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The synthesis, characterisation and partial hydrolysis of poly(tert-butylmethacrylate), (PTBMA),

and the electrorheological (ER) properties of its suspensions were investigated. The polymer was syn-

thesised by radical polymerisation and partially hydrolysed by para-toluenesulphonic acid monohydrate

(PTSA.H2O), and then converted to a lithium salt (PTBMA-Li) by washing with a LiOH(aq) solution.

From particle size measurements, the average particle size of PTBMA-Li was determined to be 74 µm.

Colloidal suspensions of ionomer were prepared in various insulating oils [silicone oil (SO), mineral oil

(MO), threeoctylthreemellitate (TOTM) and dioctylphatalete (DOP)] at a series of concentrations (c =

5-33 m/m, %). The sedimentation stabilities of these suspensions were determined at 20 ◦C and were

observed to increase with decreasing suspension concentration. Maximum gravitational stability was

observed as 32 days in SO at c = 5 m/m, %. Flow times of suspensions were measured under no applied

electric field (E = 0 kV/mm), and under an external electric field (E 6= 0 kV/mm), and ER activity was

determined. The highest flow time was found to be 32 s in SO at c = 33 m/m, %. Further, the effects of

solid particle concentration, shear rate (
.
γ), electric field strength, (E) addition of polar promoters and

high temperature on the ER activities of colloidal suspensions were investigated. Excess shear stresses

(∆τ) were determined to be 74 Pa under E = 1.0 kV/mm.

Key Words: Electorheological fluids, poly(tert-butylmethacrylate), ionomer, colloidal dispersions.

Introduction

Electrorheological (ER) fluids are made of an insulating liquid medium and polar dispersed particles. ER

fluids undergo a rapid reversible transition from a liquid to a solid in milliseconds, and exhibit a high yield

stress and viscosity on the application of an external electric field (E). The yield stress and electric field

viscosity (ηE 6=0) could reversibly be changed by several orders of magnitude under an external electric field
∗Corresponding author
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with the strength of several kV/mm. This change is known to be due to the migration of polar particles and

the formation of chain-like or fibrillar structures oriented in the electric field direction over the gap between
the electrodes. This orientation is due to the mismatch of dielectric constant of the dispersed particles and

the insulating oil under a high external electric field1−3.
ER fluids, as a kind of smart material, may possibly be revolutionary in several areas of industry

such as the clutch, brake and vibration damper in the automotive industry, the arm and hand joints in

robotics, and for military purposes4−8 . Several comprehensive reviews on this subject have been reported

in the literature1,2,9. Corn starch, silica, cellulose and zeolite10−12 have been widely used as the disperse

phase in the formulation of hydrous (wet-base) ER fluids, which have several problems related to durability,

limited temperature range and colloidal instability.

Recently, special attention has been paid to unhydrous (dry-base) ER fluids (which do not contain any

polar solvent in the disperse phase). Examples include poly(acenequinone) radicals13,14, homopolyaniline15,16,

copolyaniline17,18, poly(phenylene diamine)19, polyurethane20, and polymer-clay nano-composites of styrene-

acrylonitrile copolymer21,22 or polyaniline23,24.
The carrier species of the polarised particles is the main difference between dry- and wet-base ER

fluid systems. In wet ER fluids, the fibrillar structure is formed as a result of the migration of ionic particles
in the absorbed water, whereas in dry ER fluids, electronic migration inside the molecules of the dispersed
particles is the driving force behind the particle-chain structure. Both affect the ER and the magnitude of
yield stress under an applied electric field.

