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Abstract The friction forces between various lubricated fundamental insights into the resonance friction phenom-

“friction materials” and sapphire disks were measuredenon and suggest means for its control.

using a new “high-speed” rotating disk attachment to the

surface forces apparatus (SFA). Two different clutchKeywords Clutch lubrication- Shudder Chatter-

lubricants and two different friction materials were testedResonance friction Wear

at sliding speeds and normal loads from 5 to 25 m/s, and

0.2to 1 N (nominal pressures1 MPa), respectively. The

results show that “resonance friction—characterized byl Introduction

large amplitudevscillatory (i.e., sinusoidal) vibrations, also

known as shudder or chatter—dominates dynamical conA large number of industrial systems are designed to work

siderations at high sliding speed, replacing the smootlunder tribologically “extreme conditions” of high sliding

sliding or low-amplitude stick—slip that is characteristic of speeds ranging from cm/s to several tens of rhifojer a

low speed/low load sliding. The characteristic (rotational)large range of loads (pressures). Friction forces at such

speeds or frequencies at which resonance friction occutsigh sliding speeds start to behave very differently from

depend only on the coupled/uncoupled mechanical resawhat is commonly observed at low speeds, below cifs |

nance frequencies of the loading and friction-sensing]. Large amplitude oscillatory (i.e., sinusoidal) friction

mechanisms. In contrast, theensity of andtime to enter/  forcesF now appear that span both sides of the- 0 axis,

exit shudder depends strongly on the lubricating oil and, tavith an amplitudeAF greater than the mean friction force

a lesser extent, on the friction material. Physical-chemica(F). Expressed in terms of the energy, during ‘resonance

analyses of the friction materials before and after testindriction” energy put into the system, i.e. work domé now

showed that the samples undergo primarily structural rathegoes into vibrational energW,i, AF? per oscillation, as

than chemical changes. Our results provide newvell asthe mean friction forcéVqige (F)Ax per distance
Ax travelled (assuming that the effectié never goes
below zero). These mechanical vibrations are referred
commonly to as “shudder”, “chatter”, or “bounce’ in

X. Banquy- N. Belman- Y. Min - J. N. Israelachvili ) several types of industries, and are often treated as insta-
Department of Chemical Engineering, University of California, bilities. Here, we focus on clutch systems, which appear to
Santa Barbara, CA 93106, USA display all the main features that are commonly observed in
e-mail: Jacob@engineering.ucsb.edu other systems at high sliding speeds.

D. D. Lowrey - J. N. Israelachvili A clutch is a mechanical system designed to transmit a
Materials Department, University of California, Santa Barbara, driving force or torque to another mechanism, typically by
CA 93106, USA physically connecting an initially stationary/#iven” shaft

G. Mordukhovich to a rotating ‘driving” shaft. In the vehicle i.ndustry,
Research & Development, General Motors Company, 30500 clutches generally consist of two stacks of interleaved
Mound Road, Warren, Ml 48090-9055, USA disks, one stack associated with each shaft, that when
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engaged press tightly together under spring or hydraulievhich is commonly used in tribology research. An equiv-
loading. Successful clutch engagement quickly andalent mechanical circuit of the tribometer is shown in
smoothly accelerates the driven shaft to the desired speddg. 1. The lower surface is a sapphire disk of diameter
(and therefore torque). Engaging the clutch abruptly wher8.8 cm which can be rotated by an electrically commuted
the engine is turning at high speed is known to cause &C) motor (EC 20 at 3 W, Maxon Precision Motors, Inc.,
jerky start, known as shudder, which is both uncomfortableMA) at linear speeds ranging from 5 to 25 m/s. The disk is
as well as contributing to long term damage of the clutchmounted with spring clips that hold the disk to the motor
itself [7]. In wet clutches, shudder has been associated witkvhile several positioning screws tilt the disk in two axes,
stick—slip instability p]. Indeed, transmission uids that enabling rotation that is at to withir™=10 um per revo-
exhibit shear thinning—a negative slope in the frictionlution. The loading mount (Applied load in Fid) consists
force-shearing velocityR—V) curve—are known to facili- of a double cantilever spring of known stiffnegs,, tted
tate the development of both stick—slip (characterized bwith strain gauges to allow continuous monitoring of the
small amplitude saw-tooth spikes) and shudder (charadead, L. The friction forcesF are measured with strain
terized by large amplitude sinusoidal oscillation8)-10]  gauges attached to another double cantilever spring of
and see Fig. 12 off]. Research efforts focusing on new known stiffnessKy, as in previous deviced p]. The upper
clutch uid formulations have, therefore, aimed at (nominally stationary) and moving surfaces are shown
improving anti-shudder performanc8g][ schematically by the massesandM in Fig. 1. The natural
But the properties of the uid lubricant are not the only (resonance) frequency of the loading mass was
ones that lead to the tribological instabilities that result in

stick—slip or shudder. Of equal or greater importance is the LEVA AL

mechanical inertia (mass and stiffness) and stability of the % <L> __*-__ -

whole clutch system, i.e., all the components involved in /\‘ LAl
d

both the driving, driven, and transmitting (connecting) F
parts. Since clutch systems (as well as brake system Vertical drive F --¥
engines, and many other mechanically powered devices TR ___/A:&\___/K
are composed of different rotating or linearly translating/ 0 t » t,x
reciprocating parts moving at very high speeds, with rapic 4 \i[
acceleration and deceleration in between, various Ky
mechanical resonances of different parts of the system ce ,
be excited at different stages of loading, acceleration, an f_
deceleration. These are expected to occur at the variot *Z
characteristic or resonance frequencies of the systen
including their harmonic and sub-harmonics, hence the
more general term “resonance friction”. -

