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Abstract

Electrophoretic technique was used to deposit micro- and nano-sized aluminum nitride coatings on stainless steel surfaces by using a well-

dispersed stable suspension produced by addition of AlN powder plus a small amount of iodine to ethanol. Parabolic regime governed the

deposition. Electrophoretic deposition for 240 s at 100 V resulted in formation of a uniformly dense film on the top, but a porous inhomogeneous

layer at the bottom. This was attributed to fast deposition of coarse particles and/or agglomerates at large electric fields. After drying, micro-sized

particles led to a uniform crack-free interface while nano-particles resulted in fragmented non-cohesive layers. Weight loss measurements revealed

higher drying rates for micro-layer as compared to nano-cover. This seemed owing to the larger pore sizes and lower specific surfaces of the former.

Stress inducement by lateral drying of small capillaries led to crack initiation from the edges and its propagation across the surfaces. This resulted

in fragmentation of the samples due to their delamination. Effect of deposition rate on particles packability was also investigated.
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1. Introduction

Electrophoretic deposition (EPD) is a rapid developing

technology capable of producing ceramic coatings [1,2],

functionally graded materials [3,4], thin and thick layers

[5,6], porous materials [7] and nanoparticle deposits [8].

Various materials including alumina [9,10], zirconia [11,12],

hydroxyapatite [13] and carbon nanotube [14] have previously

been deposited by this technique. EPD has received increasing

attention because of simplicity, low cost, applicability to

different materials, possibility of using complicated substrates

and capability of scale-up to large production rates [15,16].

EPD comprises two steps [15]: (i) charged colloidal

suspended particles are forced to migrate towards an electrode

under the applied electric field and (ii) the particles depositing

on the working electrode form a coherent dense layer. These

processes follow drying and densification by sintering or

curing. Although many efforts have been devoted to understand
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this process, there are still many parameters that must be

worked on to control the formation of the EPD layers.

Two types of parameters are to be considered to control the

morphology and microstructure of the electrophoretically

deposited layer [17–19]: (i) physical factors comprising of

the applied voltage, deposition time, suspension concentration

and substrate specifications and (ii) chemical parameters

including zeta potential, liquid-phase dielectric constant, raw-

materials morphology and their particle size plus conductivity,

viscosity and stability of the suspension. Kinetic equations have

previously been developed to predict the effect of the influential

parameters on the rate of deposition [20,21].

Packing behavior of the colloidal particles is influenced by

particle size, particle concentration, interaction between

particles and rheological properties of the mixture. Packing

compactness affects shrinkage, density and microstructure of

the consolidated ceramic objects [22]. A uniform green density

has substantial effect on controlling the sintering contraction

and microstructural flaws which may cause in-use component

fail [23]. It is commonly accepted that ceramic compacts

having high green density and small uniform pores can most

effectively be densified by sintering [24,25].

http://dx.doi.org/10.1016/j.ceramint.2010.09.012
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Table 1

The characteristics of micro-sized and nano-sized AlN powders.

Specimen Purity

(%)

Particle

size range

Mean

particle size

Surface area

(m2/g)

m-AlN �98 <10 mm 2.9 mm 2.74

n-AlN �95 <200 nm 50 nm 18
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As a colloidal process, EPD is associated with a major

obstacle after applying the deposition. Drying often causes

problems because of removal of liquid vehicle necessary for

processes which can lead to problems associated with

dimensional control, segregation, and cracking [25]. Several

approaches have been suggested by Sarkar et al. [26] to avoid

cracking during drying.

Only few publications are available on the effect of particle

size and particle size distribution on deposition [27,28],

suspension stability [29], electrophoretic mobility [30], particle

packing behavior [24] and crack formation during the drying

stage of the EPD process. To the best knowledge of the authors,

there is no publication accessible on behavior of different sized

powders during EPD and drying. This work aims to investigate

the effect of particle size on packing, drying, morphology and

microstructure of the EPD AlN coating.

