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ABSTRACT We propose a new one-dimensional microscopic model of polymer chain pull-out procesees and 
perform computer simulation studies of this model. The dynamics of the pull-out process are found to be 
similar to the stick-slip dynamics observed in some models of earthquake motion. Chain pull-out may be 
thought of as an example of self-organized critical behavior, similar to that observed in avalanches in a 
growing pile of sand. The distribution of magnitudes of stick-slip events was found to follow a scaling 
relationship that was independent of some of the model parameters but changed with the level of dissipation 
and with the stiffness of the chain. The calculated fracture energy per chain was found to increase linearly 
with the crack speed when that speed is not too large, in agreement with 8ome experiments. The dependence 
of fracture energy on the chain length, the chain stiffness, and the roughness of interface between the chain 
and the matrix was also studied and interpreted in terms of the dynamic behavior of the model. 

1. Introduction 

The adhesion between polymers has been a subject of 
great interest both in theory and in practice. Since 
different homopolymers are generally highly immiscible 
and the interface between them is very sharp, with few 
entanglements, the adhesion between two immiscible 
polymers is typically weak. Adding diblock copolymers 
to the interface between two different homopolymers to 
reinforce the adhesion is a technique that has been widely 
used and extensi~elystudied.~~~ Normally an A-B diblock 
copolymer is added to the interface between A and B 
homopolymers so that each block is miscible with one of 
the homopolymers. This reduces the interfacial tension, 
increases the interfacial width, and improves the adhesion. 
This improvement comes from the entanglement of the 
block copolymers on both sides of the interface and the 
formation of stitches between the two homopolymers 
through which stress acting on the interface can be 
transferred. The fracture toughness (i.e., the energy 
necessary to separate completely the two bulk homopoly- 
mers) is thus increased. 

It is believed that the type of mechanism responsible 
for the failure of an interface reinforced by diblock 
copolymers depends on the degree of polymerization, the 
areal density of the copolymers, and the time scale on 
which the deformation If the degree of polym- 
erization of one or both copolymer chains is less than the 
average degree of polymerization between entanglements 
of the corresponding homopolymers and the time scale is 
sufficiently long, the failure mechanism of the interface 
is chain pull-out from the shorter-chain side of diblock 
copolymer chains, and the only energy-consuming source 
is the dissipation energy from the viscous pull-out 
pr0cessea.3~~ When the polymerization indices of both 
block copolymer chains are greater than the average 
polymerization indices between entanglements of the 
corresponding homopolymers and the time scale is suf- 
ficiently short, then the interface fracture occurs by chain 
breaking, and this normally results in stronger interface 
reinforcement.= In this latter case, the interface fracture 
mechanisms can be further classified into pure chain 
scission and the formation and breakdown of crazes, 
depending on whether the areal density of the chains is 
Iower or higher than some critical value. It was also 
recently pointed out5 that the fracture mechanism can 
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also be chain pull-out when the polymerization indices of 
the block copolymers are moderately high but the areal 
density of the chains is low. 

We are interested in this paper in the fracture mecha- 
nism where polymer chains of one of the diblock copoly- 
mers are pulled out from the corresponding homopolymer 
matrix. In previous studies of polymer chain pull-out, the 
detailed dynamics of the pull-out process does not appear 
to have been given agreat deal of attention either in theory 
or in experiment. We propose to rectify this on the 
theoretical side by building a one-dimensional microscopic 
model to investigate the chain pull-out problem, the 
motivation for this work being that such a model could 
provide information useful in understanding fracture 
mechanisms and the improvement of interface toughness 
by diblock copolymer chains. First we review some 
theoretical and experimental results for fracture energy 
in chain pull-out and for the stick-slip dynamics to which 
our model will be related. 

There have been several models concerning the fracture 
energy G for chain p u l l - ~ u t . ~ ~ ~ ~  They all predict there to 
be a crack propagation speed V* above which the fracture 
energy increases linearly with the crack speed Vand below 
which G is a constant. This constant is approximately 
equal to the critical energy Gc (or Go in some literature) 
for the fracture to be initiated at  the smallest of crack 
speeds. We thus have 

G-(" c ( V <  V*) 
cv ( V >  V*) 

where C is a constant independent of V. The critical speed 
V* varies as in one modellOJ1 with I: the areal 
density andNthe length of polymer chains.2J1 The critical 
fracture energy G, is the minimal energy required to break 
the interface with crack speed V - 0. Both linear and 
quadratic dependences of G ,  on N have been predicted, 