We recently developed a new attachment to the SFA fo - x<—|—>+ X
studying the frictional properties of real life friction
materials and lubricating uids in a pin-on-disk con gu- Fig. 1 Schematic mechanical circuit of the experimental setup used
ration at sliding speeds up to 25 m/s, and have used thin the Surface Forces Apparatus (SFA) in this study ¢stee details).
new experimental setup to study the frictional behavior oiﬁ"d'”g motion between the two inertial massésandm is generated

o . L. L y a motor drive running at a controlled speBg This moves mass
two friction materials and two lubricating oils in order to 7 (of inertia 1) at a sliding speei relative to mass m. Note thatis

correlate their respective properties with the main characthe same a# only during steady-state motion or “smooth” sliding

teristics of shudder. but is different during “intermittent”, such as stick—slip or oscillatory
(shudder), motion, and in the presence of large transient forces, as can
occur at rapid start-up and/or slow-down. A cantilever spring of
stiffnessKr measures the friction forcE(x, ), which is the same as

2 Materials and Methods the actual friction forceF;, acting at the interface between the two
surfaces only in the case of smooth sliding. The measured friction

2.1 High-Speed Friction Force Measurement Lc_)rce F may thus vary in a complex way with timeand_the sliding

. istancex (inset), even at constant normal loddand driving speed
in the Surface Forces Apparatus (SFA) Vg. A spring of stifinesk, applies the load. to the upper surface of
mass m through the controlled displacemgyif a vertical drive. Due

We used a recently developed high-speed tribometeto surface features (e.g., roughness, tilt), inertial effects, and

attachment to the SFA 2008,[11] for measuring friction nonlinearities in the horizontal back-and-forth or rotational drive
’ 9 motion, the measured load can also vary intermittently witind ¢,

forces (and surface temperature changes) at high slidinynich is in turn coupled to the variation i Thus, complex time and
speeds. This attachment uses the pin-on-disk geometdjisplacement-dependent uctuations can occur in bBthnd L

Za

Vd=).(d
f,=V,/27R
-

M

it Fxt) = Ke gX)

Xd
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f? & 38 Hz (in the normalz-direction), and that of the Table 1 Physical and chemical properties of the two friction mate-

friction massM wasf? & 360 Hz (in the laterak-direc-  '1als and oils studied

tion), as shown in Figl. These values varied by10%  Properties Friction materials (surfaces) Oils (ATFs)
from one expgrlment to apother due to variationdMnm, Orange Green DX6 DCT
and the experimental settings. (DEXRON -

We may note (i) thatiz any instant or time r the driving Vi)

velocity Vy4 is not necessarily the same as the veloditfor Physical

. . Less dense Dense synthetic
Vint) Of the surfaces relative to each other at the shearing

Viscosity (Pa.s)/Shear

bers bers (1-3um  rate (%) @ 40 C
interface, (ii) that theneasured friction force, F(x, ), is not (10-30pum  in diameter 0.0286/10 0.0314/
the same as the friction force between the surfaces at the in forming 10
shearing interfaceF, and (iii) that even when the posi- diameter)  bundles) 0.2712/100  0.0317/
tion z, of the loading mount is xed, theneasured load 100
itself may vary ifz changes during rotational sliding, e.g. Inorganic  Inorganic llers  Flash point (C)
due to dynamic effects or surface features. As described in llers (2-5pm 220 >85
| | | d within the fricti (0.3-1um diameter)
[5], thermocoup es were also place within the rlctlc_m diameter)
material (see below). High-speed daFa samp!mg Soft polymer Soft polymer Density (kg/l) @
(>2.5 x 10° samples/s) was performed using a digital binder binder (green 25 C
oscilloscope (Tektronik model DPO3000). (orange color) 0.85 0.86
color)

The modi ed surface forces apparatus developed for this

study was capable of sliding speeds of 5-25 m/s (40-Chemical Cellulose-
175 rps) and loads up &1 N, corresponding to pressures based bers
of *1 MPa (based on post-test visible contact areas
1 mm in diameter). Higher pressures are possible when
measuring transient loads and harder materials, and at@mperature of the rotating disk before and after contact
limited by the axial load tolerance of the motor. During Were measured separately using IR temperature sensors
experiments, the following parameters were measureffype K) focused on the rotating disk immediately before
using the digital oscilloscope (Tektronik model DPO3000):and after the point of contact to measure some mean
the “measured” friction forceF(x,t) as sensed by the hor- (locally averaged) temperature change occurring at the
izontal spring in Figl, the ‘measured” loadL(x,r) as shearing junction. All temperature data were recorded
sensed by the vertical spring in Figj, and the rotational using a National Instruments 9219 data acquisition module
frequencyyf, sensed by electric commutation of the motorand LabView SignalExpresssoftware.
(from which we calculate the rotational speBg= 27Rfy). The rst friction material, henceforth called the
From these values, we calculated the time-averaged (ovePrange’ friction material, was a traditional resin-bonded
1 S) mean friction fochF% the amp”tude of the friction cellulose-based composite material used in automotive wet
force oscillations AF, the average loadL), the load clutch applications 13, 14]. The second friction material,

amplitudeAL, and transient behavior such as shudder builcfalled the “green” friction material, was a modetarbon-
up and decay. and-aramid-fiber-based composite material used in auto-

motive wet clutch applications. Both friction materials also
contained inorganic llers and proprietary components to
provide structure, control friction, and limit wear. The two
lubricating oils were fully formulated automatic transmis-
Two friction materials and two lubricating oils were tested sion uids (ATF). The rst oil DEXRON -VI, also called

in this study. These materials were chosen due to their widBX6 in the text, is current state-of-the art. The second oil,
use in the automotive industry in clutch systems. Annularcalled DCT, is under development for use in advanced
clutch plates (brous friction material resin bonded to a clutch applications. Tablé summarizes the main physical
metal backing plate) were machined to obtain a round diskharacteristics and chemical properties of the two friction
with a diameter of 1 cm and an exposed friction-materialmaterials and oils used in this study.

