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ABSTRACT: We study the fracture of adhesive junctions between two rubbers which are bound together
by “connectors”, i.e., polymer chains which are chemically identical to the rubbers. The “one-stitch” case
in which each adhesive chain crosses the interface only once has been discussed previously. We focus here
on the “many-stitch” case, in which each connector crosses the interface many times. We derive a dynamical
equation for fracture. In the quasi-static limit, we find (to our surprise) that the fracture energy is not much
larger than that in the one-stitch problem. For fast fracture propagation, viscous dissipations are significantly

higher and chain scission may occur.

I. Introduction

The measured strength of good adhesive bonds! (~10%-
10® J/m?) is enormously larger than the Dupré work of
separation (which, for van der Waals solids, would be in
the range of 3 X 102 J/m?). It is also much larger than
what is required to break a plane of strong chemical bridges
(~1 J/m?). However, there is abundant evidence that
suitable bridging molecules can provide a large enhance-
ment of the adhesion energy. (1) Block copolymers AB
play this role at the boundary between two (glassy)
incompatible polymers: this has been measured and
interpreted by Brown and co-workers.? (2) Grafted chains,
or adhesion promoters, improve the adhesion between a
solid and a rubber.?

Raphael and one of us have set up a qualitative model
for the latter situation* in cases where the long connector
molecule sets up a single bridge between the two sides
(Figure 1). We call this the “one-stitch” problem. One
example is obtained with a rubber A facing a hard solid
S; long connectors C, grafted to the S surface, penetrate
into A:C and A are assumed to be compatible. Another
example is a pair of incompatible rubbers A and B, with
an AB block copolymer at the interface.

We are interested here in a different problem shown on
Figure 2, where two identical rubbers face each other.
Connector molecules (C) are attached to one surface and
invade both sides: this requires that C be chemically
identical to the ambient rubber. We call this the “many-
stitch problem”.

Note that our connectors are attached only at one end
(this is the “free” case as defined in ref 4). When it is
chemically attached at both ends (the “bound” case), we
have a completely different problem, which will be
discussed elsewhere.

Do we get a stronger adhesive junction in the many-
stitch situation (keeping the number of connectors/unit
area fixed)? This is the question discussed here.

This paper is organized as follows. We start in section
2 with a review of the one-stitch case. In section 3, we
study the parameters which characterize the weak junction
inthe many-stitch case and derive the dynamical equation
for fracture. Sections 4 and 5 discuss the two limits of
quasi-static and fast fracture propagation. We give some
concluding remarks in section 6.

t Present address: AT&T Bell Laboratories, Murray Hill, NJ
07974.
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Figure 1. One-stitch case. Shown here is a rubber—rubber
interface with connector molecules (C) grafted onto the surface
of rubber B and penetrating into rubber A. Here each connector
forms only one bridge across the interface.
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Figure2. Many-stitch case. Here the connector molecule crossee
the interface many times and forms multiple bridges. Thegrafted
chain end is marked by a circle.

II. One-Stitch Problem

A complete discussion of this problem can be found in
ref4. Here we shall review the main points. Allnumerical
prefactors are ignored. We begin by considering the
threshold stress for an adhesive junction to open up. For
this purpose, we write down the free energy of one polymer
bridge between two blocks of rubbers separated at a
distance h (see Figure 3):

2
AFy = n(h) y,a* +

kT 2.1
n(h) a® @D

The first term is the energy cost for exposing a linear chain
to air (is the surface tension of the bulk polymer). The
second term is entropic. In practice, for our purpose, yaa?
~ kT. The optimum of eq 2.1 occurs then for

h ~ n(h)a 2.2)
i.e., for strongly extended connectors. The free energy is
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Figure 3. Polymer bridge between two rubber blocks separated
at a distance h.

AF, ~ kTn(h) ~ kT(h/a) 2.3
The threshold force to pull out one adhesive chain is

_d@R| 4T
o =400 4 @4

For the one-stitch problem, each adhesive chain forms
only one bridge after the junction opens. Assuming the
average separation between grafted chain ends is D, we
arrive at the threshold stress:
fi* _ kT

* =

O TD oD

The fracture of adhesive junctions is accompanied by

the adhesive chains being progressively sucked out of the

rubber. During the suction process, the energy is partly

dissipated in the viscous loss caused by the friction between

adhesive molecules and the rubber and partly stored in

forming polymer bridges. Assuming a stress ¢ > o¢* at
the junction, from balance of work we have

(2.5)

o dh = op* dh + # ds 26)

Here ds is the length of chain sucked out when the
distance between the two rubbers increases by dk. From
eq 2.2, we have

ds =adn(h) =xdh 2.7

and f is the friction force experienced by one adhesive
chain:

f=Ng, %‘; 2.8)

where {3 is the friction coefficient for one monomer and
N is the total tube friction coefficient.

