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ABSTRACT: Using a surface forces apparatus (SFA), we have studied the adhesion and friction of polystyrene
(PS) films on mica having various molecular weights from 580 Da= —45 °C) to 1300 Da [y = +39 °C)

at temperature$ from 23 to 65°C, i.e., below and abové;. The purpose of these studies was to establish how
different static and dynamic properties and surface deformations, i.ecptitactand adhesionmechanics, of
detaching and shearing polymer films change as one passes through the glass transition temperature, i.e., from
solidlike or glassy to liquidlike behavior. At > Ty the polymers behave like liquids, and at low detachment and
shearing rates their adhesion and friction forces are accounted by their surface energy and bulk viscosity, although
fingering instabilities and cavitation accompany the detachment. For the higher MW polymeosé toTy),

the adhesion and friction forces increasingly depend on the density of chain ends at the surfaces. The adhesion
hysteresis peaked close to the bililkbut also depended on the load, contact time, and detachment rate. Certain
correlations and scaling relations were obtained. We discuss these findings in terms of the bulk and surface
molecular properties of interacting polymer surfaces above and bEjow

Introduction Polymer layers on mica substrates in air

(a)

We have previously studied the adhesion, adhesion hysteresis
and friction forces between glassy polymer surfaéasd found
that there is an intimate correlation among these parameters
According to the so-called JohnseKendal-Roberts (JKR)
theory, a purely elastic sphere of radidsvhen pressed by a
load L against a flat surface of the same material of elastic
modulusK and surface energy will have a flat contact area - :
of radiusr (see Figure 1a) given By 10- LIT: 15:5b 24

= QL+ 6nRy +V12iR L+ 6aR)T (1) ©

If both the surface energy and the bulk elastic modulu§ are ¢
nonhysteretic (reversible on loading and unloading), the loading £ ( .

and unloading paths are the same, and eq 1 shows that thg ( (
surfaces will separate (spontaneously jump apart) at the negative |

load
o3-o4 11221231 1
L= Lsepz —37Ry (2)
Figure 1. FECO interference fringe patterns (left) and corresponding
; ; ; wmrilloaff” contact geometries (right) for glassy polymer films (a), where Tg,

which gives the adhesion or “pull-off force as and for melts (b), wher& > T,. T = initial (deposited) polymer film

F . =—L =371R 3) thickness on each mica surfad2,= distance between mica surfaces

ad™  sep Y as measured during experimenis £ dD/dt), L = externally applied

] ) ] ) load, R = radius of (undeformed) surfaces,2 diameter of elastically
Many, especially polymeric, materials are not purely elastic but flattened contact circle, where the deformation occurs mainly in the
viscoelastic or hysteretic, i.e., exhibiting irreversible bulk and/ bulk material of elastic moduluk, P = L/ar® is the mean applied
or surface properties. Adhesion or surface energy hysteresis isPréssureKo andk; (not shown) are the stiffinesses or spring constants
v defined ds of the normal and lateral force-measuring springs supporting the moving
commonly surface, which are driven at velociti&g and 'V, respectively (note
that in generaD = V, and while the external driving velocity; can
Ay =(yg—va) =0 (4) be constantD is not).y = effective surface tension (in N/m) or surface
energy (in J/rf) of the polymer surfaces;.s = measured adhesion or
whereya is the advancing surface energy on loading (increasing "p“"'t‘)ﬁ"t forc?, J drgce.d'”? S‘ér.fac/e elneég“vz( Wa't'”ght/'me s )
; ; ; ; constant applied load during loading/unloading (approach/separation
L in eq 1) andyr is the receding energy on unloading experiments, ands = waiting time at constant applied load during
shearing experiments.
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thermodynamic value, and the JKR loading and unloading paths From the above arguments, we can anticipate that the
of eq 1 are the same. Wher = ya, the receding surface energy  adhesion forces between (un-cross-linked) polymer surfaces
yr In eq 1 should be the same as the value that gives theshould be low and similar in the limits of high and low MW,
adhesion forcd=,q in eq 3° with a maximum somewhere in between.

Adhesion hysteresis\y > 0) can be due to surface effects Likewise for the shear forces. For the geometry of Figure
and with polymer surfaces is usually due to entanglements of 1b, with a liquid of viscositys between the surfaces, the
chains across the contact interfddgut hysteresis can also arise ~ theoretical shear or friction force'fs*?
from bulk effects due to the hysteresis in, or viscoelasticity of,
the bulk moduluK in eq 1. In this case, when the separation Fy = 67RyV,[(8/15) In(2R/D) + O(D/R)’]
is too rapid, the surfaces have insufficient time to peel away at N
the bour?dary, and the contact radiudoes not decr%ase with ~ (167/5)RyV, In(2R/D) - for R>>D (8)
decreasingL in the way predicted by eq 1, resulting in a
(measured) adhesion fordeq higher than 3Ry, Since an
enhanced surface energy alsg causes an increased contact of SFA experiments)R is related to the cylinder radi®, and
radiusr and enhanced adhesion force, the effects of surface by3
(y-dependent) and bulkKfdependent) hysteresis are often
difficult to distinguish. Furthermore, in general, measured _ 312
hysteretic unloading curves can no longer be fitted to the JKR R=2RR)™I(R + R) ©)
equatio_n _for any valu_es ofr or K, so that only eq 3 can be WhenR; = R,, R= R, = R, and the geometry is equivalent to
used, giving an “effective” surface energy: determined from 5 gphere of radiug near a flat surface.
the measured adhesion force: The maximum shear rates in a fluid for normal and shear

motions of a sphere near a surface are

whereR is the radius of the sphere abdis the closest distance
of separation. For two crossed cylinders (the common geometry

