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Friction of Soft Gel in Dilute Polymer Solution
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ABSTRACT: We study the friction behaviors of poly(vinyl alcohol) (PVA) gel sliding against glass surface in
dilute poly(ethylene oxide) (PEO) aqueous solution with various molecular weilghtsand concentrations. At

low sliding velocity (10°®, 104 m/s), distinct PEO polymer effects are observed: The frictional stress in PEO
2E4 M, = 2 x 10* g/mol) solutions is lower than that in pure water, decreasing with the increase in PEO
concentration and reaching a minimum at the crossover concentrettidfiowever, in higher molecular weight
solution, PEO 4E6N,, = 4 x 10° g/mol), this friction reduction effect is only observed for very dilute concentration
(0.01c* solution), and the friction stress in higher concentration¢®.0.3c*, and c* solution) is higher than that

in pure water, accompanied by the appearance of “plateau”. At fast sliding velocity, @@ ! m/s), all the

friction curves in dilute PEO solution superpose with the curve in pure water, independépioid concentration

of PEO. These results indicate that in the low sliding velocity region, where adsorption of PVA gel on glass
plays the dominant role in friction, PEO chain screens the adsorption of PVA chains to glass surface. In the fast
sliding velocity region, PEO chain is either extensively stretched or forms a deplete layer on the glass surface by
the high shear rate, so the liquid lubrication with a viscosity; 6¥ nwater prevails. The results also support the
theoretical prediction that the effective concentration of PEO in the confined 2-dimentional space between gel
and glass interface is enhanced for high molecular weight PEO.

I. Introduction Table 1.c* Estimated from the Intrinsic Viscosity, Viscosity * of c*
. . . L L ' Solution Experimentally Measured at Zero Shear Rate, Polymer

Biological surfaces display fascinating low friction prqperﬁe@. Coil Size R, and the Osmotic Pressurer* at c* of Two Kinds of

For example, cartilages of animal joints have a friction coef- PEO with Different Molecular Weight M2

ficient in the range 0.0010.03, remarkably low even for "

hydrodynamically lubricated journal bearing3lt is not well sample M, (g/mol) c*(g/dL) (103Pas) Re(nm)  x*(Pa)

understood why the cartilage friction of the joints is so low ~,g, 2% 10° 585 58 120 5010

even in such conditions as that the pressure between the bone 4gg 4% 10° 0.085 45 283.3 3.5 10-!

surfaces reaches as high asi® MPa, and the sliding velocity
is never greater than a few cn¥/&Jnder such conditions, the

lubricating liquid layer cannot bg sustajneql between two solid gels and nonadhesive gels, determined by the combination of
surfaces, and the hydrodynamic lubrication does not work. the gels and the opposing surfaces. For adhesive gels, friction
Cartilage cells synthesize a complex extracelluar matrix (ECM); is from two contributions: namely, surface adhesion and
the weight bearing and lubrication properties of cartilage are hydrated lubrication. The former is dominant at low sliding
associated primarily with this matrix and its high water content velocities, and the latter is dominant at high velocifiés.
(ca. 75-80 wt %). The main macromolecular constituents of Transition in friction mechanism occurs at the sliding velocity
ECM are the proteoglycan, aggrecan, and the cross-linked characterized by the mesh size and polymer chain relaxation
network of collagen flb_rll§’:7 _ _ _ . time of the gel. This transition is usually observed by the S-shape
These fascinating tribological properties of the biological of friction with the increase in sliding velocity. For nonad-
systems originate from the soft and wet nature of tissues andhesijve gels, the friction, showing a monotonic increase with
organs. That is, the role of solvated polymer network existing tne sliding velocity, is believed due to lubrication of water layer.
in ECM as agel stateis critically important in the specific  The presence of nonadhesive dangling chains on gel surfaces
frictional behavior of the biological systems. In order to elucidate dramatically reduces the friction, and the brush gels show the
the general tribological features of solvated polymer matrix, the friction coefficient as low as 1@, which is comparable with
friction of various kinds of hydrogels has been investigated using that of an animal joint® There are a number of works on friction
triobometer or rheometer, and very rich and complex frictional of gels using the surface force balance technique; these results
behaviors are observé#:?* The frictional behavior of hydrogels  give more direct information on the interfacial molecular
is dependent on the chemical structure of the gels, surfacejnieraction that contribute to the gel frictiéh28
properties of sliding substrates, and the measurement conditions. The friction events in a biological system mostly occur
It is considered that the surface friction of gels on a smooth petween soft and wet tissues intermediated by viscoelastic
substrate can be divided into two categories, that is, adhesivep0|ymer fluids, such as synovial fluid or muctfs=or example,
mucus adheres to many epithelial surfaces, where it serves as a
* Corresponding author: Tet81 11 706 2774; fax-81 11 706 2774, diffusion barrier against contact with noxious substances (e.g.,

