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Mass loss, shrinkage, Young’s modulus evolution and stress development of aqueous (alumina + latex) tape cast suspensions w
uring drying. Mass loss showed a constant drying rate period, followed by a falling rate period. Concurrently a linear shrinkag
een observed in the thickness direction, up to a drying point after which shrinkage abruptly stops. End of constant drying rate
hrinkage were not necessarily concomitant and depend on the latex/alumina ratio in the tape. A Young’s modulus value appear
ast suspensions at the transition from liquid to solid like state. Then an increase of Young’s modulus is observed correspond
lm formation. The stresses generated by drying in the tape exhibited a first period of increase due to capillary pressure in the po
elaxation immediately followed by a second stress increase due to latex film formation, and a stress plateau at the end of latex c
lumina powder granulometry and surface tension of the liquid had a preponderant influence on the first stress maximum w
roperties of the latex and the drying conditions dominated the second stress maximum. By increasing latex proportion up to 2
lumina basis, it was possible to make the first and the second stress rise concomitant.
2004 Elsevier Ltd. All rights reserved.
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. Introduction

The tape casting technique consists in depositing a thin
ayer of a suspension on a carrier surface, generally using
he doctor blade technique.1 After drying, a flexible green
heet is obtained with a thickness ranging from about 20�m
o more than 1 mm. Tape casting has been the most widely
sed technique for large-scale fabrication of thin ceramic sub-
trates for electronic applications for many years.2–4 Until
ow, the most common way to perform tape casting is to
se slurries containing organic solvents taking advantage of

heir easy evaporation during drying step and of their good

∗ Corresponding author. Tel.: +33 5 5545 2222; fax: +33 5 5579 0998.
E-mail address:t.chartier@ensci.fr (T. Chartier).

wetting properties. However, these organics require sp
precaution concerning flammability and toxicity. Evident
vironmental considerations encourage research for alt
tive solutions. In this respect, aqueous tape casting offe
advantages to be less environmentally hazardous and
low cost. The development of such formulations has bee
subject of recent research.5–7 Latex binders were found
be appropriate for aqueous tape casting because they p
both low viscosity and high solid loading of the suspen
that allows to reduce the amount of water to be removed
ing drying.

Nevertheless, aqueous tape casting of alumina is no
widely adopted by industry, because drying remains a cr
step that is not perfectly controlled, mainly for large thi
nesses. First the drying time is longer than in the cas

955-2219/$ – see front matter © 2004 Elsevier Ltd. All rights reserved.
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organic solvents and secondly, the probability of defect oc-
currence like air bubbles or a crack is much higher.

Aqueous tape casting requires, in a first stage, to define a
formulation with adapted rheological behaviour. A suspen-
sion composed of alumina powder and latex emulsions is a
binary colloidal suspension. To obtain a homogeneous sus-
pension with a high solid loading (ceramic + organic parti-
cles), and then with a low amount of water to remove during
drying, the stability between ceramic particles and between
latex and ceramic particles should be achieved.8

In a second step, the drying process of the water based
(alumina + latex) tapes, and the causes of cracking must be
understood. Drying of green sheets is not isotropic because
evaporation occurs only at the surface of the tape in contact
with air. The shrinkage takes place in the thickness direc-
tion, as the green tapes stick to the support during drying.
Both non-isotropic drying and shrinkage lead to stresses that
develop in the tape and can initiate cracking. Martinez and
Lewis9 have recently shown that the ceramic phase domi-
nates the initial period of stress rise, while the latex phase
strongly influences residual stresses in the tape. Chiu et
al.10,11 studied the influence of slip casting processing vari-
ables on cracking of binder free alumina films using statistical
methodology. They found that particle size, dispersion stabil-
ity and sedimentation have an influence on crack sensitivity
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A polysiloxane defoamer (BYK-035, BYK Chemie
GmbH, Wesel, Germany) was used to eliminate air bubbles
trapped in the suspensions. In addition, a dimethylpolysilox-
ane modified polyether surfactant (BYK-348, BYK Chemie
GmbH) was used in some suspensions to lower the surface
tension of the liquid phase.

All the suspensions were prepared using the same pro-
cedure. Alumina suspensions were prepared by planetary
milling Al 2O3 powder in deionized water, with CE651 dis-
persant at a concentration of 1 mg m−2 of powder, and with
latex emulsion. As acrylic emulsions used as binder bring the
major quantity of water of the tape casting suspension, all the
constituents, including the binder, are introduced all together
in one stage, then differs from the two stages conventional
preparation of organic suspensions for tape casting. In or-
der to verify that the latex binder was not degraded during
milling, two low powder concentrated suspensions were pre-
pared: one using the two stages conventional method and the
second using the present one stage method. The rheological
behaviour and the viscosity of the two suspensions, and the
mechanical properties of the green sheets were identical.

The planetary milling was performed in two steps. In the
first step only 70% of the total amount of alumina powder
and 70% of the total amount of dispersant were introduced,
in the presence of the totality of water and of latex emulsion.
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hereas airflow rate and surface tension have no signi
nfluence.

