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We report results of studies of adhesion of two solids on a microscopic level. We show that the Johnson-
Kendall-Roberts theorjProc. R. Soc. London 824, 301(1971)] remains valid even at this level, and that the
effects of roughness and an intervening fluid can be accounted for by adjusting the value of the work of
adhesion. We study adhesion hysteresis and demonstrate that, in our system, it arises from bulk effects. We
also find that the detachment of spherical particles from solid surfaces occurs at smaller values of the shear rate
than predicted by continuum theory, due to slip between the particle and the solid surface which is not taken
into account by continuum theorigs$$1063-651X97)03409-0

PACS numbes): 64.60.Ht, 68.70tw, 92.40.Fb, 92.40.Gc

I. INTRODUCTION [3]. Apart from its breakdown within the few angstroms
from the edge of the contact area, the JKR theory has been
The problem of the behavior of two spheres or a sphershown to describe experimental results for molecularly
and a plane pressed against each otiég. 1) has a long smooth surfaces on a macroscopic scale quite j2edl5.
history. The earliest study is due to Hertz, who solved the However, there are very few studies of adhesion on a
problem by assuming that adhesion forces between the twmicroscopic scale. Except for the pioneering work of Land-
surfaces were negligibld]. He showed that the radius of the man and co-worker§6], who studied tip-substrate interac-
contact area im=(RF/K)'® and that the central displace- tions in an atomic-force microscope, and Thompson and
ment is §=a?/R, where R=R;R,/(R;+R,), K=2[(1 Robbins[7], who were interested in the stick-slip motion of
—02)E1+(1— 03)/E,], Ri1,, 012, andEy , are the radii, two solid surfaces separated by thin layer of fluid, most ap-
the Poisson’s ratios, and the Young’s moduli for the twoproaches to this problem are based on continuum mechanics.
spheres, an# is an applied load. In 1971, Johnson, Kendall, At the same time, the problem of what happens on a molecu-
and Robert§JKR) [2] improved the Hertz theory by incor- lar scale when two solid bodies are pressed into contact has
porating the effects of adhesion through the requirement dpecome even more important recently due to rapidly growing

energy minimization. The JKR theory predicts that interest in nanotechnology.
Another limitation of the JKR theory is its assumption of

;s R . absolutely smooth surfaces. In reality, most particles are
a®= [F+37RWH6mRWF+(37RW?], (1) rough, and it is well known that even small asperities can
have a significant effect on adhesion. Also, the JKR theory

a2 2 [ag) 32 does not describe important situations such as the mechani-
o= RIT73l3 (20 cal contact of two solid bodies in the presence of an inter-
vening fluid.
and the pressure within the contact area is
- _ 271/2_ _ 21-112
P(r) >R [1-(r/a)“] — [1—(r/a)?]~ 2,

wherer is the radial coordinate in the contact plasee Fig.
1), W is the surface energy per unit area, amg
=(67R?W/K)¥? is the contact radius under zero loaB (
=0).

One of the drawbacks of the JKR analysis is that it pre-
dicts an infinite stress at the edge of the contact étlea
second term on the right-hand side of E8).]. This problem
arises because the JKR theory is a continuum theory that
implicitly assumes that the molecular forces act over infini-
tesimally small distances. If one takes into account the finite
range of molecular forces, assuming, for example, a
Lennard-Jones potential for them, the singularity is removed FIG. 1. A sketch of a sphere pressed against a planar surface.

3 R

1063-651X/97/563)/26269)/$10.00 56 2626 © 1997 The American Physical Society



56 ADHESION OF SOLIDS 2627

R R R I A with a lattice parameter of 1.26 their mass was chosen to
be very large (1%, so that the Young’s modulus of the
wallsE,, =% andK=3[(1— aﬁ)/Eb]. In our simulations we
used a ball of radiuR=7.12, consisting of 1#individual
molecules, which did not possess any long-range order. To
obtain this ball, we started with the molecules arranged in a
simple cubic lattice, and switched off the attraction between
them for 1.25, allowing the ball to expand and lose its lat-
tice structure in the process. After 12%We switched the
attraction on, and the ball molecules coalesced together to
form the ball used in our simulations. If instead one uses a
ball in which the molecules are arranged in a lattice with
long range order, as one compresses the ball one observes
huge jumps in the values of the force acting on it. The jumps
occur each time the number of molecular layers in the ball
decreases by one and the ball undergoes structural changes.
The coefficients<C andD in Eq. (4) were Cy,,=8.0,Dyy
=1.25 for the interaction between the ball molecules and
Cpw=Dpw=5.0 for the interaction between the ball and wall
N molecules. Our specific choice o€ and D is not
important—we have verified that our results are not sensitive
FI(_S. 2. A snapshot of_the initial molecular configuration for the g small changes i€ andD. To determine the surface en-
MD simulations of adhesion. ergy per unit aredV, we cut our ball into two halves by a
horizontal plane passing through its center, took just the up-
er half and measured the energy of the interaction between