7r(NON-JKR)= y¢ = F,f37R (5) )

y= 1(:—3)5/2i D, occurring ar = (2RD/3)*?,
Experiments on a number of surfaces, including polyhfer, 22| p¥
boundary lubricant;” and inorganic surfacéshave shown that for normal motior® (10)
the friction forcedr are correlated with the adhesion hysteresis,
Ay. Our earlier results on high-MW, highy polystyrene films and
in the glassy stateshowed that the most important factors that
determine their adhesion hysteresis and related friction forces y = ﬂ for shear motion (11)
are due to surface rather than bulk effects, in particular the D’
population of polymer chain ends at the surface, and their ability . - .
to interdiffuse across the interface. Thus, with decreasing MW whereD is the minimum gap distance for normal or lateral
(from a high value) both the adhesion and friction forces increase (shear) motion. .
because the population of chain ends at the surface per unit Eduation 8 predicts a very low value for the friction force
area increases, as does their ability to interdigitate across theu_nless_D IS v_ery_snjgll €1 “’T‘) and/or the effective thin film
interface because of their increased mobility due to the decreas-/'SCOSIY7eft IS significantly higher than the bulk valug. The
ing T,. turnaround in the friction (and adhesion) forces is expected to

. . . . occur aroundly and is the subject of this paper.
However, this trend with decreasing MW is not expected to g ) pap

continue indefinitely. With decreasing MW thg; of the Experimental Methods and Materials
polymer eventually falls below the experimental temperature,

and the polymer is no longer glassy but becomes a melt. Thel_L (or F), Fy. Vi, Vis, D, D, R, the contact radius, and surface

increased bulk fluidization of the material and mobmty of t.he geometry-can be directly measured. The typical surface geometry
surface groups should allow for polymer chains to rapidly of wo crossed cylinders was used which corresponds approximately
disentangle during a separation or sliding, resulting in an to a sphere of radiuR on a flat. Our experimental methods were
expected lowering of the adhesion and friction forces. These the same as in previous studigsOne new feature was the use of
trends are in the opposite direction from those observed for high- two electric heating rods inserted into the metal walls of the SFA
MW polymers. to allow for measurements at higher temperatures (up t6@®5
Theoretically, in the case of a liquid bridge between two Another new feature is the use of a beam splitter for simultaneous

: : P recording of FECO and microscope images such as those shown
surfaces (Figure 1b), the adhesion force is giveh by in Figure 6. The temperature was monitored in situ using a

thermocouple. To ensure thermal equilibrium of our polymer films,
Faa= 47Ry, (6) 10—15 h was allowed to pass after each temperature change before
any data were recorded.
wherey, is the thermodynamic surface tension of the liquid. ~ Table 1 gives the properties of the polystyrene (PS) used in the
Equation 6 has been previously verified for capillary condensed €XPeriments. The PS was purchased from Sigma-Aldrich or Pressure
liquid bridges? It differs from eq 3 by 25%, which reflects the Cheml%a; Co. and used (?s rgcel\r/]edl.:;ge glass tranﬁzltloré/temper-
; ) . : ; .~ atures Ty) were estimated using the ory equatio?® and/or
/(2:ffe_rentlcqes betwee;\ pluretl_y elasttlc rtnat((ejrlal_s tz_and |dfeal “qg'dsl' measured by differential scanning calorimetry (DSC) at a heating
s in the case of elastic contacts, deviations from ideal (5te of 10°C/min.
(thermodynamically reversible) behavior of liquids can be
expressed in terms of an effective surface energy, analogous tcResults

eq 5: |. Fluid Regime (T > Tg). Effect of Velocity and Shear
. Rate on the Adhesion and Friction in the Fluid Regime.
yr(nonideal)= y 4 = F,{/47R (7) Figure 2 shows the effective (receding) surface energies fo&[gs

In SFA experiments the following parameters shown in Figure
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Table 1. Physical Properties of Polystyrene (PS) Used in the Experiments

polymer MW (Da) and glass transition temp, bulk viscosity at radius of gyratior?, surface tensiony (20 °C)°
polydispersity Mw/Mp) Ty (°C) 217°C, no217(Pas) Ry (nm) (mJ/n? or mN/m)

PS580€1.1) —45 <0.02 0.7 33-35

PS 770 £1.3) -8 <0.02 0.8

PS 800 £1.3) -3 <0.02 0.8

PS 1240£1.1) 35,39 ~0.02 1.0

PS 1300 £1.1) 39, 45 ~0.02 1.1

PS 2330£1.1) 69, 69 ~0.1 1.4

PS 240 000¢2) 106, 106 7.8x 10° 13.7 3738

PS 280 000{2) 106, 108 1.3x 10* 14.8

PS 2 000 000¢2) 107, 107 1.1x 107 >17 3745

aMeasured by DSC? Calculated fromRy = 0.028/MW nm.14 ¢ —dy¢/dT = 0.058-0.077 mN/(m deg}® 9 From (i) http://www.accudynetest.com/
surface_energy_materials.html, (ii) http://www.sabreen.com/energies_polymers.htm, (iii) http://www.flexoconag.com/pdf/shernaarfdyhesmpdfe From
refs 16-18.

