
lable at ScienceDirect

Polymer 50 (2009) 3319–3328
Contents lists avai
Polymer

journal homepage: www.elsevier .com/locate/polymer
Effect of tie-layer thickness on the adhesion of ethylene–octene copolymers
to polypropylene

A.R. Kamdar a, R.K. Ayyer a, B.C. Poon b, G.R. Marchand b, A. Hiltner a,*, E. Baer a

a Department of Macromolecular Science and Engineering, Center for Applied Polymer Research, Case Western Reserve University, Cleveland, OH 44106-7202, United States
b New Products – Materials Science, Core R&D, The Dow Chemical Company, Freeport, TX 77541, United States
a r t i c l e i n f o

Article history:
Received 2 February 2009
Received in revised form
14 April 2009
Accepted 17 April 2009
Available online 3 May 2009

Keywords:
Delamination toughness
Adhesion
Ethylene-octene copolymers
* Corresponding author.
E-mail address: ahiltner@case.edu (A. Hiltner).

0032-3861/$ – see front matter � 2009 Elsevier Ltd.
doi:10.1016/j.polymer.2009.04.048
a b s t r a c t

The adhesion of some ethylene–octene copolymers to polypropylene (PP) and high density polyethylene
(HDPE) was studied in order to evaluate their suitability as compatibilizers for PP/HDPE blends. A one-
dimensional model of the compatibilized blend was fabricated by layer-multiplying coextrusion. The
microlayered tapes consisted of many alternating layers of PP and HDPE with a thin tie-layer inserted at
each interface. The thickness of the tie-layer varied from 0.1 to 15 mm, which included thicknesses
comparable to those of the interfacial layer in a compatibilized blend. The delamination toughness was
measured in the T-peel test. Generally, delamination toughness decreased as the tie-layer became
thinner with a stronger dependence for tie layers thinner than 2 mm. Inspection of the crack-tip damage
zone revealed a change from a continuous yielded zone in thicker tie layers to a highly fibrillated zone in
thinner tie layers. By treating the damage zone as an Irwin plastic zone, it was demonstrated that
a critical stress controlled the delamination toughness. The temperature dependence of the delamination
toughness was also measured. A blocky copolymer (OBC) consistently exhibited better adhesion to PP
than statistical copolymers (EO). A one-to-one correlation between the delamination toughness and the
reported performance of the copolymers as compatibilizers for PP/HDPE blends confirmed the key role of
interfacial adhesion in blend compatibilization.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Compatibilization of polymer mixtures by the addition of
another polymer is conceptually an attractive route for generating
blends with unique property combinations and for recycling mixed
polymer scrap [1]. The most abundant polymers in use world-wide
are polypropylene (PP) and polyethylene (PE). Due to their
incompatibility, their blends have extremely low tensile elongation
and poor toughness. Incompatibility has been attributed to poor
interfacial adhesion between the PP and PE phases resulting in
fracture during elongation or impact. A variety of copolymers have
been investigated as compatibilizers to improve the interfacial
adhesion between PP and PE [2–7], including EPDM, EVA, SBS and
SEBS. The compatibilized blends show substantial increases in the
elongation at break and the impact strength.

Recently, the effect of chain microstructure of ethylene–octene
copolymers as compatibilizers for PP/HDPE blends was studied
[8,9]. Comparisons were made between statistical copolymers (EO)
All rights reserved.
and a multiblock copolymer (OBC) that was synthesized using The
Dow Chemical Company’s novel chain shuttling catalyst technology
[10,11]. The OBC consisted of crystallizable ethylene–octene blocks
with very low comonomer content and high melting temperature,
alternating with amorphous ethylene–octene blocks with high
comonomer content and low glass transition temperature. As the
OBC soft segment was expected to be compatible with PP and the
hard segment was expected to be compatible with HDPE, it was
anticipated that OBC would be an excellent compatibilizer for PP/
HDPE blends. In the blends, the copolymers were preferentially
located at the interface between PP and HDPE where they effec-
tively reduced the interfacial tension and improved the interfacial
adhesion. As a result, all the compatibilized blends were ductile.
However, the OBC provided higher elongation at break and greater
toughness than the statistical EO copolymers [8,9].

Interfacial properties are not easily examined in the dispersed
domain morphology of conventional melt blends. An alternative
approach takes advantage of layer-multiplying coextrusion to
fabricate tapes that consist of many alternating layers of PP and
HDPE with individual layer thicknesses on the micron size scale
[12]. Insertion of a thin tie-layer at each interface creates a one-
dimensional model of the compatibilized blend [13]. A recent study
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Table 1
Materials.

