Chapter 2

Literature review

2.1 Basics of ferroelectrics

2.1.1 Introduction

Internal structures of materials are interesting for an understanding on the

concept of ferroelectric and piezoele jals. The crystals can be divided to 7
basic crystal systems and theyea 2 point groups by symmetry of unit
ry Yy : 'p groups by sy ry
cell in which they are show .1 and Table 2.1. From 32 point groups, 11 point

groups are centrosymmetric «a A% noncentrosymmetric. All

ventaneous polarization. Of the

remaining 21 noncentro Doiht grolps ave one or more polar axes and
they are the piezoelectri S agothy ~ \\o group) does not show this
property. In a piezoelectri @ ‘_.l groups. a € the pyroelectric; spontaneously

polarized under temperatur néifions ‘afeisa subgroup of this is the ferroelectric.
Hence, all single crystals and SHeee: ed ceramics, which show ferroelectric

behavior are pyroel ic

V. '
2.1:2 Ferroelecﬂity and

2.1.2.1ﬁfﬁ'ﬂ:i?g qn EI ﬂ %;W EI ’] ﬂ ‘j

Ferroele@iric materials are a subgroup of pyroelectric and piezoelectric

¢
materiﬁ. Wﬂfﬂ%fﬁmrﬁmﬁﬂtmﬁﬂs discovered in
1921. The materials in this group are spontan ously polari e pyroelectrics.

Furthermore, they can be demonstrated re-orienting of the polarization whereas

)
e piez@ectricity and dielectric)

pyroelecric materials can not show this phenomenon. All ferroelecrtic materials have a
transition temperature called the Curie point (T,). At a temperature T < T, the crystal is
ferroelectric, while T > T_ it does not exhibit ferroelectricity. A nonpolar phase above T,

3 & 1,2,38
is the so-called paraelectric phase.( :
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Fig. 2.1 Interrelationship of piezoelectric and subgroups on the basis of symmetry.“)
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The reversible polarization is an essential property for ferroelectric materials. A
hysteresis loop for polarization in an alternating field is used for explanation this
property. A typical ferroelectric hysteresis loop is shown in Fig. 2.2. Different domains in
these materials are initially reversible dipoles after an alternating electric field is applied.

At the highest field strength, the increase of polarization for given increase in the field

na=(F) =®=-De

, @)
aresis loop.

strength, corresponding to polar having all the domains of like

orientation aligned i a_,.‘ € ( Jislthe spontaneous polarization

Y |
Cil

with all the dipoles e field is cut off (E=0), the

polarization does not #€turn to zero but it remains a fime value called the remanent

ZEZ::U::IS ﬁfznpgjrj«i] fj:ﬂ i’ﬁ gr ,.1 ﬁ ‘5psne|y directed field is
amaaﬂ.;m UAIINYAY

Plezoelectrlmty is the property of a crystal to exhibit electric polarity when
applied stress. The name “Piezo” is derived from the Greek, which means “to press”. o
The piezoelectricity was discovered in 1880 by Jacques and Pierre Curie during their
systematic study of the effect of pressure on the generation of electrical charge by

(1324 1p o piezoelectricity has 2

crystals, such as quartz, zincblende, and tourmaline.
effects in piezoelectric crystals, in general, and in ferroelectric ceramics, in particular.

They are the direct effect and the converse effect. The direct effect is shown as



electrical charge (polarization) when mechanical stress is applied to these materials. On

the other hand, the converse effect is associated with mechanical movement generated

(36)

by the application of an electric field as shown in Fig. 2.8. If we apply an electric

potential as shown, a crystal will lengthen because of the attractions of the ions to the

poled plates. If we use an ac voltage, the crystal will alternatively expand and contract.

(36) (23)

These effects are given in equations 2.1 and 2.2.