K,V (uN/s) force was highly sensitive to the separation rate but
06 6 60 600 surprisingly insensitive to the contact tirheat low separation
. 300 ' ' rates ¥ < 0.05um/s). In both cases, howevét,q increased
E 250 PS 580 -50 with Vg andt., as expected. Figure 2b shows that above a certain
e o . . . .
3 23°C separation rate, the adhesion force or effective receding surface
;“200_ -40 energy {eff OF yR) increases as
=
[ o~
s 150 ¢ Vetr 0 Fag O V' (12)
€ 20
i 1001 Waifing time £ at L wheren = 0.36 4+ 0.05 under these conditions.
£ ) g T S e [ o The shear forcel; with PS 580 and PS 800 (Figure 3a) were
S = Buky - 1822 smooth (no stick slip) and proportional to the sliding velocity
e 0 . ‘ 0 Vj,, again as expected for an ideal (Newtonian) liquid (cf. eq 8).
0.001 0.01 0.1 1 Fitting the data of Figure 3a to eq 8 gave effective Newtonian
Average separation rate, V (um/s) viscosities Ofﬂeﬁ ~ 80 + 50 Pa s for PS 580 anﬂgﬁ ~ 3350
(@) 4+ 150 Pa s for PS 800 at 23 0.5 °C. The bulk shear
K,V (uNJs) viscosities of PS 580 and PS 800 (Figure 3b) were measured
0.6 6 60 600 using an ARES controlled strain rheometer from Rheometrics
1000 ; : Scientific in a cone-plate geometry with 25 mm diameter and
E PS 580 L 100 0.1 rad cone angle. The measured shear viscosities werg 230
B 23°C 20 Pa s for PS 580 and 28@0 200 Pa s for PS 800, both at
= 24.0 £ 0.2 °C, and the fluids were Newtonian at low shear
§ rates: y < 60 s*for PS 580 ang’ < 10 s for PS 800, above
& 1004 z which there was shear thinning. Using eq 11, the maximum
g 5, shear rate in the SFA experiments (Figure 3a) fell in the bulk
s Waitina 10 W Newtonian regime for PS 580 only fafy < 10 um/s, above
) 00~ Buky 21ing tme £, &t Ly which (e.g., atV;, = 27 um/s, wheny = 150 s') y is in the
? :]gzss shear thinning regime. In contrast, PS 800 in Figure 3a was
$ always in the Newtonian regime. These considerations appear
10 T T to explain the good agreement obtained for PS 800, but the lower
0.001 0.01 01 ! than bulk Newtonian viscosity obtained for PS 580 in the SFA
Average separation rate, V (um/s) shearing experiments.
(b) Effect of Time and Previous History. For PS 580, when
Figure 2. Receding surface energy of PS 580 as a function of average the surfaces were sheared, then stopped, and allowed to remain
separation rate/y at 23 °C plotted on semilog (a) and ledog (b) in contact for varying periodss before sliding was resumed

scales. The surface energigs (left-hand axis) were calculated from . - -
the measured adhesion or pull-off fordag (right-hand axis) using eq (Figure 4), no stiction spikes were ever observed. The only effect

7 andR = 2.0 cm. The results for different contact timggrom 1% of increasingts is a higher friction, for example, a 5@0%
to 10* s at the maximum loatlmax of 30 mN (about -5 timesFag) increase after a contact time @f= 1000 s. This increase was
are represented by the vertical lines through the mean values. The topqdye mainly to the increase in the contact area by simple flow

ordinate gives the rate at which the surfaces were separated in units ofy, .. : ; i
force per second.lddt = KoV, whereKn — 600 N/m was the normal during the stationary contact period. The results of similarstop

force-measuring spring stiffness. Results of similar measurements for Start experiments previously carried out with glassy high-MW
the higher MW polymers, PS 770 to PS 1300, are described later. PS 2 000 000 are totally different. These are also shown in

