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Compressions of electrorheological fluids under different initial gap distances
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Compressions of electrorheologiq&R) fluids have been carried out under different initial gap distances
and different applied voltages. The nominal yield stresses of the compressed ER fluid under different condi-
tions, according to the mechanics of compressing continuous fluids considering the yield stress of the plastic
fluid, have been calculated. Curves of nominal yield stress under different applied voltages at an initial gap
distance of 4 mm overlapped well and were shown to be proportional to the square of the external electric field
and agree well with the traditional description. With the decrease of the initial gap distance, the difference
between the nominal yield stress curves increased. The gap distance effect on the compression of ER fluids
could not be explained by the traditional description based on the Bingham model and the continuous media
theory. An explanation based on the mechanics of particle chain is proposed to describe the gap distance effect
on the compression of ER fluids.
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[. INTRODUCTION shear behavior that predicts the compressive stress from the
dimension of compressive flow, and the shear stress of ER
ElectrorheologicalER) fluids have been widely investi- fluids under the compressi¢t3]. The radial velocity, radial
gated for their potential industrial applications such aspressure gradient, and the pressure acted on the plates when
clutches, dampers, engine mounts, and step actuators, efeRR fluids are compressed between two parallel plates, have
[1]. Because most of the applications are based on she&€en given by Williamset al. [14]. When the compressing
yield stress of ER fluids, a great deal of theoretical and exspeed is very low, neglecting the viscous force, the ER fluids
perimental research has been concentrated on particle inte@n be dealt with as a plastic fluid. The equation describing
actions to approach the shear yield str&s However, the ~compressive stresB deduced from the report by Gartling
reported shear yield stress of ER fluids is usually lower thar@nd Phan-Thief15] is
10 kPa, and not high enough for many real applications. To
design ER actuators with higher force performance, tensile p— RT 1)
and compressive behaviors of ER fluids have been investi- 3h %
gated during recent years. The tensile stress and compressive
stress of ER fluids have been found to be much higher thawhereD is the diameter of the platé is the instantaneous
the shear yield stresg3]. Monkman has investigated the distance between the plateg,is the yield stress of the plas-
electrorheological effect under compressjdnh Vieiraet al.  tic fluid. For ER fluids under external fields, it can be de-
have tested the tensile, compression and oscillatory squeezgribed by the Bingham model employing a yield stregs
behaviors of an ER fluid based on carbonaceous patrticles ariche equation shows that the compressive stress is not only
silicone oil [5]. Gong and Lim have experimentally deter- proportional to the yield stress of the fluid, but also is af-
mined the tensile and compression properties of ER fluidéected by the structure parameterh.
added with glass fib€i6]. Lee and co-workers have studied  For the high mechanical performance of compressive
ER suspensions composed of silica particles and silicone oflow, application prototypes have been constructed based on
under squeeze flow by changing applied electric field, parthe Bingham model and the continuous media theory, such as
ticulate volume fraction, viscosity of host oil, and water con-squeezing dampéB], engine mount§14], and clutch incor-
tent in particles7]. Noresson and Ohlson have reported aporating compressive effefl6]. However, this continuous
critical study of the Bingham model in squeeze-flow mode media theory is not always applicable. For instance, the ex-
showing that the amplitude and frequency dependence is ngeriments done by Vieirat al. at a low compressive speed
well predicted by the Bingham modg3]. Recently we have of 0.5 mm/min showed that the compressive stress under a
compared compressing, elongating and shearing, behavioesnstant external electric field of 0.5 kV/mm and an initial
of ER fluids[9], and have studied stepwise compressions ofjap distance of 2 mm, remained approximately constant in
ER fluids under different constant voltagd<]. the compressive strain range of 0.1-0.5, independent of the
There are fewer theoretical works on compressive behawstructure parameterB/h [5]. This is obviously different
ior of ER fluids when compared to experimental studiesfrom the description by Eq.l). Also, a critical study of the
Yang has described the tensile and compressive behaviors Bfngham model in a squeeze-flow mode has been reported
dilute ER fluids by the electrostatic polarization model andby Noresson and Ohlsdi8]. They found that the Bingham
Hertzian contact theory11]. Lukkarinen and Kaski have parameters tested from shear-flow mode are not valid for the
simulated the mechanical properties using point-dipolecalculation of the squeeze-flow mode behavior, and even the
model[12]. Besides the simulations, the compressive behavBingham parameters directly obtained from squeeze-flow
iors of ER fluids have often been considered a transformediode are valid for one amplitude and one frequency only.
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FIG. 1. Schematic of the experiment apparatus. 0
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The step compressions done by us have found deviations Instantaneous field (V/mm)

from the traditional description at strong ER effei§)]. In

this paper, compressive behaviors of ER fluids based on zeo- FIG. 2. Compressive stre$sof compressions at an initial gap
lite and silicone oils under different initial gap distances,distance of 4 mm.

