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INFLUENCE OF AN EXTERNAL ELECTRIC FIELD ON THE PROPAGATION 

OF ULTRASOUND IN ELECTRORHEOLOGICAL SUSPENSIONS 

E. V. Korobko and I. A. Chernobai UDC 534.22:532.135 

The influence of a constant external electric field on the velocity and attenua- 
tion of ultrasound in electrorheological suspensions is studiedexperimentally. 

It is a well-known fact [I] that the elastic properties of liquids depend in different 
ways on the presence of polar or nonpolar solvents. An electric field, which orients the 
molecular dipoles, must affect the elastic properties of polar liquids. Such an influence 
can be detected by measuring the velocity of ultrasound [2]. Experimental and theoretical 
studies of the variation of the amplitude or phase of ultrasonic waves transmitted through 
a liquid in an electric field have been reported in a number of papers [1-6]. For example, 
Barone and Giacomini [3] have investigated the influence of an electric field on the orien- 
tation of constant molecular dipoles and also the variation of the viscosity and compressi- 
bility of "pure" polar liquids. Quartz oscillator crystals were immersed in nitrobenzene at 
a distance of 5 mm from a reflector. A slight variation of the oscillation frequency was ob- 
served when a potential of 4 kV was applied between the reflector and the forward electrode 
of the crystal. In this case the electric field vector was parallel to the direction of 
sound propagation. However, the observed frequency variation could not be unequivocally at- 
tributed to molecular orientation or heating of the medium. Nolle [4], proceeding from the 
premise of a variation of the sound velocity in liquids and the results of the experiments 
reported in [3], tested the hypothesis of phase modulation by an electric field in the case 
of perpendicular orientation. It was found that amplitude modulation is absent in all liq- 
uids, i.e., the acoustic attenuation is unaffected by an electric field. Phase modulation 
was observed in conducting liquids (~ = 5"106 S/cm). It was inferred from the form of the 
phase modulation (quadratic dependence on E) that thermal effects play the dominant role. 
However, Nolle observed appreciable amplitude and phase modulation when an adsorbing materi- 
al, glass wool, was placed in the liquid; this result was attributed to the mechanical motion 
of the glass fibers. The measurements were carried out within error limits of 5.10 -~ dB/cm 
in a field of 1 kV/cm. Nolle's results were corroborated by Bonetti [5] in experiments with 
nitrobenzene, in which an electric field was not observed to have any influence on the ve- 
locity of ultrasound. 

Thus, an analysis of the investigations reported to date shows that an electric field 
does not alter the amplitude and phase characteristics of sound propagating in "pure" liquids 
if the internal heating factor, which tends to diminish the field dependence of the ultra- 
sound velocity in the majority of media, is eliminated. We have been unable to locate simi- 
lar studies for disperse systems. 

In our experiments we used electrorheological (ER) suspensions, for which it had been 
established previously in shear macroflows that the viscoplastic properties depend strongly 
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Fig. I. Schematic view of apparatus for measur- 
ing the velocity and attenuation of ultrasound 
in electrorheological suspensions. 

on the electric field [7]. The base of the suspension was transformer oil with additives of 
finely dispersed diatomite powder (2, 5, and 10% by weight). The average grain size of the 
diatomite powder, determined by a sedimentation procedure and also by means of a Coulter 
counter, ranged from i0 to 20 um. Oleic acid dosed to 9-10% of the mass of the disperse phase 
was used as a surface-active agent. The activator was water (5-7%). 

A special apparatus was developed to measure the velocity and attenuation of ultrasound 
in liquid media and suspensions under the action of an external electric field. Its opera- 
tion was based on the technique of measuring the velocity of ultrasound by comparing the 
transit time ~t of an ultrasonic signal in the investigated medium with the delay time T d of 
a reference signal in a standard delay line. The electrical signal in the standard delay 
line was delayed up to T d = Tt, making it possible to perform a null comparison and to reduce 
the error of measurement of the ultrasonic transit time to 0.5 nsec [8]. 

Figure 1 shows a schematic diagram of the apparatus for measuring the velocity and at- 
tenuation of ultrasound. It contains, connected in series, a quartz oscillator--pulse shaper 
1 for generation of the reference and delayed pulses, for which an industrial I2-17 time-in- 
terval meter is used, an acoustic chamber 2, an amplifier--pulse shaper 3, an amplitude detec- 
tor 3, a repeater 5, and a digital voltmeter 6. In addition, the amplifier--shaper 3 and the 
oscillato~'-shaper 1 are separated by a mutual time-comparison network 7, which is connected 
through a monostable pulse generator 8 to an optical display 9, in this case a light-emitting 
diode (LED). 