To overcome some of the limitations mentioned above, ion-containing polymers (ionomers) are chosen

as a disperse phase, because they receive ever-increasing attention attributed to the dramatic effect that
small amounts of ionic groups exert on ultimate polymer properties. After the incorporation of ionic groups
into the polymer backbone, the tensile strength, melting solution viscosity, glass transition temperature and

rheological properties of the main polymer change and this makes them useful for ER studies25−27.
In this research PTBMA-Li was synthesised as a new disperse phase and a potential candidate for dry-

base particles, and the rheological and electrical properties pertaining to the ER of PTBMA-Li suspensions
were investigated in various insulating oils. The results are also compared with the sedimentation stabil-

ity and ER activity data obtained from polyisoprene-co-poly(Li-tert-butylmethacrylate), PI-co-PTBMA-

Li/silicone oil system, which we studied earlier28.

Experimental

Materials

Methacrylic acid and toluene were purified by vacuum distillation. Benzoylperoxide (BP) was recrystallised

from methanol and dried in a vacuum oven for 48 h. Tert-butylmethacrylate was synthesised in our

laboratory. All the other chemicals were (Aldrich, analytical grade) used as received.

Polymerisation

Firstly the monomer, tert-butylmethacrylate, was synthesised as follows: 1.89 mol methacrylic acid was

chlorinated with equimolar SOCl2(l) at 80 ◦C and methacrylic acid chloride was obtained with 94% yield

and the product was purified by distillation. This product was subjected to an esterification reaction with
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tert-butylalcohol at 25 ◦C and tert-butylmethacrylate (TBMA) was recovered with 83% yield. TBMA was

purified by washing with NaHCO3(aq) solution and then distilled water, respectively. Then it was filtered

through a molecular sieve. Further, to remove any remaining impurities, it was distilled under vacuum (0.01

mmHg). The purity of TBMA was checked by thin layer chromatography.

After synthesising TBMA, poly(tert-butylmethacrylate) (PTBMA) was prepared by radical polymeri-

sation in toluene using BP as an initiator at 80 ◦C, under N2(g) atmosphere. The polymer was precipitated

in excess methanol and dried in a vacuum oven at 50 ◦C before the hydrolysis reaction. The reaction
mechanisms for the synthesis of TBMA and PTBMA are described in Scheme.
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where m = 25.75, n = 2.25 and l = (m + n) = 28

Scheme. Synthesis, partial hydrolysis and salt formation reaction mechanisms of PTBMA.
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Hydrolysis reaction

To form an ER active material from PTBMA it needs to be partially hydrolysed to carboxylic acid units
and converted to a lithium salt. The polymer was dissolved in toluene and PTSA.H2O was added to this
solution, followed by stirring under N2(g) atmosphere for 30 min. The solution was then transferred to a

separating funnel and washed with 100 cm3 of 0.1 M LiOH(aq) to remove residual PTSA.H2O from the

reaction medium. This organic phase was also washed with distilled water to remove any residual LiOH(aq).

The product was dried in a vacuum oven at room temperature for at least 72 h. The reaction mechanism
for the partial hydrolysis of PTBMA and the formation of lithium salt are described in Scheme.

Characterisation

End group analysis was performed to determine the molar mass of the polymer (Mn), by titrating ester units

of the polymer with 0.1 M NaOH(aq).

Intrinsic viscosity was measured in toluene using a Ubbelohde capillary flow viscometer mounted in a
water bath maintained at 25.00 ± 0.01 ◦C.

The 1H-NMR spectrum was obtained in DMSO-d6 at ambient temperature using a 400 MHz Bruker
DPX Avonce Nuclear Magnetic Resonance Spectrometer at the Scientific and Technical Research Council

of Turkey (TUBITAK) research laboratory.

The FTIR spectrum of the polymer was recorded using a Mattson Model 1000 spectrometer. Samples
were analysed as films cast from dichloromethane onto a sodium chloride plate.

Elemental analysis was performed by TUBITAK’s microanalytical laboratory, and the results were
used to check purity by comparison with the calculated composition.

The particle size of the ionomer (PTBMA-Li) was determined by Fraunhafer scattering using a

Malvern Mastersizer E, version 1.2b particle size analyser. The ionomer was dispersed in distilled water
and stirred at a constant temperature of 20 ◦C. The data collected were evaluated by the Malvern software

computer according to Fraunhafer diffraction theory29. The average diameter of the ionomeric particles was
determined to be 74 µm.

