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New Electrorheological Fluid: Theory and Experiment
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We have fabricated novel doubly coated particles, with a conducting inner layer and an insulating
outer layer, for use in electrorheological fluids. Orders of magnitude enhancement in the yield stress is
obtained by using such particles, when compared to that of bare particles or singly coated particles (with
the insulating layer only). The measured static yield stress agrees well with first-principles calculations,
and supports a physical picture using electrostatic energy arguments for an intuitive understanding of
this large enhancement. [S0031-9007(97)02932-3]

PACS numbers: 61.90.+d, 41.20.Cv, 62.20.-x

Electrorheological (ER) fluids, which can change fromsegment joining the centers of the two spheres will be
a liquidlike state to a solidlike viscous state upon the apboth tilted with an angled with respect to the electric
plication of an electric field [1], hold great potential for field direction, as well as lengthened. If the new separa-
many applications such as in shock-absorbing vibrationdion is denoted/, then(2R + d)cosf = 2R + §, so that
dampers, clutches, and robotics [2]. In practice, howeverd = & + R6? for § small. Within the small angle ap-
large scale utilization of ER fluids has yet to be realized foproximation, the shear stress is given byaC/00)/R
lack of ER systems with the required yield stress, stabil{R/§)\/(d — 8)/R, which is noted to have a peak value.
ity of the ER effect over an extended period, ER dynamicThe static yield stress is defined by the peak value of the
range, and acceptable wear resistance, among other conghear stress, given by the conditiondf= 26, so that the
tions. Part of the obstacles in developing high performancetatic yield stresgv\/W(elEZ/gﬂ), where the quantity
ER fluids lies in a lack of clear understand|ng for the ER|n parentheses is the unit of energy density in the present
mechanism and its limiting potential, as well as in the diﬁi-pr0b|em, withe; denoting the liquid dielectric constant.
culty offinding a single material that can fulfill all the elec- This heuristic argument tells us that in order to obtain a
trical and mechanical requirements of such an ER systenfarge ER effect in terms of the yield stress, we should strive
In this Letter, we propose a novel ER system consistingo optimize the insulating layer coating thickness so that
of multiply coated particles in a dielectric fluid. Through it would prevent shorting between the conducting spheres
both physical arguments and first-principles calculationsand provide wear resistance on the one hand, and give a
we demonstrate that replacing dielectric particles by suckyrge yield stress on the other. Since the effect depends
partiCIes with inner metallic Coatings and outer dielectriCOn the ratio betweeR and 6’ it is also predicted that the
coatings will have orders of magnitude enhancement ovegarticle size will have an effect. In this regard, a large di-
the otherwise identical ER systems [3]. We have fabrig|ectric constant for the coating material (or the liquid) is
cated such particles and we present experimental resulsp|us, as it increases the capacitance of the system [4].
demonstrating the expected improvement in yield stress. \we now describe the fabrication process for the dielec-
More importantly, by coupling a physical understanding oftric/metal (DM) doubly coated particles (DMP). The core
the ER mechanism with the experimental fabrication antharticles are solid glass spheres commercially available in
characterization of the partiCIeS, we show that there can b@arious sizes. In this Work’ we used Spheres with diame-
a path of continuous improvement through which optimakersi 5 um(=0.1 um) and50 wm(=7.5 wm). From the-
ER fluid performance may be achieved. oretical considerations above, it is clear that the material

An intuitive understanding of the ER effect can be ob-for the core is immaterial to the ER effect; these spheres
tained by capacitive electrostatic energy argument. Comaye the advantages of high strength and low mass (which
sider two conducting spheres of radRign close proximity  js important both for better response time and for avoiding
to each other, with a separatiérbetween their surfaces at sedimentation from gravity). The conventional electroless
the point of closest approach. Provided> &, the mu-  plating process [5] was used to deposit the inner conduct-

tual capacitance has the form ing nickel layer. The outer insulating layer material used
R was titanium oxide, chosen for its hardness, resistance to
C =« RIn 5 wear, the high dielectric constant. This outer layer was

deposited using a sol-gel process [6]. Thickness control
Under an applied electric field along the axis joining of the layers was achieved by solution concentrations and
the centers of the two spheres, the leading order term gfrocess durations. It is crucial to avoid particle coagula-
the free energy density is proportional @ If now we tion during the process, and this was achieved by adding
apply a shear perpendicular to the electric field, the linean excess sugar solution to form a buffer, which could
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subsequently be removed by heating. The sugar solution,
in addition, formed a foam structure during heating which
further separated the particles. After heating (80Gor

