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Abstract

There is a growing interest to develop reliable, economic and environmentally-friendly methods for manufacturing thin and thick

coatings and layered systems. Electrophoretic deposition has demonstrated to be a suitable technique for manufacturing laminates
and coatings. For thick films, the adhesion to the substrate and the shape retention become important problems that lead to low
density, cracking, and heterogeneous surfaces. To overcome these problems, a new idea is proposed consisting in the formation of a
thick deposit by EPD in water and its immediate consolidation by thermogelation of polysaccharides, which is introduced in the

suspension and forms a gel structure on cooling during withdrawal of the substrate from the suspension bath. In this work the
parameters involved in the electrophoretic codeposition of two phase suspensions (Al2O3/Y-TZP) containing carrageenan, on non-
porous graphite substrates are studied. Dense self-supported films with thickness between 10 and 500 mm are obtained after a

thermal treatment in which the graphite substrate burns out and the subsequent sintering cycle. The performance of gel-deposition
is studied as a function of the concentration of carrageenan, the solids loading and the electrical conditions.
# 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Much effort has been devoted recently to develop
novel colloidal forming methods for increased relia-
bility.1 Among them, electrophoretic deposition (EPD)
is very attractive for a variety of applications due to the
simplicity of the process, the low cost equipment and
the versatility for producing either bulk bodies, lami-
nates or thin and thick coatings on complex shaped
substrates. Electrophoresis involves the motion of
charged particles towards an electrode as a consequence
of an external dc field.
EPD has been widely studied for a great variety of

particulate systems, including aqueous and non-aqu-
eous suspensions.2�4 Some works have focused on
aqueous EPD because of the health, environmental and
costs benefits of using water as suspending media.5

However, it is well known that the use of water can lead
to several problems, such as the faster kinetics, that
difficults the control of the deposit thickness, and the
hydrolysis of water, that promotes bubbling with a
deleterious effect on the microstructure. Non-aqueous
suspensions are superior in relation to the adherence of
the deposit to the substrate and the thickness control.
The adhesion between the deposit and the substrate in
aqueous systems may be improved by using organic
additives as polyeletrolytes, binders and surfactants.
Hence, the ceramic suspension becomes a complex

system containing not only the particles and the sus-
pending medium, but also the additives. Each compo-
nent has an important role in the suspension
formulation that can change the EPD behaviour and
the adhesion to the substrate.
On the other hand, gelation of polysaccharides has

received a great attention in recent years for manu-
facturing near-net-shaped self-supported pieces. The
main advantages of gelling polysaccharides are that they
are soluble in water, non toxic, and capable to produce
firm gels at low concentrations. The consolidation of
bulk bodies by gelation of polysaccharides on cooling
(e.g. agar, agarose, carrageenan) has been reported
elsewhere.6�8
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Previous work has demonstrated that ceramic–
ceramic coatings can be obtained by simply dipping a
green ceramic sheet into a well-dispersed ceramic sus-
pension previously mixed at temperatures >60 �C with
a solution of carrageenan. This gel-former improves wet-
ting, so that a film is formed on withdrawal, which main-
tains adhered to the substrate and gelates on cooling.9,10

Preliminary EPD tests of carrageenan-containing sus-
pensions on green ceramic substrates (with open poros-
ity) had limited success11 due to the lack of control of
deposition kinetics of aqueous suspensions at low cur-
rent densities, and the poor adhesion to the green tapes
used as substrates.
In this work, the possibility to improve the thickness

control and the adherence of composite films shaped by
electrophoresis, based in the use of a gel-former as
additive has been explored. The influence of the con-
centration of the gelling additive, the solid loading and
the electrical parameters on the performance of gel-
deposition, has also been studied.
2. Experimental