In this work, we use molecular dynami¢sIiD) simula-

lar level, on smooth and rough surfaces, with and without Ahalf ball as a function of the separation between the bottom

intervening fluid. Our results show that the JKR theory, ang the half ball(This geometry was used in order to
works well for smooth surfaces even when the size of th btain a planar contact ajea is given by the minimum

adhering particles is comparable with that of individual mo"interaction energy divided byR2, whereR is the ball ra-

ecules. We also show that the effects of roughness and aj) . “tpis procedure gived/=13.0. Alternatively, one may

I(::‘t?r:\e/esnlj?fgggj:jnZ?gm?ewi(i:gr? liir:r?(ejn]:;)sr sz t?]ne if;i(f:itg"\(ﬁa\ﬂ#eassume that the<0 region of space is filled with a jellium
of the two solids and the fluid. We study the hysteresis as9f uniform density corresponding to that of the wall mol-

sociated with the adhesion of solids and find that in oureCUIeS’ while the>d region of space is occupied by a jel-

system it is due to bulk effects. We conclude with a study of“um of the ball molecules. One may then integrate the inter-

the detachment of solid particles from solid surfaces, an inf’lCtlons between them to obtain the energy of interaction per

: . ' .. ._unit area as a function a. W is given by the maximum
teresting and important technological problem, which IS ttractive interaction enerav. This method vieMb=13.2
closely related to the adhesion of solids. 9y- y =

which is quite close to the previous value of 13.0. The tem-
peratureT was chosen to be 1.0. At this temperature the ball
was in the solid phase with values Bf, and o, yielding

We have used a standard MD algorithm in which mol-K=264.4. To obtain the values &, andoy,, we imposed a
ecules interact via a pairwise Lennard-Jones potentiak small uniform deformation on the ball and used Hooke's law
9 .

oy "y

The natural time unit is given by=o(m/e€), wherem is ~ Whereo is the stress tensou; is the displacement vector,
the molecular mass. In the remainder of this paper all dimenYik=z (U;/dx+ du, /9x;) is the strain tensor, and and u
sional quantities given as pure numbers will be understood a@'¢ the Lame coefficients witle, = u(3N+2u)/ (N + p)
multiplied by an appropriate combination of ¢, andm.  ando,=(A/2)/(\+ p). If the deformation is such that the
The coefficientsC and D in Eq. (4) are used to tune the strain tensor is uniform, then the stress tensor, being linearly
strength of interaction between molecules of different sperelated to the strain tensor, is also uniform, and thus equal to
cies. its average valu€9]:

In our simulations, Newton’s equations of motion were
integrated using a fifth order predictor-corrector algorithm
with a time step of 0.0025 A layered-linked cell algorithm
[8] was implemented to speed up the computation. The ge-
ometry of our simulations is shown in Fig. 2—a sphericalwhere the integration is over the surface of the balls the
ball is squeezed by two solid walls, giving two adhesiveball volume X; is theith coordinate of the element of the ball
contacts. The wall molecules were arranged in an fcc latticsurface, and; is the jth component of the force acting on

Il. MOLECULAR DYNAMICS

Vij(r)=4e ) aik= (N +2/3p)uy Si + 2 (U — 1/3uy; i), 6)

1 F,
o=y § “Laa ©
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FIG. 3. (a) Radius of contact area vs applied forceF for the smooth wall. Different symbols represent results obtained in four
independent runs with two independent adhesive contacts in each run. Solid line represents JKR predictés 18t, dashed lines
represents Hertz predictioM(=0). (b) A snapshot of the molecular configuration corresponding to pdiitt (a). (c) A snapshot of the
molecular configuration corresponding to pdiin (a). (d) Radius of contact aremvs applied forcd= for the smooth wall with a fluid layer
on top of it. Different symbols represent results obtained in four independent runs with two independent adhesive contacts in each run. Solid
line represents JKR prediction witV=13.0, dashed lines represents Hertz predictdf=0).