(2) 

On the experimental side, the linear dependence of G 
on V has been observed.2 The critical speed V*, however, 
has not been reported in experiments. In addition, 
experiments also show a saturation of G as V increases 
beyond some critical value, and this is not predicted by 
theory. The relationship between the critical energy G, 
and the chain length N and density 2 has been studied 
in several s y ~ t e m s . ~ 9 ~ - ~  It is found that Gc increases with 

(refs 10 and 11) 
GC 0: gz (ref 12) 
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2 and then saturates at  large Z in the system where a thin 
layer of a polystyrene (PS)-polyisoprene (PI) diblock 
copolymer is added to the interface of PS and PI 
homopolymers.2 In a system consisting of a poly(2- 
vinylpyridine) (PW)-PS diblock copolymer at the in- 
terface of P W  and PS,3 a linear relationship between G ,  
and 2 was observed and a saturation plateau was also 
observed. Data on the dependence of G, on N were too 
scattered to obtain a definite relationship, with some data 
showing G - lv2 and some G - Ne with 1 < /3 < 2. 

The details of stick-slip motion have been seen in many 
dynamic experiments performed on a macroscopic scale1P16 
and in many theoretical  model^.'^-^^ In these systems, an 
external force pulls with constant speed and different parts 
of the system show time-dependent sticking or slipping 
motions, with the sizes and velocities of slipping motions 
spanning a wide range of magnitudes. This type of stick- 
slip dynamics, in which a wide range of event sizes occurs 
for general values of system parameters, may relate to the 
concept of self-organized criticality.= A simple deter- 
ministic spring-block model has been proposed by Bur- 
ridge and KnopofF7 and studied by many authors18-n in 
various versions. In many spring-block the 
mechanism for the stick-slip dynamics is a frictional force 
whose strength becomes weaker as the velocity increases. 
In a recent paper, Vallette and Gollub16 conducted an 
experiment on a rubber sheet, in which they observed a 
broad distribution of slipping event size, similar to what 
was observed in the above-mentioned spring-block models. 
However, they found the friction to be velocity strength- 
ening rather than to be of the velocity-weakening form 
used in some models. This suggested that there is another 
class of stick-slip dynamics whose mechanism of instability 
is not velocity-weakening friction. 

We have developed a one-dimensional spring-block 
modeP2 that contains no frictional force other than a 
velocity-strengthening viscous force to dissipate energy. 
A random Gaussian potential acting on blocks was the 
source of instability of the system. We have observed 
self-organized critical behavior in the model and have 
calculated some dynamic quantities. In this paper we 
modify our previous system to give a microscopic model 
for the chain pull-out problem. We will calculate the time 
and space distributions of the slipping events and the event 
probability distribution and investigate the dependence 
of the dynamics on system size and pulling speed. We 
then will calculate the fracture energy and its dependence 
on the length and elastic parameters of the chain, roughness 
of the interface between the chain and the matrix, the 
level of viscous dissipation during the chain pull-out, and 
the pulling speed. An attempt will be made to explain the 
dependence of the fracture energy on some parameters by 
the effects of these parameters on the dynamic behavior. 
We do not attempt to relate the magnitudes of the 
predicted quantities to those of any particular polymers 
but rather seek to determine the scaling properties of the 
fracture energy. 

2. Chain Pull-Out Model 
We propose a one-dimensional model to simulate 

polymer chain pull-out from a glassy matrix. As sketched 
in Figure 1, N particles representing monomers are 
connected into a chain by harmonic springs having spring 
constant (i.e., stiffness parameter) SI. Each monomer in 
the chain will be acted on by a potential energy due to the 
presence of the neighboring chains. These potentials arise 
from the van der Waals and electrostatic forces acting 
between monomers and will depend on the position of a 
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Figure 1. Mechanical model for onadimensional chain pull- 
out. 

given monomer in relation to the positions of those on 
nearby chains. Because the glassy matrix in which the 
chain is embedded is assumed to be amorphous, there will 
be a strong random element in this potential energy of 
interaction. We accordingly represent the interchain 
forces by a nondissipative random Gaussian potential, 

(3) 

where the integer i is the index describing the position of 
a monomer in the polymer chain. The parameter k 
describes the strength of the interaction between mono- 
mers on the chain and the surrounding matrix and reflects 
the difficulty in pulling a monomer out of the potential 
well caused by attractive forces and steric repulsions. It 
would be comparatively small for a monomer in poly- 
(tetrafluoroethylene), which is close to cylindrical in shape 
when represented as a space-filling molecular model; for 
a styrene monomer, on the other hand, it would be larger. 
The quantity d governs the width of the potential well 
and does not significantly affect the dynamic behavior as 
long as it is sufficiently large. We chose to set d = 50 in 
our calculations. The quantity Ri is a random number 
between 0 and 1. This randomness accounts for the fact 
that entanglements and regions of locally high and low 
density occur in a random way as one proceeds along the 
polymer chain that is being pulled out of the matrix. 

