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ABSTRACT: Adhesion in immiscible, weakly bonded polymeric layered structures is explored. Of
particular interest are common commercial polymers used in multilayered packaging materials. Based
on the scission of entangled chains at the polymer-polymer interface, a correlation between the critical
mechanical energy release rate for fracture (Gc) and the characteristic number of interfacial entanglements
(Nent) is developed. Nent, the ratio of the interfacial width to the average length scale required for
entanglement, is calculable for a variety of homopolymers and random copolymers. Results of adhesion
tests on melt and solvent laminated samples, coupled with random copolymer data from the literature,
verify that a Gc ∝ Nent

2 relationship exists. For small Nent, there are insufficient entangled chains to
strengthen the interface, and the critical mechanical energy release rate goes to zero. The proposed model
offers a method for designing new materials from common immiscible polymer systems.

Introduction

The control of polymer-to-polymer adhesion is impor-
tant in a variety of applications. Multilayered polymeric
composites typically fall into one of two categories. First,
those that have only a few layers and function as a
barrier or provide impact resistance.1,2 As a specific
example of adhesion control in this case, some carbon-
ated beverage bottles have five polymeric layers that
must remain adhered during use, yet be separable for
recycling.3 Second, they may consist of hundreds of
submicron layers, possessing unique optical proper-
ties.4,5 For polymeric composites with specialized optical
behavior to retain an advantage over traditional materi-
als, the layers must remain adhered when processed
into unique shapes. Difficulties in providing these types
of controlled adhesion have required alternative designs
and have led to significant delays in manufacturing.
Thus, understanding and predicting polymer-to-polymer
adhesion remain critical issues in polymer composite
design.

Most polymer pairs have a large positive enthalpy of
mixing, resulting in macroscopic phase separation when
blended. Therefore, it is expected that interface integrity
would be weak in polymeric composites. A simple
calculation of the work of adhesion (based on surface
and interfacial energies) between two polymers is typi-
cally on the order of mJ/m2;6,7 however measured
adhesion values are on the order of J/m2.8,9 This differ-
ence illustrates the important role of entanglements in
providing adhesion in excess of van der Waals or
hydrogen-bonding contributions. More explicitly, despite
the immiscibility of most polymers, a narrow region of
overlap between two polymers forms during melt or
solvent processing. An infinitely sharp interface is not
formed; rather, a transition region created, in which
polymer chains of one type gradually decrease in density
as polymer chains of a second type increase in density.

An interphase is thus created that has a typical thick-
ness of 1-5 nm. Within this interfacial region, long
polymer chains of each type become entangled. En-
tanglements form readily in the melt or in solvent,
where chains have sufficient mobility. As solvent is
evaporated or molten samples cooled, entanglements are
frozen in place, providing physical links. In this way,
even immiscible polymers can adhere.

The number of entanglements that bond the interface
is expected to depend in part on the breadth of the
interfacial region. The width of the interface and its
integrity are directly affected by varying the bonding
temperature or the chemistry of the polymeric compo-
nents. This has been confirmed in near-miscible sys-
tems, where slight changes in temperature can result
in large differences in interfacial width.10,11 However,
such systems are rare, exhibiting much greater adhesion
than most common polymer pairs. In this paper we
measure adhesion of 11 polymer pairs and examine data
on seven copolymers from the literature, in which the
chemistry was instead varied. This permits the evalu-
ation of a chain scission model for scaling adhesion in
polymeric composites in which the adhesion is entangle-
ment-based.