this element. The first term in Ed5) corresponds to pure was equilibrated for 25 After the ball was equilibrated we
compression and the second term corresponds to pure shefixed the positions of 287 molecules in the middle section of
Thus, by imposing separately compression and shear, anfle ball, whose coordinates were within 0dof the center
using Eq.(6) to calculate the stress tensor, one can obtain thef mass of the ball, and started moving the walls symmetri-
values ofx and u, from which it is straightforward to calcu- cally towards the center of the ball. Each wall was moved by
late Ep,, o, andK. 0.10 during a time interval of 0.5and then the system was
allowed to relax for 0.26 To ensure that the system was
Ill. ADHESION fully equilibrated, we performed some runs in which the sys-
tem was allowed to relax for Or5nstead of 0.25, and we
We begin by assessing how well the JKR theory describefound that the results were not affected by this change. Over
adhesion of smooth surfaces on a microscopic scale. To othe next 0.5, we measured the fordé acting on the ball
knowledge, this is the first study of its kind. from each wall, the central displacemehtaind the radii of
Initially, the two walls were placed far apart, and the ball both contact areas (see Fig. 1, after which the whole cycle



56 ADHESION OF SOLIDS 2629

was repeated again. The wall induces layering of the ball 8 —r— S
molecules with thez coordinates of the molecules forming g
the first layer within 0.5 of the lowest molecule. In order to
calculate the radius of the lower contact area, we identified
the lowest ball moleculéthe molecule that had the smallest
z coordinatez,,,), considered all ball molecules with co-
ordinates betweeg,,, and z,,,+0.50, projected them on
thex-y plane, and calculated the effective radéysausing the
expressior(designed to yield the correct radius for a circular

geometry ° o Ar
2 2 L™ 7 wersowkR)
2 (5= >+ (Yi=Yo)°] s
1 P wegE S x
a%l2= ) Vet [
N e W=0 (Hertz) .
. . . 1
Here the sum is over all ball molecules withcoordinates LA

betweerz,,, andz.,;,+0.50, N is the number of these mol- i
eculesx. andy, are thex andy coordinates of the center of oL L . .
mass of the group of these molecules. To determine the cen 0 2000 4000 6000 8000
tral displacement, we used two methods. The first consid- (@) F
ered the position of the lowest ball molecule; since the centel
of the ball does not move in our simulation$js given by
the currentz coordinate of the lowest ball molecule minus
the initial position of this molecule. The second method links
6 to the position of the wall. Here one assumes thas
given by thez coordinate of the upper layer of wall mol-
ecules plus a constant, which was chosen optimally to pro-
duce the best fit. Although the two methods lead to similar
results, they are both not very reliable, especially whas
small: the first method relies on the position of a single mol-
ecule, while the second does not depend on the details of th ,
configuration of the ball molecules. FiguréaB shows the _,i_w.?:- i ——— W=13.0 (JKR)
radius of contact area versus the applied load; the solid ,-5,43; ]
line is the JKR prediction, the dotted line corresponds to the ¥ ~ We0(Hert2) i
Hertz theory, and the data points represent the MD results I g

;|

4

|

|

0

a

obtained in four independent runs. Figured)3and 3c)
show snapshots of our system, corresponding to péiratsd
B on Fig. 3a). The JKR theory describes our results quite L
well. We note here that we were unable to study the decom- 2000 4000 6000 8000 100 12x10
pression of the ball using this method—the relaxation time of (®) F

the ball during decompression was longer than the duration

of our simulations. In order to study adhesion hysteresis we FIG. 4. (8 Radius of contact area vs applied forceF for the

employed a different technique described in the followingrough wall. Different symbols represent results obtained in four
section independent runs with two independent adhesive contacts in each

Next, we put a wetting, one-molecule-thick layer of g 'un. Solid line represents JKR prediction witW=13.0, dashed

fluid on each of the walls. The interaction coefficients for thegcsasar\?s;esﬁgg fg'rig:z fgﬁgg:tr'gu'wﬁ v(\:;il ﬁihz‘iﬂ:‘ijjlgeﬁrﬁgt
fluid molecules in Eq.(4) were D¢;=C;;=1.0, D{,=Cyp bp 9 y P

- - _ : of it. Different symbols represent results obtained in four indepen-
=1.0, andDy,,= Cy,,=2.0. The attraction between the wall dent runs with two independent adhesive contacts in each run. Solid

a.n.d the fluid.molecules was strong enough to prevent a SiQll'ne represents JKR prediction witW=13.0, dashed lines repre-
nificant fraction of the fluid molecules from evaporating. gants Hertz predictiony=0).

