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Adhesion phenomena in ferrofluids
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One efficient way of determining the bond strength of adhesives is to measure the force or the work required
to separate two surfaces bonded by a thin adhesive film. We consider the case in which the thin film is not a
conventional adhesive material but a high viscosity ferrofluid confined between two narrowly spaced parallel
flat plates subjected to an external magnetic field. Our theoretical results demonstrate that both the peak
adhesive force and the separation energy are significantly influenced by the action and symmetry properties of
the applied field. Specifically, we show that the adhesive strength of a ferrofluid is reduced if the applied
magnetic field is perpendicular to the plates or if the applied field is in plane and exhibits azimuthal symmetry.
Conversely, the adhesive strength can be either enhanced or reduced if the applied field is in plane and is
directed radially outward. This establishes an interesting connection between adhesion and ferrohydrodynamic
phenomena, allowing the control of important adhesive properties by magnetic means.
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[. INTRODUCTION viscous fluidg7], and the important verification of a modest
_ o L influence of fingering instabilities on the shape of the curves
The study of adhesive materials is vastly multidisciplinary[g]. As systematically proposed by Francis and Hfgh all
and its basic scientific research involves a broad spectrum @hese workg6—1Q take into account the significant depen-
areas ranging from interfacial science and rheology to patterdence of the force-distance curves on the compliance of the
formation and chemistrjl,2]. On the practical side, the phe- measurement apparatus.
nomenon of adhesion is part of our everyday lives, and ad- In this paper we consider the case in which the fluid used
hesive tape industries are among the most active and profita the adhesion probe-tack test is a magnetic liquid called a
able[3]. ferrofluid. The field of ferrofluid research is also highly in-
One key aspect on both scientific and practical levels is téerdisciplinary, bringing physicists, chemists, engineers, and
precisely evaluate, characterize, and hopefalptrol, the  even physicians togethdl,12. Ferrofluids are colloidal
bond strength of adhesives. One efficient and relativelypuspensions of nanometer-sized magnetic particles sus-
simple way to study important adhesive properties is propended in a nonmagnetic carrier fluid. These fluids behave
vided by the so-called probe-tack t¢4{5], which measures SUPerparamagnetically and can easily be manipulated with
the force required to separate two surfaces bonded by a thffternal magnetic fields that can act to either stabilize or
adhesive film. The result of such a test is a force-distancdestabilize the fluid interface. As a result of the ferrofluid

curve, that describes the behavior of the adhesive film unddPt€raction with the external field in confined geometries, the
' ;fsual viscous fingering instabilifaffman-Taylor instability

tension. Good adhesives typically present highly nonlinea 13]) is supplemented by a magnetic fluid instabilityl, 12,

force-distance curves, in which the force increases she}rpl esulting in a variety of interesting interfacial behaviors. De-
reaches a maximum value, and the_n drops abruptly, definin ending on the applied field direction, one observes highly
a plateau, before it eventually vanishes. From these curvgs. . hed labyrinthine structurés4—17, patterns showing
the separation energwork done during the entire separation ;| ordered line of peakgL8], or even the suppression of
procesy as well as the peak adhesive force, can be detels qsity_driven[19] and centrifugally inducef?0,27 inter-
mined. o facial instabilities in thin ferrofluid films.

Recently, Se"e'fa' groups beggn Investigating the. funda- We stress that although these ferrofluids are viscous and
mentals of adhesion in viscous liquidé—10. By dealing magnetic, they are not, rigorously speaking, “trugion-
with simpler Newtonian and non-Newtonian fluids, these in-ayionian adhesives. However, in certain situations these
teresting studies tried to gain more insight into the relationrluids have properties that are q,uite similar to regular adhe-
between the complicated rheological properties of Conveng;es Here we show that, in contrast to conventional adhe-

tional adhesives and the force-distance curves. Some notgy o materials. the adhesive properties of a ferrofluid can be

yvorthy findings include th? appearance of a .Cav!tat'on'enhanced or reduced by varying the intensity of an externally
induced force plateau for high separation velocities in ver

yapplied magnetic field. This effect could be used to design
versatile adhesive materials with highly flexible properties
that vary with magnetic field, in which the bonding between
*Email address: jme@df.ufpe.br surfaces could be manipulated in a nondestrucitve way. The
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Azimuthal Radial

FIG. 1. Schematic diagram for the plate-plate geometry and lift-
ing apparatus of the adhesion measurement system with ferrofluids. FIG. 2. Schematic diagrams for the different magnetic field con-
figurations considered in this paper.