Preparation of suspensions

Colloidal suspensions of the ionomer were prepared in 4 insulating oils at a series of concentrations (c = 5-33

m/m, %) by dispersing a definite amount of the ionomer in a calculated amount of insulating oil according

to the formula;

(m/m,%) = [mpolymer/(mpolymer +moil)]× 100 (1)

Determination of sedimentation stability of PTBMA-Li suspensions

The sedimentation stability of ionomeric suspensions, prepared at c = 5-33 (m/m, %) concentrations, was

determined at 20 ◦C. Glass tubes containing the suspensions were immersed in a constant temperature water
bath and the formation of the first precipitates at the bottom of the tubes was taken to indicate colloidal
instability.
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Electrorheological measurements

Electrorheological measurements were carried out for the ionomeric suspensions prepared in 4 insulating oils,
for the experimental determination of flow and visco-elastic material properties, under an external applied
electric field, which influences processing technology and the polymer’s stability and consistency.

Flow measurements

Flow rate measurements were carried out between 2 brass electrodes at 20 ◦C for the ionomeric suspensions
prepared in 4 insulating oils. The gap between the electrodes was 0.5 cm, the width of the electrodes was
1.0 cm and the height of liquid on the electrodes was 5.0 cm. During the measurements, these electrodes
were connected to a high voltage dc electric source and a voltmeter.

At the beginning of the experiment, the electrodes were dipped into a vessel containing the ER fluid
and after a few seconds the vessel was removed and the flow time for complete drainage measured using a
digital stopwatch. At the second stage, the electrodes were again dipped into the same vessel containing
the ER fluid and a high voltage was applied above the yield point, perpendicular to flow direction. After
several seconds the vessel was removed and the flow time for complete drainage measured under the applied

electric field (E 6= 0 kV/mm). This procedure was repeated for each ER fluid concentration under various

field strengths.

Rotational viscometry

To observe the ER effect of ionomeric suspensions, rotational viscometry (Brookfield DV-1+, Brookfield

Instruments) was carried out at 2 different temperatures, 20 ◦C and 80 ◦C. The shear rates applied were

relatively low (0.1-20 s−1), due to instrumental limitations. To measure the viscosity of a suspension, a

spindle was simply immersed in the liquid container, the motor was switched on and the viscosity was read
on the calibrated dial of the instrument. For measuring the viscosity of suspensions under an external
applied electric field, those parallel plate electrodes were immersed into the fluid container, an electric field
was created in the fluid perpendicular to the parallel plates and the spindle was forced to rotate. During
the experiments the gap between the brass electrodes was kept constant at 5 cm. The voltage used was

supplied by a 0-10 kV (with 0.5 kV increments) dc electric field generator, which enabled electric field

induced polarisation to be created during the experiments.

Results and Discussion

Characterisation

Characterisation of the PTBMA and PTBMA-Li is discussed below. The equivalent number average molar

mass of PTBMA was determined to be 3700 g/mol from the end group analysis.

Intrinsic viscosities of PTBMA and PTBMA-Li were determined by extrapolating to infinite dilution

from plots of lnηr/c and ηsp/c against concentration and found to be 0.20 dm3/g and 0.12 dm3/g, respectively.

It was observed that the polymeric salt reached a lower zero field viscosity (ηE=0) after partial hydrolysis

and salt formation.
Chemical shifts of particular functional groups in PTBMA, obtained from 1H-NMR, are given in Table

1.
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Table1. Chemical shifts obtained from PTBMA by 1H-NMR in DMSO-d6.

Assignment Chemical shifts (δ, ppm)
-C(CH3)3 2.2

-CH3 2.4
-CH2 3.4

The FTIR spectrum of PTBMA showed the expected distinctive absorptions. The absorptions at 2920

cm−1, 1740 cm−1, 1600 cm−1, 1400 cm−1 and 1240 cm−1 are typical of C-H bending due to CH3 absorptions,
-C=O stretchings, ether stretching due to C-O-C, aliphatic C-H stretching, and C=C stretching, respectively.

