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Chain/column evolution and corresponding electrorheological effect
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We present an investigation about chain/column evolution and the corresponding electrorheological
(ER) effect performed with glass/oil ER fluid. Our results demonstrate that once the field applied to
the ER fluids surpasses a certain time period, the particles begin aggregating to form chains. These
chains then coarsen and eventually form columns in the direction of the external field. We found that
different column structures can be obtained depending on how the electric field is applied to the ER
fluid. Only a loose column structure can be achieved if a square pulse field is applied to the ER fluid,
yet a compact column is formed when the field strength is increased slowly. We have measured the
ER effect with a sensitive yield stress testing device as the structure varies. The results indicate that
there exist three increasing tendencies of interaction among particles corresponding to three
processes of sequential transition between states; thé§)a@ndom spatial configuration to chain,

(2) chain to metastable column, a(8) metastable column to stable column. 1®99 American
Institute of Physicg.S0021-89709)07201-1

I. INTRODUCTION ies. The results indicate that there exist three steps of inter-
action strength corresponding to the transitions between
ElectrorheologicalER) fluid is a kind of colloid which  three structures; they afa) random spatial configuration to
consists of dielectric particles immersed in an insulating lig-chain, (b) chain to metastable column, arid) metastable
uid. It has a unique property that its viscosity increases draeolumn to stable column.
matically upon application of an external electric field and
returns to its original value when the electric field is re-
moved. The change of viscosity of ER fluids is thought to be/l- EXPERIMENTAL AND DISCUSSIONS
caused by the dipole—dipole interaction induced by the exa. Evolution of chain/column transition—fast
ternal field on the particles’ It is thought that the particles aggregation
will aggregate to form chains and then to colurfiriBhis . . .
. The experimental cell is assembled by mounting two
phenomenon has recently been observed in magnetorheolo- ; o .
gial (MR) fluids under a pulsed magnetic fiélEor the ER parallel electrodes on a glass slide with dimension of the cell

fluid case, primitive studies about the chain formatfcand to be 2.5 mm .W'de( 10 mm _Iong<5 mm high in .Wh'Ch. a
1112 . drop of well-mixed ER fluid is dispersed. An optical micro-
structure evolutioh*? have been carried out before, how-

. X . i with vi recorder i monitor the whole pro-
ever, a direct observation of chain/column transition and thés'COpe th video recorder is used to monitor the whole pro

T : . cess of chain and column formation as the pulse-on electric
corresponding interaction among particles has not been fald is applied to the sample. The period T of the pulse is
plored.

In our previous papel we have shown that under a fixed at 8.46 qfor the experimental setup see Ref).1Bhe

fixed st th of electric field. th ter-f tered R fluid used in the present experiment consists of water-
|xet IS rer;gd ot elec rr]lc ele, 'I? wa er-.lreell,l watere ,t ar: ree glass microspheres mixed with silicone oil. Figure 1
metal coated microspheres in siicone ol Will aggregalte 10, i ates the aggregation process of glass microspheres un-
form chains only when the acting timg {pulse-on time on

: i ; der an external electric field pulse with,} of 1.2 kvV/mm
the ER fluid$ of the electric field on the ER fluid surpasses and variable power on time of t To measure the minimum

Z_fc;ertamthresho:d valug. 'll'hehc_:haln_folrmatlon time va?eshforChain and column formation time of our system, we in-
Ifterent materials used. In this article, we present furt er(:reased\,¢ gradually. The chain formation process shown in

experimental evidence of the_ particle. aggregation processeg,, previous paper at t,=0 all the particles are dispersed
We found th"’}t the aggregatlng particles first form Chalr‘Srandomly in the oil. Once,t surpassed a certain value the
Then t_he chalr_ws bggm to coarsen and_ eventually form COIf)articles formed chains suspended across the two electrodes.
umns in the direction of the external field. We also foundA series of images of the whole process of chain/column
that only a loose column structure can be obtained if the ansition under two different field strengths is shown in
square pulse field is applied to the sample, a compact colum,aig& 1a)-1(d) and Xe)—1(h), respectively. From Figs.(a)

can be built if the field strength is increased slowly. We have, 1(d), we notice that as,twas increased, the chains sus-
measured the interaction among particles as the structure Vaﬁ'ended across two electrodes begin to coarsen and contact

together to form thin columns. If,twas further increased,
dElectronic mail: wwen@ucla.edu the columns continue to coarsen and finally form thicker and
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FIG. 2. Dependence of chain length and column width on the time scales,
here(N) and(N’) are defined as average number of microspheres in a chain
and average number of chains in one column. The regions I, Il, and Il
represent different stages of structural evolution; they @ye;rom random
configuration to chairll ), from chain to metastable colunthl ) from meta-
stable column to stable column.

