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ABSTRACT: Ceramic tape-casting slurries are complex
systems composed of ceramic powder, solvent, and a number
of organic components. Conventionally, the development of
ceramic tape-casting slurries is time-consuming and of low
efficiency. In this work, combinatorial approaches were applied
to screen the ethanol and ethyl-acetate binary solvent based
slurry for ceramic green tape-casting. The combinatorial
libraries were designed considering the variation of the
amount of PVB (Poly vinyl-butyral) binder, polyethylene-
400, and butyl-benzyl-phthalate plasticizers, and glyceryl
triacetate dispersant. A parallel magnetic stirring process was

used to make the combinatorial slurry library. The properties mapping of the slurry library was obtained by investigating the
sedimentation and rheological characteristics of the slurries. The slurry composition was refined by scaling up the experiments
and comparing the microstructure, mechanical property, and sintering behavior of green tapes made from the selected slurries.
Finally, a kind of ethanol-ethyl acetate binary solvent based slurry system suitable for making X7R dielectric ceramic green tapes

was achieved.
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1. INTRODUCTION

Tape-casting, a technique established more than 60 years ago, is
widely used as manufacturing process for multilayer ceramics
packaging substrates, solid oxide fuel cell (SOFC) anodes,
battery separator, functional graded materials, and numerous
components and devices such as multilayer ceramics capacitors
(MLCC), piezoelectric actuators, and gas sensors.' > During
ceramic green tape-casting, the slurry consisting of the ceramic
powder in solvent, with addition of dispersants, binders, and
plasticizers, is cast onto a stationary or moving surface. The
ceramic green tape can be obtained after a drying procedure.
Since ceramic green tape needs to endure punching, electrode
paste screen-printing, lamination, debinding, and sintering steps
to obtain multilayer structures, the green tapes must possess
dimensional stability and mechanical integrity, which largely
depend on the tape-casting slurry. Therefore, the development
of a high quality ceramic tape-casting slurry is one of the main
topics in ceramics processing.

The ceramic tape-casting slurry is a complex mixture system
of ceramic powder, solvent, binder, dispersant, plasticizer,
defoamer, and other agents. The composition of the tape-
casting slurry concerning type and amount of solvent, binder,
dispersant, and plasticizer were chosen as the most important
factors affecting the quality and the processing properties of the
ceramic green tape. Generally, the amount and even the type of
organic components in a slurry system should be adjusted to fit
each given ceramic powder to obtain high quality green tape. In
addition, in recent years, the more strict environmental
regulation requires the use of environmentally friendly solvents
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to replace the toxic ones such as MEK, toluene, and xylene.
Therefore, the development of an environmentally friendly new
slurry system is in demand. However, because of the large
number of parameters, quite a number of experiments should
be carried out to optimize the type and amount of the slurry
components for obtaining the ceramic tape-casting slurry.
Therefore, it is desirable to reduce the number of experiments
or to improve the efficiency in the development of tape-casting
slurry. Design of experiment (DOE) is an effective tool to
discover the complex interrelations among several influencing
factors.* In recent years, the DOE approach has been used in
the development of ceramic green tapes.’ > Research works
based on the DOE method extended from tape-casting
composition optimization to the investigation of the factors
influencing ceramic tape sintering properties. However, the
DOE approach optimizes experimental parameters using
statistical analysis and is an indirect method.

Combinatorial technology has been increasingly applied for
the discovery and optimization of superconductor oxides,
phosphors,''™'* catalysts,"* alloys,"® dielectric materials,"®"”
piezoelectric ceramics,"®"® and so forth for more than one
decade. Benefitting from various parallel experimental strategies
and modern experimental techniques, the combinatorial
approach makes it possible to develop new materials or
optimize processing parameters in a faster, cheaper, and more
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effective way. However, there is no report on the application of
the combinatorial method to the complex ceramic slurry study.
In this work, we introduce the combinatorial technology to the
development of ceramic tape-casting slurry. The slurry
composition is optimized by monitoring the rheology, stability
of the slurry, and the drying characteristics, morphology,
density, strength, and the sintering characteristics of green
tapes.

