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Abstract The dynamic rheological behavior of multiphase dectrorheological (ER) fluids was considered, as con- 
Nmation of a previous paper [Chin and Park, 2000]. Oil-in-oil emulsions, which differ m electrical conductivity and 
dielectric constant, were employed for an ER-active emulsion and also for a multiphase ER fluid with enhanced per- 
fonnance. The polyaniline particle suspension in an electric field showed viscoelastic behavior within a very limited 
range of strain amplitude, mclicaNlg the transition fi-om viscoelasticity to viscoplasticity. Within the region of visco- 
elasticity, the linear region was restricted below the amplitude of 0.1%, whereas the ER-active emulsions showed a 
rather wide linear regime. Frequency dependence of the storage shear modulus in the linear viscoelastic region re- 
vealed the typical features of an elastic solid. When the fiaction of emulsion drops (<I)) in multiphase ER fluids in- 
creased, the limiting strain for viscoelasticity showed a higher value. 
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INTRODUCTION 

Conventional electrorheologicad (ER) fluids are typical exam- 
ples of field-responsive materials and have the fore1 of concentrated 
suspensions of microraeter-sized solid particles ha insulalmg medi- 
um. Upon application of an electric field as strong as several kV/ 
mm, a &-amatic change of apparent viscosity and resultant yield 
stress appears for ER fluids. Obviously, dais rheological change 
which appears on a ~ne scale of millisecond is catsed by the for- 
i-nation of microstructures among the dispersed phase in llledium, so 
that the electric field-in&iced polmization process on the bulk, sur- 
face, and solid-liquid interfaces is generally regarded as the funda- 
mental l-nechanism of ER response. Numerous expem-nental and 
theoretical studies have been peffomled on ER phenomena, in or- 
der to realize the great potential for developing an ideal eleclaical- 
medlanical interface with excellent conla-ollability. However, lim- 
ited undee~tandmg of the mechanism related to ER effects creates 
significant difficulties in developing the desired materials and appli- 
cation devices. 

Rheological behavic~- of ER materials t~lder the influence of an 
electric field has been most cormnonly dlaractelized in tenns of 
their properties during steady shear flow. Due to significant parti- 
cle-particle interactions, they usually exhibit a yield stress, mean- 
nag a certain minirntwn stress that must be exceeded for flow to oc- 
cur. The yield stress is hence a maenad property denoting the tran- 
sition between "solid-like" and "liquid-like" behavior. However, 
simple models of Bmgham fluids and Herschel-Buckley equations, 
althongh adequate in steady flow situations, overlook the proper- 
ties of the materials at stresses or stra~s below yielding. This pre- 
yield region can be effectively studied under oscillatory shear flow 
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[Gamlota and Filisko, 1991 ; Stanway et al., 1989]. Since the fi~t- 
ful area of application of ER finds is in the damping of raechani- 
cal deviation--and related application devices such as engine mounts 
and shock absc~-bers operate in the dynanlic or b-ansient mode--un- 
derstanding the ER dynamic properties is very important. Further- 
more, dependence of the rheological properties on the ER fluid 
stmcka-es can be well undelstood by using small-amplitude dynam- 
ic oscillatory expem-nents. 

