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ABSTRACT: Polyaniline-coated barium titanate compos-
ite particles were synthesized by surface grafting poly-
merization, in which five silane coupling agents with dif-
ferent terminal groups were used. The structure of com-
posite particles was characterized by SEM, XRD, FTIR,
and TGA, and the electrorheological properties were
tested by rotational rheometer. The results show that
polyaniline was coated on the surface of barium titanate
particles to form the shell-core structure. The yield stress
of the electrorheological fluids based on polyaniline-
coated barium titanate composite particles is higher than

that of polyaniline and barium titanate. Compared with
PANI-based electrorheological fluids (ERFs), the compos-
ite particles-based ERFs have lower field-off viscosity due
to the molecular interaction. The yield stress of the ERFs,
as well as density of the composite particles, was affected
by the groups at terminal of silane coupling agents.
� 2007 Wiley Periodicals, Inc. J Appl Polym Sci 107: 1960–1966,
2008
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INTRODUCTION

Electrorheological Fluids (ERFs) are suspensions of
polarizable particles in insulating oil, which exhib-
ited a dramatic change in rheology in the presence
of an electric field.1 This change involved polarization
and elongation of particles, and then migration of
charge, formation of a chainlike or columnar structure
oriented along the electric field direction over the gap
between the electrodes, the fibrillation structure
behaved like solid. When the electric field is removed,
these particles return to the original random orienta-
tion distribution, and the fluid behaved like Newto-
nian fluid. Thereby, controllable viscosity, yield stress,
fast and reversible response, and the simplicity of engi-
neering designs using ERF have facilitated the devel-
opment of many devices, such as auto damper, active
enginemounts, clutches valves, and servo devices.

In an earlier study, various materials had been
introduced as dispersed phase. However, hydrous
ERFs based on inorganic and organic powdered
materials have significant limitation and low electro-
rheological effect, which were associated with pres-
ence of water. From 1988, dry based systems were

employed in ERFs, which exhibited higher yield
stress and were used in broad temperature range.2

Among various anhydrous ERFs, the dispersed
phase materials have recently focused on conjugated
polymer, because some drawbacks of conductive
polymer became advantage for ERFs.3 Nevertheless,
the yield stress and modulus of ERFs were lower
than those of magneto-rheological fluids. The per-
formance of semiconducting polymer-based ERFs is
still insufficient with respect to a successful develop-
ment of application devices.

The shear stress of ERFs is equal to the rate
change of the electric energy density with respect to
the shear deformation. There are three ways to
improve electric energy density at a certain electric
field. However, there are many limitations to
increase the electric energy density by increasing the
volume fraction of the suspended particles and using
additives.4–6 With the framework of polarization, the
yield stress of ERFs would be increased as the mis-
match of dielectric constant between dispersed par-
ticles and insulating oil was increasing. Therefore,
many materials with high dielectric constant, such as
inorganic ionic compounds, are promising candi-
dates as dispersed particles for ERFs. However,
these kinds of ERFs cannot work in dry. Many
groups turned to modify the dispersed particles for
hydrous ERFs to improve the performance. Surface
modified complexes strontium titanate microparticles
were synthesized by sol-gel technique, the suspen-
sion composed of these particles immersed in sili-
cone oil exhibited excellent electrorheological effect.7
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Novel electrorheological particles consisted of poly-
mer core and electroconductive/nonconductive
double layers shell were synthesized. The core was
prepared by dispersion polymerization of methyl
methacrylate to control the particle diameter and its
distribution. The inner conductive and outer noncon-
ductive layers were composed of silver and silica,
respectively.8 Wu and Conrad developed a nonoh-
mic conduction model for the influence of a film on
the particles on the ER response with DC field, pre-
pared silica particles with an oxide film by heating
in air for a special temperature and time, the ERFs
showed good electrorheological effect.9 Modified
titania doped with rare earth were synthesized by
means of sol/gel technique, the yield stress of the
ERFs based on these particles changed with the mole
ratio of RE/Ti, showed good ER performance at
high temperature.10 To obtain a large yield stress,
optimizing the insulating layer coating thickness
should strive, so that it would prevent shorting
between the conducting and give a large yield stress,
novel double coated particles with a conducting
inner (nickel) and an insulating outer layer (TiO2)
were synthesized, the dramatic enhancement is
obtained as the thickness got higher.11 The granular
aluminum hydroxide and flaky talc were used as
substrates to prepare the composite particles coated
with polyaniline. After the particles are coated with
PANI, the ERFs for both inorganic particles at high
electric field strength become comparing. In spite of
the higher electroviscosity of suspension of PANI
base particles, the ER efficiency expressed in term of
relative electroviscosity, (hE2h0)/h0, is similar to
PANI-coated inorganic particles due to low field-off
viscosity.12 Lee et al.13 synthesized the PANI/TiO2

hybrid particles via an oxidation polymerization.
The PANI/TiO2-based ERFs in silicone oil showed
strong EF effect. In addition, the region of plateau
become wider with the strength of electric field, indi-
cating the ER effect can be maintained up to higher
shear stress.

