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Shear-enhanced yield stress in electrorheological fluids
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We report the enhancement of yield stress in electrorheolo¢f)l fluids by a shear-annealing method,
using creep-recoveryCR) cycles under an external electric field. The enhancement depends on the duration
and the strength of the applied shear stress, as well as on the number of the CR cycles. The shear-annealing
method enables the particles in the ER fluid to form microstructures with an increased yield stress, manifest as
better aligned and denser columns. For a sufficiently large number of CR cycles, with an optimal combination
of stress duration and shear strength, a stable state can be obtained whereby shear deformation becomes elastic.
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ElectrorheologicalER) fluid is a complex fluid consisting cycles were then applied to the sample after applying the
of micron-sized dielectric particles dispersed in a noncon<€lectric field. One CR cycle consisted of a constant shear
ducting fluid. Its rheological property can be controlled by stress period and a recovery period without shear stress, with
the application of an external electric field whereby the parthe applied electric field on. The strength of the shear stress,
ticles first form, in milliseconds, chains and then columns
along the electric field directiofl]. These chains and col- 1
umns enable the ER fluid to resist shear deformation. The
stronger the electric field, the stronger the resistance to shea
More importantly the process is reversible by the removal of
the electric field, thus making the ER fluid an ideal material
for real time feedback control applications in isolation damp-
ers, clutches, and valvg4]. However, in order to meet the
demanding requirements for practical applications, the &
strength of the ER fluid must be improved. The strength of
an ER fluid depends on two factors: the material and the
microstructures inside the columns. In the past, almost all
efforts had focused on the materials p@+5|. However, it N T
is known that the microstructure and size of the columns can -4 L L
play an important role, in particular, for the static case. It is 0 2000 4000 6000
now known that the ideal microstructure for monodispersed
spherical-particle ER fluid, as well as its counterpart, the time (s)
magnetorheological (MR) fluid, is a body-centered-
tetragonal (BCT) lattice [4,6,7]. However, in real experi- 1 ™ o008 T
ments the formation of BCT columns is far from perfect r_ (b) Ve 1°
because of random particle aggregation upon the applicatior ok ; .
of an electric field. Recently, it has been reported that by 000 ' ]s€

LY

logioY

compressing the MR fluid under an external magnetic field,
the strength of the MR fluid can be increased dramatically »-
[8]. Here, we show the strength of ER fluid to be similarly £ : oy o
enhanced through shear-annealing, using creep-recoverS 2 | time ()
(CR) cycles[9]. It is possible to produce an elastic end state “ L(t CEGLLS f LLLC0L]
after the application of a sufficient number of CR cycles. \\\‘\ Fagaignanangn
We used 2.%0.1 um silica spheres dispersed in silicon BRANY \ \\\1 RRRE l\ i
oil as the ER fluid 10]. The silica particles were used with- TETTTL IR L Loty
out removing the water residue, and the particle volume frac- —4 L =
tion was 0.45. A Hakke CS-20 rheometer with an ER option 0 2000 4000 6000
and parallel plate sensor was used. The ER fluid was firs!
mixed using a shaker for half an hour to ensure uniform

mixing. It was then transferred to the rheometer with tem- £ 1. The log of the strairy (deformation of ER fluid con-
perature of the parallel plate senor regulated at 25°C byaining 0.45 volume fraction of 2.5m silica spheres in silicon oil
using a thermal circulator. A 700-Hz ac electric field, up tounder a 700-Hz 1.0-kv/mm electric field for 20 CR cycles using a
1.5 kv/mm, was applied between the plates with a 2—3 mmL0 Pa shear stress and a shearing peride)ef0 s andb) 80 s. The
spacing. The ER sample was “conditioned” at a constantnsets show the deformatiotsolid dot3 and the shear stress
strain rate for 1 min before applying the electric field. CR (dashed lingof one CR cycle.

time (s)
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FIG. 2. Strainy (deformation versus stress in log scale for(a) FIG. 3. The frequency dependence of yield strggof ER fluid

random initial condition andb) few CR cycles as shown in Fig. 1. after CR cycles under a 400-Hz 1.5-kV/mm electric field with
The solid lines in(a) are tangents of the two segments. The inter-160 s shearing period and 200 s recovery period(&rvarious
cept of these two lines gives the yield stress of the ER fluid. numbers of CR cycles at fixed shear stress of §0Paycle corre-

sponds to yield stress measured with random initial conditiand

the shearing period, and the recovery period were varied i) gifferent shear stress with 5 CR cycles. 0 Pa corresponds to no
study their effects. Figure 1 shows the straiideformation  shear stress in the CR cycles.