The hydrolysed copolymer gave a similar FTIR spectrum to PTBMA with an additional peak at 3400 cm−1,
due to O-H binding.

The experimental and calculated compositions obtained from elemental analysis of the PTBMA and
PTBMA-Li are given in Table 2. The measured compositions agree very well with the calculated values.
These results also prove that the PTBMA is successfully partially hydrolysed and converted to the Li salt.

Table 2. Elemental analysis results of PTBMA and PTBMA-Li.

C (%) H (%) O (%) Li (%)

PTBMA
Calculated 67.8 9.9 22.3 -

Found 66.6 9.1 21.6 -

PTBMA-Li
Calculated 68.0 9.8 21.8 0.4

Found 67.9 9.7 22.0 0.4

Sedimentation stability of PTBMA-Li suspensions

The sedimentation stability of PTBMA-Li suspensions was determined in 4 insulating oils at 20 ◦C and
the results obtained are tabulated in Table 3. The sedimentation stability of suspensions decreased with

increasing ionomer concentration. The maximum sedimentation stability was 32 days in SO at c = 5%
ionomer concentration. The highest and lowest sedimentation stabilities of suspensions were obtained in SO
and DOP as 32 days and 2 h, respectively. The results indicate that SO forms a better dispersion medium

than the other insulating oils, which may be attributed to the dielectric constant difference (see Table 4).

Table 3. Sedimentation stability results of PTBMA-Li in various oils. (T = 20 ◦C)

Dispersion medium
Concentration (m/m)

33% 25% 20% 15% 10% 5%
SO 13 days 15 days 16 days 20 days 25 days 32 days
MO 5 days 7 days 9 days 11 days 15 days 27 days

TOTM 12 h 12 h 20 h 1 day 1 day 2 days
DOP 5 min 7 min 12 min 30 min 1 h 2 h

Table 4. Physical properties of insulating oils.

Oil Boiling Point (◦C) Density (g/mL) Dielectric Constant Viscosity (Pas)
SO >140 0.963 3.2 0.08

TOTM 163-165 0.821 - 0.08
DOP 384 0.981 5.1 0.04
MO >110 0.862 2.2 0.04

592



Electrorheological Properties of Suspensions Prepared from..., M. YAVUZ, H. İ. ÜNAL

The sedimentation stability of poly(isoprene)-co-poly(Li-tert-butyl methacrylate) ionomeric copoly-

mer was also studied in our laboratory and found to be 57 days in SO at again c = 5% ionomer concentration28.
We think that the amphiphilic copolymer formed a micellar structure in SO and showed higher resistance
against gravitational forces and sedimentation.

Electrorheology

Flow measurements

Flow times of PTBMA-Li suspensions, prepared in SO at the range of c = 5-33 % concentrations, measured

between the parallel plate electrodes at zero applied field (E = 0 kV/mm) and under various applied electric

field strengths (E = 0-1.2 kV/mm) are shown in Figure 1. The flow times of suspensions increased with

increasing electric field strength and suspension concentration. The highest flow time was obtained from c =

33% suspension in SO at E = 0.8 kV/mm as 32 s. The flow times illustrated in Figure 1 are the maximum

flow times which could be measured under E = 1.2 kV/mm. When E was further increased, flow of the liquid

between the electrodes stopped completely and measurement was not possible even after several hours. The
same measurements were carried out for the suspensions prepared in the other 3 insulating oils and similar

trends were observed. The maximum flow times of suspensions varied in the following order: SO (32 s) >

MO (25 s) > TOTM (21 s) > DOP (15 s).
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Figure 1. The changes in flow times with electric field strength.

