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ABSTRACT: The variation of entanglement density with interface width at an interface between two
polymers is calculated using the relationships between chain packing and entanglement. The chain packing
is obtained by the use of self-consistent mean-field techniques to calculate the average chain conformations
within the interface region. The interface width is controlled by an assumed value of Flory—Huggins
interaction parameter y between the two polymers. As the value of y is increased from 0 (completely
miscible) to 0.1 (immiscible with a sharp interface), the calculated entanglement density is found to
decrease by about a factor of 2. These modified entanglement densities are used within an existing model
of interface coupling to estimate the effect of entanglement changes on the variation of interface toughness

with interface width.

Introduction

Entanglements of polymer chains are topological
constraints to motion that have a profound effect on the
mobility of the molecules. Qualitatively, they can be
envisioned as crossings of polymer chains that remain
intact when the material is subject to strain and so are
mechanically active. They therefore strongly influence
dynamic properties of polymer melts such as viscosity
and diffusion. The main glassy state properties that are
influenced by entanglements are the high strain proper-
ties, such as natural draw ratio, craze extension ratio,
and toughness. The density of entanglements, often
described by the molecular weight of a chain between
entanglements Me, can be obtained from the plateau
modulus of a high molecular weight melt. The mean
distance between entanglements serves as the tube
diameter within the dominant reptation model of poly-
mer dynamics.

Although the precise nature of entanglements is not
well understood, there is good evidence that the density
of entanglements is strongly related to the chain topol-
ogy. A number of authors have suggested that entangle-
ments, and hence Mg, are controlled by the packing of
the polymer chains.'=® They proposed that the volume
of space pervaded by a single chain of molecular weight
M. is a fixed constant of order 10 times the hard core
volume occupied by that chain. The actual value of the
fixed constant depends on the precise definition of the
pervaded volume. Their arguments, which are sup-
ported by strong experimental evidence, are based on
the idea that it is the chain packing that that defines
the constraints, placed by surrounding chains, on the
motion of a single chain. If a chain is in a more compact
form, then a relatively longer length of chain is required
before it interacts significantly with other chains (high
Me), whereas if the chain is extended, then a much
shorter length interacts with other chains (low Me).

Entanglement in the polymer bulk is thus reasonably
well understood in broad terms, but the situation at an
interface or surface is much less clear. Russell and one
of the current authors® have suggested that, as chain
packing is modified close to an interface, entanglement
is likely to be modified also. They argued, following
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Silberberg,” that chains are “reflected” at an interface
and so tend to pack more densely than in the bulk,
decreasing the entanglement density and increasing Me
from the bulk values.

The aim of the current work is to use the ideas on
the relation between chain contours and entanglement
to calculate the entanglement density close to an
interface between immiscible polymers. The structure
of the interface is controlled by the repulsion between
the polymers, described by the Flory—Huggins interac-
tion parameter y. The mean chain contours, and hence
the chain packing, will be obtained as a function of y
using self-consistent mean-field theory (SCMF). Hence,
the interface entanglement density will be obtained as
a function of .

The main motivation for this work derives from the
relationship between chain entanglement and fracture.
Chain entanglement controls fracture in two basically
separate ways. It controls both the saturation toughness
of a polymer at high molecular weight and the molecular
weight at which the toughness saturates. Failure of
glassy polymers normally occurs through a crazing
mechanism, and craze microstructure is strongly influ-
enced by the entanglement density within high molec-
ular weight material and hence by the M. of the
material. Thus, entanglement controls the high molec-
ular weight toughness. The toughness of glassy poly-
mers increases with molecular weight until it saturates
at a molecular weight of about 8M.. The use of diblock
coupling agents has demonstrated that this increase and
saturation in toughness are related to the molecular
failure mechanism. Short chain strands that cross the
fracture plane can pull out, whereas longer chains tend
to fail by scission. The chain length at which this
transition occurs is related to Me.

