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Abstract

An enhanced version of the flexure-based microbapmeter (FMR) is described which
enables rheological measurements in steady staégisp flows of bulk fluid samples of

PDMS with an absolute gap separation between tbaristy surfaces of 2100 nm — 100 pum.
Alignment of the shearing surfaces to a paralleltier then 10rad allows us to reliably
measure shear stresses at shear rates uf $3. 14t low rates and for shearing gaps <5 um
the stress response is dominated by sliding fndbetween the surfaces that is independent of
the viscosity of the fluid and only determined hg tesidual particulate phase (dust particles)
in the fluid. This behaviour is similar to the balamy lubrication regime in tribology. The
absolute gap control of the FMR allows us to systi@ally investigate the flow behaviour at
low degrees of confinement that cannot be accesgkaonventional (controlled normal

load) tribological test protocols.

Keywords: microrheology, thin film rheology, trilbgly, boundary lubrication, sliding plate
rheometer, micro gap, FMR

Introduction

Tribology and lubrication have traditionally beesmsidered to be distinct subjects set apart
from classical bulk rheology and the rapidly depahg area of microrheological
investigation. The principal reason for this separais that although fluid properties are key
to the flow and friction phenomena observed in daadtl, the experimental approach and the
resulting terminology differ substantially and pitwha direct translation of the results. In
particular the lack of well-defined viscometric &matics for tribological experiments and the
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difficulties in achieving sufficiently-precise fixte alignment in regular rheometry have
inhibited the unification of results from thesdd® This is particularly disappointing,
because measurements of the steady shear rhedltgy 6ims yields information that
localized microrheological techniques cannot previd contrast to particulate probe
methods%3** diffusive wave spectroscopy or AFM technique&”® that are often
collectively referred to as ‘microrheolog}, material testing of a fluid film with a defined
micro- to nanometer thickness allows one to acttessfull nonlinear rheological property
response of a bulk sample and to identify the &fe€confinement on the fluid rheology as a
single characteristic dimension is progressivelyréased until the ‘tribological’ interaction

of the bounding surfaces dominate the responseeafytstem.

From an experimental point of view, tribology andioshear rheology are very similar. Both
techniques utilize the same basic measurementiplesci.e. they determine a force or torque
that is transferred through the fluid from one smgpsurface to another as a function of a
velocity or angular velocity. However, traditionatlibology describes the transmission of a
force between two shearing interfaces via the tlirgeraction of these surfaces (established
by a normal load that forces the asperities orsthaces into contact), moderated by a
lubricating liquid. Shear rheology of bulk fluidreales, on the other hand, describes the
transmission of forces between two shearing intedaolely via the fluid, carefully avoiding
the influence of any direct interaction of the sgds or any kinematic discontinuities at the
interfaces such as slip. However, as soon as fheligiance between the two shearing
surfaces reaches the dimensions of the microsteiofua complex liquid, the distinction
between tribology and shear rheology becomes fukgyointed out by McKenr§ it

becomes increasingly important to separate the inél&logical response of a sample from
effects due to the confining surfaces Although weesdill performing a rheological
experiment - with well-defined dimensions for thiearing surfaces and a well-controlled gap
between them - the momentum transfer between tifi@ces can be dominated by the
confined microstructure of the liquid for small gaphis also can happen for apparently
simple fluids, since airborne dust particles ariteotontaminants lead to a direct interaction
of the surfaces at gaps below approximately 3 pdeasribed by Granick and co-workéfs
For a wide range of complex fluids, ranging fronla@dal-sized suspensions to immiscible
blends and other multicomponent systems, we expeaatiserve a complex material response
that can be interpreted from a tribological as w@slrheological point of view; thus bridging

the gap between these two important but distinpesmental techniqueslowever, there are
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few techniques that enable experimental exploratiomthis mesoscopic region characterized
by gap separations of order Q(th).

Shear rheological experiments that approach thalgyap separation are carried out for three
principal purposes. Firstly, if the available saenpblume itself is small, a bulk rheological
experiment can only be carried out for a given shgaurface area if the gap separation is
small. These investigations generally neglect ffeceof geometric confinement and mostly
examine simple fluids. Moon et &f have recently introduced the multi-sample micib-sl
rheometer (MMR) that determines the viscosity @ssure-driven polymer melts and other
viscous liquids flowing through a 132 um high chalriy optically monitoring the
propagation of the flow front. Similar approachieattapply a controlled pressure difference
to a (micro)slit channel have been followed by Apfiongphun and Castféand by Sort>.