different applied voltages, and at a small compressive speed

were investigated. Deviations from the traditional description B i t— E 3)
have been found and discussed. Y\ UK
Il. EXPERIMENT wheret is the compressive time. The instantaneous distance

between the two platels can be calculated from the com-

The apparatus employed in this study is similar to thafpressive timet, the computer controlled compressing speed
employed in our former repof®] as shown in Fig. 1. The 4 and the deformation of the force sensor as
upper plate connected to a force sensor has a rectangular
shapeS=32x 32 mn?t. The lower plate is a little larger than h=hy,—vt+F/K. (4
the upper one. The stress-strain-type force sensor has a mea- o ) )
surement range=198 N and a stiffnes& =503 N/mm. The The mstantaneous electric field during the compression
sensor signal is modulated by a strain amplifieH-5935  Process is calculated by
and then sampled by a computer. The ER fluid employed in
the experiment is based on zeolite and silicone oil with a E=—. (5)
particle volume fraction of about 26%. h

The test process is as follows. At first the distance be- . .
tween the two plates is adjusted to the initial gap distance’.o‘lso’ as mentloneq above, when ER qu_|ds_are compressed at
After a voltageV has been applied to the ER fluid, compres-a small compressive .Speed’ the contribution of the viscous
sion is carried out. The original gap distance between the twi prce to the compression stress can be neglected. In this in-

vestigation, the nominal compressive speed is as low as
parallel platedy has been set to 4, 2, 1, and 0.5 mm, respec- . . ; A
tively. The nominal final gap distance is 25% of the initial 0.4167 mm/s, the viscosity of the ER fluid under no field is

value. During the compressions, the applied voltdgs kept about 8 Pas at room temperature 25 °C. Neglecting the vis-

constant and is withdrawn after the compression. After theOUS forc‘? at the small_ compressive speed, the compressive
reset of the initial gap distance and the applied voltage, othe tress du_nng compression can be looked as all contrlbutgd by
compressions are carried out. Corresponding to diffdngnt t_e field induced yield S”?SS Of. the ER flmd,_so the nominal
differentV has been applied to keep the initial electric fieldsy'r%lgi;tarf;; S f iﬂz E)ﬁof\l\lljilr? d;rwgggrnpressmns can be ap-
between the plate§, to be 0.25, 0.5, 0.75, 1, and 1.25 P y g€ :

kV/mm, respectively. For instance, whag=4 mm, the ap- 3Ph

plied voltages are 1, 2, 3, 4, and 5 kV, respectively. Also, the To="p - (6)
compressive speed is kept constant ez,0.4167 mm/s. All

the experiments have been done at room temperature 27 °C.

If the tested compressive force IS, the compressive lll. RESULTS AND DISCUSSIONS
stressP during the compressive process can be represented . . .
The compressive stress versus the instantaneous electric
as : : ) L
field of compressions whehy=4 mm is shown in Fig. 2.
P=F/S. (2)  The compressive stress increases quickly with the increase in
the instantaneous electric field. Because the applied voltage
The compressive straifi is expressed as is constant during compressions, the decreasecauses the
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FIG. 3. Nominal yield stress, of compressions at an initial gap

distance of 4 mm. FIG. 4. Nominal yield stress, of compressions at an initial gap

distance of 2 mm.

increase in electric field&E. Also, under a certain instanta-

neous electric field, compressive, stress of compression apl4—15,19. The compressive strain change corresponds to
plied at a higher applied voltage is obviously lower than thatthe field increase in our experiment. This part has not
app“ed at a lower app“ed V0|tage but experienced a |argel’[€aChed the yleld stress and is not discussed in this investi-
compressive strain. This can be explained by the fact that th@ation. The phenomenon is also observed in other compres-
compression experienced by a larger compressive strain h&ns of ER fluid{6,9].