10 hours) to remove all organic components, the DMP’s
were collected as ashes and dispersed in silicon oil to form
the DMP ER fluid. The heating also serves to properly
anneal the Ti@ coating, with the very desirable proper-
ties of high dielectric constant, excellent adhesion, and
hardness.

We have taken cross sectional electron microscope
pictures at various stages of the coating process for
monitoring purposes. A.5 um particle with only the
nickel coating is shown in Fig. 1(a). It is seen that the
metallic coating was on the order of 100 A in thickness
with excellent uniformity. Figure 1(b) shows a doubly
coated particle at the completion of the process (after
heating.) In contrast to Fig. 1(a), the Ti@oating has
a much greater variation in thickness, ranging from 100
to 250 A in this case. Figure 1(c) shows, at higher
maghnifications, &0 wm doubly coated particle showing ©)
the annealed crystalline structure of the Ti®@uter
coating. Comparison between Figs. 1(a) and 1(b) or
1(c) also indicated the disappearance of the metal/glass
boundary clearly visible in Fig. 1(a). This is most likely
due to diffusion of the nickel atoms during the heating
process after the TiQcoating process. However, as
we will see in yield stress measurements below, this
conducting layer, while not visible in the picture, is
sufficiently continuous to fulfill its mission of expelling
the eIect'ric field (from t_he interior of the_particl_es) andled s 1 cross sectional electron micrographs for (&) um
to behavior markedly different from particles without suchnickel coated, (b)1.5 wm doubly coated, and (cy0 um
an inner conducting coating. As a further check, we haveloubly coated particles. The scale bar is 100 and 25 nm for
performed a compositional analysis of the particles. Thda), (b), and (c), respectively. While in (a), the metal/glass

results are in general agreement with the above picture, interface is clearly visible, diffusion of Ni atoms, probably
A lel olate Vi ¢ dt thfrom the heating process following the sol-gel process, blurred
parallel plate viscometer was used 10 measure ng,q boundary, as shown in (b) and (c). The TiGoating

yield stress of the DMP/silicon oil ER system. To re- thickness is seen to be in the range of 10 to 30 nm for (b)
move any traces of water from the system, all sampleand 25 to 60 nm for (c). Note also the darker spots seen only

went through a 24 hours heating process at°R@rior  in the TiO, coatings in (b) and (c). This led us to believe

to each measurement. The vield stress was measured wifift the TiQ coating was at least partially crystalline, the dark
pots being regions with high scattering efficiency when the

a _50 Hz ac field_applieq betw_een th,e pa_lrallel plates, _anéragg condition was satisfied when the electron micrograph
using samples with particle/fluid fraction fixed to 0.2. Fig- was taken. With higher magnification, the apparently micro-
ures 2(a) and 2(b) show the measured static yield stress forystalline morphology of the TiDlayer can be seen even more

a DMP/silicon oil ER system using the 1.5 afi@l um di-  clearly in (c).

ameter particles, respectively, as a function of electric field

strength. Static yield stress over 2000 Pa was obtained at TO put our understanding on a firm theoretical ground,
2 kV/mm for the DMP system. For Comparison’ we alsoas well as for a more quantitative Comparison with experi—
showed the static yield stress measured for the bare glagent, we have carried out a first-principles calculation for
particles as well as glass particles coated only with,TiO the doubly coated spheres system. The aim of the calcu-
[see also Fig. 2(c) with an expanded scale for Fig. 2(a)]lation is the solution of the electrostatic equation for the
The ER enhancement of the DMP system was over 2 ordef@otential functiong (r):

of magnitude. It is seen that the DMP system followed

generglly the expected electric field squa?/ed dependence. V- lemVem] =0, (1)
These DMP’s were found to be extremely robust and cagyhere the dielectric constant

sustain both the high electric field and high stress which are 3

prerequisites for any application. The size dependence is e(r) = e,[l — Z ni(r)/s,},

seen to be in general agreement with the intuitive picture i

presented above. si = €/(e; — €), € is the dielectric constant of thith
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FIG. 2. The measured (symbols) and calculated (lines) static yield stress of ER fluid using fen doubly coated particles,