Figure 4 for comparison. There are two important differences
lowest MW polymer (PS 580,T; = —45 °C) at room in the friction traces, which are illustrated in the insets of Figure
temperature ~ 23 °C) as calculated from the measured pull- 4: (i) with PS 580 there are no stiction spikes, while PS
off forces at different separation rates and contact times. As 2 000 000 surfaces exhibit sharp spikes and st&thp motion;
expected, PS 580 behaves as a liquid (melt) exhibiting its (ii) on stopping, with the liquidlike PS 580, the friction force
thermodynamic adhesion force, or surface energy,ef 33— decays rapidly to zero, as expected for a liquid, but with the
35 mJ/n%, at separation rateg; below 0.003«m/s (3 nm/s) or glassy PS 2000 000 the force does not relax or decay on
unloading force rateslddt = KoV below 2uN/s. The adhesion  stopping. CDV
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Figure 3. (a) Smooth friction force&, between two adhering PS 580
layers each of thickness 90 nd & 180 nm) as a function of sliding
speed at 23.& 0.5 °C, with no applied load. For PS 80D, = 165
nm. For both polymers the friction forces increase roughly linearly with
the sliding speed; (F; O Vy), as shown in the inset. Previous results
for untreated glassy PS 280 0bare shown for comparison. Here the
friction force decreases with;, and there is both a stiction spike on
starting Fs) and stick-slip during sliding Fstatic > Finetic), as usually
occurs when By/dVj < 0. (b) The bulk shear viscosities of PS 580 and
PS 800 vs shear rate, measured using an ARES controlled strain
rheometer from Rheometrics Scientific in a ceipate geometry with
25 mm diameter plate and 0.1 rad cone angle.
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Figure 4. Stiction spikesFs;, static and kinetic frictionfs andFy, vs
stopping timets at L = 0 and 23°C for PS 580 and PS 2 000 000
(from ref 1).

Stop—start experiments can also be done during JKR adhesion

runs or cycles (some JKR plots are shown later). In these, thet

surfaces are compressed to a maximum lgag at some steady
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Figure 5. Receding surface energies of PS 580, 770, and 800 as a
function of total contact timég, measured at a fixed separation rate
of Vg = 0.5um/s at 23°C. The results of similar measurements with
PS 2 000 000 are also shown for comparison (from ref 1). The increased
adhesion with contact time is due mainly to the increased contact area
with time driven by the attractive capillary force or negative Laplace
pressure within the film. The increased contact area with time can be
visualized with the FECO fringes (see Figure 6).

loading ratevp, and then, instead of immediately retracting the
surfaces at the same rate, they are first allowed to relax while
in contact under this load for a “contact” tinhe Figure 5 shows
some results for the three lowest MW (liquidlike) polymers PS
580, 770, and 800 as well as for the highly glassy, high MW
polymer PS 2 000 000. In all cases increases with the contact
time—the slope becoming steeper for the higher MW polymer,
PS 800 Ty = —3 °C), and less for the most fluid and most
glassy polymers, PS 580 and PS 2 000 000. Thus, again we find
rate-dependent effects that deviate from “ideal” behavior the
closer theTy of the polymer approaches the experimental
temperature.

Effect of Maximum Load during Loading —Unloading
Cycles. However, unlike in the case of shearing, comparing
measured time-dependent normal forces with theory is more
difficult. In the case of shearing, the meniscus or capillary bridge
geometry (Figure 1b) does not change substantially during the
lateral motion, so that all the measurable parameters in eq 8
remain constant during steady-state sliding, allowing the effec-
tive viscosity,7ef, to be calculated. This is not the case during
loading or unloading where neither the local geometry nor the
relative velocity of the surfacds, is constant (even if the driving
velocity Vg is constant); i.e., there is no “steady state” during a
separation. The various changes occurring at a contact junction
during loading and unloading of a polymer négyare now
described in detail.

Figure 6 shows how the local geometry of a junction changes
with time during rapid loading, followed by contact at constant
load Lnax and slow unloading for two PS 1300 layers at a
temperature slightly abovg,. Twenty stages of the process are
shown in panels-at and described in the figure legend. The
corresponding surface separation vs time is given in Figure 7.
Atfter the surfaces detached, the craterlike deformations remain-
ing on each surface (Figures 6t and 7t) did not relax back to a
smooth profile even after 2 days at 5@. On bringing the two
surfaces back into contact at their original locations, multiple
bridges formed that coalesced into a single capillary bridge
within ~20 min (not shown). Qualitatively similar results were
obtained with all the polymers studied, from PS 580 to PS 1300.
Fingering instabilities and cavitation were observed in all cases
he main differences were the different times needed for the
different stages. CDV
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03-08-05 16:10:4r

(s) Surfaces detach, t = t. + 2 hrs 45 min 32 sec.

03-08-05 16:10:52

03-08 1k 11257189
(t) After the jump, t = t. + 2 hrs 45 min 37 sec.

Figure 6. FECO fringes (left) and optical microscope views (right) of two PS 1300 layers of initial thickies80 nm at 51°C (cf. Ty = 39—45

°C) as a function of time. Panel (a) defines: 0: the surfaces have just been brought into flattened contact at a rapid rate.onf3.50 a load

of L = Lmax= +30 mN. (b) Growth of capillary bridge seen as a break in the even fringes (which are sensitive to changes in the refractive index).
(c) Commencement of separation after a contact timte=of. = 1 h atL = Lnax Driving velocity of separationVy = 0.017um/s, which remained

constant until the surfaces finally separated at (s)-(d) Surfaces still move toward each other and contact area increasds il after which

L < 0 and the surfaces begin to move away and the contact area begins to fall. (g) Start of inward fingef{fjgR§pid increase in rate of
mica—mica surface separatidp, tending to an instability or jump apart, but with the polymer still bridging the surfaces. (m) Start of cavitation
bubbles within the polymer bridge. (s) Polymer bridge snaps, surfaces jump apart. (t) Surfaces come to rest after jumping apart. The whole process
took 2 h 48/, min. [Note: the FECO and microscope camera times were offset by 1 min 5 s.]

