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Abstract Structural relaxations of an 
electrorheological fluid (ERF) due to 
changes in the applied electrical field 
strength or shear rate are observed on 
time scales 1 s < t < 40 000 s. 
Commercial  ERFs consisting of 
mesoscopic polyurethane particles in 
a silicone oil matrix were studied by 
three different experimental techni- 
ques in. order to obtain and compare 
the characteristic relaxation times. It 
is demonstra ted that  dielectric 
spectroscopy, viscosimetry and light 
transmission experiments represent 
the same results concerning the 
structural relaxation phenomena of 
ERFs when electrical fields are 
applied. The tendency of strong 

induced dipoles to align the particles 
in the direction of the field increases 
the effective dipole moment  and 
therefore A e, the shear viscosity q and 
the amount  of light transmitted along 
the field direction in an ITO/glass 
sandwich cell. The optical experiment 
is capable of resolving fast processes 
within the first 1 ms if large electrical 
fields are applied. The effects of 
electrophoresis and shearing, which 
both counteract  the field induced 
structures, are also addressed. 
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Introduction 

Many research activities regarding ERFs describe the im- 
pact of an electrical field and of the composition on the 
viscosity, while more recent investigations focus on the 
time dependence of structure formation in the time regime 
0.1 ms to 10 s [1-3]. In the present work the dynamics of 
structure formation as a function of electric field or shear 
rate are investigated by dielectric spectroscopy, rheology 
and light transmission experiments for extended time 
ranges. The link between rheological properties of the 
ERF and its dielectric constants or light transmission 
coefficients bases on structure formation of particles affect- 
ing the viscosity, optical transmission and correlations 
among the dipoles which alter the effective dipole mo- 
ments and thus the dielectric constant [4-9]. The basis for 

this structure formation relies on the heterogeneity of the 
fluid, composed of electrically conducting particles (filler) 
suspended in a more insulating oil matrix. An external 
electrical field applied to such systems induces strong 
electric dipoles within the particles known as Maxwell- 
Wagner polarization [9], which gives rise to substantial 
electrostatical interactions. Here we focus on low electrical 
field strength, below those applied in technical applica- 
tions, and on relatively small values for the shear rate, 
where particle rotation does not counteract their electrical 
polarization. 

The stability of sample properties like dielectric con- 
stant, viscosity or transmission is observed in long time 
experiments (0.5 s < t < 40000 s) for a commercial ERF 
[10, 11]. As addressed in more detail in an earlier paper 
[12], we quantify the structural changes by an index K, 
which relates to an observable, Ae, CrM, or I, normalized to 
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its value in the case E = 0 or ~ = 0. We find the initial 
change of these properties being destroyed by a variety of 
slow relaxation phenomena, which arise from electrophor- 
esis or movements of large particle agglomerates on time 
scales t > 10 s. They are strongly dependent on factors like 
constant or alternating electrical bias field, shear rate, and 
temperature. Additionally, the phenomena after the re- 
moval of an electrical field are observed. In some cases the 
relaxation of the ERF to the initial state takes several 
hours. These present studies extend our previous [12] 
work in this field. 

Experiment 

Sample properties 

The commercial electrorheological fluid studied here 
(Rheobay TP AI 3565, Bayer) F10, 11] consists of poly- 
urethane particles in a silicone oil matrix. The average 
particle diameter is d = 5 #m, their volume fraction in the 
liquid is about 60%. Salt is added in order to achieve 
a sufficient conductivity within the particles such that 
dipoles can be induced by an external electrical field. 
Before starting an experiment the samples are mixed for 
several hours and exposed to an ultrasonic bath in order to 
destroy possible aggregates and to reduce sedimentation 
of the particles. 

Experimental setup 

The rheodielectric apparatus combines two independent 
systems [12]. One is a Bohlin VOR rheometer with its 
control unit and the second is a dielectric spectroscopy 
setup with a personal computer acquiring the data and 
controlling the entire experiment. We had to modify the 
rheometers Couette cell consisting of two concentrical 
cylinders (bob and cup) with insulation in order to enable 
the simultaneous dielectric experiments. The gap between 
bob ( ~5 = 14 mm) and cup is 400 #m, 650 #m or 1 ram. 
We designed a special AC/DC-crossway to avoid damage 
to the LCR-meter HP 4284A caused by high dc-voltages. 
This setup enables viscosimetric experiments in the shear 
rate regime from 0 to 1600 s-  1 and dielectric spectroscopy 
for frequencies ranging from 100 Hz to 1 MHz where 
additional electrical bias fields (0-_+ 625 V/mm) can 
be applied, either with constant or alternating (0.75 Hz) 
polarity. The time-dependent measurements were record- 
ed at fixed dielectric frequencies (harmonic field with 
f =  1 kHz or 4 kHz). 