simplicity and potential usefulness of such a regulatoryrepresented b, and the initial ferrofluid radius biR,. At a
mechanism could be of great value in many applications. given timet the plate spacing ib=b(t), while the deforma-
This paper is organized as follows: Sec. Il formulates outjon due to the stretching of the apparatus.isb, whereL
theoretical approach and derives the adhesion force betweelb0+\/t_ We stress that due to the compliance of the mea-
two flat plates due to the presence of a ferrofluid subjected tgurement apparatus, the actual plate spabiignot neces-
an external magnetic field. We study three different magnetigarily equivalent td_. Of course, in the case of a completely
field configurations(i) perpendiculay when a uniform field rigid apparatus we have=L andb=V, whereb=db/dt. The
is normal to the plates of the apparat(is, azimuthal for an - perpendicular, azimuthal, and radial magnetic field configu-
in-plane field produced by a long current-carrying wire ori- rations are schematically illustrated in Fig. 2.
ented perpendicular to the plates, giid) radial, for a cy- Our initial task is to calculate the pulling forde as a
lindrically radial magnetic field pointing away from the cyl- f,nction of displacemerit, taking into account both hydro-
inder's symmetry axis and decreasing linearly with radia'dynamic and magnetic contributions. We follow Degitsal.
distance. Initially, the probe-tack apparatus is considered igg) and deriveF assuming that the ferrofluid interface re-
be perfectly rigid, and we focus on the derivation of themains circular during the entire lifting process, with time-
adhesive force under the influence of magnetic '”teraCt'O”%ependent radius defined BsR(t). This approach is justi-
Section Il discusses the effects of the three magnetic fielgioq in Ref. [8], where it has been found that experiments
arrangements on the force-distance curves for the ferrofluidy,ing strong fingering instabilities are very well described
sample. We find that the adhesive strength of the ferrofluid I$y theoretical force-distance curves which assume an exact
decreased in the perpendicular and azimuthal configurationrcyjarity of the evolving interface. In the perpendicular
and can be either increased or decreased in the radial casgaqnetic field configuration conservation of ferrofluid vol-

The influence of the magnetic forces on the separation €n;ma |eads to the useful relatid®?b=R2b,. This expression
ergy is also investigated. Section IV studies the combineq, pe trivially modified in order to account for the radius of

effects of the apparatus’ intrinsic compliance and the maggne cyrrent-carrying wire or the cylindrical magnet in the
netic forces, and discusses their role in determining theimuthal and radial field cases.
force-distance profiles. Our chief conclusions and perspec- T, study the hydrodynamics of the system, the usual
tives are summarized in Sec. V. Last, an alternative methof5yier-stokes equation is modified through the inclusion of
for determining the magnetic forces is discussed in the APiermg representing the magnetic effects. We follow the stan-
pendix. dard approximations used by Rosenswgld] and others
[12,14-16 and assume that the ferrofluid is magnetized such
Il. ADHESION FORCE: DARCY'S LAW EORMULATION that its magne;izatiorM is collinear with the applied_fielq
H,. When this is the case, the magnetic body force is given
Figure 1 sketches the geometry of the system under studigy uoM VH, where u, is the magnetic permeability of free
We consider a Newtonian, incompressible ferrofluid of highspace andH is thelocal magnetic field. The local magnetic
viscosity » located between two narrowly spaced circular, field can include contributions from the applied field as well
flat plates. The outer fluid is nonmagnetic, and of negligibleas the demagnetizing field. We consider only the lowest or-
viscosity. As in Refs[6—10 we consider that the apparatus der effect of the magnetic interactions that would result in
has a spring constant denoted kyOne end of the lifting fluid motion. Thus, in the azimuthal and radial situations, we
apparatus moves at a specified constant velogitgubject-  consider only the applied field in determining the magneti-
ing the upper plate to a pulling forde. The lower plate is  zation. However, in the perpendicular situation, we include
held fixed atz=0, where thez axis points in the direction the demagnetizing field produced by the uniform magnetiza-
perpendicular to the plates. The initial plate-plate distance ision resulting from the applied field.
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For the quasi-two-dimensional plate-plate geometry, wehis scenario significantly. In fact, as we now show, addi-
employ the lubrication approximation and reduce the threetional magnetic terms come into play when calculating the
dimensional flow to an equivalent two-dimensional flow adhesion force.

U(r, #) by averaging over the direction perpendicular to the ~ Since it is the generalized pressiigthat results in fluid
plates(z axis), where(r, #) denote polar coordinates. Using motion according to Eq(1), the force exerted by the lifting
no-slip boundary conditions and neglecting inertial termsmachine on the upper plate is calculated by integrating the
one derives a modified Darcy’s law §56,22 generalized pressure difference above and below the upper
plate, taking into account the pressure jump conditi8n
across the magnetic fluid surface in contact with the upper
plate. The net force of separatigadhesion forcgis then
given by