Figure 8 gives the “JKR plots” for PS 1300 on loading and via an inward fingering process. Note, too, the continually
unloading after different contact timésat the same maximum  increasing contact area with time at the fixed ldag.
load of Lmax &~ 30 mN. The top two curves (poin® and <) Figure 9 shows the complex relationships between some of
correspond to the results of Figures 6 and 7, i.e., for a contactthe dynamic parameters associated with each separation process.
time of 1 h. As can be readily seen, while the rapid loading For the geometry of a sphere near a flat surface (or two spheres)
curve (pointgO) follows the JKR theory, eq 1, reasonably well, neither the shear ratenor the Deborah number De is uniform
and there is no fingeringy, the receding curves do not follow  throughout the liquid between the surfaces. We therefore plot
the JKR equation at all: there is a pinning of the circular outer the maximum values of and De at any time during each
boundary £,), and the decrease in the contact ampdccurs separation process, showing how they vary vittD, V, and cDV
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1204 .0 = 554 25 mJ/ni (cf. yo = 33—38 mJ/nf) whenVy = 10°5—
PS 1300 at 51°C ® [ .
100 4 | 1075 um/s (0.01-0.1 A/s). These results may be compared with
804 \ those for PS 580 at 28C (~70 °C aboveTy) where the
1 "1 pull-off thermodynamic surface energy was reached at a separation
60 [ : 9y We i
0] ! velocity of 0.003um/s or 30 A/s (Figure 2b). With PS 1300 at
. (,(s) | 51 °C, with the force-measuring spring of stiffnelds = 600
g Dr (q)::g N/m used in these experiments, the surfaces would have had to
a 057 P)—=&  (m)(n) be separated at0.1 A/s for~100 days to reach thermodynamic
041 ‘°)/@E<n (fluidlike) pull-off.
g'z' @0 © (@) L0 (o) (1@ 0,8\0.(“) Il. Transition Regime (T ~ T,) and the Glassy Regime
“bol L _g o l_ _\30_00\‘\ @i) (T < Ty). Effect of Temperature: Passing throughTg. As
8';' 17O m0mmm0 (h) discussed in the Introduction, we expect nonideality or energy
o 5000 10000 15000 gissip_ation to peak" somew_here arouindTo test the effects of_
Total contact time, t__ (sec) passing througiTy”, aghe5|on measuremerlts were rpade with
, » ) _ PS 1240 {y = 35—39 °C) and PS 1300T = 39—45 °C) at
Figure 7. Minimum gap distanceD vs total contact timetio different separation rates and temperatures in the rangé23
corresponding to the panels of Figure 6. oC.
200- At the lower temperatures, these polymers exhibited behavior
180- M le _ similar to glassy PS as previously fodrfdr molecular weights
. 160 " Jomparime: from 1300 to 2x 10f. Our results for two PS 1300 layers are
5 140 ] \ ol & O 100s Inner shown in Figure 11. Figure 11a shows the receding surface
& 4501] [ 2 £ £|5 A 12005 Outer energyyr as a function of temperature, measured immediately
o A g $ A 1200 Inner fter th f int tabd = 0 (at I
S 400 5 e 36005 Outer after the surfaces came into contabhax = (a_ a low
& g0l g = & 3600s Inner separation velocity 0¥ = 0.005um/s and a stiff spring ok
g O Loadingtol = 3100 N/m). There is a peak ipr,*® which occurs close to
S 60 A '
E sl 4 4f e KRt 40 °C. At low temperature (24°C), the surface energy
8, “ [ Loading to (. approaches the thermodynamic value. Figure 11b sheves
0 Pull-off a function of separation rai, at different temperatures. Figure
008 -006 -004 -002 000 002 004 11c shows that fokmax = 30 mN, yr increases faster witly at
Load, L (N) higher temperatures. Figure 11 therefore shows that the condi-

Figure 8. “JKR plots” of initial loading curve ©) and various tions.of maximum adhesion hysteresis is determined by more
unloading curves for PS 1300 at 5@ for three different contact times  than just the temperature, but also\ay, t., andLmyax (discussed

tc between 100 and 3600 s, all at the same maximum lodd.gf= further below). Similar results (not shown) were obtained for
30 mN. The unloading curves give the outer and inner radii of the pg 1240 layers of thickness = 30 nm. For PS 1240 com-
contact junctionst, (l, A, ®) andr; (O, A, <), as defined in Figure pressed td.max= 30 MmN and then separated\at = 0.5 xms,

6. panel k. yr remained low until 43C, above which it increased up to
Fo. The maximum values in these plots are therefore the maxima53 °C—the highest temperature measured. This iSQ%&bove

of the maximum values, while the maximum valuerefis the Tg.

pull-off or adhesion forcer.¢ Figure 9a shows the normal force It is apparent from Figure 11 for PS 1300, and the similar