D=dT + direcileffect) (2.1)
efeet)  (2.2)

verse of stiffness)

In open circuit, g ate piezoelectric materials for

their ability to gener ------------------------- ~ul :‘1‘1 t stress. The g constant

and d constant are rele 0 on st m
A ULRYNEN YN

Where Kis the rilatlve duelectrlc constant
Q A AR IEERA B BEIOE R
e piezoelectric coupling factor (e.g., K, Ky, @and Kk ) is an important property
of a piezoelectric material, which is the fraction of electrical energy that can convert into
mechanical energy and vice versa. The equation of electromechanical coupling

coefficient, k, is illustrated in equations 2.4 (direct effect) and 2.5 (converse effect).“m

K’ = mechanical energy converted to electrical energy (2.4)

input mechanical energy



K= electrical energy converted to mechanical energy (2.5)

input electrical energy

+ 444+

Fig. 2.3 (a) piezoelectri .. es dimensional expansion,

(c) Reverse polarity ion. The procedure can be

(36)

inverted by applying a voltage.

Dielectric materials 55*:‘*:-"‘ ich permit the passage of the lines of

force of an electrostatic field but do-not condu ct thecul rent The dielectrics have two
functions to perform Qne o '[l second is to increase the

u
capacitance of a condé ser CapaC|tor “ Typlcally ferroelectric materials have a high

— TEMANEINS...
Q w1 mm;u umgmm ﬂ ¢

where €, is the dielectric permittivity of vacuum (8.854x10™ Fm™)

€, is the dielectric permittivity of material (Fm”)



Otherwise, the dielectric permittivity together with a geometrical factor determines the

i ; 8
capacitance of a component as equation 2.7. -

c =g, Al 2.7)
where C s the capacitance (Farads)
g™ is the projected dielectric constant in the direction

r

normal to the plane of the capacitor

surface of the capacitor
een the electrodes

J
The high values of dielect star capacitors, whereas low values

3 in dielectric materials. When
alternating current provi - | n the charge on capacitors or
any dielectrics, the curre ‘ w ere the angle d is called the
dielectric-loss angle.m) Tt iCs Were, pe ' ct, the angle & would be zero and no

(37.38) T  (tan §) is known as the dissipation

loss would occur.
factor. Multiplying tan & by the die ot stant (K) expresses the dielectric-loss

factor, dielectric heats|os or 10 s tangent. The loss usually

increases at low i‘ S and as the tempel gsgs.””
.*.,’! esana 1\&

2.1.3 Ferroelectrlg. materials

The feﬁe% m% &r]stnaﬁf.w ﬂ A'Tﬂﬁpes according to their

structures. Theﬂlare the corner shé\rlng oxygen octahedras, compounds containing
@ AR T AN AN TR
corner sharing octahedra type is a large class of ferroelectric crystals in which it can be
separated to perovskite type compounds, tungsten bronze type compounds, bismuth
oxide layer structure compounds, and lithium niobate and tantalate. Many piezoelectric
(including ferroelectric) ceramics such as barium titanate (BaTiO,), lead titanate
(PbTiO,), lead zirconate titanate (PZT), lead lanthanum zirconate titanate (PLZT), lead
magnesium niobate (PMN), potassium niobate (KNbO,), have the perovskite type

2
structure.( y



10

The structure of the perovskite type is ABO,. It is a cubic at a high temperature,
and below the Curie temperature it becomes non-cubic such as tetragonal and
rhombohedral and polar. The interesting materials of the perovskite structure are

described as follows:

2.1.3.1 Barium titanate

Barium titanate (BaTiO,) is the first perovskite structure that is found to be

ferroelectric ceramic. Its Curie tem erature is about 130°C. The barium titanate has

a paraelectric cubic phase alo! ‘_\ i rroelectric tetragonal phase in the
temperature range 130°C "Cg ) olarization is along one of the
[001] directions in the origi e ferroelectric orthorhombic phase

occurs between 0°C and#00.@ ..‘ s

[110] directions in the 40rig v w '*"' \\- phase transition from the

po|ar|zat|on along one of the

orthorhombic to the" ferg@elgCiy rf'b 0 \. ase when the temperature is
e of the [111] directions in the

decreased below —90°C and't g@%

original cubic structure.” *rﬁﬁ,
(s 4 2 . )
It is the first piezoel ectF rel s C r developed. However, it has shifted