The use of diblock copolymers at interfaces has also
demonstrated that the areal density of chains that cross
the interface, and thus have to undergo pullout or
scission when the interface fails, controls the toughness
of an interface between polymers. Hence, it has been
suggested that, for high molecular weight polymers
without specific coupling agents, the areal density of
coupling chain strands controls the toughness of the
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interface. The relevant strands are those that have
adjacent entanglements on either side of the interface.
Thus, the toughness of an interface between glassy
polymers should be controlled by the ratio of the
interface width to the mean distance between entangle-
ments (ai/Le). A simple model based on these ideas has
been proposed and found to be quite inconsistent with
the experimental data,® but the model did assume that
the entanglement density was not influenced by the
interface. The aim of this current work is to estimate
the effects of the interface width between two immiscible
polymers on the entanglement density and hence on the
expected interface toughness.

The paper is organized as follows. First, we sum-
marize the entanglement model to obtain the relation
used to calculate entanglement density. Next we use the
SCMF model to calculate the mean chain packing
density close to a polymer/polymer interface as a func-
tion of y and hence estimate the y dependence of the
entanglement density close to an interface. Finally, we
use this entanglement density to estimate the expected
variation of toughness with interface width.

Entanglement Model

We need to obtain the relationship between the mean
conformation of a chain and its entanglement molecular
weight. Following Fetters et al.,* we are concerned with
the local density of packing of a chain. We assume that
the chain locally follows random coil statistics so that
we can find a relation between the fraction of a chain
within a test volume centered on the chain center of
mass and the density of entanglements.

The pervaded volume of the polymer chain, Vsp, is
defined as the volume of a smallest sphere that com-
pletely contains the chain. We will assume that this
volume is proportional to the radius of gyration, Ry, of
the chain:

Ve, = AR} 1)

where A is a proportionality constant. But Ry varies with
the number of repeat units in a chain N as

R, =A"N"a 2)

where the repeat unit volume is a® and A" is a constant
describing the density of chain packing. So

Vg, = AN¥a® where A’ = AA™® (3)

The total volume actually occupied by the chain V, is
Na3, so the ratio of occupied to pervaded volume
relevant within the model is given by

VeV, = AN (4)

The packing density model for entanglements assumes
that, when Vgp/V, is equal to a constant B that is about
10, then N equals the number of repeat units between
entanglements, Ne, and so

BZ

= A2A116 (5)

e

Now, if we take a certain test volume, Viest, as a sphere
of radius R; centered on the center of mass of a chain,
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such that Viest < Vsp, We see that the number of repeat
units Neest of the chain in the test volume is

Ntest - A'_'a (6)

The fraction of the test volume occupied by the polymer
chain, f, is

Ntesta3 3a
f(R) = = (7)
Y Vit 47RA
Combining egs 5 and 7, we obtain
N, ~f %R, (8)

The density of entanglements, pe, varies as N.~* and so

pe ~ F3(RY ©)

and the mean distance between entanglements L. is
given by

L, ~ A"N" ~ f(R,) (10)

In this work we use the SCMF technique to calculate
the variation of f through the interface using a Viest
similar to the normal volume defined by the distance
between entanglements on a chain. We then use this
variation of f to estimate the variation in entanglement
density through the interface. The choice of the size of
the test sphere is somewhat arbitrary. The chain
conformation is expected to be constant in the bulk and
change as the interface is approached. The particular
test volume was chosen as there is difficulty in defining
a measure of entanglement density that changes over
distances much shorter than the distance between
entanglements.

The argument above assumes that the chain contours
are Gaussian. Near an interface the chains are com-
pressed on one direction so the relation eq 9 may no
longer hold. Within the packing model pe is bound to
vary inversely with f, the question is only, what is the
form of the variation? The variation of f near the
interface is a measure of this distortion, and as it is not
more than 30% we shall assume that eq 9 remains
approximately correct. It is worth noting that, within
the SCF model, the interface does not alter the chain
dimensions in the plane of the interface. The distortion
is just normal to the interface plane.

Although the packing length model for entanglement
has been well tested for situations where the chain
contours are isotropic, there is no experimental evidence
that, as assumed here, it also applies for anisotropic
contours.