3R andr* are estimated from egs 1 and 7, respectively.

e_TﬂLEEQi%?LSJCAiCSQSai'ac'jp' gastric acid and smoke) and as a lubricant to minimize shear
t SORST. Y stresses; such mucus coatings are particularly prominent on the
8 Zhejiang University. epithelia of the respiratory, gastrointestinal, and genital tracts.
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Table 2.D and ci/c;* of (a) Two Kinds of PEO Solution at ¢ = c*, (b) PEO 2E4 Solution of Various Concentrations, (c) PEO 4E6 Solution of
Various Concentrationst

(@c=c* (b) PEO 2E4 (c) PEO 4E6
PEO D (nm) cilco* clc* D (nm) cilcy* clc* D (nm) cilco*
2E4 9.7 11 1 9.7 11 1 7.5 6
4E6 7.5 6 0.3 5.7 0.43 0.3 4.8 2.3
0.1 3.7 0.18 0.1 3.2 0.94
0.01 15 0.028 0.03 2.0 0.36
0.01 1.3 0.15

aD andci/cy* are estimated values from eqgs 17 and 29, respectively. Normal pressure: 14 Kia, 20

Mucus is also an abundant and important component of saliva,deformed, Hencky’s straingy) and stressessf) were calculated,
giving it virtually unparalleled lubricating propertié€s!® wheree, andoy, are the normal strain and stress, respectively. From
In this paper, we study the effect abnadhesie polymer the obtained relationship betweepand o, we have calculated
solution on the friction ofin adhesie gel on a glass substrate. }he mr?dUTSO/Of _?ﬁgprfe;%l\f el;’:IStlclhy of each gel at a stra5|r(1) of
i ; ; ; than 6. o gel swollen in pure water was

For simplicity, physically cross-linked poly(vinyl alcohol) €55 ! . .
(PVA) and linear poly(ethylene oxide) (PEO) were chosen as kPa. The mesh sizé, of PVA gel is ca. 5 nm as determined by

. _ .~ dynamic light scattering, close to the value estimated fiorny
the gel and the polymer, respectively. There is no specific k¥/§3. 9 9

interaction between these two neutral and hydrophilic polymers. - The friction force between PVA gel against a glass substrate in
The effect of PEO molecular weigh¥.,, and concentratiore, pure water or in PEO aqueous solution atZDwas performed

in the dilute region on the frictional behavior of PVA gel is  using a rheometer (ARES, 2ARES-9A, Rheometric Scientific Inc.)
investigated. The paper consists of three parts. In the first part, that works in a constant compressive strain mode. The swollen PVA
we experimentally studied the viscosity of PEO solution with gel, ca. 3 mm in thickness, submerged in copious PEO aqueous
differentM,, andc and the properties of PVA gel in these PEO solution, was cut into a disk shape of 15 mm diameter and then
solutions. In the second part, we theoretically discuss the stateWas glued on the upper surface of coaxial disk-shaped platen of
of PEO chains in the confined space of interface between PVA rheometer with cyanoacrylate instant adhesive agent (Toa Gose
gel and glass and estimate the polymer layer thickness underco" Ltd.). The glass substrate, square shape of 25 mm in side,

h | In the third . I d was glued onto the lower platen of rheometer. The separated gel
the normal pressure. In the third part, we experimentally study gass'interface was immersed in pure water or PEO aqueous solution

the friction of PVA gel in dilute PEO solution with vario8,, at a prescribed temperature and equilibrated for 30 min, and then

andc. the PVA gel was allowed to approach to glass surface at a velocity
) of 2 um/s until the normal load increased to a prescribed value.