Dispersion medium: SO, c (m/m, %): (�) 5, (�) 10, (N) 15, (×) 20, (•) 25, (©) 33.
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The differences between the flow times of suspensions in different insulating oils may be attributed to:

(a) differences between the physical properties of the insulating oils such as density, viscosity and dielectric

constant (see Table 430), and (b) different intermolecular interactions acting between these insulating oils

and the ionomer particles. It was observed that the occurrence of solidification and the observation of ER

behaviour (non-Newtonian) shifted to low electric field strengths as the particle concentration was increased

for all the suspensions studied (Ethreshold = 0.6 kV/mm for c = 20, 25 and 33% and Ethreshold = 1.0 kV/mm

for c = 5, 10 and 15 %).

Similar behaviour was observed for the PI-co-PTBMA-Li/SO system and a 51 s flow time was recorded

(c = 33%, E = 1.2 kV/mm)28.

Results obtained from rotational viscometry

Effect of particle concentration on electric field viscosity

Figure 2 shows the changes in electric field viscosity (ηE 6=0)/zero field viscosity (ηE=0) with suspension

concentration in silicone oil at various shear rates (
.
γ = 0.1-20 s−1). Up to 20% ionomer concentration,

the viscosity ratio increases with increasing ionomer concentration. This trend is due to the polarisation

forces acting between the ionic particles. The magnitude of this polarisation force (F) in the direction of the

applied electric field (E) is31
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Figure 2. The changes in viscosity with concentration.

T = 20 ◦C, E = 0.0 and 1.0 kV/mm, dispersion medium: SO,
.
γ (s−1): (�) 1, (•) 4, (N) 10, (�) 20.
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F = 6ε2r
6E2/ρ4 (2)

where ε2is the dielectric constant of the particle, ρ is the distance between the particles, and r is particle
radius.

As reflected in equation (2), the distance between particles decreases with increasing suspension

concentration, which results in increased polarisation force and η(E 6=0). When the particle concentration

increases further above c = 20%, η(E 6=0) decreases. This may be attributed to the following reasons: (a)

at the higher ionomer concentrations, particles are closer to each other and electric double layers around

particles overlap, and (b) the mutual action between the particles increases, and the electric double layers

may drop out of particles.

Similar behaviours were reported by Yavuz and Unal28, Wu and Shen32, Kordonsky et al.33 and Gow

and Zukoski34 in ER studies of PI-co-PTBMA-Li/silicone oil, chitin and chitosan/silicone oil, carboxymethyl

cellulose/transformer oil and polyaniline/silicone oil systems, respectively.

Effects of electric field strength and shear rate on viscosity

Electric field strength against viscosity obtained at c = 20% optimum ionomer concentration in silicone oil

is shown in Figure 3. At the beginning, η increases linearly with E2, whereas, at higher values of E, after
the application of required threshold energy, a transition to a linear relationship between η and E takes

place. For
.
γ = 0.1 and 0.4 s−1, this critical field strength (or threshold energy) is 0.4 kV/mm, and for

.
γ =

1, 10 and 20 s−1, the critical field strength rises to 0.6 kV/mm. This may be attributed to the increased

magnitude of electric field induced dipole-dipole interactions and polarisation forces35. As reflected in the
graph, this transition is shear rate dependent.
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Figure 3. The changes in viscosity with electric field strength.

T = 20 ◦C, c = 20%, dispersion medium: SO,
.
γ (s−1): (�) 0,1, (�) 0,4, (N) 1, (×) 10, (•) 20.

595



Electrorheological Properties of Suspensions Prepared from..., M. YAVUZ, H. İ. ÜNAL

Under an applied shearing force, particles were also affected by viscous forces, due to the hydrodynamic

interactions of particles in the suspension. The magnitude of these viscous forces is32

F = 6πηsr2γ̇ (3)

where ηs is the viscosity of the suspension, r is the particle radius, and
.
γ is the average shear rate. On the

other hand, at higher shear rates (
.
γ = 10 and 20 s−1) ηs became independent of E. This is because at high

shear rates the viscous forces become dominant and the fibrillar structure of the suspension does not vary
with E.