tS-evious dynanflc studies peffomled with stdticiently small shear 
strain amplitudes suggest that ER materials behave as linear vis- 
coelastic bodies [Gamlota and Filisko, 1991 ; Sht~nan et al., 1989; 
Vinogradov et al., 1986]. These studies report that the ER material's 
linear visccelastic properties, storage and loss shear moduli, are fimc- 
tions of the elecaic field strength. Howevca; the limit of the linear 
viscoelastic range of ER materials is ustally less than 1%, although 
many polymer gels and solutions show linear response up to sbains 
of 10% or higher [Oh et al., 1994; Kwon et al., 1999]. Garmota et 
al. [ 1993 ] alalyzed the nonlinear visccelastic properties of ER fluids 
by Fottrier bansfonn analysis of the stress response. They reported 
that the appearance of the higher harmonics of the Fottrie~- spec- 
burn suggests the onset of a transition in the mode of defommtion 
in ER materials. This transition to nonlinearity was shown to ori- 
ginate fi-om slight structural rean-angelnent or rupture of particulate 
columns, leading to tastable configuration even sheared with low 
strain amplitude and frequency ['Parthasarathy and Khngenberg, 
1995]. Although understanding nonlinear behavior is important for 
the interpretation of actual application devices, there is line infor- 
mation available even on lme~: response of ER fluids, due to the 
complexity of the rheology in ER materials itself composed of elas- 
tic, viscous, and yielding behavior. Recently, Pan and Mckinley 
[1997a] compared the dynanic behavior of ER fluids with that of 
physical gel, suggesting the antsotropic network model that can ex- 
plain the limiting shear strain amplitude leading to slructure failure. 
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Table 1. Relevant properties of the constituents of emulsion: silicone oiFchlorinated paraffin oil used in this study 
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Chlorinated paraffin oil Silicone oil 

Viscosity Density Dielectric Conductivity Viscosity Density Dielectric Conductivity 
(Pa s) (g/cm ~ ) CONStant (S/m) (Pa s) (g/cm ~) constant (S/m) 

4.5 1.16 7.1 8.3• 10 -1~ 0.1 0.96 2.6 2.5 • 10 -1~ 
0.3 1.16 7.8 7.1 x 10 -1~ 0.1 0.96 2.6 2.5 x 10 -1~ 
0.3 1.16 7.8 7.1 • 10 -1~ 1.0 0.96 2.6 2.5 • 10 -1~ 

In tile structures of concentrated ER materials, there exist pNnary 
chains of particles sparrqing the electrodes along the field direction 
as well as secondary chains tilted with respect to the field dh-ecfion 
and interconnecmlg prml~ry chains. Such a many-body effect of 
polarized particles causes an inherent lir-nitation in the material 
strength and narrow range of linear viscoelasticity. 

The yield stress behavior and micTos~actta-al changes were in- 
vestigated for ER materials composed of particles and emulsion 
drops dispepsed in a conmluous phase in the previous paper of the 
same authors [Chin and Park, 2000]. The results show not only that 
ei~anced ER activity can be achieved by tiffs route, but also may 
offer insight into the natus-e of smacmre-propeily relationstfip in ER 
phenomena. Dynamic rheological e~cperiments in a small-ampli- 
tude she~- flow, therefore, c~a be an effective method for the in- 
teq:~-etation of related mechanism and microslmcttaes of such a mul- 
tiphase ER material. 

In this paper, dyuamic viscoelastic behavic~- of an eleclrorheo- 
logical oil-ira-oil emulsion system is first considered as an ideal case 
where the dispersed component of emulsion has the tfigher dielec- 
11ic constant and conductivity th~a that of the continuous phase. Of 
cotrse, flame emulsions cannot provide the sufficient material pro- 
penes required for conventioikal ER systems. Moreover, the rheo- 
logical behavior of the emulsion under an electric field is different 
from that of ordinary particulate suspeusion in that the dispersed 
phase experiences a change in shape. Generally, &op deformation, 
coalescence, electric field-induced re-emulsification, and resultant 
slmcttual rearrangement of dispersed phase occurs with the influ- 
ence of shear and electric field [Pan and Mckinley, 1997b]. Never- 
theless, the particulate ER snsFemion can be approximately regarded 
as an emulsion with inflifite value of viscosity of dispersed phase. 
Therefore, an emulsion system can be s~tclied as a model in ER phe- 
nomena in order to investigate the effects of various factors sys- 
tematically, simply by altering the composition and viscosity of in- 
dividual components. 