If we studied a model in which the potential U(x) and 
the pull-out force were the only forces acting, we should 
find that the work done by the pulling force would raise 
the temperature of the chain to an unreasonable degree. 
It is thus necessary to introduce a dissipative component 
to the equation of motion. Most models do this by 
introducing a segmental friction coefficient. This would 
be inconsistent in our model, since the spatial irregularity 
of the potential U is itself a microscopic description of a 
rough surface, and so friction has already been included. 
In fact, a significant advance made in our model is that 
we avoid such phenomenological approximations. On a 
microscopic level, the missing ingredient in our model is 
the fact that the monomers of the matrix will recoil when 
struck by a monomer in the chain being pulled. This recoil 
absorbs energy and prevents runaway heating of the chain. 
While it would be possible to include this effect by allowing 
some recoil motion in U(x), we here take the simpler 
approach of retreating to phenomenology by including a 
small viscous force into the problem. We add a term 
-y(dxildt) to the equations of motion for each monomer 
in the chain. We also include the pulling force by attaching 
to one end of the chain a spring of spring constant 82, the 
other end of which is pulled at a steady speed u in the x 
direction. 

The equations of motion for the general problem can 
then be written as 
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slipping events spanning a wide range of event sizes in a 
wide range of parameter values. 

The equations of motion (5 )  are coupled differential 
equations and were solved numerically by use of the 
standard Runge-Kutta procedure. We mainly studied 
systems with size N = 50. Calculations in larger systems 
with size up to N = 150 were also performed to verify that 
scaling and the other dynamic behavior obtained are not 
a finite-size effect and to study the size dependence of the 
system’s fracture energy. 

The system was always started completely at  rest from 
a spatial configuration of eq 7 or eq 8. There was then a 
transient period before the system reached a steady state, 
at which point data for the calculations were collected. 
The motion of the system is in general not periodic either 
in time or in space. In the steady state, large slipping 
events, which involve a large part of the system, however, 
appear to be approximately periodic in time. This big- 
event period (loading period) is proportional to klu  and 
in our calculations ranges from 80 to 200. The system 
reaches its steady state in about 10 loading periods, and 
we typically discarded the data of the first 15 periods. The 
time steps used in the numerical procedure were lW of 
the loading period. Typically data from 500 cycles, or 
about 5 X lo6 time steps, were used for the calculations. 

3. Stick-Slip Dynamics 
Time and SpaceDistributions. As the chain ispulled, 

the external pulling force adds potential energy to the 
system. The high-barrier sections of the random Gaussian 
potential represent tight entanglements and tend to keep 
particles at these locations from moving, while particles 
at low potential barriers move easily through loose 
entanglements when there is a small stress. This creates 
small slipping events which involve a small number of 
particles and have small magnitudes of slipping. Eventu- 
ally, after a long enough time for there to be enough stress 
accumulated in the system, the particles in the deepest 
potential wells will move. This will then trigger motion 
involving a large number of particles and large magnitudes 
of slipping, and the system exhibits large dynamic events. 

A dynamic event is defined22 as a collection of motions 
of particles that are all connected in time and space. The 
moment M of an event, which is used to measure the size 
of the event, is defined as the total displacement in the 
event, 

M - = sl(xi+l - 2xi + xi-1) + s,[ut - ( X i  - ill - 
dt2 

Since the chain is pulled at  one end, the s2 term should 
appear only in the equation for XN. Furthermore, the 
viscous force -y(dxi/dt) and that due to the random 
potential should vanish once the particle is pulled out of 
the matrix. The equations of motion for this model system 
are then rewritten as 

if xi is inside the matrix 

otherwise 

(6) 
We have taken the mass m and the equilibrium 

interparticle spacing to be unity. We will use as an initial 
configuration of particles both a uniform distribution 

x i  = i (7) 

and a spatially nonuniform configuration, with each 
particle deviating randomly by a small amount from its 
equilibrium position, so that 

x i  = i + (Ri - 0.516 (8) 

Here 6 is a small constant and Ri a random number in 
(0,l). Both sets of initial conditions are used to verify 
that no difference in dynamics and fracture energy results 
from the choice of initial configurations. 

