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Abstract: When dealing with complex mechanical systems that include diding contact, it is necessary to account for
the coupling between the dynamic behavior of the system and the local behavior at the contact. A particular
consequence of interaction between system dynamics and contact behavior is the occurring of vibrational instabilities
of the mechanical system, induced by the frictional contact. The dynamics of bodies in sliding contact can thus become
unstable, due to the modal coupling caused by the normal and frictional components of the contact forces. Friction
induced instabilities are at the origin of several everyday issues such as squeaking of door hinges or brake squealing.
In literature, a large number of works deal with this kind of instabilities and are mainly focused on applied problems
such as brake sgueal noise. This paper shows a more general numerical analysis focused on a simple system
congtituted by a deformable cylinder that rotates around a rigid cylindrical surface with friction. The parametrical
complex eigenvalue analysis and the transient numerical simulations show how the friction forces can origin dynamic
instabilities due to the coupling between two system modes, even for such a simple system (one deformable body).
The simplicity of the system allows for a deeper analysis of contact instabilities. Results from the experimental
analysis allow for validating the model and confirm the occurring of the simulated dynamic contact instabilities.

Keywords: contact instabilities, friction induced vibrations, complex eigenvalue analysis, transient ssmulation

NOMENCLATURE

t=time Subscripts

M = mass matrix Greek Symbols . p.

K= stiffness matrix o = Rayleigh’s coefficient I Iteration step

C= damping matrix B = Rayleigh’s coefficient k  slave node number

G= constraint matrix at the contact A = Lagrange multipliers n normal to the contact

u= nodal displacement vector u = friction coefficient t tangential to the contact
ii= nodal acceleration vector ¢ critical friction coefficient
t =time

INTRODUCTION

Mechanical systems embody several contact surthe¢sre optimized to either minimize or maximike friction
at the interface, as a function of their applicatand the need to either transfer motion with lovergy loss or to
dissipate the kinetic energy of the system. Whenmlative motion between two system componentsiagthrough a
contact interface, vibrations are induced by tHatiree sliding (Akay, 2002). The deformations daethe dynamic
response of the system affect largely the locasstdistribution; reciprocally the variation of doeal contact status
(sliding, sticking, detachment), the waves generatethe local ruptures, and the local contact attaristics (stiffness,
damping, etc.) can largely modify the macroscopitatnic response of the system (Di Bartolomeo ePall 2).

In sliding contacts the ‘friction induced vibrat®in(Sheng, 2007) can results in either a low amgét acoustic
noise characterized by a large frequency spectwhith is function of the surface roughness anddyramics of the
bodies in contact, or a high amplitude acoustimaigcharacterized by a harmonic spectrum. The stoase is
characteristic of dynamic system instabilities &aiby the contact forces. Contact dynamic instasl have been
object of several analyses focused on specificiegdns as joint squeak or brake noises. In padica large literature
can be found on the subject of brake squeal (Kihkéial., 2003; Ouyang et al., 2005 and referetiwrein), which is a
high frequency sound emission and is charactetiyeah unstable vibration at a natural frequencthefbrake system.
Nevertheless this kind of harmonic sound emissitug to vibrations excited by the sliding contaagwrs often in
commonly used mechanical systems (door hingesk cimah board, ....). Between the mechanisms retaiegubnsible
of such vibrations, the unstable coupling betwega imodes of the system is one of the most commadiypted
(Massi et al., 2007 and references therein).

In this work a more general approach is used thligjlgt this kind of dynamic instability, which isud to the contact
forces that couple the tangential and normal matisfbrmations at the contact. A deformable disc, enad
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polycarbonate, is in sliding contact with a rigiteel) disc at its inner radius. The contact pmesbetween the inner
radius of the polycarbonate disc and the coaxesdlslisc is obtained by an expansion of the stisel dfterwards the
sliding is obtained thanks to its rotation. In thiay, any “system” effect, coming from a more coexpmechanical
system, is avoid and the unstable behavior carrbetly related to the dynamics of the single defable body.

