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ABSTRACT: The shear properties of thin films of polymer melts confined between two molecularly smooth
solid surfaces have been measured using a surface forces apparatus (SFA). Poly(dimethylsiloxane) (PDMS),
polybutadiene (PBD), and perfluoropolyether (PFPE) of various molecular masses were studied, including both
entangled and nonentangled systems. In all cases, the systems exhibited “smooth” sliding, with no intermittent
or stick—slip motion at moderate shear rates{&0D0 s1). The coefficients of friction ranged from approximately

0.5 to 0.006, generally decreasing with increasing molecular mass and bulk viscosity for each polymer. The
measured friction coefficients were smaller than values measured previously for lower molecular mass molecules
such as-alkanes, which is consistent with the above trend. During sliding, the surfaces remain separated by a
thin tenacious polymer film, even at high loads where the minimum surface separation was found to be proportional
to the radius of gyratiorRy, for each polymer. The friction coefficients for systems that are not entangled in the
bulk are higher than for entangled systems. Shear for entangled systems appears to occur at the wall rather than
within the polymer film, resulting in very low friction forces. For each type of polymer studied, one finds a
decreasingfiction or “effective” viscosity of the confined fluids with increasing (i) molecular mass, (ii) bulk
viscosity, and (iii) degree of entanglement. These opposite trends (compared to those of the bulk fluids, including
simple hydrocarbon liquids) are due to the effects of the atomically (or molecularly) structured walls on the
molecular configurations of the confined fluids, and the increased film thicknesses with increasing molecular
mass.

Introduction squalanél~13 The behavior of these fluids in thin films was
found to be entirely different from the respective bulk behavior,
including, for example, their measured “effective” viscosity

. . . . which was generally non-Newtonian and often orders of
polymeric material that operates by keeping the moving parts 9 y

ted. | ing the sh ; th. and dissipating the h magnitude larger than in the bulk even when compared to the
separated, lowering the shear strength, and dissipating the heat, o, a1e viscosities of the bulk fluids under similar hydrostatic
The performance of a material or fluid as a lubricant depends

) ) . . : ; ressures. The latter observations suggest that the details of the
upon its dynamic properties and interaction forces with the P 99

. . ) confinement, for example, the topography of the confining (and
4 ] [}
;hearl_ng surfacés: The b.UIk properties of lubricants h?“’? been shearing) surfaces, the contact area, and the surface separation,
investigated extensively in an effort to understand friction and

56 . S ) . determine the friction forces (or coefficients) rather than the
wear>® However, in applications such as microelectromechani-

. . . load or pressure.
_cal systems (ME_I\/IS)_and h_ard disk drives, the I_ubncant operates Recently, the shear properties of polymers under steady state
in nanometer thick films, i.e., only a few lubricant molecules

thick. whose static and dvnamic properties are quite different and oscillatory sliding conditions have also been measured using
from7the bulk oro ertieég)llmowlec? epre ardin tﬂg dvnamic the SFA4-21 The present work extends these studies to a variety
. Prope ; Ieqge reg 9 yr of neat polymer melt chemistries and molecular masses both
properties of thin films is crucial both for understanding the above and below the entanglement molecular mdks, In
ggigomrﬁgu?rgfrr?:woée&fggn and lubrication, and for the particular, measurements of the steady-state sliding properties
'_O ) ’ o of thin films of polybutadiene and poly(dimethylsiloxane) melts
Previous studies of nanometer thick films under steady-state are reported and the results are compared to the friction of
sliding focused on simple moleculési® The friction was  perfluoropolyether melts, other liquids, and shorter chain
measured between mica surfaces separated by simple hydromolecules. Our choice of these 3 polymer melt families was
carbon liquids of different chemical structure such as cyclo- pased to their different chemistries (hydrocarbons, siloxanes and
hexane, tetradecane, and branched hydrocarbons such agerfluoroethers), and general interest (hydrocarbon oils, silicone
oils, and fluorocarbon polymers now commonly used in the
T Certain commercial equipment, instruments, or materials are identified lubrication of hard disk drives). The range of molecular masses
in this paper in order to adequately specify the experimental procedure. used (from 1000 to 11 000 g/mol) also span the entanglement
Such identification does not imply recommendation or endorsement by the molecular masses.
National Institute of Standards and Technology nor does it imply that the : - PO
materials or equipment identified are necessarily the best available for the The polymer melts arg C0|0r!ess‘ ,relatlvely inert liquids Z,it
purpose. room temperature. Previous viscosity measurements at film
* Corresponding author. . thicknesse® greater than the radius of gyratid® indicate
“National Institute of Standards and Technology, Polymers Division. 4t these polymers retain their bulk viscosities except in a thin
§ School of Chemistry, Melbourne University. . - 3 . -
semi-immobilized layer at each wall of “hydrodynamic thick-