surface curved to a radius of 5 cm. A small hole was drilled

through the metal backing plate of the friction material in 2.3 Physico-Chemical Analysis

order to place small thermocouple wires (type K) as close

as possible to that surface, i.e., within the friction materialFriction materials samples were imaged before and after
without affecting any of its thermo-mechanical properties.the tribotests by scanning electron microscopy (SEM, Geol
In addition to the temperature of the junction, the XL30). Chemical analysis of the materials before and after

Carbon-based
bers

2.2 Friction Materials and Lubricating Oils
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the tests was performed using a Kratos Axis Ultra X-rayforces. Figure3 shows expanded views of the data corre-
photon electron spectroscopy (XPS) system. sponding to these three types of responses.
Figure 3a (typel—no resonance or shudder) represents
a situation where the load. and friction force F are

3 Results oscillating in phase, both at a small amplitude and at the
frequency of the rotational frequencyy & 30 rps). The
3.1 Observation of Resonance Friction (Shudder) observed oscillations ik and F are here due to unavoid-

able imperfections in the mechanical system or surfaces,
Figure2 shows an example of th&-L-fy data collected for example, imperfect alignment of the rotating disk,
during an experiment. The load, and friction forcesF,  which is re ected in the oscillations if. and in turn cause
are characterized by their mean valy&3$ together with an  oscillations inF, all at the same frequency.
amplitude AX whose dominant oscillatory frequency  Figure3b shows an example of typd resonance
depended (in addition to the friction material and oil) onresponse in the load—load shudder. The load exhibits large
the rotational frequencg (which is related to the sliding or amplitude oscillations which in turn induce oscillations in
shearing velocity byWy = 2nRfg) in relation to the reso- F at the same frequency.
nance frequencies of the load and friction-measuring Figure3C shows an example of resonant friction (fric-
components of the devicg, andfr, a quality or damping tion shudder) wherd is oscillating at a frequency much
factor, Q; and Qr, and resonance response time constantdjigher than the driving speed. The frequeniof F during
1, andzp, all of which together also determine the times tothis event is equal to the natural resonant frequency of the
enter and exit resonancsg, andz,,, and the “stability” of  friction measurement devicefg(& 370 Hz) while the
shudder under steady-state driving conditiofis={ con-  main frequency of the load trace equals the rotational
stant), described later. The results and trends observed afi@quencyf,.
qualitatively similar to those previously reportef| using It is important to note that, due to the complex brous/
the extended bimorph slider and model surfaces (sapphir@orous nature of the friction materials used, it is not pos-
silica, and surfactant-coated mica) and oils (simplesible to measure or even de ne the lubricant “ Im thick-
hydrocarbon liquids), indicating that they are not device,ness” or “real contact area” in such systems, as also
surface or lubricant-speci c. concluded by Ingram et aJ16].

Depending on the applied rotational speed and Igad,  Figure4 represents the short-time Fourier transform
andL, resonances can occur in either the load or the fric{STFT) of F and L. It is readily seen that the frequency
tion forces, manifested by a large increase of the signat associated with the rst (principal) harmonic of the fric-
amplitude as indicated byl (load resonance) andll tion force or the load at the beginning of the experimental
(friction resonance) in Fig2. Typel response in Fig2is  run (t < 100 s) is equal to the rotational frequengy(in
when there is no resonance in either the load or frictionrps units). However, during a shudder evdhtgnd/orlil ),

the principal harmonics have frequencies that are now

Load ramps Speed ramps close to the natural frequency of the friction device or
e o > loading mass which determine the frequencies of the

shudder—the intensities being determined by additional
factors such as the inertia and tribological properties of the
device (friction material, lubricant uid, etc.).

3.2 Occurrence and Intensity of Shudder
150
The occurrence of a shudder event is determined by the
resonance frequencies of the loading system and the fric-
tion measurement device. Figuseshows the evolution of
the friction force amplitudeAFas a function of the rota-
e ' . . tional speed for both friction materials and lubricating
0 200 400 600 800 1000 . . . .
Time, t (s) uids. In each case, a sharp increaseAR, i.e. a shudder
_ _ event, occurs at a rotational frequerfggorresponding to a
Fig. 2 Condensed view of the three measured paramétetsandfa  mytiple or fraction of the uncoupled resonant frequency of
as a function of timer obtained from an experiment involving the . .0
the friction devicefy or the coupled resonant frequency of

green friction material and DCT oil (the load in green, rotational - . ) ;
frequencyfy in blue, and friction forceF in red) the loading deviceg,. The intensity of the shudder event