2. EXPERIMENTAL PROCEDURES

The ceramic slurries are composed of X7R ceramic powder
(GC-292M, Sinocera Co., Dongyin, China) (Cera) with a
mean particle size of 0.6 ym and organic components. The
mixture of ethanol and ethyl-acetate (1:1 mass ratio) was used
as solvent (Sol). Poly vinyl-butyral (PVB) (B06SY, CCP,
TaiWan) was used as binder (A). Polyethylene-400 (PEG400)
(B) and butyl-benzyl-phthalate (BBP) (C) were used as
plasticizers. Glyceryl triacetate was used as dispersant (D). So
the composition of the slurry can be written as Ce-
ramSOI,,AwaCyD,J where m, n, w, %, y, and z indicate the
amount of each component. To prepare the slurry, the ceramic
powder is first mixed with the solvent and dispersant. After a
homogeneous mixture is obtained, the PVB binder and the
plasticizers are added, and then, the mixture is mixed further to
form a homogeneous stable slurry.

In the first step screening, 60 g ceramic powder (m = 60) and
20 g solvent (n = 20) were used for each sample. For the
amounts of PVB binder, PEG400, BBP, and the dispersant, w =
2,3,4,4=1,2,3;9=0,1,2; z=0.5, 1 (the unit is gram for all)
were selected, respectively. The composition of the sample can
be written as CerazSol,0A,B,CoDy s if, for example, w =2 g; x =
1g;y=0g z=0.5 g are selected. So the combinatorial library
contains 54 samples for the first stage of screening. The
samples were prepared parallel by magnetic stirring in covered
plastic bottles for 4 h first and then 10 h after the binder and
plasticizers were added (see the Supporting Information for
details). In the second step screening, 4-fold ceramic powder
was used. The amount of each organic component was
increased correspondingly. The mixture of ceramic powder,
solvent, and dispersant was milled with ZrO, balls in a Teflon
pot for 4 h and then 10 h after the binder and plasticizers were
added. Lastly, the slurries were filtered and degassed for tape-
casting and properties testing,

The viscosity and shear strength were measured using a NDJ-
79 (CNSHP, China) rheometer. The stability of the slurries
was checked by a sedimentation experiment (see the
Supporting Information for details). The rheological character-
istics of the slurries were investigated by a Physica MCR301
rheometer (Anton Paar, Austria). The ceramic green tapes were
prepared on a CAM-20 casting machine (KEKO Equipment
Ltd,, Slovenia). A JSM-6700F field emission scanning electron
microscope (FESEM) (JEOL, Japan) was used to observe the
morphology of the green tapes. The tensile strength of the
tapes was tested on an INSTRON 5566 mechanical testing
system (INSTRON, U.S.A.). The density of the green tapes
was measured according to Archimedes’ law. To investigate the
sintering shrinkage, the green tapes were debinded at 450 °C
for 2 h and sintered at 1050 °C for 4 h.

3. RESULTS AND DISCUSSION

To make uniform dense green tapes, the tape-casting slurry
should be a well dispersed stable system with good shear
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shining behavior and high solid loading. Normally, the
preparation of ceramic tape-casting slurry needs milling for a
long time to obtain good homogeneity and stability. So the
slurry preparation is one of the bottlenecks of efficient slurry
composition screening. Magnetic stirring is a conventional, easy
method for preparing the mixture solution. Preliminary
experiments indicated that the properties of the slurry prepared
by magnetic stirring have good repeatability and comparability.
In this work, we prepared the combinatorial libraries by parallel
mixing samples using multiposition magnetic stirrers, which
allow high throughput preparation of the slurry samples for the
next step examination.

The stability and the rheological characteristics are important
parameters of tape-casting slurry. A sedimentation test is
normally used to check the stability of the slurry, and a low
settling rate represents a high degree of dispersion and
therefore a good stability. To investigate the effect of the
slurry composition on the slurry stability, the slurry library was
settled for one month. Figure 1 shows the volume ratio of the

Figure 1. Volume ratio of the homogeneous part of the
CeragySolyA,B,C,D, slurry library after settling for one month,
where w=2,3,4x=1,2,3y=0,1;2=05, 1.

