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Abstract

The effects of the chemical structure and molecular weight (Mw) of plasticizer on the physical properties of green tapes were
investigated by measuring the rheological behavior of suspensions and estimating the tensile properties of green tapes. The BaTiO3
green tapes were fabricated from the suspensions prepared in nonaqueous media with poly(vinyl butyral) (PVB) and various plas-
ticizers, such as di-octyl phthalate (DOP,Mw�391), butyl benzyl phthalate (BBP,Mw�312), and two kinds of polyethylene glycols
(PEG400 (Mw�400) and PEG1530 (Mw�1300–1600)). As the suspension was prepared with lowerMw of plasticizer, the viscosity of
suspension and flexibility of green tape was decreased and improved, respectively. The BaTiO3 suspension prepared with PEG1530

resulted in delamination of the cutting surface due to low flexibility of green tape. The chemical structure of plasticizer also affected
the elongation behavior of green tape as a function of time. The BaTiO3 green tapes prepared with phthalate-based plasticizers
having an aromatic unit (DOP and BBP) were found to be more stable for time-dependant elongation property of the green tapes

than those prepared with glycol-based plasticizers having an aliphatic structure (PEG) in BaTiO3/PVB system.
# 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Multilayer ceramic capacitors (MLCCs) are con-
sidered to be one of the most important passive com-
ponents in electronic devices owing to high volumetric
efficiency and the technology of MLCCs are being con-
sistently progressed to improve for high electrical prop-
erties and reliability.1 Also, efforts to reduce the
thickness of dielectric layer are advancing because of the
recent progress in a miniaturization of MLCCs with
higher capacitance.2 To achieve these objectives, it is
important technical keys to manipulate the interparticle
force between ultra fine particles suspended in liquid
media and also impart sufficient strength and elongation
to thin-layered green tape for subsequent processes in
MLCCs fabrication, such as lamination, screen printing
and pressing, etc.
Tape casting3,4 has been generally used for the fabri-
cation of microelectronic components such as MLCCs
and a powerful and economic process for producing
thin and flat sheets of ceramics.5 For tape casting pro-
cess, various organic additives have to be added to the
suspension to control the stability and rheological
behavior of the suspension as well as the strength and
flexibility of green tape.6,7 In our previous work,8 it was
reported that the stability of BaTiO3 particles in non-
aqueous media by the steric hindrance was dependent
on the coverage fraction of dispersant on the BaTiO3
surfaces and the stability of BaTiO3 particles by the
electrostatic repulsive forces was mainly attributed to
the physicochemical properties of organic solvent media
and charged dispersant such as phosphate ester. There-
fore, the stability of suspension in nonaqueous media is
mainly affected by the kinds of solvent and dispersant,
whereas the binder and plasticizer have a major effect
on green tape properties such as strength, flexibility, and
plasticity.
Various binders for tape casting in a nonaqueous

media, such as vinyl binders and acrylic binders, have
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been studied.7 The commercially available PVB binder
was chosen among various binders for this study since it
is recently chosen as a binder for the commercial man-
ufacture of tape cast BaTiO3 due to the excellent green
strength, solubility in many volatile solvents, and com-
patibility with other organic additives. However, most
polymeric binders are prone to form a relatively strong,
stiff, and brittle sheet without the addition of plasticizer.9

The degree of plasticization of polymer is largely
dependent on the superstructure of plasticizer such as
chemical composition, molecular weight (Mw), and
functional group. A plasticizer, which has low molecular
weight and small number of polar groups, provides
higher flexibility and plasticization.6,7 However, higher
degree of plasticization must be accompanied with poor
mechanical strength, which is essential requirement for
subsequent MLCCs fabrication processes, such as lami-
nation, screen-printing, pressing, and green tumbling.
Therefore, application of higher Mw plasticizer to the
MLCCs fabrication is considered to prepare the green
tape with adequate strength and flexibility.
There are many studies to deal with the effects of

plasticizer on tape flexibility as well as strength in var-
ious casting processes but many literatures have focused
on determination of the plasticizer to binder ratio in
order to retain a suitable strength and flexibility of
green tapes.10,11 There is not much investigation about
the effects of plasticizer on the rheological behavior of
suspension and the physical properties of BaTiO3 green
tape in spite of its great effect on elongation and flex-
ibility of the tapes, in particular, cast in nonaqueous
solvents. The role played by the chemical structure and
(Mw) of plasticizer in the rheological behavior of sus-
pension and the time-dependent physical properties of
BaTiO3 green tape is far less understood. Therefore, it is
necessary to investigate the effects of the chemical
structure and Mw of plasticizer on the rheological
behavior of BaTiO3/PVB-based suspension in nonaqu-
eous media and the physical properties of resultant
green tape in the conventional tape casting process,
which is a principle objective of this study. In addition,
the time-dependant degradation of the physical proper-
ties, tensile strength and elongation, and the relation-
ship between the physical properties and lamination
flaws are extensively discussed.
2. Experimental procedure

