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Simulation of Fracturing Reinforced Polymer Blends
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Brownian dynamics simulations are used to simulate the fracture of a polymer/polymer interface
that is reinforced by “connector” chains. The connectors can weave back and forth across this
boundary, forming either single or multiple “stitches.” The work needed to fracture this interface
is calculated as a function of the architecture and conformation of the connectors. The results
show that the multistitch connectors dramatically improve the strength of the interface. This is
rationalized through scaling arguments and explains recent experimental studies. The conclusions
provide experimental guidelines for synthesizing effective connectors and thereby fabricating high-
strength composites. [S0031-9007(96)00732-6]

PACS numbers: 62.20.Mk, 81.05.Qk

The process of alloying or blending existing polymers[7]. In contrast, a diblock forms a single stitch [8]: the
holds considerable promise as a means of creating ned block extends into théd domain, and theB block is
materials at a relatively low cost. Most polymer pairs,localized in theB region [see Fig. 1(b)]. The ability of
however, are immiscible, and the mixture segregates inteandom copolymers to form many stitches is thought to
macroscopic domains, separated by relatively sharp, wedbe the key to their toughening behavior [4,6].
interfaces. Consequently, the bulk material exhibits poor In the Letter, we use computer simulations to quantify
mechanical properties. A key to forming high-strengththe effect of “multistitching” on the interfacial strength.
blends [1] is to “compatibilize” the mixture, i.e., create While equilibrium theories can reveal the conformation
a fine dispersion of small domains. A second key is toof the copolymer at theA/B boundary, they are not
toughen or strengthen the interfaces. A small amounable to account for the unique toughening attributes of
of a third polymer can act as both a compatibilizer [2]random copolymers [5,9]. Here, we use a Brownian
and a toughening agent [3,4]. In blending polymérs dynamics simulation to model the fracture of dfB
and B, the additive is typically a copolymer composed interface that is stitched by a “connector” chain. Using
of both A and B monomers. AB diblock copolymers the dynamical model, we calculate the work necessary
contain a long block ofA units chemically linked to a to fracture the interface as a function of the number of
long block of B's; random copolymers contain a random stitches, and therefore correlate interfacial strength with
arrangement oA and B monomers along the length of the architecture of the copolymer additive.
the chain. While diblock copolymers are more efficient
compatibilizers than random copolymers [5], there is C
evidence that random copolymers are more effective a
toughening agents. In experiments on reinforcing the Polymer A
interface between polystyrene (PS) and polyvinylpyri-
dine (PVP) at equal numbers of chains per unit area T
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random PS-PVP copolymers vyield a significantly higher
fracture toughness, and thus a stronger interface, tha
diblocks [4]. As random copolymers are far less ex-
pensive than highly regular copolymers like diblocks, ©~
demonstrating the generality of this observation would
have important implications for producing low-cost,
high-strength blends.

Both diblock and random copolymers can cross anc Polymer
entangle with the two homopolymers separated by amiG. 1. Schematic of the simulation. The incompatible poly-
interface. This behavior enhances the adhesion anther matrices are modeled as rigid arrays of obstacles. Here,
thereby, improves the mechanical integrity of the blend(a) shows the typical interfacial conformation of a random
The equilibrium conformations of these copolymers atcoPolymer, (b) represents a diblock, and (c) indicates the T-

the interf h ite diff t A d shaped chain. The dashed lines represent other portions of
€ Interlace are, however, quite arrerent. randoMye ‘chains, for example, th@ block of the diblock, which we