Finally, from eqs 2.6-2.8, we arrive at the dynamical
equation for the one-stitch case:

o~ 0'0* = Qo %—’t! (2.9)

where Qo = {1/D? is defined as the junction friction
coefficient.

The suction process stops when the adhesive chain is

completely pulled out of the rubber. This occurs when
n(h) = N which corresponds to a maximum opening:

h;= Na (2.10)

We are now ready to discuss fracture propagations. In
linear fracture mechanics, a crack has a parabolic shape
and is characterized by a divergent stress at the crack tip®
(Figure 4):

0 x<0
ox) = K
@xe)'? x>0

(2.11a)
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Figure 4. Geometry of fracture in a linear elastic medium.
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Figure 5. Adhesive fracture of a weak junction. The suction

process of connector molecules starts at the yielding point (x =
L) and ends at the maximum opening point (x = 0).

_ K2
u(x) = {2(1 v)#(zw) x<0
0 x>0

where u is the shear modulus, v the Poisson ratio, and K
the stress intensity factor. Asshown by Irwin, the fracture
energy G is quadratic in K (assuming type-I load):®

G =Ku 2.12)

G is measured directly through a “peeling test” for
adhesion.!

Figure 5 shows the adhesive failure of a weak junction.
The central assumption here is that the singularity
associated with a crack line is spread out over the entire
junction. This is quantified by a distribution of sources
¢(x). The stress field s(x) and the junction opening U(x)
are obtained by the principle of superposition:?

(2.11b)

x<0
4 (x) - #Lx¢(f)lx - f’-1/2 ds x > 0 (2.138)
_ L 12
uy = {2(1 [ e0l-2d x<L gy 0
0 x>

At a large distance (x >> L), eq 2.13 reduces to eq 2.11 for
a pointlike source, yielding the stress intensity factor:

L .1 K
Jyow de =50

In the weak junction model, one uses the above
expressions for ¢(x) and u(x) in the dynamical equation
for the junction. This leads to an eigenequation which
needs to be supplemented with proper boundary condi-
tions. One then solves for the eigenfunction ¢(x) and
derives o(x) and u(x). Using eq 2.14 one finds K and
subsequently the fracture energy G.

In the one-stitch problem, assuming steady-state frac-
ture propagations of velocity V, the dynamical equation
(eq 2.9) has the form

(2.14)

o-o*=Q, % = -QOV% (2.15)

Inserting eq 2.13 into eq 2.15, one obtains an eigenequa-
tion
S0 b - 62 dk - og/n = M f 60 |6 - 22 d
(2.16)
where A is the eigenvalue:

AE(1-1)Qy(V/w) = V/V,* @.17)
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Figure 6. Multiple “stitches” formed by one connector between
two rubbers separated at a distance A.

Vo* is a characteristic velocity:

Vo* = u/Q, (2.18)
The boundary conditions are

o(L) = og* (2.19a)

u(0) = hy (2.19b)

It turns out that eq 2.17 with boundary conditions (eq
2.19) has an exact solution of the form®

*
o(x) = 12_ CRTEAUDHIL -2 (220)
with
tan (ze) = A= V/V,* (2.21)

From this solution we may derive the fracture energy
G and the junction length L

G = oyth 20T (2.22a)
h
[ Mltan (r9 (2.22b)
o, €
with the limiting behaviors
Go = Uo*hf V <« Vo*
= 1% 2.23
G ao*hq,‘-’; =Gy VOV 2.23)
and
0 = ‘% V& V*
L= 0 (2.24)
phe V V. vsys»

Uo* T,-; = LO_V;

Equations 2.23 and 2.24 are the main predictions for
the one-stitch problem. At zero velocity (quasi-static
limit), the situation is equivalent to the Dugdale model
for crazing in fracture mechanics.® Thestress distribution
is uniform over the entire junction. It is thus clear that
the fracture energy Gy is no other than the work to pull
out chains at a constant stress oo* over a distance hs. Above
a characteristic velocity Vy*, viscous loss dominates and
both the fracture energy G and the junction length L
increase linearly with the fracture velocity.