First a 2D numerical model is developed to perfdhm prestressed modal analysis to recover therliggstem
dynamics; then, a transient nonlinear analysiseidopmed to simulate the contact instabilities ahe results are
compared with the system dynamics, highlighting thea contact forces excite unstable system modes.

An experimental set-up has been developed and iexpatal tests allow for validating the numericaduls.

NUMERICAL MODELING

Experimental analysis of contact issues is quitallehging due to the impossibility of measuringdbcontact
properties without modifying the contact itself. Merical tribology is a powerful tool allowing for deeper
investigation of contact problems (Renouf et ab1P). Moreover numerical tools allow for a multage analysis by
coupling the scale of the contact (from some nsoimepum) with the scale of the bodies in contact (ordesmne mm
to some cm) and the scale of the mechanism (framesocm up to several meters, depending on the apiplig. The
numerical modeling can either couple different ntioa¢ techniques (Discrete Element Modeling, Finteement
Modeling, Multibody Modeling, ...) in a single codey la strong coupling of the governing equations,just
performing a week coupling thanks to the solutibeach model that becomes the boundary conditionthé& model at
other scales (Renouf et al., 2011).

In this paper, first the dynamic of the mechanisgbtem is investigated by a parametrical CEA (Cempl
Eigenvalue Analysis) to recover the system eigarabnd the system modes (mechanism scale) thaésalh to be
unstable; then a transient non-linear FE (Finitenteint) analysis is developed to simulate the \idmat response of
the system and to investigate the local contachtieh (contact scale) during the instability.

Linear model for CEA

The system is constituted of two coaxial cylind@fgy. 1): the inner cylinder is made of steel anthtes with
respect to the outer polycarbonate cylinder. The#tam pressure at the sliding interface is asshyedn expansion of
the inner cylinder, obtained by providing a ragiakssure on its inner surface. The commercial FEe GANSYS has
been used to perform the parametrical CEA. The Isimgpometry of the system and the boundary comditiazvhich lie
on the plane of the discs, allow for reducing timeutation on a simplified 2D model (Fig. 1). Nevestess, a 3D model
was also developed for a preliminary analysis tidate the in-plane dynamics of the 2D model angdnfy that the
obtained experimental results involve the in-pldgaamics of the system, which can be effectiveltyudated by the
2D model.

L ANSYS

Noncommercial use only|

Steel Disc f

Figure 1 — Experimental set-up (left) and 2D simplif  ied FE model (right).

First a prestressing static analysis is perforneedpply the desired contact pressure (steel diparesion) and the
friction forces by introducing the relative rotatibetween the two discs; then, the prestressed i€parformed. The
analysis is repeated as a function of differenapeaters (friction coefficient, contact pressure,)ett each value of the
system parameters the complex eigenvalues arectedraThe imaginary part of the eigenvalue gives mhode
frequency while the real part is proportional te thodal damping; positive values of the real parthe eigenvalue
(apparent negative damping) are associated tohlastzodes. Figure 2 shows the mode shapes ofr#i€2l modes in
frequency, ranging from O to 15 kHz. The modeschi@acterized by nodal circumferences and nodabetiers. When
nodal diameters exist, two modes with the samerdefd shapes and a phase of 90° in space are ¢attutue to the
axial-symmetry of the system. When the frictionféioent is nil the couple of mode are at the sameguency (same
natural frequency and modal damping); when increpsie friction coefficient the asymmetry due tiatfon shifts the
natural frequencies of the modes and some of tlentouple toward an unstable behavior.
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mode 17 mode 18 mode 19

Figure 2 — System modes calculated by the CEA forth e first 20 eigenvalues, between 0 and 15 kHz.

Non-linear model for transient analysis

Once the system parameters leading to the indtahile identified, a transient FE analysis is penfed with the
explicit dynamic FE code PLASTD (Baillet and Sasx005), developed to simulate the behavior of systevith
frictional contact. The software is designed famg&atransformations and non-linear contact behaaia applies a
forward Lagrange multiplier method for the contiaetween deformable bodies (Carpenter et al., 1991).