The experimental setup for light transmission studies is 
presented in Fig. 1. A He-Ne-laser beam (2 = 633 nm) illu- 

Fig. 1 Schematic setup of the light transmission experiment. L: He- 
Ne-Laser (10roW), EXP: beam expander, Coll: collimator, A: 
aperture, V: dc-supply, R: switch box, D: photo-diode, G: glass plates, 
SP: spacer 150 #m, ITO: Indium-Tinoxide electrodes, ERF: Electror- 
heological fluid 

minates the sample which is sandwiched between two 
transparent glass plates with ITO-electrodes. The elec- 
trodes are spaced about 150 #m, so that electrical fields 
ranging form 0 to 1300 V/mm can be applied. The laser 
light transmitting the cell parallel to the direction of the 
electrical field is detected by a photo-diode (Siemens 
BPW-34), while the signal of the diode is measured by an 
AD conversion card (Keithley Metiabyte DAS-801). This 
setup allows to monitor the reaction of the ERF due to 
changes in the applied electrical field strength with a time 
resolution better than 1 ms. Shearing the sample in this cell 
is impossible. 

Results 

Dielectric spectra for different electrical field strengths 
(0 < E < 400 V/ram) were fitted by using a Cole-Cole 
function [9] with an additional conductivity term, which 
yield the characteristic values relaxation strength A~, re- 
laxation time zD and dc-conductivity a~. For an experi- 
ment where the field is applied 3 min prior to each 
measurement, Fig. 2 indicates a strong increase of aao as 
the field exceeds ~250 V/mm. Before measuring the di- 
electric and mechanical properties of the ERFs, the pure 
matrix, silicone oil, has been investigated with the result 
that no significant changes in the dielectric and mechanical 
properties are observed when applying large electrical 
fields. The relaxatio n strength Ae of the ERF as obtained 
from dielectric data e*(oJ) [12] stems from the Maxwell- 
Wagner polarization (MWP) [9, 12] and decreases for 
E >_ 250 V/mm (see Fig~ 2), probably as a direct conse- 
quence of the observed cra~(E) in Fig. 2, because the con- 
ductivities of particles and matrix become more similar in 
the high field regime. Independent of the reason for the 
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Fig. 2 Dependence of the dielectric relaxation strength As and mac- 
roscopic conductivity ad~ on electrical field strength E at T = 60 ~ 

course of As(E >_ 250 V/mm), the following experiments 
were carried out at E < 250 V/ram, where we can expect 
As to solely reflect structural changes in the ERF. 

Since we are in many cases not interested in the abso- 
lute amplitudes of the dielectric function or relaxation 
strength, we normalize the results to the values which 
designate the data obtained without application of a shear 
rate or an electrical field, i.e., for ~ = 0, E = 0. The relax- 
ation strength obtained under these conditions is denoted 
Ae, and we define, as discussed previously [12], 

KD = Ae /Ae . .  (1) 

Because the dielectric relaxation time ZD is not strongly 
influenced by field or shear rate effects [12], the value of s" 
at a particular frequency COo close to the peak position ZD 1 is 
nearly proportional to As. We thus use the approximation 

Ks(t) ~ s"CCOo,t)/s[,(~Oo), O~o ~ ~71 (2) 
for time-resolved measurements of KD(t) which is a faster 
method compared to recording the entire e*(CO) spectra for 
delineating As [1]. For  representative e*(co) data for this 
ERF see [123. The following data have been recorded 
by monitoring s"(CO0) as a function of time using 
COo/2~ = 1 kHz or 4 kHz, thereby neglecting the effects due 
to "CD(E, ~/) for obtaining KD(t), which remain small in the 
present shear rate and field regime. It is also impossible to 
correct #(coo) for the minor contributions arising from the 
conductivity ado, which also does not depend strongly on 
shear rate and field in the present ranges. 