Barium titanate is an inorganic ionic compoundwith
high dielectric constant. Barium titanate-based ERFs
have a high electrorheological effect, but it becomes
poor in anhydrous state. By modifying the surface of
BaTiO3 with organic polymer to form core-shell com-
posed particles, it may be the available method to pre-
pare dispersed particles for ERFs.14,15 Otherwise, the
composite particles are easy to modify the dielectric
and electric properties by doping or dedoping of poly-
aniline. In polymerization, PANI were coated on the
surface of BaTiO3, at the same time formed pure PANI.
To increase the proportion of polyaniline-coated bar-
ium titanate composite particles, couplings agent
should be used in the graft polymerization. Moreover,
there are few reports about the influence of couplings
agent for graft polymerization of aniline on BaTiO3.

In this article, polyaniline-coated barium titanate
composite particles were synthesized by surface
grafting polymerization using silane couplings agent,
and the structure and electrorheological properties
were studied. The affection of silane couplings agent
on grafting polymerization and the properties of
ERFs have been explored.

EXPERIMENTAL

Materials for synthesis

Tetra-n-titanate and barium acetate (A.R.) were pur-
chased from Chinese Medical Group. Silane coupling
agents (KH570, KH560, KH550, NSC-151, SG-Si6O2,
‡97.0%) were from Nanjing Crompton Silcane Corp.
Isopropyl alcohol, acetic acid, ammonium peroxysul-
fate, HCl, and alcohol were used as received without
further purification. Aniline was distilled under
nitrogen, and used as fresh.

Technology for characterization

Thermogravimeter were conducted on PE Q600 ther-
mal analyzer to determine the relative content of

Figure 1 Particle size distribution of barium titanate.
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barium titanate in polyaniline/barium titanate com-
posite particles. All runs were carried out from room
temperature to 10008C in air stream with heating
rate of 208C/min. The number average particle di-
ameter and size distribution were measured from
MS 2000 (Mawen Co.), alcohol as dispersant. The
density of barium titanate and polyaniline/barium
titanate composite particles was measured by 50-mm
Pycnometer. FTIR spectra were recorded on a PE
1725X FTIR spectrometer, the sample was prepared
by compress disk of KBr. The morphology of par-
ticles was observed by scanning electron microscopy
HITACHIS-57. X-ray diffraction analysis was carried
out in XD-3 X-ray diffraction meter, fitted with cop-
per target, Ka ray, scanning rate 48/min for the re-
cording data in the range of 2y 5 58–508(360 kV, 20
mA). The shear stress of the ERFs was measured
with a rotary rheometer (NXS-11A, Chengdu Instru-
ment Factory, China; the gap between the outer
cup and inner bob was 2 mm) equipped with a
high-voltage direct-current power source (GW5-2C,

Tiangjing Huida Electronic Component Factory,
China).

Synthesis of barium titanate

The barium titanate was prepared by sol-gel tech-
nique. Tetra-n-titanate and barium acetate (0.1 mol)
were dissolved in isopropyl alcohol, adding 0.3 mol
acetic acid. The solution of acetic acid containing 0.1
mol barium acetic was dropped into above isopropyl
alcohol solution. By hydrolyzing completely and
adjusting the pH of the mixing to 3.5–3, the mixture
was set in water bath 3 days for aging. The gel was
sintering in oven at high temperature for 2 h, the
barium titanate was obtained.

Synthesis of polyaniline-coated barium
titanate composite particles

The suspension containing barium titanate particle
(0.01 mol) was heated and stirred for 1 h, then the solu-
tion of silane coupling agent (1%) was added, reacted
for another 1 h, and cooled to room temperature. A so-
lution of aniline of 1M HCl was added, chilled, and
stirred for another 2 h. The polymerization was initi-
ated at 58C by dropping of a prechilled solution of am-
monium peroxysulfate of 1M HCl. The reaction was
maintained for another 4 h. The composite particles
were obtained after filtering, washing with distilled
water, drying in vacuum, grindingwith a ball mill, and
passing through a 38-l sieve. To obtain semiconduct-
ing particles, the composite particles were dedoped in
aqueous NaOH, the pH of suspension was remained
constant for 3 days. The dedoped particles were fil-
tered and washed with distilled water, ethanol, and

Figure 2 Scanning electron microscopy (SEM) of barium titanate particles (a) and polyaniline-coated barium titanate com-
posite particles (b).