As starting powders an Al2O3 (Condea HPA05,
USA), with mean particle size of 0.35 mm and specific
surface area of 9.5 m2/g, and a polycrystalline tetra-
gonal zirconia with 3 mol% Y2O3, Y-TZP (TZ3YS,
TOSOH, Japan), with mean particle size of 0.4 mm and
surface area of 6.7 m2/g, were used. Particle size dis-
tributions were measured with a laser analyzer (Mater-
sizer S, Malvern, UK). Surface area was measured by one
point N2 adsorption (Monosorb, Quantachrome, USA).
Stabilized aqueous suspensions of Al2O3/5 vol.% Y-

TZP (AZ) were prepared to final solid concentrations of
20, 30 and 40 wt.% (i.e. 5.8, 9.5 and 14 vol.%, respec-
tively), adding 0.8 wt.% (on a dry solids basis) of a
polyacrylic acid polyelectrolyte (Duramax D3005,
Rohm & Haas, USA). All the suspensions were ultra-
sonically homogenized using a 400 W sonication probe
(IKA U400S, Germany) for 2 min.
A commercial carrageenan powder (Secogel TC, His-

panagar, Spain) was used as gelling agent. A 2 wt.%
solution of carrageenan was prepared by heating at
90 �C up to dissolution and maintained at 60–65 �C. AZ
suspensions were heated at 60–65 �C and mixed with the
amount of carrageenan solution to reach final con-
centrations of 0.4, 0.8 and 1.2 wt.% with regard to the
total water content.
The electrophoretic mobility of the suspensions with-

out carrageenan was measured by microelectrophoresis
(Zeta-meter, model 3.0, USA). The conductivity was
measured with a microprocessor conductivity-meter
(WTW, model LF320, Germany).
The thermogelling behaviour of carrageenan solutions

was determined by measuring the evolution of the visc-
osity vs. temperature using a Rheometer RS50 (Haake,
Germany). The sensor system consisted of a double-
cone rotor and a stationary plate, protected with a sol-
vent trap to reduce evaporation. Similar studies were
carried out for all the prepared suspensions.
EPD experiments were performed in galvanostatic

mode for deposition times of 5 min, using a power
source AMEL, model 551 (UK). The configuration of
the electrophoresis cell was adapted to coat foil-shaped
substrates of semicondutive materials (graphite). The
graphite electrodes were maintained at a separation
distance of 2 cm from each other. The dipping area of
the substrates was �12.5 cm2. The equipment was pro-
vided with a lift in order to assure a constant with-
drawal rate of 7.5 mm/s (that is, 45 cm/min, which is
near the maximum provided by the lab device). This
withdrawal rate was selected because it allowed to
diminish the gelling time, assuring better uniformity and
reliability, as it was demonstrated elsewhere.9

The mass contribution to the deposit was character-
ized by gravimetry after 24 h drying. Ceramic deposits
and substrates were thermally treated at 800 �C for 1 h
in air, to promote the graphite burning out, and sintered
at 1550 �C for 2 h with heating and cooling rates of 5 �C/
min. Microstructural observations were made by optical
and scanning electron microscopy (SEM).
3. Results and discussion

The rheological behaviour of carrageenan aqueous
solutions has been studied in previous work.9 The main
properties that control the gelling behaviour of the
solutions of gel-former are summarised in Table 1. All
properties, the gel strength (related to the gap of visc-
osity during the transition from sol to gel) the viscosity
of the solution and the gelling temperature Tg increase
with the carrageenan concentration.
The rheological behaviour of AZ suspensions with

different solids loadings and carrageenan contents was
studied by measuring the flow curves at 60 �C, where
carrageenan is in the sol state, and the evolution of vis-
cosity on cooling. The most significant properties of the
AZ suspensions are shown in Table 2. The gelling tem-
perature increases with the carrageenan content but is
insensitive to variations in the solids loading for a con-
stant concentration of carrageenan. For a concentration
Table 1

