1 Remanent polarization and coercive field for P(VDF-TrFE), TGS single

crystal and TGS/P(VDFE-TrFE) 0-3 composites at room temperature.

Materials Fr 5 e
(uC/lem”) (Vium)
P(VDF-TrFE) 6.50 56.5
4.5 vol% 5.96 554
11.1 vol% 5.85 54.9
22.0 vol% 5.51 543
27.3 vol% 525 51.6
32.6 vol% 4.78 459
42.9 vol% 4.46 | 38.6
TGS ‘ 3.33 0.029

4.2 Poling Process

Ferroelectric ceramic/polymer composites do not exhibit piezoelectric or pyroelectric
activity in the original state due to their randomly oriented domains and dipoles. To
induce piezoelectric and pyroelectric activity, a strong electric field is applied to the

material to align the randomly oriented dipoles along the applied field. This process is
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known as poling. After poling, a remanent polarization exists in the material, and so the

material is piezoelectricly and pyroelectricly active.

4.2.1 Experimental Setup and Procedure for the Poling Process

In this project, a thermal poling method (a poling process conducted at an elevated
temperature) was used and the experimental setup is shown in Figure 4.5. The sample
was immersed in a silicone oil bath which served as a good insulating medium and also
as a uniform heat bath. A temperature controller was used to control the current in the
heater. A d.c. voltage was magnified 3000 times by an amplifier before being applied to
the jsample. A 1 MQ resistor was connected in series with the sample to monitor the
leakage current and another 100 MQ resistor was also connected in series to ensure that

the large current would not damage the amplifier in case of an electric breakdown.

i DC Volttage
Temperature 100 MO
Contraller 1M

Figure 4.5 Schematic diagram of the experimental setup for d.c. poling.
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The poling process for TGS/P(VDF-TrFE) 0-3 composites can be divided into two steps.
Firstly, the sample was poled at 70 °C with a field of 60 V/um for 30 min. At this
temperature, only the copolymer phase was poled since TGS was in the paraclectric
phase (the Curie temperature of TGS is 49 °C). Secondly, the field was decreased to 10
V/um and the sample was cooled from 70 °C to ambient temperature in a period of
about 1h with the electric field applied. During the cooling process, TGS underwent a
transition from the paraelectric phase to the ferroelectric phase with the field applied.
The field of 10 V/um was high enough to pole the TGS phase (see later discussion).
Samples with only the TGS phase poled were prepared using the second step. It is
difficult to produce samples with only the copolymer phase poled as even if the field
was switched off at 70 °C and the sample cooled through the Curie point of TGS, the

TGS becomes partially poled due to space charges trapped in the copolymer matrix.

4.2.2 Poling Consideration

The major consideration in the poling of composites is the magnitude of the electric
field experienced by the inclusion and the matrix phase. In this project, a two-layer

capacitor (in series) model based on the Maxwell-Wagner interfacial polarization

Figure 4.6 A two-layer capacitor model for 0-3 composites.
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approach [Hippel, 1959] was used to estimate the poling efficiency. As shown in Figure
4.6, the inc‘:lusion phase (i) and the matrix (m) phase in the 0-3 composiles can be
approximated as two layers with individual permittivity £ and conductivity o. The
relationship between the total electric field £ and the respective field E;, E,, can be
described as:
t-E=¢t-E +t, -E, = E=¢-E, +(l-¢)-E_, 4.2)
where ¢ is the volume fraction of the inclusion and ¢ is the thickness. If we assume that
there is no interfacial charge, the relationship between the electric displacement of the
inclusion and of the matrix is given by:
D =D = ¢ -E=¢,-E (4.3)
From Equations 4.2 and 4.3, the electric field applied on each phase can be calculated,

respectively, as:

Em E (4.4)

Ei:

(1-¢)-€ +¢-¢€,
E, - i E 4.5)
(l_¢)'5¢' -.i—¢.£m

For poling the TGS/P(VDF-TrFE) 0-3 composites at 70 °C, ¢, is about 19, &, is about

170 (see Section 4.3.2) and E is 60 V/um. If we take the composite with 4.5 and 42.9
vol% TGS as examples, the electric fields E, experienced by the copolymer phase
(calculated from Equation 4.5) are about 62.5 and 97 V/um, respectively. The coercive
field of P(VDF-TIFE) at room temperature is about 60 V/um. However, with the
increase of poling temperature the coercive field will decrease [Dias et al., 1997],
presumably due to the higher mobility of ferroelectric domains at high temperature.

Therefore at 70 °C, an electric field of 60 V/um is sufficient to pole the copolymer
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phase to a highly polarized state {Chan et al., 1999]. It should be noted that the values of
the electric field calculated from Equation 4.5 should be regarded as approximate,
because an idealized model has been used. In the poling process on the TGS phase in
the second step, the electric field applied on the composites is only 10 V/um. We also
take the composite with 4.5 and 42.9 vol% TGS as examples (where g =23.3,
£,=11.70 at room temperature), the electric fields E; experienced by the TGS phase
{calcutated from Equation 4.4) are about 5.1 and 6.4 V/um, respectively, which are
already much higher than the coercive field of TGS at room temperature (£.=0.03
V/pum). In addition,rthe composites are cooled through the Curie temperature of TGS
where quite small field should be sufficient to cause t-he TGS phase to be polarized. For
the preparation of samples with only the TGS phase poled, only the poling process in

the second step needs to be applied.

4.3 Dielectric Properties of TGS/P(VDF-TrFE) 0-3 Composites
4.3.1 Introduction

For most applications of ferroelectric materials the relative permittivity and dielectric
loss are important practical parameters, and studies of the dielectric properties provide

information on the structure and phase transition of ferroelectric materials {Xu, 1991].

The permittivity £ describes the ability of a material to resist the formation of an electric
field within it. When an electric field is applied, the total current flowing in the material

is in general made of two parts: conduction current and displacement current. The
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permituvity ¢ is defined as the ratio of the electnic displacement in the medium and the
electric field strength (D/E). In the common case of an isotropic medium, D and E are

parallel and ¢ is a scalar, but in more general anisotropic media ¢ is a second-rank tensor.

In engineering applications, permittivity is often expressed in relative term, a
dimensionless relative permittivity or dielectric constant &, normalized to the absolute
vacuum permittivity &= 8.854*10™"> F/m. For a parallel plate capacitor containing a

dielectric medium, the relative permittivity & is given by:

C-d
E, =
A-g,

(4.6)

where C is the capacitance of the sample, d the thickness of the sample and A is the area
of the electrode. For a perfect dielectric, when an electric field is applied, only the
displacement current appears. However the dielectric loss (related to the conduction
current) always exists in realistic materials, and & should be written in a complex form:

£.(w) =€, (W) +ie, (w) 4.7)
where £, (@) is the real part of the relative permittivity and &, (@) is the imaginary part
which rept.'csents dielectric loss. Instead of £, the loss factor tand is frequently used by
engineers to express dielectric loss and its definition is:

tand=¢, /¢, (4.8)
The dielectric loss can also be described by the electric conductivity o which is given by:
o(w) = we, £, (w) 4.9)
Therefore, using £, together with one of the three parameters: £,, tand or g, we can

completely describe the behavior of a dielectric material in an electric field.
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4.3.2 Experimental Techniques

In this study, the relative permittivity and dielectric loss of TGS/P(VDF-TrFE) 0-3
composites as a function of temperature from -20 °C to 120 °C at 10 kHz were
determined using an impedance analyzer (HP4194A) equipped with a temperature

chamber (ESPEC SU-240). The experimental setup is shown in Figure 4.7.