The acoustic chamber has a volume ~6 cm 3 and is filled with the ER suspension I0. The 
outer casing of the chamber is detachable, and it is fitted with thin plane-parallel stain- 
less steel metal electrodes Ii, 12, which are connected electrically to an external high- 
voltage source 13. Piezoelectric transducers 16, 17, which have a resonance frequency of 1 
MHz, are pressed against the casing by springs 14, 15. (Measurements were also carried out 
at f = 2.7 MHz.) To eliminate stray currents and to ensure a snug fit between the detacha- 
ble parts of the acoustic chamber 2, metal shields 18, 19 are pressed against the chamber 
by rigid textolite plates 20, 21 and tension bolts 22, 23, and the whole assembly is tight- 
ened by means of nuts 24-27. The casing of the chamber is made of a Teflon-type (fluoro- 
plastic) insulation material and is degreased to prevent any possible surface leakage of elec- 
trical charges. The wall thicknesses of the acoustic chamber 2 on the sides where ultrasound 
is transmitted and the thicknesses of the metal shields 18, 19 and flat electrodes Ii, 12 
have been chosen with a view toward maximum acoustic transmissivity and are multiples of half 
the ultrasonic wavelength, thus ensuring minimum losses of ultrasonic signal energy. For ex- 
ample, the wall thicknesses of the chamber 2 are equal to 1.3 mm, corresponding to the ultra- 
sonic wavelength in the fluoroplastic material at a frequency of 1 MHz, and the thicknesses 
of the shields 18, 19 and the electrodes Ii, 12 are equal to 0.5 ran, which is much smaller 
than the ultrasonic wavelength in steel and does not exert any appreciable influence on the 
attenuation of ultrasound. The electrodes ii, 12, like the piezoelectric transducers and 
shields, are identical; they are fitted onto the structural supports 28, 29 of the chamber 2 
and are oriented plane-parallel relative to one another and to the transducers, so that in 
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Fig. 2. Relative variation of the 
velocity of ultrasound Ac/c, %, vs 
electric field intensity E, kV/cm. 
i) ~ = 10% (by weight); 2) 5%; 3) 
2%. 

conjunction with the high-voltage source 13 they generate in the acoustic chamber 2 an elec- 
tric field, the intensity vector of which is in the direction of propagation of ultrasonic 
waves in the suspension i0. Inasmuch as the fluoroplastlc material is an insulator and with- 
stands an electric field up to 20 kV/mm, and as the plane-parallel electrodes ii, 12 are mount- 
ed on the supports 28, 29 of the chamber 2 to prevent their deformation (the chamber has an 
acoustic baseline of 4 mm), an electric field with a high degree of uniformity and a strength 
up to 2 kV/mm is created in the chamber by means of the source 13. 

The measurements were carried out as follows. Reference pulses with a low repetition 
rate were sent from the output of the I2-17 instrument to the radiating transducer 16, which 
transformed them into ultrasonic pulse signals. The latter were transmitted through the thin 
wall of the electrostatic shield 18, the insulating wall of the acoustic chamber, 2, and the 
electrode Ii, entering the suspension i0, in which they propagated in the direction from the 
radiating transducer 16 to the receiving transducer 17 in a time T t. The reference pulses 
from the I2-17 instrument were thus converted into ultrasonic probe signals, and their repe- 
tition period was selected according to the condition Trep>>Tt, which is necessary in order 
to protect the measurement circuit effectively against reverberation noise effects. After 
the transit time r t the ultrasonic waves reached the second electrode 12, then passed through 
the insulating wall of the acoustic chamber 2 and the thin wall of the shield 19, and excited 
the receiving transducer 17, which, in turn, converted the ultrasonic waves into electrical 
signals. The latter were amplified to a definite level in the amplifier--shaper 3 and were 
then sent to the amplitude detector 4 and the mutual time-comparison network 7. Besides gen- 
erating reference probe pulses, the I2-17 instrument also functions as a pulse delay device, 
where the delay time can be adjusted relative to the reference pulse train within 0.5 nsec 
error limits, which is ensured within the coarse delay range by the high frequency stability 
of the quartz oscillator and in the fine delay range by the performance parameters of the tun- 
able signal delay line. The value of the delay time T d is set in the I2-17 instrument equal 
to the transit time of ultrasound in the medium, i.e., T d = Tt; this equality is monitored 
by means of the mutual time-comparison network 7 with the monostable pulse generator 8 and 
the LED display 9 connected to it. The operation of the mutual time-comparison network 7 is 
such that for T d = T t it generates a short trigger pulse to drive the monostable pulse gen- 
erator 8, which produces an extended pulse to fire the LED 9. 

Experiments have shown that the above-described apparatus guarantees an error of compari- 
son of the temporal positions of pulses not exceeding a few tenths of a nanosecond and can 
therefore be used to obtain a like resolution with respect to the transit time of ultrasound. 
For T d = r t the readings of the ultrasonic transit time are read from the scale of the I2-17 
instrument. The measured value of T t represents the sum total of two principal parts: T t = 
T' + T", where T ~ is the transit time of ultrasound in the suspension and T" is the delay 
time of ultrasound in the structural elements of the chamber. The acoustic chamber was cali- 
brated to improve the accuracy of the measurements. For this purpose the source 13 was turned 
off, and the empty chamber (without the suspension I0) was disassembled a~ the locations 
of the structural supports 28, 29 and was reassembled with the electrodes II and 12 right up 
against one another. The measurement part of the apparatus was turned on, and the delay time 
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Fig. 3. Photographs of structural formations in a 1% sus- 
pension of diatomite in transformer oil for various elec- 
tric field intensities, a) E = 0 kV/mm; b) I; c) 2; d) 
2.5 kV/mm. 