2

b
U=-——VII,. 1
127" 10 @

The generalized pressufg=p—-V; in Eq. (1) contains both
the hydrodynamic pressupeand a magnetic pressure repre- 37b
sented by a scalar potentidl;. The subscripf=1,2,3indi- Fi= f dA{b_Z(RZ =% +[¥;(R) - ¥;(r)]
cates the perpendicular, azimuthal, and radial magnetic field
configurations, respectively. 1 ) 5
We can exploit the irrotational nature of the flow to obtain + Eﬂo[Mjr(R) -M;(O](, (5)
the two-dimensional flow field by averaging the full three-
dimensional incompressibility conditioVi-v=0. This yields  where the integration is carried out over the cross sectional
U(r)=—(br/2b)&, where&, is a unit vector in the radial di- aréa of the ferrofiuid dropd. In the perpendicular case, this

rection. This allows us to integrate Ed) to obtain the pres- IS Simply a circle of radiu. But in the azimuthal and radial
sure field situations, this is an annulus of outer radiRsand inner

radiusa. The termMjZZ(r) denotes the normal component of
3775 the magnetization evaluated at the boundaryp. An alter-
II(r) = F(rz— R?) +II;(R), (2) native way of calculating the magnetic terms appearing in
the adhesion force E@5) is presented and discussed in the

wherell;(R) is the value of the generalized pressure at the\Ppendix.

ferrofluid droplet boundary. To determirig(R) we use the We_ can _gain some physical insight into the adhes_ion force
facts that¥;=0 in the nonmagnetic fluid and the pressureequat'on simply by looking at the sign of the magnetic terms.

: : : PN Positive magnetic terms in E¢p) lead to increased adhesion
h f f fl M, 1 ; . ; .
jump at the interface of a magnetic fluid given 1,12 while negative terms lead to decreased adhesion. In particu-

1 ) lar, any radial magnetization at the boundary of the domain
Ap=ok-— EMoMn- (3)  will tend to increase adhesion while magnetization normal to
the plates will tend to decrease adhesion. This can be under-

Here, o is the surface tension is the curvature of the in- Stood qualitatively by noting that the effect of the normal
terface, andM, represents the normal component of the mag-component of the magnetization at the fluid interfae& is
the radial component evaluatedratR, namely,M,=M,(R). ~ Pushes outward at the boundary of the domain leads to the

These boundary conditions result in a pressure field given b{juid attempting to “spread out” in the plane of the sample.
his results in a downward force on the upper plate and an

3775 1 increase in adhesion. Conversely, magnetization that pushes
II(r) = —3(r2 -R) +py- ¥i(R) - —,uOszr(R), (4) upward on the upper surfaeeb will exert an upward force
b 2 on the plate, resulting in decreased adhesion. The effect of

where p, denotes the atmospheric pressure outside the fefl'€ Other magnetic terms in Ecp) will depend on the form

rofluid droplet. As is common in this type of adhesion phe-Of the scalar potential.

nomena[6—10, we have neglected the surface tension term Equation(5) is one of the central results of this work. The
in Eq. (4). ' remainder of this paper looks into the details of how the

In the nonmagnetic case, the inward viscous flow induce(ﬁnagnetic effects alter the adhesion force for three different

by traction is accompanied by a pressure gradient pointing'@9netic field configurations.
outward. Therefore in the absence of an applied magnetic
field the border of the ferrofluid droplet is at atmospheric
pressurepy, while the interior of the sample is at a lower
pressure. From Eq4) we see that the purely viscous, non-  First, we consider the perpendicular field cdsel) in
magnetic contribution to the pressure in the sample is negawhich a uniform magnetic fieltH ,=Hg, is applied normal
tive. In other words, when the upper plate is lifted, the presto the plates. This situation was studied in R¢i%,23 by
sure gradient causes an inward viscous shearing flow in thessuming the ferrofluid has a uniform magnetizatidyg
plane of the adhesive film, producing a downward adhesive M(Hg). Here,M(H) gives the(possibly nonlinegrrelation-
force normal to the upper plate. When a magnetic field iship between the magnetization and the applied field. This
applied, the magnetic contributions in E@) can modify  configuration is then equivalent to a uniformly charged

A. Perpendicular magnetic field
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parallel-plate capacitor and a scalar potential can be writte
in a number of equivalent formd 6]. However, in contrast
to the situation studied in Ref$15,16,23, which only re-
quired the magnetic pressure at tiikerface of a fingered
droplet, we are interested in calculatidg for an arbitrary
pointr of a circular magnetic domaif®o<r<R). In particu-
lar, since we are interested in pointithin as well ason the
domain boundary, it is essential to choose a formgrthat

is continuousat the boundary. If we describe the ferrofluid
boundary by a simple closed cuné parametrized by ar-
clengths, then a convenient way of writing the scalar poten-

tial is (see Ref[16])
{§ ds'D x i(s")
C

+§ dx In[(y-y’) + VD2 + b2 ]} (6)
C

_ ,U«OMZ

4
17 2mb

wherex=x(s), X' =x(s'), etc.,i(s) is the unit tangent vector

at arclengths’, and D=D/D is the unit difference vector
pointing from the point =(x,y) to the pointr’=(x",y’).