homogeneous slurry part of the CeragSol,0A,B,C,D, (w=2,3,
456=1,2,3;y=0,1; z= 0.5, 1) slurry library after settling for
one month. There is an obvious trend that the slurry stability
gets better with the increase of the amount of “A” component,
the PVB binder. The increase of component “C”, PEG400, also
improves the stability of the slurry. Although the PVB acts as
binder and the PEG400 acts as plasticizer in the slurry system,
the covering of stretched polymers like PVB and PEG400 on
the well dispersed ceramic particles would increase the
interaction between the particles.”®*' Therefore, it is under-
standable that the slurry stability could be improved with the
increase of PVB and PEG400 amounts. The effect on the
stability is not very obvious when the amount of dispersant “D”
was changed from 0.5 to 1 g. But experiment indicates that the
stability of the slurry is much worse if the amount of “D” is
zero. So the dispersant should have a large effect on the
deagglomeration of ceramic particles during the first stage
mixing. However, this effect may be overwhelmed by the
addition of binder and plasticizers.

dx.doi.org/10.1021/c0200148q | ACS Comb. Sci. 2012, 14, 205-210
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Figure 2. Shear stress versus shear rate curves of the CerasSol,A,B,C,D, slurry library, where w = 2, 3,4, x = 1,2, 3; y =0, 1; z= 05, L.

The rheological characteristic is a visual representation of the
interaction of organic components with the ceramics particles
in the slurry. So the rheological property is one of the most
important criterions for screening the slurry composition.
Figure 2 presents the shear stress versus shear rate curves of the
CeragoSolyA,B,C,D, slurry library samples. It can be seen that
the functions between shear stress and shear rate of all samples
follow power law with an index less than one. That means these
slurries show non-Newtonian behavior and are shear thinning
fluids. This kind of behavior indicates the presence of
pseudostructure as a result of the entanglement of stretched
PVB chains. The pseudostructure is readily broken down under
the shear force applied, and the fluidity of the slurry is
improved.”

Good shear thinning property allows the slurry to have
excellent fluidity when experiencing shear force under the
action of carrier/blade moving during the casting process. The
viscosity of the slurry recovers just after the slurry is past the
blade so that a uniform green tape can be obtained. To have a
better understanding of the rheological properties of the
slurries, the shear stress versus shear rate curves were analyzed
further. According to the Herschel-Bulkley model,” the
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relationship between shear stress (7) and shear rate (y) can
be written as
T=1T,F Ky" (1)
where 7, is the yield shear stress needed to initiate flow; K is the
consistency index; n is the shear thinning constant. Values of n
< 1 correspond to a shear thinning or pseudoplastic behavior.
To compare the shear thinning property of the Ce-
rageSolA,B,C,D, slurry library quantitatively, the shear stress
versus shear rate curves were fitted with the Herschel—Bulkley
model so that the shear thinning constant “n” of each slurry
could be obtained. Figure 3 compared the shear thinning
constants of the slurries in the CeragSol,A,B,C,D, slurry
library. To have a good visibility, the 1/n values were presented
in the figure. It can be seen that the 1/n values changes largely
with the variation of the composition of the slurry system. But
the shear thinning constant does not show obvious dependence
on any single component of the slurry. This implies the
complexity of the interaction in the slurry system, and the
rheological behavior of the slurry is a general result of the
interaction of solvent, dispersant, binder, and plasticizers. The
shear thinning constant of CeragSol,,A,B;C,D,, Ce-
ragoSol,0A;B,C,Dy 5, Cerag,Sol,(A4B,C,D;, and Ce-
ragySol,0AB,C,D; slurry system is 0.209, 0.281, 0.206, and

dx.doi.org/10.1021/c0200148q | ACS Comb. Sci. 2012, 14, 205-210
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Figure 3. Comparison of the shear thinning constants of the
CeragSolyA,B,C,D; slurry library, where w = 2, 3, 4, x = 1,2, 3; y
=0, 1; z= 0.5, 1. The 1/n is used here for a good visibility.

0.316, respectively, which are the lowest values in the slurry
library. That is to say, these four slurry systems show the
strongest shear thinning behavior in the slurry library.

On the basis of the stability and the rheological character-
istics study, the CeragSol,0A,B;C,D;, CeragSol,,A;B,C,Dys,
CeragSol,,A,B,C,D;, and CeragSol,,A,B,C,D; slurry systems
are suitable for tape-casting and were selected to be investigated
in more detail. In the second step screening, 4-fold of the
ceramic powder and organic components were used. The
slurries were prepared by ball milling and were filtered and
degassed before tape-casting and properties testing.