Figure 3d) showsa versusF for this case. One may inter-

pret the result as showing two distinct regimes; at small apand the data are described by the Hertz theory. As the ap-
plied loadsF, the MD data follow the Hertz theory, while at plied load F is increased, the fluid is squeezed from the
large values of they are well described by the JKR theory. contact region, and the ball molecules begin to “feel” the
This behavior can be explained by the fact that the Hertavall molecules, thus increasing and switching to the JKR
theory is thew=0 limit of the JKR theory. The effective regime.

work of adhesionW=2.0, in the presence of the intervening  We also considered the effects of roughness. We put ad-
fluid is about 15% of the work of adhesion without the fluid. ditional wall molecules on each wall with random choices
At small values of~, the ball molecules interact mainly with for their x andy coordinates and a displacement of 1.26

the fluid molecules and because of that the effective work ofequal to the wall lattice paramejdrom the crystalline wall.
adhesionV is much smaller than for the ball-wall interaction Figure 4a) showsa versusF for this case. One can see that

o
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FIG. 6. Applied forceF as a function of central displacemeht
showing pronounced hysteresis loops.

Hert2) theory predicts higher values of the central displace-
ment § than obtained in our simulations for the same values
of applied forceF or contact aredFig. 5. Even though the
numerical values o andF for small § are necessarily ap-
proximately in accord with expectations, the overall trend
does not agree with theory. These discrepancies are probably
due to the difficulty in extracting a reliable value éffrom

our measurements.

ok IV. ADHESION HYSTERESIS
]
2?‘?‘7 W30 LR _ The phenomenon of hysteresis is encountered in many
7// _________ Weo (Hert) | differ_ent contexts, such as magnetism, fluid flow, and.me—
i | chanics[10]. Recent researci 1,12 has shown that capil-
ol R R lary condensation in porous media and domain dynamics in
(b) 0 1 2 ,° 4 5 spin systems exhibit return-point hysteresis. Return-point

hysteresis is often described by the Preisach mgHgl in

. . which the system is assumed to be made up of independent
FIG. 5. (a) Applied forceF vs central displacemend for the  glementary hysteresis domains. It is well known that adhe-

smooth wall. Different symbols represent results obtained in fourgjy is also associated with hystereg#. The origins of

AHhesion hysteresis may be traced to processes on the sur-

run. Solid line represents JKR prediction with=13.0, dashed ¢ oo of the solids or they can arise from bulk dissipation

lines represents Hertz predictioW&0). (b) Radius of contact

areaa vs central displacement faf for the smooth wall. Different [14_?_'0 study hvsteresis in our svstem. we emploved a method
symbols represent results obtained in four independent runs with yny Y ’ pioy

two independent adhesive contacts in each run. Solid line represen?é energy minimization, because the MD t?Chn'que IS Im-
ractical due to the very long relaxation time of the ball

JKR prediction withW=13.0, dashed lines represents Hertz predic-p . ; . .
tion (W=0). during decompression. We took the ball, described in the

previous section, and let it relax, allowing each molecule to

the curve is shifted down with respect to the curve for theMOVe 10 @ position corresponding to a local energy mini-

smooth surface, which follows from a decrease in the effecMUm- During this process the walls were placed far away

tive work of adhesioiW. It is hard to obtain the exact value T0M the ball. The walls, used by us in this study, were

of the work of adhesion for rough surfaces, but it is clear thafMoOth 3-9 walls. They interacted with the molecules com-

it should be smaller than that for smooth surfaces. Figur®MiSing the ball via a 3-9 potential in tredirection:

4(b)' showsa} versqu for'the case of the rough surface with V(2)=4e(Dz °—Cz 9,

an intervening fluid, which has the same parameters as be-

fore. Again, one can see two different regimes correspondingthereD¢ and C4 were chosen so that the work of adhesion

to low and high values of. W for these walls was the same as for the molecular walls of
To conclude this section, we also note that the JWR  the previous section.
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L L L FIG. 8. Detachment of a solid spherical particle from a solid
2.23 2.24 225 surface.