Unfortunately, even though we assume the ferrofluid
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wire is H,=I/(27r)&,=(Hpa/r)&y, wherel represents the
electric currenta is the radius of the current-carrying wire,
andé, is a unit vector in the azimuthal direction. The mag-
netization is collinear with the magnetic field and is written
M =(Mgalr)&, whereMy=M(Hg). Here againM(H) gives

the (possibly nonlinegrrelationship between the magnetiza-
tion and the applied field. In this case, the scalar potential
can be simply written af20]

poMoHoa®

\PZ(r) = 2r2

9)
We note that the magnetization in this configuration is every-
where tangential to the interface, and also to the upper sur-
face of the ferrofluid sample. Thus there are no “surface”
contributions to the adhesion force. Furthermore, we note
that[W,(R)-W¥,(r)] will always be negative so that the mag-
netic contribution in the azimuthal case tends to reduce the
bond strength of the ferrofluid. This makes good physical
sense because the radial gradient results in a magnetic force
directed radially inward leading to an increased pressure that
pushes upward on the upper surface.

Under such circumstances, the evaluation of &jy.for
the azimuthal field case leads to tienensionles$orce

sample maintains a circular shape during the lifting of the

upper plate, the evaluation of E¢6) for arbitrary points

located inside the sample does not result in a simple closed-

form expression. Substituting E) into Eq.(5) results in a
dimensionlessorce

+Ng 2
Ro
where

2
2
I(r)=f (
0
1J”
+_
2)o

X sin 2w dw, (8)
{=2R/b, Q=(R-r)/b, P?=4rR/1?, andNg = uoM?R5/ks is

R

)

_b

b5

0

: ){I(R)J—ZT”, ™)

b
)dw

—————— 1
In{\'l +Q%+ P%sir® w— Eg sin Zw]

Fq Z(r)rdr — (

[Q+ PZsir? w

VQ? + P%sir? o

b

-1)\? i b
Y ) - N |n|:1+('y—l)—0:|
0% b

F2

|

| (-9

b

bg +(y-1)
where y=(Ry/a)? and N&'=(muoMoHa?)/(2ké) is a mag-
netic Bond number for the azimuthal magnetic field configu-
ration. In the case of a linear relationship=xH, the Bond
number can be writteDN3”'=(uox1?)/(87kd). As in the per-
pendicular field case, lengths and velocities in @) have

been re-scaled by andV, respectively, and=1.

(10

C. Radial magnetic field

Last, we consider a cylindrically radial magnetic field

the magnetic Bond number for the perpendicular mag”eti%onfiguration(j=3) [24-2§ such thatH,=(Hoa/r)&. The

field configuration. Similar to what is done in Ref§,8,1Q,
in Eq. (7) lengths have been re-scaled by
= (37 7RAb3V/ 2k)Y/6 and velocities by. It is worth mention-
ing again that since we are dealing with the noncomplian
situation, we havé=L and hencé=1. Equation(7) shows

b explicitly in anticipation of our analysis of the compliant
apparatus situation.

B. Azimuthal magnetic field

For the azimuthal field cas§=2) we consider a long
straight current-carrying wire that is perpendicular (to-
axial with) the plates(see Fig. 2. This may present an ex-

experimental conditions required to obtain such a radial
magnetic field are discussed in RE?4]. Roughly speaking,
the radial field is produced by shaping the poles of a perma-
hent magnet into concentric cylinders. As before, we assume
the magnetization is collinear with the applied field so that
M =(Mga/r)&, where Mg=M(Hp). In this case, the scalar
potential can be written as

#oMoH o612

\P3(r) = 2r2

(11)
Note that the scalar potential in this situation is exactly the
same as in the azimuthal field configuration. Thus we already
know that the force resulting from this potential will tend to

perimental challenge because the hole necessary for the widecrease the adhesion force. However, unlike the azimuthal
could result in leakage. The magnetic field produced by thizase, the radial magnetization will lead to a “surface” force
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explore the relevant aspects coming from the magnetic con-
tribution. Figure 3 is a log-log plot that depicts the pulling

force F; for the rigid apparatus case wheseL (andb=1).
Along with the usual nonmagnetic casdashed ling we
have plotted three sets of curveg$) the perpendicular case
given by Eq.(7) with N3 =5.0x 1072, (2) the azimuthal case
given by Eq.(10) with N§*=5.0x 103, and (3) the radial
case given by Eq(12) with NrBad:S.OX 10°3. The shading
represents different initial plate spacings given lgr=1.2
(light gray), bg=1.7 (medium gray, andby=2.2 (dark gray.

In addition, we have set the parametBgs100, y=100, and
M0/H0:3.0.