Scaling Analysis

In most polymeric composite systems in which en-
tanglements are the primary source of adhesion, three
adhesive failure mechanisms are active: chain scission,
chain pullout, and crazing. Detailed descriptions of each
of these failure processes are available elsewhere.12,13

Figure 1 illustrates in which regime each of these
mechanisms dominates. In the welding of a polymer to
itself, the horizontal axis is molecular weight, and there
is a transition from pullout to crazing as the chain
length increases.14 In laminating two immiscible poly-
mers, the horizontal axis may instead be the interfacial
width, and the transition is from scission (or pullout)
to crazing.15,16 An important consideration in the study
of common multilayered polymer systems is determining
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which mechanism(s) is operating. Such systems contain
high molecular weight components, which reduces the
contribution from chain pullout. The remaining two
mechanisms, scission and crazing, are related. The
crazing process begins with the formation of microvoids
and fibrils. As crazes grow, additional bulk material is
drawn into the interfacial region.17 Given sufficient
tensile loading, the fibrils themselves fail through a
scission event. Brown has developed a model for crazing
that relates the critical mechanical energy release rate
(Gc) to the areal density of entangled chains (Σ) and the
crazing stress (σcr).18 Equation 1 shows the proportion-
ality between these parameters as predicted by Brown’s
model.

All interfaces between glassy polymers that have suf-
ficient integrity to induce crazing are expected to
conform to eq 1.18 However, the interfaces in many
layered polymeric composites are quite weak and mostly
likely fail through a scission mechanism.

Chain scission can be described through comparison
to other classes of materials, such as nonpolymeric
crystalline solids. Consider two distinct layers bound
together by a series of point contacts. These may
represent chemical bonds of various types or physical
bonds such as entanglements. If the two layers are
subsequently separated, as shown in Figure 2, each of
the point adhesion contacts must be broken before the
crack tip can advance. Figure 2 provides a typical load-
displacement curve for this type of process. The inte-
grated area of this curve is the work done to separate a
contact and in the simplest case is proportional to the
work of adhesion (Wa). Equivalently, this is the resis-
tance to fracture (R), which is composed of the work to

fracture (u0) each of the Σ bonds per unit of interfacial
area, yielding

If the bonds are equally spaced a distance d apart, as
in a lattice, then eq 2 becomes

However, there is no requirement that the distance be
a lattice parameter. Rather, it may be any distance
representing the average spacing between the adhesion
points. Using a characteristic distance λ to represent
the spacing, eq 3 becomes

For multilayered polymers, entanglements provide the
adhesion through physical bonds. Therefore, the rel-
evant λ is the spacing between entanglements. In a bulk
polymer, this spacing can be calculated from the en-
tanglement molecular weight. Analogous to the method
of estimating polymer chain dimensions, the entangle-
ment molecular weight can be converted to an entangle-
ment length, Le, through a radius of gyration expression
as shown in eq 5.11,13,19,20

Figure 1. Schematic representation of the dramatic increase
in adhesion that occurs as a result of a shift in failure
mechanism. For miscible systems, as molecular weight in-
creases to over 6Me, there is a transition from pullout to
crazing. This is accompanied by a significant increase in the
measured critical mechanical energy release rate. Similarly,
for immiscible polymer pairs, as the interfacial width in-
creases, aI, there is a transition from scission (or pullout) to
crazing.

Gc ∝ Σ2

σcr
(1)

Figure 2. Magnified schematic views of the interfacial region
showing the development of the scission model. (top view) A
representation of a periodic array of adhesion contacts re-
straining the advancing crack front. (side view) A graphical
demonstration of how entanglements bond the interface and
the characteristic number that may be involved during crack
propagation. Between the two magnified views is a typical
load-displacement curve for the separation of a contact. The
integrated area of the curve is proportional to the work done
in separating the two layers.

R ) u0Σ (2)

R ∝
u0

d2
(3)

R ∝
u0

λ2
(4)
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In this equation, M0 is the monomer repeat unit mo-
lecular weight, Xe is the entanglement degree of polym-
erization, and b is the statistical segment length of the
polymer. Le will vary depending on the characteristics
of the polymeric components. For example, the pendant
phenyl ring in polystyrene provides steric hindrance,
limits free rotation along the backbone, and decreases
the ability of polystyrene chains to form entanglements.
In contrast, polyethylene has no such restrictions,
resulting in a shorter distance between entanglement
points and a smaller Le. Thus, the i subscript indicates
that the parameters are unique for each polymer. It
should be noted that some literature has used a similar
construct, the tube diameter (dt), as defined by16

Equations 5 and 6 differ by only a constant and
therefore are expected to have identical scaling behav-
ior.