2. Materials and methods

Micro-sized aluminum nitride designated as m-AlN

supplied by Aldrich Co., USA and nano-sized aluminum

nitride powder designated as n-AlN supplied by Plasma Chem.

GmbH, Germany were used as raw materials in this research.

Morphology of both powders is shown in Fig. 1. It denotes that

both powders have a range of shapes. XRD analysis confirmed

that both powders crystal symmetry was mostly hexagonal

(wurtzite phase), therefore, the surface chemical behavior of

both powders was nearly identical. The other characteristics of

the samples are listed in Table 1. Particle size distribution of

[(Fig._1)TD$FIG]

Fig. 1. Morphology of as-received powders: (a) m-AlN and (b) n-AlN particles.
m-AlN powder analyzed by Fritsch particle size ‘analysette 22’

is shown in Fig. 2.

Three organic substances used in this investigation were: (i)

methanol (>99.9% Merck, Germany); (ii) 2-propanol (99.96%,

Merck, Germany) and (iii) absolute ethanol (99.99%, Merck,

Germany). Non-aqueous suspension was prepared by adding

0.2 g of AlN powder to 20 ml of the organic substance. Since

the most uniform coating was obtained from the ethanol-based

suspension, further experiments were conducted with this

mixture. Addition of iodine (with concentration of 0.02 g/l) to

ethanol generates hydrogen iodine (HI) via the following

reaction [31,32]:

CH3�CH2�OHðEthanolÞ þ I2 $ ICH2�CH2�OH þ HI

(1)

A proton is quickly produced by dissociation of HI and

particles are charged via protons adsorption:

HI ! Hþ þ I� (2)

In order to achieve a well-dispersed homogenous suspension

considered crucial in EPD procedure, the mixture was

ultrasonicated for 60 min. Zeta potential of suspensions were

evaluated by Malvern Zetasizer-3000. To achieve deposition,

an electrophoretic cell was designed with certain inter-

electrode spacing of 10 mm. Both electrodes were made of

stainless steel sheets having �300 mm thickness. Prior to

deposition, the metallic substrates were washed with detergent

and degreased with acetone and then dried in the air at the room

temperature. One side of the cathode was masked with a non-

conducting tape and the other side was coated. The surface area

of the cathode was 1 cm2.

A constant voltage of 100 V was applied for 30–420 s to

deposit the layer. Coated electrodes were air dried and weighed[(Fig._2)TD$FIG]
Fig. 2. Particle size distribution of as-received m-AlN.
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by a digital balance (Model Sartorius CP324S). Wet samples

were also weighed to determine the drying behavior.

Microstructural observations were performed by both optical

and scanning electron microscope (Cambridge S360).

3. Results and discussion

Parabolic deposition behavior was observed during all

experiments. Fig. 3 depicts micro- and nano-suspension

weights of the layers formed on the substrate. According to

the kinetic equation proposed by Zhang et al. [33] based on the

mass conservation law, the weight of the deposit ðwÞ can be

expressed as an exponential function of the time of the reaction:

w ¼ w0ð1� e�ktÞ (3)

where w0 is the initial weight of the powder in the suspension, t

is the time and k is the kinetic constant.

As shown in Fig. 3, the experimental and the calculated data

indicate good agreement. The correlation coefficient is 0.99 for

both nano- and micro-powders. This indicates that Eq. (3) is a

suitable enough for explaining the behavior of the deposition

rate. Fig. 3 shows that higher yields can be obtained by using

micro-powder. Rate constant of the deposition, k, is higher for

micro-powder (6.47 s�1 for m-AlN) than for nano-powder

(4.47 s�1 for n-AlN). According to the literature [33], k is

expressed as follows:

k ¼ Aez
4pVh

ðE � DEÞ (4)

where A is the surface area of the target electrode, V is the slurry

volume, e is the dielectric constant of the liquid, z is the zeta

potential of the particle in the solvent, h is the viscosity of the

solvent, E is the applied d.c. voltage and DE the voltage drop

across the deposited layer.