_ ) accommodate the increasing pressure without any con-
FIG. 7. Two sets of hysteresis loops from Fig. 6 placed on top ofstrzints. Thus, unlike the systems describedib,12, our
each other. ball does not have any memory about its past history. The

After the ball molecules reached a local energy minimum Molecules comprising the ball are in local equilibrium within
we moved the walls towards the ball in small incrementaithe free energy minimum that the system resides in.
steps. After each step, the systéie ball and the wallswas _ Figure 7 shows that two sets of loops centered around
relaxed into a local energy minimum. We measured thifferent va_lues _0f5 placed on top of each other. They have_
forces acting on the ball from the walls, the radii of the almost an identical shape. Since the contact areas are quite
contact areas and the central displacement in the configur&lifferent for these sets of loops, it is strongly suggestive that
tion corresponding to this energy minimum. To study hyster/n Our system the hysteresis is due to bulk dissipation and not
esis in our system, we first moved the walls towards the balflue to surface effects.
in steps of 0.0& steps and then away from the center of the

ball. After cycling several times back and forth within a cer- V. DETACHMENT OF SPHERICAL PARTICLES
tain range of values 0b, the system started to move repro- DUE TO SHEAR FLOW
ducibly along the same loop in thé-F plane. Figure 6 The problem of detachment of solid particles from solid

shows that there is a pronounced hysteresis: the f6ré®  gyrfaces is closely related to the adhesion of sofits].
higher during the compression of the ball than during thepreyious studies of this problem have identified three pos-
decompression at the same values of the central displacgis|e mechanisms for detachment: rolling, lifting, and sliding
menté. _ [15]. In recent work,[16] King and Leighton have carried
L_Jn_llke systems conS|dereo_I ih1,12, our system does not oyt studies of the detachment of spherical particles due to
exhibit return-point hysteresis. Hysteresis loops are detelsnear flow. They assumed that the detaching particle is rough
mined only by the range of change of the central displaceyng that the adhesion forces are negligible. Under these as-
ment s and they are substantially unaffected by the previousymptions they calculated translational and rotational veloci-
history of the systeniFig. 6). To obtain this figure we started tjes of the detaching particle. However, their results do not
with the system moving along the big loop between poits apply to the case considered here of molecularly smooth par-
andB, then we limited the range of change®fOn repeated tjcles with a large work of adhesion.
cycling, the trajectory of the system in tideF plane evolves To study this problem we used the following geometry
until it finally moves reproducibly along a smaller loop be- (Fig. 8): we took two parallel walls, filled the space between
tween the chosen end point$n systems exhibiting return-  them with a fluid, and put a ball on one of the walls. Initially
point hysteresis, there is no such evolujiofihe final loop  the ball was placed near the bottom wall and the system was
was the same, independent of whether we were on the uppgfiowed to equilibrate. In this study we used a ball of radius
or lower branch of theA-B-A loop when we reduced the of 3.5, consisting of 324 molecules. The molecules compris-
range of Change . Return-pOint hyStereSiS ImplIeS that the |ng the ball do not possess any |Ong_range order. The ambi-
system possesses a memory: “the state of the system cat fluid had a densityp=0.8 and a temperature=1.2.
remember an entire hierarchy of turning points in its past |n order to study the role of wall corrugation, we consid-
external field” [11]. This ability to remember previous his- ered a wall that was a combination of a smooth 3-9 wall and

tory arises from the existence of certain attributes of the sysy molecular wall, described before. The potential with which
tem that are quenched variables: the random local fields ighe wall interacted with other particles had the form

the magnetic systemd 1] and the configuration of the po-
rous media in the capillary condensation measurenjdgis

— -9_ -3 —-12_ -6
In our case, however, the ball molecules move around t(y(r)_‘le bs(Dsz Csz Hme (D Col )|,
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FIG. 9. (a) The x coordinate of the center of mass of the ball as a function of the applied shear tate- 1, b;=0. (b) The angle of
rotation of the ball abouy axis as a function of the applied shear ratéh,,= 1, bs=0. (c) The angular velocity of the ball vs the linear
velocity of the ball. The solid line represents a linearlfit=1, bs=0.