a smalleth and a higheD/h. The ER fluid have the samg When hy=2 mm, the nominal yield stress is shown in
under the same instantaneous field; then according t68Eq. Fig. 4. The nominal yield stresses under different applied
the later compressive stress will be higher than the formeYoltages are no longer well overlapped as that shown in Fig.
one. The nominal yield stress calculated according to(Bq. 3- Fitting the curves in Fig. 4 with exponential functions, the
whenhy=4 mm is shown in Fig. 3. The curves applied dif- €quations for the curves amg=2x10"*E** (0.5 kV), 7o
ferent voltages overlap over most of the ranges, showing that 2X 10 "E>#? (1 kV), 70=6x10""E*?" (1.5 kV), 79=2

the five compressions can be well described by the principle< 10 'E**® (2 kV), and 7,=1x10 °E**® (2.5 kV). The
represented by Ed6). The overlapped curves can be fitted nominal yield stress is no longer proportional to the square

by the following equation, whose curve is also shown inof the external electric field.
Fig. 3: With the further decrease ing to 1 mm, the difference

between curves becomes more significant, as is shown in
To=3X10 6E2. (7)  Fig. 5. Curves are obviously different from each other and

have no overlap parts. Figure 5 also shows a trend that the
The equation shows that the nominal yield stress is proporexponent increases with increase in the applied voltage. The
tional to the square of the external electric field. This square@xponential function for the curve of 1 kV isy=1
relationship is usually reported for static yield stress of ERX 10" ®E>52 7, depends much strongly on the electric field
fluids to the applied electric fielfil7]. Many experimental than that of 0.25 kV given by,=1x10 'E*" Figure 6
reports about shear yield stress of ER fluids show an expshows the results whehy=0.5 mm. A nearly straight in-
nent of about 1.4—1.618]. Therefore we call the stress ob- crease in nominal yield stress with increase in electric field is
tained from Eq.(6) nominal yield stress rather than shear shown. When the applied voltage increased from 0.125 kV to
yield stress. However, whatever it is called, Fig. 3 shows tha0.375 kV, the increase in nominal yield stress versus electric
the compressions at this gap distance can be well describditld accelerated. When an applied voltage 0.5 kV is used,
by the traditional principles of the continuous media theorythe electric field changed very little during the compression.
that can be simplified to E6) at small compressive speeds. Due to the accuracy of the elasticity of the force sensor, the
Also, Figs. 2 and 3 show that there is a very small nominacompressive feeding speed and the compressive displace-
yield stress during compression until the field has increasethent, the instantaneous field even decreases a little in the
substantially and it seemed to disagree with the fact that thbeginning when the ER fluid is compressed for 0.375 and 0.5
higher the field the stronger the ER fluid. This can be askV. In fact, the compressive displacement is approximately
cribed to the elasticity of ER fluids before they yield. ER totally compensated by the deformation of the force sensor,
fluids usually experience a little strain to reach their yieldremaining a constant instantaneous field. Due to the above
stress that can be described by the biviscosity modesystem error, a very small negative compressive strain has
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FIG. 5. Nominal yield stress, of compressions at an initial gap

distance of 1 mm. FIG. 7. Nominal yield stress, of ER fluids at an initial electric

field of 0.50 kV/mm and different initial gap distances.

been calculated and thus shows a small decrease in the in-
stantaneous field. But, as it should be recognized, this part is In this investigation, the nominal compressive speed is
a straight increase in the normal yield stress at approximatel§.4167 mm/s. The viscosity of the ER fluid under no field is
constant instantaneous fields in the beginning, showing about 8 Pas at room temperature of 25 °C. During compres-
very strong stiffness of the ER fluid under the conditions. sions, the force sensor has a low stiffness and a large defor-
For each initial gap distancé&, has been, respectively, mation. At the end of compressions, the compressive speeds
set to 0.25, 0.5, 0.75, 1, and 1.25 kv/mm. Except for 1.25are, respectively, 0.183 mm/shdg=4 mm, 5 kV), 0.069
kV/mm when hg=1 mm and hy=0.5mm, the ER fluid mm/s hyg=2 mm, 2.5 kV}, 0.038 mm/s kp=1 mm, 1 kV)
showed too strong stiffness. Comparing the tested nominand ~0.007 mm/s y=0.5 mm, 0.5 kV. According to the
yield stresses of compressions at different initial gap distheoretical calculatiofl4,15,19, the contribution of the vis-
tanceshy, the nominal yield stresses whég=0.5 and 0.75 cous force to the compressive stress is less than 0.5%. The
kV/mm are shown in Figs. 7 and 8, respectively. The nomi-viscous force contributes very little to the tested nominal
nal yield stress at a smalléy, is obviously higher than that yield stress and can be neglected. The tested nominal yield

at a largethy under the same instantaneous field.
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FIG. 8. Nominal yield stress, of ER fluids at an initial electric