II1. Many-Stitch Problem

The situation is shown in Figure 6. A chain is grafted
by one end onto the surface of rubber B. Assuming the
chain is equally compatible with both rubbers, it makes
many “stitches” across the interface. When the junction
is closed (h = 0), the average number of stitches one chain
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Figure 7. Schematic illustration of the chain pullout process in
the many-stitch case. It shows motions of monomers along one
connector chain when the distance between the two rubbers is
increased by dh.

makes is on the order of B(0) ~ N'/2 since the chain is
ideal on large length scale due to screening.” The average
number of monomers on the loop between two consecutive
stitches is L(0) ~ N/2, Now assume the junction is open
at a constant separation A; each stitch forms one polymer
bridge, with its length given by n(h) ineq 2.2. The number
of bridges one chain makes is a decreasing function of h.
Suppose that the time scale involved here is short so that
tube configurations in each loop remain roughly un-
changed. Then the conservation of the total number of
monomers on the chain requires

B(h)n(h) + Bh) N'/2=N 3.1)
This type of counting was introduced first as the “block
and tackle” problem by Mc Leish et al.? in connection
with certain crazing processes.
From eqs 2.2 and 3.1, we find the number of bridges per
chain at separation h:

N

Bh) = ——— 3.2
® N2+ h/a @2

The free energy of the chain is
AF/RT = B(h) AF /AT = —2 33)

1+ (a/h)NY?

The threshold force on one chain when the junction opens
is

d
f* = (dAhF) h=0 -4 Nllzk_aT: = Nl/2 0‘ (3.4)

which is much larger than that in the one-stitch case
because more bridges need to be formed.

Assuming the average distance between grafted chain
ends is D, one has the threshold stress:

_f* kT _
o-* = 1% ~ ;D_2N1/2 = Nl/za'o* (3.5)
The chain is pulled out completely when n(h) ~ N,

giving
h¢= Na 3.6

which is the same as in the one-stitch case.

Consider now the dynamical process of chain pullout,
as shown in Figure 7. Assume that, during a time interval
d¢, the two rubbers are pulled apart by a distance dh.
Starting from the grafted end, the first loop experienced
a friction force f:

= ¢ N1/2d8
f=4aN a 3.7

where ds = dh (eq 2.7). The second loop, however, must
deliver a length of 2ds during the same time interval in
order to maintain the bridge configuration in between.
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Thus the friction is also twice as strong: 2f. By the same
argument, the friction force on the third loop is 3f, and so
on and so forth. The loop friction increases linearly along
the chain counting from the grafted end. As we will see
later, this is the origin of the drastic enhancement of viscous
loss in the many-stitch problem.

The total energy dissipation is the sum of dissipation
of all loops:

Bh) B(h) 1
dE(hy =) mfmds= () m)fds= gB(h)"f ds (3.8)
m=1 m=1

assuming that B(h) » 1.

Since the areal density of adhesive chains is 1/D?, we
can write down the balance of work:

odh= é[d(m +dE,] 3.9)

Combining eqs 3.2, 3.3, 3.5, 3.7-3.9, and 2.7, wre obtain
the dynamical equation for the many-stitch problem:

o-—2 - Q@ 4

(L+h/h*)? (1 +h/h%dt

where @ = {N?/(3D? =~ NQy is the new junction friction
coefficient, and h* = aN'/2is the new characteristic length.

In comparison with the one-stitch case, we may make
the following comments:

(1) The threshold stress ¢* =~ N'/2¢¢* is much higher,
gince typically N ~ 102-104.

(2) The new junction friction coefficient @ =~ NG is
very large, implying strong dissipations in the suction
process.

(3) There exists a new length scale h*. When h < h*,
the density of the polymer bridges stays roughly constant
and frictions are high. When h > h*, both the density of
the bridges and frictions are significantly reduced.

IV. Quasi-Static Limit

We first consider the limit of quasi-static fracturing.
Take v = 0 in eq 3.10, the dynamical equation reduces to
a simple form:

(3.10)

0-*
o-———=0
(1+ h/h%
Since h* « hi, over a large part of the junction we have

h > h*, and the dynamical equation may be approximated
by

4.1)

o—a*[h*/h]’=0 4.2)

Equation 4.2 is not valid for x = L (h = 0) because of
the boundary condition ¢(L) = ¢*. We must introduce a
cut-off length L’ < L which defines the validity range of
eq420<x <L and

h(L) = h*
o(l/) = o* (4.3)

(Later we will find that L’ is very close to L and eq 4.2 is
a good approximation for the entire junction.)

