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Abstract

The electrophoretic deposition (EPD) method was used to shape sub-micron Al2O3 green body in ethanol. The uniformity of the final deposit

was affected by the colloidal properties of the suspension. Therefore, the stability of Al2O3 suspension in ethanol was studied in terms of

electrophoretic mobility, viscosity and conductivity. The EPD kinetics were further investigated with different electrical conditions. The effect of

cellulose acetate membrane on deposit was also studied. The green body with a relative density of about 60 %TD was associated with a narrow pore

size distribution, indicating a high homogeneity of particle coordination. After presintering and HIPing at 1250 8C, a fully dense alumina ceramic

was obtained with an average grain size of 0.65 mm.
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1. Introduction

It is known that translucent Al2O3 ceramics are widely

used as the key components for high pressure sodium lamp

and semiconductor-making device, which are sintered at very

high temperatures (>1700 8C) for a long time, resulting in

coarse grains (>15 mm), low hardness (�18 GPa) and

limited strength (�300 MPa) [1,2]. Recently, remarkable

progress has been made in producing fully dense sub-micron

(<0.7 mm) alumina (porosity <0.05%) with excellent optical

properties and mechanical properties (HV10 �20 GPa and

650–850 MPa in three-point bending) [3–5]. For this

purpose, ultrafine (e.g. D50 = 150 nm) powders with high

purity are required [6]. However, the potential advantages of

very fine-grained powders are opposed by difficulties in

shaping when a green body with a most homogeneous

arrangement of powders on a microscale is the key to reach

closed porosity (>95 %TD) at much lower presintering

temperatures (<1300 8C), which is a prerequisite for hot

isostatic pressing (HIP, <1300 8C) to sufficiently eliminate
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residual pores with suppressed grain growth in the present

investigation [7,8]. However, conventional cold isostatic

pressing (CIP) of granulated ultrafine powders is frequently

ineffective to associate a higher density of green bodies

>55 %TD with an optimized microstructural homogeneity

because the external force can never arrive on an individual

particle in the body to shift it into an optimum position

between its neighbors [7,8]. On the contrary, wet shaping

processes (e.g. gel casting, slip casting) can provide the

freedom for particles to find this position on their own,

exhibiting a generally improved homogeneity with a smaller

total width of the distribution and a steeper slope at the

center of the pore size distribution than CIP [7,8]. Therefore,

casting approaches are applicable for obtaining transparent

alumina [3,7]. However, they always involve several kinds of

additives and high concentration of additives, which will

cause a great quantity of harmful gases.

Electrophoretic deposition (EPD), a convenient electro-

chemical shaping technique, combining the advantages of the

colloidal processing and the electric field assisted processing of

ceramics [9], has attracted increasing interests due to its great

potential on producing bulk ceramic materials [10–13] with

three important advantages of versatility, low cost and

reliability. A necessary condition for reaching a dense and

homogeneous particle packing in the deposits, is well-

dispersed, stable suspensions. The suspension stabilization
d.
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can be realized by (i) electrostatic repulsion between particles;

(ii) steric interactions of molecules adsorbed on the surface of

the particles; (iii) electrosteric stabilization, a combination of

the other two methods. Simultaneously, the electrophoretic

mobility has to be sufficiently high. To comply with these

requirements, a suitable pH value is adjusted and/or organic

additives are added.

EPD can be preformed in aqueous and non-aqueous

suspensions, each of them having advantages and disadvan-

tages. Water is used as a solvent for EPD mainly because of

environmental and economical reasons. However, due to the

electrolysis of water and the concomitant formation of gas

bubbles at the electrodes, special methods are necessary to

prevent macropores in the deposits, such as the use of cathode

materials which can store hydrogen within their structure (e.g.

palladium) [14,15] or the so-called membrane method

described in Ref. [16]. In the case of this method, the EPD

cell is subdividing into two compartments with an ion-

permeable membrane, and the particles are deposited at the

membrane. Recently, Braun et al. [17] have successfully

prepared transparent Al2O3 ceramics by means of EPD from

aqueous suspensions, using this membrane method. Contrarily,

the particles could be deposited directly at the electrode in non-

aqueous suspensions because the problems arising from the

electrolysis of water can be avoided, and then the EPD cell

requires no further processing. Besides, higher deposition rates

can be obtained in non-aqueous suspensions by applying high

voltages. Furthermore, in aqueous suspensions, additional

factors influencing the EPD kinetics and the formation of the

deposit have to be kept in mind [16], such as the ratio of the

electrical conductivities of the liquid in the electrolyte

compartment and of the suspensions. And Joule heating is

greatly reduced in non-aqueous suspensions because of its

smaller electrical conductivities [18]. Among the non-aqueous

media, ethanol is the common dispersing medium for EPD.

