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ABSTRACT:

Adhesion between two polymer films consisting of end grafted polymer is studied by coarse-grained

molecular dynamics. The grafting density of the polymer film is varied from the dilute mushroom region to dense poly-

mer brush region, and the debonding behavior is studied by varying the temperature. It is shown that below the glass

transition temperature, the debonding behavior is mainly determined by grafting density. At low grafting density, fibrils

are formed and the stress-strain curve has a plateau region. At high grafting density, the fracture becomes brittle like,

and the stress drops sharply after the strain exceeds certain critical values. Above the glass transition temperature, cav-

ities are formed, and the stress becomes a gradually decreasing function of strain. [doi:10.1295/polym;j.PJ2006095]
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Adhesion is an important property in various appli-
cations of polymers. Despite its importance, funda-
mental study of adhesion has just begun, as it is re-
viewed by Creton et al.! In such studies, end grafted
polymer film has been used since its structure can
be controlled. Experimental study of the adhesion of
end-grafted polymer has been done by Leger and
her collaborators.??

In the previous paper,* we reported the result of
computer simulation for the debonding process of
end-grafted polymer. We have shown that the glass
transition temperature is quite important in determin-
ing the stress-strain curve in the debonding process.
The simulation, however, was done only for a partic-
ular grafting density. In this paper, we shall report the
result for various grafting density and discuss how the
grafting density changes the debonding behavior.

It has been shown that the structure of the end-
grafted polymer changes significantly as the grafting
density is changed.® Milner et al. calculated the depth
density profile of grafted polymers using mean field
theory.> At low grafting density, the polymers are sep-
arated from each other, and the structure is called the
“mushroom”. With the increase of the grafting den-
sity, the polymer chain overlaps each other, and the
structure gradually changes to the “brush”. Murat
and Grest’™ studied the three dimensional chain struc-
tures of grafted polymers using coarse-grained molec-
ular dynamics simulations, and confirmed the “mush-
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room” and the “brush” structures. Our interest here
was how this structural change affects the adhesion
property.

Recently, there are an increasing number of molec-
ular dynamics studies for polymer surfaces. Glass
transition temperature of polymer thin film and poly-
mer surface has been studied by Baljon er al.'® and
Morita et al.,'" respectively. The rheological proper-
ties of polymer thin film has been studied by de Pablo
et al.'* Morita et al.'® studied the adhesion and friction
between polymer and AFM tip. These works are for
polymer melts. The grafted polymer film has been
studied by Sides et al.,'*'® but they have done simu-
lation only for one grafting density.

We conducted the molecular dynamics simulation
for the debonding process by varying the temperature
and grafting density over a wide range. Our aim was
to construct an overall picture for the type of the
stress-strain curve and the structural change during
the debonding process.

MODEL

The model and the molecular dynamics (MD) sim-
ulation method are same as in the previous study.* We
used the bead spring chain for the model of the grafted
polymer.”%!7"-18 Simulations are performed using the
molecular dynamics program COGNAC in the OCTA
system.!%-20
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The film of the straight polymer involves 81 chains,
each consisting of 40 beads of mass m. As the entan-
glement molecular weight of the bead-spring chain is
about 30—40 beads,'® we consider that the entangle-
ment between upper and lower films does not occur
in this system. The grafted points are placed regularly
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on the square lattice with the neighboring distance £.
In this study, £g is changed from 1.120 to 5.00, where
o is the van der Waals diameter of the beads (see eq 3).

The interaction potential used in the simulation is as
follows. For the bonded beads, FENE-LJ potential is
assumed.
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where r is the bead-bead distance, r.,, is the cut off
distance, k is the spring constant, and Ry is the maxi-
mum extension of the spring, ¢ is the strength of the
interaction. For the non-bonded beads, only the LJ
part of the potential is assumed. As we set
rewr = 5.00, there is an attractive interaction between
non-bonding beads. The interaction between beads
and the wall is expressed by the integrated van der
Waals potential:

Wall \ _ 1 Ow 10_1<GW>4
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where z is the distance between the wall and the bead,
and ¢, is the strength of the interaction.

We took m, o and ¢ as the unit of mass, length and
energy respectively. The unit of time 7, and the unit of
the temperature 7 are defined by

t=oa(m/e)'?, To=e/kp

The temperature 7 was changed in the range
0.1[Ty] < T < 1.0[Tp] and T is taken to be 0.5[t"'].
The parameters characterizing the wall potential, &,
and o,, are taken to be ¢y, = € and oy, = 0.