away from transducers to hig “diele N capacitors of the discrete and
multilayer (MLC) typ ‘ for this, the first, T_is low
so it is difficult for |n' cﬁ. The latter reason is low
electromechanical coupunkfactor in com%lnson to lead zirconate titanate (0.35 vs

o, i 8 Y PO P P s n s

many modn‘lers%r good apphcatnons B substltutnons to the A site have been found to
reduc@v%q Mnﬁ ﬁmﬂ»%ﬁﬂ%ﬂﬂ ﬁﬁsubstlmted with
Pb°" for ﬂwcreasmg the Curie temperature. Moreover, the stable temperature range of the
tetragonal phase is increased with ca’’ and the high electric field loss is decreased with

Co”, which does not affect the piezoelectric oonstant.(1'2)



"

2.1.3.2 Lead titanate

Lead titanate (PbTiO,) is a ferroelectric material having a structure similar to
barium titanate with a high Curie point (490°C).(2) In addition, it is a low dielectrical
quality factor and high stability, and also it is a desirable stable piezoelectric material for

high-frequency and high-temperature applications. Initially, ceramics of high PbTiO,

content are very porous and fragile because of the strong spontaneous strain occurring
(34)

at their cubic-tetragonal transition. However, the spontaneous strain developed

ions occupying the B site : as shown i \ Fig. 2.4. 1t is a binary solid solution of

lead zirconate (PbZrO e: ‘ te (PbJ \ shows the phase diagram of

RIAY wm%%m a g

Fig. 2.4 The PZT crystal structure above Curie temperature.“g)
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The lead zirc/ \.“ ; high temperature and this
phase is a paraeleetric. \ decreased below the Curie

temperature (T.), the

[

ferroelectric tetragonal or

rhombohedral phase. nopicsphase ba ary (MPB); Zirconium/Titanium

r?‘tﬁ ‘;b' ition u\t\ s between the rhombohedral

zirconium-rich phase and the'tet o_r"_ tital 'c bhase. The PZT shows the highest

ratio of 53/47 at room

piezoelectric d,, constant, diegn ar electromechanical coupling factor at

this composition. Rurthermore, the poling at the "MPBJis' also easy because the
Y A

spontaneous polarization v d:- to one of the 14 possible

orientations (eight [11 dlrectlons for the rhombohedral 5 ase and six [100] directions

o e 1) m VST T e oo
IS e e e
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2.1.3.4 Relaxor ferroelectrics

The relaxor ferroelectrics are a class of lead based perovskite type compounds
with the general formula Pb(B,,B,)O, where B, is a lower valency cation (like Mg>, zn”",
Ni*", Fe’") and B, is a higher valency cation (like Nb™", Ta®", W”). The representative
materials of this class are lead magnesium niobate (PMN), lead zinc niobate (PZN), and
lead magnesium niobate zirconate (PMNZ).(Z’“S)

The relaxor ferroelectrics like PMN can be distinguished from normal

ferroelectrics, such as BaTiO, and PZ he presence of a broad diffused and

dispersive phase transition on egolin rie point. They show a very high

compositional heterogenej v igroscopi . The relaxors also show a very

strong frequency depen e nt. If frequency increases, the

leads to many useful prope Very I ty over a wide temperature range,

b) large electrostrictive strains-;é’)'-ﬂ?ﬂdfg Siezoeletric activity when the material is under

a dc bias field, and'e Fe-tised in many appllcatlons
Vi )

for example, high elecﬁs ' '?ﬁonstant capamtors

2.1.4 ﬁﬁ"ﬂ"ﬁ "'ﬂ‘f' ﬂgﬁ

The ferr@glectric materials are

ferroelea W n u ﬁl Ej‘xem very useful
in a variety of applications. There are (1) high d|e ectric constan sﬁz h piezoelectric

constants, (3) relatively low dielectric loss, (4) high electrical resistivity, (5) moisture

in many fleld appllcanons Especially,

insensitivity, (6) high electromechanical coupling, (7) medium hardness, (8) fairly high
pyroelectric coefficients; and in some special compositions, also (9) high optical
transparency and (10) high electrooptic coefficients.®”

