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bstract

table suspensions based on methylethylketone (MEK), n-butylamine and nitrocellulose were developed for the electrophoretic deposition (EPD)
f Al2O3 and ZrO2 powder. Deposits with a high green density, smooth surface and high deposition yield were obtained upon adding 10–15 vol.%
-butylamine in combination with 1 wt.% nitrocellulose. The influence of the reaction between MEK and n-butylamine, forming water and imines,

n the electrophoretic deposition behaviour was investigated. Experimental results revealed that the zeta potential is not a straightforward indication
f the stability of these suspensions, since the maximum absolute zeta potential did not correspond with a maximum suspension stability, due to
he additional electrosteric stabilisation of the adsorbed charged nitrocellulose.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

Colloidal processes have become very popular in processing
eramic materials because the defect sizes are smaller compared
o dry pressing and because it allows a safe handling and manipu-
ation of very fine and even nanometer sized powders. Among the
ifferent colloidal processing techniques, electrophoretic depo-
ition is very promising because it is a fairly rapid, low cost
rocess for the fabrication of ceramic coatings, monoliths, com-
osites, laminates and functionally graded materials varying in
hickness from a few nanometres to centimetres.1 Although the
ifferent colloidal processes have in common that ceramic sus-
ensions are used, the requirements for these suspensions differ
ubstantially from one process to another. For processes such
s pressure filtration, slip casting and tape casting, a high solids
oading up to 40 vol% is required for an acceptable forming
ate.2 For electrophoretic deposition, the viscosity of the sus-
ensions can be kept low since the solids loading can be much

ower (2–10 vol%), while maintaining reasonable forming rates.

Suspension parameters determine the structure and cohesion
f the green EPD deposit at the electrode. Stable well-dispersed
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uspensions are necessary to produce densely packed deposits.3

he green density should be as high as possible to provide green
trength and reduced shrinkage during sintering. Suspension sta-
ilisation can be realised by several mechanisms: by stabilising
gents like polyelectrolytes or by surface charging of the pow-
er particles establishing repulsive forces. Because the particles
equire an electric charge for electrophoresis, EPD literature
onsiders mainly electrostatic stabilisation.

EPD can be performed in aqueous and non-aqueous sys-
ems, each of them having advantages and disadvantages. Water
s sometimes used as a solvent for electrophoretic deposition,

ainly because of environmental and economical reasons. How-
ver, due to the electrolysis of water and the concomitant for-
ation of gas bubbles at steel electrodes at voltages above about

–4 V, the deposit will contain pores due to the gas formation. In
he case of plate-shaped components, gas bubbles in the deposit
an be prevented by using a membrane in front of the deposition
lectrode.4 For complex shaped components on the other hand,
t is not feasible to use a membrane. Another method to avoid gas
ubbles is to use palladium electrodes for cathodic EPD from
queous suspensions. Palladium readily absorbs hydrogen5 but

s expensive. EPD in non-aqueous suspensions is mostly per-
ormed in an alcohol or ketone solvent or a mixture of them.
he main advantage of non-aqueous media for EPD is the pos-
ibility to use high voltages and consequently, to obtain higher

mailto:Jozef.Vleugels@mtm.kuleuven.be
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eposition rates. Disadvantages are the toxicity of the solvents
nd the higher cost. Recuperation of the solvents however can
ower the costs and avoid the environmental impact. Some recent
rticles give an overview of applications and suspension systems
or a number of powder materials.1,6–9

Ketone based suspensions with amine additions already
roved their applicability for the electrophoretic deposition of
l2O3,10,11 ZrO2,10,11 WC-Co12 and SiC.13 It was shown before

hat the electrical field strength for MEK + n-butylamine based
uspensions is constant and no potential drop at the electrodes is
bserved. This in contrast with ethanol + acid based suspensions
here the deposit acts as an extra resistive layer.14,15 Therefore, a
EK + n-butylamine based suspension is an interesting suspen-

ion system for EPD of thick deposits. Despite a good deposition
ield, the suspension stability is rather low, which can generate
ough surfaces for thick deposits (>5 mm). These suspensions
herefore need vigorous stirring, which is not always applicable
s for example for the EPD of complex shape components, and
he addition of dispersants is essential to improve the stability.

The present work reveals that nitrocellulose is an ideal addi-
ive to disperse metal oxide powders in MEK with n-butylamine.
he effect of nitrocellulose and n-butylamine addition on the
tability, viscosity and the EPD characteristics of Al2O3- and
rO2 based suspensions are investigated as well as the role of

he different additives.