RESULTS AND DISCUSSIONS

Structure of the Grafted Polymer Film

To prepare the initial structures of the grafted poly-
mer film, we started from the completely stretched
configuration of the grafted chains at very high tem-
perature (T = 2.0[7y]), and decreased the temperature
gradually. At each temperature, we performed the
simulation for at least 1,500,000 time steps to relax
the system, and then continued the simulation for an-
other 1,000,000 time steps to get the statistical data.
We confirmed that in the last stage of the relaxation
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the thickness of the film and the total energy show
no appreciable change in time.

Figure 1 shows the snapshot of the grafted polymer
films for various grafting density p, = 0.001, 0.01,
0.04, 0.1, 0.2, 0.4, 0.8[c2] at T = 1.0[To]. In the
lower grafting density, the configuration of the film
takes the mushroom structure. There are two kinds of
mushroom structures. At lowest grafting density, p, =
0.001[c—2], each chain constitutes one mushroom.
At the grafting density of p, = 0.01, 0.04[c—2], the

Figure 1. The snapshots of the grafted polymer at various
grafting density.
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Figure 2. The segment density of the grafted polymers is plot-
ted against the distance from the wall.

chains aggregate to form large mushroom. This is due
to the attractive interaction between beads. As the
grafting density increase, the grafted chains take the
film form and then change to stretched brush. At the
highest grafting density, p, = 0.8[c—2], the chains
are so strongly stretched out, that the structure looks
like a extended chain crystal.

Figure 2 shows the density profiles at T = 0.1[7y]
(a), and 1.0[Tp] (b). At the high grafting density, the
profile has a constant density region and gradually de-
creasing region at surface. The film thickness at the
density of p, = 0.8[c—2] is about 32[o] and it is about
80% of the fully stretched length of the grafted poly-
mer. At the low grafting density it is almost parabolic.
The end-to-end distance of the free polymer with 40
beads is about 6.2[c] in the bulk. The film thickness
is about same as this distance at the density of p, =
0.04[c~2]. In previous study, we choose the density
pa = 0.14[c2] and the chain constitute almost flat
film.

Glass Transition Temperature of Grafted Polymer
Film

We now discuss the glass transition temperature
(Ty) of the grafted polymer film. In the previous
study,* we estimated T, ¢ by two methods: one is to
study the film thickness as a function of temperature,
and the other is to study the mean square displacement
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Figure 3. The mean square displacement of segments in a time
interval Ar = 257 is plotted against temperature (7). The grafting
densities are p, = 0.04, 0.1, 0.2, 0.4, and 0.8[c—2]. The curves for
the data of p, = 0.1, 0.2, 0.4, and 0.8[c 2] are shifted vertically by
0.2, 0.4, 0.6, 0.8[¢] respectively to avoid the overlap.

of each bead for a given time interval At as a function
of temperature. We have shown that these two meth-
ods give almost the same value for 7,. We have also
shown that the latter method can be used to estimate
T, of the bulk and 7, of the surface.'! Since the film
thickness of the mushroom structure cannot be de-
fined, we used the latter method to estimate T,: we
calculated the mean square displacement (MSD) of
beads in the short time interval, At:

((r(A1) — r(0))%)

1
=— > (A —r(0)7), (5
n # grafted beads

where N is the total number of beads not grafted on
the wall.

Figure 3 shows MSD ((r(Afr) —r(0))*) plotted
against the temperature for various grafting density.
The curves are shifted vertically in order not to over-
lap each other. The time A¢ was taken to be 257,
which is the same as that in the previous study.* This
time interval is much longer than the mean collision
time of beads, and is much smaller than the entangle-
ment time t.. From this figure, we can determine the
glass transition temperature as a breakpoint of each
curve.

Figure 4 shows the glass transition temperature
plotted against the grafting density. It is seen that as
the grafting density increases, the glass transition tem-
perature increases. This can be explained by the free
volume theory.?! With increasing the grafting density,
the density of the film including the plateau region
increases (see Figure 2b). This indicates that the free
volume inside the film decreases and the glass transi-
tion temperature increases.