Xie et al.*®

used the pressure drop observed for the radwal fletween two self-aligning
parallel disks in order to determine the shearoggg down to gap separations of 50 um.
The emerging area of microfluidic device fabricatlas also yielded approaches to
determine the viscosity of liquids flowing in micneter sized channels. The simplest
approaches require a reference fluid against wihieliest sample is compared; as for
example Han et al” who built a miniaturized version of a classicapitlary viscometer;
Srivastava et al® who use the capillary pressure of the leading sersi in a micro slit
channel as the driving force and determine thegapon speed of the liquid front; and
Guillot et al.'® and Nguyen et af’ who use an optical investigation of interface pesfof
two fluids in laminar parallel flow within a micrbannel. Degre et al. determine the velocity
profile and steady flow curve using a pressureatriffow in a microfluidic channel coupled
with PIV techniqueé®. There have also been approaches to incorporassyme sensors
directly into the channel for an situ determination of the pressure drop as demonstkated

Chevalier et al*? and recently by Pipe et &f.

Secondly, if the gap distance is small, it is poiesio reach much higher shear rates for a
given shearing velocity, thus meeting industriada®in the painting, coating or paper
industries to probe the response of a fluid at higlormation rates. Experimental approaches

include high pressure capillary or microchannebrheters2>%°

rotary parallel plate
rheometers operating at micrometer gags2%2%*°313%small gap Searl type geometries,
operating at a constant gaps down {ar1*® or small angled cup/bob devices that allow

systematic variation of a small, relative gapThese techniques aim to investigate



rheological properties of the bulk sample at higbas rates, therefore often deliberately
neglecting the possible effects of geometric carfient that might become important at
small gaps. However, when the characteristic lesgéhe of the flow is reduced to
microscopic scales, boundary effects such as Wpl&* or cohesive’ and adhesive failure
3 occur on the same scale as the overall deformafitime bulk sample and their impact on
the measured rheological properties can no longerelglected. For homogeneous samples,
slip, if present, occurs over length scales 0-5Ghamd is therefore usually negligible.
However, for heterogeneous liquids with charadierimicrostructural length scales of O(1-
10 um), slip effects caused by depletion or adhesigarkaat the walls are readily observed
2140 These effects are localized at the boundary letwiee bulk sample and the shearing

surface but their impact on the bulk flow cannonkeglected

Shear rheological experiments with small gaps ¢smlze used to investigate the influence of
the fluid microstructure on the bulk material resp® under conditions in which the
microstructural components themselves are confiyetthe shearing surfaces. For many
complex liquids such as foods and other consunetyats, these effects can become
important even when the shearing gap is as largyH3um). Many early investigations of
the effect of geometric confinement were actuadlyfgrmed byincreasingthe dimensions of
the microstructural elements rather than decreabmgonfining gap; it is then possible for
two phase polymer blends and emulsions to be imagstl under confined conditions in
conventional rheometric geometries with gaps betvatearing surfaces that are greater than
50 um. Examples include visual observation of ihafioed motion of single droplets in
cylindrical tubeg#2434445> Couette cell§® or parallel plate§’. Pronounced effects of
geometrical confinement can be observed on featwres as the critical capillary number for
droplet breakuf® and the corresponding breakup mecharisth®} For suspensions, such
‘scale-up’ experiments make it possible to obséneeeffect of macroscopic interfaces on the
volume fractions at which phase transitions océdt>*>> However, little information is
available on the relation of the state of streghi¢oobserved deformations or on the
morphology development during shearing flows imtiuid films (with thicknesses on the
order of micrometers). In order to investigate ghpeenomena and the more general effects
of geometric confinement on the flow of complex maetechniques are necessary that probe

the effective rheological properties of these sa®pin a microscopic length scale.