copolymer can loop back and forth across th¢B  do not treat. The uppeh phase is in constant motion with
boundary [6], forming multiple “stitches” [see Fig. 1(a)] vy = kzT(vD)~".
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Under deformation, the interface can fail through three dry/dt = 0,
mechanisms [10]. First, if the stress along the backbone .
of the connector becomes too large, it can break. Sec- vldri/dt = Vp) = Tioy + Ti + F; + £,
ond, the connectors can be pulled out of the entangling for2 <i <N,
homopolymer matrix. Third, if sufficient stress is trans- (dry /dt — v,)) = T S Fu 4 f 1)
ferred to the matrix, the bulk material can fail by forming viary Vi N-t NN
fibrils or crazes. In this study, we focus on chain puIIout.Here v iis the effective viscous damping per bead, apd
This mechanism enables chains grafted to a surface to act",, f

o : IS the velocity of the surrounding matrix; it vanishes for
as a lubricating layer [11] or decrease the slippage of ; . : X
. . . . . e lower matrix and is a constant in the upper matrix.
flowing polymer melt [12]; thus, disentangling of chains

i Lo . The forceT; is the tension in the link connecting the
under mechanical deformation is an important phenome:

. . ith and (i + 1)th beads. Thel;'s are determined self-
non not only in this, but also other problems relevant to . . . ;
) . consistently by instantaneously applying the constraints
the processing of polymer materials.
In our simulation, the polymer matrix is modeled as a ditis) — v/t =0
two-dimensional array of fixed obstacles [13], as shown Ti+1 — X ’
in Fig. 1. The obstacles provide lateral constraints on foril<i<N -1, 2
the motion of the connectors, defining the walls of an
effective “tube” [14]. This tube can wrap around, but which ensure that the links are of constant length. The
not cross, the obstacles. The connector consisti of first bead is permanently grafted to the upper surface of
beads joined by rigid links of length Each bead in this the lower matrix, and hence is stationary. The last bead is
freely jointed chain is subjected to forces arising from theonly affected by the tension in the final link and friction.
surrounding matrix; the Langevin equation of motion forF; is a short-range repulsive force between obstacles and

beadi atr; is | the ith bead and is given by [15]

L \ _ | oAr[4/@AFF — 12) — 473122, fori/2 < |Ar] <1,
Fi = F(Ar) {o, for I < |Ar].

®3)

I

where Ar; is the displacement from the nearest obstaclematrix atz = vyt. Givenz as the upward unit vector,
to the ith bead. Such a force field will prevent a rod
of length | from crossing through the hard core of an P = UOZIT,% 4 (€]
obstacle (at/2), so that a chain of many links may loop i
around but never cross it. The temperature of the matrix igs the power that must be supplied to keep the upper surface
conveyed to the connector via the Gaussian nfiiserith  moving with the velocityvy. (We prevent the beads in the
correlator( fi(t) fj(¢')) = 2vkgT 6;;6(t — t'). Here,ky  gap from contributing té.) The total work to separate the
is Boltzmann’s constant anfl is temperature. This part matrices to infinity is given by = [ P dt.
of the algorithm is adapted from a model of DNA in gel Inthe case of single-stitch connectors (8), the chains are
electrophoresis [15]. initially grafted to theB matrix and are prevented from re-

We choose the distance between obstacle cedesy  visiting the B region. The connector adopts an otherwise
thatD = 2.51. This fact and the soft core of the potential random conformation. Within this regime, we probe the
in Eqg. (3) ensures that the matrix has sufficient free areaffect of molecular architecture by comparing linear con-
(comparable to free volume in 3D) for the connectors tonectors to connectors of identical molecular weight but
readily move about the lattice. This free area means thatith a T architecture [see Fig. 1(c)]. Figure 2 reveals
our simulation models an elastomeric material, rather thathat the branched species is slightly less efficient than
a glass. Additionally, we interprd® as the length of an the linear one, but both architectures are consistent with
elementary “step” within the tube. G ~ N? [16] over the range of accessildé[10,17]. On

The upper matrix(z > 0) is labeled polymerA, average, branched connectors penetrate less deeply than
and the lower matrix(z = 0) is composed of poly- linear connectors, thereby forming fewer entanglements
mer B. We set theA matrix in an upward motion at with the matrix.