Itis clear from Fig. 3 that the presence of magnetic forces
can alter the adhesion force in markedly different ways. For
relatively small separatioh the curves are quite similar to
the nonmagnetic case for all magnetic field configurations.
However, ad_ is increased, the magnetic cases depart more

FIG. 3. Pulling forceF; as a function oL for the purely rigid ~ and more from the nonmagnetic situation. Eventually, each
case described by Eq€l), (10), and(12). The dashed line shows magnetic case is split further depending on the initial plate
the nonmagnetic case and the solid curves show the magnetic sitspacingby.
ations withNg =5.0x 102, N3”=5.0x 103, and N§*=5.0x 10°2. We note that the behavior of the perpendicular and azi-
The solid curves are plotted in hues of gray bp=1.2 (light), by muthal field configurations is qualitatively similar. In both
=1.7 (medium, andb,=2.2 (dark. cases, the adhesion force is decrea@eunpared to a non-

magnetic liquid throughout the entire range &f The azi-
term that will tend tancreaseadhesion. Under such circum- muthal case leads to a much more dramatic decrease than the
stances, the evaluation of E(p) for the radial field case perpendicular case but the perpendicular case appears to be

01
0.05

0.02
F j 0.01
0.005

0.002
0.001

leads to adimensionles$orce more sensitive to the initial plate spacing.
b(vy—1\2 b M Interestingly, the adhesion force in the perpendicular and
Fy= _5(7’_> —~ Npd In[l +(y- 1)_0} - (1 + _0) azimuthal magnetic field configurations becomes negative
b Y b Ho and then falls asymptotically to zero Bs$ncreases. This is in

stark contrast to a nonmagnetic liquid in which the adhesion

(y=1) force is always positive and drops smoothly to zero ds’1/

X| ————||, (12 Thus, in these two magnetic field configurations, this force
b +(y-1) will cease to be aadhesiorforce and will instead become a
by sort of separationforce. Thus, instead of pulling on the

where y=(Ry/a)? and N’Bad:(wMOMOHOaZ)/(Zkﬁ) is a mag- plates, one would neec_i to start push_ing to keep the plate
netic Bond number for the radial magnetic field configura-ve_loc'ty constant. Thus it may be _pos.mble to create a ferrof-
tion. In the case of a linear relationship=yH, the Bond Iu!d gdheswg such that.tht_a adhesive force can be completely
number can be WritterN’Ef‘d=(Tr,uoxHS)/(Zké). As in the ehmmatgd sn_nply by bringing alsmall h_and.magnet up clgse.
other cases, lengths and velocities in Ef2) have been The S|tgat|on is even more |nterest|.ng.|n thg radial field
re-scaled bys andV, respectively and=1. configuration. Here, we have the possibility of mcrgaged or
We note in paséing that by iaking the limat—0 and decrgaseq ad.hesmn compared to a n.o.nmagnetlc. I'|qU|d. This
eliminating the magnetic terméby simply dropping the conflguratlon is also much more sgnsmve 'to the |n|t|allp!e.1te
terms involving the magnetic Bond numbgrall three force spacing than the ‘?ther conflgqratlons, with smaller initial
equations7), (10), and(12) reduce to the equivalent expres- plafce spacings Iea<_j|ng to more _mcreased adhesion. Hovx_/eve_r,
sion derived in Ref[8] for nonmagnetic viscous fluids. As unlike the perpendicular and azimuthal cases, th(=T adhesmn in
we will see in the remaining sections, the magnetic termdhe radial case may or may not become negative. as-
appearing in these force expressions enrich the physics if'€ases. This depends on the value of the paranhjer,
volved considerably, establishing an interesting link betweer§th® magnetic susceptibility in the linear case In addition,

adhesion and magnetic phenomena. by taking the largeb limit of Eq. (12), we see thatF;
~1/L so that for large enough, the adhesion force in the

radial case will always end up larger than the adhesion force

IIl. NONCOMPLIANT APPARATUS CASE in the nonmagnetic case. Thus, in the radial case, there are

two possibilities. Either the adhesion force remains an adhe-

Before turning our attention to the complete force-sion force throughout the entire plate separation process, or
distance curves including compliance and magnetic effectdhe adhesion force first becomes a separation force and then
let us analyze Eqq77), (10), and(12) in greater detail and returns to being an adhesion force as the plates are separated.
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FIG. 4. Pulling forceF; for radial magnetic field case described
by Eq.(12). The solid black line denotes a nonmagnetic fluid while
the dashedsolid) gray curves havey=100 (y=25). The curves
with Mg/Hp=0.5 lead to decreased adhesion while those with
Mqo/Hp=3.5 lead to increased adhesion for small plate spacings.

FIG. 5. Work of separatioliV; as a function ob, for the purely
rigid case for a nonmagnetidashegl and a magnetic liquid in the
radial field configuratiorisolid). Two values ofMy/H, are used and
the light (dark gray curves haveN29=5.0x10* (N29=5.0
X 1079),

Figure 4 examines the radial situation further by varying
both y and My/Ho. As in Fig. 3,N29=5.0x 107 and the
shading represents the same initial plate spacingsl.2
(light gray), bg=1.7 (medium gray, andby=2.2 (dark gray.
The solid black line is the nonmagnetic case and the dashegP
(solid) curves havey=100 (y=25) and My/H, is either 0.5
or 3.5 as labeled in the figure. The most obvious feature o
Fig. 4 is that the value oMy/H, determines whether adhe-
sion is increased or decreased for small plate spacings. Of
course, for large enough plate spacing, we have already seen IV. COMPLIANT APPARATUS CASE
that adhesion will be increased relative to a nonmagnetic
liquid. As a practical matter, there is a point at which the
fluid film will rupture or the lubrication approximation will
no longer be valid. Selecting,/H, can therefore effectively
result in a magnetic liquid that either increases or decreas
adhesion throughout the useful rangebof