Gelling behaviour of the carrageenan solutions measured at 100 s�1
Carrageenan concentration (wt.%)
 Tg (
�C)
 �60 (mPa s)
 �gel/�sol
0.6
 27.9
 13
 >3
0.8
 31.0
 26
 >3
1.0
 33.5
 33
 >4
1.2
 35.6
 51
 >5
3074 B. Ferrari et al. / Journal of the European Ceramic Society 24 (2004) 3073–3080



of 0.4 wt.% the Tg is near 25 �C, which can difficult
gelation under room conditions.
Preliminary EPD tests were carried out for the 20

wt.% suspensions without carrageenan and with 0.4
wt.% carrageenan for comparison purposes. Fig. 1
shows the mass per unit area of deposits obtained from
both suspensions at different current densities for 5 min
tests. In order to allow a direct comparison of the
results they were expressed in terms of electric field.
Assuming that electrophoretic mobility was the same
with and without carrageenan the deposit growth could
be predicted in the light of Hamaker’s equation:

m Eð Þ ¼ ue ECt

where m is the deposited mass per unit area (kg/m2), ue
is the mobility measured by microelectrophoresis
(3.0�10�8 m2/sV), E is the electric field measured from
the voltage registered at the begining of the tests (V/m),
C is the concentration of particles (235 kg/m3) and t is
the deposition time (300 s). The straight line in Fig. 1
represents the deposition growth predicted using the
equation of Hamaker. It can be seen that deposition of
aqueous AZ suspensions without carrageenan reaches a
maximum after which the deposits fall down during the
withdrawal, because of the poor adherence to the sub-
strate. This suspension exhibits an irregular growth in
which the deposited mass is lower than expected.
This irregular growth reflects the heterogeneity of the
obtained deposits. When introducing carrageenan,
the deposition follows a regular trend and the deposited
mass is larger than predicted. It must be taken into
account that the suspension without carrageenan is
deposited at room conditions. However, when carra-
geenan is added, the suspensions are manipulated and
shaped at 60 �C, thus changing the conductivity from
0.3 mS/cm for the carrageenan-free suspension at 25 �C,
to 1.8 mS/cm for the carrageenan-containing suspension
at 60 �C. On the other hand, it was not possible to
measure the zeta potential at these conditions with the
available equipments. The difference between the con-
ductivities of the suspensions with and without car-
rageenan had been corrected in the representation of
the weight per unit area, in Fig. 1, since the electric
fields represented are the value which was measured
starting the test, and hence the suspension conductivity
was just considered. So, the faster deposit growth of car-
rageenan-containing suspension could be related to
higher values of electrophoretic mobility, but also to an
active contribution of the carrageenan to the own
shaping process.
Fig. 2 shows the evolution of mass per unit area vs.

the electric field for suspensions with 0.4 wt.% carra-
geenan prepared to different solids loadings. All the
films maintained adhered to the graphite substrate after
drying, but there is a maximum weight above which the
films cracked during drying. It is worthy to note that
cracking appears when an electric field larger than a
critical value of about 1.5 V/cm is applied, regardless
the volume fraction of particles. The maximum mass
Table 2

Rheological properties of AZ suspensions measured at 100 s�1
Solids content (wt.%)
 Carrageenan content (wt.%)
 Tg (
�C)
 Z60 (mPa s)
 Zgel /Zsol
 s (mS/cm)
20
 0.0
 –
 –
 –
 0.3
0.4
 24.8
 12
 >2
 1.8
0.8
 31.9
 56
 >3
 2.4
1.2
 36.4
 81
 >4
 3.1
30
 0.4
 24.7
 14
 >2
 1.5
0.8
 31.6
 40
 >3
 2.4
1.2
 36.0
 85
 >3
 3.2
40
 0.4
 24.9
 18
 >2
 1.6
0.8
 –
 –
 –
 2.6
1.2
 –
 –
 –
 3.8
Fig. 1. Evolution of the deposited weight per unit area vs the applied

electric field for 20 wt.% suspensions with 0 and 0.4 wt.% of car-

rageenan. The straight line determines the theoretical evolution of the

deposited mass predicted by the Hamaker equation.
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per unit area without cracks are 55, 46, and 64 mg/cm2

for solid loadings of 20, 30, and 40 wt.%, respectively
(see Table 3).
It must be also noted that a coating layer develops on