However, most of the rheological techniques thatcapable of quantitative investigations at
micrometer dimensions — and that are thereforergénéabelled with the term
‘microrheometry’ — typically only study the locasponse of a sample. The field of
microrheometry includes passive techniques thgteigher on direct microscopic
observations of Brownian motidfas well as single and multiple light scatterinchtgques,
e.g. diffusing wave spectroscopy. Actively-driven techniques that directly meastire
forces on microscopic beads have also been dewklegpirg optical trap®>°and magnetic
tweezers®®L For recent reviews on the applications and eviains of these

microrheometrical techniques s@&%%3%

There are also techniques that allow probing ofemdbr thin films of a sample via atomic

885 hanoindentatiofi’ or variants of the Surface Force

force microscope (AFM) techniqué
Apparatus (SFA§®®*"° For the smooth surfaces and thin gaps attainéteilSFA, very
pronounced and unexpected effects of confinemegtanse. These phenomena have been
referred to collectively as “nanorheology” and h&émeen studied extensively by Granick and
coworkers’®’% While these investigations actually present aameple of confining a bulk
sample of a complex fluid, the dimensions of the methe SFA are constrained to nanometer
dimensions, and the available surfaces are typiceditricted to opposed cylinders of cleaved

mica.

The intermediate micro to ‘meso-scale’ range (rdyigpanning gap separations of Quh —
10 um) cannot be readily probed with either conventidmgk rheometry or nanoscale
measurements of the apparent viscosity or surfact@h. When the fluid film thickness is
increased from a monolayer to a thin but continddons both bulk and ‘nanorheological’
contributions become important. Moreover, nonéheftechniques reviewed above allows
probing of the non-linear rheological responsenaf films to the large deformation
amplitudes and rates that occur in most real floix@mplex fluids. It is only recently that
techniques have been developed to probe the tsgemietric material functions of a bulk
sample of a complex fluid under homogeneous defoomaonditions on the meso to micro-
scales.

Granick and co-workers developed a microgap rheentleat is capable of operating at
‘mesoscale’ gaps of 3 — 500 fAT%and which can perform small amplitude oscillatsingar
experimentg? This device is limited to the linear deformatimgime due to the construction

of the translator setup. Several designs of piembiel vibrators allow probing the linear
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viscoelastic regime of liquids at gap settings leemv10 and 100m
resulted recently in a controversial discussionhenlimits of these techniqués’® Meeten’’
performed squeeze flow experiments using a sphélatasurface combination on samples
with thicknesses that cover a range from 100-1 Matkay and coworkers showed that it is
possible (with a very well-aligned rotational rhester and specially-machined parallel
plates) to perform reliable steady shear experiméaivn to gaps of 10 pffl Stokes and co-
workers recently presented a stdflin which they evaluated the capability of commaityi
available rotary rheometers for accessing shegiapg below 10Qum with parallel plates of
60 mm diameter. A careful correction of resultsanitd with a plate-plate geometry, taking
into account fluid inertid® and gap errors due to non-paralleli§m allowed them to
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perform steady shear flow experiments for gaps dm@0um. Clasen et a
the flexure-based microgap rheomete¥iR), a sliding plate configuration that utilizes whit
light interferometry (similar to the setup of Greli*'3 to set and maintain absolute gaps in
the range of 1 - 100 um. The compound-flexure-b&seslation mechanism of the FMR is
optimized for applying non-linear deformations guaafforming steady shear flow
experiments, but is less well suited to oscillatmasurements because of the large inertial
mass.

So far only the work of Davies and Stok&&°and Clasen et &%°?has actually focused on
complex liquids and the effects that confinemernthefmicrostructure has on the effective
bulk rheological response. These investigationsurag the response of systems containing

emulsion droplets, microgels or wax particles veitlaracteristic length scales of 10 - 50 pum.

The aim of this paper is to demonstrate how thesom@rag range of the flexure-based
microgap rheometer (FMR§ can be expanded to investigate the shear rhediape largely
unexplored range corresponding to sample gaps tihemange of ~10 um down to ~ 200 nm.
The paper is structured as follows. First we inticelthe new gap control mechanism for the
FMR that allows systematic control of the gap betbe previous lower limit of 1 pm and we
perform an analysis on the source of error-limifoagallelism of the shearing surfaces. In the
second part we demonstrate with PDMS melts of diffeviscosities that the enhanced FMR
is capable of reaching shear rates on the orde®'af* as a result of the narrow gaps
attained. In the third part we demonstrate thehekan for this simple PDMS melt, a
tribological type of response similar to boundanyrication is observed at low shear rates.
This response originates from the interaction efghearing surfaces via the entrained

airborne dust particles.