I'Department of Chemical Engineering and Materials Department, ' Y
University of California, Santa Barbara. ness” -2 Ry.1922-24 The immobilized layers overlap wheh

Most moving parts require some amount of lubrication to
reduce friction and prevent weailhe lubricant film is often a
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is less than 24 Ry, taking the system into the tribological or
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Table 1. Polymer Melt Data and Minimum Film Thickness?

lubrication regime of behavior. Our aim in this study was to
further prpbe the shear properties of these “immobilized” Polymer Melt Vfinimam Film Thickness
polymer films.
D (nm) + 0.1 nm
Materials and Methods Bulk, molecular and Specific
A surface forces apparatus (SFA) with a lateral sliding attachment | ™irinsic propertes Properties Without shear® With shear (Dn)
was used to measure the shear foréeBhe SFA is a powerful PBD 1000
tool for measuring shear forces since parameters such as area gf PED M, = 1000 gfmol
contact and surface separation can be simultaneously measured via
observation of the interferometric fringes. The lateral sliding | ¢CHrCH-CHCH), |72
attachment shears two flattened molecularly smooth mica surfaceg HoH M./M, = 1.08 30 30
past each other while simultaneously controlling and/or measuring H:@M(}Ha Tout = 0.1 Pa-s
the surface separatid, sliding speed, normal load_, molecular Hown o K= 11Smm
contact ared\, pressurd® = L/A and lateral shear forde or shear f
stressS = F/A. Typical values in this study wei@ = 1-8 nm, v PBD 3500
= 0.5-1um/s,L = 0-200 mN,A = 10-6—10-3 cn?, F = 0—100 PEOSTEML <3500 gimol
mN, andP = F/A = 0—15 MPa (i.e., 8-150 atm). Surface =0450m =65
separations were measuredtf.1 nm;v, L, andA were measured M. = 1850 g/mol
to +5%, andF was measured te-30% for the smaller friction L oag MM, =116 37 63
forces (and to better accuracy for the larger friction forces). The b Touk = 0.8 Pa-s
large uncertainty in the friction force measurements is due to the R, =22 mm
extremely low values of the friction forces attained for some of
these polymer melt systems. Therefers to the standard uncertainty FBD7000
in the measurements and is taken as one standard deviation of the M, = 7000 g/mol
measured values. m=130 10 12
The mica sheets were glued to silica support cylinders ssing MM, = 103
diphenylcarbizide glue. The experiments were carried out with a
macroscopic droplet of liquid between the two crossed cylindrical T = 3 Pas
surfaces. Solid s was placed inside the apparatus to eliminate R, =3.0nm
moisture (water is known to adsorb at the hydrophilic mica
polymer interface and affect the boundary slip conditions). The
experimental temperature was maintained at@5The values of PDMS
the molecular mashl,, radius of gyratiorRy, and bulk viscosity (-Si(CHy),-O-)n PDMS 3700
n for the polymer melts used are given in Table 1. The number CHy  CHy M, = 3700 g/mol
following each polymer abbreviation is the molecular mass. DN N s
Polybutadiene (PBD) has the structural formuteOH,—CH= by bn, ™
CH—CH,—)m The samples were supplied by Lew Fet®&r$wo o= 096 it MM, =23
PBD molecular masses were studied: 1000 (PBD 1000) and 3500 T = 0.054 Pa-s
g/mol (PBD 3500). The PBD molecules had cis and trans bonds ©=08nm R, = 1.6am
alternating randomly throughout the molecule with about 8% M, = 9600 g/mol
branching. The molecular chain diameter of PBris 0.45 nm | = 0.65
and the persistence lengthljs= 0.48 nm?7:28 '
Poly(dimethylsiloxane) (PDMS) is a linear polymer with the PIPEA4300
structural formula £ Si(CHs),—O—]m. The molecular mass was PFPE M, = 4300 g/mol
3700 g/mol (PDMS 3700) and was obtained from Dow Corning CEA[(OCECEy)y | MvMa=13 50 20
(Dow Corning 200, Midland, MI). The sample was relatively 0042 Pas
polydisperse wittM,/M, = 2.3. The diameter of a PDMS chain is e
about 0.8 nm and the persistence length is 0.65h. R, =1.6mm
The perfluoropolyether (PFPE) samples were obtained from ¢ F o F [PFPEI0300
Montedison, USA, Inc. and are known as Fomblin Z fluids. PFPE /(O\Hﬁ(o/{jk My= 10,300 g/mol
is a random block copolymer with the structural formulaQPCF,- L Fp Fa VM 1o os 2y
CF)y(OCFRy)gJOCFs. Three molecular masses were studied: 4300 o= 181 gl R ’ ’
(PFPE 4300), 10 300 (PFPE 10 300), and 21 700 g/mol (PFPE Tk = 0.25 Pa-s
21 700). The diameter of a PFPE chain is-8067 nm, and the o=0607m™ o
persistence length is1 nm?29-32 M, = 9500 g/mol
The densities of PBD, PDMS, and PFPE are 0.89, 0.96, and 1.81 =
g/mL, respectively. PDMS and PFPE have very flexible chains, PEPE 21.700
whereas PBD has a more rigid backbone. The entanglement M, =21,700 g/mol 4.0
molecular massell, of PBD, PDMS, and PFPE are 1850, 9600, MM, = 15
and 9500 g/mol, respective§33 B
All the samples were centrifuged at 500 radisifd immediately ok =94 Pes
prior to use. Unless otherwise noted, the PDMS and PBD results Ry =40mm