100

Load, L, or friction force, F (N)

ol f,°= 370 Hz - 50
4 Y f,°=38 Hz

f,=35Hz

Rotational frequency, f, (rps)
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T 4 T i T i T vV _=3mis Speed ramps Load ramps
= A No resonance/shudder § A f d i - ol o O it
= ¢ P Al | | 9= 370 Hz
e =370 Hz = 41 E f0= 38 Hz
g fLU: 38 Hz = 4§ f,.=35Hz
£ f,.=35Hz g ,
8 £
. =
5 2 2
E i
= E 5
= s At g
© = ]
- .D' ke =]
- § 2 g
= - =
g z
5 af 5
L ( F> 1 r L N " N 0 &
98.10 98.15 98.20 0 200 400 600 800 1000
Friction response
! o ! N "1fv. =5.5m/s N 800 Natural frequency of
__ 3B @ Load resonance 5 f“’_ 55 rps s the friction device (f{= 370 Hz)
é d g 3" harmonic of the
w fF° =370 Hz § 600F rotational frequency / speed
3,5 2 f.°= 38 Hz g (f,=219 rps / V, = 22 m/s)
= = o .
f =35Hz = L 2 harmonic of the rotational
L L E 0 frequency / speed
5 j g (f = 2f,= 146 rps / V, = 14.6 m's)
3 8 200t Rotational frequency / speed
[ 5 (f,=73rps/V,=7.3mis)
‘g 0 ug_ ] 5 Pl et ol A l«——Natural frequency of
! 0 200 400 600 800 1000 theload springs (f = 38 Hz)
— Load response
E N 800 . . . Natural frequency of
3 4 3% C the friction device {fF°= 370 Hz)
L A f A 2 y i iy [] 3 harmonic of the
=4 "
& 600 1 rotational frequency / speed
478.9 479.0 4791 4792 : e gl e
- - - - T - T - = 2* harmonic of the rotational
C @ A 2 7 V,=10mis § 4001 ) frequency / speed
2 FHCHCH fescnnce fy=100rps g (F=21,= 146 rps / V, = 14.6 m/s)
“ I f.°=370 Hz § 200 } Rotational frequency / speed
fLo =38 Hz -g ! (f,=73rps/V, =7.3mis)
- - 2 q » Natural frequency of
= 2 - A L ;
' f'- ki © 00200 400 600 800 1000 the load springs (f’= 38 Hz)

‘Wl
o \ !I llh ||| ||}hln|||ml|mhnllmllmmlh |\||
|| Fig. 4 b and ¢ The short-time Fourier transforms (STFT) of the

I

’ ‘ ‘ ‘ l | | ’ } ‘ ‘ ! friction force F and loadL obtained from the data representeghime!

1l ! \ ! A and Fig.2. For each time intervalf0.5 s), the relative intensity of

\ the Fourier component associated to a given frequency may be seen
by the color saturation at that point. This representation allows the

|||ai|”}nlr|||h Time, (5

Load, L, and Friction force, F (N)

2 F f.0 display of the frequency and amplitude associated with each harmonic
0'.%5 of the FT of the load and friction force trace as a function of time
1 i 1 i L
671.90 671.95 672.00
Time, t (s) AF peaks compared to DX6-lubricated surfaces. This last

) . . ) point is correlated to the fact that DCT-lubricated surfaces
Fig. 3 Amplied views at selected instantsl (II, andlll) of the —paye 5 higher friction coef cient than DX6-lubricated
results shown in Fig2. These experimental data illustrate the . . . .
different types of friction regimes (no shudder—type friction SL_‘rf.aces- As _Sh(_)W” In F'Q_ﬁv.the oil dpm'nated over the
shudder—typdl, and load shudder—typHl ) that manifest them- ~ friction material in determining the friction coef cient in
selves at three selected moments in time. The onset of shudder—the range of load studied (which corresponds to nominal
“shudder event” is characterized by a large increase in the forc . _ ; _
amplitude (load shuddel, and friction shuddei|l , panels B and C), “mean pressuresP 0.1-1 MPa given by.P. L)/
compared to no or little shudder in either the friction fol€er the § = mean Ioad{apparent Com?‘Ct area, Wh&jﬂ.‘S 'mag?d
load L (panel A) after the experiments (see Fig). The medium to high

friction coef cients of u * 0.2 seen with DCT are close to
assessed bypF depends on the nature of the lubricating those seen between poorly lubricated solids while those
uid more than the friction material. Indeed, experiments with DX6 of p >~ 0.04 are typical of well-lubricated

performed with DCT oil systematically exhibit very intense surfaces.
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Fig. 5 Evolution of the friction 5 T T

