
A

Y
a
a
s
p
m
i
3
a
c
©

K

1

i
f
c
m
i
a
t
o
c
t
i
T
t

c
p

0
d

Available online at www.sciencedirect.com

Journal of the European Ceramic Society 30 (2010) 1105–1114

The influence of pH on particle packing in YSZ coatings
electrophoretically deposited from a non-aqueous suspension

Hui Xu, Ian P. Shapiro, Ping Xiao ∗
Manchester Materials Science Centre, University of Manchester, Manchester M1 7HS, UK

Available online 27 August 2009

bstract

ttria stabilized zirconia (YSZ) coatings were produced from a YSZ suspension in acetylacetone (ACAC) using electrophoretic deposition (EPD)
nd then sintered with substrate constraint at 1200 and 1300 ◦C. Before EPD, the operational pH of the suspension was adjusted by addition of acetic
cid or triethanolamine (TEA) base. The effect of suspension pH on the deposition of EPD coatings was studied with respect to the suspension
tability, coating density and microstructure. Results showed that the zeta potential had a high positive value on both sides of the iso-electric
oint (IEP). This probably resulted from the adsorption of TEA, detected by Fourier transform infrared spectroscopy. Three alkalies with different
olecular structures were compared and the effect of their molecule length on the interparticle repulsion was discussed. Based on this, particle

nteractions were estimated for different pH suspensions. The reduced particle coagulation increased the packing density of the EPD coatings from

8% at pH 7.4 to 53% at pH 8.4. Therefore, subsequent sintering of coatings was promoted. The sinterability was evaluated by micro-hardness
nd microstructure. After sintering at 1200 ◦C, coatings made in pH 8.4 suspensions obtained a hardness of 786 MPa and had fewer big pores than
oatings fabricated in pH 7.4 suspensions that had a hardness of 457 MPa.

2009 Elsevier Ltd. All rights reserved.
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. Introduction

Electrophoretic deposition (EPD) is a colloidal process-
ng technique which has been used to fabricate solid oxide
uel cells, micro-laminate and functionally graded materials,
eramic–matrix/ceramic–fibre composites1 and porous layers as
embranes2 or thermal barrier coatings.3 The process of EPD

nvolves (1) particles acquiring surface charge in the suspension
nd moving towards one of the electrodes under the influence of
he electric field; and (2) the charged particles forming a deposit
n the surface of the electrode. The particle interaction is a criti-
al factor to determine coating properties since it not only affect
he particle migration during EPD via zeta potential, but also
nfluences particle packing in the deposit via agglomeration.
he subsequent processing of the deposits such as sintering is

hereby influenced by the green coating properties as well.

When oxide powders are dispersed in polar solvents parti-

les can develop a surface charge by desorbing of ions at the
article surface, chemical reaction at the solid–liquid interface

∗ Corresponding author. Tel.: +44 1613065941; fax: +44 1613063586.
E-mail address: ping.xiao@manchester.ac.uk (P. Xiao).
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ardness

r ions preferentially adsorbing onto the particle surface such as
rotons, metal ions or poly-electrolytes. Forces between neigh-
ouring particles consist of intrinsic Van der Waals attraction
nd electrostatic repulsion due to the particle surface charge. In
ome systems other effects may also exist such as a steric force
nduced from the presence of surfactants or polymers, a struc-
ural force from the molecules of solution or a hydrophobic force
rom the hydrophobic surfaces of solids, etc.4 According to the
arjaguin, Laundau, Verway and Overbeek (DLVO) theory, the

tability of a colloid depends on the balance of all forces and
he total potential energy of particle interactions.5 Therefore,
n order to obtain a stable colloid, a high surface charge/zeta
otential is required to induce a high repulsive force.