Conventional particulate ER suspensions show, as discussed ear- 
lier, a linear viscoelasticity m a very limited range of strain ampli- 
tude. With increasing strength of electric field, elastic properties be- 
come dominant However, the viscous and plastic natt~ce of the shear 
stress respome (may be included in out, of-phase component) facil- 
itates the complexity in their dynamic rheological response. Addi- 
tion of emulsion drops with different conductivity may also affect 
the pre-yield rheological behavior, seeing that such e~-nulsion drops 
strongly influence the yield stress behavior [Chin and Park, 2000]. 
E>cpe~-imental data for the dependence of dynamic viscoelastic func- 
tions on the strain amplitude and frequency was presented for the 
linear and nonlinear regime, within the small strata amplitude that 
can be approximated as the viscoelastic response. Onset of plastic 

yielding behavica ~ was also chmacte~-ized by exmnining the devia- 
tion of stress response fionl sinnsoidal wavefonn. Emulsion sam- 
ples of different viscosity ratio were prep~cec[ Dyn~nic visceelas- 
ticity of ER particle suspensions containing the emulsion &-ops was 
investigated in ten-ns of the microscopic change of multiphase ER 
suspension in an electric field. 

MATERIALS AND METHODS 

1. Preparation of ER Emulsions 
Silicone oils (Stfin Etsu Chemical, viscosity r I 0.1 and 1.0Pa-s) 

and chlorinated paraffin oils (C7~O; r I 4.5 Pa-s, supplied by Yukong 
Ltd. and Celeclor s45 rl=0.3 Pa.s, ICI Chemical Co.) were em- 
ployec[ An emulsion of silicone oils and chlorinated paiaffm oils 
was prepared by the simple mixing of a specified amount of indi- 
vidual oils with the magnetic stirrer for 10 min, giving a volume 
iatio of 90/10 (silicone oil/ctiloiinated t~-affm oil) for a different 
ratio of viscosity. Individual oils were Newtonlan fluids and showed 
constant viscosity over the wide r~age of shear rate (0.05-100 s-l). 
The details of emulsion consfituei~ and their physical properties 
are summarized ira Table 1. The conductivity of chlorinated p~raf- 
fm oils is about 102 times greater than that of silicone oils. Differ- 
ences m the dielecllic constant of these liquids are not so great, as 
noted in Table 1. Thi-oughout this papei; c) is used to denote the 
volume fi-action of ctfloiinated paraffin oil (tfigher conductive) in 
the entire liquid phase, and )~ denotes the viscosity ratio bet~veen 
the chlorinated paraffin oil and silicone oil. 

[~ ~l(chlolinated tXtlitffln oil)/q(silicone oil)] 

2. Preparation of El l  Suspensions Containing EmuMon Drops 
As a p~-ticulate subslrate in ER material, polyaniline used ha tiae 

previous work [Chin and Park, 2000] was also employed. The con- 
ductivity of completely dried polyaniline particle obtained was 5.5• 
10 -9 S/m, which is in the range of opfimtu-n semi-conductivity The 
vokune fraction of polyaniline (~)p) was equally set to be 0.130, 
based on the entire vokwne of the suspensions. Chlorinated paraf- 
fin oil (Celeclor s45, rl=0.3 Pa-s) with a volume fraction (6p) of 
0.10 and 0.30 were added to the polyaniline in silicone oil suspen- 
sions. In tilese samples, a sharp increase of tile yield stress can be 
observed with increasing the volume fraction of Celedor s45 &ops 
[Chin and Park, 2000]. 
3. Investigation of the Dynamic Rheological Properties 

For emulsion systems, forced oscillatory expe~-iments under elec- 
lnc field were peffomaed by using a strata-controlled Advance Rhe- 
ometrics Expmasion System (APES; RheomelIic Scientific Co.)eq- 
uipped with the 100FRTN1 low-range transducer and measuring 
parallel plate geometry of 50 man diameter. An electric field (E = 
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2 kV/mm) peipendicula" to the flow direction was applied by high 
voltage power supply (Glas~wnan, Model ELSP8L) to the rotating 
lower plate by using a low-fiiction spring electrode. The upper plate 
was grounded and the gap size was set to 0.5 ram. Since the pre- 
pared oil-in-oil emulsions with considerable density difference are 
unstable and the rheological properties are greatly influenced by 
both the she~ history and the microsh-uaztre previously fonned by 
the applied electric field, a c o n s u l t  initial condition was given for 
each dynamic experiment. The vigorously stin'ed emalsions @300 
rpm for 1 min) were placed in the test fixture and the individual 
samples were changed with new ones for each test. 