Similar results were reported by Yavuz and Unal28, Yang and Huang36 and Lengalova et al.37 for

ER studies of PI-co-PTBMA-Li/silicone oil, poly(n-hexyl isocyanate)/o-xylene and polyaniline/silicone oil

systems, respectively.

Changes in excess shear stress with concentration

The effect of suspension concentration on excess shear stress (∆τ = τE 6=0-τE=0) was studied at
.
γ = 20 s−1,

T = 20 ◦C and E = 0 and 1 kV/mm constant conditions. It is seen from Figure 4 that ∆τ increases with

increasing ionomer concentration up to c = 20 %, reaches a maximum and then almost levels off in all the
dispersion media examined. The highest ∆τ was obtained in SO as 35 Pa, while the lowest was in MO, which
may be attributed to the formation of swollen and shrink ionomer structures in SO and MO, respectively.

∆τ = 43 Pa was obtained for the PI-co-PTBMA-Li/silicone oil system28 under the same conditions, which

indicates the formation of a stronger electric field induced particle-chain structure under an applied field.
Generally, the increase in ∆τ was due to the increased polarisation forces as the particle concentration was
increased, which results in enhanced ER activity. These secondary forces may be stronger in the PTBMA-

Li/SO system than in the others. It was found that the shear stress of the ER suspension was largely

dependent on the particle concentration. A similar trend was reported by Wu and Shen32 for chitin/SO

and a chitosan/SO system, and by Yin and Zhao38 for a glycerol activated titania/SO system. A linear

relationship between shear stress and particle concentration was derived, on the basis of a fibrillation model,

by Klingenberg and Zukoski39. Block13 and Xu40 reported that shear stress parabolically increases with

particle concentration. However, Bossis et al.41 observed that shear stress passes through a maximum as

particle concentration increases. Hao6 reported that critical particle concentrations show changes depending
on the types of ER suspension systems under investigation.

Changes in excess shear stress with electric field strength

Figure 5 represents the changes in ∆τ with E. As reflected in the graph, ∆τ increases with rising E for all the
insulating oils studied but this increase is particularly sharp in silicone oil medium. This indicates that ER
suspensions form a stronger fibrillar structure under increasing electric field strength. Similar behaviour was

observed for the PI-co-PTBMA-Li/silicone oil system in our previous study28 and has also been reported for

various other ER fluid systems such as glycerol activated titania/silicone oil38, water doped microcrystalline

cellulose/mineral oil42 and poly(naphthalene quinone) radical/silicone oil43.
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0

5

10

15

20

25

30

35

40

5 10 15 20 25 30 35

Concentration (m/m, %)

E
xc

es
s 

sh
ea

r 
st

re
ss

 (
P

a)

Figure 4. The changes in excess shear stress with concentration.
.
γ = 20 s−1, T = 20 ◦C, E = 0.0 and 1.0 kV/mm, dispersion medium: (�) SO, (N) TOTM, (�) MO, (•) DOP.
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Figure 5. The changes in excess shear stress with electric field strength.
.
γ = 20 s−1, T = 20 ◦C, c = 20%, dispersion medium: (�) SO, (•) DOP, (N) TOTM, (�) MO.
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Effects of shear rate and temperature on viscosity

The changes in logη with
.
γ at 2 different temperatures (T = 20 and 80 ◦C) and electric field strengths

(E = 0.0 and 1.0 kV/mm) are shown in Figure 6. As is evident, with and without applied electric field,

that the viscosity of suspensions decreases sharply with increasing shear rate, giving a typical curve of

shear thinning non-Newtonian44 visco-elastic behaviour for both temperatures studied. These characteristic
behaviours of the ER suspension are related to the internal particle structure induced by an applied electric
field. Before shearing the ER fluid, the dispersed particles are aligned through the electric field direction
making columnar structures, and these structures get stronger at higher electric fields, giving rise to increased
viscosity of the ER fluids, as reflected in Figure 6. With increasing shear rate, the electric field induced
fibrillar structure formed is destroyed, and resulting in decreased viscosity. Similar results were reported

in studies of poly(naphthalene quinone radical)43, polyaniline45, magnesium hydroxide46 and mesoporous

molecular sieve47, all of which were prepared in silicone oil.
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Figure 6. The changes in log(viscosity) with shear rate.