Another relevant physical quantity of interest is the work
of separation given by

liquid in the radial field configuratioiisolid). As in Fig. 4,

we takeMy/Hy as either 0.5 or 3.5 and use two different

maégnetic Bond numberS\lE‘d=5.0x 10 (light gray) and
19=50x 1072 (dark gray. The results for the azimuthal

d perpendicular cases are qualitatively similar to the
o/Ho=0.5 results in the radial case and are therefore not

hown.

As briefly discussed at the beginning of this work, typical
force-distance curves increase sharply during the initial
stages of the plate separation process. This effect is not de-
sscribed by the ferrohydrodynamic forces within the ferrof-
EIluid, but is a result of the elasticity of the apparaf6s3].

Now we examine the complete form of the force-distance
curves, including the magnetic properties of the ferrofluid
and the intrinsic flexibility of the lifting machine. To accom-

Lt plish this, we adapt a method originally developed by Fran-
W, = F;dL. (13 cis and Horn[6] for their sphere-plate geometry with non-
bo magnetic fluids.

For a nonmaanetic liauid and for the perpendicular and azi- It is assumed that, during the entire separation process,
muthal sit tign Ithlqw  limit fintp rpti nl un fol bz'there is a perfect balance between the viscous, ferrohydrody-

uthal situations, the uppe otintegration can Sately D€, ic force and the spring restoring folce b which results
taken to bel;=« with no problems. However, in the radial

L ) . : from the deflection of the apparatus. By equatin .
magnetic field configuration, the lardgeforce varies as 1/ (10), and(12), to L-b, we obtg?n nonlinegr fi?st ordgr%?f%er-
so the work of separation diverges logarithmically. This .’ ' !

e . : ential equations fob=Db(t). Then, using the relatioh=h,
causes some difficulty in trying to calculate the work of o
separation as there is no obvious termination point for this't We can writeb=db/dL so that
integral. We follow the approach adopted in Rg8], and Fi(b,b)=L-b (14)
integrate Eq(13) to a finite end point. Consistently with the e ’
restrictions imposed by the lubrication approximation, wewhere the prime denotes differentiation with respedt.téve
take L;=;, where 8> b, Using =100, Fig. 5 illustrates utilize differential equationg14) to obtain the complete
how the work of separatiow; varies with initial plate spac- force-distance profiles. We solve them numerically thic)
ing by for a nonmagnetic liquiddashegl and for a magnetic and find the force curves from;=L-b(L).
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considerably in the perpendicular and azimuthal cases but
can be either decreased or increased in the radial case de-
pending onMg/H,. In all field configurations, this increase

or decrease in the peak force is more pronounced for larger
bo.

Towards the end of the lifting process the contribution
from the ferrohydrodynamic force becomes much more im-
portant. One can see from Figgapand &b) that the behav-
ior of the force can be “controlled” in some sense depending
on the type of ferrofluid and the field configuration. When
the applied field is zero, there is no magnetic force and all
cases converge to the sameL1behavior that was seen in
Fig. 3. In the perpendicular and azimuthal magnetic field
cases, the magnetic forces decrease adhesion and the force
curves all drop off more rapidly than in the nonmagnetic
5 case, separated slightly based on the initial plate spacing. In
the radial case, the situation is a little different. Here, the
magnetic force can increase decrease adhesion during the
initial stages of the pulling process. However, at some point
all of the radial force curves will drop off as IL/ muchless
rapidly than in the nonmagnetic case. By choosing an appro-
priate ferrofluid(that is, by tuningMy/Hg), one can presum-
ably control when the force curves cross over from reducing
adhesion to increasing adhesion.

Finally, observe that for a giveh,, the area below the
gray solid curves in Fig. @& [Fig. 6b)] are considerably
smaller(largen than the corresponding area under the black
dashed curves. This implies that the magnetic forces can re-
duce(enhancgthe energy of separation as anticipated by the
rigid case results depicted in Fig. 5. From Fig. 6 we conclude
\ that both the peak adhesive force and the separation energy

\ are significantly influenced by magnetic forces.
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15 2 3 b) V. CONCLUSION