Dynamic rheological properties of the polyaniline m silicone oil 
suspensions with and without Celeclor s45 &ops were investigated 
by using an ARES rheometer equipped with 200FRTN1 middle- 
range lransducer and measuring parallel plate geometry of 25 mm 
diametei: An electric field (E 1, 2, and 3 kV/nun)perpendicular 
to the flow direction was also applied to the rotating lower plate. 
The gap spacing was set to be 0.5 nml, too. With the digital oscil- 
loscope (HP 5460013), wavefonns of the sti-ain inputs and torque 
output were recorded and stored in the PC. Storage and loss moduli 
based on the line~ viscoelastic theory were also measured in a lim- 
ited i~ge  of strain anlplitude (below 5%) and fiequency domain 
of0.1-100 rad/s. All the experiments were performed at 25 ~ 

ally, the shorte~" the iange of inteiparticle force, the smaller is the 
linear range. However, in the case of emulsion with ER activity, 
the region ofsti-~l for linear viscoelasticity was relatively wide com- 
pared with the conventional ER suspensiort Fig. 1 gives the result 
of swam sweep (c0=5 rad/s) for emulsion with O=0.1 and ),=45 
(see Table 1) under E=0 and E=2 kV/mm. Wittlout an electric field, 
viscous behavior dominated and linear loss modulus was measureck 
although stable data could not be obtained for the storage modulus. 
Under E=2kV/mm, a clear ER effect can be observed, showing 
the increase of both | and | The linear viscoelastic region can 
be estimated within the sla-ain i~lge up to 10%, which is a higher 
limit than that of particulate ER suspensions. When a chain-like 
column in conventional ER suspension experiences defomlation, 
the process of yielding followed by re-arrangement of ch~l  induces 
nonlinear behavior even for low strain amplitude. However, the de- 
formed &oplets in the electrorheololgical emulsion emerge into the 
slender womMike struc~es, wtzieh are readily recovered ttuough 
complicated processes such as elongation and coalescence, although 
the dyn~nic moduli m the emulsion are quite small compared with 
those of the ER susper~sion. 

In Fig. 2, results of dynamic fi-equency sweep under linear vis- 

RESLrLTS A N D  D I S C U S S I O N  

1. Viscoelastic Behavior  of Elect l~rheologica l  Emuls ions  
Characteristics of electrorheological response for an oil-in-oil 

emulsion system were ieported for the f~ t  time by Pan and Mckin- 
ley [1997b]. In the electric field and dyixamic shear flow, the emul- 
sion with more conductive dispersed phase than confinuons phase 
bet~aves as a viscoelastic material due to the formation of liquid col- 
lwnns that span the electrodes. For the particulate ER suspensions, 
the limit of the linear range is generally less than 1% stl-aiit Gener- 

Fig. 1. Stolage and loss moduli as a function of stlain amplitude 
with and without electric fiehl; the sample is silicone oil/ 
chlorinated palalTm oil 90/10 (q~=0.10) emulsion with vis- 
cosity ratio )`=45. 