Note that the particles in suspension will move only in

response to the electric field if they carry a charge. However, the

low dielectric constants of organic liquids limit the dissociation

of surface groups, and additional mechanisms must be

suggested to understand the charge developed on suspended

alumina particles. The mechanism of charging in ethanol, a

protic organic liquid, should be similar to water, i.e., proton

transfer. It is based on the particle (M) in solvent (S) functioning

as a proton donor or acceptor. The sign of the charge will

depend on the direction of the transfer [19], i.e.:

MH2
þ þ S� Ð MH þ SH Ð M� þ SH2

þ

where MH and SH are the surface group on the particle and the

solvent molecule, respectively. And the relative acid–base

character of the solid surface and the liquid determines the

sign of the charge. Moreover, the residual water in ethanol tends

to adsorb at the particle/solvent interfaces, thus rendering the

particles more basic [19]. The amphoteric surface sites on

Al2O3 (AlOH) act as basic sites relative to ethanol because

of the adsorption of water, resulting in the positively charged

surface. And there is an acidity-dependent surface charge on
Al2O3 suspended in ethanol. The charging mechanism of the

surface was explained by adsorption of protons or hydroxyl

groups on the Al2O3 surface as potential-determining ions

following the reaction [20]:

AlOHþ2 �
Hþ

AlOH�!OH�
AlO� þ H2O

In the present study, electrophoretic shaping from ethanolic

suspension was investigated to obtain a homogenous Al2O3

green body with high density. The stability of Al2O3

suspensions was evaluated in ethanol in terms of electro-

phoretic mobility, viscosity and conductivity. The kinetics of

EPD was studied, to clarify the evolution of voltage and

deposition time with different experimental conditions.

Presintering and HIPing were employed to sinter the Al2O3

green body, shaped by EPD.

2. Experimental

The powder used is commercially available TM-DAR a-

Al2O3 powder (Boehringer Ingelheim Chemicals, Tokyo,

Japan), with a purity of 99.99%, an average particle size of

150 nm (d50) and a BET surface of 14.69 m2/g. Ethanol (purity

99.6 vol.%) without further purification is used as the

dispersing medium. The dispersant used is polyethylene imine

(PEI, Sigma-Aldrich Company, U.S.), a ‘‘universal’’ additive

for the EPD of metallic and ceramic powders [9]. Its unit

formula of –[CH2–CH2–NH]n– indicates the functional amine –

NH groups, which readily adsorb protons in the suspension. PEI

becomes charged positively, according to the following

reaction [21]:

�½CH2�CH2�NH�nþ nHþ Ð �½CH2�CH2�NH2
þ�n

The suspensions with different solids loadings (20–70 wt%)

were prepared with 0.5–2 wt% PEI by ball milling for 1 h. The

resultant suspensions were checked in terms of electrophoretic

mobility (Zetaplus, Brookhaven Instruments Co., U.S.),

viscosity (Rheomat Mettler SR5) and conductivity (Cyberscan

PC510, U.S.) to determine the optimal dispersing conditions.

Suspension pH was adjusted with glacial acetic acid (HAc) and

tetramethyl ammonium hydroxide (TMAH).

pH was measured with a pH meter (Leici PHSj-4a, China) at

room temperature (25.0 8C � 0.5 8C). Three aqueous standards

of pH 4, 7 and 11 were used for standardization due to the lack

of standard buffer solutions for ethanol. Thus, the pH meter

determines so-called ‘‘operational pH values’’ (O.pH) for non-

aqueous suspensions. The theoretical background and method

involving O.pH was described by Wang et al. [20]. They

explained that in any medium the O.pH differs from the actual

pH ( paH) by the residual liquid-junction potential, DEj

pH� paH ¼
DE j

0:05916
ðat 25 �CÞ (1)

where pH is the pH meter reading, and paH (=�log aH) is the

negative logarithm of the proton activity in a non-aqueous

suspension. The DEj is the residual liquid-junction potential

encountered in the standardization and testing step of a standard



Fig. 1. Schematic diagram of electrophoretic deposition cell.

