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INTRODUCTION

The failure of thermosetting polymer adhesives is
an important problem which particularly lacks under-
standing from the molecular viewpoint. While linear
elastic fracture mechanics works well for such poly-
mers far from the crack tip, the method breaks down
near the crack tip where large plastic deformation oc-
curs and the molecular details become important [1].
Results of molecular dynamics simulations of highly
crosslinked polymer networks bonded to a solid sur-
face are presented here. Epoxies are used as the guide
for modeling. The focus of the simulations is the net-
work connectivity and the interracial strength.

In a random network, the bond stress is expected
to vary, and the most stressed bonds will break first
[2]. Crack initiation should occur where a cluster of
highly constrained bonds exists. There is no reason
to expect crack initiation to occur at the interface.
The results to be presented show that the solid sur-
face limits the interracial bonding resulting in stressed
interracial bonds and interracial fracture. The bonds
in highly-crosslinked random networks do not become
stressed aa expected.

The sequence of molecular structural deformations
that lead to failure has been determined and found to
be strongly dependent upon the network connectivity.
The structure of these networks and its influence on
the stress-strain behavior will be discussed in general.
A set of ideal, ordered networks have been constructed
to manipulate the deformation sequence to achieve dif-
ferent fracture modes (i.e. cohesive vs. adhesive).

SIMULATION METHOD

Model. Following a large body of work on poly-
meric systems [3], MD simulations are performed on a
coarse-grained, bead-spring polymer model. Because
of the long relaxation times typical of polymer dynam-
ics, atomistic simulations are not viable. By coarse
graining, a sufficient increase in computational speed
is acldeved to treat the relaxation times while still
treating the fundamental aspects of polymers. Also,
the coarse-grained models are closer to the continuum
models with which we ultimately want to connect.
A modification of the successful Kremer-Grest bead-
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spring model is used [4]. Polymer chains are composed
of beads which interact via a Lennard-Jones (LJ) in-
teraction with a cutoff at 2.5.

uLJ(~) = 4UI[(d/7j12 – (d/r)b] (1)

where U. is the LJ energy unit and d is the len~h
unit and particle diameter. The bond potential is
composed of two parts. The first part is the purely
repulsive LJ potential with a cutoff at r = 2116. In
order to break bonds and preserve the continuity of
the bond force a quartic potential is used to create a
potential with two minima. With a cutof at T2,

~4(T) = k4(T – TI)(T – T2)(T – T8)2 + US (2)

The parameter set 1 is: kA = 1200, ?’1 = 0.75, T2 =

1.55, T, = 1.3 and Us = 34.69. The parameter set 2 is:
k4 = 1434.3, T1= 0.74, T2 = T. = 1.5 and v. = 67.22.
Chains can cross only by breaking bonds.
Geometry. The complete system consists of a poly-
mer network between two walls with separation h. The
(111) direction (z-direction) is perpendicular to the
walls. Each wall is composed of particles in two layers
of an fcc lattice with nearest neighbor distance 1.204.
The wall particles are bound to the lattice sites by a
harmonic spring with spring constant 100. The po-
tentials for the wall particles are identical to the bead
potentials.
Procedures. The dynamics of the system is per-
formed at constant temperature using the Langevin
thermostat. The integration time step is 0.005. Epox-
ies form highly crosslinked molecular networks with
each strand consists of only a few monomers. Typ-
ically a bead corresponds to 2 or 3 monomers [4].
A bead-spring model with two beads per strand is
the best match for highly crosslinked epoxies. To
create a random network R similar to epoxy net-
works, a liquid mixture of two bead and three bead
molecules is crosslinked dynamically. The three bead
molecule haa a sixfold functional crosslinker bead al-
ready bonded to a two bead strand. All beads have
identical potential parameters. After equilibrating the
mixture, crosslinkersare first bonded to the walls. The
crossliikers are bonded to strands until at least 95% of
all possible bonds are made. Afterward, the tempera-
ture is reduced below the glass transition temperature
(0.5) to 0.3. The tensile pull is performed by moving
the walls apart at constant velociW. The tensile and
shear stresses are calculated from the total wall force.