January, 2001 

Fig. 2. Dependence of G' and G" on the strain fi'equency with 
and without electric fiend for silicone oil/chlorinated pal~f- 
fin oil 90/10 emuMon. Viscosity ratio (~) between chlori- 
nated paraff'm oil and silicone oil: (a))`=45 (b))`=3 (c))`= 
0.3. 
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coelastic low-strata deformation (5%) are shown for each emulsion 
in Table 1 with (D=0.1. Dependence of G' without electric field 
shows some plateau for emulsion with 0,=45), indicating that dis- 
pei~ed droplets remained spherical due to the large viscosity i~tio 
(X). For other cases, deformation of droplets can be estimated by 
the gradual increase of C2 and C2 with c0. Upon application of an 
electric field, both G' and G" increased significantly, and as ex- 
pected, more profound tendency for increasing appears for the emul- 
sion with higher viscosity ratio (~). This indicates that liqaid col- 
umn slruc~res ~e more stable for droplets with higher viscosity. 
At higher viscosity ratio (~), response of O' became a frequency- 
plateau, which was simila- to that of Farticulate ER snsFensiorL Es- 
F e d @  for the emulsion with viscosity ratio ~,0.3 (less than taaity), 
a negative slope of G' with co apFeared at high frequency. Such a 
response is due to the largely deformed structure of liquid columns 
at high frequency, which can be substanfally regarded as a nonlin- 
ear viscoelasticity. Generally, the increase of the viscous compo- 
nent of slress by the electric field was less fllan that of the elastic 
response. In terms of G", the Igniting frequency that an electric field 
effect dhninishes was decreased with decreasing the viscosity ratio 
(~,). Even though we could expect a sinusoidal response of wave- 
fore1 for those emulsion samples in a linea viscoelastic condition 
and deviating wavefonn at large frequency, we were unable to 
achieve clear patterns due to the sensitivity limit of the inst~nei~s. 
2. Viscoelasticity of Particulate E l l  Suspensions and Effects 
of Emulsion Dl~ps  

The response of ordinary ER suspensions can be classified in 
terms of three regions: pre-yMd viscoelastic, viscoelastic and plas- 
tic at the yield, and post-yield plastic. Such deformation modes are 
dependent upon the strain amplitude, frequency, and electric field 
strength [Gannota et al., 1993]. The response of torque wavefomls 
for polyaniliue ER suspensions subjected to a sinusoidal strain is 
shown in Fig. 3, for the polyaniline ~)p 0.130 suspension in sili- 
cone oil. This set of results exanlines the variation of torque wave- 
fore1 as a function of strain amplitude while the stl-ain frequency 

Fig. 3. Response of the torque waveform (viscoelastic region) sub- 
jected to sinusoidal strain input for the polyaniline in sil- 
icone oil suspension (~=0.130) under E=2 kV/mm and 
low strain; effects of the amplitude of strain (%). 
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Fig. 4. Dependence of G' and G" on the strain amplitude for 
polyanifine in silicone oil suspension; volume fraction of 
polyanifine q~=0.067 and 0.130. 

and electric field strength are held constant (60=5 rad/s and E=2 
kV/nm0, althongh the degree of phase stm~t is not considered in t t~ 
figure. At strain as low as 0.5-1.0~ the torque remains nearly sinu- 
soidal. However, as the strain amplitude exceeds 1.0%, the torque 
clearly begins to deviate from being a sinusoidal response. When 
such a deviation is pronouslced at larger strahl, yMding of electric 
field-induced strucanes may appear, showing the viscoplasfc na- 
ttue. In that case, the ER material no longer behaves as a viscoelas- 
tic body. Therefore, analysis of the ER suspension in terms of the 
viscoelastic properties should be perfolmed in the region of small 
amplitude range. 

Fig. 4 iUustrates the dependence of storage and loss shear mod- 
uli (a '  and G") on the anlplitude of strain until 5%, which can be 
approximated as the viscoelastic region before yielding. For the 
polyaniline susFension of ~)p 0.130 at 2kV/nun, the linear vis- 
coelastic region, showing the constant O' and O", was nearly be- 
low 0.1%. The limiting strain was even smaller inthe case of a more 
dilute suspension ((~p 0.067). Onset of noiflineaJty is characterized 
as the monotonic decrease of G' and the initial increase and conse- 
qnent decrease of G", as pointed out by G oodwin [ 1993]. 