(�) 20 ◦C, E = 1.0 kV/mm; (N) 80 ◦C, E = 1.0 kV/mm; (•) 20 ◦C, E = 0.0 kV/mm, c = 20 (m/m, %), dispersion

medium: SO.

As reflected in Figure 6, high temperature caused a small decrease in the η(E 6=0) of ionomer suspensions

as the shear rate exceeds
.
γ = 5 s−1, whereas for the PI-co-PTBMA-Li/SO micellar system, no effect of

temperature was observed on the η29
(E 6=0). There may be 3 causes that change the ER effect substantially.

The first is the viscosity loss of the dispersion medium at high temperature (η = 0.08 Pas at 20 ◦C and 0.06

Pas at 80 ◦C). The second is that temperature can definitely change the polarisability of the ER suspension.

The third is that temperature would directly impact particle’s thermal motion. If the Brownian motion
were intensified at high temperatures and could become strong enough to compete with the electric field
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induced fibrillar structure formed by the particles, the ER effect would become weaker. Whether temperature
increases would intensify or weaken the ER effect is actually dependent on the factor that is dominant at

that temperature6 .

On the other hand, an improved ER response was reported at higher temperatures in several ER

suspensions, including both inorganic and polymeric systems48−50. The readily facilitated polarisation of

the electric double layer in a hydrous (promoter activated) ER system was thought to contribute to the ER

effect improvement at high temperatures, while the change in the particle’s intrinsic property was thought

to be responsible for the ER effect enhancement in an anhydrous (promoter free or dry-base) ER system6 .

Effect of moisture on ER activity

The influence of moisture on ER activity was also investigated by adding polar promoters (i.e. water,

ethanol, ethanolamine, glycerol) at 100-1000 ppm (with 100 ppm increments) concentrations into PTBMA-

Li suspensions at optimum concentration (c = 20 m/m, %). It was observed that the polymeric system

studied in the present work was insensitive to the amount of moisture present over the range studied,

the same as with the PI-co-PTBMA-Li/silicone oil system28. According to these results we may call the

PTBMA-Li/silicone oil system a dry-base ER fluid. The variability of ER activity with temperature and

moisture content is known to be a major problem with most conventional ER fluids and can limit their high

temperature use51. It is generally thought that dry-base ER systems are superior to wet-base systems in
their applications, due to their thermal and colloidal stabilities. The observation that the ionomer system
investigated in the present work is not affected by the addition of polar promoter and high temperature
could prove particularly important from an industrial and application point of view.

Conclusions

We have shown that poly(tert-butylmethacrylate) can be partially hydrolysed and converted to the Li salt.

The colloidal stability of the ionomer in silicone oil was 32 days (c = 5%). Flow times of suspensions were

observed to increase with increasing electric field strength and suspension concentration. The highest flow

time was obtained as 32 s in silicone oil (c = 33%, E = 1.2 kV/mm). The electric field viscosity was found to

increase up to 20% suspension concentration and then decrease. The ER activity of suspensions was observed
to increase with increasing electric field strength, and ionomer concentration and with decreasing shear rate.
Excess shear stress was found to increase sharply with increasing electric field strength and suspension
concentration. The viscosity of suspensions decreased sharply with increasing shear rate, giving a typical
shear-thinning non-Newtonian visco-elastic behaviour. It was found that the ionomer system studied in the
present work was insensitive to high temperature and moisture within the limits studied. The performance
of the insulating oils studied was in the order of SO > MO > TOTM > DOP.
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