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ABSTRACT

A numerical simulation is presented for severalding-
unloading cycles of an adhesive contact betweerelastic-
plastic sphere and a rigid flat. The main goalhaf simulation
is to study the plastic deformation evolution igantact bump
material — the microscopic electrode found in a MEMicro-

switch for providing a good electric contact. This bump is

subjected to a cyclic contact interaction with adlea substrate
and cyclic plasticity of the bump material can l¢adts wear
and as result to a failure of the whole MEMS device

INTRODUCTION

Elastic-plastic adhering contacts are widely fouimd
modern micro/nano-scale applications such as MEM&om
switch, for example. In this case the contact pakrates in a
cyclic manner i.e.
successively alternates with their separation.

“Stuck-closed” and “stuck-open”
experimentally observed during micro-switch cycl[a@ In the
first case, the adhesion at the micro-switch cdrgaceeds the
restoring beam force after release of its actuatemd the
device remains permanently closed. In the secors#, cthe
electric resistance of the micro-switch contactgpessively
increases, deteriorating its performance. Multigibysical
mechanisms can be involved in these failures (elgctric
heating or oxidation), however, the dominant medmnis
plastic deformation [1], which progressively degsr¢he micro-
switch hemispherical contact bump, flattening isface and
causing material transfer from the bump to the acimg
substrate.

Cyclic loading of non-adhesive elastic-plastic emtt was
studied regarding various engineering applicatidi®e erosive
wear of ductile metallic substrate caused by reggkahpacts of
hard eroding particles [2], for example, was modess a
repeated contact of a rigid sphere with an elagdtistic half-
space.

approach of two contacting bedie

failures can be

The adhesive attractive force plays an importate n a
contact of micro/nano-bodies. The study of an aigdkesontact
has a long history [3] originating from the deveimgnt of two
classical elastic models, JKR [4] and DMT [5], kdhsen
limiting cases simplified analytical solutions. Argénsionless
parametery, having the form:
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was suggested by Tabor [6] as a criterion thatazttarizes the

above two limiting cases (large values|ptorrespond to the
JKR case while small ones to the DMT case). Incthee of a

contact between an elastic sphere and a rigid fét= R,
where R is the sphere radiu€” = E/(1-v?) where E and v

are the Young's modulus and Poisson’s ratio, rdisgedg of the
sphere materialpy is the work of adhesion ang is the inter-

atomic equilibrium distance.

More recent studies of an elastic adhesive contasid on
the Lennard-Jones potential and various numerichltisns,
provided universal models suitable for the entmege ofu
(see e.g. [3]). These studies showed two possthlaesstates
for the same value of the contact approach of tdibeeng
bodies. This occurs for significantly higlhvalues, when the
force-deformation relation becomes unstable and spieere
surface jumps into contact (jump-in instability)rishg loading,
and jumps out of contact (jump-out instability) ihgr
unloading.

Several experimental works (see e.g. [7]) showeat th
adhesion alone is able to initiate plastic deforomatlt is also
known (see e.g. [8]) that the separation of adleesilastic-
plastic contacts can be purely elastic (brittleasapion) or can
be accompanied by certain amount of plastic defooma
(ductile separation). Some simplified analyticalusons of an
elastic-plastic adhesive contact are provided ih ff# the
loading stage, generalizing the DMT model for tHastc-
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plastic material, and in [10] for the unloadingggaassuming a
brittle separation of plastically loaded spheres.

A single load-unload cycle was studied by Finiteriént
simulations in [11] showing brittle and ductile segtion for
ruthenium (Ru) and for gold (Au) micro-contactsspectively,
when interacting with a rigid flat. Molecular Dynam
simulations studying a single load-unload cycleasf adhesive
contact [12] showed that extremely large plastifodeations
which occur during the unloading stage can induegenal
transfer from one contacting body to the other.

In a previous work [13] we studied a single loadbad
cycle of adhesive contact between an elastic-plagthere and
a rigid flat. In the current study we use the sanuelel for the
investigation of the load-approach curves evolutiduring
subsequent loading-unloading cycles.