Il. Experiments Measurements were performed after the normal strain was applied

Materials. PVA and PEO with different molecular weight ~ for 10 min, whereupon an angular displacement was applied to the
were produced by Wako Pure Chemical Industries, Ltd., and lower platen at a constant angular velocity)(Differing from the
used without further purification. The degree of polymerization Previous papers;?°the angular velocity dependence at a certain
for PVA is 2000. The molecular weight scope of three kinds €xperimental condition was studied by steady rate sweeping changes
of PEO are (2t 0.5) x 10%, (3—5) x 105, and (3.5-4) x 10¢ g/mol, without separating the two rotating surfaces in the velocity change
which are coded as PEO 2E4, PEO 5E5, and PEO 4ES6, re-from lower to higher valuesv was increased stepwise from£0
spectively. Dimethyl sulfoxide (DMSO) was provided by 1010 rad/s for 40 s at each rotating velocity. The average tofque
Junsei Chemical Co., Ltd., and used as solvent without further Of last 20 s was adopted.

purification. The frictional forceF, is calculated a& = 4T/3R, whereT is

Gel Preparation. Physically cross-linked PVA gel was prepared  the frictional torque recorded during measurementR(w7.5 mm)
by a freezing £40 °C) and thawing (25°C) method, from is the radius of the apparent contact area. The average frictional
a prescribed PVA aqueous solutionX0 wt % PVA, DMSO:HO shear stresd, generated at the interface can be qualified as the
= 67.5:22.5 w/w)® Solutions were prepared by heating a mix- friction force per unit ared,= F/zR2. Although the sliding velocity
ture of PVA in the aqueous mediumrfa h at~90 °C. After the varies along the radial direction in parallel plate geometry, we used

heating step, the PVA solutions were placed in a dryer con- the sliding velocity» at the outer side of disk-shape samples;
necting with a vacuum pump to facilitate the release of air bubbles. wR.

When all air bubbles were removed, the solutions were cast . .

between glass plates and quenched for 24 -h4d °C. Following Ill. Properties of PEO Aqueous Solution and PVA Gel

the quenching period, hydrogel sheet3(mm thick) were allowed Solution Properties of PEO.Scaling theory describes each
to warm to room temperature and then submerged in copious flexible linear polymer chain in an athermal solvent as a polymer

distilled water at least 1 week to extract DMSO. After removing gl with a radiusR: in consideration of the excluded volume
DMSO, the PVA gel was put into an excess of PEO aqueous effe,ct30

solution of prescribedt and M,, for at least 1 week to obtain
equilibrium. /5
Measurements The viscosity of PEO solution was performed Re = aN’ 1)
using a commercially available rheometer (3ARES-17A) with a
pair of parallel plates of 50 mm diameter at 2D, covering a shear

rate range from 1G to 1¢s™*. The gap distance between the plates Here a is the Kuhn length andN is the number of Kuhn

was 0.5-1.0 mm. __ segments. The crossover concentratisnwhere the polymer
The compressive modulug, of a gel was measured by using b .
coil start to contact, is

tensile-compressive tester (TENSILON, ORIENTEC., Co.) &0
The cylindrical gel sample of 10 mm diameter and 3 mm thick-
ness was set on the lower plate and compressed by the upper c* ;ﬁ
plate, which was connected to a load cell at a velocity of 10% RF3
thickness/min. Since the gels used in this study were easily

)
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Figure 1. Relationship between viscosity at zero shear rate and the [ (b) ! :
scaled concentratiore/c*) for two kinds of PEO solutions with different | —EJE ' —C—VIV]
molecular weight. - o | o
|
Substituting eq 1 foR- to eq 2, we have |
!
_3 - = I
c=a N @ Wb = g o=t 41 g‘
The above equation says that a larjewill bring on a w ; :
diminutive c* value. On the other hand:* is related to the |
intrinsic viscosity of polymer solutiory] (dL/g) as I
|
cnl~1 (4) '
0.1 ..-2 s ssasd - PP aaaal - At sinss 9_1
while [#] is related to the molecular weig,, by the classic 10 10 10° 10 10
Mark—Houwink relation cl/c*

Figure 2. Dependence of relative compressive modulb&g) and
7] = K|\/|WOL (5) relative swelling degree/Vo) of PVA gel on the scaled concentration
(c/c*) of PEO solution: (a) PEO 2E4; (b) PEO 4E6.

whereK anda are constantdt For PEO with diverse molecular
weight, K and o are (1.25-2.4) x 10* and 0.73-0.78,
respectively?? Using eqs 5 and 4¢* of PEO with various
molecular weight are calculated, shown in Table 1. It reveals
that the real concentration of PEO 4E6solution is more than

30 times lower than that of PEO 2E4 due to its high molecular

weight. T"ible 1 alsci shows the experimentally measured ) onq degree of polymerizatiorkl./44), respectively. Using
viscosity ¢*) of thesec* aqueous solution, which is very close a= 0.3 nm,R: is estimated from eq 1 (Table 1). From Table

to that of water, regardless of the huge differences in concentra-; o know thaRe of PEO coils is 12.0 and 283.3 nm for PEO
tion and molecular weight. 2E4 and PEO 4ES6, respectively, larger than the mesh size of

Figure 1 depicts the measured viscosjtpf PEO 2E4 and  py/p el that is ca5 nm. So diffusion of PEO into PVA gel
PEO 4E6 aqueous solution at different concentratipscaled can be neglected.

by c*. The 5 increases slightly with increase ofn the region Next, we consider the osmotic effect of PEO solutions on
ok i i i ok ok !

