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Adhesion of a Soft Rubber
on a Wet Solid*

F. BROCHARD-WYART and P. MARTIN

P.C.C, Institut Curie, section de recherche,
11, rue Pierre et Marie Curie, 75231 Paris cedex 05, France

(Received 4 January 1997, In final form 9 April 1997)

We study theoretically the dewetting of a liquid film intercalated between a flat solid
and a weakly crosslinked rubber. The rubber is characterised by a static shear modulus,
1o, @ high frequency modulus, g, (> u,) and a relaxation time, .

The film dewets by nucleation and growth of a dry contact zone (radius R(¢) at time ¢)
surrounded by a liquid rim coliecting the liquid. We expect three regimes:

a) at short times (R < R, )}, the rubber behaves like a hard elastic solid (=g, ) and the
dissipation is dominated by the liquid rim. We call this fast elastic dewetting.

b} at intermediate times (R, < R < R,,), the rubber behaves like an ultra-viscous liquid.
We call this “mixed viscous dewetting” because both components dissipate.

c) at long times (R> R_,) the rubber behaves like a soft solid (u = y,) and the liquid
dissipation is again dominant. We call this slow elastic dewetting.

Keywords: Dewetting; viscoelasticity; intercalated thin liquid films; elastomers; ad-
hesion; theory

. INTRODUCTION

The stability of a liquid film (L) squeezed between a rubber (R)and a
solid (S) is controlled by the spreading parameter S

S =vyrs — (YrRL + VL3) (1)

*Presented at the Symposium on Fundamentals of Adhesion and Interfaces at the Fall
Meeting of the American Chemical Society in Orlando, Florida, USA, August 25-28,
1996.
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where the y;/s are the rubber/solid (RS), rubber/liquid (RL) and
liquid/solid (LS) interfacial tensions. S measures the energy difference
between dry and wet solid/rubber contacts. If S is positive, a liquid
droplet intercalated between the rubber and the solid will spread
(complete wetting) at the S/R interface. In that case, a liquid film is
stable. If § <0, the droplet intercalated between the rubber and the
solid will not spread (partial wetting) and a flat liquid film is unstable
[1]. It is expected to dewet by nucleation and growth of a dry patch
(radius R(z) at time t) surrounded by a liquid rim, collecting the rejec-
ted liquid.

S is the thermodynamic force which drives the dynamics of dewet-
ting for S < 0. The value of S can be derived from the static shape of a
liquid droplet intercalated at the R/S interface [2]. The free energy of
a drop, F,, is the sum of interfacial and elastic energies. It can be
written (ignoring exact numerical coefficients) as

2
F(,=—SA+;L0<%> R? )

where A4 ~ R? is the wetted area, u, the shear elastic modulus of the
rubber and H the thickness of the drop. The first term in Eq. (2) is the
surface free energy of the droplet while the second term corresponds
to the elastic energy, U, of deformation induced in the rubber by the
formation of the droplet: a typical elastic deformation, H/R, extends in
the rubber volume up to a typical distance R. For S < 0, the minimisa-
tion of F,, with the constraint that the volume Qoc H R? is constant,
leads to

2
R= ocIZ—O 3)

where h, = (|S|/1,) is a characteristic length (ranging from 100 A for a
hard rubber to 1,000 A for a soft rubber). Sneddon [3] has calculated
the distribution of deformations and stresses in the neighborhood of
an axisymmetric crack formed in an infinite elastic medium by the
application of an uniform internal pressure. As a droplet standing at a
rubber/solid interface can be seen as a adhesive crack at equilibrium
between the solid and the rubber, we can deduce the exact elastic
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energy term of Eq. (2) from his calculations: U = (7%/9) EH?R. As a
consequence, we find that o = (=/6).

From the profile observed by optical interferometry we can, there-
fore, derive h and deduce S (the elastic modulus p, is known) as
described in [2].