Experimental

Test Fluids

The test fluids investigated were trimethylsiloeyrhinated poly(dimethylsiloxane) (PDMS)
samples (Gelest Inc., Tullytown, PA) with nomin&oosities of 1000 cSt, 5000 cSt and

10000 cSt. The weight average molecular weMhthas been theoretically calculated from
the known relationship to viscosity=1.3x10"'M *% Pas* and is listed in Table 1. The
radii of gyrationRy have been obtained from the molecular weightsraggutheta

dimensions in the melt and the then appropriatdios 6<R§>/M =0.422 A’mol/g for

PDMS atT = 298 K22 and are also listed in table 1.

The modified FMR

The basic configuration of the flexure-based miagpgheometer (FMR) is described in detalil
by Clasen et af’. The length of the upper, square shearing pldizag for the present
investigation wasn = 4.5 mm and both shearing surfaces were made padished optical

flats (Melles Griot, Rochester, NY) with a surfaceighness of/20 and coated with a 50 nm
layer of TiQ.

Figure 1 The modified FMR

In order to measure and control submicron gapsdmtvthese surfaces, the FMR was
equipped with an additional inductive proximity sen(KAMAN Instrumentation SMU
9200-5U, Colorado Springs, CO) as shown in figuréHis sensor allows determination of
the absolute position of the linear translatiomystthat is used to position the upper shearing
plate and to set the gap, with a resolution of gl Ror the present investigation with PDMS,
white-light interferometry (WLI) is used in a clabéop feedback system with three-point
nanopositioning stages to set the parallelism artktermine the absolute gap between the
shearing surface€. This is done at the lower limit of WLI correspamgito a gap of ~lm.
This absolute value for the gap is subsequentlg tsealibrate the relative output of the

additional proximity sensor. A linear translatidage holds the upper plate assembly and
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adjusts the gap between the shearing surfacesavsitttp resolution of ~ 20 nm. This stage is
then used in an open-loop configuration to set labs@aps in the sub-micrometer range with
a resolution of ~ 1 nm, as determined by the prayisensor.

The parallelism error of the FMR, given as thedilgle errowr of the two shearing surfaces
with respect to each other, depends on thehgaml the lateral scaleof the shearing surfaces
that is probed with the white-light interferometiyhe parallelism of the shearing surfaces
also determines the lower bound for setting gapis thie FMR in the submicron range.
Because the final adjustment of parallelism ofghearing surfaces is performed at the lower
limit of the white-light interferometry system withgap on the order bf= 1 um, this
parallelism error is propagated forward when impgsmaller gaps. The absolute distance
h(x) between the two surfaces at any paiatong the lengthcan be determined from two
discrete wavelengthis,, Am+k Of the interference fringes that emerge from aticapprobe
passed through the sample at this p#int

L R
2n, A, -4

m+ k

wheren, is the refractive index of the medium within tregpg The parallelism error of the

FMR is then caused by the uncertainty of the ghpthat is related to the accura&y with

which the white light interferometrical setup caetetrmine the wavelength of an interference
fringe. This uncertainty equates & = h(A,,+ N, A, +)-h(A,1,, ) when determining

the gaph from two interference fringes of wave lengthsandAn.«. At the lowest gaph(~ 1
um) for which two fringes are still clearly visib{e Ay, = 600 nm A+« =460 nm) and with an
experimentally determined accuratd = £0.085 nm, this giveéh = 0.3 nm. The uncertainty
of the gapih along the lengthgives the tilt angle errar = oh/l between the shearing
surfaces, which calculates to=0h/I =3x10° (where in the current setlig: 2.85 mm is
determined by the diameter of the beam of whitketltbat actually enters the spectrometer).
The angular misalignmentpersists even when closing the d¢eijo sub-micrometer
separations, and is no longer negligible wiaen (wherem is the actual length of the
shearing surface) becomes comparable to the degagdd For the current investigations we

therefore limit the gap tb > 100 nm, which relates to/(am) >1.2x 16



Bulk rheological and high shear characterization of the test fluids

The flow curves for the PDMS samples as well asrtbasured first normal stress differences

Nl(y) as a function of the shear rgrewere determined using an AR 2000 rotational

rheometer (TA Instruments, Newcastle, DE) with aecand plate fixture (& = 4 cm, 1° cone

angle). The results of these bulk rheological mesments are presented in Figure 2.