Impedance Analyzer

Iy

Multimeter

N |
...

Temperature Chamber

Figure 4.7 Schematic diagram of the experimental setup for dielectric permittivity
measurement.

The dielectric properties of materials may change after poling. Therefore, the relative

permittivity and dielectric loss of TGS/P(VDi:—TrFE) 0-3 composites before and after

the poling process (described in Section 4.2.1) were studied as a function of frequency

from 1 kHz to 10 MHz at room temperature using an impedance analyzer (HP4294A).
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4.3.3 Results and Discussion
43341 Dielectric Properties as a Function of Temperature

Figure 4.8 shows the temperature dependence of the relative permittivity €, and
dielectric loss factor tand along the polar axis (b-axis) of the unpoled TGS single crystal
from -20 °C to 120 °C. The relative permittivity shows a peak in the vicinity of 50 °C
which is associated with the ferroelectric-paraelectric phase transition of TGS (at 49 °C).
The £, of TGS does not vary with frequency above the transition, but shows a slight
frequency dependence below the Curie temperature. The dielectric loss factor of TGS
also shows a peak near the Curie point and displays a relaxation process in the vicinity

of 0 °C.

The relative permittivity £, and dielectric loss tand of P(VDF-TrFE) copolymer as a
function of temperature from -20 °C to 120 °C were measured upon heating and cooling
as shown in Figure 4.9. In the £, curves, a thermal hysteresis is observed: the
ferroelectric-paraelectric phase transition of P(VDF-TrFE) appears at about 105 °C and
70 °C upon heating and cooling, respectively. In the tand curves, a non-crystalline i}
relaxation is observed around -20 °C at 1 kHz and it shifts to higher temperature with

increasing frequency.
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Relative permittivity (a) and dielectric loss factor (b) as a function of
temperature for TGS single crystal measured at 1 kHz (square), 10 kHz

(circle), 100 kHz (triangle) and 1 MHz (inverted triangle).
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Figure 4.9 Relative permittivity and dielectric loss factor as a function of
temperature for P(VDF-TrFE) copolymer measured at | kHz (square), 10
kHz (circle), 100 kHz (triangle) and 1 MHz (inverted triangle) during (a)
heating and (b) cooling process.
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Figure 4.10 presents the relative permittivity of the 0-3 composites with various volume
percent of TGS ¢ as a function of temperature from -20 °C to 120 °C during the
heating run measured at 10 kHz. As comparison, the curves of pure P(VDF-TTFE)
copolymer are also plotted in Figure 4.10. The phase transitions of TGS and P(VDF-
TrFE) are both observed in the £, curves of the composites. The transition peak of TGS
becomes more and more obvious as the volume percelnt of TGS increases. At the same
time, the peak intensity corresponding to the phase transition of P(VDF-TrFE)
copdlymer decreases with increasing ¢ . It should be noted that the transition
temperatures for TGS and P(VDF-TrFE) determined in the dielectric behavior are close

to the values obtained in the DSC thermograms presented in Chapter 3.

The temperature dependence of the dielectric loss tand of the composites is presented in
Figure 4.11. A prominent f relaxation is observed in the tand data of the pure copolymer
around -10 °C, which may be ascribed to the micro-Brownian motion of noncrystalline
chain segments [Furukawa et al., 1981]. This non-crystalline § relaxation of the
copolymer is also found in the tand data of the composites and the magnitude of the
peak decreases gradually with increasing volume fraction of TGS. In addition, there is a
sharp rise of tand above 90 °C in all samples. It is considered to be due to the Curie

transition of the copolymer.
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Figure 4.10
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Relative permittivity as a function of temperature for TGS/P(VDFE-TrFE)
0-3 composites with (a) 0 vol%, (b} 4.5 vol%, (c) 11.1 vol%, (d) 22.0
vol%, (e) 27.3 vol%, (f) 32.6 vol% and (g) 42.9 vol% of TGS measured

at 10 klHz.
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Figure 4.11  Dielectric loss factor as a function of temperature for TGS/P(VDF-TrFE)
0-3 composites with (a) G vol%, (b) 4.5 vol%, (c} 11.1 vol%, (d) 22.0
vol%, (e) 27.3 vol%, (f) 32.6 vol% and (g) 42.9 vol% of TGS measured

at 10 kHz.
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4332 Dielectric Properties as a Function of Frequency

Figure 4.12 shéws the relative permittivity €, and dielectric loss tand of TGS single
crystal before and after d.c. poling as a function of frequency from 1 kHz to 10 MHz at
room temperature. Before poling, £ and zand decrease significantly with increasing
frequency (Figure 4.12 (a)). The frequency dependence of £, and tand become much
weaker after the poling process and the values are smaller (Figure 4.12 (b)) due to the

dipole alignment.

The frequency dependence of €, and tand of P(VDF-TrFE) copolymer before “and after
d.c. poling are presented in Figure 4.13. As the measuring frequency increases, £, of
the copolymer decreases and fand increases. The loss factor tand exhibits a relaxation
peak at about 2 MHz, which is related to the B relaxation [Furukawa et al., 1984]. After
poling, the frequency dependence of &, and tand are similar to that before poling, but E,

and tand have lower values due to the dipole alignment (Figure 4.13 (b)).
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at room temperature.
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Figure 4.13
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Figure 4.14 shows the relative permittivity £, and dielectric loss tand of the 0-3
composites as a function of frequency at room temperature. It is found that the dielectric
behavior of the 0-3 composites is dominated by the behavior of the copolymer (¢ =0
vol%). In the composites, the TGS phase possesses higher relative pcr.mittivity than the
P(VDFE-TrFE) phase, therefore £, increases with increasing ¢ . In the case of dielectric
loss, the peak related to the £ relaxation of the copolymer is suppreséed as the volume

fraction of TGS tncreases.

Figure 4.15 and Figure 4.16 show the dielectric properties of the 0-3 composites as a
function of frequency with only the TGS phase poled and with both two phases poled,
respectively. The variation of £, and tand in the poled composites with ¢ is -similar to
that for the unpoled samples. The values of £, and tand for the samples with two phases
poled are lower than those for the samples with only TGS poled, which are in tum lower

than those for the unpoled samples. The values of £ and tand at 10 kHz for all the

samples are tabulated in Table 4.2.
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Figure 4.14
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vol% and (g) 42.9 vol% of TGS measured al room temperature.
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Figure 4.15
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Figure 4.16
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vol%, (f) 32.6 vol% and (g) 42.9 vol% of TGS measured at room

temperature.
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Table4.2 = Relative permittivity and dielectric loss factor at 10 kHz for P(VDF-

TrFE), TGS single crystal and TGS/P(VDF-TrFE) 0-3 composites

measured at room temperature.