The entanglements that directly affect the adhesion
between immiscible polymers exist in the overlap region
as discussed above. Helfand and Tagami have shown
that the width of this interfacial region is21

where ø is the enthalpic interaction parameter. Statisti-
cal segment lengths have been measured or may be
estimated for many polymers.22,23 Similarly, ø values are
available for a variety of polymer pairs, are measurable,
or may be calculated using24,25

where Vref is an equivalent monomer reference volume,
δi is the solubility parameter of polymer i, R is the gas
constant, and T is the temperature. Thus, eq 7 is
calculable for a variety of polymer systems.

The characteristic number of entanglements, Nent,
that provide physical links between two immiscible
polymers is inversely proportional to their spacing.
Further, entanglements are limited by the width of the
interphase, such that

where Le is the mean entanglement length scale for
the polymer pair. As illustrated in the enlargement of
the interfacial region in Figure 2, as a crack is propa-
gated at the interface, entangled chains are broken. The
resistance to fracture is then given by

The resistance to fracture is the interfacial adhesion,
or equivalently at equilibrium, the critical mechanical

energy release rate, resulting in

Combining eqs 5, 7, and 9 yields

For the special case of b1 ) b2 and Xe,1 ) Xe,2, eqs 11
and 12 give

While eq 12 is required to calculate Nent, eq 13 suggests
methods of evaluating the adhesion model. Specifically,
differences in adhesion may be compared to those
expected from altering the miscibility.

Experimental Section
Materials. The polymers used in this study are listed in

Table 1. All were polydisperse, commercial polymers with large
molecular weights. The molecular weight distributions were
obtained through size exclusion chromatography, with the
exception of the amorphous polyamide for which the manu-
facturer supplied the information in Table 1. The polymers
were in pellet form, except for the PEO, which was a powder.

Sample Preparation. Polymers that were susceptible to
water absorption were dried for at least 24 h prior to use.
PMMA, PC, PET, and aPA were dried at 105 °C in a gravity
convection oven, while PEO was dried at 50 °C in a vacuum
oven. Each of the polymers was compression-molded in a press
(Carver model AutoFour/30) to make plaques 2 cm wide and
7.5 cm long. The thickness (1-2 mm) of each polymer plaque
was controlled using different thickness molds such that it was
suitable for the adhesion test described below. After loading
the mold, each sample was held at a temperature for 3 min to
permit melting. A low pressure of approximately 0.7 MPa was
applied for 2 min to cause the polymer to flow and fill the mold.
Subsequently, while still in the melt, a high pressure of
approximately 17 MPa was applied for 5 min. Prior to
removing the samples, the press platens were water-cooled
under pressure to room temperature. PE, PP, PEO, PMMA,
PS, and PVC were pressed with the mold at 200 °C and
between two sheets of Mylar film. aPA, PET, and PC were
pressed with the mold at 220, 240, and 240 °C, respectively,
using Teflon on one side of the mold and a polished steel plate
on the other.

Bilayer samples were prepared through either a melt
lamination or solvent lamination process using the 2 cm by
7.5 cm plaques. In the melt lamination, the procedure was
identical to the plaque preparation, except that steel shims
were used to control thickness instead of molds, and the high-
pressure step was held for 10 min instead of 5 min. The press
temperature was set to match the polymer with the highest
processing temperature. For the polymer pairs at 220 or 240
°C, the interface was formed with the side of each plaque that
had not been in contact with the Teflon. In some pairs the
melt lamination caused flow around the sample edges. These
were carefully removed with a hot-wire cutter. For the solvent
lamination, each polymer layer was lightly coated with either
dimethylformamide (aPA with PS) or tetrahydrofuran (all
other solvent laminates), stacked together to form a bilayer,
and pressed at room temperature under 34 MPa for 30 min.
The solvent laminates were then left for 72 h to ensure
complete diffusion and evaporation of the solvent.