Effect of the addition of emulsion drops on the dynamic behav- 
ior of ER particle suspension ks shown in Fig. 5. The masjaitude of 
the storage shear moduli was enhanced with increasing emulsion 
fraction (D, indicating the dominaling elastic propert~ In compari- 
son, the magnitude of loss moduli was not sensitive to (D. Instead, 
the ma,ximtwn point of O" showed the shift to higher strain ampli- 
tucte. When the both G' and O" curves began to decrease with strain 
amplitude, the breaking of the chain linkages occurred beyond their 
elastic limit and it may be considered as a yielding of slrucalres, as 
indicated by Jordan et al. [1992]. Of cou~e, macroscopic breakup 
of particle strucanes ks not necessarily pennanent and ruptured 
chains often have an ability to refonn or join ~aother daam to make 
a thicker columrL The above status of ~ point?' can be con- 
sidered as the combined region of viscoelasticity and viscoplastic- 
iN Therefore, it may be said that the dyI~nic behavior of the ER 
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Fig. 5. Dependence of G' and G" on the strain amplitude for 
polyaniline in silicone oil suspension (E=2 kV/mm); vol- 
ume fraction of polyaniline ~p=0.130 and different frac- 
tion of Celeclor s45 emulsion drop ~ = 0 ,  0.10, and 0.30. 

Fig. 7. Dependence of G' and G" on file s ~ i n  fl'equency for poly- 
aniline in silicone oil suspension (E---2 kV/mm); volmne 
fi~ction of polyaniline ~=0.130 and different fraction of 
Celeclor s45 emulsion drop ~ = 0 ,  0.10, and 0.30. 

suspension is composed of narrow, linear viscoelastic region, rela- 
lively wide noiRmear region, andyielding region ofvisccelasfcity- 
plasticity. Additional liquid columnar smlctures by the inclusion of 
emulsion ch-ops (Celeclors45) were found to not only enhance the 
macroscopic yield stresses of garticulate ER susper~sions [Chin and 
Park, 2000] but also to widen the viscoelastic regime and delay the 
onset of  yielding, as clearly seen in Fig. 5. 

For the polyat~ine/silicone oil susper~sion with (~p=0.130 and 
Celeclor ~b 0.10, effects of the electric field strength are also shown 
in the s~-am anlplitude - CY, G" curve of Fig. 6. Nearly similar fea- 
ttu-es were obtained compa-ed with the case of change in enmlsion 

Fig. 6. Dependence of G' and G" on the strain amplitude at dif- 
ferent electric fiehl strength for polyaniline in silicone oil 
suspension; volume fraction of polyaniline ~=0.130 and 
Celeclor s45  emulsion drop ~P=0.10. 

January, 2001 

fraction q) hrespective of the volume fi-ac6on of particle (~p) and 
emulsion &op (r elasticity became dominant and the yielding of 
s~ucmres was delayed, especially at higher electric field streiWh. 

Fig. 7 shows the storage shear and loss mcxlulus as a func6on of 
strain frequency for the polyaniline/silicone oil suspension (d?p= 
0.130) containiig Celer &ops. The elecbic field strength was 
set to be 2 kV/mln. The strain amplitude is 0.05%, which is suf- 
ficiently low to satisfy the linear visccelstic condition, as seen in 
Fig. 4. Obviously, the viscoelastic response dominated in the stor- 
age shear mockflus, representing a fiequency-plateau tt~oughout 
the range meast~ed. The elastic solid betxavior was shown in this 
smaU sb-ain conditiolt Like the dynamic yield stress in post-yield 
state, the storage mo&ilus was increased with the fi-acticn of emul- 
sion e), although the increme~lt was not so profound, probably sug- 
gesting the existence of the limit in material strength [Pan and 
Mckinley, 1997a]. The loss mo&flus firstly increased with (I)=1.0, 
but at higher emulsion fraction, the magllitude was decreased again. 
Complicated behavior of G" data versus frequency is probably due 
to the less dominant viscous property at the small strain condition. 
3. Yielding and Viscoplasticity of ER Materials 