Fg and maximum forceFoq as a function of the separation results obtained for PS 1240, that maximum adhesion hysteresis
distanceD corresponding to Figures 6 and 7 and the top two Ccan occur 16-25 °C aboveTy depending on the experimental
curves (points® and <) of Figure 8. Figure 9b,c shows the conditions, viz., the thickness of the polymer lay&ihere~30
relationships between the maximum shear fatnd Deborah ~ nm), the compressive loabmax (here ~30 mN, which cor-
number De during separation vs the fofeg the intersurface  responded to maximum applied pressures, as defined in Figure
separation distand®, and separation velociy. The maximum 1, of P = Lmadnr? = 25—40 atm), the separation rate, (here
shear rate is defined by eq 10 and the Deborah number by eqvaried between 0.005 and Oun/s), and the contact time
13 after Shull and Creto#,viz., the real strain rate multiplied ~ (here varied from 300 to £Gs).
by the relaxation time of the polymer at the experimental Pressure is known to affect the viscoelastic properties of
temperaturé?® polymers and is a parameter in the WLF equa#®We found

that the maximum applied loaldyax or pressure in our JKR

De= 1 Q (13) experiments affectgg and the adhesion hysteresis. Most of the
D results shown so far were for large applied pressures o#425
atm. For lower loads and pressures the peaks occurred at lower
From the previous study by Santangelo and Rofdndior PS temperatures, and fdr,ax & 0, corresponding to purely self-
1300 at 51°C can be estimated to be in the range 0:601 s, adhesive contacts, these fell to around/below the Bylkcf.
and we here assumed that= 0.01 s. Figure 9d shows De at  Figure 11a,b).
the maximum pull-off forced=,q at the four different separation Finally, we reiterate that all of these complex effects are not

velocities (shown in Figure 10) and the maximum De during occurring across a uniform polymer film: the physical condi-
each separation. Note that maximum De does not occur attions and surface and film geometry are continually changing

maximumpF. in different ways at different locations of the junction. Figure
Figure 10 shows further details of the receding surface energy 12 shows the type of deformations occurring and the likely flow

of PS 1300 at 5rC (a few degrees abovky). The lines in lines within the polymer “films” during a loading and unloading

Figure 10b are linear on a ledog plot, following eq 12: yr cycle. In particular, the separation mechanism, involving viscous

O V", with exponentsh between 0.15 and 0.2 {ncreasing fingering, must play an important role in any theoretical analysis
with tc). When extrapolated back, the lines cross at roughly of the results. CDV
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Figure 9. Relationships between the measured fofegsseparation distand®, separation velocitp (included in De via eq 13), and shear rate

y during the separation processes shown in Figures 6 and 7 and the top two curves in Figure 8. (a) Force vs separation distance. (b) Force vs De,
7y andD during separation. (c) De ang' vs separation distance during the separation; the gray band is the maximum force regime. Dashed lines

in (b) and (c) just before detachment (jump out) are of uncertain magnitude. (d) The maximum De vs maximum forces during each separation (at
different V) taken from Figure 10, and De at the maximum forEg, (lower curve).

Analysis and Discussion relative to the bulKTg, at low or zero loadsl., the adhesion

New Scaling RelationsOur results reveal some new scaling hysteresis of thin films of PS 1240 and 1300 peaked at or
relations for the dynamic adhesion forcEsq and surface slightly belowTg, while at high loads the peak shifted to several

energies/r (which are linearly related via eq 7) of polystyrene degrees abovd,. Figure 13 is a WLF-like representatin
well below the bulkT, to about 10°C aboveT,. Thus, for where the velocity and load may be thought of as representing

different separation or pulling rat&;, we find that above some ~ the frequency and pressure, respectively, in bulk rheological

critical value,yr 0 Vo ", wheren = 0.15-0.365° A power-law measurements.

dependence was also found for the contact timer O tc", Adhesion and Friction Dissipation MechanismsThe results

with n = 0.16-0.26. These scaling relations may also be Of these and previous SFA experimériten polymer-polymer
compared with previous work by Mullé?,Li,24 and Barthel adhesion and friction suggest that the adhesion hysteresis and

and Rou%5 on the dynamic adhesion energies during tape friction of un-cross-linked homopolymers are governed by two
peeling, who founch to be in the range 0-10.8. However, it different mechanisms: (i) the surface density of chain ends that
should be noted that in their studies the velocity was the crack can interdigitate across the contacting interface and (ii) the bulk
tip velocity rather than the separation velocity as measured viscoelasticity of the polymer that determines its viscous and
here. Francis and Hothhave made theoretical predictions about capillary forces. For low-MW polymer, e.g., PS 580 which
the relationship between purely viscosity-determined pull-off contains only 56 segments, these two effects may merge, but
forces and the pulling rataé; for a sphere and a planar surface for higher molecular weights they become more distinct and
(or two detaching spheres) with a liquid bridge between them, could give rise to two peaks in adhesion and friction plots such
which also predicts a power-law dependence but with an as those shown in Figure 13.

exponenn of about 0.5. The reason for the differences between  Glassy PS (high MWT < Ty) exposes mostly loops with
our experimentrf = 0.15-0.36) and the theoretical prediction few chain ends at the surfaces. The loops have very long

is discussed below. relaxation times, and the bulk viscosity is very high. Adhesion
Maximum Dissipation in Relationship to the Bulk T4 of hysteresis and friction are low and are mainly due to a few short