Adhesion Testing. The bilayer adhesion was quantified
through an asymmetric dual cantilever beam crack propaga-
tion (DCB) test as shown in Figure 3. In this adhesion test a
razor blade of thickness ∆ was driven into the interface

Le,i ) bix Me,i

6M0,i
) bixXe,i

6
(5)

dt ) bix4Xe,i

5
(6)

aI ) 2[b1
2 + b2

2

12ø ]1/2

(7)

ø )
Vref

RT
(δ1 - δ2)

2 (8)

Nent )
aI

Le

(9)

R ∝ (aI

Le
)2

∝ Nent
2 (10)

Gc ∝ Nent
2 (11)

Nent ) [ 2(b1
2 + b2

2)

b1b2ø(Xe,1Xe,2)
1/2]1/2

(12)

Gc ∝ Nent
2 ∝ 4

øXe
∝ 4RT

VrefXe(δ1 - δ2)
2

(13)
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between the two polymer layers to propagate an interfacial
crack. After measuring the crack length, a, with a caliper and
an optical microscope, the critical mechanical energy release
rate, Gc, was calculated using eq 14 as described in the
literature.26,27

where Ci ) 1 + 0.64(hi/a), Ei is the modulus of layer i, and hi

is the thickness of layer i.
To obtain reliable data from the DCB test, additional points

must be considered. First, the critical mechanical energy
release rate is inversely proportional to the crack length raised
to the fourth power, making the result very sensitive to the
measurement of the crack length. Careful measurement and
multiple data points are required for reasonable statistical
analysis. In this study 8-10 measurements were made for
each polymer pair, and the experimental uncertainty was
taken as the standard deviation of all measurements. Second,
as a crack is propagated with a single-edge razor blade, it may
deviate into the more craze prone polymer layer.28 This was
avoided by varying the thickness ratio of the layers to find
the minimum critical mechanical energy release rate, taken
to be indicative of the true interface strength.10 Third, as
discussed previously, the focus of this investigation is on
commercially viable multilayered structures, in which chain
failure through a pullout mechanism can be largely elimi-
nated.14 For this reason, all polymers selected were high
molecular weight, with number-average molecular weights
greater than 6 times the entanglement molecular weight. Last,
the DCB test was performed by propagating a crack, permit-
ting the sample to equilibrate for 1 h, and measuring the
resulting crack length. Thus, the measured Gc was an estimate
of the equilibrium crack arrest value, independent of the initial
rate of crack propagation and nonequilibrium values.29 Each
of these precautions is important if reliable adhesion results
are to be obtained, and the critical mechanical energy release
rates for different polymer pairs are to be compared.

Results
Effect of Molecular Weight. Prior to investigating

the adhesion of a variety of polymer pairs, the effect of

molecular weight on the critical mechanical energy
release rate was confirmed. As mentioned previously,
all of the polymers used in the adhesion study have
an Mn greater than 6Me, with the PS and PMMA
materials nearest this critical value. Me for polystyrene
is approximately 18 kg/mol and for PMMA is 13 kg/mol.
Dai et al. have demonstrated the dependence of poly-
mer fracture behavior on the number-average molec-
ular weight, Mn.30 Further, they observed a transition
from chain pullout to chain scission at molecular
weights equal to 5-8Mn. Considering that 6Me falls
within this regime, the failure transition in PS and
PMMA was studied.

First, the polystyrene listed in Table 1 was melt
laminated with poly(methyl methacrylates) of different
number-average molecular weights (Mn) summarized in
Table 2. The results shown in Figure 4a indicate that
the critical mechanical energy release rate (Gc) is only
independent of molecular weight at an Mn of 80 kg/mol
and greater. The data in Figure 4b were taken using
the PMMA in Table 1 and polystyrenes of different Mn
(Table 2), and a transition is observed between 50 and