Figure 2 bulk plus high shear data normal force

In addition, the high shear response of the sanwsdesdetermined utilizing the FMR over a
range of (small) gap settings. These results sogerwith the bulk rheological measurements
and extend to shear rates uptto10' s* (the flow curves obtained with the FMR and shown
in Figure 2 are truncated to focus just on the dgignamic lubrication regime, the full range
of data is shown in Figure 3 and discussed in det¢ddw). At these high shear rates, the flow
curves for the higher viscosity PDMS samples indi@ashear thinning regime. The onset of
this non-Newtonian behaviour is expected for ammeglied melt of a linear homopolymer.

The observed power laws for the shear stess- j* and the first normal stress difference

N, ~ J/* follow the expected asymptotic behaviour of arargted polymer melt in the

weakly viscoelastic limit and justify an estimatiohan average or effective relaxation time

from the relationship

T =lim——. 1)

The average relaxation times obtained from thisrggtic result (see Table 1) are in good

agreement with the time constamf, =1/),,, representing the inverse of the critical shear rat

for onset of shear-thinning. These values are nbthfrom fitting the flow curves in Figure 2
with the empirical Carreau-Yasuda mddetith the infinite shear viscosity set#g = 0:
n-1

T =107 1+ (1)) | © )

The fit parameters are given in Table 1. Viscousting as a source for the observed shear

thinning is a concern for high shear rate experisi&nbut this can be ruled out because of
the narrow gap. Recalling the definition of the Nﬁ}numberNa=/70,8l"Fy2/ KT as a

dimensionless ratio of the time scales for therdiffiision to viscous heating, with thermal
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sensitivity £ = (T//70)|d/7/ d'I'|T:T 2 it becomes clear that, for the FMR, the Nahme lsem

scales withNa [ iy* = V/* whereV, is the velocity of the moving plate. Because theash

experiments at different gaps were always conduated the same velocity range and in
particular to the same maximum veloCifylax = 2 mm/s, the maximum Nahme number can be
calculated for PDMS wit}f = 5.73 at room temperatufeto beNamax= 1.9x10° and is
independent of the gap. We can therefore attrithé@eshear thinning observed experimentally

solely to the viscoelastic material response.

Table 1

The Carreau-Yasuda fit to the data also allowsséimation of evolution of the normal stress
difference in the bulk sample at high shear rdtaséxceed the experimentally accessible

shear rate range of the AR 2000 rotational rheomgtgarticular the expected deviation
from the powerlawN, ~ * can be seen in figure 2 as the critical ratel/T is approached.

A simplistic description of the first normal stredifference, sufficient to estimate the onset of
the non-rate dependent regime, can be obtaineddroapper-convected Maxwell model that
incorporates a rate dependence of the materiatiing; as for example the White-Metzner

model®>-&

c+6<Ds=2/7D 3)

where the viscosity is assumed to be a functiahekhear ratg = f (\/ZD : D). HereD

O
represents the rate of deformation ten2dr=0v' + Ov, o represents the stress tensor and

O
represents the upper-convected derivatives — Ov' [6 —o v with ¢ denoting the

substantial time derivative aridv’ the velocity gradient tensdf. Evaluating the first normal
stress difference for a simple steady shearing fomes N, = 2(/7;'/)2/6. Inserting the

Yasuda-Carreau model for the rate dependent vigcaldbws us to describe the rate
dependence afi; with the model parameters of Table 1:

2(n-1

N, = 27507 | 1+ ()| © (4)

=
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The resulting curves are shown in Figure 2 by tio&dn lines and are in good agreement
with the experimental values obtained farin the initial quadratic flow regime, and allow an

estimate ofN; at the higher shear rates encountered in the FMR.

FMR results at submicron gaps

Figure 3 shows the shear stress measured in thedd\Runction of the shear rate for the

three different PDMS samples as the gap is proyedgseduced.

Figure 3 FMR results

The results for high shear rates for each gamsgetiere already presented in Figure 2.
However, it is clear from Figure 3 that, at lowhear rates, the PDMS samples show a
systematic deviation from the expected simple Navato flow behavior when the gap
separation is reduced below a critical limit. Thdsgiations can be interpreted in terms of the

tribological response of the sample with three abi@ristic regimes as indicated in figure 3.