In this paper, we have shown that the introduction of a

FIG. 6. ForceFs=L-b(L) as a function of displacementfor ~ ferrofluid plus the action of an appropriate magnetic field
the flexible apparatus case for three initial plate spacmgsThe  configuration in a modified adhesion measurement system
curves are obtained by numerically solving Et) with F; given  permits the adhesive strength to be opportunely controlled by
by Eq. (12). The black dashed curves are for zero magnetic fieldnagnetic means. Our analytical and numerical results show
and the gray solid curves have§d=5.0>< 103, y=100, andb, that the adhesive strength of a ferrofluid is reduced if the
=1.2 (light), bg=1.7 (medium, andby=2.2 (dark). magnetic field is perpendicular to the plates or applied in-

plane with azimuthal symmetry. Additionally, we have

Figure 6 presents the complete force-distance curves faghown that the adhesive strength can be enhanced or reduced
thin layers of ferrofluid obtained by numerically solving Eq. if the external field is in plane and pointing radially outward.
(14) with F5 given by Eq.(12). It compares the curves in the So, having a bond strength adaptable to different applica-
absence of magnetic fieldlack dashed curvesvith those tions, a magnetic fluid can perform different functions: it
calculated for nonzero applied fieldray solid curves We  could either reduce adhesion when mechanical, nondestruc-
useN’Ba‘d:S.Ox 1073, y=100, and two values d¥,/H,. Asin  tive removal is needed, or increase adhesion when a high-
Figs. 3 and 4, the gray hues indicate the initial plate spacinghear strength, tough structural adhesive is necessary.
with by=1.2 (light gray), by=1.7 (medium gray, and by The ferrofluid thus acts as a sort of adjustable “magnetic
=2.2 (dark gray. The perpendicular and azimuthal field re- glue,” for which the adhesion strength is regulated by an
sults are again qualitatively similar to the radial case withapplied magnetic field. This important and suggestive con-
Mqo/Hp=2.0 and are therefore not shown. trolling mechanism is not only intrinsically interesting, but

By inspecting Figs. @) and &b), we conclude that during may allow the development of technological applications
the beginning of the plate separation process the system @verlapping the fields of adhesion and ferrofluid research.
dominated by the elastic force regardless of the najpee-  Possible future applications may include the development of
pendicular, azimuthal, or radjalof the applied magnetic adhesive products in which adhesion could be switched on
field. We also note that the peak adhesive force decreasesd off by a suitable magnetic field. In particular, removing
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the adhesive force via a small hand-held magnet seems like a

very useful possibility. Recent interesting studies have dem- 0.1
onstrated that the adhesive properties of some solid/polymer
interfaces can indeed be tuned by temperaf@ig2g. The 0.05
magnetically monitored adhesive process we present here
would certainly add a welcome versatility to adhesion tech- 0.02

nology, even possibly allowing the emergence of a system-
atic way of controlling the reversibility of adherence using  F; 0.01
magnetic fields.

Our theoretical work makes specific predictions that have 0.005
not yet been subjected to experimental check. It would be of
interest to examine the relationship between adhesion and 0.002
magnetic phenomena by performing probe-tack measure-
ments with ferrofluids subjected to perpendicular, azimuthal, 0.001
and in particular, radial magnetic field configurations #
[24,29,30; these might even include such configurations as 15 2 3 5
rotating [31-33 magnetic fields. A natural extension of the L
current work would be the investigation of the influence of
magnetic forces on the adhesive properties of more complex FIG. 7. Adhesion force for the perpendicular field configuration
magnetic fluids, such as magnetorheological suspensiongth the magnetic terms calculated & the Darcy approach using
[34], in which other important effects like elasticity, plastic- Eq. (7), and(b) the energy approach using Ee#7). We have set
ity, shear thinning, and shear thickening could be monitorediz =5.0x 1073, Ry=100, and used the same initial plate spacings as
by external magnetic fields. In summary, we hope this workbefore, by=1.2 (light gray), bp=1.7 (medium gray, and by=2.2
will instigate further theoretical and experimental studies or(dark gray. The black dashed line shows the nonmagnetic situation.
this rich topic.

dén
ACKNOWLEDGMENTS Fn= db (AL)

We thank the Brazilian Research Council/CNBoA.M. Now, the change in magnetic energy obtained by intro-
and R.M.O) and Dickinson ColleggD.P.J) for financial  ducing a volume of magnetic fluid into a static magnetic field
support of this research. We gratefully acknowledge usefuin free space i$11,12
communications and stimulating discussions with Anke
Lindner, Cyprien Gay, José Bico, Michael Widom, Raymond
Goldstein, and Alexandre Rosas. We are greatly indebted to
Andrejs Cebers for important discussions and useful sugges-
tions. whereM is the magnetization of the ferrofluiB, is the field
that would be present in the absence of the ferrofluid, and the
integration is taken over the volume of the ferrofloid For
example, in the azimuthal situation, we have a ferrofluid cy-
lindrical annulus of heighb and inner(outep radiusa (R).