force amplitudeAFas a function s |A bt f°=370Hz || |B ot T3 9= 370 Hz
of the rotational frequency for & 4| Orange friction f°=38Hz || | Green friction f=38Hz
the orange friction material S [ material and —> f=35Hz matarial and —» f,=35Hz
o £ | DCToil : DCT oil
(a) and thegreen friction 2, <« AV (Q.= V/AV) i
material b). Each material was £ i 1114 ps | Green friction]
tested with both lubricating S | Orange friction ! (~f x2) 92:rps material and
uids, DCT and DX6, as shown o 2| material and ' I ) f.04) j DX6 oil
’ ’ & [ oxe il ;) ’
L2 o
S 1] \ | 1 /
é 1t \. ./.\o\. 118rps o f o \o, L 116 rps b
s | ' (f,903) [ een? rp'SV_ %01 3)
of e A N VN
60 80 100 120 70 90 110 130 150
Rotational frequency, f, (rps) Rotational frequency, f, (rps)
Fig. 6 Mean friction force(F) 0.20—————T———— LIPS S PO S S | [y ey
versus applied load for the | A Green friction material | | B Orange friction material ~ |[Vq=10m/s
a orange andb green friction £ 016k F AF 1 L | fy=1041ps
materials with DX6 filled N ° DCT il ||f°=370Hz
circle) and DCT @pen circle) \:; """ DCT oil Py 1|f.°=38 Hz
friction uids at a rotational g 042r 17 P 1|f.=35Hz
frequency offy = 104+ 1 rps “é © 1
E 0.08f ¥ ' 4
§ I DX6oil 1 T 1
= 004 —O5eal [ . DX6 il |
“=0.03 <| 3 \1:0'[)3 4
000 1 1 1 1 1 1 1 1 1 { 1 1 L 1 L 1 1 1
00 02 04 06 08 1.0 00 0.2 04 06 08 10
Mean Load, <F> (N) Mean Load, <F> (N)
3.3 Distinctions Between “Load Shudder” not qualitatively different from the no-shudder case. The
and “Friction Shudder” load shudder response is similar to the response in#ig.

with the additional feature that now multiples or fractions
Figure7 represents single-time FFT spectra of the frictionof f4 coincide with bothf2 andf,. Also, whereas the fy

force F extracted from the STFT shown in Fid.for the  peak has shifted with the change in spegdemains stable
frictional system of sapphire against the green frictionwithin a narrow range.

material in DX6 oil. The black trace in Figia shows that In Fig.7c, the shudder friction response data at
at a rotational frequency ofy = 126 rps and a load of 7, = 118 rps andL = 0.5 N from Fig.7b is reproduced,
L = 0.9 N the existed frequencies during sliding (typ@  with the addition of the responses At= 0.9 and 0.2 N.
Fig. 2) are limited tofy, 2fy, and 3. If the same system is The peaks do not move relative to tie= 0.5 N case,
loaded in a state of load shudder (tyiple, red trace) at the indicating a weak or no load effect on the response fre-
same rotational frequengy but L = 0.5 N, the dominant quency of the friction device. We may note, however, that
frequencies now become 63.5 rgs's fy = 2f;, with  the increased load does further increase th@ of the
additional frequencies evident at multiples of..2Addi-  friction device response (shown in blue). Conversely, a low
tionally, the friction device uncoupled resonant frequencyaverage load such as 0.2 N results in a lowgrin the
f2 =360 rps is also excited, even though its frequencyfriction device response, similar to th@; value seen
does not match the rotational excitation. This is a generadluring load shudder.
property observed in this system, viz. that load shudder
induces friction shudder. 3.4 Development, Transient Effects, and Decay

The differences between friction shudder (tyjpié, of Shudder
black trace) and load shudder (typpered trace) are readily
apparent for constardt = 0.5 N atfy = 120 rps (Fig.7b).  Figure 8a shows characteristic friction force and load tra-
The responses af3= f° are of the same magnitude and ces for the development and decay of friction shudder
frequency, but the friction shudder response displays avithout load shudder. The system shown is the orange
higher damping facto@ than the load shudder. Other than friction material and DCT uid at{L) = 0.3 N,7 = 32 C,
this large response 4, the friction shudder response is but the qualitative behavior does not signi cantly vary for
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~ 49 A " 4 ? T T V,=135mis enough tof? such that the free oscillations of the friction
g ||fa=126rps device in between the high-load point interact construc-
£ =128 (=&} e = nd e tively with the friction force spikes, developing into a
] 378 (=3fd) f?=36 Hz I . .
g 20 - 252 (=31d) g | shudder state where free oscillations of the friction device
2 <L=05N | - are of comparable magnitude to the friction force spikes
E B (Fig. 8c). Since the match is not perfect, the shudder is not
= L % '_ ' l i stable and eventually decays. The system is green friction
0

material and DX6 uid at(L) = 0.6 N,7 = 26 C. Large

B 260 V,=126mis variation in loadL as observed during load shudder is also

&l L T i :,,:120 Lia possible without friction shudder (Figd, the system is

=360 H .. . .
8 |l % o rru=gs o green friction material and DCT uid at(L) = 0.7 N,
g T A 240 f =30 Hz T = 30 C). The measured friction force and load are 90
(=4, e .
;;3 sl o *" L apaaniage S 00N out of phase due to the location of the load measurement.
8 (=32 1,261 o
O “Friction shudder”
- . 3.5 Thermal Effects
Cal L1
0 e, . The measured temperature ri§& in the contact during an
c ' ' T ' V, =126 mis experiment was always small (a few degrees Celsius), and
=31 =17 = . .

- e i} ?;_?;;22 primarily re ected heat transfer from the warmer lower
| 10 =36 Hz disk to the cooler friction material. The temperature rise
Ec' I =i 20 1| f =30 Hz measurement is constrained by the volume sampled by the
= | ‘ w ¥ T thermocouple; for a system of this kind the temperature rise
g | (=as21,761)| Et; 05N due to friction is expected to be only on the order of 0G&

1 =05N .
3 L>=02N ] Higher loads (pressures) enhanced the heat transfer from
8 the lower surface to the upper surface, generally increasing

0 M Maa¥ the temperature (results not shown).
0 100 200 300 400 500 600
Frequency, f (Hz)

i . . o 3.6 Chemical Analysis of the Friction Materials
Fig. 7 Single-time FFT spectra of the friction foréeextracted from

the STFT shown in Fig4 for the frictional system of sapphire against . . .