T" of ultrasound propagating in the chamber structural elements, which is a constant, was de- 
termined. Then the original construction of the chamber was restored, The following quanti- 
ties were obtained in the investigations: T t = 7.9 ~sec; T' = 5 ~sec; T" = 2.9 ~sec. Ac- 
cordingly, the relative resolution of the apparatus with respect to the ultrasound velocity 
c is 

Ac ,~ A~ 0 .5 .10 -s  
_ - _ ~ 1 0  - ~  = 0 . 0 1 % ,  

C ~: 5 

w h i c h  i s  s u f f i c i e n t l y  h i g h .  The a b s o l u t e  v a l u e  o f  t h e  v e l o c i t y  was  c a l c u l a t e d  a c c o r d i n g  t o  
t h e  f o r m u l a  c = L / T ' ,  w h e r e  L i s  t h e  a c o u s t i c  b a s e l i n e .  

The attenuation of ultrasound in the rheological suspension was determined by measuring 
the level of an ultrasonic signal transmitted through the circuit comprising the amplitude 
detector 4, the repeater 5, and the digital voltmeter 6, in which case the frequency and am- 
plitude of the probe pulses were fixed. 

Preliminary tests were carried out with transformer oil (in the as-delivered state c = 
1420 m/sec), in which variations of the velocity and attenuation of ultrasound in an electric 
field were not observed. Possible effects at the solid--liquid interface were also excluded. 
In particular, the probable attraction of surface acoustic waves (SAW's) to the walls of the 
cell and the formation of chains and clusters can alter the wave impedance and thereby pro- 
duce an additional phase shift. The velocity and attenuation of ultrasound were measured in 
a 10% suspension of diatomite without SAW's for fields E = 0, 0,5, 8 kV/cm. The results did 
not differ from the values of Ac/c and ~ in four-component suspensions. Ultrasonic measure- 
ments can also be performed in the absence of SAW's in low-concentration suspensions, reduc- 
ing the time of all the tests to 1-3 min. The experimental results for ER suspensions are 
shown in Fig. 2 for a transducer resonance frequency of I MHz. With an increase in the elec- 
tric potential, an increase in the velocity of ultrasound was observed for all the solid- 
phase concentrations, indicating an increase in the effective elastic properties of the medi- 
um [9]. The influence of the solid-phase concentration on the function Ac/c N~(E) is sin- 
gle-valued. The observed net effect is intensified with an increase in ~. However, a varia- 
tion of the amplitude of the ultrasonic pulse in transmission through the ER medium was not 
detected within the measurement error limits. To assess the influence of the orientation 
factor a cylindrical fluoroplastic cell of diameter 20 mm and length L = i00 mm was construct- 
ed. Piezoelectric transducers were placed at its ends, and metal plate electrodes were mount- 
ed along_+th~path of propagation of ultrasound, generating an electric field with an intensity 
vector E_I_C �9 Measurements of the delay time of an ultrasonic pulse in the ER suspension 
did not exhibit any variations in the velocity of ultrasound, but large attenuation of the ul- 
trasonic wave amplitude was observed. For example, the maximum variation of the attenuation 
coefficient a for a 10% diatomite suspension in transformer oil at U = 8 kV on a i0 cm base- 
line was 30%. 

The results can be interpreted as follows. Under the action of an external electric 
field the solid-phase particles surrounded by the activator sheathes produce strong aggre- 
gates, dendritic formations, and cross-linking structures, which are oriented along the field 
vector. The electric potential between the solid-phase particles and between the plates and 
the ends of the bridges increases with an increase in E. Additional particles are pulled in- 
to the structural matrix, and the cross-links become stronger. Whereas the medium was previ- 
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ously quasihomogeneous, it now exhibits a distinct stratification (Fig. 3). Auxiliary rigid 
ducts are ostensibly formed for the ultrasonic signal, where the velocity of propagation is 
higher than in the fluid suspension. For a perpendicular orientation of the electric field 
and ultrasonic velocity vectors in the ER suspension, the linear dimensions of the inhomo- 
geneities situated across the ultrasonic wave increase, and, as a result, the losses due to 
electric interaction of the wave with the structural matrix increase. The impedance of the 
matrix, whose elements dampen the ultrasonic wave, depends on the value of E. In the final 
analysis, this means that the mechanical energy losses and the attenuation coefficient ~ will 
increase. 

The results obtained here offer convincing evidence that ER suspensions acquire effec- 
tive elastic properties, which require further study in order to determine the dynamical op- 
erating regimes of various devices based on the electrorheological effect. 

NOTATION 

~, electrical conductivity, S/cm; E, electric field intensity, kVfcm; Tt, transit time 
of an ultrasonic pulse between electrodes, nsec; c, velocity of ultrasound, m/sec; 4, concen- 
tration of the solid phase, %; U, electrical voltage, kV; a, attenuation coefficient, m -I. 
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