Unpoled TGS Phase Two Phases
Materials ‘ Poled Poled
£, tand E, tand £, tand
P(VDF-TrFE) 12.1 | 0.051 12.1 § 0.051 8.98 | 0.032
4.5 vol% 1222 1 0.042 | 12.23 | 0.034 | 9.12 | 0.030
1.1 vol% 1263 | 0.039 | 12.41 | 0.032 | 948 | 0.028
22.0 vol% 13.39 | 0.037 | 12.70 | 0.025 | 10.05 | 0.024
27.3 vol% 14.08 | 0.033 | 13.04 j 0.021 | 1043 | 0.021.
32.6 vol% 1447 | 0.031 | 13.22 | 0.018 | 10.75 | 0.018
42.9 vol% 15.27 | 0.031 | 13.51 | 0.016 | 11.44 | 0.015
TGS 2330 | 0.013 | 18.56 | 0.004 | 18.56 | 0.004
4.3.33 Modelling of the Relative Permittivity of 0-3 Composites

Several models have been developed to analyze the dielectric permittivity of a binary
system. The Maxwell-Wagner model [Wagner, 1914] is one of the best known models.

In this model, spheres with permittivity &, are assumed to be sparsely distributed in a
continuous medium with permittivity £, . In such a system, the radius of each sphere is

much smaller than the distance between two spheres, hence each sphere may be
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assumed to be situated in an infinite matrix. The permittivity of the composites £ is

then given by:

.. 26,". tE + 2¢(§,- ~¢n) (4.10)
26", + Ei _¢(81‘ _gm)

The Maxwell-Wagner model is only valid for low concentration of inclusions, because

the interaction between the spheres has been neglected.

Another well-known model is the Bruggeman model which takes the effect of the
immediate neighborhood of each sphere into account by the use of an integration
scheme [Bruggeman, 1935). In this scheme, the initially low concentration is gradually

increased by infinitesimal addition of the dispersed inclusions. The permittivity of the

medium around a sphere slowly changes from &, to £  the final permittivity of the

system. The relative permittivity £of the composites is then given by:

. 113 . f
[f’"f] —(-g) & Em @.11)
E E.—~E

]

The studies of 0-3 compoéites such as PZT/P(VDF-TrFE) [Chan et al., 1997],
PT/P(VDF-TrFE) [Chen et al., 1998] and PCLI/P(VDF-TrFE) {Zhang et al., 1999] have
shown that the Bruggeman model agrees quite well with the experimental results even

for high concentration of inclusions.

In this project, the Bruggeman model was employed to analyze the £, results (as shown
in Table 4.2) of the TGS/P(VDF-TrFE) 0-3 composites. It should be noted that the

observed relative permittivity of TGS single crystal cannot be used as the value for the
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relative permittivity of the inclusion &, because it is measured along the b-axis while

the TGS crystallites in the composites are randomly oriented. Therefore the data for the
copolymer and composites were least squares fitted to the Bruggeman model. Figures
4.17 and 4.18 show the theoretical curves and experimental data for the unpoled
samples {¢;°=20.2), samples with only the TGS phase poled (¢°=15.5) and samples with
both phases poled (&”=15.3), respectively. The measured values of &’ for unpoled and

poled TGS are 23.3 and 18.56 (see Table 4.2), respectively, which are slightly higher

than the &, values obtained from least squares fitting. From Figures 4.17 and 4.18, it

can be seen that the theoretical values predicted by the Bruggeman model agree well

with the experimental results.

21

20 - Least Squares Fit
P Muode!: Bruggeman

19+

3 Chi*2 = 0.02449

18} £ =2023:0.32

5+

14 |-

Relative Permittivity, €'
>
1

13+

12[—

1 a i A 1 M L " i i rl

0 20 40 60 80 100
TGS vol%

Figure 4.17  Relative permittivity as a function of ¢ for unpoled TGS/P(VDF-TrFE)
0-3 composites measured at room temperature and 10 kHz. The solid
circles and the line represent the experimental data and Bruggeman

model predictions, respectively.

YANG YAN 71



&

Chapter 4 Dieleciric, Piezoelectric and Pyroelectric Properties of

TGS/P(VDE-TrFE) 0-3 Composites

THE HONG KONG POLYTECHNIC UNIVERSITY

Figure 4.18
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Relative permittivity as a function of ¢ for TGS/P(VDF-TrFE) 0-3

composites with (a) only the TGS phase poled and (b) two phases poled

measured at room temperature and 10 kHz. The solid circles and lines

represent the experimental data and Bruggeman model predictions,

respectively.
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4.4 Piezoelectric Properties of TGS/P(VDF-TrFE) 0-3 Composites

As mentioned before, piezoelectric activities will be elicited in TGS/P(VDF-TrFE) 0-3
composites after the poling process. The direct piezoelectric effect is the generation of
electric displacement in a dielectric when the dielectric is subjected to a mechanical

stress. The piezoelectric coefficient dis given by:

JD
"—('a?]r.f .12

The converse piezoelectric effect is the generation of strain in a dielectric when the

dielectric is subjected to an applied electric field. The piezoelectric coefficient d is

given by:

- ox
d=— 4.13
(aE] S

where D, E, X, x and T denote electric displacement, electric field, stress, strain and

temperature, respectively. It is noted that d = d , The piezoelectric coefficient is usually

expressed in units of coulomb/newton (C/N) or meter/volt (m/V).

In the present work, the ds; value was measured using a piezo d3; meter (Model ZJ-3D,
Institute of Acoustics, Academia Sinica). The schematic diagram is shown in Figure
4.19 and the measurement is based on the following principle. A force of 0.25 N and
oscillating at a frequency of 110 Hz is applied on the electroded surfaces of the sample
by two vertical probes which also serve as electrical connections. A standard

piezoelectric ceramic element (lead zirconate titanate, PZT) is connected in series with
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Figure 4.19  Schematic diagram of a piezo d;; meter.

the sample. The sample and the standard PZT element are subjected to the same force
and the piezoelectric charge induced in each of them is collected on a parallel plate
capacitor. The output voltages from the two capacitors are measured and then used to

provide a direct readout of the ds;z value of the sample.

Figure 4.20 and Table 4.3 show the piczoelectric coefficient d3;of the composites with
only the TGS phase poled and the composites with two phases poled measured at room
temperature. For the composites with only the TGS phase poled, the value of ds; is
relatively low at 4.5 vol% of TGS and it increases with increasing ¢ . It should be noted
that piezoelectric coefficients of P(VDF-TrFE) and TGS single crystal (along the b-axis)
are -26.3 pC/N and 40 pC/N, respectively, i.e. they have opposite sign. For the
composites with two phases poled, ds3 has large and negative values at low volume

percent of TGS. As ¢ increases, ds;is reduced in magnitude and becomes nearly zero at

42 .9 vol% of TGS,
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~ Piezoelectric Coefficient, d,, (pC/N)

Figure 4.20
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Piezoelectric coefficient as a function of ¢ for TGS/P(VDF-TfFE) 0-3
composites with (a) only the TGS phase poled and (b) two phases poled

measured at room tcmperature.
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Table 4.3

Piezoelectric coefficients for P(VDFE-TrFE), TGS single crystal and

TGS/P(VDFE-TrFE) 0-3 composites measured at room temperature.