2.1. Starting materials and preparation of green tape

The powder used in this study was commercial
hydrothermal synthesized barium titanate (BaTiO3,
Sakai Co., Japan, hereinafter BT-01) with Ba/Ti ratio of
1.000, a specific surface area of 12.1�0.05 m2/g, and a
median diameter of 0.1�0.05 mm, provided by the
manufacturer. To remove adsorbed water on the pow-
der surface, the powder was kept in desiccator for 24 h
prior to process. Phosphate ester (RE610, Toho Chem.
Co., Ltd. Japan), the most common commercial dis-
persant for BaTiO3 powder, was used as a dispersant.
Poly vinyl butyral (PVB) (BM2, Mw�90 000, Seikisui,
Inc, Japan) served as a binder. The mixture solvent of
toluene and ethanol was chosen based on our previous
study.12

Di-octyl phthalate (DOP, Mw�391, Samchun Chem.
Co. Ltd., Korea), butyl benzyl phthalate (BBP,
Mw�312, Victor Chem. Co. Ltd., Korea), and two
kinds of polyethylene glycol (PEG400,Mw�400, Showa
Chem. Co. Ltd., Japan and PEG1530, Mw�1300–1600,
Kanto Chem. Co. Inc., Japan) were selected as plastici-
zers to impart the plasticity and flexibility to green tape.
Poly ethylene glycols (PEG 400 and PEG 1530) have an
aliphatic structure, and DOP and BBP have an aromatic
unit. The structures of typical PVB binder and plastici-
zers used in this study are depicted in Fig. 1.
The BaTiO3 suspension was prepared by adding a

particle volume fraction of 10% into the solvent with a
dispersant mass fraction of 1.0% and was placed in a
1000-ml jar with 3 mm zirconia grinding media and roll-
milled for 3 h. The mixture solution of PVB binder pre-
dissolved in the solvent and plasticizer with a volume
fraction of 35% based on the binder contents was added
into BaTiO3 suspension, and then the slurry was roll-
milled for additional 20 h. The suspension filtered by
no. 300 sieve (43 mm�43 mm) was aged for additional 6
h at room temperature to establish an equilibrium dis-
persion system.
Fig. 1. Chemical structure of PVB binder and plasticizers: (a) PVB,

(b) DOP, (c) BBP, (d) PEG.
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2.2. Characterization

The rheological behavior of suspension was character-
ized using a concentric-cylinder viscometer (MCR300,
Paar Physica, Stuttgart, Germany). The shear rate was
increased from 0 to 700 s�1 over 4-min period. The
green tape was prepared by tape casting machine (S-
1992, Samsung electromechanics Co. Ltd., Suwon,
Korea). The slurry passed through a doctor blade sys-
tem assuring of uniform tape thickness (20 mm), whose
height could be adjusted by means of a micrometer
screw. A casting speed of 3.99 m/min was applied.
In order to measuring the tensile strength and elon-

gation of green tape, the green sheets were laminated
and uni-axially pressed. The final dimensions of the
green tape after cutting were �150�5�0.1 mm3, and the
strength and flexibility of the green tape were measured
by a mechanical testing machine (QTS25, CNS Farnell
corp, London, British). In addition, for the purpose of
observing cutting surface with various plasticizers, the
green block (�13�11�1.0 mm3) without inner electrode
was prepared and characterized by optic microscope
(BX60F5, Olympus optical Co. Ltd., Japan).
3. Results and discussion

3.1. Rheological behavior of BaTiO3 suspensions

Flow curves of BaTiO3/PVB suspensions prepared
with various plasticizers show non-Newtonian behavior,
characterized by strong shear thinning behavior in a
whole shear region as shown in Fig. 2. The shear thin-
ning behavior, the decreasing viscosity with increasing
shear rates, has been frequently observed in ceramic
suspensions for casting. When the incipient shear force
is applied, low-shear viscosity is very high, which indi-
cates the presence of pseudo-structure as a result of
particle instability and structure formation of PVB
chains.13�15 The pseudo-structure is readily broken-
down under the stronger shear applied, and the fluidity
of the suspensions is improved.
Considering BaTiO3 particles, shear thinning is

attributed to the breakdown of agglomerated particles
in a concentrated particulate suspension.13 In addition
to the strong interactions between agglomerated parti-
cles, flow behavior of BaTiO3 suspension prepared with
PVB binder is also affected by the formation of aniso-
tropic structure of PVB chains. The flow curves in Fig. 2
exhibit shear thinning behavior due to the disentangle-
ment of PVB chains within the suspension, resulting
from the formation of anisotropic structure such as the
stretching and orientation by the applied shear.14,15