. Experimental procedure

The starting powders are commercially available co-
recipitated 3 mol% yttria-stabilised ZrO2 (Daiichi grade HSY-
U) nanopowder and submicrometer sized �-Al2O3 (Baikowski
rade SM8) powder with a specific surface area of 20 and
0 m2/g, respectively (supplier data). The as-received Al2O3
owder was mixed in ethanol with Y-TZP milling balls (Tosoh
rade TZ-3Y) on a multidirectional mixer (type Turbula) for 24 h
o break up hard agglomerates. After mixing, the ethanol was
vaporated by means of a rotating evaporator and the powder was
ried at 90 ◦C. The particle size distribution of the as-received
rO2 and milled Al2O3 powder, as measured by acoustic particle
ize analysis (APS-100, MATEC, USA), is shown in Fig. 1.

Suspensions were prepared by suspending 150 g/l of powder
n methylethylketone (MEK, Acros, 99%). Subsequently, n-
utylamine (BA, 99.5%, Acros) and nitrocellulose (NC, Aldrich,
35058-250g) are added. The suspensions are magnetically
tirred for 30 min, ultrasonically stirred (Branson 2510 bath)
or 15 min, and magnetically stirred again for 30 min.

Electrophoretic deposition at constant voltage (type MCN
400-50, F.U.G., Germany) is performed with freshly prepared
uspensions in an EPD cell consisting of two vertically posi-
ioned stainless steel electrodes with a distance of 35 mm. The
lectrodes have a surface area of 9 cm2 and the volume of the
eposition cell is 50 ml. The edges of the deposition electrode

re shielded by a non-conductive cover, made from PTFE.

After deposition, the deposits are dried, weighted and the
reen density is determined by the Archimedes method using
acquer (Enthone B.V., The Netherlands) encapsulation.

i
m
s
f

ig. 1. Particle size distribution of the ZrO2 and milled Al2O3 starting powder,
s obtained by acoustic particle size analysis.

Electrophoretic mobility measurements are performed in
oncentrated suspensions using the electro-acoustic measuring
echnique (ESA 9800, MATEC, USA). The suspension con-
uctivity was measured with a Cond Level 2 probe (WTW,
ermany). The viscosity of some selected suspensions was mea-

ured with a capillary viscosity meter (Schott-Geräte GmbH,
ermany).
The stability of the suspensions was investigated by mea-

uring the weight change of a cone, suspended at a certain
epth in an unstirred suspension as a function of time, using
BP 221S balance (Sartorius, Germany).14 The slope of the

btained time–weight change curves was calculated over a range
f 5000 s. The slope of the suspension without charging addi-
ives is used as a reference. This reference slope is divided by the
lope obtained for the suspension under investigation in order to
etermine the stability ratio, W, of that specific suspension.

. Results and discussion

.1. Suspension stability

The effect of the addition of n-butylamine and nitrocellu-
ose on the Al2O3 suspension stability is investigated by means
f settling rate studies, as shown in Fig. 2. The MEK based
uspensions without combined nitrocellulose and n-butylamine
ddition settle very fast. After less than 200 s, almost all powder
s settled. Suspensions containing 1 wt.% powder with combined
ddition of n-butylamine and nitrocellulose however only par-
ially settle after 5000 s, indicating that an interaction occurs
etween the MEK, n-butylamine, nitrocellulose and powder par-
icle surface, which is responsible for the stabilisation of the
articles in the suspension.

When the mass of nitrocellulose is fixed at 1 wt.% relative to
he mass of dry powder, the stability of the alumina suspensions

ncreases with increasing amount of n-butylamine, reaching a

aximum stability at 10 vol% n-butylamine (see Table 1). The
tability of the zirconia containing suspensions does not vary as
unction of the n-butylamine content using the same amount of
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Fig. 2. Stability curves of the Al2O3 based suspensions (BA: n-butylamine; NC:
nitrocellulose).

Table 1
Stability ratio, W, for Al2O3 and ZrO2 suspensions based on MEK, BA and
nitrocellulose

n-butylamine (vol%) Nitrocellulose (wt%) W (Al2O3) W (ZrO2)

0 0 1 1
0 1 1.4 /

10 0 2.5 /
2 1 410 269
5 1 891 251
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0 1 1401 228
5 1 1305 235

itrocellulose. The zirconia suspensions are less stable than the
lumina suspensions, but the sedimentation rate is still low, as
ummarised in Table 1.