were obtained at a sliding velocity ef = 0.5 um/s whereas the

a2 The asterisk denotes that minimubnwithout shear is the measured
closest approach of two flattened mica surfaces separated by the polymer
melt at loads in excess of 100 mN.

PFPE measurements were taker a 1 um/s.

Results

At least two complete experiments were run for each sample, positions of the surfaces were used to measure the friction forces,
and within each experiment, at least two different contact surface separations (film thicknesses), contact areas, etc., as a
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Figure 1. Measured friction force$ between mica surfaces as a 10 | .
function of normal load.. The surfaces are separated by thin films of
various polymer melts as indicated. The solid lines are least-squares
fit to the data. The slopes of the lines give the friction coefficigents ol L e L L1
Sliding velocitiesy were in the range (0.5 1.0) um/s. Typical error 0 20 40 60 80 100 120
in F: £30%. The data for PDMS 3700 are out of range and are given
in Figure 2. d g Load, L (mN)

Figure 2. Measured friction force$ between mica surfaces as a
function of load and sliding velocity. The friction forces for all ~ function of normal load.. The surfaces are separated by a thin film of
the polymer melts were measured in the “tribological” regime PPMS 3700 M). The solid line is a least-squares fit to the data. The

. . . . .~ _slope of the line is the friction coefficient. The friction forces are
(i.e., under high compression and confinement) where the micaaasured tak10%.
surfaces were pressed into a flattened contact under a large load

L, corresponding t&® = 2—15 MPa. Under these pressures,

the films were thinner thanR. Sliding was commenced at a ¢ friction decreases with increasing chain length.
constant driving velocityy, in one direction for a given distance Figure 1 also shows the coefficients of friction measured for

of approximately 10Qum or more (typically larger than the .0 films of PEPE 43004 = 0.023+ 0.002), PFPE 10 300c(
contact diameter), and then the sliding direction was reversed._ 014+ 0.002), and PFPE 21 70@ (= 0.006+ 0.002)2

In this way, sliding was continued at fixed velocities-bf per Once again, for the specific polymer type (PFPE in this case),
“cycle” until steady-state tribological conditions were reached. ¢ fiction force varies linearly with the load and decreases
Once steady-state conditions were attained, usually withd 1 ity increasing molecular mass and increasing (bulk) viscosity,
cycles, the load was increased and the cycling was repeated, ~giatic force profiles for these polymer melts have been
None of the systems exhibited stieklip friction or stiction previously reported24.36.37

spikes; the friction traces were therefore fairly featureless and " 1o measured frictiof vs loadL for PDMS 3700 is shown
similar to those previously shown in ref 19, Figure 14, and ref i, gigre 2. The coefficient of friction is 0.4& 0.05. This is

59, Figure 3a. approximately 2 orders of magnitude higher than the coefficient

Tlhe mz@sgred friﬁtion fprcervs Ioadeo”r the §ixfpolycrlrwer of friction for the similar molecular mass but higher bulk
melts studied are shown in Figure 1. In all cakes found to viscosity hydrocarbon PBD 3500.

be roughly proportional td, i.e., obeying Amontons’ law: All the polymer melts studied exhibit monotonically repulsive
E=ul (1a) (normal) forces with no or little adhesion, as has been previously
# reportedt®23.24.3637And, for such systems, one does expEct

which can also be expressed in terms of the shear stress (S {0 b€ proportional td., as was seen in these measuremes.

