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n this paper, four different binders were investigated in the process of aqueous tape casting of cordierite-based glass-cerami
ffects on the rheological behaviour of the suspensions and on the microstructures of the green tapes were compared. Meanw
ompatibility between the dispersant and binder was found to be a predominant factor to obtain an optimised cordierite glass-ce
he microstructure of the green tape was observed by SEM and the weight loss during binder burn out process was determined b
he dielectric constant and dielectric loss of the sintered tapes (at 1150◦C for 2 h) was also measured.
2004 Elsevier Ltd. All rights reserved.
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. Introduction

The excellent dielectric and thermal properties of
ordierite and cordierite-based ceramics make such compo-
itions suitable candidates for applications in the microelec-
ronic industry.1–5 Compared with conventional dry pressing
echnologies, aqueous tape casting has great advantages in
roducing homogeneous and flat tapes without causing envi-
onmental problems.6–14Therefore, the use of aqueous-based
lurries for tape casting becomes an increasing trend in the
abrication of ceramic substrates.

In general, well-dispersed slurry is necessary for produc-
ng homogeneous and dense tape in aqueous tape casting of
eramics, in which the selection of binder is one formidable
ask. Since some binders would interact with the dispersant
n the suspension, therefore, its compatibility with the dis-
ersant should be taken into account. An attempt to access
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the possible interactions between dispersant and binde
made by using UV spectroscopy to evaluate the compati
between dispersant polymethyl acrylic acid (PMAA) a
a poly(vinyl alcohol) (PVA) as binder.15 In this case, th
UV peaks of PMAA and PVA have different positions
the spectra, enabling the respective adsorbed dispersa
binder to be accurately determined. Moreover, Kristoff
son et al. used the rheological behaviour to determine
dispersant/binder compatibility. However, the work is c
centrated in the variation of dispersant concentration ins
of binder.16 With respect to cordierite glass systems, th
are few reports about aqueous tape casting process.
the effect of dispersant concentration on the cordierite-b
glass-ceramics has been studied in a previous paper,17 thus,
attention will be given to the comparison of different bind
in terms of rheological behaviour of the suspensions
the microstructures of the green tapes, as well as the b
burn out process. Based on the results obtained, the
appropriate binder working compatibly with the dispersa
determined.
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Table 1
The features of different binders used

Binder pH value Viscosity (mPa s) Density (g/cm3) Solids loading (%) Tg (◦C)

Duramax B-1070 6.5 85 1.06 44 −6
Duramax B-1080 6.5 150 1.01 44 −21
Mowilith DM 765 8.5± 1.0 7500± 3500 1.02 50± 1 −6
Mowilith LDM 6610 8.5± 0.5 200± 150 1.04 48± 1 15

2. Experimental procedures

2.1. Preparation of suspensions and tapes

Cordierite powders were synthesised (D50≈ 0.8�m) in
the lab.20 A glass powder (Schott glass, Germany) was
used to decrease the sintering temperature of cordierite
(D50≈ 4.2�m). The ratio between glass and cordierite is
50:50 (wt.%).

Two binders, Duramax B-1070 and B-1080 were supplied
by Rohm and Haas (USA), and the other two, Mowilith DM
765 and Mowilith LDM 6610 by Hoechst-Perstorp (Swe-
den). Duramax B-1070 and B-1080 are aqueous emulsions
with different glass transition temperatures (Tg), which are
used for enhancing green strength and improving flexibility
of ceramic parts. Mowilith DM 765 is an unplasticised, aque-
ous copolymer emulsion based on acrylic ester and styrene,
whereas Mowilith LDM 6610 is a dispersing aqueous copoly-
mer emulsion based on acrylic ester. The features of these
binders are listed inTable 1.

The suspensions were prepared by mixing cordierite and
glass powders into a solution of Dolapix CE 64 (Zschimmer
& Schwarz, Germany). The solids loading used was 60 and
80 wt.% and the dispersant concentration ranged from 0.2 to
1.2 wt.% based on the solids. After being stirred for 30 min for
uniform distribution of the components, the as-obtained slur-
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3. Results and discussion

3.1. Rheological characterisation of the suspensions

Fig. 1 shows the viscosityagainst shear rate for the
suspensions with different binders. It can be observed that
viscosity decreases with shear rate within the entire measure-
ment regime regardless of the type of binders. Among all the
binders, Duramax B-1080 and B-1070 presented the similar
rheological behaviours. The viscosity values decreased from
about 100 to 0.01 Pa s when the shear rate increased from 0.1
to 1000 s−1. Furthermore, the curves almost superimposed
at high shear rate range from 100 to 1000 s−1. In contrast,
the suspensions containing Mowilith DM 765 and Mowilith
LDM 6610 displayed somewhat higher viscosities ranging
from 1000 to 0.1 Pa s. It clearly indicates that Mowilith DM
765 and Mowilith LDM 6610 are less effective binders,
whereas Duramax B-1080 and B-1070 seem to be the most
promising binders for cordierite–glass system in aqueous
media.