The acidity of suspension as indicated by the pH value can
nfluence the particle surface charge, which is indirectly mea-
ured by measurements of zeta potential. For an aqueous YSZ
uspension, the suspension zeta potential is positive for low pH
alues and negative when pH increases above 4–6 (the iso-
lectric point, IEP).6–9 For ethanol-based oxide suspensions,

similar relationship between the zeta potential and the pH

s also observed.10–12 Other work has also investigated the
ffect of acidity or the size of organic bases on the suspension
roperties.13–15 However, due to the relatively low degree of

mailto:ping.xiao@manchester.ac.uk
dx.doi.org/10.1016/j.jeurceramsoc.2009.07.021
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lectrolyte dissociation in organic media, the ionic strength is
educed which greatly reduces the repulsive force between par-
icles. In non-aqueous systems the potential determining ions

ay consist of a variety of species formed by either equilib-
ium ionization in the bulk solvent or by solid/liquid interfacial
eactions.16 These factors further complicate colloidal charac-
erization for non-aqueous suspensions and the interrelationship
etween conductivity, zeta potential and pH needs to be further
nderstood. The control of these factors is expected to be helpful
n adjusting the particle interactions and consequently the green
tructure.

Since pH has a critical impact on the particle zeta potential,
t has attracted great attention when the EPD process is studied.
arkar and Nicholson17 analysed the relationship between the

nterparticle interaction energy and stability ratio as a function
f pH for an alumina–ethanol suspension and their experiments
howed that the suspension had the lowest stability ratio around
he IEP. Anne et al.18 studied the influence of pH on the suspen-
ion resistivity, EPD yield and the particle double layer thickness
f the same system. They found that the pH affected the poten-
ial drop across the suspension by changing the ionic strength.
ukada et al.19 summarised IEP, mobility and stability properties
ith respect to pH for several oxides in ethanol suspensions. In
eneral, pH was widely used as a path to evaluate the charging
f particles by modifying zeta potential and thereby the sus-
ension stability so that desirable deposits could be obtained.
y this method, Chen et al.2 successfully fabricated alumina
embranes with tailored pore size distribution from ethanol

uspension by EPD at low pH. They noticed that negligible depo-
ition could be obtained around the IEP and worse deposition
t higher pH due to stronger particle agglomeration. Ma et al.20

uggested that there exists an optimum range of pH for a well
ispersed PZT–ethanol suspension that produces a high green
ensity after EPD. Tabellion and Clasen21 reported that by the
djustment of pH in a B4C–SiC–C aqueous suspension, a dense
omposite coating with carbon homogeneously dispersed can
e deposited and well sintered. Santillan et al.22 used HNO3
nd NaOH together with iodine to adjust nano-TiO2 particles
n ACAC suspension and stated that lowest viscosity can be
btained at around pH 5. Based on this, good coatings were fab-
icated at low EPD voltage. Most of these studies about pH were
erformed on aqueous or ethanol-based suspensions. More work
s expected to be done on other non-aqueous systems especially
n the effect of pH on the coating microstructure after EPD.
In order to develop the application of EPD coatings to ther-
al barrier coatings, the sintering must be undertaken at the

elatively low temperature dictated by the metal substrate whilst
etaining a certain degree of porosity. Besides improving green

p
X
m

able 1
omposition and properties of YSZ–ACAC suspensions.

H YSZ content (g/l) Acid/alkali volume fraction

.4 25 1.25% HAc

.6 25 0.5% HAc

.4 25 0

.8 25 0.0125% TEA

.4 25 0.625% TEA
amic Society 30 (2010) 1105–1114

ensity, the reduction of agglomerate size of ceramic powders
an also promote initial-stage sintering.23,24 Thus, it is expected
hat by means of controlling the agglomeration of particles in the
uspension, the sinterability of EPD coatings can be improved
o some extent.

In this work, non-aqueous suspensions of yttria stabilized
irconia (YSZ) in acetylacetone (ACAC) with various pH are
sed to fabricate coatings by EPD. The colloidal properties of
he suspensions and the coating microstructure and properties
re studied. The effect of pH on particle packing during EPD
nd on sintering is also considered. The effects of alkalies with
ifferent molecular chain lengths on particle interactions are also
ompared.