The suspension viscosity was decreased with the
addition of plasticizer into the BaTiO3/PVB suspension.
The degree of shear thinning is similar one another, the
magnitude of the suspension prepared with short-chain
plasticizers is slightly smaller than that of long-chain
plasticizer. Lower Mw plasticizer (DOP, BBP and PEG
400) indicated lower viscosity than higher Mw PEG
1530. The plasticizer of low Mw below 500 g/mol is
preferred to fabricate the flexible green tapes and it
makes better and easier for plasticizer to access and
penetrate to the cross-linked network structure of PVB
chains. Role of plasticizer in the suspension was pre-
viously demonstrated as follows;16 (1) the reduction of
Fig. 2. Viscosity curves of BaTiO3 suspensions prepared with various

plasticizers.
Fig. 3. Elongation–tensile strength curves of green tapes prepared

with BaTiO3 suspensions prepared with various plasticizers.
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frictional force between PVB chains as a lubricant, (2)
the breakdown of network structure formed by PVB
chains due to a decrease of the attractive interaction
between PVB chains. It was found that all plasticizers in
this study had a positive effect on the viscosity of
BaTiO3/PVB suspension. Especially, in the case of PEG
containing OH functional group, a stronger plasticizer–
binder interaction through hydrogen bonding is expec-
ted. However, the influence of OH functional group on
the flow behavior is not exactly differentiated by the
viscosity measurement since suspension viscosity is a
macroscopic property that measures the collective
effects from many coincidental contributions to flow
behavior. Rheological behavior of BaTiO3 suspension is
mainly dependent on the formation of particle agglom-
eration which is generally governed by the interparticle
forces. Also it is well known that these forces are con-
tributed by dispersant. From the viscosity measurement,
it was apparent that the Mw of plasticizer strongly
affected the viscosity. Therefore, the lower Mw plastici-
zer enables green tapes to be laminated, providing a
sufficient flexibility for handling, screen-printing, and
machining.

3.2. Mechanical properties of BaTiO3 green tapes

Tensile strength–elongation curves of green tapes
prepared with various plasticizers are shown in Fig. 3.
The green tape without plasticizer exhibits the typical
brittle behavior, but green tapes prepared with plastici-
zers exhibit ductile behavior.
In general, the physical properties of polymer pro-

ducts are strongly dependent on the interaction between
polymer chains. That is, their high interaction is con-
tributed to variation of not only the tensile strength and
tensile modulus but also the elongation. In the case of
PVB copolymer used as a binder, interaction between
Fig. 4. The tensile modulus, tensile strength, and elongation of green

tapes prepared with various plasticizers.
Fig. 5. Optical micrographs in cutting surface of green blocks without inner electrode: (a) DOP, (b) BBP, (c) PEG400, (d) PEG1530.
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polymer chains can be formed during tape casting
due to the strong hydrogen bonding of vinyl alcohol
units.17

As shown in Fig. 3, the ductile behavior became more
noticeable with a decrease of theMw even the same type
of plasticizer. This means that the lower Mw of plastici-
zer decreases the concentration of hydrogen bonding
between PVB chains as accessibility and penetration of
plasticizer to PVB chains become easier during slurry
process. Referring to the mechanism of plasticizer
action, this phenomenon is also explained by free
volume theory.18,19 The higher concentration of term-
inal groups of plasticizer resulting from lower Mw

increases the breakage of many attachment points
formed by hydrogen bonding between PVB chains.
Therefore, the Mw of plasticizer was a dominant factor
on the mechanical properties of green tape. Also, it was
recognized that the green tapes with phthalate-based
DOP and BBP plasticizers yielded higher elongation
than that with PEG 400 although they have similarMw,
indicating that plasticizer containing an aromatic unit
has more significant effect on plasticization of green
tape using PVB binder than that with an aliphatic linear
structure.
The tensile modulus, tensile strength, and elongation