In the same manner we proceed with the mechanical 
stress aM(E, 3, t) where the rheologic analogue to KD(t) 
reads 

KMCt) = o ~ ( E ,  ~, O/oM,,CE = O, ~, t) . (3) 
The light transmission intensity I(E, t) is normalized ac- 
cording to 

KLCt) = I(E, t) / l . (E = O, t) . (4) 

The motivation for focusing on the quantities KD, KM and 
KL is that the only parameter which affects As(E, 3) ~ 
O-u(E, 3, t) or I(E, t) at a constant temperature is structural 
correlation which arises from dipolar particle interactions 
in the ERF [12]. These structural effects are strongly 
dependent on electrical field strength E, constant or alter- 
nating polarity of the bias field E, application time tON of 
E, shear rate 3 and temperature T. KD(t) and KM(t) in Fig. 3 
show the same time-dependent behavior in the case of 
identical experimental conditions. This provides evidence 
for KD(t) and Ku(t) describing the same phenomena of 
ERFs in the investigated electrical bias field regime 
0 < E < 250 V/mm. 

The effect of constant versus alternating polarity (at 
a rate of 0.75 Hz) of the electrical bias field E is detected in 
the time range 0.75 s < t < 3600 s as shown in Fig. 4. KD(t) 
increases in both types of experiments during the first 
seconds after switching on a field of E = 62 V/mm, but 
after about 10 s KD(t) decreases if the polarity of the bias 
field does not alternate periodically. A minimum at 
t = 100 s is detected in this case of constant polarity. For  
t > 100 s KD(t) increases once more but it becomes not as 
large as in the case of alternating polarity. The position of 
the minimum at t = 100 s is not dependent on shearing the 
sample (Fig. 4). The differences between the experiments 
with (? = 8 s - i) and without shear rate are that the initial 
response of the ERF at t ~  5 s is smaller and Kr,(t) de- 
creases at times t > 700 s if a constant shear rate is applied. 
Figure 5 shows that the position of the minimum shifts 
towards shorter times with increasing temperature. The 
differences between the two curves in Fig. 5 at t > 1000 s 
are caused by different shear rates (~ = 8 s -~ at 
T = 3 4 3 K ,  ~ = 5 s - 1  a t  T = 2 9 6 K ) ,  b u t  as shown in 
Fig. 4 the shear rate does not influence the position of the 
minimum. 

Light transmission experiments yield the same infor- 
mation concerning the structural ordering, phenomena 

Fig. 3 Comparison of KD(0 and Ku(t) in the case of ~ = 8 s- 1 and 
E = 62 V/ram at constant polarity 
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descr ibed  above,  since the slopes d i sp layed  in the left pa r t  
of Fig. 6 are the  same c o m p a r e d  to  KD(t) and  KM(t) in 
Fig. 3. In  add i t i on  to the response  of KL(t) to electr ical  bias 
fields, the r e l axa t ion  p h e n o m e n a  after switching off the 
field are  d i sp layed  in the r ight  pane l  of Fig. 6. The  effects 
are comple te ly  different for the cases of a l te rna t ing  versus 
cons tan t  po la r i t y  of  E. After  switching off the electr ical  
field with cons tan t  po la r i t y  KI. decreases  and  reaches 
a m i n i m u m  at t ~ 4 0 0 0  s. I t  is poss ib le  to fit these relax- 
a t ion  p h e n o m e n a  with  Eq. (5) with re laxa t ion  t imes 
~ 1 ~ 1 5 0 0 s  for the decreas ing pa r t  of KL(t) and  
% ~ 10 000 s for the slow increase of KL(t). 

KL(t) = 1 + A~ exp( - (t /~)) + A2(1 - exp( - (t/%)) . (5) 

N o  m i n i m u m  is detected in case of a l t e rna t ing  electri- 
cal bias fields where  the E R F  relaxes to its init ial  s tate 
(Fig. 6). The  re laxa t ion  to the init ial  s ta te  takes  only 
~ 2 0 0 0  s c o m p a r e d  to near ly  35 000 s (Fig. 6) wi thou t  in- 
ver t ing the po la r i t y  of the field. I t  is no t  poss ible  to fit the 
curve in case of  cons tan t  po la r i t y  in the left pa r t  of Fig.  6 
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with the s imple Eq. (5), because  the decreas ing pa r t  of the 
curve is much  steeper  than  the fit. 