¢ = ﬁ b.L't Increases mt?nswelthhheu:v c. I\Nr}en clc - PVA gels using the results of scaling theory. In dilute polymer
10, the viscosity is very close to the theoretical relation predicted . tion €/c* < 1), the osmotic pressure, is related to the
for neutral polymer in the entangled region{d (c/c*)15/430.33 - 0
S ; polymer concentratiorg, by?
indicating the start of the concentrated region where polymers
are entangled with each other. T c )

It should be pointed that no shear thinning is observed for Er% N +AC (6)
dilute PEO solution in the measurement region, where shear

rate, 7, is from 0.01 to 1000 . However, shear thinning whereA, = R3N-2 = a3N-15 andks andT are the Boltzmann

appears in semidil.ute. PEO solution vyhgris Ver}/l high. For constant and absolute temperature, respectively. The above
example, shear thinning appears wheiis 1¢ st for PEO equation can be expressed in termsof
2E4 1@* solution.

Effect of PEO Solution on PVA Gel. When a gel is I c c
immersed in a polymer solution that has no specific molecular T N’9’5—* + (—*)2] (clcr < 1) @)
interaction with each other, two effects are expected: (1) Ks ¢ ¢

diffusion of soluble polymer chains into gel networks; (2)
deswelling of gels by the osmotic pressure of polymer solution.
The first effect is related to the relative size of soluble polymer
Rr to the gel network. For the flexible vinyl polymer, the
Kuhn lengtha and the number of the Kuhn segmeitare
approximately equal to the monomeric repeated lengid.§
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Figure 3. Sliding velocity dependence of the frictional stress for PVA
gel sliding against a piece of glass surface in dilute PEO 2E4 solution
with different concentration. Sample thickness:3 mm. Normal
pressure: 14 kPa.

or in terms of osmotic pressure of solutioncf 7* = kgT/
3NS5,

C
.7'["=".7t*c—*+

C
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In semidilute solutiond@/c* > 1), however, the osmotic pressure
does not depend omN, and it scales with the polymer
concentration ag 0 c¥43° We can also express the osmotic
pressure in terms af/c* using the relationc* [0 N—4/5

7a’

T N~"3(c/ct) ¥ (cle* = 1)

(8)

So the osmotic pressure both in the dilute solution and in the
semidilute solution scales a¥~%° for the samec/c*. For
example, the osmotic pressurecafor PEO 2E4 and PEO 4E6
are 5x 10% and 0.35 Pa, respectively. The former is comparable
with the compressive modulus (50 kPa) of gel in pure water,
and will deswell the gel, while the latter has a negligible effect
on gel.

The molecular weight effect on the osmotic pressure is clearly
observed in the swelling degree change of PVA gels in the
PEO solutions. Figure 2 depicts the experimentally determined
relation between the swelling degred//\{s) or comp-
ressive modulus H/Eg) of PVA gel and the concentration
(c/c*) of PEO solution for PEO 2E4 and PEO 4E6. HeYg,
andV, are volumes an& andEg are compressive modulus of
PVA gel in PEO solution and in pure water, respectively. The
PVA gel shrinks slightly, an@/Ey is close to unit in the region
of ¢ < ¢* in PEO 2E4 solution (Figure 2a). However, the gel
shrinks dramatically and shows a highn thec/c* > 1 region,
whereas in PEO 4E6 solution, PVA gels shows no change in
volume and elasticity in both dilute and semidilute regions
(Figure 2b).

From the above results, we know that the properties of
dilute polymer solution differ greatly from the semidilute
polymer (Figure 1) as well as the properties of PVA gel (Fig-
ure 2a). In the following section, the friction of PVA gels
in dilute PEO solution, where the solution viscosity is close

to water and gel modulus does not change, would be investi-

Macromolecules, Vol. 40, No. 12, 2007

gated. The friction behavior of PVA gels in semidilute and
concentrated polymer solution will be reported in a separate
paper.