each face of the substrate during the EPD process. After
sintering, the graphite sheet burns out and two isolated
layers are obtained. The microstructural analysis per-
formed by SEM on sintered samples revealed that these
two layers had different thicknesses. In all cases, the
mass deposited on the face in front of the counter-
electrode represents roughly a 55% of the total depos-
ited mass. The points at zero electric field in Fig. 2
correspond to dipping tests, where the mass per unit
area is negligible in comparison to the mass deposited
by EPD.
Fig. 3 shows the SEM microstructure of sintered films

obtained from suspensions with 0.4 wt.% carrageenan
and solids loadings of 20 wt.% (a), 30 wt.% (b), and 40
wt.% (c) by applying an electric field of 1.5 V/cm for 5
min. The pictures were made for layers obtained on the
preferential deposition surface. The sintered films are
always thicker than 150 mm. The deposit thickness
clearly depends on the carrageenan content (Table 3),
but there is not a clear dependency with the solids
loading, although the apparent density seems to
increase with the particles concentration. Comparable
results have been observed for layers obtained by only
dipping with similar suspensions.10

Fig. 4 shows the evolution of mass per unit area vs.
the electric field for the suspensions with 0.8 wt.% car-
rageenan, which increases with the solids loading. The
particles concentration has a critical role in the forma-
tion of a consistent gel structure, and suspensions with
20 wt.% solids cannot retain the shape and fall down
during the withdrawal, thus the collected results have
large errors with respect to the actual deposited mass.
However, a higher carrageenan content makes it
increase the gel strength of the deposited layer. Above a
certain thickness the layer becomes very stiff and tends
to release from the substrate on drying. The rigidity
provided by the gel-former allows the released films to
maintain homogeneous and free of cracks during drying
and they shrink uniformly and without warpage. Again,
films obtained under electric fields above 1.5 V/cm
cracked during drying. The limiting mass per unit area
to avoid either releasing or cracking are also shown in
Table 3. Crack-free films as thick as 750 mm are
obtained for 40 wt.% suspensions with 0.8 wt.%
carrageenan.
Similarly, Fig. 5 shows the evolution of mass per unit

area with the applied electric field for those suspensions
containing 1.2 wt.% carrageenan. The evolution of the
deposited mass follows the same trend than for suspen-
sions with 0.8 wt.% carrageenan, with a power-law
Fig. 2. Evolution of the deposited weight per unit area vs. the applied

electric field for 20, 30 and 40 wt.% suspensions with 0.4 wt.% of

carrageenan.
Table 3

Characteristics of the EPD coatings
Carrageenan (wt.%)
 Solids (wt.%)
 Drying effects
Mass and thickness of films before releasing or cracking
Limit value for releasing
 Limit value for cracking
Weight/area (mg/cm2)
 Sintered thickness (mm)
 Weight/area (mg/cm2)
 Sintered thickness (mm)
0.4
 20
 None
 –
 55
 270
30
 None
 –
 46
 150
40
 None
 –
 64
 265
0.8
 20
 Does not retain shape
 Does not retain shape
 –
 –
30
 62
 150
 85
 285
40
 14
 85
 141
 750
1.2
 20
 Does not retain shape
 Does not retain shape
 –
 –
30
 All
 –
 87
 320
40
 All
 –
 143
 530
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growth for 20 and 30 wt.% suspensions, and with
slightly heavier deposits. For 40 wt.% suspensions,
the deposit grows linearly and the deposited mass is
the same as for 40 wt.% suspensions with 0.8 wt.%
carrageenan.
The effect of increasing concentrations of carrageenan