B. Evolution of chain/column transition—slow
aggregation

We noticed that all the columns observed in Fig. 1 are
loose structures and it seems that no ordered structure could
be built. However, according to the theoretical prediction,
the lowest energy state of ER fluid is a stable state at which
all particles should aggregate to form ordered structure, i.e.,
in most cases the body centered tetragon8ICT)

FIG. 1. Evolution of chain/column transition when the pulsed electric field structuret=34We realized that if the rise time of the electric

is suddenly applied to the sample, whéae-(d) and (e)~(h) are carried out field is short or the field is applied suddenly, the particle’s
under field strength of y ,=1.2 and 0.8 kV/mm, respectively. The volume . g o
fraction is 0.092. movement is so fast that it cannot reach its lowest energy
state, which means that the state presented here might not be
in equilibrium. In order to verify our hypothesis, an addi-
tional experiment was carried out by applying the electric
field to the sample linearly and slow{the rate of increase of

more stable columns with finite diameters. The chain/colump;g|q strength was fixed at 30 V/mm per sechrithe whole
transition under a lower field strength was also tested and }Srocess of structure evolution is shown in Fig. 3, where we
was found that the weaker the field strength applied, the

slower the column formed. This fact can be realized from
Figs. 1e)—1(h), where the minimum time for the chain and
stable column formations are measured to be longer than 200
and 1400 ms, respectively. The average chain length and
column width depend on the pulse on-time and this is illus-
trated in Fig. 2, wheréN) is defined as the average number
of particles per chain an@N’) is the number of chains per
column in diameter. Regarding each data point, 16 chains
and columns were counted for the particle and the chain
numbers, respectively, and the average was taken. Only the
chains and columns at the surface were enumerated, even
though we found that the topography of the chains and col-
umns did not vary with depth. It should be noted that the
volume fraction of this ER fluid is at the medium value of
0.09, otherwise particle counting is difficult. Figure 2 indi-
cates that{N) increases monotonically with,t A complete
chain formed at 150 ms, after which the chains began to
coarsen andN’) increased. After 1.2 s, all columns were
stable and(N > was saturated. The column width in our FIG. 3. Evolution of chain/column transition when a dc electric field is

System was less than SQ@m and the diameter'to'length increased very slowly. The field strengths fa, (b), (c), and(d) are 0, 500,
ratio of a column was about 0.2. 900, and 1200 V/mm.
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and the experimental setup is shown in Fig. 4. As can be

@ seen from this figure, the ER effect was measured by using a
Stainless steel wire parallel plate torsion device. The motor rotating speed is
o fixed at 0.001 rpm during the entire testing process. With a

pulsed electric field applied across the ER fluid sandwiched

Mirror between the two parallel plates, the lower plate was mounted
T to a motor whose rotating speed could be controlled. The
‘ Laser upper plate was held by a stainless wire on which a mirror

was fixed. Without electric field, the zero position on the

ER fluid ] reading device was adjusted when the lower plate was ro-
' T tated very slowly, dragging the top plate. As an electric field
Reading device _.:j Vp-p | was applied, the viscosity of ER fluids increased and resulted

in the deviation of the mirror from its original position. The
information on the screen could then be read out until slip-
ping occurred between the two plates. Our testing result is
given as Fig. 5. We found that the time response of ER effect
changes with particle size. The trend shows that the smaller
FIG. 4. Setup for ER effect measurement. The motor speed is 0.001 rpmgpa particle size, the shorter the ER effect response time.
Under the same experimental conditions, the initial response