In the present work, shrinkage and weight loss w
imultaneously investigated in order to understand
rying kinetics of the suspensions just after casting by var

atex/powder ratio. Then, tape consolidation was stu
hrough the measurement of the Young’s modulus ev
ion during drying. Finally, the apparition of stresses in gr
heets during drying of various suspensions and unde
erent drying conditions was investigated in order to iden
arameters that exert a preponderant influence on cra
ensitivity.

. Experimental procedure

.1. Suspension formulations

Three�-Al2O3 powders from Aluminium Pechiney (Ga
anne, France) were used: ground P122 (G-P122), g
662 (G-P662), and P172SB with respective median pa
izes of 2.8, 2.1, and 0.41�m.

Three acrylic latex emulsions B1000, B1014 and B1
Rohm and Hass Co., Philadelphia, PA) with glass trans
emperatures of−26, 19 and 40◦C, respectively, were use
s binders in the green sheets. Acrylic particles dispers
ater are roughly spherical, with mean particle sizes of
20 and 40 nm and with solid loadings of 55, 45, and 37 w

or B1000, B1014 and B1007 grades, respectively.
An aqueous acrylic copolymer (CE651, Coatex, Ge

rance) was used as dispersant in alumina suspension
fter 1-h milling, alumina suspension is well desagglom
ted and the remaining alumina and dispersant were a

ollowed by a second step of 2 h ball milling. The powder
ully deagglomerated after this two stages planetary mil
.03 wt.% BYK-035 defoamer on the base of alumina we
nd variable content of BYK-348 surfactant were added a
nd of the ball milling. The obtained suspensions were
ubmitted to a slow rotation for at least 24 h for deairing.
mount of added water was adjusted to obtain suspen
ith a viscosity of 1 Pa s for a shear rate of 10 s−1, which is
uitable for tape casting.

The reference formulation is 48 vol.% G-P662 alum
1 vol.% latex (corresponding to 12 wt.% on the basis of
ina powder) and 31 vol.% water. Latex is composed of
1000 and B1014 emulsions in equal proportions. Base

his reference formulation, the grade of alumina powder
atex concentration and the latex composition were varie
rder to evaluate their respective influence.

.2. Weight loss and shrinkage measurements

In order to record the weight loss and the shrinkage si
aneously as a function of time, a Sartorius BP 310S a
aser optical CCD displacement sensor (ILD 1800-2, Mi
psilon, Ortenburg, Germany) were used. The balance
apacity of 310 g and a sensitivity of 0.001 g. The measu
ange of the CCD sensor was±1 mm with a resolution o
.2�m.

A schematic representation of this system is illustrate
ig. 1. The suspension was tape cast on a metallic suppo
an be heated. The tape cast sheet was 100 mm wide, 13
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Fig. 1. Schematic representation of the weight loss and shrinkage measure-
ments.

long, and the thickness ranged from 150�m to more than
1 mm. After tape casting, the support was quickly placed on
the balance. The mass measured with the balance decreased
due to water evaporation during drying. The distance to tape
cast suspension measured with the CCD sensor increased
with shrinkage during drying. Then the weight loss and the
shrinkage of the tape cast sheet were simultaneously recorded
and monitored on a computer.

2.3. Stress measurement

Stress evolution during the drying of tape sheets was
measured using a cantilever deflection technique developed
by Corcoran.12 This technique developed for determining
stress in organic coatings13–15 has been successfully used
for ceramic coatings.16,17,9 It relates the end deflection of a
clamped substrate to the stress developing in a suspension
deposed on the substrate during drying. A schematic of the
device is illustrated inFig. 2. Deflection was measured with a
laser optical CCD displacement sensor (ILD 1800-2, Micro-
Epsilon). The data were recorded on a computer. All mea-
surements were made with the axis of the laser located at an
exactly known and fixed distance from the substrate clamping
point. The suspension was spread on the metallic substrate by
means of a doctor blade whose translation was achieved by
a s−1
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following expression:12

σ(t) = dEses
3

3ec(t)L2(es + ec(t))(1 − νs)
+ dEc(t)(es + ec(t))

L2(1 − νc(t))
(1)

whereνs andνc(t) are the substrate and the tape Poisson’s
ratios;Es andEc(t) are the substrate and the tape elastic mod-
ulus;es andec(t) are the substrate and the tape thickness;L is
the free length of the substrate (Fig. 2). Ec(t), ec(t) andνc(t)
are quantities that vary with timet of drying. Parameterd is
the end deflection of the cantilever substrate. The cantilever
substrates used were stainless steel AISI 316L cut to obtain
50 mm× 6 mm clamped dimension. The properties of such
substrates are:E = 200± 10 GPa,νs = 0.29,es = 200�m, L
= 50 mm.

The validity of the formula (1) is submitted to the fol-
lowing assumptions: spherical deflection of the cantilever,
deformation within the elastic limits of the coating and of
the substrate, isotropic mechanical properties of the coating
and of the substrate, and internal stress constant through the
coating thickness.