Experimental results showed that zeta potential is the main

influencing factor in Eq. (3).
[(Fig._3)TD$FIG]
Fig. 3. Relationship between weight ðwÞ and deposition time (t) for m-AlN and

n-AlN coatings at 100 V.
Zeta potential is a function of the surface charge of a

particle, any adsorbed layer at the interface and the nature and

composition of the surrounding medium in which the particle

is suspended [34]. The particles were assumed rigid with

comparable asperities (according to microscopic observa-

tions) and zeta potential was calculated using Smoluchows-

ky’s model [35], which considers particles as hard spheres. As

Fig. 4 indicates, the magnitude of the z-potential was found to

decrease as the particle size decreased. In fact, the small

particle size or high surface area contributes to increase

electrolyte concentration due to the dissociation of soluble

species and ionizable surface sites on the AlN particles [36–

38]. In the case of micro-powder, itself, coarse particles

moved towards and were deposited on deposition electrode,

according to microscopic observations (Fig. 6). The incre-

ment of zeta potential with particle size is previously reported

by other researchers [34,36–39]. One can thus conclude that

because of higher zeta potential (z) and therefore kinetic

constant (k), the obtained yield ðwÞ will increase with size of

the particles.

Parabolic behavior of growth rate is resulted from two main

factors: (i) shielding effect of growing layer which causes

voltage drop across the deposited layer because of its insulation

behavior and (ii) the effective concentration drop originating

from migration of particles from suspension to the substrate and

their settlement due to the voltage effect. As previously

reported by Zhitomirsky and Gal-or [40], during deposition of

hydroxyapatite, the applied electric field affects on the
Fig. 4. Zeta potential measurement of suspensions with iodine as an additive.

Each sample was measured three times and standard deviations are indicated in

brackets.
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interactions between particles, leading to subsequent aggrega-

tion and sedimentation. These effects are more pronounced for

larger particles because of the gravitation effects.

Fig. 5 shows the fracture surface of the EPD deposits

produced in this research. As is seen, the corresponding

microstructure of the n-AlN resembles more of close-packed

appearance than the m-AlN. This is resulted from three major

factors: (i) the lower deposition rate, k, of nano-slurry, which

offers nanoparticles more time to sit at closest possible packing

positions; (ii) the smaller size of the nanoparticles which

provide greater option for nanoparticles accommodation; (iii)

the greater the surface roughness, shape irregularity, and the

aspect ratio of the m-AlN particles, because particles with

rough surface textures or shapes suffer from agglomeration due

to increased inter-particle friction [41–44]. It must also be taken

into account that particles have a range of sizes which may have

effects on electrokinetic behavior. Although the difference

between particle size of n-AlN and m-AlN is significant (both

average and distribution), their centrifugal classification seems

useful to assure that particle size distribution and/or the

classification procedure do not influence the packing char-

acteristics of the powders. The packing efficiency of solid

particles in a wet coating may influence its drying behaviors,

such as green density and critical cracking thickness [45].

Both suspension experiments resulted in homogenous

tightly packed microstructures. Although a significant differ-

ence was not observable, the n-AlN deposit exhibited more
[(Fig._5)TD$FIG]
Fig. 5. Fracture surface of green deposits after 240 s EPD and drying: (a) m-

AlN and (b) n-AlN.
packed structure. In other words, deposit from n-AlN was firm

and well-shaped indicating that the particles were able to

arrange in uniformly dense microstructures (82.07% evaluated

by BET).

Fig. 6 shows SEM micrographs of m-AlN and n-AlN

coatings obtained by 240 s EPD at 100 Vand then drying of the

layers. At the top surface (Fig. 6a and b) homogeneity of both

coatings was due to the high stability and well dispersion of the

suspension. Coagulation, porosity and inter-particle spacing

have not been considerable. This indicates enough repulsive

forces to enforce the appropriate positioning of the particles at

appropriate spaces.