We have previously calculated [4] the dynamics of removal in the
case of a liquid film intercalated between a solid and a hard rubber,
characterised by a single elastic modulus. Our aim here is to extend
this calculation to the case of a viscoelastic rubber. For weakly-cured
rubbers, many chains are free, or tied at one and only: the low fre-
quency modulus, u, (related to the network), is small. But the high
frequency modulus, u, (which contains the effect of entangled free
chains and of dangling ends), is high. Typically, one can achieve

A =H2 10 to 100

Ho

if the crosslink density is close to the sol-gel point.

The major assumption we impose, following [6], is that the mech-
anical relaxation inside the network is described by a single relaxation
time, 7 (t can be very large, up to seconds, because the relaxation of
tethered chains is exponentially long). The complex modulus, p(w), as
a function of the frequency, w, is then the following

iwt
14+ imz

@) = po + (1, — o) 4)

Naively, we would expect two regimes: a hard rubber regime for
wr>1 and a soft rubber regime for wr<1. In fact, when
A=(u, /1) > 1 we have three regimes as shown in [6]:

(@) at very low w, ot <(ug/M..), 4 =ty We deal with a soft rubber

(i) when 1> wt > (ue/u,), we can approximate u(w)=iwn,. The
modulus is purely imaginary: the rubber behaves like a liquid of
viscosity #p, with:

=1, — Ho)T =, T (5)
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(ii)) at high frequencies, wt > 1, we recover a hard rubber (u=p_).

We want to discuss here the consequences of these viscoelastic prop-
erties on the dynamics of dewetting for intercalated films. When the dry
patch (radius R(t)) expands with velocity V= (dR/dt) the rejected liquid
is collected into a moving rim (shown in Fig. 2). Near the S/L/R con-
tact line, at distances x < V', we are concerned with small spatial scales,
or short times, and we have a hard solid. At intermediate distances,
Vi <x < Vti, we have a liquid, giving a large viscous dissipation. At
even higher distances, x > AVz, we have a soft solid.

In section II, we recall briefly the two extremes of a film intercalated
between a solid and:

i) a hard rubber, where only the flows in the moving liquid rim
participate in the viscous dissipation [4] (Fig. 1a)

ii) an ultra-viscous (not reticulated) polymer melt [7]. Here both
liquids participate in the viscous dissipation (Fig. 1b).

a) g

| RIM
! ® 4
® !

b) /6

FIGURE |  Shape of the rim surrounding a growing hole in an intercalated liquid film
“L” (thickness ¢). The arrow shows the direction of motion.

a) between a solid substrate (S) and a semi-infinite hard (purely elastic) rubber (R). The rim
is a very flat ellipsoid described by its thickness, H, and its length, ¢.

b) between a solid substrate (5) and a liquid paste (Lp). The rim is here circular in shape
with a dynamic contact angle 6,.
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FIGURE?2 Shape of the rim {size ¢) in the case of a liquid film (L) of thickness, e,
intercalated between a solid substrate (S) and a soft rubber (R) described by a low
frequency modulus, i, a high frequency modulus ¢, and one relaxation time, 7. One can
distinguish three regions:

(1) nearthecontactline x < Vz,(R)behaveslike a hard rubber and the shape is ellipsoidal;
(1) for Vr < x < Vr (u,/1o) (R) has a liquid response and the profile is circular;
(iii) x> Vr(u,/u,) (R) has a low frequency response and the profile is elliptical again.

The arrow shows the direction of motion.

In section I1I, we discuss all three regimes of dewetting for weakly
crosslinked rubbers: they behave either like a solid (soft or hard), or
like a ultra-viscous liquid (Fig. 2).

li. A REMINDER: FROM HARD RUBBERS
TO LIQUID PASTES

As the rim moves (velocity V), and expands (width /), the surrounding
rubber is disturbed at a frequency w = (V//), which decreases as the
rim expands. At high frequency, in the early stage of dewetting, the
rubber will behave like a hard rubber (u = p.). At intermediate fre-
quencies, it will behave like a liquid. We review here these two limits.



10: 46 22 January 2011

Downl oaded At:

144 F. BROCHARD-WYART AND P. MARTIN

A) Hard Rubber: Elastic Dewetting

Recently one of us studied the dewetting of a liquid film between a
solid and a hard rubber characterised by one elastic modulus, ¢ [4].