Materials dss (PC/N) 4 (O]
(TGS poled only) {Two phases poled)

P(VDF-TrFE) 0 -26.2
4.5 vol% 0.7 -18.2
11.1 vol% 4.3 -14.2
22.0 vol% 7.8 -12.3
27.3 vol% 9.2 -11.0
32.6 vol% 103 -6.7
42.9 vol% 14.2 -0.5
TGS 40.0 40.0
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4.5 Pyroelectric Properties of TGS/P(VDF-TrFE) 0-3 Composites
4.5.1 Introduction

The pyroelectric effect refers to the phenomenon in which the degree of polarization
changes with the variation of temperature. At equilibrium the depolarization field due to
the polarization discontinuity at the surfaces of a pyroelectric crystal is neutralized by
free' charges [Lines et al., 1977). When the temperature is changed, the spontaneous
polarization changes so that an excess of free charge appears on one of the polar faces
of the crystal. Connected with an external circuit, there will be a current flow in the
crystal and the circuit. The sign of the culrrent depends on the direction of the
polarization change. In most ferroelectrics, the pyroelectric coefficient is negative since

the polarization generally decreases with increasing temperature. The magnitude of

pyroelectric effect is characterized by the pyroelectric coefficient p which is defined as:

_oP

- (4.14)

4

If the stress and electric field applied on the pyroelectric crystal are constant (or zero),

the pyroelectric coefficient is given by:

oD
=| = 4.1
(5. @19

In fact, the pyroelectric coefficient can be divided into clamped coefficient and
unclamped coefficient. When the crystal is clamped (strain is constant), the pyroelectric
effect directly comes from the change of polarization caused by the variation of
temperature and is called the primary pyroelectric effect. When the crystal is unciamped

(stress is constant), thermal expansion can also lead to a change of the degree of
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polarization through the piezoelectric effect. The pyroelectric effect caused by thermal
expansion is catled the secondary pyroelectric effect. Practically, the measured effective

pyroelectric coefficient is the sum of the primary coefficient and a fraction of the

secondary coefficient, since complete clamping is quite difficult.

4.5.2 Experimental Techniques

Several methods have been developed to measure the pyroelectric coefficient, such as
the charge integration method [Glass, 1969], quasi-static direct method [Byer et al.,
1972] and a series of dynamic methods {Chynoweth, 1960; Hartley et al., 1972; Garn et
al., 1982; Dias et al., 1992]. The dynamic method, based on a sinuscidal modulation of
temperature [Dias et al., 1992; Ploss B et al., 2000], was employed to measure the
pyroelectric coefficient of the 0-3 composites. In this method the irreversible current
due to space charge relaxation can be removed from the true reversible pyroelectric .
current, therefore it is especially suitable for the measurement of the pyroelectric
coefficient of polymeric materials. The measurement principle is described in detail as

follows. Based on Equation 4.15, the pyroelectric coefficient can be written as:

oD 1 90 | 90 ot
_9D _1 909 _1 90 o 4.16
P=or " A'ar A o or *19)

where 0Q/9dt is the pyroelectric current and 7 /dt represents the heating rate. In the
imt

dynamic method, the sample temperature is sinusoidally modulated as T(t)=Re(T.e

and hence the pyroelectric current is also modulated as ()=Re(l.e'"), where w = 27f .

Then the pyroelectric coefficient is given by:
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| : dt 1 1
p=L. e T - (4.17)
A dT e™) A iwl.

The appearance of i implies that the pyroelectric current signal is 90° out of phase with
respeét to the temperature modulation. In our experiment, the sample temperature was
modulated at a frequency f = 5 mHz and with an amplitude 7_=1K using a Peltier
element [Sharp et al., 1982]. The current signal was amplified with an electrometer and
then the 90° out of phase signal was measured with a lock-in amplifier. The schematic

diagram of the experimental setup is shown in Figure 4.21.

Multimeter
Thermocouple ’
Sample
WJ Conv.
j PID Driver Pettier-EL
[ ]
Lock in
Yrr)
~ Signal Out Signal

e 1)

Figurc 421  Experimental setup for the dynamic measurement of pyroelectric

coefficient.
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4.5.3 Results and Discussion
4.5.3.1 Pyroelectric Coefficients of the 0-3 Composites

Figure 4.22 shows the pyroelectric coefficients of the 0-3 composites with only the TGS
phase poled as a function of temperature from room temperature to 60 °C (above T of
TGS). As comparison, the results of pure copolymer aﬁd TGS single crystal are also
plotted in Figure 4.22. The pyroelectric coefficient of the copolymer is nearly zero since
the copolymer is not poled. The pyroelectric coefficient of the composites increases in
magnitude with increasing volume percent of TGS. At any volume percent of TGS, the
pyroelectric coefficient of the composites increases in magnitude with increasing
temperature and reaches a maximum at about 50 °C. Above the Curie transitioil (Tc~50
°C) of TGS, the magnitude of —p decreases drastically b'ecause of the depolarization of
TGS. Figure 4.23 shows the results for the composites with both phases poled. The
pyroelectric coefficient shows a similar temperature dependence as that of the samples
with only the TGS phase poled. Howevér, the magnitude is enhanced due to the

contribution of the poled copolymer phase.
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Pyroelectric Coefficient, -p (uC/m°K)

Figure 4.22
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Pyroelectric coefficient as a function of temperature for TGS/P(VDF-

TrFE) 0-3 composites (only the TGS phase poled) with (a) 0 vol%, (b)

4.5 vol%, (c) 11.1 vol%, (d) 22.0 vol%, (e) 27.3 vol%, (f) 32.6 vol% and

(g) 42.9 vol% of TGS, and (h) TGS single crystal.
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Pyroelectric Coefficient, -p (WC/m°K)

Figure 4.23
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Pyroelectric coefficient as a function of temperature for TGS/P(VDEF-
TrFE) 0-3 composites (two phases poled) with (a) 0 vol%, (b) 4.5 vol%,
(c) 11.1 vol%, (d) 22.0 vol%, () 27.3 vol%, (f) 32.6 vol% and (g) 42.9

vol% of TGS, and (h) TGS single crystal.
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4532 Modelling of the Pyroelectric Coefficients

There are several models describing the pyroelectric coefficient of composites
consisting of pyroelectric inclusions in a pyroelectric matrix. Yamazaki et al. [1981}
derived the pyroelectric coefficient of 0-3 composites with identical spherical
fcrroélectric particles. Based on a modified Clausius-Mossotti relation, Wang et al.
{1993] calculated the pyroelectric coefficient of ferroelectric composites by taking into
account the depolarization coefficient. For composites containing high volume fractions
of inclusions or inclusions with size large compared to the sample thickness, 1-3
connectivity is expected to come into play, to complicate the original 0-3 geometry
associated with low inclusion fractions. A cube model was proposed by Dias et-al. [1996]
to treat this case of mixed connectivity. Recently, Levin et al. [2001] have derived
expressions for the effective pyroelectric constants of composite materials with

spherical inclusions by means of effective field theory.