The grafting density also affects the mobility of
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Figure 4. The glass transition temperature of the grafted films
is plotted against the grafting density.
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Figure 5. The mean square displacement of segments of lim-
ited regions of the surface and near graft in a time interval
At = 257 is plotted against temperature (7). Figures (a) and (b)
show the data of p, = 0.2 and 0.8[c?], respectively.

beads inside the film. Using the technique described in
ref 11, we evaluated the glass transition temperature
of the surface. Figure 5 shows the mean square dis-
placements of beads near the surface and that near
the grafting point plotted against the temperature for
the film of p, = 0.2 and 0.8[c2]. The region near
the surface and that near the grafting point are defined
as the region of thickness about 2¢ from the top of the
film and that from the grafting point, respectively.
From Figure 5, the glass transition temperatures at
the surface (T,>) and near grafting point (7,°) are ob-
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tained by the break point of each curve. The T,’s
shown in Figure 4 are between T,> and T,5. As the
TgS is lower than the TgG, it is expected that beads
at the surface region can relax faster than those near
the grafting point.

Loading and Unloading Processes

Next we conducted the simulation for the loading
and the unloading processes of the adhesion between
two polymer films. We prepared two relaxed films
by the same method described in the previous section
and placed them face-to-face. The surfaces of the film
were initially separated by the distance lo. The dis-
tance L, between the two walls was then decreased
at constant rate; this was done by changing AL, by
2 x 10730 and displacing all beads affinely at every
20 time steps. Thus dL,/dt is —0.010/7 in the loading
process, and 0.05¢/7 in the unloading process. The
stress P acting on the wall was calculated by the total
force acting on the wall:

P[m/ar2]=§( > Fu

grafted beads

+ Z Fn,wall-beads) 5 (6)
# grafted beads

where S is the area of the wall, F),; the z component
of the force acting on the n-th grafted bead, and
Fh.wall-beads 1S the z component of the wall force acting
on non-grafted beads n. The sign of the stress is taken
to be such that it is positive when the wall is repelling
each other. The loading process was stopped when the
stress reaches the value 10.0[m/orz], and then the un-
loading process was started immediately. Simulations
were done at several temperatures 7 = 0.1-1.0[7y],
and at several grafting density p, = 0.04, 0.1, 0.2,
0.4, 0.8[c7].

Figures 6, 7, and 8 show the typical stress-distance
curves and snapshots in the loading and the unload-
ing processes. The grafting density p, and the tem-
perature T are as follows. Figure 6: p, = 0.2[c7?] at
T = 0.1[Ty], Figure 7: p, = 0.2[c2] at T = 1.0[Ty],
Figure 8: p, = 0.8[c72] at T = 0.1[T].

The failure mode of p, = 0.2[c—?] is similar to that
reported in the previous study. At low temperature
(Figure 6), fibrils are formed, and the stress remains
constant over a long strain in the unloading process.
At high temperature (Figure 7), cavities are formed,
and the stress quickly decreases to zero. This behavior
is qualitatively the same as that for p, = 0.14[c 2]
reported in the previous study.

On the other hand, Figure 8 shows that there is a
new kind of failure pattern at high grafting density.
In the loading process, an attractive force appears sud-
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Figure 6. Stress-distance curves in the loading and the un-
loading processes. The snapshots of the molecular configuration
are also shown. The temperature is 7 = 0.1[7p] and the grafting
density is 0.2[0c2].
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Figure 7. The same as in Figure 6. The temperature is 7 =
1.0[T] and the grafting density is 0.2[c72].
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Figure 8. The same as in Figure 6. The temperature is T =
0.1[T,] and the grafting density is 0.8[c2].

denly and it turns to be repulsive as the film is com-
pressed. In the unloading process, the repulsive force
decreases, turns to be attractive, and then suddenly
jumps to zero at certain strain. The failure occurs sud-
denly. In the loading-unloading process, the structure
of the film changes little in appearance. In the follow-
ing, we shall call this mode brittle failure.

Figure 9 shows typical snapshots of the failing
films for various temperature and grafting density.
From this figure, we can distinguish three failure pat-
terns, summarized in in Figure 10. The fibril failure is
observed for low and intermediate grafting density at
low temperature. The brittle failure is seen for high
grafting density film and at low temperature. The cav-
ity failure is observed at high temperature.

In the previous study, the failure patterns and the
adhesion stress can be distinguished by the glass tran-
sition temperature. Though the phase boundary cannot
be clearly shown in Figure 9, we also find that T is
the important parameter to separate between fibril or
brittle failures and cavity failure.