As shown in Figure 1, we idealise the rim as a region of width, 7,
and thickness, H. Our requirement of incompressibility then 1imposes:

R/H o« R?%e 6)

We also assume that the rim has a quasi-equilibrium shape. 7 is
related to H by Eq. (3), which expresses the balance between the
Laplace pressure and the elastic stress:

S| H. o
s ie. Hoocth (7

where h = (|S|/p).
The driving force on the rim is —8 = (yrL + YLs) — V&s-
The friction restoring force, F, is derived following Ref. [5] from

the viscous dissipation in the liquid (viscosity #), which is the volume
integral of the velocity gradient: F, Voc y(V/H)*H/

ie.:
PL@W(%) 8)

where 6o (H//) is a dynamic angle. The balance between driving and
restoring forces leads to:

,
NV Z-ocls| ©)

From Egs. (6), (7) and (9), one can derive V

oy P2) 0 (10)
R

e

where V* = (|S|/n).
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Writing V ~ (R/t), this gives the scaling form of the growth law
R(t)oc (V*1)34ptize= 14 (11)
Finally, the height, H, and the length, /, of the rim should scale as
Ho(Reh)'?

¢ oc(R ep3 h= 113 (12)

B) Viscous Paste

We studied in Ref. [7] the case of a liquid film (viscosity #) interca-
lated between an ultra-viscous polymer liquid (viscosity #,) and a
solid. In the limit #,/#n > 1, the viscous dissipation, following Huh and
Scriven [8], can be written as

FUV;|:;7P62+(%}V2 (13)

where 8 =(H//).

The first term is the dissipation in the viscous polymer. The P/L
wall behaves like a solid wall and the velocity field in the polymer is of
order V0. This explains the 6> dependence.

The shape of the rim results from a balance between the viscous
shear stress, o, in the melt (o, ocn,V(H//?)) and the pressure inside
the liquid rim, p = |S|/H. The pressure gradient, p//, is also given by
the Navier-Stokes equation, {p/{)ocyn (V/H?). The balance, op=p,

yields
£ (me\"?
—oc|— 14
Hm(n) (49

The rim is circular with a constant dynamic contact angle,
0, oc (n/np)'73, except at the wedge. One can notice that the elongated
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shape of the rim corresponds to a minimum of the viscous dissipation,
arising for 6% = (n/n,).
The balance between driving and friction forces gives:

1
V[np9f+'l9—}% S| (15)
1
ie.
S|

The velocity of dewetting is now constant in time and depends on
both viscosities.

Ill. SOFT RUBBER

We consider now the case of weakly-cured rubbers, with
A=(u,/uy)> 1. The rim, moving at velocity ¥, is represented in
Figure 2, and is composed of three domains, if £ > Vr(p, /po):

1) Near the contact line, at distances x < Vr,. i.e. at high frequency,
the response of the rubber is fast and u=p,. In this region the
rubber behaves like a pure elastic medium. The tip of the rim near
the contact line should have a quasistatic profile imposed by a
balance between elastic forces and capillary forces (as for the drop-
let standing at a solid/rubber interface considered in the Introduc-
tion).

z=(h, x)"? (17

with i =(|S|/p,.). We set:

= [= (18)
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2) At distances V1 < x < V1 (1 /ue), the rubber has a liquid response:
by analogy with known cases [1,7], as we expect the profile to be
dominated by capillary forces only, it should be approximately
circular with a contact angle ,.

3) At distances x> Vt(u,/u,), the rubber is distorted at very low
frequency and the response is elastic again but here with u= ug:

2 = (hy x)112 (19)

with kg = (IS1/uo)-
One can define the profile of the soft rubber region by

6, =

z (20)

TS

The motion of the rim can then be described by the force balance

1 1 1
[ § /4 1
n<6 . B 90) 51 @

X

with 6, oc (n/n)"°.