There are several one-dimensional spring-block earth- 
quake which bear some similarities to our model 
(5). In Burridge and Knopoff s earthquake modell’ and 
its ~ a r i a n t s , ~ ~ ~ ~  blocks are similarly connected by harmonic 
springs, but each block is pulled at the same speed. They 
used a velocity-weakening frictional force between blocks 
and the surface to generate instability so that the system 
showed large-scale fluctuations of stick-slip dynamics 
similar to the behavior observed in some self-organized 
critical systems. While velocity-weakening friction can 
describe some properties of an earthquake’s stick-slip 
dynamics, there are some physical systems that do not 
have velocity-weakening friction,16 and some correspond- 
ing models have been proposed21122 which also show 

M = c 6 x i  
1 

where i is summed over all particles involved in the event. 
A more frequently used quantity for measuring the size 
of an event is the magnitude p of the event, defined as the 
logarithm of M, 

p = l n M  (10) 

The event probability distribution P ( p )  is the frequency 
of events per unit interval of p. It is of particular interest 
since seismological dataZ4 and some earthquake mod- 

show that P(p)  obeys a scaling law for small- and 
medium-magnitude earthquakes of the form 

P(F)  = ALb’ (11) 

with b = -1, where A is a constant. It is clearly of 
importance to known whether a similar distribution of 
event sizes will occur in the case of polymer chain pull- 
out, since the energy required for fracture will depend on 
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Figure 2. Demonstrations of the stick-slip dynamics for the 
model. A wide range of slipping events are shown from different 
points of view, but for the same parameters: SI = 60, sa = 20, Iz  
= 220, u = 0.015, and y = 3.0. (a) Displacement of blocks as a 
function of time. (b) Time distribution of events, showing 
clustering of events in time, and an approximate periodic 
distribution of large events. (c) The velocities of the blocks are 
shown as a function of position and time. Both big, global and 
small, localized events are seen. 

this distribution. We will accordingly seek to determine 
the form of P ( p ) .  For simplicity we work in terms of a 
normalized P ( p )  obtained by dividing the number of events 
per unit p interval by the total number of events in the 
entire run. 

We first look at  the spatiotemporal dynamics of the 
chain pull-out process. The stickalip dynamics of a wide 
range of event magnitudes was observed as the chain was 
pulled out. The dynamics can be seen from the plot of 
particle displacements q ( t )  as a function of time in a chain 
of 50 particles, as shown in Figure 2a. For most of the 
time, most particles are in a stuck state, which is indicated 
in the figure by smooth, horizontal lines. Also seen in the 
figure are small slipping events, which are indicated by 

sudden jumps in position of a cluster of particles, and 
large events indicated by large displacements in which a 
large number of particles are involved. One time unit in 
the figure is 67 time steps. The fact that the lines are 
more widely spaced for large i than for small i is due to 
the relatively greater tension in the end of the chain that 
is being pulled. 

Figure 2b shows the time distribution of events and 
event magnitudes. A horizontal bar indicates an event 
and its magnitude, and the length of the bar gives the 
total time duration of the event. A larger event usually 
has a longer time duration. We first see that a wide range 
of magnitudes of events is observed: the event size 
(moment) spans over 3 orders of magnitude. Events are 
not periodic in time, but they tend to form clusters in 
time. Since one large or several mid-size events will release 
most of the accumulated stress in the system, there is a 
relatively quiet period between two clusters of events, 
during which the stress again accumulates. 

An alternative method of presenting the data is to plot 
the velocities of the particles as a function of position and 
time. As shown in Figure 2c, which shows data for a model 
having the same parameters as parts a and b of Figure 2, 
both a large event, involving the whole system, and 
relatively small events are observed in the time period 
presented. The former is characterized by high and global 
peaks of velocities which are much greater than the pulling 
speed, and the latter, by low and localized peaks of 
velocities. Very small events with velocities on the order 
of the pulling speed cannot be seen in the figure at  the 
scale used. The presence of very small events is better 
seen in the event probability distribution P(p)  to be 
discussed in the next section. 