on the sintered microstructure can be seen in the SEM
microphotographs of samples with 30 wt.% solids and
carrageenan contents of 0.8 wt.% (a) and 1.2 wt.% (b),
prepared under the same electrical conditions (1.5 V/cm,
5 min). Comparing with the microphotograph in Fig. 6b,
a larger amount of gelling additive (50.8 wt.%) leads to
slightly higher residual porosity.
The effect of drying on the films obtained with the
prepared suspensions are summarised in Table 3, also.
It is important to note the effect of carrageenan con-
centration, so the films performed with 0.4 wt.% carra-
geenan suspensions did not release from the substrate
after drying, since at this concentration, carrageenan
cannot develop enough gel strength during cooling to
overcome the adhesion of the deposit to the substrate.
Contrarily, all deposits obtained from suspensions with
1.2 wt.% of carrageenan release without warpage dur-
ing drying due to the too high gel strength developed in
this case. A carrageenan content of 0.8 wt.% allows to
obtain ceramic coatings that maintain adhered to the
Fig. 3. SEM pictures of sintered films obtained by EPD from 20 wt.% (a) 30 wt.% (b) and 40 wt.% (c) AZ suspensions with 0.4 wt.% of

carrageenan.
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substrate for mass/area values and thicknesses depend-
ing on the solid loading, up to 62 mg/cm2 for 30 wt.%
and 14 mg/cm2 for 40 wt.% suspensions (sintered
thickness of 150 and 85 mm, respectively).
Table 3 also shows that for all formulated suspen-

sions, deposition has a limit over which films crack
during drying. In fact whatever was the suspension,
deposits prepared at electric fields 51.5 V/cm cracked,
determining a first limit on the electrical conditions to
be applied. MORL and SEM observations show the
formation of large pores (Fig. 7) that correspond to
bubbles originated from the H2O electrolysis at the
anode and trapped during the shaping process. Bubbles
formation may be the responsible for cracking to occur.
The presence of these large pores decreases with
decreasing electric filed. If electrophoresis is performed
applying electric fields 40.5 V/cm there is no risk of
bubbles formation for any of the suspensions con-
sidered in this work.
Finally, the results of the described gel-electrophoresis

process were compared with those reached by a similar
coating technology, as the dipping process in the pre-
sence of carrageenan.10 The maximum crack-free thick-
ness attainable by dipping was �30, and 90 mm for
carrageenan contents of 0.8, and 1.2 wt.%, respectively,
and 30 wt.% solid loading, which are thinner than those
obtained by EPD.
Fig. 8 shows the microstructure of two films obtained

with a 30 wt.% suspension with 0.8 wt.% of carragee-
nan by dipping (a) and by electrophoresis (b), applying
an electric filed of 0.5 V/cm for 5 min. Films obtained
by dipping show a small porosity homogeneously dis-
tributed as a consequence of the amount of carrageenan
added to the suspension and its low solid loading. The
Fig. 5. Evolution of the deposited weight per unit area vs the applied

electric field for 20, 30 and 40 wt.% suspensions with 1.2 wt.% of

carrageenan.
Fig. 4. Evolution of the deposited weight per unit area vs the applied

electric field for 20, 30 and 40 wt.% suspensions with 0.8 wt.% of

carrageenan.
Fig. 6. SEM pictures of sintered films obtained by EPD from 30 wt.% AZ suspensions with 0.8 wt.% (a) and 1.2 wt.% (b) of carrageenan.
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deposit obtained electrophoretically with the same sus-
pension shows a higher density, verifying that the elec-
trical strength developed during the EPD process
promotes the particle reordering at the deposit, and
hence improves the packing density. Summarising,
under the optimised electrical conditions, EPD allows to
obtain dense deposits with a wide range of thickness,
while carrageenan increases the deposit adherence, thus
improving the films formation.
4. Conclusions

The electrophoretic codeposition of Al2O3/Y-TZP
mixtures in water has been studied. A novel colloidal
process has been described and optimised, which allows
to shape dense thick films (>10 mm). The process is
based on the use of low concentrations of poly-
saccharides (e.g. carrageenan) that mixed at 60 �C with
an aqueous suspension allows the formation of a film by
electrophoretic deposition, and its subsequent gelation
immediately after withdrawal.
Suspensions without carrageenan do not adhere to the