In this work, the magnetic effects were taken into accountlo be consistent with the approximations used in the Darcy
via a modified Darcy’s law given by Eql). This presup- approach, we assume the applied magnetic field given by
poses that one can write the magnetic forces in terms of Ha=(Ha/r)é, and magnetization given byl =(Mga/r)e,.
scalar potentiall’;. Indeed, the azimuthal and radial configu- Equation(A2) then gives
rations both led to relatively simple scalar potentials and the s
magnetic forces could be calculated in closed form as shown azi_ _ 2 ~
in Egs.(10) and(12). However, in the perpendicular configu- Em =~ oMot In( a)' (A3)
ration the scalar potential is a more complicated integral ex-
pression given by Eqg6) and(g) that leads to an even more Using volume conservation and performing the required dif-
complex expression for the force via Hg). Because of the ferentiation, we obtain a magnetic forcgcaled byks) of
difficulties involved in calculating the forces in the perpen-

1
En="3 f M - BodV, (A2)

APPENDIX: CALCULATION OF MAGNETIC FORCES
USING AN ENERGY APPROACH

d_icular situation, we wondereq whether there was an alterna- Fﬁ]zi: Ngzi In[l +(y- 1)@] (Y (A%
tive method for calculating this force. b
Because most of our difficulties involved integrating b, +(y-1)

rather complicated expressions, it seemed appropriate to try °

to find the force using a differentiation process. Specificallywhere y and NgZi are as previously defined. EquatigA4)

for a ferrofluid droplet whose magnetic energy is given as andicates an upward force and is exactly the same as the
function of height by&,(b), the force exerted by the ferrof- magnetic force given in Eq10) as expected. Note that the
luid is given by minus sign difference between E@\4) and the correspond-
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ing terms in Eq.(10) is due to our choice of coordinate ¢=2R/b). Again, using volume conservation and performing

system in describing the adhesion force. the differentiation, Eq(A5) gives a dimensionless force of
Let us now try the same approach with the radial field

configuration. In this case we have an applied field given by

Ha:(l.-|oa/r)ér and a magnetization given l:m :(Moa/r?‘er. Lo G- (2 - PE(Q) + 2(1 - PK(q) w

Carrying out the energy and force calculations, we find that Fp, =Nz b > ] > + 5[

the magnetic force in the radial case is exactly the same as in avl-q

the azimuthal case given by E¢A4). At first this might (A7)

seem strange since the radial and azimuthal magnetic fields

point in different directions. However, since it is tgeadient

of the field magnitude that determines the force and the spawhereNé is defined as before.

tial dependence is identical in both situations, this should not Equation (A7) gives a closed form expression for the

be too surprising. What is surprising is the fact that in themagnetic contribution to the adhesion force in the perpen-
radial situation, the magnetic force calculated from the enyjcylar field configuration. But this information is suppos-
ergy as given by EqA4) does not equal the magnetic force g1y contained in Eq(7) as well. Figure 7 shows the adhe-
calculated from the Darcy approach as givenin@@). The g0 force as calculated using batly the Darcy approach
difference between the two approaches can be traced to the, 1) the energy approach. Although qualititatively similar,

“surface” force term that comes from the boundary condition, ..." o forces are clearlyot the same. The energy ap-

(3). This means that if we want to use the energy method, Ws%roach shows a dramatically decreased adhesion force. But
must augment the force by inclusion of these surface term

o . I
Specifically, Eq(A1) should be replaced by yvhy. It turns ogt that yvhen using thg Darcy approximation
in the perpendicular field configuration, one uses only the
dg, 1 5 ) lowest nonvanishing component of the magnetic figld],
Fm=- db * oMo dA[Mi() =M (R)]. (A5 \hereas in the energy calculation, the entire demagnetizing
_ . o field is taken into account. Thus it seems as though the en-
Here, as in Sec. Il, the integration is taken over the crosgrgy approach in this case should provide a more accurate
sectional aread of the ferrofluid surface in contact with the gpproximation to the magnetic force. Additionally, the en-

upper plate. ergy approach gives a closed form expression for the mag-

_Although Eq.(A5) is not quite as simple as E@\L), itis  peic force and is therefore much simpler to use in calcula-
still potentially much easier to use in some situations tharlions

Eqg. (5). As an example, let us now consider the perpendicu-

lar field configuration. In this case, the ferrofluid droplet is in .
the shape of a cylinder of heightand radiusR. The energy ence betwegn the Dar(?y app_roach gnd the energy approach n
. ' L the perpendicular configuration. This suggests that the radial
of this configuration, is, apart from a constant term propor- L :
. . component of the demagnetizing field may play an important
tional to the volume, given bj14,15 . - . .
role in determining the evolution of a ferrofluid drop. Of
4 _ course, the results reported in RgfL6] show excellent
1l _ = 2 — 3 2 _ — 2
m= 3'“0M R{1-q(20” - DE(@) + (1 - K (@)}, agreement with experiments suggesting that the radial com-
(A6) ponent is not a relevant factor in determining the final state
patterns. Clearly, this is an unresolved issue. It would be very
whereK andE are, respectively, complete elliptic integrals interesting to know exactly what ro(@& any) the radial com-
of the first and second kind, argf=/?/(1+{%) (recall that ponent plays in these ferrofluid evolutions.

We find it a bit surprising that there is such a large differ-
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