lations®® of short chain molecules also found that the coefficient

F/A) and pressureR(= L/A): addition, the polymer melts studied exhibited smooth sliding.
No stick=slip motion was observed. Stielslip motion has been
S=uP (1b) observed for smaller molecules such as cyclohexane, octane,

and octamethylcyclotetrasiloxane confined between mica sur-

When the data do not extrapolate to the origin, it is customary faces?2534 Stick—slip motion is expected for films having a
to define the friction coefficient in terms of the slopeu = negative slope in the vs v curves, or for ordered, “solid-like”
oF/L. This is the definition used here since many of the “lines” films whose order is broken down with increasing sliding
in Figure 1 do not extrapolate backfo= 0 atL = 0. We also velocity leading to a “fluid-like” film (where the abrupt
note that the friction coefficients of PBD 1000, PBD3500, and reduction in the friction can be considered as a steep negative
PDMS 3700 were relatively insensitive to the sliding velocity slope in theF(v) curve)3® Thus, there appears to be a correlation
for speeds between 0.5 andiB/s, consistent with Coulomb’s  between stickslip, the nature of the normal forces across the
law regarding the “constancy” qf. film (whether attractive, repulsive, or oscillatory), and the ability

The coefficients of frictiony = dF/dL, for PBD 1000 and of liquids to order between the surfaces. One measure of the
PBD 3500 were found to be 0.0200.003 and 0.006- 0.002, degree of ordering is molecular in-plane layering. This is seen
respectively. In comparison, under similar sliding conditions, as discrete steps in the surface separation as the load increases,
the coefficients of friction for mica surfaces separated by thin resulting in oscillatory forcedistance curves. For simple
films of octane, tetradecane, and 2-methyloctadecane have beemolecules such as cyclohexane and octane, there is distinct in-
measured to be very much higher: 1.5, 0.8 and 0.39, respec-plane layering where the distance of each step corresponds to
tively.3* Thus, for all five of these hydrocarbon fluids, the the diameter of the intervening molecufe®:34 Molecular-
coefficient of frictiondecreasess the molecular magscreases dynamics simulations of thin films of short, symmetrically
Earlier macroscopic measureméraad recent numerical simu-  shaped molecules confined between two solid stationary plates
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Figure 3. Dynamic surface separati@as a function of applied load g 2F PFPE 10,300
L. The measurements were taken while the surfaces were sliding at a c:>' PFPE 4300
velocity of v = 0.5um/s. The surfaces were separated by PD@} ( = T e
PBD 1000 @), and PBD 3500M). The solid lines are meant to guide 00 1 s 3 4 P
the eye. The surface separation was measuregltd nm.
Radius of Gyration, Ry (nm)
PFPE 4300 (0.042 Pa-s) Figure 5. “Dynamic hard wall” surface separation (measured at loads
100 [~ s h : ;
PFPE 10,300 (0.25 Pa-s) of 100 mN) as a function of the radius of gyration of the polymer
melt. The surfaces are separated by thin films of PEPdnd PFPE
80 - PFPE 21,700 (0.94 Pa-s) | (®). The solid line is a least-squares fit to the points with the slopes

calculated as 3.8 and 0.81 for PBD and PFPE, respectively. There
appears to be no direct correlation between the dynamic hard wall
thicknesse®y and the persistence lengthg, or chain diametersy

_ My (Table 1). Clearly, some additional properties are involved in determin-
" Mouk ing the hard wall thicknesses and their quantitative relationshigy.to

sometimes varied slightly, by up to one molecular diameter,

Load (Normal Force), L (mN)
3
T
1

N N
o o
I I
4 &
, /—v
*
1

.. R .~ across the contact diameter. As shown in Figures 3 and 4,

T e Tl stepped variations in the surface separation were sometimes

00 2'0 4'0 "6% ";'o \1’00 observed, but these were less distinct than for shorter molecules
Surface Separation, D (A) previously studied>3*The layering effect was more pronounced

Figure 4. Dynamic surface separati@as a function of applied load for_th_e thl_nner PDMS and PFPE films th_an for the PBD films.
L. The measurements were taken while the surfaces were sliding with This implies that the PDMS and PFPE films are more ordered
a velocity ofv = 1 um/s. The surfaces were separated by PFPE 4300 under shear than the thicker PBD films.