ILESULTS

Random Networks. In Fig. 1 the stress-strain curve
for bond set 1 is shown for both walls pulled at a wall
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FIG. 1. The stress-strain curves for the random net-
work (solid squares) and the ordered networks 01
(squares), 02 (triangles), and 03 (circles).

velocity of 0.01. The yield stress is about CY=4 and
theyield strain is O.l. Thestress drops suddenly and
complete failure occurs atef=l.Oandaf =3.4. The
first bond breaks at ef = 0.62. Between e = 0.82 and
1,0 all the bonds between the network and the bot-
tom wall break resulting in failure. Almost all broken
bonds occur at the interface. Bonds in the bulk of
the random network are not stressed. In fact, strains
large compared to macroscopic measurements are re-
quired before any bonds are stressed and broken. To
understand this, the molecular deformation sequence
was determined by examining configurations. At low
strains, the near neighbor cage is plastically deformed
producing the yield behavior. This deformation in-
volves only LJ interactions and determines av. Once
the monomers have moved beyond their initial local
position, further applied strains tighten the strands of
the network. In the plateau region, bond lengths are
rarely stretched. The bonds begin to stretch only af-
ter strands are pulled taut which requires large local
strains. Most of the stretched bonds are interracial
bonds. Subsequently, these bonds break and the in-
terracial failure occurs. This sequence of molecular de-
formations corresponds to the deformation zones (DZ)
seen experimentally [5]. The local strain at a DZ is
much larger than the external applied strain. System
R and even other simulated systems 10 times larger
are still smaller than the typical DZ for epoxies let
alone a complete system.

An upper limit to the strain at which scission must
occur is given in the minimal path lengths P of the
network. In fact, the simulations show that the aver-
age P is a good estimate of the failure strain. For a site
on the bottom wall to which the network is bonded,
there are many paths through the polymer network to
the top wall. The shortest path defines P for that site.
Conversion of P into a strain can be done via the re-
lation, Ep = (P – h)/h. For c > Ep, some bond within

FIG. 2. Schematic of the ordered network 01.

the minimal path must break. P has been calculated
for all bonding sites on the bottom wall. The average
P over all such bonding sites is typically about 2h.
In the absence of another constraint, this implies the
system can be strained almost 100% before significant
scission. For system R the path with the smallest P
has ep = 0.84, and by 6 = 1.1 all the paths’ must
break. These values are consistent with the major on-
set of scission and ef for R given above. Thus, scission
is determined by a global, not local constraint.
Ordered Networks. To provide a simpler model for
theoretical treatment and to further test the connec-
tivity constraints, an ordered network is constructed.
The ordered network is designed to minimize the con-
nectivity constraints yielding in large miniial paths.
When a tensile pull is applied to the ordered network,
all strands are expected to become taut before any
bond breaking occurs. The failure strain will be much
larger than for R. As in R, the ordered network is
sixfold coordinated with two monomers between each
crosslinker. The network is constructed using the body
centered cubic (bee) lattice as a template (Fig. 2).
Crossliikers are the central particles in the bcc cells
yielding a sixfold lattice. The z-direction is the (111)
lattice &ection. There are two (111) planes each with
3 sites in the bcc cell. These sites represent strands
which form a zig-zag path between crosslinkers. Thk
path is adjusted to achieve the correct density. The
system is also created at p = 0.8 and then equilibrated
to T = 0.3 and zero load.

The stress-strain curve is shown in Fig. 1 for the
ordered system 01 with one bond per crosslinker to
the wall as in R. The yield stress is identical to the
random network’s. As expected, failure occurs at a
much larger strain, ~f = 2.5. The strain for the fully
taut configuration where bonds begin to stretch is 2.3
as calculated directly from the geometry.