The spatiotemporal dynamics in the chain pull-out 
process described above appears similar in some ways to 
that in some spring-block earthquake models1g22 in which 
every block is pulled at  the same constant speed. However, 
the absence of the pulling force on every particle except 
one in the present model does cause some differences in 
the dynamic behavior of the system both quantitatively 
and qualitatively. Although the time distribution in Figure 
2b shows that large events form clusters and distribute 
quasi-periodically in time, as is the case in spring-block 
earthquake models, the period in the present model does 
not depend on the pulling spring parameter 52 because 
there is now only the end particle that is pulled, while in 
the earthquake models the interval between major events 
is proportional to k/(vsz). The intervals in this model are 
greater than those in the earthquake models when the 
other parameters are the same because the single s2 spring 
in the chain can be thought of as acting in a similar way 
to a large number of small s2 in the case where every particle 
is pulled. 

Another significant effect of having the chain pulled by 
a force applied to only the one particle at  the end of the 
chain is that the system will never lose its instability. In 
the modelz2 where every particle is pulled, it was found 
that substantially increasing s2 leads the system into a 
state where there are only creeping motions and no large 
events. We used a range of values of sz up to 400 and 
found the system still to show stick-slip dynamics, whereas 
in ref 22 an s2 of 100 led the system to lose its instability. 
The single pulling force on the chain also affects the scaling 
behavior of the event magnitude distribution as is discussed 
below. 

Scaling of the Magnitude Distribution. Our goal is 
to understand the effect of changing such parameters as 
bond elasticity and strength of interchain interaction on 



4216 Lin and Taylor 

-3 
-4 

-5 

W P )  :p 
-8 

-9 

-10 

Macromolecules, Vol. 27, No. 15, 1994 

dissipation depresses small slipping events and causes the 
motion of the system to be more dominated by intermedi- 
ate-size and large events. This dependence of the scaling 
exponent on dissipation is similar to that found in our 
previous and in some macroscopic experiments.16 

One difference between the present single-pulling-force 
model and our previous model is the sensitive dependence 
of b on the interparticle interaction parameter SI. In our 
previous model varying s1 had almost no effect on the 
exponent b within the wide range that we studied. Figure 
3b, on the other hand, shows the effect of s1 on b, where 
~2 = 20, k = 250, v = 0.015,~  = 3.0, and 81 = 60,100,150, 
and 200 for filled circles, open circle, star, and plus curves, 
respectively. A smaller s1 yields a higher probability of 
very large events but fewer small- and intermediate-size 
events. A larger SI flattens the distribution in the small- 
event region, which indicates that a stronger interparticle 
interaction suppresses small events. We also note that 
the distribution has a large change as SI is changed from 
60 to 100 but smaller changes after SI > 100. We will see 
a similar dependence of fracture energy on s1 later. 

The parameter s2 has virtually no effect on the distri- 
bution P ( p )  because it acts only on a single particle at  the 
end of the chain. We calculated two distributions P ( p )  
for s2 = 20 and 100 with the same parameters S I =  100, k 
= 250, u = 0.015, and y = 3.0 and found the two resulting 
distributions to be identical. Although s2 did not have a 
perceptible effect on the dynamics of chain pull-out for 
the range of parameters studied, we do note that, as s1 
becomes sufficiently large that local events are suppressed, 
the effect of s2 must become more important. 

The potential-depth parameter k affects the distribution 
P ( p )  but does not change the scaling exponent b. A larger 
k induces more large events and thus moves the P ( p )  curve 
to the right for large p but does not alter the distribution 
of small events. Figure 4a shows the effect of k on the 
event magnitude distribution. 

Changes in pulling speed v also do not change the scaliig 
exponent b. Shown in Figure 4b is the distribution P ( p )  
at two u values with other parameters fixed. While the 
two distributions have the same scaling, they differ from 
each other in other ways. The system has more of the 
very smallest events at  small pulling speeds, as is indicated 
by the extended distribution in the small-pregion. A larger 
speed u, on the other hand, induces more intermediate 
events. 

In our calculations we set a criterion for a minimum 
displacement Ax- that could be counted as a measured 
event. Any event with a displacement (in a given time 
interval) smaller than Ax- was ignored. This criterion 
is necessary to exclude measurement or calculation noise 
from the recorded events in experiments and computa- 
tions. We have set Ax- to be the distance traveled at  
twice the pulling speed u in one time step At, 

Axmin = 2vAt (12) 

This Axmi,  is arbitrary. If it is set to a small value or to 
zero, as was the case in ref 19, the distribution P@) will 
extend in the small p direction with the same scaliig. This 
indicates that small-magnitude events are much more 
frequent than large events. It has been shown in our 
previous work that changing Axmi, does not change the 
scaling exponent b. 