They are used by the direct piezoelectric effect, the converse piezoelectric

effect or both effects. Examples of piezoelectric applications include the foIIowing:(15’23)
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High-voltage generators: gas ignitors, impact fuses, flash bulb, actuators

Ultrasonic generators: ultrasonic cleaners, sonar, atomizers, ultrasonic
welddings, intrusion alarms, pest control devices

Sounders: loudspeakers, tone generators, head sets, buzzers, alarms

Sensors: accelerometers, hydrophones, auto diagnostic devices, flaw detectors

Resonators: surface wave filters, delay lines, piezoelectric transformers

Miscellaneous: relays, pumps, motors, fans, positioners, printers, touch controls

. — 3 23
memories, energy conservation € s.% In addition, these materials

Thin film, thick film, van , ent are separated by the thickness. The

the thickness of the film is equal

or lower than 1 um it 1s cailed the thin fim. For iy , ceomponent, the thickness is
equal or higher thanl.-' O ﬁgy is developed for many
applications, for example‘resstor networks, &\Jbl’ld integrated circuits, hybrid integrated

networks, and ﬁ %Eﬂ%ﬁ% %eWcEI anﬁtﬁjs and inductors.®”

Fabnoatﬂl‘n methods are W|d%1y used for the thick film, WhICh are a tape casting,
oo R R Y DL YO s e
are lamifated under dry conditions and a binder system in dried tape must have good
handling properties, i.e., good elasticity, which unfortunately means a large proportion of
organic. All these environmental conditions in this technique increase the risk of
delamination problems during lamination and sintering procedure. On the other hand, in
the screen printing technique, the formation of multilayer is performed with a wet paste
and the amount of organic materials is much lower."” A film cracking is the main

problem in the sol-gel technique since an internal stress is occurred in the gel during
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drying process. A film thickness higher than 10 pum is difficult to derive from this method

because of this problem.“ﬁ'm Moreover, the processing time is required to make thick
films so this process is impractical for large scale production.(m

For the case of screen printing technique, it is widely used in the thick film
fabrication because it has several advantages over other methods. The equipment to
produce the pattern is relatively cheap and simple, the machine is not complex, and the

thickness is controllable. It provides a precise and efficient technique for the fabrication

of thick films having thickness between ‘ um and line width as small as 10 pm.
Furthermore, it is versatile ana.repr j : screen printing consists of a thick
= ! ‘

film paste, screen, Sub;y?h w process is shown in Fig. 2.6.

The screen frame is held aste is applied to the screen,

after that the squeegee essing the paste through the

materials are not sufficiently stable for thick film applf sations."” Materials commonly
L7

utilized for thﬂvﬂ Ers%maﬁlﬂgﬁl Ermrrﬂ lﬁves. They are a nylon,

polyester, and $tainless steel. The nylon monofilament is strong and resilient but it can
¢
n

absorbﬂﬂsﬂ]}taﬁmm ﬁmiyﬂmﬁﬂm polyester is
very mugh more stable than the nylon. is good resilient and sUffi tly flexible so it

can be used with irregular substrates. The polyester is the most common mesh used for
an industrial screen printing and can often be used for the thick film printing. The
stainless steel mesh is stronger and more stable than the nylon and the polyester but it
is low resilient. It is good wear resistance and so can give a longer life. The stainless
steel mesh is appropriate for smooth substrates and high resolution thick films on small

areas. Moreover, the open area of the mesh has effect on the passage of paste to the
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substrate. The open area of the mesh depends on a mesh aperture and a thread

7 (11,13
diameter. )

Squeeges Screen mesh

22.2.2 Squeegeef

The scﬁ ek fo %ﬂﬁéﬂﬁaws@’mﬂ Boause of s flexiviity

material and weﬂ resistance. Furthegmore it should not be attacked by constituents of
oo WGP PRI A T o o
for is betWeen 60 and 80 Shore. The common hardness for the general thick film printing
is 65 Shore. It has three functions. Firstly, it presses the screen into line contact with the
substrate. Secondly, it pushes paste down into the stencil and onto the substrate. Lastly,
it cuts the paste level with the top of the screen.””