Considering the case that the difference in the polarizations of the two phases is
completely compensated by charges at the matrix-inclusion interfaces, an effective-
medium (EM) approach has been developed to treat 0-3 pyroelectric composites in the
concentrated suspension limit [Ploss et al., 2000; Chew et al., 2003]. The effective

pyroelectric coefficient p of the composites is given by:

£ —-¢€ £ —€
p=( . '.")-p.-’{ - .)-pm (4.18)
£, —E, £ —E,
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where the subscripts  and m represent inclustons and the matrix, respectively. We will

use this equation to obtain theoretical values for comparison with our measurements.

Figure 4.24 shows the experimental results of the pyroelectric coefficients for
composites with only the TGS phase poled and composites with two phases poled as a
function of ¢ measured at room temperature. The theoretical curves are obtained by
least squares fitting of the data for the copolymer and composite samples to Equation
4.18..In the calculation, &, and p,’ are measured values and £ and & have been
obtained previouély in Section 4.3.3.3 using the Bruggeman model. It is seen that the
experimental data and the theoretical calculation are in good agreement. It is noted that
by using least squares fitting, the pyroelectric coefficients of TGS for the two types of

composites are found to be 206 pC/m’K and 219 uC/m’K, respectively, while the value

measured using the large TGS single crystal sample is 251 puC/m’K.
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Figure 4.24
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Pyroelectric coefficient as a function of ¢ for TGS/P(VDF-TrFE) 0-3
composites with {a) only the TGS phase poled and (b) two phases poled
measured at room temperature. The solid circles and the lines represent

the experimental data and EM model predictions, respectively.
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4533 Figures of Merit

Figures of merit (FOM) are used to describe the contribution of various physical
properties of the material to the performance of a pyroelectric sensor. The current FOM
Fi, voltage FOM Fy and detectivity FOM Fp are given by:

P P P
F=——; F,=———; F,= , - 4.19)
v C;"I'E,EU b C;"“(&‘,EU tan &)"'* (

vol.

where Cp

is the heat capacity per unit volume (as described and measured in Chapter

3). ‘F; and Fy describe the influence of the pyroelectric material on the current and

voltage responsivity of a pyroelectric sensor. Fpp is related to the specific detectivity D’

The figures of merit for composites with TGS phase poled and composites with two
phases poled are calculated using the measured p, C,, €, (at | kHz) and tand (at | kHz)
at room temperature. The results are tabulated in 'i‘ables 4.4 and 4.5. The FOM are also
plotted in Figure 4.25 (with only the TGS phase poled) and Figure 4.26 (both two
phases poled). Compared to the values for the copolymer all three FOM are improved in
the composites, and the FOM values increase steadily with increasing ¢ . For the
composite with 42.9 vol% TGS and with both phases poled, F; and Fp have reached

about 40% while Fy has reached about 60% of the values for TGS single crystal.
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Figure 4.25
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with only the TGS phase poled.
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Figure 4.26  Figures of merit F;, Fy and Fp for TGS/P(VDF-TrFE) 0-3 composites

with two phases poled.
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Table 4.4 Pyroelectric properties of TGS/P(VDF-TtFE) 0-3 composites with only
the TGS phase poled.

cr ' tand - F; Fy F

Materials g & o p ‘ b
Mtk | (kHz) | UKHZ) | (uC/miK) | (107mV) | (m/C) | (10°Pa™)

P(VDF-

2.09 12.20 { 0.029 - - --- ---

TrFE)
4.5 vol% 2.08 12.44 | 0.025 11.2 7.69 0.07 4.66
11.1 vol% 2.10 1246 | 0.019 203 9.52 0.09 6.63
22.0vol% | 210 | 1324 | 0016 | 334 | 159 | 014 | 118
27.3 vol% 2.12 13.60 | 0.015 51.2 24.1 0.20 -18.0
32.6 vol% 2.13 13.74 { 0.012 69.4 324 0.27 26.7
42.9 vol% 2.14 1426 | 0.009 85.2 39.7 0.31 383
TGS 2.18 18.6 0.004 251 115.1 0.70 142
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Table 4.5 Pyroelectric properties of TGS/P(VDF-TrFE) 0-3 composites with two
phases poled.
c” £, tand : F; F F
Materials g ’ o p 2v v
(MimP-K) | (1kHz) | (IKHZ) (uCm*K) | (1072mv) | (m*/C) | (10°Pa™?)
P(VDF-
2.09 9.20 0.024 264 12.6 0.16 8.96
TrFE)
4.5 vol% 2.08 9.66 0.021 323 15.5 0.18 11.6
1.1 vol% 2.10 . | 9.87 0.018 44.5 21.2 0.24 16.9
22.0 vol% 2.10 10.73 | 0.016 59.5 283 0.30 22.8
27.3 vol% 2.12 11.31 0.011 73.0 344 0.34 +32.5
32.6 vol% 2.13 11.55 | 0.010 82.6 388 0.38 37.3
42.9 vol% 2.14 12.27 | 0.008 102 477 0.44 50.0
. TGS 2.18 18.6 0.004 251 115 0.70 142
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46 Summary

In this Chapter, the hysteresis behavior and the dielectric, piezoelectric and pyroelectric
properties of TGS/P(VDF-TrFE) 0-3 composites with various volume percent of TGS
were studied in detail. Firstly, the hysteresis loops of all the samples investigated (TGS
single crystal, pure P(VDF-TrFE) and 0-3 composites) were measured using a modified
Sawyer-Tower circuit. The procedures for poling the TGS and the copolymer phases
were then determined. After the d.c. poling process, three series of samples were
obtained: composites before poling (I), composites with only the TGS phase poléd (1I)
and composites with both phases poled (IIT). The temperature dependence and
freq.uency dependence of the relative permittivity and dielectric loss of all the sampies
were studied. The Bruggeman model was used to calculate the relative permittivity of
the composites and good agreement between experimental results and theoretical curves
was observed. The piezoelectric coefficients d3; and pyroelectric coefficients p of the
poled composites (I, TIT) were studied. The experimental data showed that the
pyroelectric  contributions from the two phases. reinforced while piezoelectric
contributions partially canceled each other after the two phases were poled in the same
diréction. The observed pyroelectric coefficients were found to agree with the
theoretical values calculated from the effective-medium model. Three figures of merit
F;, Fy and Fp, were calculated using the experimental data and were found (o increased
as the volume percent of TGS increased. Therefore, TGS/P(VDF-TrFE) 0-3 composite

is a good candidate to be used as the sensing element for pyroelectric devices.
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Chapter 5

Studies of MMT/P(VDF-TrFE) 0-3 Nanocomposites

In this Chapter, montmorillonite (MMTYP(VDF-TrFE) 0-3 nanocomposites with
various weight percents of MMT embedded in a P(VDF-TrFE) matrix were fabricated.
Na'-MMT was first modified with cetyltrimethylammonium bromide (CTAB) before
being incorporated into the P(VDF-TtFE) (80/20 mol%) copolymer. The
nanocomposites were then fabricated using a polymer intercalation method. The
composites were characterized by means of X-ray diffractometry and differential
scanning calorimetry (DSC). The dielectric permittivity, polarization hysteresis,

piezoelectric coefficient and pyroelectric coefficient were also measured.