(a), PFPE 10 300@), and PFPE 21 700%). The solid lines are meant We can define a “dynamic hard wall” of thickneBs as the

to guide the eye. The surface separation was measured.tb nm. . . ) . .
We may note that while steps in the quasi-static normal force curves minimum surface separation or film thickness measured during

are not expected for flexible, high molecular mass polymer melts, for sliding at the highest attainable load (loads over 100 mN
sheared systems under a load (as we have here and in Figure 3), sheacorresponding to pressures of 85 MPa) that did not damage

ordering éffizn occur, giving rise to steps, as previously seen with the mica surfaces. As shown in Figure 3, the surface separation
squalané- for PDMS 3700 varied from~3.3 nm at the lowest loads to

have shown how ordering in such films ari$és* as one plate 1.5+ 0.1 nm at the highest load® = 8 MPa). ThusDy =
is sheared past another, stiellip motion occurs which may 1.5 nm, which is ondy; of the polymer. The limiting surface
be due to a negative slope of tRevs v curve or to periodic ~ Separations for all the polymer melts are given in Table 1.
freezing-melting phase transitions of the lubricant fiff{2 As shown in Figure 5Dy appears to vary linearly witRy
Branched hydrocarbons, such as 2-methyloctadecane and squalar@nd hence is inversely proportional kb, for both PBD and
(CaoHs2), span between layers, which makes them effectively PFPE. The graph also includes data for PBD 7000, wigre
more disordered than symmetrically shaped molecules and gives= 12 nm which was measured in an independent stédye
rise to the monotonically repulsive forces that have been linear fits to the data in Figure 5 givey = 4.9R; for PBD and
experimentally observet:#3Consequently, 2-methyloctadecane Dy = 0.81R; for PFPE. For PDMS, which was studied at only
and squalane show little or no layering, and limited or chaotic one molecular mas&y was about Ry. Hence, for both PDMS
stick—slip sliding11:34 The extent of both in-plane and out-of- and PFPE, the minimum surface separation achieved upon
plane ordering (and stiekslip) decreases as molecules become sliding corresponded to abouRg, whereas for PBD it was about
more complex. 5Ry. It is interesting to note that PBD has a substantially higher
Figures 3 and 4 show the variation in the average surface film strength or load bearing capacity under shear even though
separation (film thicknes$) with load, measured as the surfaces it has a lower friction. As detailed in the discussion, the
were sheared, for the six polymer melts listed in Table 1. combination of a high degree of entanglement and the stiff
Generally, once the initially curved surfaces flattened elastically backbone makes PBD a better boundary lubricant.
(Hertz-like) under the influence of the externally applied Finally, we compar®y to the minimum hard wall separation
compressive load, the thickness was uniform across the entiremeasured in the absence of shear (static loadighe results
contact area at each load, as seen by the flat interference fringesare also summarized in Table 1. For PFPE and PDMS, the
However, a rippled or nonuniform interference fringe pattern surface separation decreased during shearing compared to static
was sometimes observed during sliding, especially as the loadloading conditions. For PBD 1000, shear did not seem to affect
was changed or at higher loads. Thus, the surface separatiorthe minimum surface separation, while for PBD 3500 and PBD
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Slip Figure 7. Friction force measured between mica surfaces separated
by polymer melt thin films as a function of the molecular layering of
6l the polymer melts. PDMS 3700 gives the highest friction and the lowest
1x10° 8 number of molecular layers between the surfaces whereas PBD 3500
0 000k gives the lowest friction and the highest number of molecular layers.
0 50 100 150
Load, L (mN) steeply when the number of molecular layers is less than 4. At

Figure 6. Shear stresses measured between mica surfaces separateldw loads, low friction can be measured if the molecules do
by thin liquid films of cyclohexane, octane, tetradecane, octamethyl- not get squeezed out from between the surfaces, regardless of
cyclotetrasiloxane (OMCTS), 2-methyloctadecane, and PBD 3500. The oemistry and structure of the molecules. At separations beyond
solid lines are meant to guide the eye. S

~4Ry, the excess liquid between the surface layers appears to
exhibit bulk viscosity?* Besides the loss of configurational

3500 and PBD 7000 are entangled in the bulk and have a stiff entropy at small separations, adhesive bridging of the polymer

polymer backbone, whereas PBD 1000, PDMS 3700 and PFPEChainS may also occur as the film thickness decreases below
4300 haveM,, < I\}Ie and are more fle;<ible than PBD. The -oM¢ "C”“C?' t.h.'CkneS.S”’ eg. fob < Ry B_no!gmg 1S
PDMS and PFPE samples were also more polydisperse (Cf_expected to significantly increase the measured friction fé¥te.