.2. Electrophoretic mobility

Electrophoretic mobilities were measured for MEK based
l2O3 and ZrO2 suspensions (100 g/l powder) as a function of

he n-butylamine content, as presented in Figs. 3 and 4. Because

EK is an electron donor,14–17 Y-ZrO2 and Al2O3 powders

re negatively charged in MEK. n-Butylamine is a stronger base
han MEK and the powder particles get more negatively charged

ig. 3. Electrophoretic mobility of MEK based Al2O3 suspensions (100 g/l) as
function of the amount of n-butylamine and nitrocellulose.
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ig. 4. Electrophoretic mobility of MEK based Y-ZrO2 suspensions (100 g/l) as
function of the amount of n-butylamine and nitrocellulose.

hen n-butylamine is added to the suspension. In the absence of
itrocellulose, a maximum electrophoretic mobility is reached
pon adding 7.5 vol% and 1 vol% of n-butylamine for Al2O3
nd Y-ZrO2, respectively. Because of the higher specific surface
rea of the zirconia powder compared to alumina (see Fig. 1),
his difference should be attributed to a higher surface charge
ensity of the alumina powder. When 1 wt.% nitrocellulose is
dded to the suspensions, the electrophoretic mobility increases.
ven without butylamine, the addition of nitrocellulose turns the
lectrophoretic mobility more negative due to the fact that MEK
s a weak base and is able to interact with the acidic groups on the
dsorbed nitrocellulose. A maximum electrophoretic mobility is
eached below 1 vol% butylamine for both powders. The mobil-
ty however decreases upon addition of more n-butylamine.
lthough not impossible, it is thought to be unlikely that the
itrocellulose is displaced from the surface by n-butylamine,
ue to the multiple adsorption sites of the nitrocellulose poly-
er chain. Therefore, the decreased mobility is attributed to

he increase in ionic strength. At higher n-butylamine con-
entrations, the electrophoretic mobility is strongly influenced
y the ionic strength of the suspension. The absolute value
or the electrophoretic mobility is lower for Y-ZrO2 than for
l2O3. Because the electrophoretic mobility and the concomi-

ant zeta potential reach their maximum at the same amount of
-butylamine when nitrocellulose is present, one can assume
hat the nitrocellulose is adsorbed on the powder surface. The

aximum electrophoretic mobility however does not correlate
ith the highest suspension stability (see Table 1). The zeta
otential is normally directly related to the suspension stability,
hich is not the case for these suspension systems. This means

hat the zeta potential is probably not the key parameter, which
etermines the stability of the described alumina and zirconia
uspension systems. Therefore, electrosteric stabilisation by the
harged adsorbed nitrocellulose, in combination with electro-
tatic repulsion, play an important role in this system.
.3. Electrophoretic deposition experiments (EPD)

Electrophoretic deposition experiments were performed with
l2O3 and ZrO2 suspensions (150 g/l) as a function of the
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ig. 5. Al2O3 deposition yield after 300 s at 300 V as a function of the amount
f n-butylamine and nitrocellulose addition.

-butylamine and nitrocellulose content. The green density and
he yield were measured after EPD for 300 s at 300 V. Because
he particles are negatively charged, anodic deposition was per-
ormed.

With the Al2O3 powder, no deposit was obtained from a
00% MEK based suspension. The deposition yield increased
ith increasing n-butylamine content but levels off at 5 vol% n-
utylamine as shown in Fig. 5. The green density also increases
s a function of the n-butylamine content from 44% at 2 vol%
-butylamine up to 52% at 15 vol% n-butylamine, as shown in
ig. 6.

When adding 1 wt.% nitrocellulose to these suspensions, the
l2O3 deposition yield increases and reaches a maximum at

vol% n-butylamine. The green density drastically increases up

o 5 vol% n-butylamine and is significantly higher than with-
ut nitrocellulose addition (see Fig. 6). The addition of 1 wt.%

ig. 6. Al2O3 deposit green density after EPD at 300 V for 300 s as a function
f the amount of n-butylamine and nitrocellulose addition.

t
t
s
1
b

d

F
s

ig. 7. Al2O3 deposits obtained from MEK based suspensions containing
wt.% nitrocellulose and 2 (left) and 10 (right)vol% n-butylamine.

itrocellulose to MEK without n-butylamine gives irregular
eak deposits with a low green density of 44%.
When adding 2 vol% n-butylamine and 1 wt.% nitrocellulose,

l2O3 deposits with a very rough surface are obtained. When the
mount of n-butylamine is increased, the surface of the deposits
ecomes very smooth as illustrated in Fig. 7. How the rough-
ess is affected by the suspension stability of the suspension is
nclear. But one can assume that convective motion plays an
mportant role.

Increasing the nitrocellulose content from 1 to 1.5 wt.%
esults in a decreased deposition yield (Fig. 5), whereas the green
ensity of the deposits is the same (Fig. 6). Therefore, 1 wt.%
itrocellulose was used in all further experiments.