Table 1. Properties of Polymers Used in This Study

polymer abbreviation source product no. Mn (kg/mol) Mw/Mn

amorphous nylon aPA DuPont Zytel 330 25 ∼2.0
polycarbonate PC General Electric Lexan 141 26 1.9
polyethylene PE Exxon Exceed 350-D60 50 2.3
poly(ethylene oxide) PEO Aldrich 135 ∼2.2
poly(ethylene terephthalate) PET Aldrich 25 ∼2.6
poly(methyl methacrylate) PMMA Atofina Plexiglas MI7 80 1.9
polypropylene PP Exxon PP 4062 56 2.4
polystyrene PS Dow Styron 685 110 3.3
poly(vinyl chloride) PVC Geon Geon 87402 25 5.2

Figure 3. Schematic diagram of the asymmetric dual canti-
lever beam crack propagation (DCB) test. The modulus and
thickness of each layer, as well as the crack length, are
required for the calculation of the critical mechanical energy
release rate. The crack length, a, is measured from the crack
front to the tip of the wedge where the thickness is ∆.

Gc )
3∆2E1E2h1

3h2
3

8a4 [ C1
2E2h2

3 + C2
2E1h1

3

(C1
3E2h2

3 + C2
3E1h1

3)2] (14)

Figure 4. Adhesion results showing the influence of molecular
weight. (a) Critical mechanical energy release rate data for
the variation of PMMA molecular weight (g/mol) when lami-
nated against PS. (b) Critical mechanical energy release rate
data for the variation of PS molecular weight (g/mol) when
laminated against PMMA.

Table 2. Polymers Used in the Determination of the
Effect of Molecular Weight on Adhesion

Mn (kg/mol) Mw/Mn source

Poly(methyl methacrylates) of Varying Mn
1 20 2.3 Aldrich
2 40 2.0 Aldrich
3 50 2.1 Aldrich
4 80 1.9 Atofina
5 175 2.0 Aldrich
6 475 2.1 Aldrich

Polystyrenes of Varying Mn
1 50 2.1 Dow 6690
2 90 2.3 Dow 666
3 110 3.3 Dow 685
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90 kg/mol. Thus, polymers with 6Me demonstrated
molecular weight independent behavior. Furthermore,
the data are consistent with crack healing experiments,
which demonstrated a similar polystyrene molecular
weight was required to have molecular weight-indepen-
dent properties.14 This is also consistent with a transi-
tion from pullout to some form of bond rupture, such
as scission or crazing, and is partial evidence that chain
pullout is is expected to have a minimal contribution.

Thermal Contributions. After lamination and DCB
testing, critical mechanical energy release rate data for
11 systems were obtained as shown in Table 3. The
corresponding Nent values were calculated using eqs 5,
7, 8, and 9, and the combined data are graphed in Figure
5. For small Nent, the samples had insufficient adhesion
to even test using the DCB technique. In melt lami-
nates, differences in thermal expansion coefficients lead
to residual thermal stress. This contribution was cal-
culated through a method analogous to that of Sha et
al.31 In semicrystalline/amorphous melt laminates, dif-
ferences in thermal expansion coefficients are larger,
leading to areal strain energy densities of 1-2 J/m2

upon cooling. This may have contributed to the zero
values reported for the PP-PS (Nent ) 1.00) and
PP-aPA (Nent ) 0.48) systems. However, residual
thermal stresses alone cannot explain the results ob-

tained with the aPA-PS system, in which both the melt
and solvent laminates failed to show quantifiable adhe-
sion. As the solvent laminates were prepared and tested
at room temperature, there can be no thermal effects.
Instead, the zero value must indicate insufficient en-
tanglement. Collectively, the data at low Nent suggest
two limits. First, to have nonzero adhesion, a system
must have Nent g 0.5. PS-PEO, with Nent ) 1.03, had
a Gc of 4.5 J/m2. Yet PS-PP, in which Nent ) 1.00, had
a critical mechanical energy release rate of zero. The
only significant difference between these systems is in
thermal expansion coefficient, with PS-PP being greater
than PS-PEO. Thus, for the second limit, in which Nent
e 1.0, residual thermal stresses can induce delamina-
tion in melt laminates.