THE PHYSICAL AND NUMERICAL MODELS

Following the previous study [11], the contacthod tmicro-
switch bump with contacting substrate can be asduawa
contact of a deformable elastic-plastic sphere amdyid flat
(see Fig. 2a). The undeformed shape of the spheskown by
the dashed line. The parameter(which is used as the input
parameter in the current model) denotes the apprbatween
the summit of the undeformed sphere and the rigid The
interaction between the sphexad the flat is governed by the
Lenard-Jones potential [3]. Hence, the local toaxtip(r),
acting on the sphere surface is given by:

e LR

3¢
whereh(r) is the local distance between the deformed sphere
and the flat. The reactive forc®, (the total force acting
between two contacting bodies) holds the flat atgiven input
approactwfrom the sphere.

p(r )
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Figure 2. Schematic representation of an adhesintact

A commercial ANSYS 9.0 Finite Element package was
used to solve this axi-symmetric elastic-plastiobgem. The
non-linear relation between the local tractiop(r), and the
local separation,h(r), is simulated by uniformly distributed
imaginary nonlinear springs that connect the splseréace to
the rigid flat (see Fig. 2b). Each spring appligg@twise force

to the sphere in accordance to its extension (58efpr more
detailed explanation).

The material of the sphere is assumed elastic rlinea
kinematic hardening with a tangent modulks that is 2% of
the Young's moduluk . The von Mises vyielding criterion is
used to detect local transition from elastic to spta
deformation, and the Hooke and the Prandtl Reusstitative
laws govern the stress-strain state in the elamtid plastic
deformation zones, respectively.

RESULTS AND DISCUSSIONS
Three main dimensionless parameters define thelgamob
of the adhesive cyclic contact [13]; the Tabor paeter, |,

(see Eqg. 1) and the plasticity paramet8r= Ay/eY,, where
Y, is the virgin yield strength of the sphere materalhird
dimensionless parameterp, /€, represents the maximum
approach during the entire loading-unloading cycle.

In the current work we consider (as in [13]) a gokho-
sphere with a typical radius of 300 nm, and typicglterial
properties: Young’s modulus =80GPa, Poisson’s ratio
v = 042 , energy of adhesiofy =1J/m?, virgin yield micro-
strength Y, =12 GPa (see [14] where the yield strength is

calculated according to Mackenzie's method) and an
equilibrium  inter-atomic  distance €¢=03nm. The

dimensionless parameters of the contact pair ae: thu=1
and S=28.
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Figure 3. Dimensionless load-approach relationrdyitie
cyclic loading of the elastic-plastic adhesive eaht

Figure 3 presents the total forc®, acting between the
sphere and the flat, normalized ByiRAy , as a function of the

dimensionless approachw/e, for the case ofw,,/e=4.
Negative values of force correspond to attractietwben the
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sphere and the flat while positive values to repualdetween
them. The results are shown for three subsequentuaload
cycles, where the dashed lines refer to the fisidiunload
cycle and the full lines to the following two cysleAs can be
seen from Fig. 3 there is a clear distinction betwéhe first
load-unload cycle and the two subsequent ones diffezence
exists mainly for the first loading half-cycle. i also shown
that the load-unload cycles that follow the fircleycoincide
and repeat themselves. This load-unload repeatgrdontains
both the jump-in and jump-out instabilities and ibks a

plastic hysteresis where, as is shown in Fig. 8,Itlading half
cycle does not coincide with the unloading one.eeglly in

the range of-2e <w<0. It indicates alternative plasticity in

which kinematic hardening material repeatedly ugdes
plastic deformation during both the loading andoading half-
cycles, while the increment of plastic deformatiuring the
whole load-unload cycle vanishes [14]. This phenamneis
called, plastic shakedown (also known as “plastitigfie”),
which leads to material failure. Similar failure ¢g®@mmonly
observed during cyclic bending of paper clips thffer a
number of cycles can be fractured. The materiah @ontact
bump undergoes similar damage process during ttiangyof a
micro-switch.

CONCLUSIONS

A numerical model for a cyclic adhesive contactwaen
an elastic-plastic sphere and a rigid flat was gpex. This
model allows simulating the destruction of a MEMScno-

switch contact bump based on adhesion and kinematic [15]Abdel-Karim, M.,

hardening plasticity. The load-approach relatiotaoted from

the numerical simulation shows the existence ofsta
shakedown of the contact bump during the cyclinthefmicro-

switch. Cyclic plasticity can lead to the flattegiof the contact
bump and to increase of its electric resistanceniaterial

destruction - e.g. wear particles transfer from blenp to the
contacting substrate.
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