IV. Theoretical Analysis of Polymer Solution Confined
between Parallel Surfaces

We consider how the polymer in bulk dilute regian< c*,
liquid has a viscosity close to water) is confined between two
nonadhesie and rigid surfaces. When a disk-shaped rigid
surface of radiuRR is allowed to approach to another hard
surface in a liquid of viscosity) from a distanceh < R at a
velocity dn/dt®

dh_ _2nP
dt 377R2

9)
For a constant velocity, = dh/dt, the normal stresB changes

as

B 3Ry,
2h®

(10)

Equation 10 only holds wheh(t) > Re. When h(t) ~ Rg,
the mobility of the confined polymer chains decreases, and
the polymer coil will not be squeezed from the gap to-
gether with the water with a viscosity close to that of water.
Therefore, we can assume that the thickness chande at
=< Reis dominated by permeation of solvent through the poly-
mer coil in a time scale we are interested. Here, we are not
interested in the problem how the thickness of the gap will
change with time in thén < Rg region, but the problem of a
polymer chain of siz&g confined in a thin slit at a certain time.
We assume that the distance between the pRtesmuch
smaller than the size of a polymer c& but much larger than
the effective monomer siz& that is,a < D < Re. We derive
the relation between the pressiteon the plates an®. The
monomeric concentration in the layer of which the thickness is
Rr equals the concentration of the bulk solution

n.N
C=

~ %A (11)

whereA is the area of the plates amg is the number of the
polymer chains in the slit. Here, we suppose thatioes not
change with the slit distance by two reasons: (1) the effective
viscosity atD < Rrincreases, and the diffusion of the polymer
chain is neglected in the time scale we interested; (2) ends of
some polymer chains could be entangled with the network and
a layer of polymer chains “grafted” onto the gel may be formed.
So, the concentratiog) increases as the layer is compressed by
the confinement.

N

Re 3/5( &
DAgBCgN (—)C

C= D

(12)

The normal pressure applied to the platesjs balanced by
the osmotic pressure inside the sitjf P = ;. In the confined
slit of D < R0

C /.
kT = 3y + gq(%)s ’ (13)
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Here, the second term is due to the confinement of the polymer Substituting eqs 21 and 22 into eq 20, we obtain

chain in the slit. FronP = 7; and eq 13

Ci 5 a 5/3
PlkeT = + SC‘(D)
/ 8/3
=< %5] + §N3’5c(%) (14)
Equation 14 can be written as
8/
P H[RBF " g(%F) 1] (15)

Heresr = cksT/N is the osmotic pressure of the outside solution.
When Plr > 1, D < Rg, the second term of eq 15 is
predominant, that is

P 5 RF)SIS_ 5 8/5( a)a/a
n=3(D =3V 1o (16)
Equation 16 can be expressed in terms’of
5 1 (c)\ja\e3
PhaT =3 e o) an

At the samec/c* concentration andP, D is only weakly D O
N ~3/40 dependent oiN. The order oD underP = 14 kPa for
various dilute PEO solutions is estimated from eq 17, using
parametera = 0.3 nm andkgT = 4 x 10721 (T = 293 K).
The results are shown in Table 2.

Next, we discuss the overlap concentration in the two-
dimensional confined space, using the scaling thédWhen
the concentratior; inside the slit is described as eq 11, the

confined chains are forced to overlap at a lower concentration

. N N1—21/2 N1—21/2
C ~ = ~
2 D3(N/g)21/2 D3g—2U2 D3(D/a)—2U2/U3
. N—l/2
- DS(D/a)—SIZ (23)
Comparing eq 18 with eq 23, the relationship
c* 310D\~ 12
=~ (24)
is obtained. From eqs 11 and 24
C'/CZ* a 12 RF 12
Jo = N3’1°(5) = (B (25)
is derived. In the conditiom < D < Rg
cl/c*
(':/22 > 1 (26)
Therefore
G c
oo (27)
Atc=c*
CZ—L >1 (28)

The above inequation shows that the scaled polymer concentra-

than that in the bulk solution. The ordinary overlap threshold 0N in the confined space is always higher that the bulk

c* in three-dimensional space is given as

N N—4/5

= —— ~ =
a3N31)3 aS

=3

Re

whereus is an exponent on 3-dimensional space obtained from
Flory exponentyy for d-dimensional space:

(18)

3

CEE (19)

Vg

The concentration at which the polymer chains inside the slit
start to overlapgy*, is written as