In Eq. (1), σ represents a biaxial in-plane stress averaged
across the coating thickness. In many systems, as it is the
case for our suspensions, the final stress is independent of
the coating thickness, leading to the conclusion that in-plane
s s tape
t
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been
p e”.
W were
g gated
t . The
n electric motor. The casting velocity was fixed at 1 cm
or a gap height of 400�m. The suspensions can either
ried at room temperature (20◦C) or in a heated box up
0◦C. The relative humidity of the room during drying c
lso be controlled.

The average in plane stress�(t) in the applied coating ca
e estimated from the measured substrate deflection b

ig. 2. Schematic representation of the cantilever deflection measur
y laser optical CCD displacement sensor.
tress is uniform across the thickness. The instantaneou
hickness,ec(t), is larger than the final thickness,ec(tf ). If the
nal thickness is used to calculate the stress data, the
ata reported for short times of drying would be artificia
igh. This is the reason why, in the present work, the insta
eous coating thickness was estimated from the final co

hickness (ec(tf )) and from the shrinkage behaviour of
uspension. As the substrate is mounted horizontally i
easurement apparatus, weight loss due to evaporatio

nduces a deflection of the substrate. This effect of we
oss is subtracted from the measured data.

The second term ofEq. (1) expresses the stress rel
tion in the tape due to the bending of the substrate. W
� Ec(t) and/ores � ec(t), this second term can be n

lected. In the present experiments, the final tape thick
aries from 100 to 250�m, and thenes andec(t) are in the
ame range. During drying, the Young’s modulusEc(t) varies
rom 0 (liquid) to the Young’s modulus of the green ta
his parameter is quite difficult to evaluate during dry
nd the second term ofEq. (1) is always neglected in th

iterature.13–17 Then the measurement of this term is the
ose of the next paragraph.

.4. Young’s modulus measurement

Ultrasonic measurements of Young’s modulus have
erformed using a pulse-echo method in a “long bar mod18

ide band pulses of ultrasonic compressional waves
enerated by a magnetostrictive transducer and propa

hrough a rectangular sample via a remendur waveguide
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suspensions were cast in a silicon mould with a 6 mm2 rect-
angular section and a 100 mm length, and the waveguide was
introduced in the suspension at a depth of 0.5 mm. The diam-
eter of the remendur waveguide was 1.5 mm.

For propagation in “long bar mode”, the wavelength
must be larger than the cross dimensions of the propagation
medium. During drying, an electronic device automatically
measured and recorded the timeτ(t) between echos of inter-
est, and the reflective coefficientR(t) of the acoustic wave at
the interface between the guideline and the sample (Fig. 3).

From longitudinal ultrasonic velocityV(t) in the “long bar
mode”, Young’s modulus can easily be obtained by:2

Ec(t) = ρc(t)V (t)2 = ρc(t)

(
2Lc

τ(t)

)2

(2)

whereLc andρc(t) are sample length and density, respec-
tively. The problem in determining Young’s modulus by
Eq. (4) is that no echo is visible until the cast suspension
became rigid. Then Young’s modulus can only be accurately
determined byEq. (2)in the final period of drying.

An other less conventional way to evaluate Young’s modu-
lus during early stage of drying is to use reflective coefficient
valueR(t). In “long bar mode”, the measured value ofR(t) is
related to the longitudinal ultrasonic velocityV(t) in the sam-
ple via the acoustic impedancesZg andZc of the waveguide
a

R

w
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f

E
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for which overlap is possible from an experimental point of
view.

2.5. Surface tension measurement

The suspensions contain a solid phase (alumina + latex)
and a liquid phase (water + dispersant + surfactants). The
surface tension of the liquid phase has been determined by
the stalagmometer method. The weight of the droplets of a
liquid that flows out a fine capillary tube is proportional to
the surface tensionγ of the liquid and to the radius of the
tube extremity. The number of dropletsN that flow out for
a given volume is counted. The stalagmometer is calibrated
with 20◦C pure water of densityρ0 and surface tensionγ0
= 73 mN m−1. The surface tension of a liquid of densityρ is
given by:

γ = γ0
ρ

ρ0

N

N0
(5)

2.6. Wetting angle measurement

The wetting angle of the liquid phase (water + latex emul-
sions + surfactants) was measured on an alumina substrate. A
drop of a liquid was deposited on the substrate with a syringe
and the observation of the drop profile was performed using
a is of
t gle.
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nd of the cast sample suspension byEq. (3):

(t) = Zc − Zg

Zc + Zg
= (ρc(t)V (t)S(t)) − Zg

(ρc(t)V (t)S(t)) + Zg
(3)

hereS(t) is the rectangular section of the sample.
Then, Young’s modulus of the sample can be obta

rom the reflective coefficientR(t):

(t) = Z2
g

ρc(t)S(t)2

(
R(t) + 1

R(t) − 1

)2

(4)

Eq. (4)presents the advantage, in comparison toEq. (2),
o allow the Young’s modulus calculation during the wh
tage of drying. It has been checked thatEqs. (2) and (4
ead to similar values of the Young’s modulus in the dom

Fig. 3. Ultrasonic measurement of Young’s modulus.
CCD camera linked to a computer. A numerical analys
he outline of the drop leads to the value of the wetting an

.7. Porosity measurement of dried green tapes

The porosity of green alumina sheets (before burn
as measured using mercury porosimeter (AutoporeII
romeritics 9200).