IV. DISCUSSION
a) Long time limit: 6, « Hm,(ﬂll

0, decreases as the rim expands, and will dominate the friction
when 0, «6_, 8,. The motion equation then reduces to:

Vyoc ot -0 (22)

The dynamics are given by Egs. (10), (11), (12), with h = h,. We call
this regime the “soft elastic regime”. The condition 6, <0,, with



10: 46 22 January 2011

Downl oaded At:

148

F. BROCHARD-WYART AND P. MARTIN

Eq. (6) for the liquid conservation (H = (Rehy)'?) leads to
h(2)/3 n 1/3
HO = (RG)1/3 < (7,,_1)>

hz
R>R, =20k (23)
)

Intermediate time limit: 6,>0,, /> V1
Assume first that ¢, < @,,. The motion equation (21) becomes

1/3
P

We call this regime the “mixed viscous regime”, because the dissi-
pation takes place both in the rubber and the liquid. One can
calculate 6, from Egs. (18) and (24):

N ISk, _
0o 2 J(ISI/n)(n/np)l“f ou! 29

The viscoelastic tip is characterised by one single angle, §,, and
Eq. (24) is always valid if 0,> 0, / > V7.
One can also calculate the extension of the rim at the crossover,
R=R_:
€2

2/3
px R Vlr(ﬁ> (26)

i3
hy! Ho

This means that, in the viscous regime, the soft part of the rim is
not yet built up. The rim has a circular shape, 6 = 0,, terminated
by a small elastic tongue. The volume conservation is then

/20, ~ Re (27)
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¢) Short time regime: 7 < Vt
For ¢ < Vz the rim is purely elastic. This is the fast elastic dewet-
ting, described by Eqs. (10), (11), (12) with h=h_ = |S|/u,.

V, oc—t == (28)

The crossover between regime (b) and (c) is given by V, =V,

hz
Bl and r=r, =W

cy €1

en

R=R

V. CONCLUSION

The adhesion of a soft rubber on a wet solid should exhibit three
regimes.

1) A fast elastic regime at short times (R <R, ). The rim has a quasi-
elastic shape pictured in Figure 3a. The velocity V=V, is schemati-
cally shown in Figure 4.

2) A mixed viscous regime at intermediate times (R, < R<R,). Both
rubber and liquid participate in the friction force. The shape of the
rim is pictured in Figure 3b: it is a circular rim (6 = 0,) terminated
by a small elastic tongue (6, = 8,) of elliptical cross section.

The velocity is constant (V =V, ~n~ 2/3).

3) A slow elastic regime at long times (R> R ). The rim is very flat,
elliptical (Fig. 3c) and terminated by a short viscoelastic tail. The
velocity V=V, is pictured in Figure 4.

Notice that, as the rubber elastic modulus decreases to zero, R,
becomes infinite and we recover our previous analyses for viscous
pastes [7].

The experiments performed on the growth of a contact between a
soft rubber (crosslinked poly(dimethylsiloxane)) and a silanated glass,
by dewetting of various liquids (water, fluorinated silicone oils) will be
published in a separate paper.
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a) | g <Vt

b)

Vi -
— V1 u%lo

——
5 M

FIGURE 3 Expected evolution of the rim profile versus time:

a) at short times, for R <R, , ¢ < Vt and we have a “hard elastic rim” described by an
elliptic profile with H?oc b ¢ and 0, = (H//).

b) atintermediate times, for R,, < R <R,,, V1 < ¢ < V(11 /iy) and we have a circular rim
with a small ellipsoidal tongue near the tip (with 0= 0,).

¢) at long times, for R>R,,,/ > Vt(u,/u,) we get an elliptical profile with a small
viscoelastic tongue near the tip and H? oc k7.
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N

1 4

1

h h H
I-Ilz_w. H0=._0
01 o

FIGURE4 Velocity, ¥, of a growing dry patch as function of the rim thickness, H. We get
three regimes:

(i) for H< H, (i.e,R<R_or/ < Vz), V=V, and decreases as 1/H. This is the fast elastic
regime;
(ii) for Hy <H < H,(ie, R, <R<R
is the mixed viscous regime;
(i) for H> H,(i.e., R> R, ¢ > Va(u, /1)), V = V,are decreases again as 1/H. This is the
slow elastic regime.

Ve < £ <Vt {u, /i), V="V, and is constant. This

€27
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