: This effect might be responsible for the unexpectedly high
Table 1). These results suggest that entanglements and d"atanCYriction forces r%easured vﬁ)/ith the highly flexible E’DMS 33/708
play an important role in determining the nature and magnitude where the film was unusually thi)(~ Ry), compared to the :
of the friction forces. y Ry), p

thicker films of PBD 1000 and PBD 3500 (cf. Figure 7). Further

7000, the films thickened with she&!°We may note that PBD

Discussion work needs to be done to establish whether the “critical
thickness” should be defined or characterized in terms of the
A summary of the measured shear str&ss, F/A, vs loadL absolute thickness, the number of molecular layers, or the radius

for mica surfaces separated by various liquid films, including of gyration, R,

some previously measured liquids, is given in Figure 6. For  For the three different molecular masses of PFPE studied,
simple liquids such as cyclohexane and octane, in-planethe friction forces decrease as the bulk viscosity increases.
molecular layering is observed in the thin film as seen by the However, between chemically distinct (homologously different)
stepped changes of the shear stress on load. For simple liquidspolymers, the friction coefficient is relatively independent of
the entropic energy of confinement (including excluded volume the bulk viscosity. For example, PFPE 4300 and PDMS 3700

effects) gives rise to an oscillatory short-range force, and the haye the same bulk viscosity, but the coefficients of friction
surfaces slide when separated by discrete layers of moleculesgitfer by an order of magnitude.

The shear stress is found to be quantized for each molecular The |ocation of the shear, whether at the wall or within the

layer and increases as the number of layers between the layergpricant film, depends on the interaction energies of the

decrease®:* polymer chains with other polymer chains and also with the
As the molecules become larger and more complex (asym-walls. Shear occurs where the yield stress or viscosity is smallest.

metric), the oscillations diminish and the entropic force becomes Normally, Couette flow with no slip at the walls and a uniform

monotonically repulsivé?374446 The friction force decreases  shear gradient across the film is assumed. The friction fBrce

in magnitude, and stickslip motion is replaced by smooth  or shear stresS$ between two parallel plates, separated by a

sliding. The surface separation is generally larger than in the Newtonian liquid, moving laterally relative to each other at
(quantized) oscillatory regime, and the friction force now vyelocity v is then given by

increases monotonically (and often linearly) with increasing

load. Figure 6 illustrates these effects, showing the dramatic F = »nAv/D

d_epen_dence of the shear stress on the m_olecglar mass and bulk S=F/A=nu/D )
viscosity: as the molecular mass and viscosity of the hydro-

carbon molecules increase, the shear stress decreases. whereD is the surface separatiod, is the area, ang is the

Figure 7 shows a plot of the friction force vs the number of viscosity. Using typical values measured in the experiments:
molecular polymer layers separating the surfaces for the six for PBD 1000 of bulk viscosityy = 0.1 Pa s (Table 1), a sliding
polymer melts studied. The number of molecular layers was velocity of v = 0.5 um/s, and a film thickness d® = 3 nm
calculated by dividing the optically measured surface separation (Figure 5), we obtain a shear stressSf 16 Pa, which is 4
D by the chain diameter of the specific polymer(as given in orders of magnitude smaller than the measured valu® of
the first column of Table 1). As seen in Figure 7, the friction 0.27 MPa (Figure 8). For all the polymers measured in this
increases as the number of molecular layers decreases, and risegudy, the “effective” viscosity was measured to be at leagt 2
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Figure 8. Measured shear stress as a function of the pressure between(O), and PBD 3500[{). The solid lines are a least-squares fit to the
mica surfaces separated by thin polymer melt films. The solid lines data. The shear stresses are measure3b.
are least-squares fit to the data. The shear stresses are measured to

+30%. under the same external (mean, isotropic) presBulaedeed,

orders of magnitude higher than the respective bulk viscosities. N€ dlstanceD_sh_ouId,_ strictly, be written afey, since for
Confinement has previously been seen to increase the effectivern(JIeCUl"jlrly thin films it deF’e’?d.S on the subnanoscale topog-
viscosity of simple molecules, and has been predicted for two- FaPhy Or structure of the confining surfacés. :
dimensional polymer film&2548 As already mentioned, the (2) The assumption of zero slip at the walls, inherent in eq

effective viscosity is proportionally higher for liquids with lower 3 @PP€ars to break down in certain cases where there is full or
bulk viscosity. partial slip at the walls rather than flow only within the film.