Polystyrene.Figure 13 shows generic plots for the maxima in chain ends and loops interdigitating between the surfaces. There

the adhesion hysteresiAy = (yr — va) ~ vr, and friction is no bulk flow, and the surfaces behave like elastic solids

forces,F, based on Figure 11 for PS 1300 and the other figures (elastomers). The contact mechanics follows the JKR theory,
for the lower MW PS. Concerning the location of the peaks and the adhesion force is given Byy = 37Ry. These are th%DV
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Figure 10. Receding surface energy for PS 1300, as defined by eq 7: 100 1,000 10,000 100,000
yr = Fad4nR, at different separation raté4; and contact timeg at Contacttime t atL__ (sec)

Lmax = 30 mN, all measured at 5C. The left-most column of points . . .
in (b) correspond to the JKR plots shown in Figure 8.&)s tc at Figure 11. Receding surface energies of two PS 1300 layers at (a)
differentVz; (b) yr vs Vo at differentt. (c) yr vs total contact time at  different temperatures at the same separation rat ef 0.005um/s
different Vo, (T = 90 nm), (b) different separation rates at different temperatures
(T =90 nm), and (c) contact time&fax = 30 mMN, T = 32 Nm).Lmax
. . . . . . . = 0 mN in (a) and (b). Other experimental variables and fixed

“solidlike” regions in Figure 13. However, if there is a high  conditions are given in each panel. Agalls, the adhesion mechanism
density of short, mobile end groups at the surfaces, for example,(or “contact mechanics”) changes from liquidlike (Figure 1b) to JKR
due to branching or cross-linking followed by bond-breaking Solidlike (Figure 1a), and we have consequently changed the calculation
of the surface bonds, both the adhesion hysteresis and friction®f 7= from eq 7 to eq 5 in going from 65 to 2X.
will be enhanced due to this purely surface effect. same (or almost the same) adhesion as in the elastic (glassy)

At the opposite extreme of “liquidlike” polymer (low MW,  limit but for very different reasons and based on very different
T > Ty), these expose both ends and loops in the bulk and atcontact mechanics. (We may note that the elastic limit is very
the surface, where both have short relaxation times and wherefar from thermodynamic equilibrium.)
the bulk viscosity is low. JKR-type contact mechanics does not  Concerning where the transition from one type of behavior
hold: the deformations are large and are described by theto the other occurs, for the higher MW PS 1240 and 1300 used
geometry of the deforming surfaces involving macroscopic flow in this study afl < T, the adhesion hysteresis was comparable
both on approach and separation. In the “thermodynamic” limit to that previously found for PS 2330 under similar loading
(see Figure 13) the adhesion is determined by the thermo-unloading condition3.This suggests that the adhesion hysteresis
dynamicy because there is time for both the ends and loops to of PS 1240 and 1300 at temperatures of"@0or more below
entangle and disentangle during a loading and separation, andly is already governed by the same mechanism that governs
the adhesion force is given g = 47Ry. Thus, we have the  higher MW PS surfaces: the chain ends at the surfaces V\@B\t}
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APPROACH (WAITING)

SEPARATION Comparison with Previous Work on Tg4 in Thin Films.

o There are a number of different ways to meastgen bulk
N 7 1Dp=T samples?27-32 which can yield conflicting results, often
e Original depending on which theory or equation is used to interpret the
film profile data. Measuring thd, of a thin film is even more compli-
Flow lines Fingering regime cated: additional factors such as the film thickness and
during —» < betweenroandrj segmentsurface interactions affect the data, and even the
waiting \ and flow lines . . . . .
inside r; concept of a unifornTg throughout the film is highly question-
Polymer able.

i A number of different studies have shown both higher and

lower Ty values in thin polymer films compared to the bilg
usually depending on the nature of the confining surfabés3s
Figure 12. Local geometry of contact junction on approach and Using SPM, Buenviaje et &.found that a critical load and
separation, showing the likely flow lines of polymer in each case. The gcgn speed were needed to obtain accurate glass transition

inward viscous fingering on separation, described in Figures 6 and 7,,[ t ts of ultrathin PS fil . ted
arise because the separation is essentially a radially inward peeling oft€MPerature measurements ot uitrathin Iims spin-coated on

the surfaces. In contrast to loadingnloading adhesion cycles, during @ silicon surface. They also found that thgdepends on the
lateral sliding at a fixed separatidd the geometry, as gauged from  film thickness and that there is an increasdgbelow a critical

the FECO fringes, does not appear to change. thickness (150 nm for PS 90 000). In our study, most of the PS
films had thicknesses in the range-2200 nm (although film
@) Ta Increased thicknesses up to a few microns were also studied). Our results
Ay L max that theTy of thin (<100 nm thick) PS films under high loads
is a few degrees higher than the bulk is consistent with
Y& | solid-like Liquid-like Buenviaje et al's resuf®
F Fingering Instabilities. Saffman and Tayléf showed that
._:;"'";m"’i:"l'[‘;& a moving horizontal interface between two fluids where fluid 2
pushes fluid 1 upward at a spe&d(as in a vertical Hele
Temperature T Shaw cell experiment), the interface becomes unstable when
(b)
Ay S V> (p, = ppb’g/1207, — 71) (14)
Ye Liquid-like Solid-like wherep; _andni (i = 1,2) are the densities and shear viscosities
F, of the fluids andb is the distance between the two parallel plates.
. Gravity tends to stabilize the instability whea > p1, and the
dynamic limit instability occurs only fory, > #n.. When the plates are

horizontal, as is the geometry in SFA experiments, there is no
logV,, V, . . ) .
" gravity term, and according to eq 14, the interface is always