The number of bonda to the solid surface are ident-
ical in systems 01 and R, but 01 has a much larger
failure stress. Because the 01 network completely
opens before bond breaking occurs, more bonds break
simultaneously and the failure stress is larger than in
R. The ideal fracture stress is
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where Fbr is the force to break a bond, Nb is the num-
ber of bonds to the wall, and A is the wall area. 01
and R have Nb = 60 and ~ld = 6.5. The fracture stress
of 01, af = 4.9 is much closer to the ideal value than
R’s value (3.4). For R, interracial bond breaking oc-
curs over a strain range of 0.18, but for 01 the range
is just 0.005. Thus, at any given strain fewer bonds
are broken in R, and the instantaneous stress of the
bond forces is significantly smaller than for 01.

The reason for interracial failure is especially clear
for 01. There is only one bond between the wall and
crosslinkers, but three bonds between these crosslink-
ers and the rest of the network. In system R thk is
a consequence of the wall geometric constraints.Thus,
fewer bonds maintain the stress. Consequently, they
stretch more and break first yielding interracialfailure.

Constructing an ordered network with three bonds
per crosslinker to the wall (03) can be done. By po-
sitioning interracial crosdinkers above the the middle
of the triangles of the wall fcc layer, the crosslinks can
bond to each particle in the triangle. There should be
no preference to failure at the interface. Given that
the interface is a small fraction of the system, failure
is likely to occur within the network—cohesively.

The stress-strain curve for 03 (Fig. 1) is similar to
the 01 case. The difference is mainly that the failure
stress is larger (crf = 8.7), since there are more bonds
to break. However, af is larger by only a factor of
about two, not three like the ideal value, fYjd= 19.5.
For 03, the bonds break over a larger range of strain.

Large strains occur in 01 and 03, because of
the lack of constraints between strands connecting
crosslinkers in neighboring planes. A network with
some strands connecting next nearest neighbor planes
of crosslinkers should have fundamentally different be-
havior. Such an ordered system (02) was constructed.
One of the three strands extending downward from ev-
ery crosslinker is switched to connect to a next near-
est crosslinker. The stress-strain curve (Fig. 1) ex-
hibits failure at a lower strain and stress than R. This
lower strain agrees with the calculated strain e = 0.6
for the taut path of connected next nearest neighbor
crosslinkers.

Thus, by manipulating only the network connectiv-
ity, the failure stress and strain can either be less than
or greater than random network values. The funda-
mental point is that the network connectivity is a crit-
ical factor controlling the nature of interracial fracture
of highly crosslinked networks bonded to a solid. The
connectivity defines the minimal paths which deter-
mine the failure strains. The connectivity effects the
dynamical sequence of bond breaking and thus the fail-
ure stress. The tendency for adhesive tiacture instead
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FIG. 3. Failure stress vs. strain as a fimction of cur-
vature tensile pull (squares), shear (circles). Dashed
line is ideal bond fracture stress. Dotted line is fit to
shear data.

of cohesive fracture is because of the relative deficit of
interracial bonds, i.e. the interracial connectivity.
Interracial strength. The number of bonds across
the interface is an important quantity affecting interra-
cial fracture. The dependence on Nb can be examined
in a controlled manner by forbidding bonds to occur
in a subset of the wall surface. Experimentally, coat-
ing the surface with SAMS prevents chemical bonding
[6]. In the simulations, we simply forbid bonds in a
chosen region on the wall. The area of the wall sur-
face coverable by bonds is denoted C. Figure 3 shows
the failure stress data under tensile pull and shear. At
large C the failure strem is proportional to C, even
though af # md. In the tensile stress-strain curve at
all C, there is a yield stress ay = 4.0 and a plateau
stress, UP = 3.0. These stresses are due to the van
der Waals interactions. For a range of C near O, the
failure stress equals UP. Thus, bond fracture stress is
small at these C. In general, since sequential bond
breaking reduces the stress, crf is much less than the
ideal stress.
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