. Results

.1. Weight loss and shrinkage during drying

Weight loss and shrinkage are two consequences o
rying of the tape cast sheets. The drying mechanism
ystems like tape cast aqueous alumina suspension c
pproached through a study of their kinetics. The weight
nd the simultaneous shrinkage of a suspension conta
2 wt.% latex, cast with a final height of 700�m, are reporte

n Fig. 4. The variation of the weight lossw versus time ca
e fitted with two different equations depending on the dr
eriod:

linear stage : w = crt, t ≤ t1 (6)

herecr is the first constant rate of drying.

falling rate stage : w = wm − wc e−kt, t > t1 (7)

herekandwc are parameters of the fit, andwm is the weigh
oss after total drying.



J. Kiennemann et al. / Journal of the European Ceramic Society 25 (2005) 1551–1564 1555

Fig. 4. Weight loss and shrinkage of a tape cast G-P662 suspension containing 12 wt.% latex with a final height of 700�m. Relative humidity (HR) = 55%,
temperature (T) = 20◦C.

The different parameterst1, cr, wm, k andwc, are calcu-
lated for the global function of weight loss versus time in
order to fit at best the experimental data and to obtain a con-
tinuous function.

Just after casting, the temperature has yet to reach the wet
temperature equilibrium. That’s why the rate is slightly higher
at the very beginning of drying than after a few minutes. When
equilibrium is reached, the drying loss follows a linear stage
(Eq. (6)) during which the liquid is transported to the surface
of the tape by capillary forces and then evaporates (Fig. 5).
In this constant rate period, the surface remains saturated
with water and the drying is mainly controlled by external
conditions like temperature and humidity of the drying air
flow.19–21 The transition, from the constant rate to the falling
rate stage (Eq. (7)), occurs when the fluid phase does not
redistribute to the top surface at a rate equivalent to the evap-
oration ratecr. At this stage, the liquid phase recedes into the
porous body and the drying mechanism is controlled by a dif-
fusion process of the water to the surface through the porosity.

nt rate

Concurrently to weight loss, the tape undergoes shrink-
age during drying. In the first stage, the volume variation of
the tape corresponds to the volume of liquid evaporated, so
that the liquid/gas interface remains at the surface of the tape
(Fig. 5).22–24 The value of shrinkage during drying is gov-
erned by the balance between the capillary pressure exerted
by the liquid in the pore which causes shrinkage, and the elas-
tic modulus of the structure which resists shrinkage. When
this last contribution prevails, the shrinkage stops. As seen in
Fig. 4, the shrinkage is linear as a function of drying time until
it stops abruptly. The end of shrinkage corresponds to the ap-
parition of porosity in the tape because the evaporation of wa-
ter is not counterbalanced by shrinkage. The porosity opened
after the end of shrinkage can be evaluated by comparing the
measured thickness of the tape and the predicted thickness
considering that the evaporated volume corresponds to the
shrinkage volume, under the assumption that shrinkage only
occurs in the tape thickness direction (Fig. 6). In the present
case, the end of shrinkage happens slightly before the end
Fig. 5. Schematic representation of consta
 and falling rate drying steps in aqueous cast tapes.
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Fig. 6. Comparison, for a G-P662 suspension containing 12 wt.% latex, of the real measured thickness of the tape during drying and of the predicted thickness
for a continuous shrinkage under the assumption that the evaporated volume corresponds to the shrinkage volume and that the shrinkage occurs only in the
thickness direction. HR = 55%,T = 20◦C.

of the constant rate stage (Fig. 4). That means that, even if
the liquid begins to recede into the pores, the drying rate is
not affected for a short period. The water flow to the surface
by funicular transport is still high enough compared to the
evaporation rate.

In order to investigate the respective role of alumina and
latex particles on the drying kinetics, different latex/alumina
ratios have been tested (Table 1). The fraction of water in
the tape at the end of the constant rate step increases with
the amount of latex, whereas the fraction of water in the tape
at the end of shrinkage decreases. When the amount of la-
tex is low, the structure of the green tape is similar to that
of a granular alumina body. Then the shrinkage stops quite
quickly, because of the low mobility of alumina particles.
Nevertheless, the drying rate remains constant quite a long
time after the end of shrinkage. It means that water continues
to reach the surface from the bulk even if a moisture gra-
dient begins to be established in the tape thickness. For the
opposite case, for large amount of latex, the shrinkage still

Table 1
Drying characteristics of green sheets cast with a G-P662 suspension containing different latex/alumina powder ratio

Latex of alumina powder (wt.%)

4 12 20 50

Initial water content (%) 13.6 12.7 17.4 26.4
D 170
W .9
D 70
W 9.0
E 26.2

H

continues after the end of the constant rate step up to reach
a small fraction of remaining water in tape (i.e. 4.5 wt.%). In
presence of a large amount of latex, the green tape is “soft”
enough and the capillary pressure is still large enough to
allow shrinkage even when the surface is no more fed by
water.