t = 0 with a constant velocitypy = kgT(vD)™'. We In the multistitch case, the connector crosses Al
emphasize that this corresponds to a relatively fasinterface many times, but not all of the resulting loops
pulling rate. “catch” on obstacles. We classify the initial configuration

To calculate the work needed to separateAhendB by the number of effective stitches it possesses. We
matrices stitched by a connector, we determine the forcdeveloped an algorithm to identify the effective number
transmitted to theéA matrix by the connector. Ldi;} be  of stitches. In particular, we divide the chain into loops
the set of links at time that cross the boundary of the  that crossz = 0, and determine which of these wind
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FIG. 2. Log-log plot ofG vs N for linear and branched single- g
stitch connectors. The symbil indicates the linear connector o
and O represents the branched connectors. Branching of the % 4 —— N=100
connector does not significantly degrade its toughening ability. (3 D0 N=150
The data are consistent witf ~ N2 (solid line) for both ©----0 N=200
architectures. 5| == N=300
around one or more obstacles. The first loop that catches 0 ‘ .
on obstacles in thé\ matrix is the first effective loop. 0 2 4 6 8
The next loop that catcheB obstacles is the second S

effective loop. Continuing in this manner, we determineriG. 3. (a)G vs N for a fixed number of stitches in the initial
the number of alternating, effective loops. To determineconfiguration. Clearly, multistitch conformations improve the
the number of stitches, we add 1 to this number to interfacial strength. (b)G vs S, the number_of stit(_:hes, at
account for the chains dangling tail._If there are nof2TsaN. & s been nommalzed by e shgesiich value
effective loops in the chain, and the tail extends iAo
we classify that configuration as 1 stitch.

Figure 3(a) shows hov@ is affected by varying and, are restricted to molecular weights far less than this value
with the understanding that the systems considered afer computational reasons.
small, Fig. 3(b) suggests th&(N,s) ~ sN2. Clearly, We rationalize our results with simple scaling argu-
entangling across the interface enhances the fracture ements [18,19]. The time scale on which pullout hap-
ergy. In a real sample, there is a distribution of thepens isz, ~ Nlvy' ~ Ni?v/kgT. The time required
number of stitches. To determine the overall strengthfor a grafted chain to completely renew its configura-
we weight G(N,s) by the distribution. We thereby tion is much longer; unhindered by the obstacles, it is the
make a direct comparison of multistitch (random) andRouse relaxation time, ~ (N21?v)/kgT ~ Nt,. With
single-stitch (diblock) copolymers in Fig. 4. We find that the obstacles turned on, the required time is much longer:
for N > 100 many stitch connectors are more effectiver ~ explz,) [20]. Therefore, on time scales relevant for
tougheners than single-stitch connectors, and that the reullout, the connector is effectively confined to a static
sults for the former are consistent with ~ N2>** where  “tube.” The obstacles serve to restrict the connector’s lat-
a = 0.5. Note that the ratio between the multistitch anderal movement, so that beads on the chain all move along
single-stitch cases grows asV'/2, an appreciable quan- the same path in the matrix. To estimate the work needed
tity even for modest values . to pull the connector out, we imagine dragging each of

One assumption we make is that the connectors dthe N beads along the contour of the tube. Analogous to
not break. To determine if this is reasonable, considethe rope in “block and tackle” pulleys [7,19], when the
a chain of N beads that is nearly fully extended andgap widens by a distanakz, each of thes stitches length-
dragged by one end at the velocity. The tension in the ens bydzas well. Hence, the tail mail must supply ap-
first link supports the motion of the entire chaify;,.x =  proximatelysdz// beads. Therefore, the average velocity
vvoN. The chain will break ifThx = 50 eV/nm [4].  over all the beads increases @as Consequently, the av-
Taking! = 1 nm andkgT = 1/40 eV, we find that chain erage force that must be applied to each beadisv.
breaking is unimportant fov < 2000. Our simulations The contour length of the tuldeis proportional toN. For
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