Fig. 2. Electrophoretic mobility of Al2O3 with and without PEI addition in

ethanol.

Fig. 3. Viscosities of Al2O3 suspensions versus O.pH, at different PEI amounts,

at a shear rate of 500 s�1 (solid loading: 50 wt%).
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pH meter. For the ethanol suspension, (DEj/0.05916) = �1.23

as calculated by Wang et al. [20]. In this paper, the uncorrected

O.pH was used for convenience.

A simple experimental setup for EPD is shown in Fig. 1. The

distance between two electrodes was usually adjusted to

20 mm. A plastic cylinder with an inner diameter of 25 mm was

fixed to the cathode, which was used as a ‘‘mould’’ to obtain

green body with sharp edges. To easily separate the green body

and the electrode, the cellulose acetate membrane was placed

between the electrode and the cylinder. The suspensions were

stirred with a magnetic stirrer at a low speed to avoid turbulence

during the deposition process. The EPD experiments were

performed using a power supplier (KIKUSUI, PAN150-2.5A,

Japan) which can operate at both constant voltage and constant

current density. The shaped green bodies were easily removed

from the membrane. After dried in ambient humidity for 24 h,

the green bodies were thermally treated at 800 8C for 2 h in air

to remove the organic additives and then pressurelessly sintered

at 1250 8C for 2 h in air. Finally, they were HIPed at 180 MPa

under argon at 1250 8C for 2 h.

The thickness of the green body was determined with a

Digimatic Indicator. The green density was determined

following the Archimedes principle. Pore size of the green

body was obtained by the mercury immersion method. FESEM

(JSE-6700F, JEOL, Japan) and SEM (JEOL EPMA8100,

Japan) was used to observe the microstructure of green body

and sintered alumina. The average grain size was determined

from the average linear intercept length multiplied by 1.56 from

SEM images of the samples [22].

3. Results and discussion

3.1. Suspension stability

Fig. 2 shows the electrophoretic mobility versus O.pH of

Al2O3 suspensions with various amounts of PEI. In the

absence of PEI, the isoelectric point (IEP) of Al2O3 was

measured at O.pH 9.3. A maximum electrophoretic mobility
was achieved at O.pH 4, and the mobility decreased up to the

IEP and then became negative with further increasing O.pH.

The adsorption of the positively charged PEI on the surface of

Al2O3 particles not only significantly shifted the IEP to a

higher O.pH value, but also increased the mobility at a given

O.pH value. And a maximum mobility was reached at O.pH 5

for the addition of PEI.

In the absence of PEI or a small amount (<0.5 wt%) of PEI,

the stability of the suspensions with high solid loadings of

>30 wt% could not be retained during the process of EPD,

because of the considerable sedimentation. These low-stability

suspensions were neglected in further calculations. Fig. 3 shows

the variation of the apparent viscosity as a function of O.pH

value at a shear rate of 500 s�1 with 50 wt% solid loading. As

the O.pH decreased, the viscosity increased, indicating a

destabilization. This is due to the protonation of PEI. As the

O.pH decreases, the number of positively charged sites of PEI

continually increases. Under this condition, the branched

chains of the positively charged PEI tend to repel each other,



Table 1

Green density, thickness and weight per unit area of the deposits obtained from a

suspension of 50 wt% Al2O3 by applying 80 V for 5 min.