3.2. Evolution of Young’s modulus during drying

The modulus of the cast tape is time dependent and rises
as drying proceeds. At the beginning of drying, the cast sus-
pension behaves as a liquid with a viscosity of 1 Pa s and
the Young’s modulus is not defined. Young’s modulus of the
cast suspension only appears and starts to grow when the cast
sheet becomes solid like and is able to support stresses. The
value of the modulus still continues to increase as long as
the evaporation proceeds. Stress development in the tape re-
sults both from constrained shrinkage and from modulus rise
during drying.
rying time at critical point (min)
ater remaining in tape at the end of constant rate step (%)
rying time at the end of shrinkage (min)
ater remaining in tape at the end of shrinkage (%)
stimated porosity at the end of drying (%)

R = 55%,T = 20◦C.
122 143 165
2 4.1 5.5 8.4

90 155 210
6.4 4.6 4.5

13.7 10.8 6.8
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Fig. 7. Evolution of the Young’s modulus and of the weight loss during drying for a G-P662 suspension containing 12 wt.% latex (2 mm thickness).

Young’s modulus during drying is a very interesting pa-
rameter to determine, but not easy to measure. In order, first
to evaluate the evolution of the tape rigidity during the dif-
ferent steps of drying and secondly to understand the stress
development mechanisms in the tape, Young’s modulus has
been measured for two suspensions with two different latex
proportions (12 and 20 wt.% on the basis of alumina powder)
(Figs. 7 and 8). Because of the presence of a mould dur-

uring d ess).

ing drying and of the relatively large thickness of the body
(2 mm), the drying kinetics are quite different from those ob-
served for the thin cast tape sheets. The end of the constant
rate of drying occurs for larger water concentrations in the
tape, and the falling rate step/global drying time ratio is much
larger than for cast tape sheets. Nevertheless, the evolution
of the Young’s modulus versus drying time makes it possi-
ble to observe the structural modification of the suspension
Fig. 8. Evolution of the Young’s modulus and of the weight loss d
 rying for a G-P662 suspension containing 20 wt.% latex (2 mm thickn
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when changing from one drying step to an other. For the sus-
pension containing 12 wt.% latex, a first abrupt increase of
Young’s modulus appears at the end of the constant rate pe-
riod to reach about 0.8 GPa. This increase is certainly due to
the transition from liquid-like to solid-like behaviour. This
period is followed by a slight increase of the Young’s modu-
lus at the beginning of falling rate period. Then the Young’s
modulus continues to increase slowly to reach about 13 GPa
at the end of drying. The structure consolidates during drying
thanks to the latex film formation. For the 20 wt.% latex sus-
pension, the evolution of Young’s modulus is similar, but the
first increase is less abrupt, and the slight increase at the be-
ginning of the falling rate is more pronounced. The Young’s
modulus reaches, at the end of drying, the same value as that
for 12 wt.% suspension, i.e. 13 GPa. The concentration of the
more rigid phase, i.e. alumina, is larger in 12 wt.% latex green
samples than in 20 wt.% ones but 12 wt.% latex green sam-
ples are also more porous, that could likely compensate the
increase of Young’s modulus.

The knowledge of the Young’s modulus values of the green
sheet at each drying time is of great interest to evaluate the
drying stresses without neglecting the second term ofEq. (1),
as is generally done in the literature due to the difficulties
encountered in the measurement of this parameter.

For both Young’s modulus and stress experiments, mass
l rying
t ng’s
m ater
s dry-
i ents,
Y e in
s

ntainin

3.3. Drying stresses

The stress behaviour evolution during drying of a repre-
sentative aqueous tape cast suspension containing 12 wt.%
latex is shown inFig. 9. The cast layer exhibits a rapid pe-
riod of stress rise to reach a first maximum stress (σmax1), a
short stress decrease period, and a second stress rise to reach a
second maximum stress (σmax2). Then, there is a very slow re-
laxation time at the end of drying. The first maximum stress
approximately corresponds to the end of the constant rate
step. Through neglecting the second term ofEq. (1), the first
stress rise and the first stress maximum are not affected. In
this case,Eq. (1)can be simplified to:

σ(t) = dEse
3
s

3ec(t)L2(es + ec(t))(1 − νs)
(8)

In contrast, the second stress rise and the second stress
maximum are greatly underestimated if the second term is
not taken into account. The Young’s modulus of the cast tape
is high enough to induce a significant contribution inEq. (1),
so that the simplifiedEq. (8)is no more valid.