SCMF and MDE Calculations

We use a fairly standard self-consistent mean-field
approach to calculate the properties of an interface
between two immiscible polymers®-14 A and B. The self-
consistent calculation is used to obtain the variation of
the mean field through the interface as a function of
the interaction parameter between the polymers, yag.
This mean field is then used in conjunction with
Edward’s modified diffusion equation,’>~17 MDE, to
calculate the segment probability distribution functions
for chains with a defined position for one end of the
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chain. These probability distribution functions are then
used to calculate the position of the center of mass of
the chains and the value of f using a spherical volume
centered at the chain center of mass. Finally, as the
center of mass is moved by changing the position of the
chain end, the variation of f through the interface is
obtained.

The SCMF calculations followed the approach de-
scribed in detail by Shull and Kramer.11714 In brief, this
technique involves assuming a segment density profile
(or volume fraction profile) of the polymer chains,
calculating a mean field w(r) from it and then solving
the diffusion equation to recalculate the segment density
profile. This process is repeated until it converges with
a self-consistent mean-field and segment density profile.
As the interface between the two polymers is planar,
the problem is essentially one-dimensional. The only
relevant spatial coordinate is z, the coordinate normal
to the plane of interface. The input parameters for the
SCMF calculations are the segment numbers of both A
and B polymers, chosen as 1200, and the Flory—Huggins
segment—segment interaction parameter, yag. The value
of yas, Which enters in the relation between the segment
density profile and the mean field, was varied between
0.005 to represent a broad interface and 0.1 to give a
sharp interface. The resulting volume fraction profiles
were compared with the well-known hyperbolic tangent
predictions,81° and a good agreement between the two
was found. In addition, experimental evidence?® sug-
gests that the density profiles calculated using the
SCMF approach describe the interface between two
immiscible polymers sufficiently well. For comparison
with experiment the lattice size was chosen to equal the
statistic segment length for polystyrene, 0.67 nm.?!

The mean field w(r) obtained from SCMF calculations
was then used in the modified diffusion equation,
MDE215_17

2Q(r,n;r, 2
—Q(an 0)_%V2Q(ryn:ro)—W(r) Q(r,mry)  (11)

where Q(r,n;rp) is the segment probability distribution
function which represents the probability that a polymer
chain with one end at position ro has the nth segment
of the chain at position r. The nonnormalized concen-
tration c(r) of such chains of total number of segments
N is given by

N
o(r) = ZﬁoﬁlQ(r,n;rO) Q(ryN-n;n drodr,  (12)

Equation 12 illustrates that the density of polymer
chains at position r is proportional to the probability
that a chain has one end is at position ro and the other
end is at position r;. Because the chain ends can be
anywhere in space, the probabilities are integrated over
all possible values of ro and ry. In addition, any segment
of a chain can contribute to the overall density at a given
point; hence, the final density is a sum of contributions
from each segment in the chain. In eq 12 the Q(r,n;ro)
component represents a path from one end, whereas the
Q(r1,N—n;r) component represents a path from the
other end of the chain. Note that ri, ro, and r are
3-dimensional position vectors. Since the mean field, w,
calculated from SCMF model varies only in the z
direction, we assume that w is constant in the x—y
plane.

Entanglement Density 5841

The SCMF calculation was performed by choosing a
value for y and using the standard SCMF technique to
calculate w(z) which could be easily transformed into
w(r). Equation 11 was then numerically solved in 3
dimensions on a cubic lattice to obtain a set of 3-D
concentration profiles, c(r), for chains that start at
various distances from the interface. The chain starting
positions were chosen along the z-axis by setting xo =
Yo = 0; thus ro = zo. To obtain c(r) using eq 12, both
Q(r,n;ro) and Q(r1,N—n;r) need to be calculated. For
each chain starting position the Q(r,n;rpo=z¢) matrix was
first calculated using the following initial condition:

Q(r.n=Liry)) =1 forry,=z,
Q(r,n=L;ry) =0 forry,=z, (13)