In the weak junction model where o(x) and h(x) are
given by the source function ¢(x) as in eq 2.13, eq 4.2 has
an approximate scaling solution of the form

o(x) = ¢o(L —x)™/* 4.4)
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Since from eq 2.13a
o) = ff o6 (x - )72 de

z pooL - [ Pu 0+  du] 4)

For x not too close to the origin (x = 0), the integral in the
bracket varies slowly and ¢(x) is dominated by the (L -
x)7! term. Hence approximately

o(x) = pey(L - 2)" (4.6)
From eq 2.13b we obtain

he = [Fo® ¢- 0 di= o[ 2] @n

The constants ¢ and L’ are determined by the boundary
conditions in eq 4.3; we find

Y= h*

L -L' = puh*/o*
The junction length L is determined by the condition h(0)
= hf!

4.8)

L = N(uh*/o*) = phy/og* 4.9)

(We see that (L — L)/L ~ N « 1.) The stress intensity
factor is

Kauflo®dix@hs/w? (410
and finally the fracture energy is given by the Irwin relation:
G = K*/u = o*h* = gg*h, (4.11)

From eqs 4.8 and 4.10, we find that the fracture energy
G and the junction length L are both close to those in the
one-stitch case (see eqs 2.23 and 2.24). This means that
we do not get improved adhesion in the many-stitch case
when the fracture velocity is low. This point is clear once
we realize that, for very slow fracture, viscous loss is
negligible. External work all goes into stretching the
connector molecules which should be the same in both the
one-stitch and many-stitch cases. In fact, we may arrive
at this conclusion without even solving the dynamical
equation since

G J;h'a dh = fohfa*(l + h/h") 2 dh = o*h* x oy*h,
(4.12)

On the other hand, we are left with many unsolved
problems related to the integral equations. Do we have
a simple additivity between the thermodynamic work W
and the connector work o¢*hs when they are comparable?
Inthe one-stitch problem the conclusion is negative: there
is no simple additivity.4 In the many-stitch case the
problem is even more complex: we donot knowthe answer.

V. Fast Fracture with Chain Scissions

Assume steady-state fracture propagations with velocity
V. From eq 3.10, the dynamical equation has the form
*
Z-_"'—_2=-_Y-_1___du (5.1)
K u(l+u/h®
Here V* = u/Q = N-1Vy*. The characteristic velocity is
significantly lower than in the one-stitch case because of
the large frictions in the chain pullout process. The
junction is more sensitive to the increase of velocity.
Viscous dissipations start to dominate the fracture process
in a much lower velocity range than in the one-stitch
problem.
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This dynamical equation is a highly nonlinear integral
equation. The exact solution is not available currently.
However, for fast fracture propagation, the dominant
process is likely the chain scissions at the crack tip (x =
0) because of high stress concentrations. There are two
factors which suggest that this might be the case. In the
first place, the characteristic stress ¢* is high, leading to
great stress concentrations. Second, the characteristic
velocity V* is very low, making the ordinary experimental
velocity deep inside the fast fracture regime (A = V/V* »
1).

For simplicity, assume that chain scissions occur at hy
< h*, Then over the entire junction we have h < h*, and
we may approximate the nonlinear dynamical equation
with a simple form

A b (5.2)

which is formally the same as the dynamical equation for
the one-stitch problem (eq 2.15). The solution to this
equation is known and is given in eqs 2.20 and 2.21. The
new set of boundary conditions is

©0) =0,
5.3
go - 69
where o, is the critical stress at which chain scission occurs.
From the solution for the source function ¢(x) in egs

2.20 and 2.21, one may derive the stress distribution near
the crack tip (x «< L):

a(x) = o*(L/x)"? (5.4)

Here we have assumed that V > V*, such that e = !/,
(from eq 2.21). L is the junction length:
h* V 1%
= -‘{‘-;— il A (5.5)

where L* = uh*/q*.

The stress distribution in eq 5.4 must have a cutoff at
x = d, where d is the average distance between polymer
bridges. In the one-stitch case d ~ D, where D is the
distance between grafted chain ends. Here we have d =
DN-1/4 because each chain makes ~ N'/2 bridges instead
of just one. The maximum stress at the junction tip is
then

Opax = 0(d) = o*(L/d)"/? (5.6)

For chain scission to occur, this must be at least the same
as the scission stress o,. This leads to the scission criteria:

o, = a*(L/d)'"* 5.7

Inserting the expression for L in eq 5.5 into this criteria,
one obtains the scission velocity:

0. \2d
V, = V"'(-G—:) T+ (5.8)
Assuming that the energy associated with breaking one

chemical bond of the chain is U,, then o, = U,/ad? and
o* = kT/ad? Hence (o,/d*)? = (U,/kT)? and we have

U.\2
V, = V*N‘“(ﬁ’:) Z (5.9)

Typically, we have U, ~ 2 eV and U,/kT ~ 102, Take
connector molecules with N ~ 10% and assume that they
are grafted at an average separation of D ~ 102 A between
chain ends. Usually Vi* is of order 103 m/s and V* ~
N-1Vp* ~ 106 m/s. The typical shear modulus of rubbers
is of order u ~ 10° J/m; this gives L* ~ 102 A. Inserting
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these values into eq 5.9, one finds the order of magnitude
of the scission velocity V, ~ 1 cm/s. This is comparable
to the peeling velocities in conventional peeling tests.?