Figure 4 shows the viscosity depending on the shear rate of
the Cerag,Sol,0A,B;C,D,, CerasSol,0A3B,C,Dj 5, Ce-

30 l
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Figure 4. Viscosity depending on the shear rate of the
CeragySol,0A;,B;C,D;, CeragySol,0A3B,C,Dys, CeragSol,0AB,C Dy,
and CeragSol,,A,B,C,D; slurry systems.

ragySol,0AB,CDy, and CeragSol,,A,B,C,D; slurry systems.
The viscosity curves show typical non-Newtonian behavior and
exhibit strong shear shinning behavior in the 10—500 s™" shear
rate region. The slurries CerasSol,,A,B;C,D; and Ce-
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ragSol,pA,B,C,D,; have similar viscosity, which is larger than
that of the slurries Cerag,Sol,,A,B;C,D; and Ce-
ragySol,0A3B,C,Dys. We noticed that the plasticizers/binder
ratios of CeragSol,0A,B;C,D;, CeragSol,,A3B,C,Dys, Ce-
rag,Sol,0AB,CD;, and CeragSol,,AB,C,D; slurry system
are 2.5, 1.3, 0.5, and 0.75, respectively. As is known, the
plasticizers in the slurry can reduce the frictional force between
PVB chains or break down the network structure formed by
PVB chains because of a decrease of the attractive interaction
between PVB chains.** So it is understandable that the higher
plasticizer/binder ratio leads to a lower viscosity of the slurry.

Green ceramic tapes with thickness of about 100 ym were
obtained by casting the slurries on the CAM-200 automatic
tape-casting machine. Uniform and flexible green tapes were
obtained from all the four slurries. Figure 5 is the photograph of

Figure S. Flexible green tape obtained from CerySol,0AB,C\D;
slurry.

the flexible green tape obtained from the Cerag,Sol,,A,B,C D,
slurry. As shown in Table 1, the ceramic powder loading in the
green tapes is 67.01, 65.32, 64.00, and 63.41 wt % for the tapes
made from CeragSol,4A,B;C,D;, CeragSol,,A3B,C,Dys, Ce-
ragSol,0AB,CD}, and CeragSol,,AB,C,D; slurry systems,
respectively. The corresponding green tape density is 3.67, 3.65,
3.35, and 3.37 g/cm3.

The microstructure of the green tapes was observed by SEM
and was represented in Figure 6. The tape made from
CeragSol,,A,B;C,D, shows a little rough and porous structure
on the surface. While, the tapes made from other three slurry
systems have smooth and well-packed surface morphology.
Previous results show that the CeraySol,,A,B;C,D; slurry has
the lowest viscosity among the slurries investigated and has
good homogeneity. So the porous surface morphology cannot
be explained from the slurry dispersion nonuniformity. Another
possible factor is the tape-casting process. It is known that the
shrinkage control at the drying stage is very important for
achieving a dense green tape.’ We noticed that the
Cerag(Sol,4A,B;C,D; slurry contains ceramic powder up to
67.01 wt %. But the ratio of binder is only about 2 wt %. The
binder is not enough for covering all the ceramic particles and
holding ceramic particles together when the shrinkage occurs.
So small crack or pores may form in the green tape during the
drying process of the tape-casting. This kind of porous structure
leads to low strength as confirmed by the mechanical property
characterization.

The tensile strength-strain curves of the green tapes obtained
from the slurries Cerag,Sol,4A,B;C,D;, Cerag,Sol,;A;B,C,Dy,
Cerag,Sol,0A,B,CD;, and CeragySol,,A,B,C,D; are presented
in Figure 7. The tapes made from the slurries Ce-

dx.doi.org/10.1021/c0200148q | ACS Comb. Sci. 2012, 14, 205—-210
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Table 1. Comparison of the Properties of the Tapes Made from Different Slurries

composition  solid loading (wt %)  ceramic loading (wt %) green tape density (g/cm®) tensile stress (Mpa) firing shrinkage (xy) firing shrinkage (z)