At low shear rates, in the so calleédundary lubrication’regime, the shear stress is virtually
independent of the relative velocity between theasing surfaces and hence independent of

the nominal shear rat)‘e:Vp/h. This is counterintuitive for the rheologist foham rate-

independent stresses are normally encounteredamiyealized yielding processes, but such
observations are a regular tribological result sfiding friction process for which the friction
coefficienty is constant and independent of the velocity defifiee between the shearing
surfaces. What is at a first glance surprisindgpésdbservation of a boundary lubrication
regime for controlled absolute gaps in the micr@nednge. In contrast to a tribological test,
the plates of the FMR are not forced into contgcam applied normal load which would lead
to a dominant sliding friction response at low safghis frictional contact arises from rigid
asperities that are not on the surfaces but witrerdiquid itself. Granick and co-workers have
previously reported on the effect of airborne chasticles in apparently simple fluids that
prevented them from approaching shearing gaps b&lpm; entrapment of these particles
between the surfaces caused damage to their sersitiface coatings. Also previous FMR
investigations for a polybutadiene m&&nd a polystyrene/styrene oligomer based Boger
fluid ®?in a non-dust free environment have shown thetasfsliding friction caused by a
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contamination with ambient dust particles at a ggparation of ~ 4m. This additional

friction contribution can be observed even thoughsiil have a fluid layer of defined and
constant thickness in the gap. This is a conseguehihe fact that the viscous shear stress
response of the thin fluid layer is a functiontod applied shear rate, whereas the additional
frictional stress caused by the confined partieufdtase is independent of the rate. It thus can
dominate once the fluid shear stress drops to saigmificantly below the constant frictional
stress. For the present case it can be ruled authé sliding friction is caused by a
confinement of the PDMS itself, as the dimensidnthe polymer coils, reported as radii of
gyration in Table 1, are of the order of O(10 nmdl gherefore at least 2 decades below the
gaps for which we can already observe the ondebwhdary lubrication in figure 3.

In the hydrodynamic lubricationfegime observed at higher velocities and highstaas in
figure 3 the total measured stress response isrdded by the viscous response of the fluid.
In a typical tribological experiment the pressurattarises from hydrodynamic lubrication in
this regime forces the shearing surfaces aparhagtie applied normal load until, at a
certain fluid film thickness, the two forces balanin the FMR, the situation is similar,
although the gap is not determined by a force lcaldretween the pressure field in the fluid
and the applied normal load, but is directly colteand set to a constant value throughout
the experiment. The stresses that arise from tbaret fluid film are larger than any direct
frictional stress between the surfaces. Not sungig the hydrodynamic lubrication regimes
measured in these simple fluids directly matchhbuiié flow curves, independent of the gap
setting, a feature that has been utilized alreadigure 2 in order to obtain the high shear rate

part of the flow curve.

The transition regime between the boundary andddgaramic lubrication regime at
intermediate shear rates is commonly calledrtired lubrication’regime®. In tribological
experiments this regime is known to be very serestid a range of parameters from surface
roughness to the internal microstructure of thilffd and therefore it is often most interesting
for the investigation of the lubricating propertefsa certain surface/liquid combination. In
general, the mixed lubrication regime results laveer coefficient of friction than boundary
lubrication and a non-monotonous variation of theas stress with the shear rate. This is
again counterintuitive to the rheologist on a fgktnce who would demand a monotonous
increase of stress with rate for simple shear. H@wen tribological terms a transition from a

static friction, or ‘stick-slip motion’, to a slidg friction when increasing the sliding velocity
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goes along with a reduction of the shear stress, allowing a non-monotonous variation.
Although the FMR does not result in direct contalcthe shearing surfaces in the boundary
lubrication regime, the frictional forces that ér@nsmitted via the trapped dust particles show
a similar drop with increasing shear rate in fig8re

The curves in figure 3 showing the three distintirication regimes are generally termed
‘Stribeck’ curves in the tribological literatuf& however, different variables are plotted on
the two axes. Conventional tribometers are geneaoally configured to determine a frictional
force response of a sheared sample as a functian applied velocity under a constant
normal load. The results of tribology measuremangstherefore commonly reported in terms
of quantities that do not require knowledge ofslme, shape or separation of the shearing
surface. For example the dimensionless slidingidmcy is obtained from the measured shear

force Fg normalized by the applied normal forég.