For fracture with velocities above V,, both the fracture
energy G and the junction length L reach saturated values.
From eq 5.6, we find

o \? 1/4 U, \? 1/4
LD - N**x=D BT N 7~10um (5.10)
and

2
G,z T LxGoNYt ~ 1000/m?  (511)
where G* = U,*/ua’D® ~ 10 J/m2.

We must caution here that our analysis does not predict
the actual onset velocity for chain scission, since we
assumed that scission occurs for hy < h*, whereas they
may happen earlier. However, eq 5.9 does provide an upper
bound for the onset velocity of chain scission.

Similarly, one may study the possibility of chain scissions
in the one-stitch problem. In general, one finds a higher
scisgion velocity with a much lower fracture energy in
comparison with the many-stitch case. For example, the
analysis above gives a scission velocity of order V, ~ 1
cm/s with fracture energy G, ~ 10° J/m? In the
corresponding one-stitch problem, one finds that V, ~ 10
cm/sand G, = G* = U,%/ua?D?® ~ 10J/m?. One interesting
feature here is that the saturated fracture energy G,, which
corresponds to the ultimate strength of the junction, does
not depend on the molecular weight of the connector
molecules N. In the many-stitch problem, G, = G*N3/4
increases with N.

To test for chain scissions experimentally, one may first
look for signs of saturation of fracture energy with
increasing velocity, as is predicted in eq 5.11. A different,
but more definitive, test could be obtained by washing off
the residue of adhesives after the peeling test and
measuring the molecular weight of the residual chains by
gel permeation chromatography. A reduced value over
the original molecular weight would be clear evidence for
chain scissions. Of course, one could also invoke certain
chemical tests, such as the detection of remaining free
radicals.

V1. Concluding Remarks

(1) One remarkable prediction emerging from eq 4.11
is that the many-stitch conformation should not enhance
the adhesive energy G(V—0) (except possibly by a change
of numerical prefactors): with an equal surface density of
connectors, the one-stitch system is just as good as low
velocity).

(2) At high velocities, we are able to make a (tentative)
prediction only in a regime where the chains break. This
in turn leads to eq 5.11 where the fracture energy is
proportional to the square of the chemical energy U,. There
is asuperficial similarity between this result and a formula
due to Brown for the toughness of glassy polymers.2

The analogy i not very deep: in regards to the distance
between connectors, Brown has G ~ D~ where eq 5.11
has D%, But in both cases we end up with very high
adhesion.

(3) We should keep in mind that, with a relation such
as eq 3.10 in the slow limit (dh/dt — 0), the stress o is a
decreasing function of the opening h, and this may lead
to instabilities.

Acknowledgment. The authorsthank Drs. Alan Gent
and Elie Raphael for helpful discussions.




Macromolecules, Vol. 26, No. 3, 1993

References and Notes

(1) Gent, A. N. Adhes. Age 1982, 25, 27.

(2) Brown, H. Macromolecules 1991, 24, 2752.

(3) See the review by: Pluedemann, E.; Collins, N. In Adhesion
Science and Technology; L. H., Lee, Ed.; Plenum Press: New
York, 1975; Vol. 9a.

(4) Raphael, E.; de Gennes, P.-G. J. Phys. Chem. 1992, 96, 4002.

Adhesion via Connector Molecules 525

(6) Kanninen, M.; Popelar, C. Advanced fracture mechanics; Oxford
University Press: Oxford, U.K., 1985.

(6) Hui, C.; Xu, D. B,; Fager, L. O.; Bassani, J. L., to be published.

(7) deGennes, P.-G. Scaling concepts in polymer physics, 2nd ed.;
Cornell University Press: Ithaca, NY, 1985.

(8) McLeish, M.; Plummer, M.; Donald, A. Polymer 1989, 30, 1651.

(9) lyengar, Y.; Erickson, D. J. Appl. Polym. Sci. 1967, 11, 2311.