Stress develops during drying because of the constrained
volume shrinkage associated with loss of water from the cast
tape.9 During the drying process, capillary tension developed
in the liquid phase exerts a compression (Pcap) on the particle
n

P

w
u

oss has been concurrently measured as a function of d
ime. It can be assumed that, in both experiments, You
oduli are equal for the same state of drying (amount of w

till contained in the suspensions). Then, by correlating
ng times between Young’s modulus and stress experim
oung’s modulus can be estimated as a function of tim
tress experiments.

Fig. 9. Stress evolution during drying of a G-P662 suspension co
 g 12 wt.% latex usingEq. (1)and simplifiedEq. (8). HR = 35%,T = 20◦C.

etwork, which is expressed by:22,24

cap = 2γ cosθ

rp
(9)

here γ is the liquid/vapor surface tension,θ is the liq-
id/solid contact angle, andrp is the pore radius.
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Table 2
Comparison of the calculated capillary pressure with the in-plane stress measured at the first stress peak, for different granulometries of the alumina powder
(12 wt.% latex suspension)

Powder

P172SB 70 wt.% G-P122; 30 wt.% P172SB G-P122

d50 powder (�m) 0.41 Bimodal granulometry 2.8
d50 pore (�m) in the dried tape 0.13 0.28 1.0
Pcap (MPa) (Eq. (9)) 0.88 0.41 0.115
σmax1 measured (MPa) 0.60 0.38 0.090

HR = 55%,T = 20◦C.

In order to reduce crack sensitivity of the tape, a solution
is to reduce capillary pressure since it can be at the origin of
stress increase in the tape. Two parameters can be modified
to reduce capillary pressure, e.g. the median pore size, or the
surface tension of the liquid phase in the suspension.

First the median pore size has been studied through the
use of starting powders with different granulometries. Dur-
ing the first step of drying, the evaporation process leads to
shrinkage and corresponding decrease in median pore size
within the tape. In order to estimate the median pore size, the
pore size distribution has been measured at the end of dry-
ing process. We can assume that this pore size distribution
corresponds to that at the first stress maximum (σmax1) since
no more important shrinkage appears beyond this step. The
median pore size in the tape logically decreases with the me-
dian grain size (Table 2). To reduce the pore size, a mixing of
coarse and fine powders with a size ratio of 10 has also been
used.25 Theγ cosθ term for the liquid of those suspensions
containing 12 wt.% latex has been measured and is equal to
28.8 mN m−1. Then, using the median pore size forrp, Pcap

F t.% la ,
d ,20◦C.

has been calculated, and compared to the first stress maxi-
mum value (σmax1) measured inFig. 10. Pcap andσmax1 are
in reasonable agreement (Table 2). This suggests that the first
maximum stress peak in the green tape at the end of the first
stage of drying can be attributed to capillary forces. Then
it is directly related to the pore size in the tape and to the
granulometry of the starting alumina powder. Nevertheless,
the powder size should be kept small enough to maintain
sintering reactivity.

The second method to attenuate capillary pressure consists
in reducing theγ cosθ term. Accordingly, the influence of the
surface tension of the liquid in the suspension on the stress
generated during drying has been studied through the addition
of a tensioactive agent (BYK-348, BYK Chemie GmbH) into
the G-P662 suspension containing 12 wt.% latex. The pore
radius in the dried tapes has been found to remain nearly
constant and equal to 0.23�m whatever the surface tension
values. The surface tension and the wetting angle of each
liquid have been measured to calculate the capillary pressure
(Pcap) for comparison with the measured first stress maximum
ig. 10. Stress evolution during drying for suspensions containing 12 w

50 = 2.8�m for G-P122 and a mixture of the two powders. HR = 55%T =

tex prepared with powders of different granulometries;d50 = 0.41�m for P172SB
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Table 3
Comparison of the capillary pressure with the in-plane stress measured at the first stress peak, for different weight percentage of tensioactive agent in the
suspension (G-P662 suspension containing 12 wt.% latex)

Tensioactive BYK-348 (wt.%)
0 0.05 0.15 0.50 1.0

γ (mN m−1) 48 41 33 25 21
cosθ 0.60 0.61 0.69 0.87 0.93
Pcap (MPa) (Eq. (9)) 0.233 0.202 0.183 0.179 0.155
σmax1 measured (MPa) 0.157 0.127 0.112 0.092 0.092

HR = 35%,T = 20◦C.

values (σmax1) (Table 3and Fig. 11). The decrease of the
σmax1 value with the addition of tensioactive fairly matches
with thePcapdecrease. It is then possible to decrease the first
maximum stress peak in tape cast drying and to minimize the
risk of cracking by reducing theγ cosθ value of the liquid in
the suspension, for instance by the addition of a tensioactive
agent.