The yielding region of ER fluid is conmlonly characterized as 
the material begins to flow or permanently defoml, in which the 
shape of the response of the stress function deviates fi-om that of 
strata As the amplitude of strain fizther increases, the torque wave- 
form takes a mmcated shape and the maxzmum torque in the waves 
continuously inca-eases with the strain amplitude and electric field 
strength. Fig. 8 illustrates the waveforms of torque at the yielding 
region for the polyaniline-based ER suspensions in the various elec- 
tlic field and emutsion volume fi-actioils. The amplitude of torque 
waveform was gm&lally increased with the electric field strength, 
and at the same elec~ic field, it was also incaeased with the frac- 
tion of emutsion &op ~. Analysis of the data in the yielding region 
was difficult due to the complex rheological nature of ER materi- 
als. One possible explanation can be obtained from the torque-strain 
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shape was destroyed and a tran-sition fi'om viscodasticity to visco- 
plasticity occurre4 The area within the hysteresis loop indicates vis- 
cous energy dissipation_ Even in the viscoplastic region of lmge 
strain (5-50~ a continued increase in the electric field strength 
and the fi-action of emulsion drops (~)  resulted in an increase of 
this area, as seen in Fig. 9 (c) and (d). Such a significant deviation 
from elliptical shape suggests the introduction of some other damp- 
ing mechanism, especially coulomb damping [Gam:ota and Fil- 
isko, 1991]. However, existing dynamic models cannot explain the 
complex rheological properties of ER materials in the yielding re- 
gion. For fiartiler itlvestigation of the dynamic kehavior of ER fluids, 
development of an appropriate model that can explain tile com- 
bined viscoelastic-plastic nature is required. 

CONCLUSIONS 

Fig. 8. Response of the torque waveform (yielding region) sub- 
jected to sinusoidal strain input for the polyaniline in sil- 
icone oil suspension (#}=0.130) at large strain amplitude 
for the different elech'ic fiehl strength and emulsion vol- 
ume fraction ap. 

curves ca- hysteresis loop. VVllen the hysteresis loops are recorded 
for the ER material during sinusoidal strain, it takes an elliptical 
foml in tile viscoelastic region [@annota and Filisko, 1991] as seen 
in the curves in Fig. 9 (a) mad Co) with strain amplitude of 1.0%. At 
higher electric field, tile angle between the major axis of die loop 
and abscissa was increased [compare tile ctrves (a) and (b)]. This 
indicates the increased elastic component associated with the de- 
fomlation of ER materials. However, at large strain, tile elliptical 

Dylkamic rheological behavior of ER fluids containing emulsion 
drops, ds lmrticles, and lmrtide-&op bi-dispersed phases was 
investigated in oscillatory shear flow. Oil-in-oil enlulsions with lnore 
conductive dispersed phase were considered as the model ER emul- 
sions. Their electrorheological response dominated in the relatively 
significant increase of o-2 than G", and tile more viscous dispersed 
phase facilitated the 0-2 enhancemelat. Moreover, the respon-se of G' 
was simila- to that of particulate ER suspension for die emulsion 
of large viscosity Patio. The limit of strain amplitude for tile linear 
viscoelasticity was as high as 10%. 

For the particulate ER suspension containing semi-conductive 
polyaniline, torque wavefonns subjected to sinusoidal strain input 
showed deviation even in the small strain of 1.0-5.0%, indicating 
the transition ffonl viscodastic to viscoplastic behavior, witiml tile 
region of viscoelasticity, the linear region was restricted below the 
amplitude of 0.1%. Howevm; an increase of tile electric field 
strength and tile vokane fraction of emulsion &ops (~) resulted in 
a higher viscodastic-lhnit strain and delayed tile onset of visc@as- 
tic yielding. Tile storage shear mocMus in tile linear viscoelastic 
region showed a frequency:plateau, which is the typical feature of 
an elastic solid. 

Subjected to a strain with large anlplitude, an ER nlatefial can- 
not be treated as a viscoelastic body. Domii~ant viscoplasticity and 
energy damping was characterized by the torque-strain hysteresis 
curves, which was shown to be a strong fimction of electric field 
strength and tile volume fi-action of ER-active emulsion di-ops. 
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