Figure 13. WLF time—temperatureload superposition representations nstable when the less viscous fluid is driving the more viscous
(adhesion and friction plots) of the effects observed in this study. Note 4 .+ 36 Tha SEA geometry can be considered as a miniature

Shown; making the fim more solike at any partoular temperature. horizontal Hele-Shaw cell in which the width (@ in Figure
or sliding velocity. Black points: glassy polymer. White points: 12) is much greater than the channel thicknBsso that the
polymer melt. interface is locally a straight line. Thus, in the SFA geometry

) ) ) ~and configuration, when the two surfaces are pushed together
affecty, not the bulk viscoelastic properties. In the other limit 514 there is an outward flow of polymer (see Figure 1 or 12),
of the low MW PS 580, 700, and 800, at-100 °C aboveTy, a more viscous fluid may be considered to be pushing a less
the|r behavior was fully liquidlike and governed by the bulk iscous one, namely air. However, the reverse occurs on
viscous flow behavior of the polymers. The large range of values geparation when we might expect that fingering instabilities will
for attaining liquidlike b_ehawor is due to its dependence on ecyr for all the polymers separations in our two systems. This
the loading and unloading rates. Thus, for PS 580 af@3 g what we observed with all the low-MW polymer samples at
(68 °C aboveTy), the adhesion force tended to the thermo- temperatures where they could be considered as fluid (above

dynamic value only for separation rates below %5103 9

um/s. For PS 1300 at 5IC (~10°C aboveTy), the same limit, Chuoke et a¥” concluded that an instability is present for all
based on extrapolation of the data in Flgur% 10b, would have yavelengths greater thah at an initially planar (horizontal)
been achieved at a separation rate of%t10~° um/s (0.0 interface between two immiscible fluids where fluid 2 pushes
0.1 Ass). fluid 1 upward at a speed. For this parallel-plate geometry

With the limited data currently available on all the factors
that affect adhesion and friction, we tentatively order the most
important factors affecting these properties )fals follows: the Ao = 2”\/ yb11207; = n)(V = Vo) (15)
temperature relative @, followed by the loading and unloading
(detachment) rates offor the friction forces-the sliding
velocity, the contact time or stopping time, followed by the film
thickness (for thicknesses30 nm or>R;). The maximum load A= 271«/3/b2/12V(7]1 —17,) (16)
before separation is also important (cf. Figure 13), but more so
for melts where it induces large deformations and flows. With On the basis of eq 16, for our experimental geometgyis
more experiments it should be possible to fully quantify these therefore expected to be several micrometers, which is consistent
trends. with the wavelength of the fingers as shown in Figure 6k'CDV

In our caseV. = 0, so that the minimum wavelength is
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Interestingly, the above analysis suggests that while for
straight interfaces fingering will always occur if > 7,), for
circular bridges of radius it will occur only if 1 < r. This is
consistent with the lack of any reports of fingering instabilities
in narrow low-viscosity liquid bridges as they thin.

Comparison with Previous Work on Fingering and
Cavitation Instabilities. Fingering and cavitation instabilities
are very common in adhesive failld&38-46 Recent work by
Ben Amar3® Croby?° Derks#® Creton20:39.40.42:48 gjp|er 3941
Poivet#344 Shull 294042 Tirumkudulu#® and their co-workers
focused on these instabilities during the separation and deb-
onding process of two rigid plane parallel plates with a fluid
film initially filling the gap between them (probe-tack geometry
or flat-punch geometry). Typical force and separation dis-
tance relationships were studied both experimentally and
theoretically**~46 The experimental results for the force vs
separation shown in Figures 2 and 3 of ref 44 and Figures 3
of ref 46 (see also refs 43 and 45) are qualitatively very similar
to those obtained here in the positive force part of the SFA
“crossed cylinder” geometry (Figure 9a).

As mentioned above, theoretical predictions on the force
separation relationship in the SFA geometry have been made
by Francis and Horf However, the model assumed rigid
nondeforming surfaces with a liquid bridge between them, i.e.,
no adhesive failure such as cavitation or fingedfh@ur elastic
(deformable) surfaces and the occurrence of fingering and
cavitation are the likely reasons for the “velocity weakening”
effect observed, vizvg 00 V" with n = 0.15-0.36, rather than
the theoretical value af ~ 0.5.

The complex and changing geometries of the deforming
surfaces and liquid bridge make it difficult to define and/or
measure a shear rate and Deborah number, which change b
orders of magnitude during the final stages of detachment (pull-
off), as shown in Figure 9b,c.

Despite the different geometries and conditions, there are
many similarities between the previous probe-tack studies and
our SFA results. For example, (i) cavitation always occurs at
higher strain rates and is preceded by fingering, and (ii) there
is always a peak in the force during the separation. However,
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and the BarrenblattDugdale-Maugis theories. Further work
is needed to establish the types of deformations that occur during

the adhesive and shear failure of glassy and elastomeric

polymers and how similar these failure mechanisms are to those
of nonpolymeric solids such as metals.
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