In contrast to the top view, the bottom of the deposited layer

shown in Fig. 6c and d appears less homogeneous. Coarser

particles (Fig. 6c) and more agglomerated colloids (Fig. 6d) are

also visible in the figure. This provides good evidence of higher

electrophoretic mobility (or zeta potential) of coarse particles

(Fig. 4). A gradual microstructure is thus considered for the

deposited film. This means a loose bottom and a dense top

which both are in line with previous observations of other

investigators [20,24]. On account of the fact that the effective

field is maximum in the beginning of the deposition, the

required time is so short that the particles cannot arrange in

close-packed configuration. A loose packed structure is thus

formed near the substrate. As deposition proceeds, the electric

field is reduced due to the shielding effect of the resistive layer.

Particles achieve, hence, longer times to locate in a more close-

packed configuration and a denser microstructure.

The particle packing behavior is almost dictated by kinetic

parameters. The most influencing stricture is the applied

voltage [41]. A voltage range is, generally, applicable to obtain

a uniform and pervasive deposition below which deposition

fails to occur because of insufficient driving force for particle

migration. Above this range, the uniform electrical flow is

disrupted and particles are not given enough time to sit/find the

best position with a lateral motion after reaching the as-

deposited particles. The resulted microstructure is hence more

porous.

Another parameter affecting the film microstructure is the

duration of deposition. Fig. 6a shows that when deposition

proceeds, pores become finer and more uniformly distributed

near the surface of the layer. At the bottom, less uniform size

and distribution is, however, obtainable (Fig. 6c). As a

consequence, when a thin coating is desired, it would be

worth to obtain a fast-formed homogenous layer. It should be

also taken into account that although the selected voltage and

time resulted in homogenous and uniform coatings from both

suspensions (to reveal the particle size effect), further

experiments are needed if the optimum conditions are to be

explored for deposition (such as optimum physical and

chemical parameters).

Fig. 7 compares the optical micrographs of green compacts

electrophoretically coated and then dried at ambient atmo-

sphere. The microparticles form a crack-free coating; but

nanoparticles break into numerous fragments. The origin of the

drying stress which causes the crack occurrence is bulk

shrinkage [46] due to the coating contraction in the thickness



[(Fig._7)TD$FIG]

Fig. 7. Optical micrograph of the surface of coatings after 240 s EPD and

drying: (a) m-AlN and (b) n-AlN.

[(Fig._6)TD$FIG]

Fig. 6. Micrographs of coatings from top surface: (a) m-AlN, (b) n-AlN and bottom: (c) m-AlN and (d) n-AlN after 240 s EPD and drying, the pore structure

becoming more uniform and smaller in size as well as distribution from bottom to top.
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direction caused by the water evaporation. Since the in-plane

shrinkage is constrained by the substrate, the biaxial tensile

stress arises and leads to crack formation. It is proved that the

in-plane stress is the result of capillary pressure [47]:

P ¼ � 2g lv

rp

(5)

where glv is the surface tension of the solvent and rp is the

characteristic pore dimension. Lower capillary forces produced

by the microparticles (due to larger mean pore size) result in

smaller tensile stresses which are not large enough to crack the

coatings. Crack-free coatings are hence produced by EPD of

slurry having microparticles. Contrary to this effect, in EPD of

nanoslurry mixture, because the capillary length is shorter than

the specimen half-length, liquid is drained from the edge of the

air–solvent interface producing pores and cracks [48].

In order to obtain a flaw-free coating with uniform surface

and homogenous microstructure, drying must be considered as

important as deposition conditions. Fig. 8 shows the sample

weight as a function of the drying duration. The slope of the

curve is a useful tool for making a good correlation between the

slurry characteristics, the drying behavior and the final green

microstructure [49].