Cf ~ DR/ (20)

concentration and that the PEO chains start to overlap with each
other in the confined space even if the bulk concentration is in
c* solution.
In order to see the effect &, we combine eq 25 with eq 17

and express the relation in termsasfand the osmotic pressure
of polymer solution at* and z*:

6f ~\13/16

(i) (29)

C*

Clok ~ E 3/16N27/8 c 13/16= 3p 31
"2 5kBT o e

Equation 29 indicates that the 2-D confinement effect on the
polymer chain overlapping increases with the molecular weight,
scaled agi/c;* 0 N27/80 The equation also indicates that the
2-D confinement effect becomes important only wites *.
Table 2a gives estimated valuesfandci/c,* at c/c* = 1
underP of 14 kPa. It can be seen that for PEO with high,
such as PEO 4E® > #* ~ 0.35 Pa andi/c* = 6, revealing

whereR; is the lateral size of a confined chain. The polymer thatentanglement exists in the confined space even thdiagh

confined between the surfaces is assumed to consist of b|obs=*1;However, for PEO l"’ith '%""'_W such as PEO 2E4 ~
which are eaclD in size, and the chain of blobs is regarded as 7" = X 10° Pa andci/cz* at ¢/c* = 1 is merely 1.1, showing

a self-avoiding chain on 2-dimensional space. The lateral size that almost no entanglement exists in the slit. This result also

Ris given a¥°

R,~ D(g)” 1)

whereg is number of monomers contained in a blob, and
related toD as

D ~ ag”® (22)

indicates that PEO coils with lowl,, in the confined space,
i.e., PEO 2E4 at present, are difficult to deform. However, PEO
coils with highMy, such as PEO 4ES®6, are easy to be compressed
and behave like a soft coil. These dissimilarities will give a
striking difference in their rheological behavior and therefore
result in different friction of PVA gel sliding against glass
surface.

It should be pointed out that in the present system, instead
of two rigid surfaces, the PEO is entrapped between the rigid
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glass surface and the soft gel surface with a compressive
elasticity E of 50 kPa. For PEO 2E47* = 5 x 10° Pa is
comparable tde, so theD in reality might be larger due to the
deformation of gel, while for PEO 4Ef* < E, and the softness
of the PVA gel can be neglected.

In the following section, the friction behavior of PVA gel
against the glass surface in dilute PEO 2E4 and PEO 4E6
aqueous solution is discussed.

V. Friction of PVA Gel in Dilute PEO Solution

Experimental Results.In PEO 2E4 SolutionFigure 3 gives
the friction behavior of PVA gel against glass surface in dilute
PEO 2E4 solution under a normal pressure of 14 kPa. It is very
interesting that the frictional stress in dilute PEO 2E4 solution
is lower than that in pure water in low sliding velocity region,
for instance, lower than 18 m/s, and the lowest friction appears
in PEO 2E4c* solution, although the viscosity of the fluid
slightly increases with the PEO concentration, as shown in
Figure 1. However, with the increase of sliding velocity, the
effect of PEO on friction diminishes, and all the friction curves
superpose with the friction curve in pure water at velocities
higher than 10?2 m/s.

In Figure 4, frictional stress is plotted against the PEO
concentratiorc/c* under normal pressurie of 14, 8.4, 5.6, and
2.8 kPa for various sliding velocities. The figure clearly shows
that the PEO 2E4 reduces the friction at the low velocity, and
this friction reduction effect gradually disappears at high velocity
for all the normal pressures studied. Furthermore, Figure 4 shows
that the lower the normal pressure applied, the higher the
velocity that this friction reduction effect can persist.

In PEO 4E6 SolutionAs shown in Figure 5, similar to that
in dilute PEO 2E4 solution, the largest difference with that in
pure water appears at low sliding velocity region, and all the
friction curves superpose at fast sliding region in dilute PEO
4E6 solution. However, the friction reducing effect only
observed in very dilute 0.@% solution. The frictional stress in
PEO 4E6 0.&*, 0.3c*, and Ic* solution are higher than that in
pure water and shows a wide “plateau” in low sliding velocity
region, different from those in dilute PEO 2E4 solution. In
Figure 6, frictional stress is plot against the PEO concentration
under normal pressufeof 14, 8.4, 5.6, and 2.8 kPa for various
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sliding velocity. The figure shows that with the increase/ut

the frictional stress increases and reaches a maximum at a certain
c/c* value in the low velocity region, and this PEO concentra-
tion-dependent friction behavior gradually disappears with the
increase in the sliding velocity. Furthermore, this PEO concen-
tration-dependent behavior becomes less explicit under lower
normal pressures.