A,B,C,D, 72.59 67.01 3.67 0.81 13.30% 19.30%
A;B,C,Dy5 72.86 65.32 3.65 0.58 16.70% 20.00%
AB,CD, 71.29 64.00 335 1.84 17.30% 18.90%
AB,C,D, 7122 63.41 337 1.05 17.50% 18.90%

To investigate the sintering performance of the green tapes,
the tapes were dewaxed at 450 °C for 2 h and then calcined at
1050 °C for 4 h in air. All the sintered tapes are dense, and the
morphology has no large difference. Figure 8 shows a typical

NONE

Figure 6. SEM images of the green tapes from the slurry (a) s X10000 Tgm . WD
CeragySol,0A,B;C,D;; (b) CeragoSol,0A3B,C,Dgs; (c) Ce-
ragSol,yA,B,C,D}; and (d) CeragSol,0A,B,C,D. Figure 8. SEM image of the nature surface of the sintered ceramic tape
made from CeragSol,0A,B,C D, slurry.
20}
18l :g:::z::z:zzgzg;ﬁ SEM micrograph of the natural surface of the sintered tape
16l —+—Cera S0l ABCD, made from CeragSol,A,B,C D, slurry. Cycle shaped grains
s F —— Cera,,Sol,AB,C,D, with diameter less than 1 ym arrange compactly on the surface
% Bl of the sintered tape. Considering the average particle size of 0.6
g 121 um, there is no obvious grain growth after being sintered at
g 1.0 1050 °C for 4 h. The firing shrinkage of the tapes is listed in
2' 08| Table 1. The xy-axis shrinkage increases from 13.30% to
B o6l 17.50% with the increase of the binder amount “x” from 2 to 4
e 0al g. However, the z-axis shrinkage has no obvious dependence on
ozl the binder amount. The tapes made from the slurries with
) binder amount of 4 g shows lower z-axis shrinkage of 18.90%,
0 0 15 20 25 30 35 a0 5 which is the lowest among the four kinds of tapes. The
Tensile strain (%) sintering behavior and other properties indicate that green tape

made from CeragySol,,A,B,C,D; slurry is more suitable for the

Fi 7. Tensile strength-strai f t d with . . .
sure ensie sength-strain cutves of green tapes prepared wi laminated components or device applications.

the CeragySol,0A,B;C,D,, Cerag,Sol,0A3B,C,Dy 5, Ce-
ragySol,4A,B,C,D;, and CeragySol,,A,B,C,D; slurries.

4. CONCLUSIONS

A kind of ethanol and ethyl-acetate binary solvent based
ceramic tape-casting slurry was developed using the combina-

ragSol,0A,B;C,D; and CeragSol,0A;B,C,Dys show lower
tensile strength compared with that of the tapes made from

the slurries CeragSol,0A4B,C,D), and CeragSolyA,B,C,D;. torial approach. The combinatorial slurry library was designed
This should be due to the lower binder content and the high considering the variation of the amount of binder, plasticizers,
plasticizer/binder ratio. The tape made from the slurry and dispersant, and prepared by a parallel magnetic stirring
CeragSol,)A,B;C,D; show the highest tensile strength of process. A two-step screening was carried out by investigating
1.84 MPa and a strain of about 24%, which indicates the good the segmentation and rheological characteristics of the slurries

and the microstructure, mechanical property, sintering behavior

mechanical properties of the green tape made from the slurry of green tapes. A slurry system composed of ceramic powder/

CeragSolyAsB,C,D,. The tensile strength of the tape made PVB/PEG 400/butyl-benzyl-phthalate/glyceryl triacetate was
from slurry CeragSol,A4B1C,D; decreases to 1.0S. But the achieved suitable for making X7R dielectric ceramic green

strain increases to 28%. The strain increase contemporary with tapes. This combinatorial approach can be applied to develop a
the strength decrease is the typical characteristic of increasing wide range of tape-casting slurries, colloids, and other
plasticizer in green tape.25 composites.

209 dx.doi.org/10.1021/c0200148q | ACS Comb. Sci. 2012, 14, 205-210
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Further details are given on source materials, library design,
library preparation and characterization, and facilities and
procedures for the second step screening. This material is
available free of charge via the Internet at http://pubs.acs.org.
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