in log scale in response to CR cycles using a 1-kV/mm

electric field and a shear stressf 10 Pa, which was slightly shear stress of a CR cycle, chains and columns were
larger than the yield stress of the ER fluid with a randomstretched and tilted. This process is envisioned to remove
initial condition without the CR cycles. Note that the defor- some of the defects by slippings and restructurings. After the
mation is offset to zero after a complete CR cycle. In Fig.stress is removedin the recovery period the chains and
1(a) the stress and recovery periods are 40 s and 200 splumns would relax and combine to form larger columns.
respectively. The inset shows the deformatisolid dots Hence a CR cycle is similar to an annealing process. By
and stresgdashed lingof a CR cycle. In Fig. (a), it is clear  repeating the CR cycles, the structure of the ER fluid could
that the deformation is mostly permanent, with a small elasbecome stronger, resulting in a larger ER effect.

tic portion. The overall deformation amplitude decreases af- To measure the yield stress of the ER fluid, the deforma-
ter repeated CR cycles, but there does not seem to bet®n resulting from a slow(contro) ramping in stress was
steady state after 20 CR cycles. In contrast, for longer sheameasured. A log-log plot of deformation versus stress will
ing periods, the behavior is very different as shown in Fig.have two segments as shown in Figa)2for random initial

1(b) for 80 s shearing period. It is seen that after a few CRconditions. The first segment represents the elastic deforma-
cycles an elastic steady state was reached where deformatition below the yield point, while the second segment corre-
returns to the origin after the removal of the strgsse the sponds to flow above the yield point. The yield stress can be
inset to Fig. 1b)]. Elastic steady state could also be obtaineddefined as the intersection of the two segments as indicated
for a longer shearing periods up to 160 s. For shearing perin Figs. 2a) and 2b).

ods longer than 160 s, the ER fluid started to flow and no Figure 3a) shows the shear yield stresg as a function
state steady can be obtained. of frequency(of the applied electric fieldfor various num-

It is clear that the CR cycles affect the structure of the ERbers of CR cyclegusing a shear of 5 Pa in the CR cycles
fluid. When the ER fluid with random initial condition is put with an electric field of 1.5 kV/mm at 400 HiZzZThe enhance-
under an electric field, chains and columns are formed. Howment due to CR cycles is obvious: more CR cycles imply
ever, their internal structures are far from perfect. Under théarger enhancement. A maximum enhancement factor of 5
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FIG. 4. Cross section along titefield direc-
tion for 50 um glass spheres in epoxy ER fluid
with particle volume fraction 0.46 and 1-kV/mm
E field for (a) with and(b) without the CR cycles.
50 um spheres were used because of easy obser-
vation as compared to 2,6m particles. The ep-
oxy based system was more complicated than the
oil based system because of the hardening effect
of the epoxy during the CR cycles. The viscosity
of the epoxy changed from about 100 cps to
much higher values at the later CR cycles as the
epoxy hardened, and thus hindered the effective-
ness of the CR cycles. Nevertheless, the epoxy
based ER fluid showed similar stress-strain be-
havior as the oil based ER fluids in the early CR
cycles as in Fig. (b), resulting in better chain/
column formations than without the CR cycles.

was obtainednot shown in Fig. 8)] using 40 CR cycles at columns along thé& field direction for an ER fluid frozen in
400 Hz electric field. However, further increase in CR cyclesepoxy with[Fig. 4@)] and without[Fig. 4(b)] the CR cycles.

did not lead to further improvement. FiguréoB shows the It is obvious that Fig. &) with CR cycles shows much
shear yield stress as a function of shear stress used in the Glenser and well-packed columns than Figo)4without the
cycles. It is seen that the larger the shear stress used in tleR cycles. For a sufficient number of CR cycles, it is pos-
CR cycles, the larger the enhancement. Furthermore, the déible for the ER fluid to reach a state where deformation
pendence is approximately linear. For stress of 9 Pa, thecomes ela_stlc. The optimal strength of stress, shearing, and
sample flowed during the CR cycles and hence no yield®COVery periods, and the number of CR cycles would de-

stress measurement was attempted at high frequencies. H§g"d very much on the properties of different ER systems.
even larger stress, the sample flowed for all frequencies. owever, it is clear that the shear stress used cannot be much

The above results can be explained by the reformation 0l‘arger than the yield stress of the ER fluid with random initial
the ER fluids microstructure under the CR cycles. Under conditions. Also the stress period should not be too long, or

constant shear in a CR cvcle chains or columns Weraotherwise the chains and columns will have no chance to
ycle, feform. To conclude, we have shown that using a shear-

. . . 5nnealing method, the strength of ER fluid can be enhanced.
deformation. However, once stress is removed in the reCOVrhe enhancement is due to structure reformation.

ery period, chains and columns would recombine to form

larger and more regular columns. By repeating the CR This work was supported by the Competitive Earmarked
cycles, the structure of the ER fluid will tend to be more Research Grant No. HKUST 6122/98P of the Research Grant
regular and stable as shown in Fig. 4 the cross section of théouncil of Hong Kong.
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