where the sum is over all wall moleculds, andb,, are the to essentially the same results using a much smaller amount
relative weights of the 3-9 and 6-12 potentials with the con-of computer time. The shear rate was increased at a rate of
straintbs+b,,=1 to ensure a constant work of adhesidhh ~ 2.5x10 3772, To check that our results do not depend on
again equal to 13.(b,,=0 corresponds to a wall, which is the rate ofy increase, we let the ball sit on the wall at a value
absolutely smooth in thg-y plane, ancb;=0 to a signifi-  of y slightly below the detachment threshold for a long time
cantly corrugated wall. and found that the ball motion in thedirection was diffu-

We equilibrated the system for 25and then we applied sive, similar to that under zero shear rate.
shear to our system by setting the upper wall in motion in the Figure 9a) shows thex coordinate of the center of the
x direction. We also divided our system into 50 horizontalball as a function of the applied shear ratéor the case of a
bins and rescaled the velocities of the fluid molecules in purely molecular wall §,,=1). Figure 9b) shows the angle
each bin, so that the velocity of the center of mass of the birof rotation of the ball about thg axis as a function of. The
was y(z;—z,), wherez; is thez coordinate of the fluid mol- figure demonstrates that in this case the mechanism of de-
ecule,z, is thez coordinate of the bottom wall, angdis the  tachment is a mixture of rolling and sliding. The ball is trans-
shear rate. In principle, it is possible to shear the fluid just bytating and rotating at the same time. Figur@)%hows an-
setting the upper wall in motion, without rescaling tke gular velocity of the ball as a function of its linear velocity.
velocities of the fluid molecules. However, our method leadsThe linear fit of the formw=uv/rq4, givesrz=14.4+1.4,
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FIG. 10. (a) The x coordinate of the center of mass of the ball as a function of the applied shear tate-b;=0.5. (b) The angle of
rotation of the ball abouy axis as a function of the applied shear rateb,,=bs=0.5. (c) The angular velocity of the ball vs the linear
velocity of the ball. The solid line represents a linearbij,=b;=0.5.

which is much larger than the radius of the ba# 3.5. Ob-  For the parameters in our simulatiop,=0.13. From Fig.
viously there is a significant slippage. 9(a), it is obvious that the detachment startsyat0.03. The
Increasingbg increases the amount of slip. Figure 10 continuum theory assumes that the detaching sphere rolls
shows the behavior of the ball for the case whes=b,,  without slipping, while in our case, the significant slippage
=0.5. In this case the effective radius, obtained from themakes the detachment easier. On comparing Figs.&hd
same linear fit as before.;=19.6+ 0.8, is even bigger than 9(b), one observes that at first the ball starts sliding and only
before, which can be easily understood, if one notes that itater does it begin to roll. Rotational slip, in a somewhat
this case the wall potential is much less corrugated than bedifferent context, was found ifl7]—the main difference
fore. between this study and 7] is that here the rotational slip is
The value of the shear ratg at which the detachment between two solid surfaces, whereas[i¥], the slip was
occurs in our simulations is much smaller than that predictedound at the surface of a solid sphere rotating in a fluid.
by continuum theory{15] which suggests that the detach-
ment ought to occur at VI. CONCLUSION

U3 . .
-0 3ﬂ ﬂ In this paper we have reported results of studies of several
Y=V ' problems related to the adhesion of solids on a microscopic
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level. We have shown that the predictions of the JKR theory Finally, we have studied the detachment of a spherical
remain valid even on a microscopic level. We have obtainegbarticle from a solid surface in a sheared flow. We have
excellent agreement between the JKR predictions and theéhown that detachment occurs via a mixture of rolling and
results of our MD simulations without introducing any ad- sliding at smaller values of the shear rate than predicted by
justable parameters. Our results have shown that introductiogontinuum theories. Continuum theories assume that the
of roughness and/or an intervening fluid causes deviationgechanism of the detachment is rolling, whereas in our

from the JKR behavior. These deviations can be accountegimylations there is significant slip between the detaching
for by adjusting the value of the surface energy. particle and the solid surface.

We have studied adhesion hysteresis using the method of
energy minimization. We have found that our system exhib-
its hysteresis that is unaffected by the previous history of the
system. Unlike many other casgkl,12, our system does
not exhibit a return-point hysteresis. We have also demon- _
strated that the hysteresis loops centered around different ThiS work was supported by grants from NSF, NASA,
values of the central displacemanhave almost an identical NATO, the Pittsburgh Supercomputer Center, and the Center
shape, strongly suggesting that the hysteresis in our systefr Academic Computing at The Pennsylvania State Univer-
arises from bulk effects. sity.
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