The squeegee dimension should extend beyond the substrate by a minimum of

some 10 mm on each side, because a screen tension tends to lift the ends of the

squeegee. A screen life is inversely proportional to a squeegee size. A wider squeegee
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will reduce screen life since the screen will be over stretched. The squeegee shape is
separated into three types such as diamond section, blade or trailing edge section, and
knife edge section. The diamond section and the trailing edge section are commonly
used. Fig. 2.7 shows all these squeegee shapes including three types.

In classic screen printing, the trailing edge squeegee is brought to use in this
field. It can be used with uneven surface of substrates as it is inherently flexible but it is

not appropriate with an extremely high viscosity paste. On the other hand, the diamond

B

L o
j Fig. 2.7 Squeegee shapes.“”m

L AUEINENTNYINS
@mmmmﬁﬁmﬁﬁ

parts. Firstly, a functional phase can be metal or semiconducting oxide powders for
resistor compositions, metal powders for conductor compositions, or glass and/or
ceramic powders for dielectric compositions.(g) In the case of the ceramic powders,
there are many kinds for using in dielectric applications, for example, glass, BaTiO,,

PZT. and etc. Secondly, a permanent binder is used to adhere the fired film to its

substrate and it results in lowering the sintering temperature. It can be subdivided into
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two groups, which are glasses and oxides, such as borosilicates and CuO, respectively.
However, it may be mixed between oxides and glasses to produce mixed bonded
composmons Lastly, a vehicle typically contains two components: a volatile solvent,
such as terpineol and a nonvolatile resin, such as ethyl cellulose and acrylate. They
have different roles in the thick film paste. The solvent reduces viscosity and makes the
compositions that can be printable, while the resin (temporary binder) provides

flowability of ceramic precursors, the unfired film adherence to the substrate and green

strength before firing.(g'ze) The vehicle the drying rate of the compositions on
the screen and the printed film. In addi & and stabilizing agents may also
be added to affect viscosity stal elf life. Moreover, the paste may

be mixed with ingredients {@#€0; j e to environment, temperature,
drying, and firing. i .
The screenability il past w. many factors and rheology is

one of them. In practice, ‘ Jé. _ trongly influenced by the total
, : \a Particle size distribution of the

powders, and by the organi 1e théolo \ avior can be separated into two
major groups, a Newtonian VisCoL "- al Hookean elastic solid. Most materials,
however, exhibit mechani : ediate.between these two groups.
The materials are bpf ——4—;—;%__;:; in evidence and they are

called viscoelastic." mFlg . pes of rEoIogical behavior.

Pseudoplastic

l Thixotropic

Newtonian Dilatant

Shear Stress

Fig. 2.8 Responses of fluid to shear.”
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A Newtonian behavior in Fig. 2.8 means shear rate is linear with applied stress.
The viscosity of this behavior is independent with shear rate. A theoritically ideal paste
would show this behavior. However, it may only be expected from low-viscosity liquid
systems but common thick film pastes very seldom act this behavior.

A non-Newtonian behavior has two major groups, such as a steady state
phenomena, for example, dilatant and pseudoplastic, and a time-dependent
phenomena, for example, thixotropic. The dilatant or shear thickening is characterized
' / sing rate of deformation. This behavior

&Adopbstic or shear thinning is

characterized by a graduaideerease in appare iseosity with increasing rate of shear.

by an increase in apparent viscosity

The thixotropic is the one . ime .\\m nt phenomena. It is analogous with
shear thinning behavior a j ' ~ e W n the shear rate increase and

recovery to high viscosit: gsgatio _. shea |xotrop|c behavior, however,
hea

-.~\\,

increasing shear rate t the sl ate is decreasing. A thixotropic hysteresis

rate is usually higher with

loop is illustrated in Fig.#2.8 ;-*":f' thick films exhibit the pseudoplastic or

. . fan i AT s e el (9.20,21)
thixotropic rheology with visCosity-as-an inve ction of shear rate.

A firing process control IS-prOpE ; films for using in many applications.

