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ABSTRACT: The dynamics of a confined polymer melt between weakly adsorbing surfaces is considered
theoretically. The finite chain extensibility is taken into account explicitly, and the tangential stress
and the first and the second normal-stress differences are calculated as functions of shear rate 7. For
small shear velocities (u < u**) the surface slip is large, and the apparent viscosity, #apy, is proportional
to the layer thickness 4 and is independent of the shear rate. For very high shear rates, the surface slip
is small and the tangential stress increases with velocity to the power ¥/s. Alternatively, the apparent
viscosity # decreases as a function of y with a characteristic —%5 power law.

1. Introduction

Polymer—surface interaction becomes an important
parameter for polymer flow in a confined state when
the characteristic size of the system is of the order of
the polymer coil size. This fact is confirmed by a
number of experiments devoted to the dynamics of thin
polymer films.1-® In a number of cases, where the
adsorption between polymer and surface is weak enough,
surface slip is observed.®~8 Obviously, this surface slip
depends on the mobility of the polymer segments near
the wall and is in general determined by the strength
of the polymer—surface interaction.

In the present study we investigate theoretically the
rheological behavior of a thin polymer melt film confined
between two weakly adsorbing surfaces and subjected
to a shear due to a constant imposed velocity. The
opposite case of strong adsorbing surfaces has been
completed recently.? Most of the methodology is already
presented in the previous paper on nonlinear rheology
in the bulk state.l?

As before, we assume the chains to consist of N
statistical segments of length a and excluded volume v.
The thickness of the confined film, 4, is assumed to be
smaller or equal to the size of the coils (h < aN'?). The
area of contact per segment is v/a, and an adsorbed
chain has on average Na/h contacts with the surfaces.
The polymer chains in a melt polymer layer locally obey
Gaussian statistics.!! The global effect of the solid walls
on the chain statistics can be accounted for by the
mirror-image principle.?

2. Nanorheology in the Confined State: Weak
Adsorption Limit

In our previous paper!® bulk systems were considered,
i.e. systems for which the distance i between the walls
greatly exceeds the size of the polymer coil, A > aN2,
Now we consider the opposite case of a confined polymer
melt with A < aNV2. The polymer—surface interaction
will have a strong influence on the dynamics of the
chains in this case. The mobility of polymer segments
on the surfaces and far away from it will be different.
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Figure 1. Characteristic conformation of the chain in the
confined state.

In the middle part of the confined film the mobility of
the chain segments is determined by a friction coef-
ficient o, which in principle can be much larger than
the bulk value {. The motion of adsorbed chain seg-
ments on the other hand is governed by a friction
coefficient {; different from &y, due to the surface
potential with a typical scale ~g. If the polymer—
surface interaction is attractive, {; is expected to be
greater than the friction coefficient {o/o > 1. Here it
is assumed that this condition is satisfied.

It is convenient to consider a polymer chain as a
sequence of blobs of size A, each blob consisting of go ~
h%a? segments. A finite fraction of the blobs (e.g. ~/2)
must form bridges between the surfaces (a blob is called
a “bridge” if it has contacts with both walls!?); each
bridge implies on the order of go'’? ~ h/a contacts with
the surfaces. Other blods constitute loops (a loop has
~h/a contacts with one of the surfaces) (Figure 1).

When a velocity u is imposed, the fraction force
impacts both on the loops and on the bridges. In order
to calculate this force let us assume that the surface
slip velocity is us, and therefore the shear rate inside
the layer is given by

y=(u—2u)h (1)

We furthermore assume that the coil conformation can
still be described by the equilibrium statistics. Then,
the characteristic friction force acting on a loop is

fi~ Covhg, 2

Obviously, this force, by means of the chain elasticity,
causes a slip velocity us near the surface corresponding
to the surface friction force

fi~ tuge”? (3)

© 1995 American Chemical Society
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Figure 2. Characteristic conformation of a chain before and
after the transition point.

R;a N

From the condition f; = £, the slip velocity is found to
be

u,=u/+w  pu=E&alh) (4)
In this regime, the slip is large, if the parameter y < 1.
From here on, this condition is supposed to be valid.
The opposite case u > 1 was investigated in ref 9. For

u < 1 the shear rate y inside the film can be expressed
in terms of the apparent shear rate yap, = u/h by

V= Vappt/2 6))

The total elongation force acting on a bridge is given
by®

far~ uCLé’ol/2 (6)

For strong surface slip /2 ~ fi. Thus each go blob is
elongated by a characteristic force ~fi.