Laminates. Solvent and melt laminates were pre-
pared for four polymer systems, including the aPA-PS
samples discussed previously. The adhesion data have
been included in Figure 5. The calculated Nent for each
melt sample is slightly larger than the solvent sample,
because the processing temperature used in eq 8 is
higher. Specifically, in the melt samples ø is reduced,
aI increases, and thus Nent increases. However, all of
the systems studied were relatively immiscible, such
that the temperature difference did not considerably
shift the ø value. Similarly, the adhesion did not change
significantly, given the measurement uncertainty. This
suggests that over a modest temperature range Nent may
be calculated at a single temperature (such as room
temperature) and used for comparison purposes with
negligible error. It is important to note that this would
not be the case for near-miscible systems, for which
small temperature changes may shift an immiscible
system into the miscible range.

Figure 5 includes adhesion data from the systems that
were both solvent and melt laminated, except for the
PMMA-PC melt data. Figure 6 directly compares the
lamination methods for these four systems and demon-
strates a clear difference in the PMMA-PC system. A
number of authors have shown that a possible interfa-
cial reaction occurs between PMMA and PC.32-35 Debier
et al. have proposed that at elevated temperatures the
ester bonds in PMMA can be hydrolyzed.36 Subsequent

Table 3. Calculated NEnt and Adhesion Results for the
Polymer Pairs Explored in This Study

polymer 1 polymer 2 Nent Gc (J/m2) std deva

melt PP aPA 0.38 0
PS aPA 0.52 0
PS PP 1.00 0
PS PEO 1.03 4.5 0.6
PS PC 1.09 3.5 0.5
PS PVC 1.29 6.1 1.2
PS PE 1.44 9.5 0.8
PS PMMA 1.90 12.2 2.5
PET PC 2.44 21.3 2.7

solvent PS aPA 0.42 0
PS PVC 1.22 5.9 1.8
PC PMMA 1.57 9.8 1.2
PS PMMA 1.80 11.6 2.2
PMMA PVC 2.14 13.9 3.2

a The standard deviation represents 8-10 samples.

Figure 5. Adhesion data obtained using the DCB test. Solvent
(∆) and melt (b) laminated samples were prepared using the
indicated polymer pairs. Error bars represent the standard
deviation of 8-10 samples.

Figure 6. Direct comparison of solvent and melt laminated
samples for four polymer systems. Three of the pairs show no
difference in adhesion within the uncertainty of the measure-
ment. However, PMMA-PC melt laminates have exceptionally
large adhesion, likely as a result of interfacial reaction.

2812 Cole et al. Macromolecules, Vol. 36, No. 8, 2003



acidolysis of carbonate bonds in PC leads to the forma-
tion of a PC-PMMA copolymer. Further degradation
of the PC can result in cross-linking of the system. The
7-fold increase in our melt adhesion data suggests that
a reaction of the type they have suggested is in fact
occurring. As this is a specialized case in which reaction
can lead to enhanced adhesion and entanglements are
not the primary source of adhesion, these data were
excluded from Figure 5 and Table 3.

At Nent > 1, adhesion increases with increasing Nent,
as demonstrated by the general trend of the experimen-
tal data in Figure 5. On the basis of the scission model
leading to eq 11, a logarithmic plot of Gc vs Nent should
be linear with a slope of two. As shown in Figure 7, our
data (open circles) are consistent with a line of slope
two, verifying the Gc ∝ Nent

2 dependence. This is in part
significant in that any polymer system that fails via a
scission mechanism is expected to fit Figure 7.