In this process, the W.a === i ':;_A;_;,;_;;__:‘_-. 5 Wfﬁ:f‘ because it may affect the
properties of thick f|ImEA c onﬂt for firing of the thick films.
Fig.2.9 shows thermal e\‘ents in the thick fllm fiing process. From Fig. 2.9, First, the

volatile portlonﬂ %%}53 %;ﬁaﬁﬁ ﬁt%ﬂtﬂ ﬂwﬁatne phase is burnt at

temperatures b&lveen 200°C and 40‘0 C. The permanent binder begms to flow or react

o QIR ARG HAATIEIYEE= =

with the ﬂermanent binder and sintered at the elevated temperature.



20

Binder/Functional phase

Non volatile phase Flow/Sintering

Burnout
Volatile phase

Evaporation

500 600 700°C

©
Im firing process.

In thick film j fhie: surface’ chen d surface condition of the
substrate is more imp : O Of of it. The surface may be reacted with
the compositions of thick fi i ! g Inde b . phases occur. These phases
affect many properties of e cal and mechanical properties.
Fig. 2.10 shows the concen issolution of an alumina substrate into

typical thick film resistor and ssten o the substrate. The Pb diffuses to a

depth of approximately. 4 microns -
S — \‘
The standard sufstre as been 96% alumina (ALO,). This
substrate has excellent eleotrlcal oharacterlstlcs higf

dimensional sﬂhﬁﬁﬂtﬂﬁw ?Hm mically inert material.®

The alumina sulgstrate, however, is very brittle and it is difficult to create complicated

mechaqwuﬂtﬁqur? mcmrd;) E:rfer substrate. It
is possible to use isotropic and anisotropic etchants in order to c eate cavities, beams,

cantilevers and other mechanical structures. However, it may react with the

thermal conductivity, good

compositions of the thick film to decrease mechanical and electrical properties.m)

In this study, a stainless steel is chosen for using as a substrate. The stainless
steel is iron—based alloys that contains a minimum of approximately 11% Cr, the amount
is needed to prevent the formation of rust in unpolluted atmospheres.(e) It can be divided

to five main groups, such as ferritic, austenitic, martensitic, duplex, and precipitation
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hardening. The ferritic stainless steel, such as 430 type, which is chromium~iron alloys
17-27% chromium and low carbon content is used in this research.®"® This stainless
steel type is less costly than 304, 316, superaustenitics, or duplex grades because of its

6
lower alloy contents.®

{—Apparent Interface
- Substrate —}-—Resistor ——-

% Al

% Pb
00 ;

80
60}

Weight Percent (relative)

6780910
m

-—Distance ce in Resistor —

Fig. 2.10 Concentration profile :;;,7 g dis of Al,O, in resistor and diffusion of
2 Ll o = :

PbO insubstrate.? et .

7 Y

2.2.3 Screen pmting parameter @
2231E1u£l’3 NYNTNYINT

The snap off is a distance lgetween a bottom of the screen and a top of the
L e NTIT TR T
the surface of the substrate. In complex multilayers, they are different because the
surface being printed is not the substrate but it is the first printed layer or more, and
therefore, the snap off distance must be changed for each layer. The ratio of the screen

® The snap off distances i shown in Fig.

diameter to snap off distance should be 200:1.
2.11. The snap off distance has effect on the print thickness, the print thickness

q A 3 : 1"
increased when the snap off distance increased.””
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l—- screen
A

Screen Size "=8nap Of r Equal Force
7 |

5X5 .025

5XT1 025
8X10 .040
12512 £ 29 gu .060
oy ".:'
Note : 200:1 Scree -.w

(et

9533 Aﬁackﬁl :
The attack angle LS an angle between the leading edge of the squeegee and the

surface being ﬂw% Hd’} wWﬁ wgﬁ‘ﬂ ﬁgles in common use for

printing thick fllmcomposmons The &plckness of the printed film W|II be increased when

R REETT R AN T

2.2.3.3 Squeegee pressure

The screen mesh is pressed down towards the substrate by the squeegee
pressure and so it affects the thickness of the printed film. If the squeegee pressure is
increased, the thickness of it will be decreased. A quantity of the squeegee pressure
should be appropriate because too little it will occur an uneven printed film, while too

much will cause spreading of the paste.“o‘")
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\ \\' RO
jles (control.transfer mechanism).