Discussion.As described in the Introduction, for adhesive
gels sliding on a smooth solid surface, friction is from two
contributions: surface adhesion and hydrated lubrication. The
former is dominant at low sliding velocities, and the latter is
dominant at high velociti A transition in friction mechanism
occurs at the sliding velocity characterized by the mesh size
and polymer chain relaxation time of the gel. This transition is
usually observed by the S-shape of friction with the increase in
sliding velocity!325In Figure 3, PVA gel does not show a very
clear transition in the stresslip velocity curves that is
characteristic for attractive interaction. This might attribute to
the weak adhesion as well as the low modulus (50 kPa) of the
sample used in the present study.

As discussed in the previous section, PEO coil layer exists
in the space between PVA gel and glass surface, which prevents
PVA blobs from being adsorbed on glass surface. Therefore,
the adsorbing site number of PVA blobs in PEO solution will
decrease with the increase in PEO concentration. The screening
of PVA adsorption by PEO will reduce the friction at the low
velocity region where PVA chain adsorption is dominant. When
the PEO concentration increases upity a continuous PEO
monolayer is formed, and the adsorption of PVA is completely
screened. So the friction stress at this PEO concentration is given
by lubrication of the PEO layer. We estimate the viscous shear
resistance of the PEO 2E4 layer. At~ 107> m/s, the shear
rateye = v/D ~ 10° s L. So the low limit of shear resistance
due to PEO monolayer is3 Pa, using the value of 3 mi3a
determined from the viscosity of PEO 2E4citconcentration.

The observation of frictional stress40 Pa for PEO 2E4*
(Figure 3) is reasonably close to this estimation, considering
that the actual viscosity at the interface might much higher than
3 mPa s.

As shown in Table 2&ag/c,* ~ c/c* for PEO 2E4 solution
andci/cy* > c/c* for PEO 4EG6 solution, aP = 14 kPa. This
explains why we observe the lowest friction (the highest
screening effect) at/c* = 1 for PEO 2E4 solution (Figure 3)
while the friction reduction effect is only observed in PEO 4E6
0.01c* solution (Figure 5). The higher friction in PEO 4E6
solution ofc/c* > 0.1 (Figure 5) than that in water is associated
with the effect ofci/c,* > c/c*. In PEO 4E6 0.8 and c*
solution,ci/c;* in the confined space is 2.3 and 6, respectively
(Table 2c). So the adsorption of PVA to the glass substrate is
completely screened in these solutions, and the friction is due
to the viscoelastic effect of PEO entrapped between the gel and
glass interface. The dramatically enhanced viscosity of the
entangled PEO results in high friction. For PEO 4E6 6*03
and 0.T* solutions, we also observe a slightly higher friction
force than that in water. This suggests that the aatda in
the confined space might be much higher than the estimated
value. Probably the actual confined space effect starts to work
even at a gap thickness several times larger Bamespecially
for large molecular weight PEO.

Next, we discuss the velocity effect. The PEO shows
pronounced effects on friction at low velocity, and the effect
gradually disappears with the increase in the sliding velocity.
The friction reduction effect sustains to a higher velocity under
a lower normal pressure for PEO 2E4 (Figures 3 and 4), while
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the friction enhancement effect continues to a higher velocity
under a higher normal pressure for PEO4E6 (Figures 5 and 6).
These velocity dependences of friction are considered due to
(1) polymer stretching and (2) hydrodynamic water layer
formation at high shear rate.

(1) Polymer Stretchingn a simple shear with shear rate
a highly confinedunentangleathain begins to be stretched away
from its equilibrium value when the Weissenberg num¥gr
= yrisin order unity, where is the relaxation time that related
to the conformation change of the polymer. On account of
extremely narrow thickness of slit between PVA gel and glass
surface, the effective shear rafe, exerts on PEO chain in the
confined space is strikingly highe can roughly be estimated
by »/D, at low velocity region. For example, at= 10-5 m/s,
ye ~ 10® s7L. Forci/c* < 1, the longest relaxation time of the 10
chain,z, can be estimated using blob theory= 7DRkgT,
whereR; = N34a(a/D)Y4 according to egs 20 and 23. Therefore
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Figure 7. Experimental results of the dependence of the frictional stress