field of 0.75 kV/mm and different initial gap distances.
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stress can be considered totally contributed by the field intric field and the decrease in the chain lengthh. At some
duced resistance of the ER fluid. The deviation of the nomiplaces, for instance, when the applied initial field strength is
nal yield stresses from the description by E).is dealt with  0.25 kV/mm, the square relationship between the compres-
the field induced yield stresses. As mentioned above, similagive stress and the chain length or the gap distance is satis-
deviations have also been reported by Noresson and Ohlsdied. But as shown in Figs. 7 and 8, the square relationship is
[8]. They found that the Bingham parameters tested fromrmot always satisfied. This can be ascribed to the fact that the
shear-flow mode are not valid for the calculation of theassumption of single chain is not always applicable; for ER
squeeze-flow mode behavior employing the continuous mefluids under high electric fields, columns composed of sev-
dia theory. Different from our simplified calculation, their eral chains are usually observed. This has an effect of in-
method is an accurate numerical calculation based on thereasing the rod diametdr Also, compression may decrease
traditional principles of fluids. They also found that the Bing- the distance between particles that can greatly increase the
ham parameters directly obtained from the squeeze-flovinteraction force between particles and may shape more com-
mode are valid for one amplitude and one frequency only. lfpact structures that bring a higher yield stress of ER chains,
we still want to describe the squeeze-flow of ER fluids byand thus increase the material property fa&gr This struc-
employing the Bingham parameters and the traditional conture strengthening effect is similar to that reported by Tang
tinuous media theory, such as experiments done by us and k& al. [21]. The vyield stress of ER fluids and magnetorheo-
Noresson and Ohlson, the Bingham parameters should halegical (MR) fluids can be significantly strengthened by ap-
a different set of values at different conditions. This is not inplying a pressure. They also showed that images of the par-
accord with the fact that there is only one set of Binghamticle chains get shorter and are pushed close to form a close-
parameters for a given ER fluid. These experiments showacked structure. This close-packed structure has the similar
that the description of compressive behavior of ER fluidseffect of increasing column diameter. The structure transfor-
with the continuous media theory and the Bingham modemation during the compression of ER fluids should be simi-
might not have reflected the essential property of the ERar to that of MR fluids. The description of the compression
effect during compression. of ER fluids directly from the chain strength under compres-
Considering the basic phenomena in the ER effect, ERsion is reasonable and attractive. But to derive the compres-
suspensions are composed of fine particles and insulatingion stress from the chain strength, much work still needs to
oils; when an external electric field is applied on the suspenbe done.
sions, the particles are polarized and strongly interact with
each other to form regular chains and columns along the field IV. CONCLUSION
direction. Similar to the sheared ER fluids involving the in-

tergciﬂon df?crces ?etwe}en ‘?[f"‘rlt'dis _alon? thetr?hear\]r d'rgpt'ogeolite and silicone oils have been carried out under different
and the detormation ot particie chains along thé shear aireGpy; gap distances and different applied voltages at a slow
tion perpendpular to the applied fl.eld,_the mechanlcgl Iorolo'compressive speed. At an initial gap distance of 4 mm, the
erty of ER fluids under compression is also determined b3f:ompressive curves of nominal yield stress overlapped well,

€nd can be well described by the traditional continuous me-

compression. For an ER fde' compress'ed at_ a small comy; theory. With the decrease in gap distance, the nominal
pressive speed, the compression stress is mainly contrlbut?g;

by the resistances of the chains induced by the external eleg- ld stresses are no longer overlappegl. The differ_ence be-
L . . _ een the nominal yield stress curves increased with a de-
tric f|e|d.. As the.employed particles in ER _flwds are usua."Ycrease in the gap distance and an increase in the applied
(r)rfettheer 2';;:2@';:2” Z‘;g(l:?é iﬂgiagec%?\pb(isstggﬁeaf ;an]n'rlcl)' oltages. Also compared with the reports of other research-
According té the met)chanics of compressing slim rods, th s, it shqws the fallur_e of the traditional Qescrlptlon of the

rod strengthP, is determined by the rod lengthand rod ompression of ER fluids based on the Bingham model and

; . . ) the continuous media theory. Directly analyzing the com-
diameterd by the following equatiori20]: pression of particle chains in ER fluids, whose strength is
d

2 affected by the field strength, the diameter and the length of
1

In this investigation, compressions of ER fluids based on

P =kg , (8) the particles chains are considered nearer to the essential
property of ER fluids under compression than that described

by the traditional models.

where kg is a material parameter, which, for ER fluids,
should be tightly related to the particle interactions. There-
fore, for ER fluids under compression, if the diameter of the
chains is constant, the chain strength will be greatly im- This work was sponsored by the National Natural Science
proved by increasin§g through increasing the applied elec- Foundation of ChingGrant No. 50202010
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