Let us introduce the two-dimensional position r, in
the plane (x, y) for the center of mass of the nth blob (n
increasing along the chain). The dynamical equation
of the chain on the plane is given by

2

*8rn _ *3 r, + o
C ot =K 377,2 fnex

where the random force £, impacts on the nth blob and
has the following characteristics

<fn> ~ fl <fnfm> - <fn><fm> ~ fl2anm
the boundary conditions are
T _ 0 =1, N/, 8
o n=1,IiN/g, (8)

where £* ~ §1802, «* ~ 1/a’go, and e, is the unit vector
directed along the x-axis. The chain moves along the
x-axis with average velocity

v~ AT~ uf2 (9

From eq 7 we can conclude that the conformation of the
chain on the (x, y) plane is Gaussian (Figure 2). Note
however that the chain is anisotropic: it is more
extended in the x direction since the blobs are stretched
along the flow. The typical chain sizes are (we assume
that /4 > 1/h):

R, ~ f,a’g,(Nigy)"? R, ~aN"? <R, (10)
The above results are valid as long as the condition

fi < l/a is satisfied. This corresponds to an imposed
velocity u < u*, where

Macromolecules, Vol. 28, No. 11, 1995

"
1] R ‘
j S
B _/
2 | : ‘ >
0 u ur 7
h h app
Figure 3. Dependence of the ratio w = 7/¥4p, 0N Yapp = u/h.
2
ur =22 (11)
T\

If the shear velocity u exceeds u*, the force f1 > 1/a
exceeds the thermal force. Due to the finite extensibility
of the chain, reflected in a nonlinear force—extension
relation,!? this force induces a strong compression force
in the normal direction. As a result, the characteristic
normal size of the gy blob & becomes smaller, i.e. £ <
ago*2. In this case a chain might be separated from both
surfaces, and its conformation becomes strongly elon-
gated (Figure 2). The transition from a Gaussian
conformation to an extended one takes place at a critical
velocity which is proportional to u*. At this point the
chain changes its size along the x-axis from R, ~ ago-
(N/go)2 to R, ~ aN.

Beyond this transition point, the surface slip velocity
will obviously be modified. Let us consider a chain
adsorbed to the surface. This chain has ~(N/g)gl? ~
N(y71)V3 contacts with the surface, where g ~ (y7)23,
see ref 10. If the slip velocity is us, the surface friction
force acting on the chain is given by

f~ Nu,(yo™® (12)

This force must be counterbalanced by the flow force 7
given by

f ~Ny&é (13)

As a result, using the equality / = £, the following
equation for the ratio w = y/y.pp is obtained

h\2, 3 — U3
) app0)™ (1~ w) = w (14)
This equation has the following asymptotical solutions

w~ uZul(8u*?)  u* <y < ur =gy (15a)

w~1—2u V) oy >y (15b)
The dependence of the ratio w on the imposed velocity
u is shown in Figure 3. When the velocity u — oo, the
ratio w — 1, and the surface slip becomes small.

The stresses in the confined system can be calculated
by the same method as used in the bulk.l® When the
imposed velocity is high (u > u*), the dependence of the
shear stress and normal stresses on the shear rate y
are described by the same equations as for the bulk (ref
10, eqs 17, 18, and 21). The only difference being that
7 has to be replaced by 7o ~ a?%

o, ~ (y1) % (16a)
N, ~ Nyt (16b)
N,=0 (16c)

In order to calculate the stresses for small velocities
u < u*, let us consider go blobs. These blobs can be



Macromolecules, Vol. 28, No. 11, 1995

In N, A N,
ino,
N 1 g
oxz
e | Mo
Init Inr In;
h h P

Figure 4. Plot of tangential (0.;) and normal (V1) stresses
and the apparent viscosity (77app) as a function of shear rate

Yapp:

considered as being independent from each other be-
cause there are no long-range correlations along the
chain. Therefore, the tangential and normal stresses
for this case must be the same as in the bulk of chains
containing g, segments. Hence, the final results can
be obtained from the corresponding results in the bulk
(ref 10, egs 4 and 14) by substituting g, for N and z,, for
T

ze ~ (?TO)gO/v (173)
N~ (y7.)%g,%v (17b)
N,=0 (17¢)

The apparent viscosity, #7app, can be defined as
Napp = o hiu (18)
Equations 17 and 18 imply that

Napp ~ T/VIC/E)RI@)  u<u**  (19a)

Napp ~ ¥ B w > uk (19b)

where
u** ~ (@t ) Ey &) alh)?

Note that u** >> u* and that in the region u > u** the
slip is small (see eq 15b).

The qualitative dependence of 0.,, N1, 7app a8 a
function of shear rate is shown in Figure 4. The first
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normal-stress difference N; has a jump in the point u
~ u* or y ~ 1/A1go%?), because the chain changes its
conformation at this point from Gaussian to elongated.

3. Discussion and Conclusions

In this paper we present a theory for nonentangle-
ment polymer melts confined between two weakly
adsorbing surfaces. Qur calculations show that the
chain nonlinearity has profound influence on the surface
slip behavior. The slip is large for small enough shear
rates only, when the chains are still close to Gaussian.
For high shear rates, the chains become strongly
elongated along the flow direction and, due to the
nonlinearity, compressed in the normal direction. This
fact leads to a decreasing surface slip.

The principal difference between bulk and confined
melt consists of the scale of the relaxation times.
Although, a consistent description of relaxation pro-
cesses in the confined melt does not exist yet, experi-
ments do show!™5 that the relaxation processes are
strongly suppressed in the confined state. As a result
nonlinear behavior for confined polymer melts occurs
at much smaller shear rates, as manifested by the
inverse proportionality of the critical shear velocity u*
to the segmental relaxation time 7.
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