. Experimental procedure

.1. Suspension preparation

The suspension was prepared by mixing 8 wt.% yttria sta-
lized zirconia (YSZ, MELox5Y, 99.9%, tetragonal phase,
EL Chemicals, UK) in acetylacetone (ACAC, >99%,

igma–Aldrich, UK) solvent with a solid content of 25 g/l. Ultra-
onic agitation was applied to help disperse powder and reduce
gglomeration. The pH of suspensions was adjusted between
.4 and 8.4 through the addition of acetic acid (HAc) or tri-
thanolamine (TEA), which is the maximum range of pH values
ossible since HAc and TEA are a weak acid and a weak
lkali, respectively. The suspension conductivities were kept
onstant by adding a suitable amount of ammonium acetate
alt (NH4C2H3O2) in order to exclude the influence of ionic
trength changes on the particle interactions. The suspension
oncentration and the amount of additives are given in Table 1.

.2. Characterization of colloidal properties

The pH and conductivity of suspensions were measured
sing a glass electrode pH meter (pH212, Hanna instruments,
taly) and conductivity meter (SevenMulti, Mettler Toledo,
witzerland), respectively. The pH value displayed by the meter
operational pH) differs from the real pH (negative logarithm
f the proton activity in ACAC) due to the difference in partial
ibbs energy of H+ atoms in water and ACAC, known as the
edium effect.25 For convenience, the pH value used in this

tudy is the operational pH once prepared.

The particle size distribution was measured in freshly pre-

ared suspension by laser scattering (Mastersizer, Micro Trac
100, Malvern, UK) and the particle zeta potential was esti-
ated from the electrophoretic mobility measured using the

Conductivity (�s/cm) Salt (NH4C2H3O2) concentration (g/l)

5 1.25
5 1.3
5 2.34
5 1.56
5 0
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Table 2
Molecular structure and concentration of the bases studied.

Alkali Molecule structure Approximated molecular length (nm)a pH Conductivity (�s/cm) Alkali concentration

MEA 0.83 7.8 5 2.5%

TEA 1.24 7.8 5 0.05%
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result from the hard agglomeration of dry powders that can-
not be broken up by the ultrasonic agitation. At pH 4.4 and 8.4
the mean sizes were around 0.3 �m which suggests that a por-
tion of particles was well dispersed in the suspension and only
H 1.44

a The molecular chain length is estimated according to bond length.7

lectrokinetic Sonic Amplitude method (ESA-9800, Matec,
SA). The suspension stability was evaluated by the Rela-

ive Sedimentation Height (R.S.H) method over 200 h. Fourier
ransform infrared spectroscopy (FT-IR; Nicolet 5700, Thermo
lectron, USA) was employed to detect the chemical compounds
dsorbed at the surface of particles from the EPD suspension.

.3. EPD of coatings

Coatings were horizontally deposited on FecralloyTM sub-
trates (Fe72.6/Cr22.0/Al4.8/Si0.3/Y0.3 (wt.%), Goodfellow,
K). The advantages with use of the Fecralloy substrate are

1) Fecralloy is resistant to high temperature oxidation due to
ormation of alumina scale at surface of the substrate; (2) Fecral-
oy has a similar coefficient of thermal expansion with that of
he YSZ coating (11 × 10−6 K−1)26, which leads to low ther-

al mismatch between the coating and substrate; (3) Fecralloy
s a high temperature alloy. With application of YSZ coatings,
ecralloy can be used in even harsher environment. EPD was
arried out in freshly prepared suspensions at a constant electric
eld of 60 V cm−1. The deposition time was adjusted between
0 s and 2 min to make crack-free coatings around 50 �m thick
fter ambient drying. The wet coating density was calculated
rom the mass immediately after EPD and that after the solvent
ad evaporated. The density of the green coating was calcu-
ated from the coating mass and dimensions for which the green
oating thickness was obtained by the focal position change
etween the surface of the coating and the substrate using an
ptical microscope.

Isothermal sintering of the coating whilst under substrate
onstraint was carried out in ambient air for 6 h at 1200
nd 1300 ◦C without cracking or delamination. The mercury
ntrusion method (Poremaster, Quantachrome, USA) was used
o measure the porosity in the coating. Instrumented micro-
ardness measurements (CSM Instruments, Switzerland) were
ade on the top surface of sintered samples with a loading of

.2 or 0.3N (30 s loading, 10 s hold) to obtain the indentation
ardness (HIT) and Young’s modulus values through the inden-
ation depth. The microstructure of coatings after sintering was
xamined by scanning electron microscopy (SEM, XL30 FEG,

hilips, Netherlands) on fracture surfaces and polished cross
ections of the coatings.