5.1  Introduction to Layered Silicate/Polymer Nanocomposites

Nanocomposites based on organic polymer matrices and layered silicate mineral fillers
have attracted considerable attention over the last decade. Layered silicate/polymer
(LSP) nanocomposites possess several advantages including: (a) they are lighter in
weight compared to conventional composites because high degrees of stiffness and
strength can be realized with lower fraction of inorganic materials [Vaia et al., 1997]; (b)
their mechanical properties are potentially supenior to fiber-reinforced polymers because
reinforcement from the inorganic layers will occur in two rather than in one dimension

[Yano et al., 1993]; (c) they exhibit outstanding diffusional barriers without requiring a
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muttilayered design [Messersmith et al., 1995]. The enhancement of material properties
has been linked to the very high surface area of the layered silicate filler particles and
the interfacial interaction between the polymer matrix and the filler. In addition to their
potential applications, LSP nanocomposites are unique model systems to study the

statics and dynamics of polymers in confined environments.

Montmorillonite, hectoﬁte and saponite are the most commonly used layered silicates.
As shown in Figure 5.1, MMT consists of an octahedral alumina sheet sandwiched
between two tetrahedral silica sheets and exhibits a net negative charge on the lamelar
surface which causes absorption of cations such as Na* or K*. For a nanocomposite to
be formed succe-ssfully, the mineral should disperse into separate layers and hepce ion-
exchange reactions with cationic surfactants (commonly alkyl ammonium or alkyl

phosphonium cations) are necessary. The role of alkyl cations in the silicate is to lower

4Si

40+2(0H)
1Al
102010

a5i

a 00 GOH oA eSi

Figure 5.1 Schematic layered structure of montmorillonite. [Chen et al., 1999]
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the surface energy of the inorganic host and improve the compatibility with the polymer.
In addition, the alkyl cations could provide function groups that can react with the

polymer or monomers to improve the interfacial strength [Krishnamoorti et al., 19961

Layered silicate/polymer nanocomposites are prepared by a variety of routes.
Traditional synthetic schemes involve intercalation of polymers either via intercalation
of a sﬁitable monomer followed by subsequent polymen’iation fUsuki et al., 1993) or
via polymer intercalation from solution [Yano et al., 1993]. it have been recently
demonstfatcd that LSP nanocomposites can be synthesized by direct melt intercalation
even with high molecular weight polymers [Vaia et al., 1996]. This method avoids the
use of organic solvents and permits the use of conventional processing techniques such

as injection moulding and extrusion.

Polymer intercalation into layered inorganic solids is a versatile approach to synthesize
organic-inorganic molecular hybrids or polymer nanocomposites. In general, two types
of hybrids are possible: intercalated, in which a single extended polymer chain is
intercalated between the host layers resulting in a well ordered multilayer with
alternating polymer/inorganic layers and a repeat distance of a few nanometers, and
delaminated, in which the silicate layers (~1 nm thick) are exfoliated and dispersed in a
continuous polymer matrix [Giannelis, 1996]. The sketches of intercalated and

delaminated PLS nanocomposites are shown in Figure 5.2.
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ed

Figure 5.2 Sketches of (a) intercalated and (b) delaminated LSP nanocomposites.

Many studie_s have been carried out to characterize different nanocomposites.
Techniques in use include wide-angle X-ray diffractometry (WAXD) and transmission
electron microscopy {TEM). X-ray diffraction can be employed to monitor the position
and intensity of the basal reflections from the silicate layers. TEM can provide
information on morphology, spatial distribution and defect structures in real space, in a
localized area. XRD and TEM are complementary techniques which can provide a

complete study on LSP nanocomposiltes.

Until now, LSP nanocomposites have been formed with a wide variety of polymers
including polypropylene [Li et al., 2003], polyamide [Davis et al., 2003], polystyrene
[Vaia et al., 1996] and polymethylmethacrylate [Moussaif et al., 2003]. The mechanical
and chemical éroperties of these LSP nanocomposites have been widely studied. The
electrical conductivities of LSP nanocomposite with conductive polymer matrices such
as polyaniline [Lu et al., 2002] and polypyrrole [Kim et al., 2003] have also attracted

strong research interest. However, studies on LSP nanocomposites with ferroelectric
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polymer matrices have not been reported. In this project, MMT/P(VDF-TrFE)
nanocomposites have been fabricated and their dielectric, ferroelectric, piezoelectric and

pyroelectric properties are investigated.

5.2 Fabrication of MMT/P(VDF-TrFE) 0-3 Nanocomposites

The P(VDFE-TrFE) 80/20 mol% copolymer used as the matrix was supplied by
Piezotech, France. The Na'™-MMT clay (SWy-1) was supplied by University of Missouri

Source Clay Repository, USA.

Organically modified MMT was prepared via a cation-exchange reaction which is a
reaction between the sodium cations of MMT clay and alkyl ammonium ions of the
intercalation agent. In our experiment, 5 g of Na'-MMT clay was stirred in 200 ml
deionized water at 60 °C for 2 h. A separate solution containing 3 g of intercalating
agent cetyltrimethylammonium brom.ide (CTAB) in 100 m! of deionized water together
with 1.0M hydrochloric acid ac-lueous solution (to adjust the pH value to 3-4) was stirred
magnetically at the same time. The protonated amino acid solution was added to the
MMT suspension and then the mixture was stirred overnight at 60 °C. The sample was
washed and filtered repeatedly for at least three times to remove any €Xcess ammonium

ions. After drying, organic-MMT was obtained.

In our experiment, a polymer intercalation method was used to prepare the composites.

Powder of P(VDF-T(FE) was dissolved in dimethylformamide (DMF) and then an
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amount of organic-MMT was dispersed into the solution with the aid of ultrasonic
agitation. The suspension was well-stirred and then poured onto a glass sheet. After
drying in a vacuum desiccator, the film was annealed at 120 °C for 12 h and then at 130
°C for 2 h to improve the crystalfinity. Cr-Au electrodes were deposited on both sides of
the 50 pm thick film for subsequent property measurements. MMT/P(VDF-TrFE)
nanocomposites with 1 wt% and 4wt% of MMT were prepared. We have fabricated

nanocomposites with higher wt% MMT but the conductivity of these samples was too

high to be used as dielectrics.

5.3  Structural Analysis of MMT/P(VDF-TrFE) 0-3 Nanocomposites

The microstructure of the MMT/P(VDFE-TrFE) nanocomposite was studied using a

scanning electron microscope (JEOL JSM-6335F FE-SEM). Figure 5.3 shows the SEM

Figure 5.3 SEM cross-sectional micrograph of MMT/P(VDF-TrFE) 0-3

nanocomposite with 4 wt% of MMT.
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cross-sectional micrograph of the 4 wt% MMT/P(VDF-TrFE) nanocomposite. It'is seen

that the MMT particles are dispersed quite uniformly in the copolymer matrix.

The interlayer distance of MMT was determined using an X-ray diffractometer
equipped with Ni-filtered Cu-Ko radiation (D8 Advance Bruker analytical XRD). The
scanning rate was 20 = 0.016'/s. Figure 5.4 shows the XRD patterns for the P(VDF-
TtFE) and MMT/P(VDF-TrFE) nanocomposites with | wt% and 4 wt% of MMT. Using
. Bragg’s equation: nA=2dsin® (A=1.54 A), the basal interlayer spacing, dpi, in the Na*-
MMT is found to be 1.22 nm (Figure 5.4 (a)). After the modification, the basal
interlayer spacing in the organic MMT is increased to 1.89 nm (Figure. 5.4 (b)) due to

the presence of CTAB between the layers of MMT. As shown in Figure 5.4 (¢ and d),

3.05

(d)
—_— 4.41°
3 (c)
s
=
@ ) 467°
o
£

(a)

7.22°
| 1 1 1 " 1 L
2 3 4 5 6 7 B
20 {deg.)