can see that while the field strength was increased to 500me for ER fluid with 1.5xum-diameter particles is shorter
V/mm, all suspended microspheres aligned themselves tian 5 ms, whereas the ER fluid consisting of 47-
form complete chains across the two electrodes, Fig).3 wm-diameter particles is near 100 ms. One would imagine
Thin columns can be seen when the field strength reachethat the larger the particle size used, the longer the response
900 V/mm, Fig. 3c). The columns continued to coarsen andtime for ER effect. Using a 1.wm sample, atj=500 ms,
eventually formed stable columns even when the electrithe dependence of the ER effect on the magnitude of the
field was further increased, see FigdB Here we note that pulse field is determined as shown in the inset of Fig. 5. The
the columns are compact structures. However, it should btest is performed by increasing the field strength,¥rom
pointed that in the present experiment, it is difficult to deter-500 to 2500 V/mm while measuring the variations gf T
mine the column structure. In fact, for most applications ofwhich is defined as the time needed for the laser spot to
ER fluids, the external electric field is applied to the systemmove 20 divisions in distance. It can be seen thatde-
within a very short time. In this case, it is very difficult to creases as field strength is increased, which means that the
form any ordered structure as mentioned above. Howevehigher the field strength the stronger the ER effect.
the ideal model for the theoretical calculation may be based A more interesting phenomenon, which can be seen in
only on the latter case, that is, the aggregation of particle&ig. 5, is the existence of three increasing steps of ER effect.
proceeds slowly enough so that the compact structure of colh order to compare the ER effect with corresponding struc-
umn formed has sufficient time to equilibrate. ture changes, we use the example ofidm-diameter micro-

We would like to emphasize here that, in our systemsspheres. We found that the first step lasted from 60 to 160
the column diameters formed by glass microspheres are lim-
ited even if we further increased the electric field. As an
example of the electric-field-induced system, according to 1000.0 ¢
Ref. 12, for a one-dimensional structure, a dipole chain or i i’=0?952um
column will experience strong Landau—Peierls fluctuation [ 0 —--27um
and the aggregation of new particles to the chains or columns
will take place preferentially at the tip. This will serve as an
upper limit on the column width. The expected columns will
have a radius, ~a(L/a)?® whereL anda are the length of
the column and the radius of a microsphere, respectively. In
the present casé,=2.5 mm anda=25 um. The column
width in our system can be calculated to be about 1.07 mm
which is twice the experimental value. We believe that there
is competition between the repulsive and attractive forces i -
between two chains or columns. The larger the column be- [ * Buvmm
comes, the slighter the fluctuation of the column. This might O b
be the reason for the presence of a critical column diameter 0] 0.01 0.1 1 10
in our system.

100.0 | & -—45um
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C. Time response of ER effect FIG. 5. Dependence of ER effect on the acting time to the sample. Inset

. . . shows field dependence of ER effect at fixgeF 500 ms. Here Tis the
In order to measure particle interaction as Structur€S§me that the laser spot on the reading device moves 20 divigfmre each

changed, a sensitive ER effect testing device was designediision is 2.5 mm in distange
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ms, the second from 160 ms to 1.2 s, and the third corretion as the structure varied. The results show that there exist

sponded to time after 1.2 s, which is consistent with the thre¢hree increasing tendencies of interaction among particles

structural change$l) random spatial configuration to chain; which correspond to three processes of the structure changes.
(2) chain to metastable column; af®) metastable column to

stable column. Unfortunately, the chain/column transition for

;.5 um part.icles could not be exhibited here due to difficu]ty 1L, C. Davis, Appl. Phys. Lett60, 319(1992: Appl. Phys. Lett81, 1985

in observation of the small particles under a normal optical (1997: Phys. Rev. M6, 719(1992.

microscope. 2T, C. Halsey and W. Toor, Phys. Rev. L&, 2820(1990.
3H. Ma, W. Wen, W. Y. Tam, and P. Sheng, Phys. Rev. L&R. 2499
IIl. SUMMARY (1996.
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formed.wnh water-free glass microspheres suspended in silis, Conrad, inParticular Two-Phase Flowedited by M. C. RocgButter-
cone oil have been seen under an external time-regulatedworths, Boston, MA, 1992 p. 355.
electric field. It was found that the chain/column transition ;A- Khusid and A. Acrivos, Phys. Rev. B2, 1669(1995.
occurred once the acting timg on the sample surpassed a QE'J""IC_:". ??g;iggx'ig i??pflgizt" Phys. ReVS(E 642 (1997,
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