the green friction material in DX6 oil. a Purely sliding conditions. Black shiny spots oflaze of 1 mm in diameter were
black line (L =0.9N), load shudder conditionsred line  observed inthe center of the friction materials after friction
(L = 0.5 N). b Differences between friction shuddebldck trace) experiments with DX6 and DCT UidS, using optica|

and load shudderréd trace) observed in the FFT at constant __. . . - }
L = 0.5 N andfy = 120 rps.c The shudder friction response data at microscopy. For example, Figa, b shows optical micros

120 rps and 0.5 N fromanel b is reproduced, with the addition of the COPY images of the orange friction material before and after
responses at 0.9 and 0.2 N. The results show that an increase in lo#lde tribological experiment, respectively, with DX6 oil. The

increases th@ of the friction device response&iown in blue) glaze area is marked with a circle in Figh. SEM images
present the above-mentioned friction material before and
the other systems studied. Initially, the rotational speed igfter the tribological experiment (Figd, e, respectively), in
at a non-shudder value. As the speed is increased, thfie contact area. Polishing of the contact area can be clearly
motor transiently goes through a shudder frequency angpserved in Fig9e. In addition, Fig9f shows SEM image
overshoots before settling at the shudder frequency ohbserved outside the contact area, which is similar to the
f? = 4a in this case. We may note that the growth of untested sample (Fid), since it was not polished. After
shudder is slower than its decay, which occurs over ahis friction experiment (Fig9b, c), the DX6 oil was washed
period comparable to the (characteristic relaxation) timeaway with Petroleum Ether. As can be seen in Big.the
constant of the friction devicer > 0.075 s. glaze is still present in the sample con rming that its origin is
Development of load shudder and cyclically induceddue to a change in the surface morphology. The chemical
friction shudder depends on the rotational speeds@hd analysis of the glaze formation was done using XPS. The
but not on the large time constant of the load springglaze composition could not be identi ed, since this method
7, ™ 1s (see Fig8b, the system shown is the orangeis a surface-sensitive method and residual oil covered the
friction material and DX6 uid at (L) =0.7N, sample (bers) including the glaze, as can be seen from
T =33 C). Load shudder induces transient friction Table2. Hence, we compare the chemical composition of
shudder when a multiple of the rotational speed is closghe untested friction material without oil to the samples after
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Fig. 8 a Characteristic friction A  Entering friction shudder regime Exiting friction shudder regime
force and load traces during o]t <asmes T T 100

el E

shudder development and decay
for the orange friction material
and DCT uid at (L) = 0.3 N,

T = 32 C.b Development and
decay of load shudder for the
orange friction material and
DX6 uid at (L) = 0.7 N,

T = 33 C. c Friction force and
load traces for the green friction
material and DX6 uid at

(L) =06N,T=26 C
showing transient friction
shudder induced by load
shudder when a multiple of the
rotational speed is close @

but not enough to evolve into
stable shudded Load and
friction force traces showing
that load shudder characterized
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running the friction experiment with DX6 oil (containing opposed to shargrick—slip friction spikes). Load shudder
glaze in the contact area—see Faip) and washing the oil is likewise manifested by oscillations in the effective load,
away with petroleum ether (Fi@c). The chemical compo- due to mechanical displacements, even when the nominal
sition of the friction material surface in the contact area(applied) load is xed. In general, shudder can be more
(including the glaze which remained) was very similar to thecompletely characterized in terms of its magnitude, fre-
as-received sample (TabB, indicating that the glaze was quency, stability,Q value, development, and decay times.
formed only due to the morphological change of the surface.

The same phenomenon was observed with the green frictioh2 When Does Shudder Occur and at What

material and DX6 oil (Table). Therefore, mechanical ber Frequencies

polishing and burying of the bers in the resin are identi ed
as the primary reason for the friction material darkening. We conclude that shudder occurs at and when one of the
Fourier (requency) components of the mechanical system
(either in the normal, load, or lateral, friction, directions)
coincides with the rps (revolution frequency) of the rotat-
ing disk. However, themean friction force, (F), and
intensity of shudder (friction amplitudeAF) depend on
other factors, described later.

From our experiments using the HS-SFA, we conclude that The natural resonance frequencies of the mechanical
shudder is characterized by asvillatory friction force (as  system, which are related to the inertia and elasticity of the

4 Discussion and Conclusions

4.1 Origin and Nature of Shudder
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Fig. 9 a-c Optical microscope
im%ges of thg orange frictioﬁ A [?@
materials before (as received)
and after friction tests, and
inside and outside the contact
areas fhown by circles). a As
received,b after friction
experiments with DX6 oil, and
¢ same ad after washing away
the oil with petroleum ether. ;
The contact areas iaandb are 1'mm
visibly darker, and small white o
crystals that were nucleated or
deposited (trapped) in the
contact are also observablh-

f SEM images of the orange
friction material @) as received
(without oil, prior to a friction
experiment) show a surface that
is very rough on the micro-
scale.e-f SEM images of the
orange friction material after
friction experiments with DCT
oil (e) inside andf outside the
contact area show that the
contact area has been polished,
leaving a smoother area with
fewer bers. This polishing may
account for the visual darkening
of the friction material. The
results of XPS chemical
analysis of the different friction
materials and their surfaces are
given in Table2