Figure 5.4 XRD patterns for (a) Na'-MMT, (b) CTAB modified MMT and
MMT/P(VDF-TrFE) 0-3 nanocomposites with (¢} 1 wt% and (d) 4 wt%

of MMT.
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the (001) peak shifts to lower angles and the interlayer spacing in the nanocomposites
with 1 wt% and 4 wt% of MMT are 2.00 nm and 2.89 nm, respectively. The XRD
results indicate that the chains of P(VDF-TrFE) have been partially intercalated into the

layered nanostructures of the CTAB modified MMT.

Thermal measurements were performed with a differential scanning calorimeter
(Perkin-Elmer DSC7). The heating or cooling rate was 10 “C/min from 0 to 170 °C.
Figure 5.5 shows the DSC thermograms for P(VDF-TrFE) and the MMT/P(VDF-TrFE)
nanocomposites. The two peaks in Figure 5.5 (I) are associated with the ferroelectric to
paraelectric (F—P) phase transition or Curie temperature T¢ and the melting temperature
T of P(VDF-TrFE). During the heating process (Figure 5.5 (I}), T; of P(VDF-TrFE) is
about 128.3 °C. T, of the nanocomposites with 1 wt% and 4 wt% of MMT shift slightly
to higher temperatures which are 131.5 °C and 132.4°C, respectively. During the
cooling process (Figl.Jre 5.5 (ID)), a thermal hysteresis is observed and the Curie point
for P(VDFE-TrFE) is 74.1 °C and the Curie points for the nanocomposites with 1 wt%
and 4 wt% of MMT are 80.6 °C and 84.3 °C, respectively. The other peaks in Figure 5.5

(II) are associated with the crystallization process.
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DSC thermograms for (a) P(VDF-TrFE) 80/

20 mol% and MMT/P(VDF-

TrFE) 0-3 nanocomposites with (b) 1 wt% and (c) 4 wt% of MMT

during (I} heating and (II) cooling process.
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5.4 Dielectric, Piezoelectric and Pyroelectric Properties of MMT/P(VDF-

TrFE) 0-3 Nanocomposites
5.4.1 Experimental Techniques

The relative permittivity £, and dielectric loss tand as a function of frequency from 1
kHz to 10 MHz were measured at room temperature (about 22°C) using an impedance
analyzer (HP4294A). The relative permittivity ¢, and dielectric loss tand as a function
of temperature from 26 °C to 130 °C at 1 kHz were also determined using an impedance
analyzer (HP4194A) equipped with a temperature chamber (Delta 9023). The ac.
conductivity and d.c. conductivity as a function of temperature were investigated using
an impedance analyzer (HP4194A) and a modified thermal electric analyzer [Peng et al.,

1998], respectively.

The polarization hysteresis loops were acquired via a computer-controlled automatic
system based on a modified Sawyer-Tower circuit. A sinusoidal wave with a frequency
of 10 Hz was used. After the ac. poling, the piezoelectric coefficient ds; of the
nanocomposites was measured using a piezo d3; meter (Model ZJ-3D, Institute of
Acoustics Academia Sinica). The pyroelectric coefficient was also measured via a

dynamic method (as described in Section 4.5.2).
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5.4.2 Results and Discussion

Figure 5.6 shows the relative permittivity £, and dielectric loss tand against frequency
measured at room temperature for P(VDF-T(FE} and MMT/P(VDF-T(FE)
nanocomposites with 1 wt% and 4 wt% of MMT. The relative permittivity g, of the
nanocomposites is higher thar that of the copolymer at all frequencies. The dielectric
loss tand of the nanocomposites is similar to that of the copolymer at high frequencies
but is much higher than that of the copolymer near 1 kHz. The high loss at low

frequency may arise from a conduction process.

Figure 5.7 shows the relative permittivity £ and dielectric loss tand against
temperature measured at 1 kHz for P(VDE-TrFE) and MMT/P(VDF-TIFE)
nanocomposites with 1 wt% and 4 wt% of MMT. The relative permittivity £, and
dielectric loss tand of the nanocomposites are higher than those of the-copolymer,

particularly at high temperature.
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Figure 5.7
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Figure 5.8 Temperature dependence of the conductivity for (I) P(VDF-TrFE), (II}
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The conductivities for P(VDF-TrFE), the nanocomposites and a MMT block sample
(prepared by compression moulding) were also investigated. As shown in Figure 5.8,
the conductivity for all the samples is strongly dependent on the measurement
frequency and increases with frequency. The curves for the d.c. conductivity are shown
in Figure 5.9. It is seen that the MMT block sample exhibits a very high conductivity
compared to P(VDF-TrFE), therefore the conductivity is enhanced significantly with the

incorporation of MMT in the nanocomposites.
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Figure 5.9 Temperature dependence of the d.c. conductivity for (a) P(VDF-TTFE),
MMT/P(VDF-TrFE) 0-3 nanocomposites with (b) 1 wt% and (c) 4 wt%

of MMT, and (d) MMT.
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The polarization hysteresis toops for P(VDF-TrFE) and MMT/P(VDF-TrFE)
nanocomposites with 1 wt% and 4 wt% of MMT are shown in Figure 5.10. For the pure
copolymer, the values for the remnant polarization P, and coercive field E, are about 6.8
pClem? and 60 V/um, respectively. The P, values of the nanocomposites with 1 wt%
and 4 wt% MMT are found to be 9.3 and 11.4 uC/cm?, respectively. The copolymer and
the composites have similar E. values. The result indicates that there are more

switchable dipoles in the nanocomposites leading to a higher P,.
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Figure 5.10  Hysteresis loops for (a) P(VDF-TrFE) and MMT/P(VDF—TrFE) 0-3
nanocomposites with (b) 1 wt% and (c) 4 wt% of MMT measured at

room temperature.

YANG YAN 107



Qb Chapter 5 Studies of MMT/P(VDFE-TrFI) 0-3 Nanocomposites

&

b/ THE HONG KONG POLYTECHNIC UNIVERSITY

After being poled by the same a.c. poling process as shown in Figure 5.10, the
piezoelectric coefficients dzz of P(VDF-TrFE) and the nanocomposites with 1 wt% and
4 wt% of MMT are found to be about 18, 22 and 24 pC/N, respectively, which show

that the piezoelectric’ properties of the nanocomposites are slightly better than that of

P(VDF-TrFE).