TABLE I
Measured Result for Particle Size at Different Condition

Sample

Number
average

diameter (lm) pH

Amount
of water
(mL)

Sintering
temperature

(8C)

1 10.34 3.5 64.9 750
2 8.71 3.5 64.9 780
3 16.82 3.5 58.4 750
4 12.34 3.5 51.9 750
5 14.57 3.5 77.9 750
6 13.92 3.4 64.9 780
7 18.07 3.2 64.9 780
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cyclohexane to remove the oligomer and excess mono-
mer andmake the particle surface hydrophobic.

Preparation of ERFs

ERFs were prepared by dispersing the barium tita-
nate and polyaniline-coated barium titanate compos-
itive particles in silane oil, respectively. The mixture
was grinded in muller for 20 min to disperse uni-
formly particles in oil, and then stored in vacuum
oven before test.

RESULTS AND DISCUSSION

Properties of composite particles

Figure 1 is the size distribution of barium titanate parti-
cle. The number average particle diameter is 8.71 lm.

Several kinds of barium titanate had been synthe-
sized at different conditions to explore the influence
of the pH, the amount of water, and sintering tem-
perature. Table I shows the result of particles size at
different condition. The result showed that particle
size was related with the pH, the amount of water,
and sintering temperature. The number average par-
ticle diameter was increasing with the decreasing of

the pH. At lower pH, the oxyalkyl of titanate was
replaced by acetate, and had no chance to react with
titanate. When pH is below 3, it cannot form the gel.
With the increasing of amount of water, the concen-
tration of polycondensity and the number average
particle diameter were decreased. However, the par-
ticles had larger size due to the formation of OH
and the crosslink when amount of water was greater
than 64.9 mL. The particles size was decreasing as
sintering temperature was higher.

Figure 2 showed the SEM photographs of barium
titanate and polyaniline-coated barium titanate com-
posite particles. Barium titanate particles have the
abnormity shape, and the number average diameter
is about 5–10 lm. By grafting polymerization on the
surface of barium titanate, the composite particles
are olivary and porous, and the number average di-
ameter is about 10 lm.

Figure 3 exhibited the XRD analysis of barium tita-
nate particles and polyaniline-coated barium titanate
composite particles. Compared with distance be-
tween the layers, the barium titanate had the cubic
crystallites structure, where d-spacing are 2.8500,
2.3280, and 2.0160 Å. The XRD pattern of composite
particles, Figure 3(b), was similar to that of barium
titanate, only decreasing in intensity due to coating
by polyaniline. From SEM photographs and XRD
analysis, the polyaniline was coated on the barium
titanate and formed composite particles with shell-
core structure.

FTIR spectra also confirm the structure for PANI/
BaTiO3. Figure 4 showed the FTIR spectra of barium

Figure 4 FTIR spectra of BaTiO3, PANI and PANI/
BaTiO3.

TABLE II
Molecular Structure of Silane Coupling Agent

Samples Molecular structure

1 KH570 CH2¼¼C(CH3)COO(CH2)3Si(OCH3)3
2 KH560 CH2CHCH2O(CH2)3Si(OCH3)3
3 KH550 NH2(CH2)3Si(OC2H5)3
4 SG-Si602 NH2(CH2)2NH(CH2)3SiCH3(OCH3)2
5 NSC-151 CH2¼¼CHSi(OCH2CH3)3

Figure 3 XRD pattern of barium titanate particles (a) and polyaniline-coated barium titanate composite particles (b).
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titanate, polyaniline, and polyaniline-coated barium
titanate composite particles. The stretching vibration
of quinondiimine and phenylene diamine display at
1568 and 1479 cm21, and the bend vibration of
C��N in quinine is showed at 1131 cm21, these were
associated with the polyaniline. The stretching vibra-
tion of C¼¼C at 1650 cm21 was disappear due to the
reaction between the double bond of KH570 with an-
iline, this also can be seen the appear at 710 cm21

for Si��C. The absorb peak at 600 and 400 cm21 is
associated with the structure of perovskite.

Influence of silane coupling agents on structure of
composite particles

Because of the handicap for polymerization on inor-
ganic particle, silane coupling agent was used to
modify the surface of BaTiO3 for grafting surface po-
lymerization. The molecular structure of silane cou-
pling agent exhibited in Table II.

There are two kinds of silane couple agents, one
has the reactivity groups at the terminal, such as
double bonds and epoxy, and others have the NH2

group. By simulation geometric configure of grafting
on surface between silane couple agents and BaTiO3

using soft Gaussian 03, the bond length of Si��O
formed between them is shorter than that of Ti��O
in BaTiO3.

16 The silane couple agents with double
bonds and epoxy groups are easier to form covalent
bond with aniline than other silane couple agents.

The calculation results also showed that epoxy
group is easier to reactive with aniline than double
bonds due to the longer bond length for KH560.