The  re laxa t ion  p h e n o m e n a  are no t  only  dependen t  on 
cons tan t  or  a l t e rna t ing  po la r i ty  Of the  bias  field bu t  also on 
history.  F igure  7 shows the re laxa t ion  p h e n o m e n a  when 
an  a l te rna t ing  electr ical  field (0.75 Hz) tha t  was switched 
on for a defined app l i ca t ion  t ime ton of 1 s, 5 s, 20 s, 100 s, 
200 s, is swi tched off. After  switching off the electr ical  field 
the sample  needs some t ime to res tore  its ini t ial  s ta te  and  
the longer  the field is app l i ed  the la rger  the re laxa t ion  t ime 
becomes  in the  case of  no add i t i ona l  shear  rate. The  case of  
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simultaneous shearing the ERF during the entire analog- 
ous measurement  is shown in Fig. 8 for KD(t) and KM(t). 
The relaxation to the initial state of the ERF is faster than 
without shear rate, but the AK is smaller for this case as 
seen in Fig. 4. Irreversible effects were not found in experi- 
ments with an additional shear rate applied to the sample 
(Fig. 8). 

Discussion 

In the former section we have introduced the quantities 
KD(t), KM(t) and Kc(t) in a heuristic manner,  i.e., we expect 
for each K to reflect structural effects within the ERF yet 
without claiming a true linear relation among these 
quantities. Although the different K's  refer to different 
experiments, Figs. 3, 6 and 8 readily demonstrate that the 
appropriately normalized result for As(t), O'M(t), and I(t) 
all trace a common temporal  pattern for ~ 3 decades in 

time. For  the reasons given above we assign the increase in 
K(t) to the structural ordering which results from applying 
an electrical field via the strong induced dipole moments  of 
the particles. 

In the case of constant polarity of the electrical bias 
field a maximum of KD(t) at t ~ 1 0  s and a minimum at 
t ~  100 s is detected in Fig. 4. Initially (t < 10 s) the ERF 
reacts to the electrical field by forming structures 
[1-4, 13-16], in the same manner  as in the case of an 
alternating bias field. In the case of constant bias polarity 
at moderate  fields electrophoresis occurs, as we have ob- 
served directly by optical microscopy. In this situation the 
particles move to the negative electrical contact because of 
their net positive charge and the structures formed at short 
times will be destroyed. This decrease of particle correla- 
tions results in a decay of KD(t) for time 10 s _< t l00 s (solid 
curves in Fig. 4). The dipole-dipole interactions between 
structurally correlated particles are disturbed by particle 
motions like that of electrophoresis. When the particles 
reach the anode of the capacitor new structures are formed 
and, for this reason, Ko(t ) increases once more (t > 100 s) 
in the case of constant polarity. The electrophoresis effect 
at electrical fields smaller than 100 V/mm takes several 
hundred seconds for a capacitor gap size of about  400 #m 
and can be suppressed by a shear rate ~ > 0 as seen in 
Fig. 4. While the maximum of KD(t) at t = 10 s and the 
minimum at t = 100 s remain at their positions irrespect- 
ive of the value of ~, KD(t) decreases for t > 1000 s in the 
case of a sheared sample. Both the decay of KD(t) at 
the very long times as well as the less pronounced initial 
maximum for sheared samples indicate that shear forces 
counteract structure formation quantified in terms 
of KD(t). Additionally, Fig. 5 shows that the effects at- 
tributed to electrophoresis are subject to the expected 
variations with temperature via the viscosity q(T)  of the 
silicone oil. 

The different response phenomena in the two cases of 
alternating or constant polarity of the bias field yield 
different relaxation phenomena when the field is switched 
off. Figure 6 indicates the response patterns for the optical 
experiment. The ERF relaxes very slowly to its initial state 
after switching off the field (right part  of Fig. 6) compared 
to the fast response to applying the field (left part  of Fig. 6) 
if no shear rate is active. KL > 1 is found at t -- 0.1 s with 
an alternating polarity of the field because the initial 
response of the ERF is faster than experimental resolution. 
For  times t < 0.1 s the difference seen for the cases of 
constant and alternating field should not be regarded 
as significant, since alternating the field is done as slow 
as 0.75 Hz. The increase of KL in the range 0 < t _< 1 s 
seen in the left part  of Fig. 6 is attributed to the formation 
of chain-like structures, which tend to open new paths 
for light transmission. These structures formed at t _< 1 s 
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display a long-term stability only in the case of an 
alternating bias field, which is intended to suppress elec- 
trophoresis. 