To calculate the Q(r1,N—n;r) matrix, we assumed that
the other chain end can be at any position in the system
with a probability governed by the SCMF calculated
volume fraction of the polymer chain, ¢a(z). Similar to
the case for w, we assumed that chain volume fraction
in the x—y plane is constant. Therefore, the initial
condition to calculate Q(r1,N—n;r) was

Q(ri,n=N;r) = ¢(r,) (14)

Once the Q matrices were calculated, the concentra-
tion distribution c(r;zp) of the chains was found with
defined starting positions at various distances zo from
the interface. To obtain the values of c(r;zp), it was
necessary to integrate over all possible values of n and
ri. The center of mass of these chains was then
calculated using the equation

ZZC(Z;ZO)
Zeom(Zo) = R (15)
> c(zizo)

Because of radial symmetry of Q and ¢ around the
z-axis, we can set Xcom = Ycom = 0. The next step was
to calculate f(zcom,Rt), the fraction of a polymer chain
that occupies a volume of the test sphere of radius R¢
with the center at the center of mass of the chain. The
fraction f(zcom,Rt) was calculated for each chain with
center of mass at various distances from the interface,
Zcom. The diameter of the test sphere was chosen as an
end-to-end distance of a chain with M = Mg puk, the
entanglement molecular weight in the bulk. Specifically,
for polystyrene with M pux = 13 500 g/mol the radius
of the test sphere was set to R = 3.5 nm. The calculated
fractions were then normalized by the bulk value of
f(z=,R¢) = 0.113, obtained far from the interface to
obtain fy. The final result was obtained by plotting fy
as a function of z (really zcowm), the distance from the
interface for various values of the y parameter. It is
worth noting that as this technique does not calculate
conformations of specific chains but calculates a mean
distribution for chains with a particular starting point,
a mean center of mass zcom close to the interface was
obtained by using a starting position zp across the
interface.

Results of the Calculations

The first stage of the calculation required solving the
SCMF equations to obtain the variation of the mean
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Figure 1. Variation of the mean field through the interface
as a function of Flory—Huggins parameter y.
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Figure 2. Variation of normalized f with distance from the
interface as a function of y for a test volume radius of 3.5 nm.

field through the interface w(z) as a function of y.
Representative values of the mean fields are shown in
Figure 1. As discussed above, the resulting volume
fraction profiles agreed well with the established hy-
perbolic tangent predictions.

The mean-field profiles, which varied just in the z
direction, were used in conjunction with the three-
dimensional MDE to obtain the values of f as a function
of distance from the interface, z. The results for fy,
which is f normalized by the value of f in the bulk, are
shown in Figure 2. It can be seen that fy shows a
maximum close to the interface. This maximum is to
be expected because, as the interface is approached from
the bulk, initially the test sphere, centered on the radius
of gyration of the chains, probes chains that are reflected
at the interface and so more compact than in the bulk.
When the z position of the center of mass of the test
chain becomes significantly less than the radius of the
test sphere, then much of the chain must be on the
“wrong” side of the interface. This section of chain is
stretched from the “wrong” to the “right” side of the
interface so the value of f decreases. For the very few
chains with z < 0 then fy < 1. We take the value of fy
at maximum, which is fairly insensitive to the radius
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Figure 3. Calculated number of segments between entangle-
ments as a function of y assuming a bulk value of Ne, typical
for polystyrene, of 130.

of the test sphere, to give a mean value of entanglement
relevant of the particular y value.

Figure 3 shows the calculated variation of interface
Ne (average number of segments between entangle-
ments) with y. The results are scaled to the assumption
that the value of N¢ in the bulk equals that of polysty-
rene (130). It can be seen that the average interface Ne
increases with y as expected and doubles from its value
in the bulk when y reaches 0.1. From the form of Figure
3 it is clear that the calculated entanglement length
asymptotes to a constant value as the interface becomes
very sharp. The existence of the asymptote is expected
from the arguments in the previous work,® where it was
suggested that the entanglement length at a sharp
interface was about nearly 4 times the value in the bulk.
The difference between that suggestion and the results
of the current calculation probably has its origin in the
way entanglement density is calculated in this work.
Packing is calculated over a region that has a width that
is large with respect to the width of a reasonably sharp
interface.