For the transient simulation, the formulation isaletized spatially by using the finite element et and
discretized temporally by using an explicit Newmadheme named th# method. The contact algorithm uses slave
nodes and target surfaces described by a four goddrilateral element with 2x2 Gauss quadrature. rihe target
segments are described by two nodes and approxinstebicubic splines (Baillet and Sassi, 2005). Ttwevard
Lagrange multiplier method is formulated by equadi@f motion at timet(=i At) with the displacement conditions
imposed on the slave node at titié :

Mi'+Cu' +Ku'+GM AT =F

1)

whereM andK are respectively symmetric and positively defineatnes of mass and stiffness of the systéris
the Rayleigh’s proportional damping matrix:

The Coulomb friction law is used; during each itina the following two contact conditions for easlave node k
are checked:
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N A so{ A <0 (contact)
Ay =0 (separation)
i k k . .
0 b {” T

if ||/]1k||:ﬂ|/]:| — A‘k D/‘ <0 (S“p) (3)

where the normal and tangential contact foldeaf each slave nodeare compared. The first condition (3.1) means
that the contact force is a compression force (ithadhesion components), while the second comdit®ll) is
associated with the use of a Coulomb friction law.

Only the contact non-linearities (sliding, stickingd detaching are allowed at the contact) arednted into the
model to simulate the time vibrational responsthefsystem and to recover the local contact behavle friction law
used at the interface is the classic Coulomb latli dnstant friction coefficient.

In the numerical models the inner disc is consides a rigid surface, because of the high conbasteen the
compliance of the polycarbonate disc and the slisel

NUMERICAL RESULTS

Instability prediction by CEA

The CEA analysis allows for investigating the sgsteigenvalues as a function of the system parametgure 3
shows the plot of the imaginary (frequency) and peat of the eigenvalues when increasing theifnictoefficient.
Because of the axial symmetry of the system (pohmaate disc) two modes of the system are calallateeach
eigenfrequency with a phase of 90° between the nesdgnvalues (Fig. 2). The modes are numberedgn3-for
increasing natural frequencies. When the frictioaficient is equal to 0, the real part of the eiggdues is only due to
the material damping contribution (black dotteclin Fig. 3). When increasing the friction coeffict, the real part of
each couple of modes (at the same frequency) digdrgm the starting value, due to the frictiontdbution (Massi et
al., 2007). While one mode shifts towards the riggdtalf plane, the other shifts toward positivéues of the real part
and becomes unstable. The critical friction caeefit (), for which the mode becomes unstable is repostedhe
right of each couple of modes. Lower critical fioct coefficients are obtained at lower frequencyhere the
contribution of the material damping is lower.

Only some of the modes reach positive values ofréia part (negative damping): the comparison betwine
deformed shape (reported in Fig. 3) of the modds2%®, which stay stable, and the modes 26-27 arB928vhich
become unstable, highlights the role of the loedbcmation at the contact. Only modes with largealaleformation at
the contact zone can become unstable; in fact/attger is the local deformation, the greater is ¢batribution of
friction to the real part of the eigenvalue (du¢he coupling between normal and tangential compisie

System eigenvalues
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Figure 3 — System eigenvalues when increasing the f  riction coefficient. For each couple of modes the c ritical
friction coefficient, p¢ (i.e. the value for which the mode becomes unstabl  e), is reported on the right.
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Non-linear transient simulations

Once predicted the value of the parameters leadirige instability, the time simulation accountifag the contact
nonlinearities is performed. Figure 4.a shows tteekeration of a node of the disc: first the inoglinder is expanded
to reproduce the dilatation of the steel cylindethie experimental test bench (preload phase); tteefinner cylinder
rotates at constant rotational velocity (10 rpmpviding the friction at the inner surface of thayrarbonate disc. The
initial vibrations occurring during the preloadipbase (green dotted box) are due to the first cottatween the two
discs and are quickly damped by the material daghpfrthe polycarbonate disc; then the unstableatibins increase
exponentially (at about 0.015 s), due to the appamegative modal damping (positive real part &f gigenvalue)
provided by the friction contribution; the vibrati® rise up to a limit cycle due to the contact mmdrities and
characterizing phenomena such as squeal noise i(Btaals, 2007). Figure 4.b shows the power spediasity (PSD)
of the signal during the preloading phase (greem@mall the modes having a large radial componeneaited; the
PDS of the whole signal (red); the PSD of the uristastate (bleu) when the disc vibrates at the alnhst
eigenfrequency with an harmonic spectrum charatteof vibrations due to the dynamic modal indtghi
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Acceleration PSD [dB]
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-3 |>Ir ' preload phase s - 40 A I
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= 1 B s owm - | unstable state
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Figure 4 — a) Time signal of the node in-plain acce leration during the whole simulation with unstable parameters:

preload phase (green box); unstable state (blue box ). b) Power spectral density for the whole signal (r  ed), the
preload phase (green) and the unstable state (bleu)

The comparison between the linear CEA and the neatitransient simulation is shown in Fig. 5, whte deformed
shape of the unstable mode at about 10 kHz, caécllay the CEA, and the velocity field of the systeibration at
about 10.5 kHz, obtained by the transient nonlirmeelysis during the simulated instability, arear@d. Agreement in
the deformed shape and the frequency is obtaifeayiag that the contact dynamic instability resimtsibrations at a
system eigenfrequency that is excited by the corfitaces. The higher frequency obtained for theesamode with the
nonlinear model is due to the larger stiffnesshefinner disc, which is considered as rigid.

ANSYS 12.1
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Figure 5 — Comparison between the predicted unstabl e mode shape by CEA (a) and the disc deformation
(velocity field) during transient analysis (b).

Effect of friction coefficient

When increasing the friction coefficient, the imteion between normal and tangential deformaticreiases
because of the larger tangential (frictional) cohtéorce; consequently the coupling between thdgesysmodes
increases. Figure 6 shows the system mode at dflokHz (mode 6) calculated for 3 different valuéghe friction
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coefficient, respectively equal to 0.01, 0.3 anéigure 7-a shows the locus plot of the modes 67anthen increasing
the friction coefficient from 0 to 1. Figure 7-basis the respective modal damping of the modes 67aa&la function
of the friction coefficient; for friction coefficigt equal to 0.01 the real part is negative anditiiaping positive, e.i. the
mode is stable; for friction coefficient larger th@.15 (critical friction coefficient) the modeusstable.

model?D’ Priction—Structurale statigue (FS) moee1?h Fristion—Structurale staticue (FS)

p=0.01 p=0.3

Figure 6 — Deformed shape of the mode 6, at about 1 0 kHz, for 3 different values of the friction coeff icient; from
left to right friction coefficient equal to 0.01, 0 .3, 1.
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Figure 7 — a) Locus plot for the modes 6 and 7 when increasing the friction coefficient from O to 1; b ) Modal
damping as a function of the friction coefficient f or the modes 6 and 7. The critical friction coeffic  ientis 0.15.

The velocity fields calculated by the nonlineamsi@nt analysis, for the 3 values of the frictiavefficient, are
reported in Fig. 8:

» For friction coefficient equal to 0.01 (left), tleystem is stable and the velocity field is dueh® tadial
deformation due to the system preload. The locatam forces stay constant in time and the acdaera
calculated at the nodes of the system show notidimsaafter the preloading phase.

» For friction coefficient equal to 0.3 (center), gystem is unstable and a harmonic vibration autistable
mode frequency is calculated (Fig. 4). The localtact forces oscillate at the unstable frequenag,
the system (mode) deformation at the contact seyfttee oscillation of the contact forces at the enod
frequency introduces energy in the unstable meaadfjtallowing for the auto-excited vibrations.

» For friction coefficient equal to 1 (right), therets concentration in a localized zone of the @infas
predicted as well by the CEA, Fig. 6-right) brirtgsa zone of sticking between the two solids; tasspge
between stick and slip along the contact surfagénduhe rotation of the inner disc excites theteys
dynamics; the PSD of the acceleration calculatethatsystem nodes shows a complex dynamics with
peaks corresponding to all the system modes. ldhse the dynamic modal instability is replacedaby
different unstable state characterized by stigkqstienomena.
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Figure 8 — Velocity fields calculated during the tra  nsient nonlinear analysis, for 3 different values o f the friction
coefficient; from left to right friction coefficien t equal to 0.01, 0.3, 1.