It is clear that capillary pressure is the cause of the first
stress rise during drying, but capillary pressure cannot ex-
plain the second part of the in-plane stress leading to a sec-
ond stress maximum. Martinez and Lewis9 showed that, for
pure alumina suspensions without latex, the first stress rise
is followed by a stress decay to a nearly stress-free state
and no second stress rise has been observed. Then, in the
present suspensions containing a latex binder, the latex is
likely to be responsible for the second stress rise. To check
this point, in-plane stresses have been estimated for differ-
ent latex concentrations in G-P662 alumina suspensions and
for a pure latex suspension (Fig. 12). The stress variations
actually vary according to the latex content. Up to 18 wt.%
latex, the stress variations are similar with a first stress rise, a

F and w wt.% la
(

stress relaxation and a second increase of stress. For the sus-
pension containing 18 wt.% latex, the first stress maximum
reaches a value of 0.37 MPa in comparison to 0.15 MPa for
a 12 wt.% latex content, and the pore size in the dried tape
is reduced down to 0.17�m, in comparison to 0.23�m for a
12 wt.% latex content. Nevertheless, the contribution of the
pore size to capillary pressure is not high enough to explain
such a stress maximum gap between 12 and 18 wt.% latex.
For a latex addition larger than 18 wt.%, the stress evolution
with drying time drastically changes with only one stress rise
and no stress relaxation. For an addition of 25 wt.% latex,
the first stress peak seems to be truncated and the maximum
stress reached is much lower than for 18 wt.% latex, but the
final stress values at the end of drying are similar. For latex
amounts larger than 50 wt.%, the stress slowly increases up
to reach a plateau during evaporation of water without stress
relaxation. The maximum stress value is constant for 50 and
80 wt.% latex.

As latex is at the origin of the stress generated in the sec-
ond drying part, modifying latex properties could be an inter-
esting way to reduce stress and then crack sensitivity. Glass
ig. 11. Stress evolution during drying for different surface tensions
Table 3). HR = 35%,T = 20◦C.
etting angles of the liquid in the G-P662 suspension containing 12tex
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Fig. 12. Stress evolution during drying for different latex concentrations in G-P662 suspensions. HR = 55%,T = 20◦C.

temperature transition of the latex is certainly the parameter
that can most influence stress generated in the tape during
latex coalescence. The variations of in-plane stresses dur-
ing drying of G-P662 suspensions containing 8 wt.% latex
with different glass transition temperature (Tg) are shown in
Fig. 13. When using a latex with aTg (40◦C) much higher
than room temperature, the tape becomes very rigid during

aining

drying, and in-plane stresses strongly increase until the deco-
hesion between the tape and the steel substrate occurs. Latex
with a highTg is not adapted for tape casting of alumina. For
latex with aTg in the vicinity of room temperature (19◦C),
or below (−26◦C), the first maximum stresses (σmax1) are
similar, but the second stress maximum (�max2) is lower for
the low Tg latex (−26◦C). That is in agreement with the
Fig. 13. Stress evolution during drying of G-P662 suspensions cont
 8 wt.% latex with different glass transition temperatures. HR = 55%,T = 20◦C.
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Fig. 14. Stress evolution during drying of G-P662 suspension containing 12 wt.% latex, for different drying temperatures. HR = 55%.

fact that the first stress rise is governed by capillary pressure
and that the second part of in-plane stress is governed by the
latex rigidification during drying. Then, only the second max-
imum stress value can be controlled by the nature of the latex
binder.

After studying the influence of the material parameters on
the stress generated in the tape during drying, extrinsic pa-
rameters like external drying conditions have been studied in

taining 20

order to optimize drying conditions to get low stress. Drying
conditions (temperature and relative humidity) have no sig-
nificant effect on the first stress rise amplitude (σmax1), but
they greatly influence the second stress rise (Figs. 14 and 15).
When the temperature increases, and when the relative hu-
midity of the drying air is lowered, the second stress maxi-
mum (σmax2) increases. The drier the tape at the end of drying,
the higher is the final stress.
Fig. 15. Stress evolution during drying of G-P662 suspension con
 12 wt.% latex, for different values of relative humidity of drying air at◦C.
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4. Discussion

4.1. Origin of stress in (alumina + latex) tapes

In plane stresses can develop in two ways in the tape:
first, because of the capillary pressure in the pore, and sec-
ondly because of a non-isotropic drying with a moisture gra-
dient across the thickness of the tape leading to a differential
shrinkage between the top and the bottom.10 For G-P662
(d50 = 2.0�m) suspensions containing up to 12 wt.% latex,
the maximum stress peak is reached when the drying rate be-
gins to fall. For these suspensions, at the end of the constant
rate step, in-plane stresses can only be attributed to capillary
pressure with a stress maximum that corresponds to the capil-
lary pressure maximum. For G-P662 suspensions containing
a larger amount of latex, i.e. 18 wt.%, the maximum stress
is larger than expected from capillary pressure and the first
stress maximum is obtained after the end of the constant rate
drying stage (Fig. 12). It means that the latex coalescence
starts before the first stress maximum is reached, and that
it can contribute to an additional stress. Beyond 25 wt.% of
latex, the stress due to the coalescence of latex particles be-
comes greater than the stress due to capillary pressure. That
explains why the first stress maximum is truncated and is
replaced by a slow and continuous increase of stress.
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Then, a first source of cracks in the tape is the pres-
ence of critical defects which can initiate cracking dur-
ing the drying phase.29 To minimize the risk of cracking,
suspensions should be free of defects such as agglomer-
ates and air bubbles. The preparation of a homogeneous,
well desagglomerated and stable aqueous suspension is
critical.