Figure 5.11 shows the pyroelectric coefficient p against temperature for P(VDF-TrFE)
and MMT/P(VDF-TtFE) nanocomposites with 1 wt% and 4 wt% of MMT. The

pyroelectric coefficients for nanocomposites are significantly enhanced, especially for
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Figure 5.11 Pyroelectric coefficient as a function of temperature for (a) P(VDF-TrFE)
and MMT/P(VDF-TrFE) 0-3 nanocomposites with (b) | wt% and (c) 4

wit% of MMT.
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the nanocomposite with 1 wt% of MMT. However, the data for the nanocomposite with
74 wt% of MMT may not be reliable since a large teakage current is observed. The high
pyroelectric coefficient in the nanocomposite with 1 wt% of MMT may be due to the
significant amount of charges trapped at the interfaces between the copolymer and the
silicate layers. Table 5.1 summarizes the properties of MMT/P(VDF-TrFE)

nanocomposites.

Table 5.1 Properites of P(VDF-TtFE} and MMT/P(VDF-TtFE) 0-3

nanocomposites with 1 wt% and 4 wt% of MMT at room temperature.

1wt% MMT/ 4wt% MMT/
Materials P(VDF-TrFE)
P(VDF-TrFE) | P(VDF-TrFE)
g (1 kHz) 10.4 127 13.9
tand (1 kHz) 0.02 0.04 0.06
04e (10°28/m) 46 8.3 246
ds3(pC/N) 18 22 24
P, (uClem®) 6.8 93 114
-p (uC/m*K) 153 32.4 26.7
p/e (uC/m’K) 1.47 2.55 1.92
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55 Summary

In this chapter, MMT/P(VDF-TrFE) 0-3 nanocomposites were fabricated via a polymer
intercalation approach. The nanocombositcs were characterized by XRD and DSC. The
dielectric, piezoelectric and pyroelectric properties of the nanocomposites were also
investigated. The XRD patterns indicated that the chains of P(VDF-TtFE) had been
intercalated into the layered nanostructures of MMT. The DSC thermograms showed
tﬁat the Curie point of the nanocomposites shifted to higher temperature. The relative
permittivity £ increased in the nanocomposites when compared with the pure
copolymer. The conductivity o also increased significantly in the nanocomposites due to
the high conductivity of MMT. The remnant polarization P, of the nanocomposites also
increased with increasing amount of MMT. The pyroelectric coefficients p of the

nanocomposites was significantly higher than that of the copolymer.
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Chapter 6

Conclusions and Suggestio'ns for Future Work

6.1 TGS/P(VDF-TrFE) 0-3 Composites

In this thesis, TGS/P(VDE-TrFE) 70/30 mol% 0-3 composites with various volume
percents of TGS ¢ have been fabricated by a hot compression moulding method. In the
composite, the medium grain size of TGS is about 5.7 pm and the approximate
thickness of the composite film is 70 pm. After the synthesis, the structural properties of
the 0-3 composites have been investigated by SEM, XRD and DSC. SEM micrographs
for the cross-sectional surface of the composites show a uniform dispersion of TGS
particles in the copolymer matrix. The X-ray reflection peaks of both TGS and P(VDF-
TiFE) appear in the XRD patterns for the composites. The intensity of the reflections
assoc_iated with TGS increases while the intensity of the reflection associafed with
P(VDE-TtFE) decreases with increasing ¢ . In the DSC thermograms for the composites,
the phase transition for TGS at 49°C and that for P(VDF-TrFE) at about 101°C (during
heating) and 60°C (during cooling) appear and the intensity of the

endothermic/exothermic peaks also changes with the change of ¢.

After a two-step d.c. poling process which is designed to polarize the individual phases
separately three series of samples are obtained: unpoled composites (I), composites with

only the TGS phase poled (II) and composites with both two phases poled (LI).
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Dielectric, piezoelectric and " pyroelectric properties of these samples have been
investigated. The dielectric permittivity (£, and tand) as a function of temperature for
Series [ shows that the phase transitions for the TGS and P(VDF-TrFE) phases also
appear in the composites. The dependence of £, on ¢ agrees quite well with the
Bruggeman model. Piezoelectric and pyroelectric properties for Series If and IIT have
been investi gated. The experimental data show that the pyroelectric contributions from
the two phases reinforce while the piezoelectric contributions partially cancel each other
after they have been polarized in the same direction. The measured pyroelectric

coefficients exhibit good agreement with the predictions of the effective-medium model.

Table 6.1 Comparisons of two different 0-3 composites.
0-3 PbTiOy TGS/
Composites P(VDF-TrFE) P(VDF-TrFE)
o 1041 0.429
£ 31.1 12.27
1and T 0.0149 0.008
-p (uC/m’K) 51.5 102
C" (MJ/m'K) 2.28 2.14
Fp=p/e (uC/m°K) 1.66 8.31
Fi(10"m/v) 22.6 477
Fy(m/C) 0.082 0.44
Fp(10°%Pa'?) 11.2 50.0
ds3(pC/N) 10 0.5
Reference (Chen et al., 1998) -—
YANG YAN 112



QE Chaprer 6 Conclusions and Suggestions for Future Work

Q& THE HONG KONG POLYTECHNIC UNIVERSITY

[n Table 6.1, the previously reported properties of a 0-3 composite are compared with
those of the TGS/P(VDFE-T(FE) 0-3 composite with 42.9 vol% of TGS. It is seen that
the TGS/P(VDF-TrFE) 0-3 composite has higher pyroelectric coefficient and figures of
merit. The advantages of the TGS/P(VDF-TrFE) 0-3 composite as the sensing element
of pyroelectric infrared detector are as follows:
(1) It is easier to orient the polarization of the inclusion phase since the relative
_permittivities of the two phases in the composite have similar values;
{2) The pyroelectric coefficient of a 0-3 composite is strongly dependent on the
relative permittivity of the inclusion (as discussed in Section 1.4), thus the
pyroclectric coefficient of the composite is enhanced because the inclusion
phase has a low relative permittivity;
(3) The piezoelectric contributions from the two phases partially cancel each
other while the pyroelectric contributions reinforce, thus the composite has high
pyroelectric but low piezoelectric activities, thereby reducing the vibration

induced electrical noise.

It can be concluded that TGS/P(VDF-TrFE) 0-3 composite with 42.9 vol% of TGS is a
good candidate to be used as sensing element for pyroelectric devices. For integrated
pyroelectric sensor applications, pyroelectric matenals in thin film form are necessary.
Thus it will be important to find ways to produce uniform composite thin films and to

evaluate their potential use in pyroelectric sensors.
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6.2 MMT/P(VDF-TrFE) 0-3 Nanocomposites

In this project, MMT/P(VDF-TrFE) 80/20 mol% 0-3 nanocomposites with | wt% and 4
wt% of MMT have also been fabricated via a polymer intercalation approach. The XRD
patterns of the nanocomposites indicate that the chains of P(VDF-TrFE) have been
intercalated into the layered nanostructures of MMT. The DSC thermograms show that
the Curie point of the P(VDF-TrFE) phase in the nanocomposites shifts to higher
temperature. The relative permittivity of the nanocomposites is higher than that of the
copolymer. Because MMT possesses a high electrical conductivity, the conductivity of
the nanocomposites increases significantly with increasing MMT content. -‘The
nanocomposite has a higher remanent polarization and higher pyroelectric coefficient
than those of the copolymer. The nanocomposite with 1 wt% of MMT has potential to
be used as the sensing element in pyroelectric devices. We have studied the structure of
the nanocomposites only by XRD. Further studies by TEM will provide more
information on the size and spatial distribution of the silicafe layers in the

nanocomposites.
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