Random Copolymers. Many applications benefit
from the use of random copolymers instead of two
separate homopolymers. Existing materials and the
multitude of possible synthetic combinations make it
desirable to investigate whether random copolymer data
may be added to the homopolymer data presented
above. For this reason, two sets of copolymer data from
the literature have also been included in Figure 7. The
triangles were adapted from adhesion data on a PMMA/
PS-r-PMMA/PMMA system studied by Brown.15 In this
system the interfacial width was varied by altering
the random copolymer (PS-r-PMMA) composition. The
squares represent data from a PC/poly(styrene-r-acryl-
onitrile) (SAN) system. In this case, the SAN composi-
tion was varied, resulting in a change in the adhesion.
The adhesion data were collected by Janarthanan et
al.,37 while the Nent values were calculated on the basis
of interfacial width data from Callaghan et al.38 In the
latter reference, two sets of interfacial width data were
presented. The data that were found to be consistent
with our calculations and with other literature39 were
used to calculate Nent. As shown in Figure 7, the
adhesion data for both copolymer systems show close

agreement with the experimental data, supporting a Gc
∝ Nent

2 dependence.
The PMMA/PS-r-PMMA/PMMA system studied by

Brown also demonstrates an important transition.15 The
complete data set resembles Figure 1, having chain
scission and/or pullout dominating at small interfacial
width. As the interfacial width increases above 80 Å, a
transition to crazing occurs, and the measured adhesion
increases markedly. Beyond 140 Å the critical mechan-
ical energy release rate saturates, yielding a plateau
value of approximately 250 J/m2. Similar behavior has
been observed in other polymeric composite systems.16

Initially, the interface is weak, and there are insufficient
entanglements to support the stress level required to
initiate crazing. Since the transition represents a change
in failure mechanism to crazing, it is expected to depend
on the crazing stress, σcr. The crazing stress is polymer
dependent; therefore, the exact transition point varies
for each polymer system.40 For the purposes of this
discussion, the transition point provides the upper limit
for the validity of the scission model, as the crazing
stress was not included. For the crazing regime, the
form of Brown’s model (eq 1) is required.18 While this
is a limitation of our scission model, it is important to
note that most polymer pairs form weak interfaces,
never reaching the crazing regime.

Discussion

The agreement between the model and the data in
Figure 7 emphasizes that eq 11 has captured the
relevant physics. If there were a dependence on σcr, the
data would not fall on a single line. It is also unlikely
that the primary failure mechanism is chain pullout.
This is in part due to the high molecular weight
polymers used, as discussed above. There is additional
evidence to support this hypothesis. If pullout were
dominant, the stress required to induce chain pullout
would be of the form

where µmono is monomeric friction coefficient, N is the
degree of polymerization of the chain, and Σ is the areal
density of chains undergoing pullout.31,41 If µmono is
polymer-specific, as suggested by Benkoski et al.,16 then
again the data would not fall on a single line.

For narrow interfacial regions, it may be possible to
have pullout of unentangled loops of one polymer
component. The transition from pullout to scission of
loops has been shown to require twice the molecular
weight of the corresponding linear chain.41 Neverthe-
less, once the entanglement threshold is reached, scis-
sion or crazing would be favored over pullout. The stress
contribution from the pullout of loops shorter than the
entanglement length should be small, given the depen-
dence on the degree of polymerization as shown in eq
15. Furthermore, the PMMA molecular weight data in
Figure 4a indicate a transition in failure behavior in
PS-PMMA laminates at 80 kg/mol, with higher molec-
ular weights showing no molecular weight dependence.
This would not be the case if pullout were still a
significant factor, since eq 15 predicts a dependence on
molecular weight. These data coupled with the lack of
a dependence on the monomer-specific friction factor as
shown in Figures 5 and 7 offer strong evidence that the
pullout of loops is not a significant contributor. Although
there should be a significant difference between the

Figure 7. Comparison of literature and data from Figure 5
to a line of slope 2. The agreement suggests a relationship of
the form Gc ∝ Nent

2 adequately describes the adhesion.

σpullout ) µmonoNΣ (15)
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friction coefficients for a polymer such as polystyrene
compared to polyethylene, it is conceivable that the
variations could be concealed within the adhesion
measurement scatter. A more thorough mechanistic
study would be required to completely eliminate the
possibility of a contribution from pullout.