The ability of the chains in the polymer matrix to deflect 
as the pulled chain passes them is the basis for the viscosity 
characterized by the dissipation parameter y. We might 
expect a very flexible system to deform readily under stress 
and that small stick-slip motion would be less frequent. 
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Figure 3. Logarithm of event probability distribution P(p)  as 
a function of event magnitude p. Two parameters in the model 
can change the scaling of the distribution in the small-event region 
(p  h): (a) a stronger dissipation y yields a smaller scaling 
exponent b (in eq 11). Parameters are SI = sz = 100, k = 250, u 
= 0.015, and y = 3.0, 3.8, and 5.0 for curves with filled circles, 
open circles, and stars, respectively; (b) a smaller parameter s1 
gives a larger exponent b. Here s1 is 60,100,150, and 200 for the 
filled circle, open circle, star, and plus curves respectively, and 
the other parameters are s2 = 20, k = 250, u = 3.0, and y = 3.0. 

the fracture energy. In order to achieve this, we need to 
know how the event magnitude distribution depends on 
these variables, since it is this function that provides a 
quantitative measure of the character of the stick-slip 
dynamics. It is an important measurement also because 
of its connection with universality: the existence of the 
same distribution exponent for various different systems 
suggests that they obey the same scaling law for equivalent 
quantities, even though their origins and physical meanings 
may be different. We calculated the function P(p) for 
various different parameter values and measured the 
scaling exponent b in eq 11 for small and medium events. 
These slipping events account for the majority of the 
slipping events that occur, and hence the scaling of their 
distribution is important in attaining an accurate statistical 
picture of the dynamics. Figure 3a shows the distribution 
P(p)  for three different values of dissipation constant y. 
As a characterization of the stick-slip dynamics,P(p) again 
shows the wide range of event size of the dynamics: events 
with moments spanning over 3 orders of magnitude were 
recorded. The crossover magnitudeM in the figure divides 
the distribution into small-event and large-event regions. 
We will only study the scaling behavior of the small- and 
medium-event regions in this paper. The distribution in 
the large-event regime does not seem to fit eq 11 with a 
constant exponent b. The parameters in Figure 3a are SI 
= s2 = 100, k = 250, u = 0.015, y = 3.0 for the curve with 
filled circles, y = 3.8 for the curve with open circles, and 
y = 5.0 for the curve with stars. The scaling exponents 
b for these three cases are approximately b = 1.0,0.5, and 
0.1, respectively. We see that a stronger dissipation yields 
a smaller exponent b. This indicates that a stronger 
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calculated from these larger systems are almost identical 
to that from the system of N = 50. This shows the 
independence of the stick-slip dynamics of this model on 
the system size. 

Finally, as a check on whether the surface of the polymer 
matrix was an active factor in determining the dynamic 
behavior, we calculated P(p)  for a chain that did not emerge 
from the matrix but instead formed a closed loop within 
the polymer host. This system had periodic boundary 
conditions, and so surface effects were eliminated. We 
found that the exponent b was unchanged by the use of 
periodic boundary conditions but that the system then 
had fewer large events and more small events than the 
comparable system with open boundary conditions. The 
motion in a periodic boundary system thus is much quieter 
than that in an open-boundary system but has the same 
qualitative form. 

4. Fracture Energy 
We next calculated the energy needed to pull out a 

polymer chain from the matrix in which it is embedded. 
Since this model only considers the fracture mechanism 
where one of the shorter diblock copolymer chains is pulled 
out from the corresponding homopolymer matrix, the only 
energy-consuming mechanism is the energy dissipation 
from the viscous pull-out of the chain.3 We accordingly 
computed the energy G per chain that is consumed by 
viscosity during the pull-out process, 
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This is indeed the case. As the dissipation y is increased, 
small events are suppressed or become too small (less than 
A.rmb) to be detected. The system dynamics will then 
have no small events and be dominated by stuck and large 
slipping motions. This type of dynamics can be seen in 
Figure 5 where the distribution starta at some intermediate 
value of event magnitude p, approximately equal to the 
crossover value The change from the dynamics of a 
wide range of event magnitudes to that of only large events 
is continuous as the dissipation is increased. 