One aim of this work is to calculate the effect of
reduced entanglement at the interface on the variation
of toughness with the width of an interface between two
polymers. Hence, we correct the previously proposed
model® of interface coupling for the effect of the interface
on the local entanglement density and spacing. The
areal density of strands that couple the interface is
given by

S~ Lo d(@,) (16)

where J is a function given in ref 9, a; is the relative
interface width, a /L., pe is the entanglements density,
and L. is the mean distance between entanglements.
The interface toughness is given by

2] _l)

-

K
1.204

17
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Figure 4. Calculated interface toughness as a function of
interface width showing the effect of correcting for the varia-
tion of entanglement density with interface width.

where K is a constant, oq is the craze stress, and fj is
the force to break a chain.

Figure 4 shows the original predictions of the varia-
tion of interface toughness with relative interface width
as a solid line and, as solid points, some corrected values
using egs and 10 to obtain L. and pe and hence a, used
in the calculation of G, but the bulk value of L. was
used to obtain the values of a, in the abscissa. Clearly,
the corrections to the entanglement density suggested
in this work do reduce the calculated toughness values
considerably, particularly for values of a, < 1; however,
the toughness is still not predicted to vary as rapidly
with interface width as observed in practice.

Discussion and Conclusions

This work was the first attempt to obtain a quantita-
tive estimate of the effect of interface sharpness on the
local entanglement density. The approach is based on
the concept that entanglement is entirely controlled by
the packing of polymer chains. The packing density is
calculated with a test sphere of radius equal to the bulk
chain distance between entanglements. The choice of
test sphere radius is arbitrary, but the results are not
very sensitive to it. As the chain contours cease to have
spherical symmetry close to the interface, it would
perhaps be more logical to choose a test volume that
changed shape with the chain contours but that would
have been more complicated. In addition, the assumed
relations between packing, f, and entanglement density
or tube diameter assume spherical symmetry so could
not be used simply for an anisotropic test volume.

The results demonstrate that the packing concept of
entanglement implies that the entanglement density
would be expected to vary significantly in inhomoge-
neous situations, such as near a interface or surface.
Changes of entanglement density of at least a factor of
2 are to be expected. Entanglement has a profound effect
on the rheological properties of a polymer melt and the
high strain and failure properties of a polymer glass. It
would seem likely that the entanglement properties
discussed here are most likely to influence the deforma-
tion properties close to a polymer surface, particularly
surface orientation and frictional processes, and also the
failure properties at interfaces. There is no suggestion
that the decreased entanglement might have an effect
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on the surface Ty, as Tg is thought to be a much more
local property than entanglement; however, the de-
creased entanglement might contribute strongly to the
rather poorly understood processes that occur during
friction.

A similar approach to the calculation of entanglement
at interfaces has recently been presented by Ganesan
and Pryamitsyn?? based specifically on the Kassavalis
and Noolandi approach to entanglement density.?3
Their calculation approach is more sophisticated than
the one presented here, but the results obtained are
similar. They suggest that the relationship used to
calculate J(ar) considerably overestimates the density
of entangled strands, but this does not explain why the
calculated toughness for broad interfaces is less than
the measured values.

The density of entangled strands has also been
calculated in a recent model presented by Benkoski et
al.?® that is based on the statistical variation of the
distance between entanglements. They obtain good fit
with the experimental fracture results on the PS/PMMA
system while assuming that the entanglement density
is constant through the interface. All these models,
though complicated, are inevitably approximations to
the real situation, so it seems unlikely that the fracture
experiments can be used to demonstrate definitively the
change of entanglement density at an interface.

In conclusion, we have demonstrated that the en-
tanglement density close to an interface can be calcu-
lated using self-consistent mean-field techniques to
obtain the local average chain packing. For polystyrene
chains of degree of polymerization 1200 the packing was
observed to start changing at about 10 nm from the
interface. The entanglement density was found to
decrease by about a factor of 2 for a fairly sharp
interface with a y of 0.1. This decrease would be
expected to have a significant effect on the interface
toughness.
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