At a nitrocellulose content of 1 wt.%, the Al2O3 deposi-
ion yield decreases with increasing n-butylamine content above
vol% and becomes almost zero in pure n-butylamine (see
ig. 8). The deposition yield correlates well with the decreas-

ng electrophoretic mobility at higher n-butylamine contents, as
hown in Fig. 3. The green density increases as a function of
he n-butylamine content at 1 wt.% nitrocellulose addition up
o a maximum at 25 vol% n-butylamine addition, whereas the
tability ratio increases from 1.4 at 0 vol% n-butylamine up to

305 at 15 vol% n-butylamine showing a maximum at 10 vol%
utylamine (see Table 1).

For MEK based suspensions with 1 wt.% nitrocellulose, the
eposition yield of ZrO2 follows the same trend as for the Al2O3

ig. 8. Al2O3 and ZrO2 deposition yield after 300 s at 300 V from a MEK based
uspension with nitrocellulose (1 wt.%) as a function of n-butylamine addition.
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presence of some free amine was detected as shown in Fig. 13.
Increasing the n-butylamine content above 20 vol% results in a
decreasing water content in the final mixture whereas the free
n-butylamine content increased. Reaction (2) therefore reaches
ig. 9. Green density of Al2O3 and ZrO2 deposits obtained from MEK with
wt.% nitrocellulose based suspensions after 300 s at 300 V, as function of the
-butylamine content.

owder. The deposition yield and electrophoretic mobility reach
maximum at 2 vol% n-butylamine, as shown in Figs. 4 and 8,
hereas the stability of the suspensions remains constant at buty-

amine contents from 2 to 15 vol% (Table 1). The green density
lso remains constant at 37%, as shown in Fig. 9. The difference
n green density for Al2O3 and ZrO2 (Fig. 9) can be attributed
o the significantly smaller particle size distribution of the ZrO2
owder.

.4. Role of the different chemicals

The adsorption of n-butylamine on an oxide surface is a
ell-known and studied subject.16–19 Since n-butylamine is an

lectron donor, the protons of the surface hydroxyl groups of
he metal oxide are transferred to the basic nitrogen atoms of the
dsorbed amine molecules:

M OH)surface + CH3 CH2 CH2 CH2 NH2

⇔ (M O−)surface + CH3 CH2 CH2 CH2 NH3
+ (1)

esides an acid–base reaction (1), a primary amine such as n-
utylamine reacts with a ketone (MEK) towards an imine and
ater20 according to:

(2)

he formed imines can be determined qualitatively by infrared
pectroscopy.20 The reaction is an equilibrium reaction and can
e visualised by the evolution of the conductivity and tempera-
ure as a function of time. During the first 1400 s after addition
f n-butylamine to MEK, the conductivity increases fast. After-
ards, the reaction rate is reduced but slowly continues as shown

n Fig. 10. This ongoing reaction is attributed to the polymerisa-
ion of the formed imine, which is responsible for the increase in
iscosity (Fig. 11) of the solvent mixture as a function of time.
The amount of reaction products of reaction (2) is a func-
ion of both the relative amount of n-butylamine and MEK and
f time. By means of FTIR measurements (Thermo Nicolet
vatar 360), the amount of formed water can be determined.

F
t
1

ig. 10. Evolution of conductivity and temperature as a function of time after
ddition of 10 vol% butylamine to MEK.

water–BA calibration curve allowed to establish the follow-
ng linear relationship between the vol% water and the water
eak area between 3300 and 3700 cm−1 in the water–butylamine
ixture:

(vol% water)=1.3676 (peak area water) (0−20 vol% water)

(3)

his relationship was used to measure the amount of water in
he MEK–BA mixtures without powder addition after 45 min
f mixing. This time period was chosen since the conductivity
easurements (Fig. 10) indicated that the ketone-amine reaction

eached an equilibrium after this time period. The symmetric
nd asymmetric N H stretching IR peaks of the amine between
250 and 3400 cm−1 are not detected in the MEK + 10 vol%
-butylamine mixture, as shown in Fig. 12, revealing that reac-
ion (2) completely shifted to the right hand side. Using Eq.
3), the water content in a MEK–n-butylamine (90/10) (vol%)
as calculated to be about 3 vol%. When the amine content was

ncreased to 20 vol%, the water content in the final mixture after
5 min reaction increased to a maximum of about 4 vol% and the
ig. 11. Evolution of the dynamic viscosity as a function of time after prepara-
ion of a solvent mixture of MEK with 10 vol% n-butylamine, with and without
wt.% nitrocellulose at 23 ◦C.
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Fig. 12. Details of the FTIR-spectra of methylethylketone (MEK), n-butylamine
(
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Fig. 14. Conductivity of an Al2O3 based suspension after 45 min in MEK with
1 wt% nitrocellulose as function of the n-butylamine content.
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n-BA) and a MEK-butylamine (90/10) mixture. Note the disappearance of the
H stretching vibrations (a) and the appearance of the C N stretching vibra-

ion (b) when n-butylamine is added to MEK.