Even allowing for the higher “effective” viscosities of fluids Molecular-dynamics simulations also indicate that wall shear

i 0,50,51
in molecularly thin films, eq 2 does not describe the observed 0¢curs for some films250:51n these cases, a plug flow model
dependence of on A, v andD. For constant contact aréa with shear at the walls would be more appropriate.
and surface separatid, the friction force is predicted to be To obtain more insight into the location of the shear plane,
proportional to the sliding velocity. In contrast, one finds the ~ € may plot the shear streSs(friction/area) vs pressur®
kinetic friction to be relatively insensitive to for speeds  (Ioad/area). According to eq 3b, even for a constgrishould
between 0.5 and @m/s, both here and in previous studies-é increase withP. Yet for PBD we find thatS is largely
in agreement with Coulomb’s law (but not eq 2 for Couette ndependent oP (Figure 9), and PFPE is also tending in that
flow). In addition, in many cases one also observes a friction diréction as its molecular mass increases (Figure 8). This
force that is roughly proportional to the load,(cf. Figure 1) supports the conclusion that wall shear is occurring. The results
in agreement with Amontons’ Law. Equation 2 may therefore also give further support to the idea that it is the nature of the
be rearranged for tribological (thin film shear, friction, and confinement, not the mean pressure, which influences the

lubrication) forces as follows: measured friction force.
On the other hand, the data for some of the other polymer

F = 1.Av/D = uL (3a) melts, such as PDMS 3700, are consistent with a viscosity
increase, so Couette-type flow could be occurring in such
or systems. The data for PFPE are intermediate, with a crossover
from Couette flow to wall-slip occurring with increasing
S=nq/D = uP (3b) molecular mass (Figure 8). This crossover appears to depend
on a number of factors, including the degree of entanglement
whereu is constant but wherges; is no longer constant, and in the polymer and the way the friction forces are measured:
whereD is determined byP. The results suggest two possibili- thus, the shear stress measured here for PFPE 4300 is an order

ties: of magnitude lower than previously reported values obtained
(2) In the tribological regimd- [0 L, u is roughly constant, using small-amplitude oscillatory shear measuremEristhose
and (at constanit, P, D) independent ob. Thus,nex O 1/v, experiments, the shear amplitudes were less tham 2nd the

indicative of highly non-Newtonian, shear thinning behavior. contact areas were approximatelx3 = 25um?. In contrast,

As previously noted! the high effective viscosities measured our measurements involved steady state (constant speed) sliding
for such films are much higher than the enhanced viscosities over much larger distances of 1@0n and contact areas of

of the bulk fluids subjected to similar hydrostatic pressures. approximately 300@m?. A number of studies have shown that
Thus, some aspect of the confining surfaces, such as theirthe distance sheared (the shear amplitude or strain) is an
molecular- or atomic-scale structure or “corrugations” , must important parameter that determines the steady-state friction
play the key role in the “tribological’ regime. The confining forces, especially when complex molecules are involved that
geometry (represented by the film thickn&but also includes need to be sheared continuously over a certain ldigi&ance

the structures of the surfaces) is, of course, determined by the(often>100uxm and/or over a larger distance than the diameter
total loadL or mean pressurB, but—as argued abovel and of the contact junction), but ndime, before the film reaches

P play an indirect role in determining the friction forces. This its steady-state sliding configuratiéhDuring this transitional
statement is not contradictory, since confinement within the bulk “adaptation” stage, the friction force can fall by more than an
liquid is very different from confinement by two structured walls order of magnitude (shear thinning effect), as was found for
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squalane filmg2 Such effects do not seem to arise with small, indicating a favorable interaction of all the melts with the mica
symmetrical molecules where the steady-state friction sets in surfaces.

as soon as sliding commences. (In general, the friction coef- Recently, the friction of polymer melt films was measured
ficient is never a constant for any system of two surfaces, but \yith an atomic force microscope (AFM) and the results
depends on many experimental conditions in addition to the compared to measurements with the SBAN the AFM
shearing distance.) measurements using a sharp probe tip, the coefficient of friction
It is apparent that interchain entanglements play an important between two different polymers gave similar friction. For the
role in determining the shear properties of such systems. Formobile films in the AFM experiments, the high pressures of
nonentangled systems, internal shear in the film can occur, the sharp AFM tip likely squeezed the polymers out from the
allowing for Couette-like flow!? Hence, PDMS 3700 might be  contact. The low friction measured with the SFA was measured
expected to behave as other simple (non-polymeric) films where at relatively large contact areas and lower pressures where a
the shear occurs within the film. As the lubricant molecular constant film thickness was maintained. Sivebaek ¥ al.
mass increases, or if the chains are branched, the polymerssimulated smalh-alkane molecules (§Elg to Ci4H3g) showing
become increasingly entangled and it becomes harder for thethat the longer chained alkanes require higher pressures to be
lubricants to shednternally. When the lubricant molecular mass  squeezed out from between two surfaces. Since the polymer
exceeds the entanglement molecular md&s(which may be  molecules used in our study are much longer and have a more
different from the bulk value in a thin film), internal shear varied structure than simplealkanes, it is difficult to make a
becomes extremely difficult and wall shear becomes an ener-direct comparison. However, previous results with small or
getically favorable alternativé.Hence, a transition from internal  short-chained hydrocarbon molec@#&>®have shown that they
shear within a film to wall slip may be expected to occur with  can be squeezed out at sufficiently high loads, while all the
increasing chain length and molecular “complexity” (asymmetry, (higher molecular mass) polymer melt films studied here cannot.
branching, etc.). Measurements of confined films of the branched Our results further show that the higher molecular mass films
hydrocarbon squalane also indicate that wall shear can 8€cur, are thicker and can give very low friction coefficients, as low
and Raviv et af! found that in the shearing of adsorbed PEO a5 0.006, but that this is probably due to wall slip (without
layers in toluene the slip plane shifted from the polymer squeeze out). Thus, wall-slip may give the lowest friction in
polymer midplane to the polymesubstrate interface as the MW some systems.
was increased from 37 000 g/mol to 112 000 g/mol. However,
the idea of entanglements leading to wall-slip or “plug-flow” Conclusions