Table III is the density of BaTiO3, polyaniline, and
composite particles. The density of composite par-
ticles is from 1.358 to 1.824 g/cm3, which is between
that of BaTiO3 and PANI. From XRD data, the con-
tent of amorphous in composite particles was calcu-
lated. Table III also gave the content of amorphous
in composite particles, which is associated with the
content of PANI. Figure 5 is the TG curve of com-
posite particles. Before 3008C, the loss weight is the
evaporation of low molecules, such as water, mono-
mer, and HCl. The decreasing of weight between
300 amd 9008C is associated with the decomposing
of PANI. After 9988C, the residual is the BaTiO3.
From Table IV, the content of PANI measurement by
TG is consistent with that by XRD.

Electrorheological properties of ERF based on
polyaniline/BaTiO3 particles

Figure 6 (a) displayed the shear stress versus the
shear rate for composite particles-based ERFs with
volume fraction of 20 vol % at different electric field
strength. The composite particles-based ERFs show
higher shear stress than that of BaTiO3-based ERFs
in all the range of shear rate, the yield stress is as
high as 720 Pa, but BaTiO3-based ERFs has no yield
stress. Figure 6 (b) is the shear stress versus the

TABLE III
The Density of Particles and Content of Polyaniline in Composite Particles

Sample BaTiO3 PANI KH570 KH560 KH550 SG-Si602 NSC-151

q (g/cm3) 6.0818 1.2914 1.5322 1.8012 1.5466 1.3581 1.8244
Content of PANI (%) from XRD data 46.54 33.29 39.90 48.72 33.50
Loss weight in 30 – 3008C (%) 4.439 2.080 6.850 6.350 1.960
Loss weight in 300 – 9988C (%) 28.853 29.705 26.255 28.405 28.47
Content of BaTiO3 (%) from TGA 66.493 67.930 66.595 64.440 69.420

Figure 5 The TGA curve of PANI (a) and PANI/BaTiO3compound (b).
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shear rate for PANI-based ERFs at different electric
field strength. Although PANI-based ERFs had com-
parable yield stress at lower electric field strength,
but it has higher field-off viscosity, which was asso-
ciated with the molecular interaction between
particles at higher volume fraction. Otherwise, the
PANI-based ERFs resulted in dielectric breakdown
due to the high leaking current density at lower elec-
tric field strength in this higher volume fraction. The
result showed the decreasing of shear stress at low
shear rate, and the phenomena has been also found
for other ERFs systems.17

Figure 7 exhibited the yield stress versus electric
field strength of ERFs containing composite particles,
which were synthesized by different silane couple
agents. The yield stress of composite-based ERFs
was greatly affected by the type of silane couple
agents. The ERFs of composite particles synthesized
by reactivity silane couple agents showed higher
yield stress, it is poor for that of nonreactive silane
couple agents. These are two types of polymerization
for aniline. One is the polymerization of aniline on
the surface of BaTiO3, and other is the polymeriza-
tion of aniline in solution. The former comes into
being the polyaniline-coated barium titanate compos-
ite particles, and the latter forms the pure poly-
aniline. By using reactive silane couple agents, the
covalent bonds were formed between modified
BaTiO3 and aniline, which is facile to graft polymer-
ization on the surface of BaTiO3 to form the compos-
ite particle. As a result, the mixture contained more
composite particle, exhibited higher density, and the
ERFs possessed higher yield stress. But for nonreac-
tive silane couple agents, the bonds between BaTiO3

and aniline are molecular interaction between amido,
aniline formed pure PANI in mixture, in another
words, the mixture contained more PANI particles,
so the particles-based ERFs showed lower yield
stress.

CONCLUSIONS

Polyaniline-coated barium titanate composite par-
ticles were synthesized by surface grafting polymer-
ization, in which five silane coupling agents with
different terminal groups were used. The number
average particle diameter is 10 lm, with the olivary
and porous. The particle size was related with pH,
the amount of water, and sintering temperature.
Characterized by SEM, XRD, FTIR, and TGA, the
polyaniline-coated barium titanate composite par-
ticles with shell-core structure were formed.

The yield stress of the ERFs based on polyaniline-
coated barium titanate composite particles is higher
than that of based on polyaniline and barium tita-
nate. Compared with PANI-based ERFs, the compos-
ite particles-based ERFs have lower field-off viscosity
due to the molecular interaction. The yield stress of
the ERFs, as well as density of the composite par-
ticles, was influenced by the groups at terminal of
silane coupling agents.

Figure 7 Yield stress versus the shear rate for ERFs of
composite particles synthesized by different silane couple
agents.

Figure 6 Shear stress versus the shear rate for (a) composite particles-based ERFs and (b) PANI-based ERFs.
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