To verify that the stick-slip dynamics described above 
does not depend on the size of the system studied, we have 
calculated the distribution P ( p )  for systems with size N 
= 100 and 150. The (normalized) distributions P ( p )  

where At  is the time step used in the numerical procedure 
and is summed through the entire pull-out process, and 
i is summed over all particles. We investigate the 
dependence of G on chain length N, chain elastic parameter 
SI, roughness of interface between the matrix and the chain 
k, the coefficient of viscous dissipation 7 ,  and the pulling 
speed u. In general, we found G to be a function of all 
these parameters. 

The critical fracture energy G, is the minimum energy 
required to break the interface between the homopolymer 
and the diblock copolymer. To calculate G,, we first 
verified that G is a slowly varying function of u for small 
u and then used a very small pulling speed and a range of 
other parameters to determine G,. We used the same speed 
for all calculations of G,. The G,(N) obey a power law of 
the form G, a Na reasonably well but with an exponent 
a that is a function of k and SI. As mentioned earlier, 
contradictory forms of the power-law dependence of G, 
on N have been obtained in some theoretical models, where 
both a = 1 and a = 2 were predicted, while the results 
from experiments are somewhat ambiguous. Figure 6 
shows the form we find for the N dependence of G, with 

and k = 50 from top to bottom, respectively. The solid 
line shows the power-law fit to the first curve. The 
exponent a for the three curves shown are, from top to 
bottom, 1.86, 1.77, and 1.52, respectively. We see from 
the figure that G, increases when one increases the strength 
of the interchain interaction k but decreases when one 
increases the strength of the intrachain spring constant 
SI. This can be understood when we look at  the effecta to 
k and SI on the dynamics of the pull-out process. A large 
k gives larger static friction since the interface between 
the chain and the matrix is rougher, and so a larger elastic 
energy is required in order for particles to start slipping. 
Once the particles overcome the matrix background 

SI = 60 and k = 150, SI = 100 and k 150, and 81 = 100 
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Figure 6. Critical fracture energy G, as a function of chain length 
N.  Note that G, is also a function of the parameters s1 and k. 
The top curve is for the system with s1 = 60 and k = 150 (the 
heavy line is a power-law fit with an exponent of 1.86), the middle 
one with s1 = 100 and k = 160, and the bottom one with s1 = 100 
and k = 60. The two lower curves obey the power law with 
exponents of 1.77 and 1.52, respectively. 
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Figure 7. SI and ss dependences of G,. The parameters are k 
= 160, u = 0.016, and y = 3.0. For the SI curve (with fiied circles) 
sa = 100, and for the sa curve (with open circles) s1 = 100. 

potential and start  to move, the larger stored energy will 
generate larger slipping velocities, which in turn will 
consume more energy. Also, as we have seen before, a 
small  SI induces more large events. Since large events 
involve large velocities and a large number of particles, a 
smaller SI, hence softer chains, will thus dissipate more 
viscous energy. 

Since s1 is an elastic parameter of the polymer chain 
and k is the interaction parameter between the chain and 
the matrix, the dependence of G, on SI and k indicates 
that the critical fracture energy depends both on the type 
of chain being pulled out and on the type of matrix in 
which the chain is embedded, in addition to being a 
function of the chain length. 

We have seen in Figure 6 that the critical fracture energy 
G, is a decreasing function of s1 and an increasing function 
of k. To see clearly the dependence of G, on the chain 
spring constant SI, we fixed all other parameters and 
calculated G, for different SI, aa shown in Figure 7. We 
see that G, is strongly dependent on SI when SI I 80 but 
becomes almost independent of it when 81 1 80. We recall 
that a similar dependence on s1 of the event distribution 
P ( p )  was observed in Figure 3b. This is another example 
showing that the dynamics of the pull-out process is closely 
related to the fracture energy during the process. Also 
shown in Figure 7 is G, as a function of s2 with all other 
parameters fixed. Again we see that changing sa has 
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Figure 8. Dependence of G, on the maximum-depth parameter 
k of the potential. The solid line is the power-law fit with a 
power of 1.35. 
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Figure 9. Fracture energy G as a function of pulling speed u. 
A good linear relationship between them was obtained in this 
speed range. The two curves correspond to two different 
dissipation levels with y = 6 for the top curve and y = 3 for the 
bottom curve. 

virtually no effect on G,. This is reminiscent of the 
dynamic behavior we have seen before. 

Figure 8 shows the relationship between G, and the 
strength of the interaction k between the chain and the 
matrix when the other parameters, s1 and s2 = 100, u = 
0.015, and y = 3.0, are kept unchanged. The best power- 
law fit to the relationship is G, - kl*% for the parameter 
set chosen, but again the exponent is not universal, 
depending on SI, u, and y. It is, however, always positive. 