quilibrium at around 20 vol% butylamine addition with the for-
ation of about 4 vol% H2O. At higher butylamine additions,

he reverse reaction involving the imine will consume a small
mount of water, resulting in an overall decreasing H2O content
ith increasing butylamine addition above 20 vol%.
Due to the H2O formation, the electrical conductivity of

he suspension changes. The conductivity of an Al2O3 based
uspension after 45 min in MEK with 1 wt.% nitrocellulose as
unction of the n-butylamine content is shown in Fig. 14. The
hange in conductivity correlates with the measured water and
he free butylamine content shown in Fig. 13.

The increasing electrical conductivity in the 2–20 vol% n-
utylamine region, due to an increased ionic strength as a result
f the formation of water, also explains the reducing elec-
rophoretic mobility and concomitant deposition yield of the

rO2 and Al2O3 powder with increasing n-butylamine content

see Figs. 3–6).
When nitrocellulose is added to a ketone and a metal oxide

owder, the nitrocellulose is adsorbed on the powder.21 No

ig. 13. Calculated amounts of free n-butylamine and water (vol%) in MEK–BA
ixtures as a function of the initially added amine content (vol%).
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ig. 15. Conductivity of an Al2O3 based suspension in MEK with 10 vol%
-butylamine and 1 wt.% nitrocellulose and the deposition yield after 300 s at
00 V as a function of time.

ncrease in stability of the ZrO2 and Al2O3 particles is observed
hen only MEK and nitrocellulose are present. The elec-

rophoretic mobility however are drastically increased when a
mall amount of n-butylamine is added to this suspension. The
aximum zeta potential is reached upon adding 0.5–1 vol% n-

utylamine. Therefore, one can assume that a relatively small
mount of n-butylamine is needed to charge the nitrocellulose,
hich is adsorbed on the powder particles, leading to electros-

eric stabilisation. At higher n-butylamine contents, the dissoci-
ted water molecules increase the ionic strength and reduce the
lectrophoretic mobility.

Due to the chemical reaction in the solvent mixture, the elec-
rical conductivity in the suspension increases as function of
ime, as shown in Fig. 15. However, ageing of the suspension
oes not influence the EPD behaviour during the first 6 h as
llustrated by the constant deposition yield in time (see Fig. 15).

. Conclusions

Stable suspensions based on methylethylketone (MEK) with

ombined addition of n-butylamine and nitrocellulose were
eveloped for the electrophoretic deposition of Al2O3 and ZrO2
owder. Deposits with a high green density, smooth surface and
high deposition yield were obtained when adding 10–15 vol%
-butylamine and 1 wt.% nitrocellulose.



an Ce

r
s
w
a
0
s
a
t
e
t
c

t
Z
d
r
b
n
a
i
l

A

t
c
R
R

R

1

1

1

1

1

1

1

1

1

1
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A chemical reaction between the MEK and n-butylamine
esults in the formation of water and imines. The H2O dis-
ociates and influences the ionic strength of the suspension,
hereas the imines polymerise in time. A maximum ZrO2

nd Al2O3 electrophoretic mobility is obtained when adding
.5–1 vol% n-butylamine to a 1 wt.% nitrocellulose containing
uspension. Due to the formation of water, the ionic strength
nd electrical conductivity of the suspension increase in
he 2–20 vol% n-butylamine region, resulting in a reducing
lectrophoretic mobility and concomitant deposition yield of
he ZrO2 and Al2O3 powder with increasing n-butylamine
ontent.

The addition of 1 wt.% nitrocellulose to a n-butylamine con-
aining MEK suspension resulted in an increased Al2O3 and
rO2 electrophoretic mobility and a drastically increased green
eposit density. The addition of 1.5 wt.% nitrocellulose however
educes the deposition yield. The highest Al2O3 suspension sta-
ility determined to be at 10–15 vol% n-butylamine addition did
ot coincide with the highest electrophoretic mobility measured
t 2 vol% n-butylamine, due to the additional electrosteric stabil-
sation by the adsorbed charged nitrocellulose. This effect was
ess pronounced for the ZrO2 powder.
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