In order to study the influence of surface adsorbed chemicals
n the sintering of coatings, powders dried from various pH
7.8 5 2.5 g/l

uspensions were ground and cold pressed into pellets with a
elative green density of 50%. The pellets were sintered in air
or 6 h at 1200 and 1300 ◦C. The density of the sintered pellets
as measured by Archimedes’ method in distilled water. Micro-
ardness was measured on polished surfaces as described above.

In order to investigate the influence of the alkali molecular
tructure on the particle interactions, three weak bases, TEA,
onoethanolamine (MEA) and 6-amino-1-hexanol (AH), with

he same (hydroxyl and ammonium) chemical groups but with
ifferent molecular structures, were used to prepare suspensions.
H values of suspensions were adjusted to 7.8 and the concen-
ration of each alkalies is listed in Table 2. Zeta potential and
article size distribution were compared for suspensions with
ifferent alkalies.

. Results

.1. Colloidal properties at various pH

Fig. 1 shows that the YSZ powder consisted of roughly spher-
cal particles with a monodistributed primary size of around
.26 �m. The particle size distributions in suspension (Fig. 2)
how peaks around 6 �m across the pH range which probably
Fig. 1. Secondary electron SEM image of YSZ particles.
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Fig. 2. Particle size distribution for suspensions at various pH.
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Fig. 3. Zeta potential as a function of suspension pH.

light agglomeration occurred. At pH 7.4 particles displayed an
gglomeration peak around 1 �m indicating that the particles
ere able to form big aggregates or networks in the suspension

t this pH.
The zeta potential (ζ) of particles was always positive in the

H range studied here (Fig. 3). When the pH increased from 4.4
o 7.4, the zeta potential decreased and reached almost zero at pH
.4 which is considered to be the iso-electric point (IEP) of this

SZ powder in ACAC. With pH increased further to 8.4, the zeta
otential of particles increased and reached the maximum value
f around +60 mV. This ‘U’-shape ζ–pH relationship differs to
hat widely observed for aqueous suspensions. This suggests

g
t
p
a

Fig. 4. Relative sedimentation height (R.S.H.) as a function of sedimen
ig. 5. Density of coatings after EPD, drying and sintering at 1200 ◦C for 6 h.

hat the suspension can be stable at either pH 4.4 or 8.4 which
grees well with the relative sedimentation height measurements
n Fig. 4. Fig. 4a shows that particles in pH 4.4 and 8.4 suspen-
ions took approximatly 200 h to fully sediment and formed a
ayer of dense sediment at the bottom of the cylinders (Fig. 4b).
or the pH 7.4 suspension, particles sedimented within in a few
inutes and produced a thick layer which indicates that particles
ere loosely packed in the sediment. This is consistent with the
occulation of particles into a loose network around the IEP.

.2. Coating properties after EPD and sintering

Coatings were fabricated by EPD from each suspension and
he density was measured after drying and sintering. The results
hown in Fig. 5 indicate that compared with other coatings, the
H 8.4 coatings showed the densest particle packing in both the
et deposit and green state as well as after sintering for 6 h at
200 ◦C. Although starting with similar wet density to that made
t pH 4.4, coatings made at pH 7.4 did not consolidate effectively
uring drying and sintering and resulted in a relatively low final
ensity.

Pores were categorised into those with size less than and

reater than 1 �m, described as micro- and macropores, respec-
ively, which is schematically demonstrated in Fig. 6a. The
orosity distribution in Fig. 6b suggests that coatings fabricated
t different pH have a similar portion of micropores; however

tation time (a) and the suspensions after 200 h sedimentation (b).
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ig. 6. Schematic of categorised pores according to their size (a) and proportion
f porosity (b).

he macroporosity varies greatly. pH 7.4 coatings retained as
uch as a 10% volume of macropores after sintering, whilst

oatings made at pH 4.4 and 8.4 showed the smallest portion of
acropores, 3% and 2.5%, respectively.
Fig. 7 shows SEM images of sintered coatings where the

H 7.4 coating reveals several interconnected voids between
etworks of agglomerates which did not consolidate during sin-
ering. Conversely the coatings made at pH 4.4 and 8.4 had fewer
nterconnected voids and hence achieved a higher hardness and
ensity after sintering.