3.2. DTA analyse of the green tape

According to the demonstration of Salam et al.,19 the DTA
analysis ensures the suitability of the binder selection in its
burn out stage. In our work, the DTA/TG plot of tapes contain-
i
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t
r to

F with
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ies were deagglomerated in polyethylene bottles using2
alls for 24 h. Subsequently, the different binders (Mow
M 765, Mowilith LDM 6610, Duramax B-1070 and B-10

both from Rohm and Haas, USA)) were added to the
repared suspensions and a de-airing and conditioning
as then performed for further 24 h by rolling the slips in
illing container without balls. The green tapes were
ared by casting the as-prepared suspensions onto a
lm with a laboratory tape caster.

.2. Characterisation techniques

Rheological properties of the suspensions were d
ined with a rotational control stress rheometer (Carri-
00 CSL, UK) before the suspensions were cast. The
rostructural evolution of green bodies and sintered bo
as observed using SEM (Hitachi 4100, Tokyo, Japan).

erential thermal analysis (DTA) and the weight loss oc
ing in the tapes upon heating were examined by the
ravimetric analysis (DTA/TG, Linseis L18) in air with
eating rate of 10 K/min. Electrical properties were ev
ted as described elsewhere.18
ng different type of binders is shown inFig. 2. From the DTA
nalysis, it can be observed that the organic inside the

ape oxidised within the temperature range of 300–370◦C,
anging from 340◦C for Duramax B-1070 and B-1080

ig. 1. Viscosity curves of suspensions containing different binders
0 wt.% solids.
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Fig. 2. DTA/TG plots of tapes containing different binders.

350◦C for Mowilith LDM 6610 and 360◦C for Mowilith
DM 765, respectively. It indicates that Duramax B-1070 and
B-1080 decomposed at relatively lower temperature. As the
temperature further increased, one endothermal peak appears
at about 395◦C for the tape with Duramax B-1080, corre-
sponding to the structural water release. However, this criti-
cal temperature shifts to higher temperature range when the
different binders were applied (398◦C for Duramax B-1070,
407◦C for Mowilith LDM 6610 and 413◦C for Mowilith
DM 765, respectively), Meanwhile, TG curve (Fig. 2) shows
that the weight of the tapes containing Mowilith DM 765

gradually decreases up to 350◦C, followed by a sharp de-
crease within the range from 350 to 600◦C. As the tempera-
ture further increased up to 1200◦C, the sample exhibited a
constant weight in TG curve, whereas no peak could be ob-
served in DTA curve within the same temperature range. This
means that there were no other reactions involving weight
changes occurring during the sintering process. Comparably,
the other three binders present lower weight losses during
sintering process, which is one of the requirements for tape
casting.

3.3. Influence of binder types on the microstructures of
the cast tapes

The microstructures of the green tapes derived from the
suspensions containing 60 wt.% starting solids content with
different binders (10 wt.%) are presented inFig. 3. The tape
derived from Mowilith DM765 presented some cracks, in-
dicating the incompatibility between dispersant and binder,
whereas the other one containing Mowilith LDM 6610 show
an aggregation of cordierite–glass powders without organic
media, which cannot meet the requirement that the powders
should be homogenously distributed in the media in tape cast-
ing process. Furthermore, it was hard to measure their me-
chanical properties of the cast tapes after drying because of
t ken
i ased
g 080
e rite
Fig. 3. Microstructures of the green tapes derived from suspensi
he fragility. Therefore, these two binders could not be ta
nto account in the aqueous tape casting of cordierite-b
lass-ceramics. In contrast, Duramax B-1070 and B-1
xhibit similar microstructures, in which the finer cordie
ons with 10 wt.% of the different binders containing 60 wt.% solids.
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particles occupy the voids between the coarser glass par-
ticles and both of cordierite and glass particles appear to
be homogeneously surrounded by binder, implying an op-
timised microstructure of green tape. Based on the above
observations and the viscosity results, it could be concluded
that Duramax B-1080 can be considered to be the optimal
binder since it decomposes at relatively lower temperature
with lesser amount of weight loss in binder burn out pro-
cess, which causes less disturbances during the sintering
process.