Oy
0,70,

Fs
=_S = 5
U FN ( )

In the boundary lubrication regimie, O F, and the coefficient of friction is then indepenten

of the applied normal load, by definition. Knowledgf the contact are@of the shearing
surfaces and the simplicity of the flow field iretRMR allows, in principle, conversion of the
friction coefficient into the shear stress and nalrstress difference and vice versa, allowing
one to translate tribological to rheological terology. However, the normal force necessary
to maintain the gap in the FMR cannot be measuréide current configuration, so the
Stribeck curves in figure 3 are given solely imrsrof the shear stregs, and therefore do
not superpose in the boundary lubrication regime.

Regular tribometers are also generally not abtietermine the gap between the shearing
surfaces (although Spikes et#lhave proposed an interferometric method to deterrai

film thickness in rolling friction). They therefotack the possibility of calculating an
absolute shear rate. In tribology, the sliding e#ilg associated with the Stribeck curves is

therefore normally reported in terms of a dimenksst Sommerfeld number on the x-axis:

nJ
So="—, 6
0 5 (6)

whereU is the linear velocity of the shearing surfages the nominal viscosity of the fluid
(normally taken to be independent of the sheaj,ratelP is the normal forcd=, per unit

length of contack. Scaling by the normal force allows superpositibthe friction coefficient
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for Newtonian liquids in the hydrodynamic lubricatiregime, and the introduction of the
viscosity into equation (6) allows superposition iewtonian fluids of different viscosities
%1 Although the gaf between the shearing surfaces of the FMR is kneamyersion from

shear ratey to the Sommerfeld number usikly= yh is not possible sindéy cannot be

determined. The Stribeck curves in figure 3 areefoee given directly as a function of the

shear ratey. This corresponds in rheological terms to nornadiln of the sliding velocity

by the gaph, hence a superposition of data for different gabserved.

While the present version of the FMR is not capablapplying a normal force, it is able to
set and maintain a defined sample gap. In thisestiessFMR data is complementary to that
provided by regular tribometers. In a typical trfoeter, even the minimum applied normal
load results in such a large compressive normasstof the samples that the average
separation between the two shearing surfaces iseedo the scale of the surface asperities.
By contrast, the gap separation at which the FMiRdeect a transition to boundary
lubrication is several orders of magnitude lardérs can clearly be seen in figure 3; at low
shear rates we are able to detect a transitioartstant shear stresses corresponding to
boundary lubrication even at gaps of 1-2 pum.

The plateau values of the steady shear stresg ipahindary lubrication regime,

g, = |y|Erg) Oy (7)

that can be obtained from figure 3 are plotted amation of the gap separatidrin figure 4
for the three PDMS samples. The FMR is capablesdlving these frictional stresseg
over a range of O(£6- 1¢ Pa).

Figure 4 stress vs gap

The plateau stresses in figure 4 show two distiegimes: a fast increase of the stress level
when the gap is decreased below a critical gapragpah; ~ 4um, and subsequently, below

a critical separation level of the order 2um, an apparent scaling of the stresses with the

gap of g, ~ h™¥2 (as indicated in figure 4). The initial increadeh® plateau stress beldw

is likely to originate from Hertzian contact of thenfined particulate structure with the

shearing surface. The normal forEg that originates from the Hertzian contact of aasgt
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spherical particle with diametbg confined between two flat surfaces separated dpph
scales a&?

3
Fo~(1-¢)z, (8)
where € is the compressive strain acting on the partibddined as

=, 9
£ h 9)

We can now assume this normal forl€e coupled with the related friction coefficiept (see
equation (5)) as the source for the measured $bea F, in the boundary lubrication
regime observed at low velocities. We obtain thgimbkerting equation (8) into (5) for the
initial plateau stresg, ~ ,u(l—.s)”.

However, Hertzian contact forces can only be assiuimresmall compressive deformations
(1—5) < 1. At larger compressions in gaps below 2 um, assuming a single constant

Mooney-Rivlin constitutive model for the compressgaistic particulate pha¥ea more

appropriate relation of the normal force to the pogssive strain would be

Fy ~((1— q)+ﬂj(%—£2j. (10)

&

Combining the two regimes into a single expresdipimserting equation (8) and (10) into

(5), we obtain
g, ~ ,u((l— q) +gj(%—£2j(l— .s)g (11)

Fits of this expression to the experimental dagasiwown in figure 4 as solid lines (where the

parameteq of the Mooney constitutive equation was takendq b 0.1 as suggested by Bird

et al.®"). The observed apparent scalingamf ~ h™¥2 indicated in figure 4 arises from the

transition of the force scaling of the Mooney saticequation (10) or (11) frome&" to ~£

at a compression level of ordersof q .