While it was not feasible in this study to offer direct
visual evidence of a specific failure mechanism, the
magnitudes of the critical mechanical energy release
rates provide certain constraints. Specifically, the con-
tribution of scission to the total Gc can be estimated. If
the approximate number of interfacial bonds to be
broken is 7.5 × 1013/cm2 based on the fracture of a pure
polymer,13,42 and an average bond energy is 80 kcal/mol
(335 kJ/mol) for a carbon to carbon bond, then Gc,scission
≈ 0.4 J/m2.13,43 An immiscible system should have
significantly fewer bonds crossing the interfacial region,
yielding an even smaller contribution from scission.
Thus, simple bond-breaking cannot account for the
critical mechanical energy release rates in Figure 7,
ranging from 4 to 30 J/m2. There must be some
deformation extending beyond the interface as a crack
is propagated. As Figure 2 implies, few failure processes
occur without some plastic deformation. However, this
does not automatically imply that crazing must be
occurring. Crazing stresses for the polymers in this
study are greater than the stresses generated during
the DCB test. In addition, the PMMA/PS-r-PMMA/
PMMA data plotted in Figure 7 include the maximum
Gc reported in this study, yet still fall below the crazing
transition shown schematically in Figure 1. An explana-
tion consistent with the above discussion is that there
is local deformation extending two to three entangle-
ment lengths from the crack plane. As the crack
propagates, energy is expended in deforming the chains
near the interface and in rupturing the bonds of the
entangled chains. If the deformation is highly localized,
as we have suggested, there need not be a dependence
on the polymer components, as there would be in the
case of crazing.

There is, however, an additional implication of a
localized deformation. If a region of two to three
entanglement lengths is being stressed, the crystalline
regions of semicrystalline/semicrystalline systems could
be deformed as well. For example, in the polyethylene-
polypropylene system, which has an interfacial width
of approximately 4 nm, the reorientation of crystalline
lamellae required during deformation has been claimed
to be responsible for providing an interfacial strength
exceeding that of the constituent polymers.20,44 For this
mechanism to operate, entangled chains must cocrys-
tallize with each of the component polymers. A failure
of this type is dependent on the crystallinity of the
polymers and the stress required to deform the crystal-
line lamellae, neither of which is included in scission
model presented above. Therefore, semicrystalline/sem-
icrystalline adhesion data are not expected to conform
to Figure 7.

Conclusions

The experimental results, for 11 different polymer
pairs, lead to the primary conclusion that polymer-to-
polymer adhesion depends on the square of the ratio of
the interfacial width to the average length scale re-
quired for entanglement. Random copolymer data from
the literature lend additional support to the Gc ∝ Nent

2

dependence. While some deformation localized within

two to three entanglement lengths is likely, the scission
model presented successfully fits the data, implying that
the relevant parameters have been included. It is
significant that a bond rupture model describes the
adhesion between weakly bonded, immiscible polymers,
since similar models have been used to explain failure
processes in other classes of materials such as ceramics
and metals.

There are, however, limitations on the applicability
of the scission model. If the interface has sufficient
integrity to induce crazing, the Gc ∝ Nent

2 relationship
would be inadequate. In this case, the crazing stress
would need to be included as in eq 1. Additionally, high
molecular weight polymers (Mn greater than 6Me) are
required to reduce the contribution from chain pullout.
Should pullout occur, the monomeric friction coefficient
would depend on the polymer components, which would
also need to be accounted for in the failure model. Last,
adhesion in semicrystalline/semicrystalline pairs that
have entangled chains cocrystallized with the homopoly-
mer crystalline lamellae would have a contribution from
the deformation of the lamellae, which is also not
included in the model presented.

Despite its limitations, the scission model provides a
method of correlating adhesion to calculable parameters
through Nent and the Gc ∝ Nent

2 relationship. Within the
low adhesion regime, the interfacial strength for com-
monly produced materials can be predicted, thus pro-
viding the basis for the design of superior composites.
An adhesion cutoff was also established; specifically, at
Nent e 0.5 there were insufficient entanglements to
provide quantifiable adhesion, and at Nent e 1.0 thermal
stress effects contribute to melt laminate debonding.
Additional direct study of the failure mechanism might
also yield a method of predicting the point of transition
to crazing and provide another tool for polymeric
composite design.
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