of green tapes prepared with various plasticizers are
represented in Fig. 4. The tensile modulus of green tapes
corresponding to the slope of strength and elongation
curve is technically important because the adequate
flexibility of green tape during lamination process is one
of indispensable properties to reduce the void, inner
crack, and residual stress of green products before fir-
ing. Green tapes prepared with plasticizer showed lower
tensile modulus than that without plasticizer, indicating
that plasticizer affected flexibility of the green tape. In
similar type of plasticizers, the highMw indicated higher
tensile modulus than low Mw, showing a reverse trend
in elongation.
In MLCCs fabrication, the good combination of the

tensile strength and elongation of green tape is very
important in preventing defects, such as void and dela-
mination. In order to fabricate green tape enough to
meet these conditions, green tape requires empirically
tensile strength of over 15 MPa and elongation of 15–
25%. In this study, all green tapes prepared with plasti-
cizers except for PEG 1530 have sufficient strength and
elongation properties.
Fig. 5 shows the effect of plasticizer in the cutting

surface of the laminated green block without inner
electrode. The green block prepared with DOP
[Fig. 5(a)], BBP [Fig. 5(b)], and PEG 400 [Fig. 5(c)]
exhibited well-laminated and flawless cutting surface. In
the case of green block prepared with PEG 1530
[Fig. 5(d)], however, the delamination was observed.
This is due to lower adhesion during lamination and
cutting processes. That is, less flexibility and less tacky
property of green tape, which resulted from the low
degree of plasticization of PVB binder, led to undesir-
able defects of green products before firing.

3.2.1. Time-dependent degradation of green tapes
The degradation of mechanical properties of green

tapes as a function of time is shown in Fig. 6. Time-
dependent degradation of green tape, showing a
decrease of tensile strength or lower flexibility with
processing time, may create unexpected and undesirable
problems such as tearing tape, low adhesive property
between tapes, void, and delamination within MLCCs.
For all green tapes, the tensile strength did not change
with processing time. The elongation of green tapes
prepared with DOP and BBP plasticizers also did not
change with time. However, the elongation property of
green tapes prepared with PEG plasticizers was
decreased up to about 30% after 3 days and then almost
constant.
Fig. 6. Variation of mechanical properties of green tapes with time:

(a) tensile strength and (b) elongation.
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It was found that the plasticizers containing an aro-
matic unit (DOP and BBP) have better time-dependent
stability within green tapes prepared with PVB binder
system than that containing an aliphatic structure with
linearity (PEG). This is because low plasticization effect of
PEG, as shown in Fig. 3, results in reformation of hydro-
gen bonding between PVB chains as time passes.20,21 The
other reason for this behavior is also elucidated by the
fact that PEG with a polar group (OH group) has more
antiplasticizing effect, which is the increasing modulus
and tensile strength and the decreasing elongation at
times, than DOP and BBP with nonpolar unit.21

Another reason can be explained as the time-dependant
micro-scale phase separation that PEG may be partially
segregated in PVB–BaTiO3 green tape. Therefore, it was
found that phthalate-based plasticizer had a more stable
physical property for BaTiO3/PVB-based green tape
than glycol-based plasticizer.
The physical properties of green tape are closely

dependent on the chemical structure and Mw of plasti-
cizer. Also, physical properties of green tape greatly
affect the structural defects of MLCCs chips. Therefore,
the proper choice of plasticizer, which has a good com-
patibility with PVB chain, may be one of most impor-
tant factors to prepare the flawless green body before
sintering process.
4. Conclusions

The effects of the chemical structure and Mw of plas-
ticizer on the rheological behavior of BaTiO3/PVB sus-
pension and physical properties of green tape were
investigated. The viscosity of BaTiO3 suspensions and
the physical properties of green tape were strongly
dependent on the Mw of plasticizer. Plasticizers of low
Mw (DOP, BBP and PEG 400) gave lower suspension
viscosity and lower tape strength than that of high Mw

(PEG 1530), resulting in the delamination in the green
block prepared with PEG 1530. In the case of plasticizer
with similar Mw, the plasticizer with an aromatic unit,
such as DOP and BBP, has a dominant effect on the
elongation properties of green tape, than that with an
aliphatic structure such as PEG, showing high plasticity
in DOP and BBP. The green tapes prepared with
phthalate-based plasticizers (DOP and BBP) having an
aromatic unit were more stable than those prepared
with glycol-based plasticizer (PEG) having an aliphatic
structure in BaTiO3/PVB system, showing a decrease of
the elongation of green tape by time in both green
blocks prepared with PEG plasticizer. The physical
properties of green tape, such as tensile strength and
elongation, were greatly dependent on structural char-
acteristics as well as Mw of plasticizer.
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