Another important observation in figure 4 is thze boundary lubrication stress le\g| is

not directly related to the viscosity of the sanspla the hydrodynamic lubrication regime the
measured stress response of the samples is direlatgd to the viscosity (see flowcurves in

figure 2), However, it can be seen from figure dttthe 5000cSt sample shows somewhat
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lower stress valueg, then the 1000cSt or 10000cSt sample at compagalpie. Again this

supports the hypothesis that stress conditionsdrbbundary lubrication regime are
controlled by contact stresses of the confinedq@adte structure inside the fluid rather than

bulk material properties of the fluid such as theas viscosity. The normal fordg,

expressed in either equation (8) or (10) dependb@elastic modulus of the confined

particles. Furthermore, the measured shear fbgcthat is caused by the confined particulate
structure (and therefore also the reported pladé@ssesr ) depends on the actual contact

area between the asperities in the fluid and tkarshg surfaces and it therefore depends on
the volume fraction of the particulate structuré&hAugh it was not possible to directly
visualize the particulate contamination of the ¢hsamples (we assume that it consists of
airborne dust as suggested by Granick étjlit is apparent from figure 4 that the type and
number density of confined particles in the 500G&=Bnhple fluid causes less friction then the

other two samples at the same gap separation.

Conclusion

The enhanced version of the FMR allows measurenfehe viscometric response of
viscoelastic fluids over a wide range of controléegbaration distances spanning from a
minimum of approximately 0.1 um up to a maximun200 um (see Clase al.*%). It has
been proven difficult in the past to probe thisgamvith either conventional rheometrical
methods or tribological techniques. Even for appiyesimple fluids we are able to observe a
quasi tribological response at low shear ratesesponding to boundary lubrication with a
constant and rate independent sliding frictionadsst. In contrast to conventional rheometry
or tribometry, this friction does not originaterinadirect contact of asperities on the shearing
surfaces themselves, but is transmitted betweesutiaces by the confined particulate
structure in the fluid. The boundary lubricatioress thus does not depend on the bulk fluid
viscosity, but rather on the specific charactessstif the confined particulate phase. This has
been demonstrated for three PDMS melts of diffeviisgosity levels, for which the stress
level measured in the boundary lubrication regimdendt scale with the viscosity of the test
fluid. FMR data at constant gaps are thus compléangito general tribological

investigations under constant applied normal load#e boundary lubrication regime the

FMR is capable of resolving frictional stressgs over a range of O(10 — 1Pa). By
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contrast, tribological experiments typically operat a much higher level of confinement
(and resulting frictional stress) than the FMR.

With increasing shear rate, the viscous stressesajeed in the bulk fluid film eventually
overcome the sliding frictional stress associaté the boundary lubrication regime and the
FMR measures the bulk flow curves of the PDMS mélssexpected these are independent
of the gap level down to the minimum separatiomadises of ~ 150 nm. Because of the very
small separation between the shearing surfaceshtieis capable of achieving high shear
rates up to 1Ds* without concern of viscous heating artifacts, elfehe liquid being probed

is extremely viscous.
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Tables

Table 1 Parameters of the poly(dimethylsiloxgi®)MS) samples studied.

PDMS o Muw Ry T Terit n b
[Pas] | [g/mol] | [m] [s] [s]

1000 cSt| 1.07| 4.0xfQ 5.3x10° | 1.8x10° | 2x10° | 0.60 | 0.94

5000 cSt| 5.6 | 6.2xf0 6.6x10° | 2.1x10" | 2x10* | 0.585 | 1

10000cSt| 10.2%7.3x1d | 7.1x10° | 3.9x10" | 4x10* | 0.56 | 0.93
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Figure 1 The modified FMR. The additional proxiynsensor allows determination of relative sample
gap separations between the upper and lower sheariface even below the resolution of the whiétli

interferometry and extends the accessible gap remgygtm >h > 135 nm.
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