The pulling speed u in this model is not directly the 
crack propagation speed measured in experiments. It is, 
however, approximately proportional to the crack speed 
if the interface is separated by peeling at a constant speed 
as was done in ref 3. Two fracture energies G are plotted 
in Figure 9 as a function of pulling speed u for two different 
dissipation coefficients y. The figure shows that G 
increases linearly with u for u C 0.6. This result differs 
from that of previous theoretical modelsl0-12 in that we 
did not obtain any predicted critical velocity u* below 
which G is a constant independent of crack speed. 
However, we note that there is as yet no clear experimental 
evidence for the existence of any critical u*. Figure 9 also 
shows that a larger dissipation coefficient results in a larger 
energy consumption during the chain pull-out process, 
even though the slipping velocities are thereby reduced. 

The dependence of the fracture energy G on the pulling 
speed u is also related to the dynamic effects of u on the 
system. Although, as we have seen earlier, changing u 
does not change the scaling of the event distribution P ( p ) ,  
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a larger u does nevertheless induce more intermediate and 
large events, which have high slipping velocities and thus 
produce higher viscous energy dissipation. 

The linear relation between G and u is maintained up 
to about u - 0.8, after which there is a decrease in slope 
of the curve. While we did not find the experimentally 
observed total saturation of G(u) after some critical value 
of u, our results are somewhat closer to experiment than 
the dependence of G on u predicted by some theoretical 
models.lg12 

As was the case for G,, we find that G is also a function 
of the other parameters. Small $1, large k, or long chain 
length N all cause an increase in G .  

5. Conclusions and Discussion 
We have proposed and studied a one-dimensional 

microscopic mechanical model for the interface fracture 
process that occurs when diblock copolymer chains are 
pulled out from a homopolymer matrix. This model has 
been applied to the chain pull-out process in glassy 
polymers but should be applicable to elastomers as long 
as the pull-out rate is small and the chains are short. The 
chain pull-out from glassy polymers has been observed in 
PS-PVP3 and PS-PMMA8 systems. The chain pull-out 
from elastomers has been reported in ethylene-propylene- 
diene terpolymer and poly (isobutylene-co-isoprene)e and 
PS-PI sy~tems.~J We have studied the spatiotemporal 
dynamics of the model and have observed stick-slip 
behavior displaying various slipping events with a wide 
range of magnitudes. These dynamics have many of the 
characteristics of self-organized critical systems and thus 
resemble the situation encountered when grains of sand 
are dropped continuously onto the top of an accumulating 
sand pile. In just the same way as the slope of the sand 
pile adjusts itself to be at  the critical value at which 
avalanches occur, the polymer chain being pulled from 
the matrix repeatedly undergoes avalanche-like motion 
in which large chain segments break loose from the 
trapping potential. This type of behavior has been 
observed in our calculations for a wide range of model 
parameters. The scaling behavior of the event probability 
distribution P(p)  for small slipping events was calculated 
and found to change with the dissipation constant and 
with the chain stiffness. Other model parameters, although 
changing the distribution in some ways, do not change the 
scaling. The fact that the pulling force acta only on the 
end particle in our model has some special effects which 
distinguish the dynamics of this system from that of models 
of earthquake dynamics, in which every particle is pulled 
equally. The model also seems to be a robust system for 
self-organized slipping in that the characteristic spa- 
tiotemporal dynamics do not depend on the size of the 
system, boundary conditions, initial configurations, or 
pulling speed. 

We have also calculated the fracture energy G of pulling 
out a single chain from the matrix. The critical energy G,, 
below which no pull-out occurs, and its dependence on 
chain length, chain elastic parameter, roughness of 
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interface between the chain and the matrix, and level of 
dissipation were also studied. We found that, in general, 
the G, is a function of all the above parameters but that 
there is a power-law relationship between G, and N in 
which the exponent depends on the other parameters of 
the chain and on the nature of the interface between the 
pulled chain and the matrix. A linear dependence of 
fracture energy G on pulling speed u is maintained for 
modest values of u but then partially flattens out. This 
linear relationship between G and u emerges from the 
calculations for our microscopic model and is not an 
assumption of the type used in some theoretical models. 
The complete saturation observed in experiments was, 
however, not observed in our simulations. It is possible 
that this saturation could be related to the phenomenon 
of chain scission, which was not included as an ingredient 
in our model. 
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