3.4. Evaluation of dispersant/binder compatibility

As state before, the type and amount of dispersant and
binder, as well as their possible interactions or compatibil-
ity, play critical roles in the tape casting process.15 It is,
therefore, of paramount importance to investigate the disper-
sant/binder compatibility. However, the UV spectra method15

cannot be applied in this work since the characteristic UV
peaks of Dolapix and Duramax are very close, hindering
the use of such a powerful technique to get more accu-
rate information about dispersant/binder interaction. There-
fore, rheological behaviour of the suspension, as demon-
strated by Kristoffersson et al.16 was used to determine the
dispersant/binder compatibility in this work. If the binder
can’t work compatibly with the dispersant added in the me-
d ase
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Fig. 4. Viscosity curves of the suspensions with a starting solids loading of
80 wt.%: (a) 10 wt.% binder, containing different amounts of dispersant and
(b) 1 wt.% dispersant, containing different amounts of binder.

all the measurement range. These differences can be under-
stood since the actual solids loading (i.e. cordierite + glass
powder + latex) decreases with increasing binder content. It
is well-known that a mixture of two populations of parti-
cle size decreases the viscosity of the system. The addi-
tion of the latex particles to the ceramic suspension will
likely modify the viscosity according to the particle size
ratio and to the volume fraction ratio. Based on these re-
sults, and considering the structures of the dispersant and
the binder,20 it can be concluded that there is no signif-
icant evidence of incompatibility between dispersant and
binder.

3.5. Electric properties of the sintered tape

The obtained green tape containing 1.0 wt.% Dolapix CE
64, 10 wt.% Duramax B-1080 with 80 wt.% solids loading
was sintered at 1150◦C for 2 h. The measured dielectric con-
stant and dielectric loss was about 5 and 0.002 at 1 MHz,
respectively.
ia before, the viscosity of the suspension will incre
harply.

Fig. 4a shows the viscosity curves of the suspensions
aining different amounts of Dolapix CE 64, 80 wt.% start
olids content and 10 wt.% Duramax B-1080. The sus
ions without and with 0.2 wt.% dispersant, flocculated
iscosity could not be measured. Increasing the dispe
oncentration up to 0.8 wt.% rendered the suspensions
hinning at lower shear rates up to∼100 s−1, followed by a
hear-thickening behaviour at higher shear rates. With di
ant concentration further increasing to 1 wt.%, the visc
urve shows a shear-thinning behaviour at lower shear
ollowed by a plateau as the shear rate increases. It is
o obtain well-dispersed slurries for tape casting when
ispersant concentrations are lower than 1.0 wt.%. Fu

ncreasing the dispersant concentration up to 1.2 wt.% w
ake an increase in viscosity again, and also give rise t
ppearance of the shear-thickening behaviour at the h
hear rate range (>250 s−1).

Meanwhile,Fig. 4b shows the viscosity curves of t
uspensions containing different amounts of binderagainst
hear rate (the concentration of Dolapix CE 64 was 1 w
nd starting solids content was 80 wt.%). The suspen
ith 5 wt.% binder showed the highest viscosity among

he samples. When the binder content increased from
0 wt.%, the viscosity decreased by about one order of
itude. The suspension with 5 wt.% binder is shear thinni

ow shear rates up to∼100 s−1, changing to shear-thickeni
t higher shear rates. All the other contents of binder

erred to the suspensions a near Newtonian behaviour w
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4. Conclusions

In this work, the cordierite-based glass-ceramics were pre-
pared via aqueous tape casting by selecting Duramax B-1080
as the best one from four different binders. It rendered the
suspensions the lowest viscosities and in turn, endowed the
green tapes with homogeneous microstructures in relative to
other binders. Furthermore, the rheological properties of the
suspension show that the Duramax B-1080 can work com-
patibly with Dolapix CE 64 (the optimal dispersant in pre-
vious work). Meanwhile, DTA/TG results demonstrated that
it decomposes at a relatively lower temperature with lesser
amount of weight loss in binder burn out process. The di-
electric constant and dielectric loss of the sintered tapes (at
1150◦C for 2 h) was about 5 and 0.002 at 1 MHz, respectively.
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