The second source of cracks in the green tape is in plane
stress generated during drying. Hu et al.30 analyzed the mech-
anisms of cracking for a thin film of alumina without binder
deposited on a rigid substrate. Their theory shows that there
is a critical thickness above, which a tape with a given in-
plane stress will spontaneously crack during drying. Then,
the cracking sensitivity can be evaluated by this critical crack-
ing thickness (CCT). The CCT is linked to the in-plane stress
(σ) and to the toughness (Kc):

CCT =
(

Kc

1.4σ

)2

(11)

Even if the second stress maximum (σmax2) is larger than
the first stress maximum (σmax1) depending on the drying
conditions and on latex properties, cracking always occurs
approximately at the end of the constant rate step which cor-
responds to the first stress rise. Initiation of cracking has
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Nevertheless, if the presence of latex does not affec
n-plane stress before latex coalescence, the second p
tress (σmax2) can be attributed to the latex film formatio
atex coalescence appears when the volume fraction of
articles in the liquid phase approaches 60%.17 That mean

hat for higher latex content in the suspension, coalesc
an occur for a higher amount of remaining water in the g
ape. Latex coalescence is driven by evaporation that ind
article consolidation and deformation of the particles

o capillary pressure exerted during the second stage o
ng and to polymer interfacial tension.26 The structure of th
reen tape is rigidified by the coalescence of latex and

o the second stress rise. The value of the second stress
mum (σmax2) depends on intrinsic properties of latex l
lass transition temperature and on its final state, whi

nfluenced by the drying conditions. The deformation o
ex particles during coalescence can depend on the s
emperature and the evaporation rate.27 It can explain why
max2 increases with drying temperature and when rela
umidity of the drying air is reduced.

.2. Cracking sensitivity in (alumina + latex) tapes

The sensitivity to cracking will obviously increase w
he in-plane stress. Green tape can be considered as a
aterial in a first approximation. Fracture occurs in the g

ape when the stress intensity factorK, at the tip of a critica
aw of lengthc, reaches a critical valueKc:28

c = σ
√

πc (10)

hereKc is the fracture toughness.
f

-

ever be observed at a drying time corresponding to
max2 rise, even ifσmax2 > σmax1. The fracture toughne
nd the Young’s modulus of the green tape increase d
rying and are much higher during the second stress
hich corresponds to latex film formation, than during
rst stress rise that corresponds to volume change o
ape.

The second stress rise is then much less crucial
he first one in terms of cracking sensitivity of the gr
ape. In this respect, parameters like latex glass tr
ion temperature, temperature and humidity of drying
re less important than parameters that directly act o
rst stress rise. Then, to reduce the sensitivity to cr
ng and to increase the CCT value, the pore size o
reen tape should be increased by increasing the pa
ize of the powder as far as possible in terms of sinte
eactivity, and the surface tension of the liquid should
owered.

An interesting solution to reduce cracking sensitivit
o truncate the first stress rise through its shift during
atex coalescence, then the capillary pressure maximum
urs during the latex film formation. First and second st
ises will overlap, and the mechanical properties of the g
ape will become high enough at maximum stress to
ain drying stresses generated by capillary pressure. I
resent system, to overlap the first stress rise and the s
tress rise, the solution is to increase the concentration of
o above 25 wt.% in the suspension (Fig. 12). Nevertheless
his solution presents the drawback to lead to a low pow
acking with a relative green density of 49% for 25 w

atex.
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5. Conclusion

Cracking occurs in the green tape when the stresses devel-
oped in the tape during drying become too large compared to
the tape cohesion. Both mechanical properties and stresses
in the tape change with drying time.

The consolidation of the green tape during drying has been
followed by the Young’s modulus evolution. A first abrupt
increase of the Young’s modulus at the end of the constant rate
step corresponds to the transition from liquid-like to solid-like
state. Then, a second Young’s modulus increase during the
falling rate period corresponds to the structure consolidation
by latex film formation.

The in-plane stress in the tape exhibits four distinct regions
in function of drying time: an initial period of stress increase
due to capillary pressure in liquid pore roughly corresponding
to the first constant rate drying stage, a small relaxation at the
end of shrinkage, a second stress increase due to latex film
formation, and a plateau or an eventual relaxation at the end
of latex coalescence.

Two different ways have been found to reduce crack sen-
sitivity. First, as cracking is much more sensitive to the first
than to the second stress rise for which the tape has already
begun to consolidate with enhanced mechanical properties,
the first stress maximum should be lowered. Then, the evapo-
r ying
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