In case of an alternating electrical field the ERF needs 
2000 s to relax and in the case of constant polarity it 

needs more than 35000 s (right part of Fig. 6). KL(t) 
decreases with z l ~ 1 5 0 0 s  and then increases with 
z2 ~ 10 000 s in the case of constant polarity, but in the 
other case KL(t) simply decreases to the initial state. It is 
possible to correlate structure formation phenomena (right 
part of Fig. 6) to relaxation features of the ERF after 
removing the field again (left part of Fig. 6). The slowest 
response feature (increasing part at t > 50s for 
E = 62 V/mm) is destroyed at first, but is 10 times slower 
than it arises. These two features are found only in the case 
of an alternating polarity of the field, so that the second 
response of the ERF (decreasing KL(t) at t > 10 s) can be 
assigned to the slowest relaxation. This structure forma- 
tion, which takes place during the first 50 s, needs several 
10 000 s to be destroyed by Brownian particle motion and 
is attributed to electrophoresis because it is not found in 
the measurement shown in Fig. 8 in case of an alternating 
electrical bias field. The observation that the second pro- 
cess after applying a dc-field and the slowest process are 
not found when using alternating fields indicate that these 
effects are associated with electrophoresis. A further sup- 
port for this assignment originates from the obvious fea- 
ture in Fig. 6, that only the curves related to constant 
polarity and at times t >_ 10 s attain values below KL = 1. 
The lowered light transmission related to this situation 
can be regarded as a signature of the onset of electrophor- 
esis, which tends to counteract the slight structure in 
the idle state due to Coulombic repulsion. Additionally, 
the effect of strong electrophoresis is not seen at large 
electrical fields (E > 1 kV/mm) [11], but shows a weak 
temperature-dependence (Fig. 5). The particle's motion 
becomes slower while the temperature is decreasing, 
because the temperature varies the viscosity of the silicone 
oil and therefore the velocity of the particles in case 
of motion caused by electrostatical forces. Surprising is 
the fact that the first maximum of KD(t) is detected at 
nearly the same position for T = 23 ~ and T = 70 ~ It 
was not possible to observe this phenomenon exactly 
because of the insufficient resolution of the measurement 
a t t < 5 s .  

The response and the relaxation phenomena of the 
ERF are strongly influenced by the electrical fields ap- 
plication-time toN, the time an alternating electrical field is 
switched on. In the case of large tON times the particles in 
the ERF have more time to correlate or to build solid 
structures. This leads to a weak rising of KD(t) with time 
(Fig. 7). The ERF needs much more time to restore its 
initial state compared to the case of forming structures and 

it does not reach its initial state within 1000 s for applica- 
tion times ton > 5 s in the case of no applied shear rate 
(Fig. 8). We find minor irreversible effects even in the case 
of regularly alternating electrical fields. The particle 
dipoles ordered in solid like structures stabilize each other 
even in the case of no electrical bias field. Only Brownian 
motion is responsible for the slow decrease of K(t). This 
effect of the applied electrical bias field can be destroyed by 
a shear rate so that the ERF relaxes many times faster to 
its initial state compared to the case without shearing. 
A disadvantage of additional shearing is that AK is small- 
er, because the shear rate suppresses the structure forma- 
tion in the ERF. Larger electrical fields are necessary to 
obtain AK values as large as without shearing the sample 
[11]. The scattering of the measured data in the case of 
a sheared sample is caused by modulations of KD(t) and 
KM(t) with the frequency of the angular velocity of the 
rotating cup. 

Conclusions 

For a commercial ERF we have employed rheodielectric 
and light transmission measurements to investigate the 
extent and the dynamics of field induced structuring, 
which yields the basis for the electrorheological effects. It 
has been shown that dielectric, mechanical and light trans- 
mission experiments reflect the same results concerning 
particle correlations. The first response of the ERF due to 
changes in the bias field or shear rate is faster than 1 s, 
while the following phenomena like electrophoresis are 
much slower. Electrophoresis of the ERF can be hindered 
by a shear rate or it can be suppressed completely by 
periodically alternating the electrical fields polarity. The 
field-induced structures are stable for more than 100 s in 
the case of non-sheared samples. An additional shear rate 
destroys the formed structures many times faster than pure 
Brownian motion. After application of an alternating elec- 
trical field the ERF relaxes faster to its initial state as in 
case of constant polarity because the particle distribution 
is not as inhomogeneous as in the case of electrophoresis. 
The longer the electrical field is applied the longer the ERF 
needs to relax to its initial state because the particle dipoles 
stabilize each other even if 'no electrical field is applied. 
These observations imply that the effective state of the 
ERF is dependent on its history and are strongly 
influenced by experimental conditions like constant or 
alternating polarity of the electrical field, shear rate or 
temperature. 
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