Green deposit characteristics Membrane Electrode

Thickness (mm) 2.09 2.15

Relative density (%TD) 59.9 60.1

Weight per unit area (mg/cm2) 500 513
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and the molecules are in the form of relatively large and

expanded stretched chains. Consequently, the surface area per

adsorbed chains is relatively high, and less PEI is required to

establish a saturated monolayer [23]. Therefore, the reason for

destabilization was possibly due to the flocculation induced by

the excess non-adsorbed PEI molecules [24–26], which

accumulated with the decreasing O.pH. Also, it was clear that

the viscosity generally increased with the increasing PEI

amount at a given O.pH, which was in good agreement with the

increasing free PEI concentration. However, the minimum

viscosity near the IEP was associated with a relatively low

electrophoretic mobility. Note that the suspensions with 1–

2 wt% PEI showed the initial O.pH value �8.4, where the

corresponding mobility was relatively high and the viscosity

remained at a low level. Stable suspension with 1 wt% PEI in

the initial state was considered to be suitable for EPD.

Another important parameter to be considered is the

electrical conductivity. For non-aqueous medium, a low

electrical conductivity is necessary to reduce the Joule heating

to retain the stability of suspension in the processing of EPD.

The conductivity versus solid loading of Al2O3 suspensions is

shown in Fig. 4. The conductivity increased remarkably with

increasing solid loadings. When the solid loading was 70 wt%,

the conductivity reached 45 ms cm�1. However, such a high

solid loading resulted in a high viscosity of 90 mPa s at a shear

rate of 500 s�1, which was inappropriate for EPD. Thus the

solid loading of suspension should be below 70 wt%.

3.2. Electrophoretic deposition

3.2.1. The influence of membrane

According to Moritz et al. [27], the adhesion between the

green body and the electrode should be minimal so that they

can be easily separated. In the present work, a semi-

permeable cellulose acetate membrane was stuck on the

electrode to prevent the particles to directly deposit on the

electrode. To clarify the influence of the membrane, two

experiments with and without membranes were performed
Fig. 4. Variation of the conductivity with solid loadings (dispersant concentra-

tion: 1 wt% PEI).
with the same suspension (50 wt% solid loading and 1 wt%

PEI) under a constant voltage of 80 V for 5 min. As

summarized in Table 1, the thickness, relative density and

weight per unit area of the green body deposited on the

membrane were slightly lower than those of the green body

done without the membrane. This was due to the semi-

permeable membrane just as a resistance, not involving in the

deposition mechanism, which demonstrated that the current

is mainly carried by ions. Furthermore, the membrane made

it easy to remove green body.

3.2.2. Kinetics of EPD

Fig. 5 shows the deposited mass per unit area as a function of

deposition time and applied voltage for the suspension with the

solid loading of 50 wt%. Obviously, under each applied

voltage, the increasing deposit time brought an increasing

weight per area up to a maximum, 740 mg/cm2. And the time

for the maximum deposit decreased remarkably from 25 min to

5 min with increasing applied voltage from 50 V to 200 V. Take

the applied voltage of 100 V for example, after the maximal

weight per area has been reached at 20 min, the increment of

deposited weight related to the increment of deposit time

(another 5 min) became zero since the exhaustion of suspension

zone, which transformed into supernatant zone in the process of

EPD, with a significantly lower conductivity caused by a

decreased concentration of ionic species, where EPD did not

continue [12]. In general, the weight per area and the deposit

time should be in accordance with the following equation from
Fig. 5. Weight per area as a function of deposition time under different applied

voltages.
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Hamaker’s equation [28]:

w ¼ rd ¼ 2

3
Ce0eG j

1

h

� �
E

L

� �
t (2)

where w is the weight of charged Al2O3 deposited per unit area,

r is the green density, d is the thickness of green body, C is the

solid loading of suspension, e0 is the permittivity of vacuum, eG
is the permittivity of the solvent, j is the zeta potential of the

particles, h is the viscosity of suspension, E is the applied

potential, L is the distance between the electrodes and t is the

deposit time. However, in contrast to the linear prediction of

weight per area with time from Eq. (2), a non-linear increase in

deposit occurred right after start of the experiment. Such

deviation from linearity is possible in a constant voltage

EPD because of several factors. The most commonly attributed

factor is that due to the effect of the electrically resistive

deposition [29]. Apparently the current decreased with time

because of the aforementioned reasons, and vanished at the

time when the maximum deposit realized, which was used to

judge whether EPD should be stopped in the present study. As

mentioned above, a higher voltage applied would achieve the

maximal weight per area in a shorter time, which was favorable

to retain the stability of suspension. However, a rough surface

would happen when the voltage of >100 V was applied. This

may possibly be because of the high deposition rates at higher

applied voltages at which the particles do not get sufficient time

to sit at closest possible packing positions before deposition of

incoming particles. Therefore, the applied voltage of 100 V was

the optimal condition for the present experiments.