(b) 50 um doubly coated particles, and (c) expanded scale of (a), uncoated particles (open squares) and singly coategd with TiO
only (solid squares.) As explained in the text, the solid line is yield stress obtained from first-principles calculations using known
dielectric constants, and measured geometric information of the particles. Because of the variation abafi@y thickness as

seen in Figs. 1(b) and 1(c), the calculation was done for a range of thickness, as labeled. As a comparison, we have also
calculated for the case of solid Ti(particles of the same sizes (dashed line) showing that the doubly coated particles have far
superior static yield stress.

material component, ang;(r) is the characteristic func- r;, = [ dr' n:(t")V'G(r,r') - V, (3)
tion, taking the value 1 in the region ofmaterial com-
ponenti, and O otherwise. The characteristic functionsand G(r,r') = 1/47|r — r'| being Green's function for
contain all the mlcrpgtruptural information of the system.i,o Laplacian operator, arid denotes the sample volume.
The boundary condition imposed on Eq. (1) isthat= 0 Ngte thate is only a function of materials and microstruc-
atz =0,and¢ = Latz = L, with L — «. By follow- ¢ es.
ing the formalism developed by Bergman and Milton [7],  The effective dielectric constant is the key to the de-
the solution of Eq. (1) directly yields the effective dielec- yormination of the ground state structure of the system in
tric constant of the system: the high-field limit, as well as the mechanical ER prop-
erties. That is, since the free energy density of the sys-
= €z<1 _1 Z 1 [ dr 1;(r) a¢(r)>, (2) temin the high—field_regime (i.e., where the elgctrqstatic
V s dz energy of each particle> the thermal energy) is given

by f = —€E?/8a, the ground state structure is deter-
where|¢) =[1 — >, I'i/s;]1'|z) is the formal solution mined by maximizinge with respect to the coordinates of
to EqQ. (1), with the solid particles. For doubly coated spheres, the body-
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centered tetragonal (bct) structure is the optimal structureexperimental findings. We believe this coupling of fab-
same as that for the bare sphere case [8—12]. To calculatieation, characterization, and physical understanding on
the static yield stress, one just needs to perturb the systeanfirm theoretical basis will lead to further improvement
away from the ground state by applying a shear defortowards the ultimate goal of practical applications.
mation to the system that is perpendicular to the applied We thank Chi Ming Chan and David Barber for help-
field direction. Under shear, the axis of the bct struc- ful discussions in electroless wet plating and sol-gel tech-
ture is both tilted by an anglé with respect to the field as niques. We also thank Supapan Seraphin, Ning Wang,
well as elongated [9]. The stress-strain relation is directlyand Kwok Kwong Fung for obtaining the cross sectional
given by af/a6 versusf. The static yield stress is then electron micrographs, as well as for helpful discussions.
defined as the maximum stress value beyond which th&/e acknowledge Ji Zhou and Keding Xia for technical
stress decreases with increasing strain, i.e., the solid strusupport and Yee Wai Leung for assistance in conducting
ture becomes unstable. Given the geometric informatiothe experiment. This work is supported by HKUST Re-
on the particles (diameter and coating thickness) and theearch Infrastructure Grant No. Rl 481.SC09, and the
known dielectric constants of the materials involved (theWilliam Mong Solid State Cluster Laboratory.
values ofe for TiO, and silicon oil used are, respectively,
85 and 2.5) we can obtain from this calculation the pre-
ggzlitg?inyézkijn sFtIrge:s,Z (&;t ) \;ircljog(sb;' jot?;?gg?;i’cs :2t(t3%?156;2nt *Perman_ent address_: Department of_ Physigs, Jiaotung
. . . S . . . University, Shanghai, People’s Republic of China.
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g gime, q
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