does not appear to be restricted to thin films but also to flow in o ) .
bulk polymer melt systen:54 The friction properties of the confined polymer melts poly-

d (dimethylsiloxane), polybutadiene, and perfluoropolyether were

The subject of entanglementshinlk systems has been studie 2 )
) g y measured. The friction forces were proportional to the load and

i 5,55 i

e e ey o et S0kl Sing s oserved. PDS 970
molecular mass to the entanglement molecular mistggMe) gave the highest coefficient Qf frictiom (= 0.48), a valye that
is 0.38, 0.65, and 2.27 for PDMS 3700, PBD 1000 and PBD is S|mllar to those of short linear hydrocarbon chalns. Poly-
3500. PBD 3500 is entangled with a coefficient of friction of Putadiene and perfluoropolyether gave very low friction coef-
0.006, and the coefficient of friction for PBD 7000 has been fiCi€nts, between 0.023 and 0.006.
measured to be 0.008 PFPE 21 700Nl,/Me = 2.28) is also In general, as we go from low molecular mass alkanes to
entangled in the bulk, with a measured friction coefficient of high molecular mass polymer melts, the friction coefficients
0.008. Hence, it appears that a lower limit-©D.006 in the decrease with increasing molecular mass and bulk viscosity,
friction coefficient is reached when the polymers are entangled. and the friction for (the usually higher molecular mass)
Shear at the wall is favored in these entangled systems givingentangled systems is lower than for nonentangled systems as
rise to the low friction coefficient and pressure-independent film-slip transforms into wall-slip. Wall slip was inferred when
shear stress. the shear stress did not vary with pressure, film thickness, or

Enhanced entanglements in thin films also gives rise to VelocCity. However, there appears to be a lower limit for the
reduced mobility of the polymer chains and hence longer value of the friction coefﬂcu_ent, of about 0.005, once the
relaxation timed® This has already been observed for shorter POlymers are fully entangled in the bulk, presumably because
hydrocarbons such as hexadecane and 2-methyloctadecandh€ interfacial shear stress at wall no longer depends on the
where the relaxation time is orders of magnitude longer than in molecular length.
unconfined systems:3456The confined fluids tend to behave Some shear ordering of the molecules into layers occurs as
more as glassy materials than as liquids. The bulk glass transitionthe molecules are confined. Lateral motion enabled the PDMS
temperature is-80 °C for PBD, which means there is a dramatic and PFPE to be more easily ordered and removed from the
change in the mobility of these confined thin films. Frequency- contact zone, whereas the entangled PBD melt is more difficult
dependent shear response measurements as well as reflectivitio remove. At high loads, the more flexible molecules, PDMS
measurements also show enhanced entanglements of polymeand PFPE, are able to keep the surfaces separatedlBy,
melts when the film thickness is less thar@R,.1857 whereas the more rigid PBD polymer has a minimum surface

For wall slip to occur in entangled polymer melts, the Separation of~5R;. Thus, PBD appears to have good load
monomer chemistry must also be important. Materials with polar bearing capability due to the high entanglements between the
end groups m|ght interact more strong|y with the solid surface chains and a stiff backbone, in addition to EXthItlng low friction.
and more readily resist wall slip. For example, the addition of
hydroxy end groups to PFPE improves its resistance to being Acknowledgment. The authors would like to thank Mark
squeezed out from between sliding silicon surfe€edn the Robbins, Jack Douglas, Uzi Landman, and Marina Ruths for
macroscopic scale, all the melts were found to wet the mica helpful suggestions. This work was supported by the Department
surfaces with an advancing contact angle of less that 10 of Energy under Grant DE-FG02-87ER45331.
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