substrate by dipping. Uniform coatings can be obtained
by dipping using carrageenan, but some porosity
remains due to the low solids loading of the suspen-
sions. However, the additional force of the electric field
in EPD allows a better rearrangement of the particles,
thus leading to higher sintered densities.
The thickness, density and characteristics of films are

depending on the concentration of the gelling additive,
the solid loading of the slip and the electrical conditions.
There is a deposit mass value, mainly depending on the
carrageenan content, from which the films release from
the substrate on drying. But homogeneous flat films can
be obtained with maximum thickness of 150–750 mm,
depending on the solid loading and the carrragenan
content.
Above this limit cracking occurs. Cracks may be

originated by the application of intense electric fields.
In the systems studied in this work, it is recommended
not to exceed an electric field of 0.5 V/cm in order to
avoid the risk of bubbles formation.
Fig. 7. SEM pictures of the sintered film obtained by EPD applying

an electric field of 1.5 V/cm for 5 min to a 40 wt.% AZ suspension

with 0.8 wt.% of carrageenan.
Fig. 8. SEM pictures of the sintered films obtained with a 30 wt.% suspension with 0.8 wt.% of carrageenan, by dipping (a) and by EPD applying

an electric field of 0.5 V/cm for 5 min.
B. Ferrari et al. / Journal of the European Ceramic Society 24 (2004) 3073–3080 3079



Acknowledgements

This work has been supported by CICYT (Spain)
under grant MAT2000-0949. Dr. B. Ferrari acknowl-
edges CSIC and European Social Foundation for the
concession of a contract I3P.
References

1. Lange, F. F., Powder processing science and technology for

increased reliability. J. Am. Ceram. Soc., 1989, 72, 3–15.

2. Sarkar, P. and Nicholson, P. S., Electrophoretic deposition

(EPD): mechanisms, kinetics, and application to ceramics. J. Am.

Ceram. Soc., 1996, 79, 1987–2002.

3. Van der Biest, O. and Vandeperre, L., Electrophoretic deposition

of materials. Ann. Rev. Mat. Sci., 1999, 29, 327–352.

4. Zhitomirsky, I., Cathodic electrodeposition of ceramic and

organoceramic materials. Fundamental aspects. Adv. Coll. Interf.

Sci., 2002, 97, 279–317.
5. Moreno, R. and Ferrari, B., Advanced ceramics via EPD of

aqueous slurries. Am. Ceram. Soc. Bull., 2000, 79, 44–48.

6. Fanelli, A. J., Silvers, R. D., Frei, W. S., Burlew, J. V. and

Marsh, G. B., New aqueous injection molding process for cera-

mic powders. J. Am. Ceram. Soc., 1989, 72, 1833–1836.

7. Zhang, T., Blackburn, S. and Bridgwater, J., Properties of cera-

mic suspensions for injection moulding based on agar binders.

Br. Ceram. Trans., 1994, 96, 229–233.

8. Millan, A. J., Nieto, M. I. and Moreno, R., Near-net shaping of

aqueous alumina slurries using carrageenan. J. Eur. Ceram. Soc.,

2002, 32(3), 297–303.

9. Santacruz, I., Nieto, M. I., Ferrari, B. and Moreno, R., Ceramic–

ceramic laminates by a gel-dipping process. In Shaping II, VITO,

ed. J. Luyten and J. P. Eraw. Mol, Belgium, 2002, pp. 91–96.

10. Santacruz, I., Ferrari, B., Nieto, M. I. and Moreno, R., Ceramic

films produced by a Gel-Dipping process. Adv. Eng. Mat., 2003,

5(9), 647–650.

11. Santacruz, I., Ferrari, B., Nieto, M. I. and Moreno, R., A novel

process for obtaining ceramic coatings onto non-conductive sub-

strates based in thermogelation of carrageenan. Mat. Res. Bull.

(in press).
3080 B. Ferrari et al. / Journal of the European Ceramic Society 24 (2004) 3073–3080


	Thermogelation of Al2O3/Y-TZP films produced by electrophoretic co-deposition
	Introduction
	Experimental
	Results and discussion
	Conclusions
	Acknowledgements
	References