The squeegee spee seedwith W e squeegee travels across the
screen. It is another fact ich cor S the thickness of the printed film. At high
speed, the squeegee will t o7 floz urface being printed, thus increasing
the thickness of the printed fiI .JT-_;? -, iple, high viscosity pastes require the

slowest squeegee speéds

= —

2235 Squeegm hardness m

A unit of the squé hardness is for example, 80 Shore is harder than
70 Shore. The Eiurﬂo mﬂeﬁrﬁjﬂﬂﬁrﬂoﬁilm printing is about 65
Shore which oqgimises lack of distortion with #exibility. The Prihted thickness is
sy o) UV UL LTLRL T B s o

pressure than a soft one. The attack angle of the hard squeegee is greater than a soft

one therefore the printed thickness is decreased."””

2.2.3.6 Downstop
The downstop is a mechanical limit of squeegee onto which travels the
substrate. It prevents the screen from damage. If the downstop is raised, the squeegee

is also raised, thus increasing the printed thickness.""
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2.3 The previous researches

Thiele, E.S. and Setter, N.%°

worked on the effect of eight commercial
dispersants on viscosity of PZT/Terpineol suspensions. They used a rheometer to
evaluate the efficiency of the various dispersants. Suspension viscosities were
measured at several individual shear rates between 10 and 150 s". From this

experiment, the dispersant could be divided into two main groups; an ineffective

dispersant and an effective dispersant. The ineffective dispersant showed shear-

thinning behavior that the viscosit ed when a shear rate was increased. On

the other hand, an effective dispers: toman behavior that the viscosity

menhaden fish oil, polyestei ermer KD-1), fatty acid polymer

derivative (Perfad 9100) sphatel es 4A) and the most advantageous

Furthermore, thé ngFthe; i ‘ nk containing PS-21A was at
least 50% lower than the Viscg@sity f o BS21A at the shear rate of 10s™. At
2 PZT ink containing PS-21A was at

least 30% lower.The SZT povfcfe‘?%éﬁ{d oe sed. in the PZT ink because of these
{ :

phenomena. This highgr-concentration-was-advantagec 'ecause it decreased the

amount of the solvent q}Eor’ g and Ee fired films were thicker. The

addition of the dispersant i@hproved the mi%,structural homogeneity of screen-printed

thick-film Iayerﬁ %ﬂn% %Wtﬁf%bﬂa’] cﬁ»ﬁjmzoaectno oroperties

of the PZT pow

YR EAFRHEAATH T A oo o
attractive! piezoelectric properties to device, while minimizing reactions between the
silicon, the bottom electrode, and the PZT thick film. The PZT powder (soft PZT grade,
BM500) was mixed with a sintering aid (B,0,-Bi,0,-CdO or borosilicate glass) in an
attritor with ethanol solvent for 2-4 hours. The PZT ink was prepared on a laboratory-
scale three-roll mill using terpineol as a solvent, ethyl cellulose as a binder, and a
phosphate ester as a dispersant. After that, it was screen-printed onto the silicon

substrate with the electrode inks (platinum, gold, Au-Pt-Pd alloy, Ag-Pd alloy, or bilayer
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Pt/gold) on the top surface of them and then they were dried at 120°C for 30 min. In the
next step, they were fired at various temperature-time profiles.

From this study, they found the dielectric constant of the PZT film with Au-Pt-Pd
alloy or Ag-Pd alloy electrode was 60 (film thickness 10 pum). This low value was
believed due to the presence of glass additives in both inks, which the glass additives
reacted with the PZT film and then it was high density after firing at 850°C. While the

dielectric constant of the PZT films with gold electrode exhibited nearly 120. The

firing to 850°C.