3.2.3. Effect of solid loading

Solid loading is usually considered not to affect EPD, except

for the fact that the higher the quantity of solids in the

suspension was, the higher the quantity of particles deposited.

To clarify this point, the experiments were performed under the

same deposition conditions (applied voltage: 100 Vand deposit

time: 10 min). The results are plotted in Fig. 6. The green

density was normally around 60 %TD, consistent with values of

non-conducting powders reported in the literature [30], which
Fig. 6. Thickness and relative density as a function of solid loading (applied

voltage: 100 V and deposit time: 10 min).
indicated that the particles were closely packed in the deposit

after drying. And the increase in the thickness of deposition and

with increasing solid loading of suspension was linear and in

accordance with Eq. (2). Therefore, the present experimental

results demonstrated that the solid loading could be a powerful

tool to obtain the required thickness. Considering the stability

of suspension and deposit thickness, the solid loading should be

in the range 50–60 wt%.

3.3. Microstructure

The cross-section microstructure of the green body is shown

in Fig. 7. No cracks were found under FESEM. To illustrate the

degree of homogeneity of particle coordination in the present

investigation, Fig. 8 compares the pore size distributions of

green bodies prepared by EPD and other shaping methods

described in Ref. [7], which used the same TM-DAR powder. In

Fig. 8, relative pore size distributions were provided with the

curves running from 0 to 100 relative percents independent of

the total absolute porosities that were quoted as a parameter.

According to Krell and Klimke [7], the similar slope of the pore
Fig. 7. FESEM photographs of the fracture surface of EPD deposit (a) EPD

deposit and (b) magnification of (a).



Fig. 8. Pore size distribution of Al2O3 samples manufactured from TM-DAR

powder by (i) uniaxially pressing, (ii) CIPing, (iii) gel casting, (iv) slip casting

and (v) EPD (after heated to 800 8C).

Fig. 10. (a) Fully dense polycrystalline Al2O3 (1 mm thickness) and (b) SEM

image of it.
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size distribution gave evidence of a similar homogeneity.

Apparently, the pore size distribution of EPD was the same as

gel casting, indicating an identical homogeneity of particle

coordination could be achieved in EPD as in gel casting. Slip

casting exhibited a similar homogeneity as gel casting due to

the similar slope of pore size distribution, while uniaxially

pressing and CIPing showed a poor homogeneity because of

their wider distributions. Therefore, EPD could provide the

microstructural reason of the successful low-temperature

sintering of ultrafine powders.

After presintered at 1250 8C, relative density of the sample,

shaped by EPD, reached 95.3 %TD, with an average grain size of

0.6 mm (Fig. 9), which was sufficient for further treatment by

HIP. Fig. 10 shows the dense alumina ceramic (thickness of

1 mm), with an average grain size of 0.65 mm after HIPed at

1250 8C for 2 h. And a similar grain size of 0.66 mm was reported

in the case of gel casting under the same sintering conditions [3].

It was also suggested that electrophoretic deposition woule be an
Fig. 9. Fracture surface of sub-micron alumina by EPD after presintered at

1250 8C.
appropriate approach to prepare polycrystalline alumina ceramic

with sub-microstructure, like gel casting.

4. Conclusions

The uniform and high green density deposit of ultrafine Al2O3

by EPD in ethanol suspension has been reached. The stable

suspensions with 50–60 wt% solid loadings were prepared by

adding 1 wt% PEI as dispersant, which is an important

prerequisite for a successful EPD. With increasing applied

voltage or deposit time, weight per area increased until the

maximum deposit resulted. The density of green body obtained

under the optimal conditions was 60.4 %TD. SEM and pore size

distribution reflected a homogeneous particle packing in the

green body, similar with gel casting. After presintering and

HIPing at 1250 8C, a fully dense alumina ceramic with an

average grain size of 0.65 mm was successfully obtained. The

result shows that electrophoretic deposition is a promising way to

obtain polycrystalline alumina ceramic with sub-microstructure.
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