As the green coatings had minimal cohesion and hardness, the
ardness of coatings after sintering is employed to evaluate the
interability. In Fig. 8 the micro-hardness and Young’s modulus
esults agree well with the trend in density with respect to pH.
he denser the coating is after EPD the harder and stiffer the
oating is after sintering. The properties of 1200 ◦C sintered
oatings are most relevant here since it is considered that the
ow temperature sintering is dominated by the coating green

icrostructure which is the focus of this work. Plus, 1300 ◦C is
oo high for the alloys typically coated with TBCs.

.3. Particle surface chemistry

The FT-IR spectra in Fig. 9 shows the chemical compounds
dsorbed on the particle surface. Besides the inevitably adsorbed

2O and CO2, the –C=O group was detected in the pH 4.4 and
.4 powders. This group may result from Zr(ACAC)4 generated
rom the reaction of YSZ and ACAC, the anion (CH3COO−)
f acetic acid or the salt ammonium acetate. Besides peaks
amic Society 30 (2010) 1105–1114 1109

orresponding to the spectra of TEA, the powder from pH
.4 suspensions exhibited a peak at 1580 cm−1 that suggests
he existence of secondary N–H bonds and an intensified peak
round 3300 cm−1 which suggests the existence of either pri-
ary N–H bonds or intermolecular H–H bonds. This chemical

ompound was probably adsorbed on the YSZ surface and thus
ffected the particle interactions as well as their aggregation.
ccording to sintering kinetics, impurities in the green body
ight affect surface diffusion and hence the sintering process.
o clarify the effect of surface chemistry on sintering,27 green
ellets fabricated by cold pressing with the same density but
ifferent particle surface adsorptions were sintered. Table 3 indi-
ates that starting from the same relative green density pellets
ade from powders with different surface adsorptions have sim-

lar density after sintering. Similarly no significant difference
as measured between hardness of pellets sintered at 1200 and
300 ◦C, actually the pH 8.4 sample showed around 11% lower
ardness than the other two, which suggests that surface chem-
stry of this sample at least does not promote sintering. Thus,
t is thought that although different chemicals were adsorbed
nto the particle surface the sintering of the green body was not
ignificantly affected.

.4. Effect of alkali molecular structure on coating
roperties

As shown in Table 2 three alkalies with the same chemical
roups but different molecular structure or length were used.
ig. 10 shows their effect on YSZ agglomerate size. The par-

icle size distributions show a degree of agglomeration around
.5–0.6 �m for all three alkalies, however compared with MEA
nd TEA, particles in suspensions with AH added seem less
ikely to form big coagulations of around 5 �m size. This agrees
ith the zeta potential measurements of the three suspensions.
ig. 11 shows that particles had similar magnitude of zeta
otential in suspensions with MEA and TEA addition, however
articles in suspension with AH added had a significantly higher
eta potential than the other two. This suggests that AH has a
tronger ability to prevent the particle agglomeration, probably
s it is a longer molecular chain.

. Discussion

.1. Charging mechanism for YSZ in ACAC

In a colloid with YSZ dispersed in ACAC, the dipole of the
OH group on the YSZ surface tends to capture protons from
CAC to form a positive charge on the particle surface, as shown
y Eq. (1).28 Moreover, the chemical reaction between YSZ and
CAC (Eq. (2)) is also thought to release a large number of
rotons.29 Both of them help to create a positive zeta potential
(Zr–OH)surface + CH3COCH2COCH3

→ (Zr–OH2)+surface + (CH3CO)2CH− (1)
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Fig. 7. Secondary electron SEM images of fractured (a) and polished (b

rO2 + 4ACAC → Zr(ACAC)4 + 2H+ + 2OH (2)

With the addition of acetic acid into the suspension, the par-
icle zeta potential is increased through further adsorption of
rotons ionized by the acid. With the addition of TEA into the
uspension, due to the lone pair of electrons on the nitrogen atom
f TEA, it tends to capture H+ from ACAC and form compounds
H+(CH2CH2OH)3 or NH2

2+(CH2CH2OH)3 (Eq. (3)) whose
–H bond appears on FT-IR spectra (Fig. 9). These compounds

ay tend to adsorb to YSZ particle surfaces (Fig. 14), which
ay also enrich the particle surface charge and account for the

igh positive zeta potential in pH 8.4 suspensions. Thus, in this
xperiment, the addition of either organic acid or alkali both pro-

A
H
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p

able 3
roperties of pellets made by powders with different chemicals adsorptions.