Effect of damping

When dealing with numerical simulations includidigliag contact, a key parameter to account fohgs aterial
damping (Di Bartolomeo et al., 2012; Cantone andd¥|e&2011). A convergence analysis performed emtimerical
models (ANR???7?) showed that with a too low mdteféanping it is not possible to obtain the convegeas a
function of the mesh and the integration time skegact, the energy introduced into the systens{ainle mode) by the
friction forces is not dissipated, increasing tmeoant of stored vibrational energy and, consequentiodifying its
dynamic behavior. On the contrary, a too large nmetdamping dissipates all the vibrational enetiggt is introduced
into the system by friction, forcing the systenatoartificial stable behavior.

For this reason an experimental modal analysistesn performed on the polycarbonate disc to cakulze

corresponding values of the Rayleigh's coefficients40 s; p=4.5¢" s.

EXPERIMENTAL VALIDATION

The simplified geometry of the system allowed dep@lg an experimental set-up (Fig. 1) able to namnias
constant as possible contact and dynamic boundamglitions, in order to reproduce the dynamic inditgband to
measure the vibration of the system and the loehbbior at the contact (ANR?????). To verify experitally the
numerical simulations, tests have been reproducg@rienentally with the same parameters used intthssient
simulation, i.e. 10 rpm of rotational velocity a#d MPa of nominal contact pressure.

The dynamic instability characterized by harmonbration at about 10.5 kHz has been reproducedranpatally.
Figure 9 show the acceleration measured by anexceaéter (along the vertical in-plain directionyidg tests (Fig. 9-
a) and the same acceleration calculated by thei&athnumerical analysis with friction coefficieeqjual to 0.3 (Fig. 9-
b). Figure 10 shows the PSD of the experimentatlacation signal, to be compared with the numeriesallts (Fig. 4).
The same harmonic vibration at 10.5 kHz is recaler®. the same natural frequency is excited nigaky and
experimentally, with comparable amplitude of viiwat(between 100 and 300 R)/s

The occurrence of the dynamic instability is reansitive to both the system dynamics and theacbebnditions
(Kinkaid et al., 2003; Ouyang et al., 2005; Magsalg 2007); due to the impossibility of obtainiagact symmetry in
the experimental tests, the unstable vibrationsatareach a steady state condition and a perigdicitthe increasing
of the unstable vibrations can be observed expeitatg (Fig. 9-a); this period coincides with theripd of rotation of
the inner disc that changes periodically the cdntaaditions and the dynamics of the system. Neststaith better
symmetry of the system are under development.
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Figure 9 — Vertical in-plain acceleration measured e  xperimentally (a) and calculated by the transientn  onlinear
simulation (b).
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Figure 10 — Power spectral density of the accelerati  on measured experimentally, showing a harmonic vibr ation
at 10.5 kHz.

RESULTS

This paper shows a numerical analysis of dynanstabhilities induced by frictional contact. The dltjee of this
work is to generalize the recent findings in apgiiee issues, like brake squeal noise, to invetgighe physical
phenomenon. At this aim a simple system consistirg deformable body sliding on a rigid surfaceléveloped and
investigated. Numerical results show the occurdghgnstable vibrations excited by the contact ferdehe comparison
between CEA and transient simulation allows foreetgsg that the vibrations are due to an unstalgerdrevalue of
the system, which reaches a positive value of ¢ad part (apparent negative damping) due to théribation of the
friction forces. The parametrical analysis showat e system, increasing the friction coefficieswjtches from a
stable state (without vibrations) to a dynamic abdity, characterized by harmonic vibrations, up & stick-slip
behavior exciting the whole system dynamics. A kag in the occurrence of the instability and ie tonvergence of
the simulations has been found to be the mateaiaipihg; only realistic material damping, recoveexgerimentally,
assures the convergence of the transient simulatlowing for an energy equilibrium between the rgyeintroduced
into the system by the friction and the energyidated into the material. Comparison with experitaétests has been

performed to validate the numerical results.
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