However, they W

was increased. It was bottom electrode was 440,

thickness of the PZT films'we 18-as 20=40,um ; ' iring at 900°C for 1 hour. In the

.".{ a
case of sintering aids, the B%ﬁl3

LTI A 2
borosilicate glass because thé d‘léféétﬂ

tering aid was more effective than

he PZT film with B,0,-Bi,0,-CdO

sintering aid was ,»;-——-:~‘—.—:—-:-:_:;:r-f ——————————— PZT ff prepared with B,0,-Bi,O,-
CdO sintering aid, screﬁw:pn ted on ‘bilayer bo. om electrode, and sintered at
900°C for 1 hour was trp best result. Thquelectnc piezoelectric, and ferroelectric

A tﬁu@@ REAFHHIRT

Wangch phadung et al." ‘stud|ed the fabrlcatlon of PZT thick film on a
stamle%tw [‘)ﬁtﬁ)ﬁcﬁem Nﬁﬂﬂ ﬁgwanﬁ were prepared
from two%utes, a conventional mixed oxide and a sol-gel technique. The conventional
mixed oxides, PbO, ZrO,, and TiO, were milled in a ball mill with an acetone solvent for
48 hours. After that, they were dried at 100°C and fired at 890°C for 2 hours. The particle
size of the PZT powder from this technique was reduced by an attrition mill. For sol-gel
method, the PZT solution was prepared from lead (ll) acetone trihydrate, zirconium (IV)
propoxide, and titanium (IV) isopropoxide with 2-methoxyethanol solvent. In this

research, PbO-B,0,-Bi,0, frit was used to reduce the sintering temperature.
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The PZT inks were prepared in various compositions. The PZT ink formula was
composed of PZT solvent, of which the viscosity changed after one week. This ink could
not be printed. In addition, the small PZT powder from the sol-gel technique was
believed to cause aggromerates. They also discovered that the frit connected the PZT
particles after firing. The best PZT ink consisted of the PZT powder from mixed oxide,
frit, terpineol, and ethyl cellulose. This PZT film showed microstructural homogeneity

after firing at 750°C for 30 min but the porosity remained. The PZT film on stainless steel

substrates showed the dielectric ¢

respectively at 1 kHz frequeE*:
the oxide layers on the s@

’ he dissipation factor were 110 and 0.25,
ant was low that might come from
trate or lead chromate phase in

mless steel to Pt coated silicon,

on print morphology “andé cafmgenent properties: NZT ((PbZr, s, Tip45) ND,,O,)

powder was derived vi dpEecipitatior v vhich'it was served as the ceramic
e

and it was called an attrition-mifed-p erpineol (boiling point about 220 C)
T
served as the Iow—vcﬂitile solvfeﬂt?"léﬁy? _ e Wi cular weight of 10500 by
A - .
estimated was used f’,}r he-binder-phase. Four ersants were examined; a

polyenoic acid (Menha?j-r} ate esﬁr (Emphos-21A), a fatty acid

(Oleic acid), and a fatty agld ester (Hypermer PS-3).

o oo L) BV R s o oo

maximum packn% fraction, and the %ffect of blnder content on the rheologlcal behavior
s v RARAGERG P BTV B B o o
suspension consisted of PNZT powder, a-Terpineol, and dispersant, was measured.
The PNZT suspension with Hypermer PS-3 or MFO dispersant exhibited the lowest
apparent viscosity and degree of shear thinning, suggesting that these dispersants
provided the most effective stabilization of the PNZT particles. However, Hypermer PS-3
was difficult to dissolve in concentrated suspensions. The menhaden fish oil was chosen
for additional experiments. For the rheological behavior of the ethyl cellulose/terpineol

vehicle system, it showed Newtonian behavior. Furthermore, the suspensions prepared
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from the as-received powder exhibited significantly higher relative viscosity at a given
solid volume fraction when compared with the dispersant-coated attrition-milled powder
because of the agglomerates in the as-received powder.

The PNZT thick films were prepared via computer-aid direct-deposition of PNZT
pastes onto dense alumina or Teflon substrates using a commercial micropen system
and they were fired at varying maximum temperatures. Dielectric constants ranged from

1265 to 1570 depending on a frequency and a sintering temperature. The highest value

of 1570 was measured at 1 kHz f iorysamples sintered at 1050°C for 5 hours.

These values increased whe 0. ratures were increased because of

higher film density. The dissif han 4.5% were measured at all

frequencies. /
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