H Relative green density (%) Sintered 6 h at 1200 ◦C

Density (%)

.4 50 53.1 ± 2.3

.4 50 54.2 ± 1.1

.4 50 54.1 ± 1.5
ings made at different suspension pH after sintering at 1200 ◦C for 6 h.

oted positive zeta potentials resulting in the ‘U’-shape trend
f the ζ–pH relationship.

(–R–OH)3 + ACAC → HN+(–R–OH)3 + ACAC− (3)

.2. Particle interactions in the suspensions

The relationship between pH and zeta potential was not
s is commonly expected for aqueous systems, with YSZ in

CAC having positive zeta potential at both acid and alkali pH.
owever the influence of the magnitude of zeta potential on

uspension stability was as expected with greater zeta potential
roviding a more stable suspension (Fig. 4).

Sintered 6 h at 1300 ◦C

Hardness (MPa) Density (%) Hardness (MPa)

1331.2 ± 342.0 87.7 ± 1.1 14897.8 ± 4302.7
1358.5 ± 370.2 88.4 ± 1.9 12780.2 ± 1400.4
1209.3 ± 262.2 86.2 ± 3.4 11539.4 ± 3093.2
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Fig. 8. Micro-hardness and Young’s modulus of coatings sintered for 6 h at
1200 ◦C (a) and 1300 ◦C (b) for 6 h.

Fig. 9. FT-IR spectra of vacuum filtered powder showing chemical compounds
adsorbed to the particle surfaces.

Fig. 10. Particle size distributions for suspensions with different alkali additions.
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ig. 11. Zeta potential of pH 7.8 suspensions with different alkali additives.

Since the zeta potential increased dramatically with the addi-
ion of AH compared to MEA and TEA (Fig. 11), it is thought
hat whilst the adsorption of all three alkalies contribute to the
article surface charge in the same way (Fig. 12), AH induced
n extra steric effect due to its greater chain length.14 Hence, it is
ypothesised that in the TEA suspension, the shear plane is posi-
ioned between the molecule lengths of TEA and AH, which is
pproximately 1.4 nm from the particle surface (Fig. 13).15 To
implify the calculation of particle interactions it is assumed
hat ions have similar mobility in the suspension, so that the
ifferent pH suspensions (with identical conductivity) will have
imilar ionic strengths and, according to Eq. (4), similar double
ayer thickness κ−1. According to the DLVO theory, the potential
nergy of the electrostatic repulsion VR can be obtained through
q. (5) when aκ > 10,30 in which the hypothetical thickness of
ouble layer (1.4 nm) was used.31

−1 =
√
ε0εKT

2nz2e2 (4)

R = −2πε0εaψ
2
0In[1 − exp (−κH)] (5)

here κ is the Debye–Huckel parameter (reciprocal of dou-
le layer thickness), ε0 is the permittivity of a vacuum
8.85 × 10−12 F m−1),14 ε is the relative permittivity of the

32
edium (26.5 for ACAC ), Z is the valence of the electrolyte,
is the ionic concentration, K is the Boltzmann constant, T is

he absolute temperature, a is the particle radius (130 nm), H is
he separation distance between particles and ψ0 is the particle

Fig. 12. Schematic of adsorbed TEA compounds.
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ig. 13. Schematic of the possible double layer position with respect with
ifferent adsorbed alkali chain lengths.

urface potential which is assumed to be equal to particle zeta
otential ζ.