Both curves may roughly be divided into two segments: (i)

an initial linear segment called constant-rate period (CRP) and

(ii) a subsequent falling-rate period (FRP). In the CRP,

evaporation occurs at the exterior of the layer supplying the



[(Fig._8)TD$FIG]

Fig. 8. Weight versus time of coating prepared from m- and n-AlN, and

sequence of optical images taken as a function of drying time from nano-slurry.

[(Fig._9)TD$FIG]

Fig. 9. Interface of substrate/coatings from m-AlN after 240 s EPD.
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fluid via capillary-driven transport to the surface of the exterior

[47]. The transition to the FRP happens when fluid can no

longer be supplied to the exterior with the initial rate. Owing to

the increased distance of the drying front from the coating

surface, the slope begins to decrease. Capillary forces are still,

however, operative to transport the solvent to the exterior (first

step of FRP). With further evaporation, solvent resides in

isolated pores and removed from interior only by vapor-phase

diffusion (second step of FRP). Distinction between these

stages is difficult especially for nanoslurry mixture because of

forming the cracks which expose new evaporation sites and

activate more capillaries within the sample. As a result,

decrease trend of the corresponding curve is reduced within a

broader time range. Earlier transition from CRP to FRP for

nanoslurry mixture is also related to shortness of capillaries

which are no longer able to transport the solvent to the layer

exterior. The dominant mechanism changes hence and the

vapor-phase diffusion substitute the capillary action.

A comprehensive discussion has been given by Lan et al.

[48,50–52]. They have related the slope of the drying curve to

such variables as specific surfaces [51]. Steeper slope of the

micromixture as compared to that of the nanoslurry in the CRP

stage can thus be attributed to the larger pore size and lower

specific area of the former.

The inset of Fig. 8 shows the sequence of optical images

taken as a function of the drying duration from nanoslurry at 0,

120, 130, 140 and 180 s. Drying of the coating is observed to

start from the edge. This is termed ‘lateral drying’ [48,50]. Due

to the higher evaporation rates, particles first densely pack at the

coating edge. High capillary forces develop at the exterior as

compared to the interior where slurry is well fluidized to release

any constrained stress due to the viscous flow. A pressure

gradient in the horizontal direction forms hence along the

coating surfaces and drives solvent and free particles from the

center towards the edges [50]. Transition from CRP to FRP

results in reduction of the solvent in the upper layer causing

formation of a stress gradient in the vertical direction across the

thickness. Higher compressive stress is therefore obtained in

the upper layers causing the particle network to contract [46].

The fragments gradually fold up hence and detach from the

substrate relaxing the stress. Although nanoslurry is of high
potential to contain cracks after drying, the degree of cracks is

expected to decrease considerably after the sintering process

[53].

In contrast to the above discussion, no evidence is observed

of delamination and/or segregation at the interface of m-AlN

coating with substrate (Fig. 9). This indicates that the network

is solid enough to tolerate imposed stresses which result from

the constrained volume shrinkage and the tolerable capillary

forces. The typical thickness of the coating was evaluated to be

about 230 mm.

4. Conclusions

Electrophoretic coatings were fabricated from micro- and

nano-sized aluminum nitride powders suspended in non-

aqueous slurry mixtures. The process was conducted under

constant voltage because its feasibility and different time

durations. Kinetics of EPD process obeyed a parabolic equation

correlating the coating yield to the deposition duration. Due to

the higher zeta potential, coarser microparticles and agglom-

erated nanoparticles were deposited from their suspensions at

the beginning. The layer became more uniform and dense with

the deposition duration. A smooth surface was obtained after

420 s from both suspensions. Crack-free surfaces were obtained

by ambient drying of the microslurry EPD layers; while

nanocoatings produced under these conditions were fragmented

and delaminated from the substrate. Due to the difference in the

capillary scale, micro-coating showed higher drying rate than

nano-coating and no evidence of segregation and debonding

appeared in the former. In deposition from nanoslurry

suspension, tensile stress induced from small capillary size

and stress gradient across thickness due to the lateral drying

caused, however, fragmentation and delamination.
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