A mm

device elements, are critical for the system’s frequencyuids may behave more “stif y” than expected due to the
response. These resonant frequencies determine what sdit culty that highly branched polymers have in owing

of shudder behavior is possible. Friction shudder occurgnto small pores. At the other end of the spectrum (e.g.
when the rotational frequency, or one of its multiples, ishexadecane), small molecules can order in con ned spaces,
close enough to thancoupled resonant frequency of the effectively freezing and so increasing the system stiffness
friction device,f2. On the other hand, load shudder occursthrough a different route.

when the rotational frequency, or one of its multiples or The differences between DX6 and DCT show the
natural fractions, is close to theupled resonant frequency importance of surfactants on friction system behavior. Both
of the loading devicef;. Load shudder induces transient uids are mineral oil-based automatic transmission uids
friction shudder when a multiple of the rotational speed is(ATF) with DCT having higher viscosity and higher oxy-
close enough to the coupled frequency of the load devicegen content -9 vs. 5%) as seen on Tabke

f1, due to the tribological coupling between friction and The effect of the uid and material combination on the

load. available speed/load range as well as the analog speed
control limited the variability of data on shudder devel-
4.3 Effect of Friction Material and Lubricating Oil opment. Thus, the quality and quantity of time to shudder
on Resonance Friction Characteristics (Intensity, data is not ideal. Trends are inconsistent, but there does
Amplitude, etc.) seem to be a tendency for DCT oil samples to have a longer

time to develop quasi-stable shudder. The more readily
Our results showing greater friction force amplitul for ~ apparent factor in uencing time to shudder was the driving
DCT uid irrespective of the friction material are sup- Vvelocity. Longer times to shudder may be associated with
ported by Cavdar and Lanil}], who report that high VI sliding speeds that do not match a device-critical
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Table 2 Results of XPS analyses of green and orange friction materials ( brous resin bonded to steel metal backing plates) with DX6 and DCT
oils

Friction material Friction oil Condition of assay Position related  Atomic number densify[%]
to contact area -
C1s O 1s Si 2p N 1s
None DX6 As received NA 91.7 4.8 35 0.0
DCT NA 85.9 9.1 5.0 0.0
Green NonB As received NA 80.0 15.0 1.1 3.9
DX6 Friction tested Outside 93.2 4.6 2.2 0.0
Inside 93.5 4.0 1.9 0.6
Friction tested+ washed Outside 85.2 111 15 2.2
Inside 86.9 9.8 1.3 2.0
DCT Friction tested Outside 87.6 7.5 4.9 0.0
Inside 85.7 9.2 5.1 0.0
Orange Non@ As received NA 80.4 17.1 1.2 1.3
DX6 Friction tested Outside 92.3 49 2.8 0.0
Inside 92.5 4.8 2.7 0.0
Friction tested+ washed Outside 87.7 11.7 0.2 0.4
Inside 90.8 8.8 0.2 0.2

The friction materials were analyzed with and without the oils, before and after the friction experiments. In addition, the friction materials were
analyzed after washing away DX6 oil with petroleum ether. Optical microscope and SEM images of these samples are sho@&n in Fig.

& The glaze composition could not be identi ed using XPS since is a surface-sensitive method and residual oil covered the sample ( bers)
including the glaze. After running the friction experiment with DX6 oil (containing glaze in the contact area—se® &igl washing the oil

away with petroleum ether, the chemical composition of the friction material surface in the contact area (including the glaze which remained)
was very similar to the as-received sample

® No lubricating oil was present on the friction material during the chemical analysis

frequency, but are close enough to cause shudder. ShudderIn our characterization of the friction material, we have
decay was more general and tied to the characteristidemonstrated (using XPS) that the glaze in our system is

relaxation time of the friction device. most probably formed due t@orphological changes of the
surface (“polishing™ rather then chemical changes or
4.4 Chemical and Physical (Structural) Changes formation of a new phase. Especially, as was shown by the
of the Surfaces-Induced by Resonance Friction XPS analyses (Tablg), after friction experiment with

DX6 uid (with glaze observed in the center of the sample)
Pressures on the order of 1-10 MPa are expected to resahd washing the uid away with Petroleum Ether, the
in a compression of perhaps pfn in the friction mate- chemical composition of the sample in the center (the
rial. SEM imaging of the friction materials shows that this glaze) was the same as of the friction material without
displacement is on the order of the diameter of a singleuid. Glaze presence after washing away the uid was also
ber, and thus at full load the real area of contact betweerevident from the optical microscope image (F8g), and
the friction material and facing plate is a very small hence supports the conclusion that the glaze we observed
percentage of the total apparent area of cont&ét 17].  represents a morphological change of the friction material.
The frictional behavior of the engaged clutch under slip
will be dominated by the tribopair of bers in the friction
material versus the facing material under boundarys Concluding Remarks
lubrication conditions. Since the bers stick out from the
surface, they will tend to quickly break through any bulk The tribological behavior of model automotive friction
liquid Im so the conventional description of a Im surfaces lubricated with ATFs using a new high-speed
thickness does not applyi§]. The surrounding lubricant attachment to the SFA that allows for friction measure-
that lls in the space between the two surfaces will ments to be made at sliding velocities up to 20 m/s reveals
support a small fraction of the load, mostly upon initial that at sliding velocities above<1 cm/s or reciprocating/
loading, and may be thought of as a continuous layer thatotational frequencies above 200 rps (Hz), depending on
heats slightly due to shearing and conducts heat from ththe system, new friction and load responses appear, char-
facing plate. acterized by large amplitude oscillations that are quite
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different from stick—slip motion. These oscillations arise 3.
from the “resonant coupling” between the different mov-
ing mechanical parts of the system. Our results and trends,
observed are qualitatively similar to those previously
reported §] using different attachments, model surfaces,
and oils, indicating that they are not device, surface, or
lubricant-speci c. We conclude that resonance friction
depends only indirectly on the purely frictional properties
of the shearing interface, such as the coef cient of friction, 6.
but directly on the loading and sliding directions and
speeds, the geometry and inertia (mechanical properties”
and especially the resonant frequencies) of the moving
parts of the whole system, and on any imperfections, 8.
defects or misalignments of the connected moving parts.
Including these purely mechanical-inertial effects in any
tribological model is necessary for fully understanding, o.
designing, or controlling frictional behavior at high speeds
or reciprocating/rotational frequencies in machines, cIut-1
ches, brakes, and hard disk-drives, etc., where “‘resonance’
friction” (also referred to as “shudder”, “chatter”,