The Van der Waals attraction energy and the calculation of
amaker constant is given by7,33

A(H) = − (
√
A1 − √

A2)
2
a

12H
(6)

= 3

4
kT

(ε− 1)2

(ε+ 2)2 + 3hυe(α2 − 1)
2

16
√

2(α2 + 1)3/2 (7)

here A1 and A2 are the Hamaker constants of the particle and
edium, respectively, which can be estimated by Eq. (7), νe

s the main electronic adsorption frequency (typically around
× 1015 S−1)33, h is Planck’s constant and α is the refractive

ndex (2.02 and 1.45 for YSZ34 and ACAC32, respectively).
ccording to Eq. (7), values of 20.9 × 10−20 and 6.2 × 10−20 J

or A1 and A2 can be estimated, respectively.
The total potential energy of interaction between two particles

T can then be calculated as below and plotted in Fig. 14:20
T = VA + VR (8)

he interaction energy curve (Fig. 14) indicates that for both the
H 4.4 and 8.4 suspensions there is increasing interparticle repul-
ion at closer than 1 nm separation that creates a potential energy

Fig. 15. Schematic of particle agglomeration stru

p
d
t
i

ig. 14. Estimated total interaction energy (VT) for suspensions with various
H.

arrier to the intrinsic van der Waals attraction and prevents the
article coagulation. Since the thermal energy of the particles
∼10 kT7) is less than the potential maximum (∼18 and ∼28 kT)
or these suspensions, coagulation should not occur. However,
he gap between the thermal energy and the barrier is small.
his can explain why these two suspensions were relatively sta-
le but still able to form a moderate degree of agglomeration.
or the suspension with pH at 7.4, the potential barrier disap-
ears. This suggests that particles in this suspension are likely to
oagulate which agrees with the particle size measurement and
he sedimentation results. Thus, the particle surface charge has
n important effect on particle agglomeration by tuning particle
nteractions.

.3. The effect of microstructure on EPD and the sintering
f coatings

The agglomeration of particles in suspension subsequently
ffects their packing in the coating. During EPD, the charged
articles migrate toward the cathode in agglomerate ‘blocks’
nder the electric field. Thus, similar to the video game Tetris,
he deposition is the process of packing of the agglomerates.
maller sized agglomerates are more likely to pack tightly than

rregularly shaped particle networks. This effect is also seen
n the final sediment height in Fig. 4. Moreover, it is consid-
red that the zeta potential not only determines the mobility of
articles in suspension but also the rearrangement of deposited
ctures and their effect on coating structure.

articles during EPD.28 At pH 4.4 or 8.4, the aggregates in the
eposit can rearrange under the electric field to provide fur-
her densification; whilst due to the low zeta potential, particles
n pH 7.4 suspensions are less able to move once they have
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eposited and retain their loose packing after EPD and drying
Fig. 15).

The packing density of EPD coatings affects the subsequent
intering process and the final microstructure. Denser packing
nd a narrow pore size distribution give rise to more con-
act points between particles which are beneficial for sintering.
ccording to Kellett and Lange,35 small pores which normally
ave fewer contiguous particles surrounding them disappear in
reference to large pores. Thus, after sintering at a temperature
oo low for complete sintering, coatings made at pH 4.4 and
.4 sintered better, especially inside the agglomerates. For the
oatings fabricated at pH 7.4, due to the loose particle intercon-
ection, a greater number of big voids remained after sintering.

. Conclusions

The adjustment of pH in YSZ–ACAC suspension was used to
ontrol the agglomeration of particles and suspension stability.
he zeta potential increased with the addition of either organic
cid or alkali and enhanced the repulsion between YSZ particles
erhaps due to the adsorption of protons and alkali molecules,
espectively. The increased electrostatic repulsion reduced the
article coagulation and stabilized the suspension. The suspen-
ion properties at different pH were explained by estimating the
lectrostatic interactions between particles. The lesser degree of
article agglomeration leads to denser packing of particles after
PD and drying. The subsequent sintering also benefited from

he higher green density. The moderate agglomeration at pH 4.4
nd 8.4 gave a more uniform microstructure and better sinterabil-
ty. The loose particle packing in coatings made at pH 7.4 caused
arge voids to remain between particle networks after sintering.
ccordingly, it is suggested that the microstructure of EPD coat-

ngs can be tailored by modifying particle agglomeration via pH
djustment.
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