on the pressur® for PVA gel sliding on the glass substrate in water

zB?.)I_Ns/ (a/D)l/2 (30) under various sliding velocity.
1
Equation 30 indicates that the Weissenberg number is strongly 10 (a) »=1.1X10 “‘rm'sé
dependent on the molecular weight of the polymai 0 N372) [ ]
and not very sensitive tB (W, 0 D~Y?). For PEO 2E4W, ~ | slope=- W
10%, as estimated from the known parameters. Therefore, the 10° __1=" ___________________________
PEO 2E4 is stretched at > 1072 m/s W, > 1), and this 3 é "_‘_"’“‘!"”k
weakens the screening effect, and the frictional stress in PEO rall r I \'v:e
begins to approach to that in water, as shown in Figure 3. For - . Y—Y_?
PEO 4E6W, ~ 10°». So, even at the lowest sliding velocity of aL Y/ o
105 m/s, We ~ 1. This explains why we observe a weak 10 —0=0.01c
velocity dependence of friction even at the lowest velocity in _::0 1°*
Figure 5 for PEO 4E6 0.@t solution. - E{c
For entangledpolymers, the longest relaxation time is the 2 . o —v—l ¢
reptation time,tyq = (N/g)3tpion, Wheretpiop = 7D¥kgT. For 10 10° 10*
the PEO 4E6 solution ofi/c* > 1, Thiob ~ 1077 s andryg P [Pa]
~10 s, as estimated from known parametersySe Ty 1 =
0.1 s At v =107°m/s, ye ~ 10° s71, much higher than the
critical shear rate, indicating that shear thinning occurs for PEO
4E6 even from the lowest sliding velocity-(0~° m/s). This
explains why the frictional stress of PEO 4E6 of&,10.3c*, el
and I* only increases slightly with the increase of velocity, = €
and then it exhibits a plateau until 10m/s, as shown in Figure %\?___
5. We can check this shear thinning effect by comparing the :° %'
viscous resistance at the zero shear rate with the frictional stress. Y 0.01c*
In PEO 4E6c* solution, c/c,* ~ 6, and from Figure 1, we 10'E ——0.03¢*3
know that the zero shear rate viscositycat* = 6 is ~1 Pas. i ——0.1c* ]
Thus, the shear stress due to the simple viscous resistance of [ v 0,3C%
PEO 4E6 at = 10°°>m/s (corresponding to a shear rate of 1.5 I ——1c*
x 10° s71) should be~1500 Pa. This value is higher than the 102 x ettt
observed frictional stress 0f600 Pa (Figure 5), confirming 1
that the shear thinning occurs even at the lowest velocity of the P [Pa]

present study. It is not clear why we observe a frictional stress Figure 8. Ratios of frictional stress of PVA gel in PEO 2E4 (a) and
even slightly higher than that at for 0.1c* and 0.3*. PEO 4E6 (b) solutionf] to that in water f) under various nornlal

(2) The Hydrodynamic Water Layer Formatidgssentially, pressurd® for various PEO concentration. Sliding velocity: 110~
if the polymer is nonadhesive to the wall, its depletion from
the surface creates a layer of weak viscosity close to the wall glass surface. So the friction in this velocity region is due to
when the shear rate is high3>This hydrodynamically induced  the hydrodynamic lubrication of liquid with a viscosity gf~
depletion of polymer is observed as wall slip of PEO on the nyaer This explains why the frictional stress at> 1072 m/s
glass surface, recently by Degre et al. for the PEO aqueouscompletely superposes with that in pure water (Figures 3 and
solutions of high molecular weight (& 10° g/mol, similar as 5). At this velocity, if we assume the frictional stress originated
that of 4E6) at high concentratiéh.In the present study, the  from the hydrodynamic lubrication mechanism, we have the
glass substrate is rotated and the gel is fixed, which gives water layer thicknesh ~ 10 nm at 0.01 m/s from Figures 3
Couette flow along the circuit direction. During rotation of the and 5.
glass substrate, the PEO polymer will intend to migrate toward  Finally, we discuss the normal pressure effect. In pure water,
the gel surface to give a hydrodynamic deplete layer on the the frictional stress of PVA gel increases almost linearly (with
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a slope of one in the figure) with the increaseRyfeither at region is due to hydrodynamic lubrication of solvent with a
low velocity (1074 m/s) or at high velocity (1 m/s) (Figure viscosity close to that of water.

7). This pressure dependence is stronger than that observed in
the previous work using a tribomet&rThis difference might
originate from the different measurement conditions: The mea-
surement performed by tribometer runs in the normal force
constant mode, while the measurement using a rheometer inReferences and Notes
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