“bounce’, etc.) is commonly observed.
11.

Acknowledgments We thank Mark Kornish for technical assistance

for the SEM characterization of the friction materials. SEM and XPS
were conducted at CNSI (UCSB). The development of the HS-SFALZ-
was supported by the Department of Energy under grant DE-FG02-
87ER45331. XB, NB, and DDL were supported by the Department of
Energy under the same grant. Friction materials and oils were pro=
vided by General Motors Co.

14.

References 15.

1. Mate, M.: Tribology on the Small Scale. A Bottom up Approach
to Friction, Lubrication, and Wear. Oxford University Press, 16.
Oxford (2007)

2. Friesen T: Chatter in wet brakes. SAE Tech. Pap. Ser. 8313187.
(1983)

Ohtani H, Hartley R, Stinnett D: Prediction of anti-shudder
properties of automatic transmission uids using a modied

machine. SAE Tech. Pap. Ser. 940821 (1994)

Slough, C.G., Everson, M.P., Jaklevic, R.C., Melotik, D.J., Shen,
W.D.: Clutch shudder correlated to ATF degradation through
local friction vs. velocity measurements by a scanning force
microscope. Tribol. Trans39, 609—-614 (1996)

5. Lowrey, D.D., Tasaka, K., Kindt, J., Banquy, X., Belman, N.,

Min, Y et al.: High speed friction measurements using a modi ed
surface forces apparatus (SFA). Trib. Let2, 117-127 (2011)
Ostermeyer, G.P.: On the dynamics of the friction coef cient.
Wear 254, 852—-858 (2003)

7. Ohkawa, S.: Wet clutches and wet brakes for construction

equipment and industrial machines. Jpn. J. TriB§].1439-1450
(1994)

Murakami Y: Anti-shudder property of automatic transmission
uids—A study by the international lubricant standardization and
approval committee (ILSAC) ATC committee. SAE Tech. Pap.
Ser. 2000-01-1870 (2000)

Rodgers, J., Haviland, M.: Friction of transmission clutch mate-
rials as affected by uids, additives, and oxydation. SAE Tech.
Pap. Ser. 194A 600178 (1960)

Watts, R., Nibert, R.: Prediction of low speed clutch shudder in
automatic transmissions using the low velocity friction apparatus.
In: 7th International Colloquium Tribology, Esslingen, Germany
(1990)

Israelachvili, J.N., Min, Y., Akbulut, M., Alig, A., Carver, G.,
Greene, W., et al.: Recent advances in the surface forces appa-
ratus (SFA) technique. Rep. Prog. Phy8, 036601 (2010)
Israelachvili, J.N.: Measurement and relation between the dynamic
and static interactions between surfaces separated by thin liquid and
polymer- Ims. Pure Appl. Chem60, 1473-1478 (1988)

13. Bijwe, J.: Composites as friction materials: Recent developments

in non-asbestos ber reinforced friction materials—A review.
Polym. Compos18, 378-396 (1997)

Kitahara, S., Matsumoto, T.: Present and future trends in wet
friction materials. Jpn. J. TriboB9, 1451-1459 (1994)

Cavdar, B., Lam, R.C.: Wet clutch performance in a mineral-
based and in a partial-synthetic-based automatic transmission
uid. Tribol. Trans. 41, 160-169 (1998)

Ingram, M., Spikes, H., Noles, J., Watts, R.: Contact properties of
a wet clutch friction material. Tribol. In#43, 815-821 (2010)
Otani, C., Kimura, Y.: Analysis of the real contact area of a paper-
based wet friction material. Jpn. J. Trib89, 1487-1494 (1994)

@ Springer



	Measurement and Characterization of ‘‘Resonance Friction’’ at High Sliding Speeds in a Model Automotive Wet Clutch
	Abstract
	Introduction
	Materials and Methods
	High-Speed Friction Force Measurement in the Surface Forces Apparatus (SFA)
	Friction Materials and Lubricating Oils
	Physico-Chemical Analysis

	Results
	Observation of Resonance Friction (Shudder)
	Occurrence and Intensity of Shudder
	Distinctions Between ‘‘Load Shudder’’ and ‘‘Friction Shudder’’
	Development, Transient Effects, and Decay of Shudder
	Thermal Effects
	Chemical Analysis of the Friction Materials

	Discussion and Conclusions
	Origin and Nature of Shudder
	When Does Shudder Occur and at What Frequencies
	Effect of Friction Material and Lubricating Oil on Resonance Friction Characteristics (Intensity, Amplitude, etc.)
	Chemical and Physical (Structural) Changes of the Surfaces-Induced by Resonance Friction

	Concluding Remarks
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