Bulk Modulus and Averaged Density of Grafted Poly-
mer Film

The hardness (or softness) of the film is strongly in-
fluenced by the grafting density and it will affect the
adhesion stress and the adhesion energy. Figure 11
shows the stress-distance curves in the loading process
for two grafting density p, = 0.2[c—2] and 0.8[c2].
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Figure 9. Chain configurations when the films are separated
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Figure 10. Schematic diagram of failure patterns in the pa-
rameter plane of temperature and grafting density. The regions
of fibril, cavity and brittle failures are shown.

To quantify the hardness of the films, we obtained the
apparent bulk modulus K defined as follows;

AP
K=———,
AV [Vinitial
where AP is the difference of the stress at selected
two points, AV is the difference of the volume, and
Vinitial 18 the volume at P = 0. In this study, we chose
the two points at P = 0 and P = 10 and calculated K.

Figure 12(a) shows the bulk modulus K plotted
against the temperature. As the temperature increases,
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Figure 14. Stress-distance curves in the unloading processes
of adhesion between the grafted polymer films, in which the graft-
ing density are 0.2 and 0.8[¢2].

the bulk modulus decreases. The bulk modulus
increases with the increase of the grafting density.
Figure 12(b) shows the averaged density estimated by
the volume at the time when stress turns from negative
to positive. The density increases with the increase of
the grafting density. Thus the film of high grafting
density has little free space for each bead to move.
In our simulation, the difference of the bulk modulus
is not so large. We consider that this is due to the var-
iation of the glass transition temperature across the
film. As already shown in Figure 5, TgS is smaller than
T,5, and T,’s shown in Figure 4 are between T,> and
T,5. As the glass transition temperature varies across
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Figure 15. The maximum adhesion stress and the adhesion
energy are shown as a function of the temperature and the grafting
density. The definition of maximum adhesion stress and the adhe-
sion energy is also indicated in Figure 13.

the film, the elastic modulus also varies across the
film. Since the elastic modulus shown in Figure 12
primarily reflects the modulus near the surface, we
think there is no drastic change in the bulk modulus.

Maximum Adhesion Stress and Adhesion Energy

We now discuss the maximum adhesion stress and
the adhesion energy. The definitions of the maximum
adhesion stress and the adhesion energy are given in
Figure 13; the maximum adhesion stress is the maxi-
mum value of the attractive stress in the unloading
process, and the adhesion energy is the work done
by the attractive force in the unloading process. No-
tice that the distance at which the separation takes
place is an important factor for the adhesion energy.

Figure 14 shows the stress-distance curve in the un-
loading process for the grafting density p, 0.2[c2]
and 0.8[c~2]. In the low grafting density (Figure
14(a)), the distance in the attractive region is large
and the film is strongly deformed before it fails. On
the other hand, in the high grafting density (Figure
14(b)), the separation distance is quite small but the
maximum adhesion stress is larger than that of the
low grafting density.

Figure 15 shows a two dimensional plots of (a) the
maximum adhesion stress and (b) the adhesion energy
as a function of the temperature and the grafting den-
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sity. Figure 15(a) shows that the largest adhesion
stress is found in the region of brittle failure for high
grafting density. This is not surprising since the adhe-
sion stress is basically determined by the attractive LJ
force between the beads of upper and lower films,
and the stress increases with the increase of the seg-
ment density. On the other hand, the largest adhesion
energy is found in the region of fibril failure as it is
seen in Figure 15(b). In the case of the fibril failure,
upper film can be detached from the lower film after
a pulling for a long distance, which is effective for
the larger adhesion energy.

CONCLUSION

In this paper, we have shown the results the of the
molecular dynamics study of the adhesion between
grafted polymer films with changing the grafting den-
sities. We have shown that there are three kinds of
failure patterns; fibril, cavity and brittle failures. The
maximum adhesion stress and the adhesion energy
are obtained from our MD simulations and these be-
haviors are strongly dependent on the temperature
and the grafting density.

Our results indicate that the temperature and the
grafting density are the important parameter to control
the failure pattern, the adhesion stress, and the adhe-
sion energy. The adhesion stress takes larger values
in the case of higher grafting density below 7, of
the film. On the other hand, the adhesion energy takes
larger if the film takes lower grafting density below T,
of the film. As the grafting density increase, the film
takes a high glass transition temperature and a high
bulk modulus. These results are much concerned with
the mobility of the beads inside the film. These results
are quite consistent with the conclusion in our previ-
ous study that the adhesion behavior is strongly de-
pendent on the mobility of the polymer film.
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