Material Designation C8 contenta

(mol%)
Density
(g/cm3)

Mw
a

(kg/mol)
Mw/
Mn

a

Isotactic polypropylene PP 0.900 340 4.6
High density polyethylene HDPE 0.961 120 9.6
Ethylene–octene statistical

copolymer
EO855 17 0.855 130 2.2

Ethylene–octene statistical
copolymer

EO876 11 0.876 83 2.0

Ethylene–octene
block copolymer

OBC 11 0.880 120 2.8

a Data provided by The Dow Chemical Company.
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of the adhesion of OBC and two statistical EO copolymers to PP and
HDPE using microlayered coextruded tapes found that the OBC
exhibited much higher delamination toughness compared to the
statistical EO copolymers [14]. This study utilized tie layers with
thickness in the range of 2–14 mm, which was considerably thicker
than the typical interfacial layer in compatibilized blends, which
varied from 0.1 to 0.6 mm [9].

The present study employs microlayered tapes and extends the
previous investigation to include tie layers of the nanometer
thickness observed in compatibilized blends. The crack-tip damage
zone is observed in situ and is analyzed in terms of a critical
delamination stress for interfacial failure. Additionally, the effect of
temperature on the delamination toughness is reported.

2. Materials and methods

The adherends and the tie layers used in this study were provided
by The Dow Chemical Company and are tabulated in Table 1. The
adherends were an isotactic polypropylene (PP) and a high density
polyethylene (HDPE). The tie layers were two statistical ethylene–
octene copolymers that differed in the comonomer content (EO855
and EO876), and an ethylene–octene multiblock copolymer (OBC)
(Dow Experimental OBC). The EO855 had the same density as the
OBC soft segment and the EO876 had approximately the same overall
comonomer content and density as the OBC. The schematic struc-
tures for these copolymers are described in Scheme 1. All the
copolymers had about the same molecular weight, Table 1. The
molecular weight, molecular weight distribution, comonomer
content, and hard segment content data were provided by Dow.
Ethylene-Octene Statistical Copolymer (EO876): 11 mol% octene

Ethylene-Octene Statistical Copolymer (EO855): 17 mol% octene

Ethylene-Octene Block Copolymer (OBC): 11 mol% octene

100 - xx

Hard Segment:

0.4 mol% octene

Soft Segment:

17 mol% octene

Scheme 1. Schematic representations of the ethylene–octene copolymer tie layers.
Compression molded sheets with thickness of approximately
0.5 mm were prepared for thermal analysis and dynamic mechan-
ical analysis. Pellets were sandwiched between Mylar� sheets, pre-
heated at 190 �C under minimal pressure for 8 min, compressed at
10 MPa for 5 min in a laboratory press, and cooled at about 30 �C/
min with circulating cold water. Thermal analysis was performed
with a Perkin–Elmer DSC-7 calorimeter under a nitrogen atmo-
sphere. Specimens weighing 5–10 mg were cut from the molded
sheets, and thermograms were obtained using a heating/cooling
rate of 10 �C/min from�60 to 190 �C. Dynamic mechanical thermal
analysis (DMTA) was carried out with a Q800 Dynamic Mechanical
Analyzer from TA Instruments. Specimens were tested in the
dynamic tensile mode with a frequency of 1 Hz and a strain of 0.1%
from�60 to 120 �C with a heating rate of 3 �C/min and a grip to grip
separation of 13 mm. The DSC thermograms and DMTA spectra for
EO855, EO876 and OBC were published previously [14]. The thermal
properties of the copolymers are summarized in Table 2.

The temperature dependence of the yield stress and modulus of
the tie-layer materials was measured with ASTM D1708 micro-
tensile specimens cut from the compression molded films. The
tests were performed in an MTS Alliance RT/30 testing machine
with an environmental chamber cooled with liquid nitrogen. The
separation of the grips was 22.3 mm and the specimen width was
4.8 mm. Specimens were stretched at a strain rate of 500%/min at
temperatures between �60 to 80 �C. Engineering stress and strain
were calculated conventionally from the initial cross-section area
and grip separation. The yield stress was determined from the
intersection of two tangent lines.

Microlayer tapes were coextruded using the three-component
layer-multiplying process described previously [15]. The tapes
consisted of alternating layers of polypropylene (PP) and high
density polyethylene (HDPE) separated by a thin tie-layer. Micro-
layered tapes with 65 layers (16 PP layers and 17 HDPE layers
separated by 32 layers of the ethylene–octene tie-layer) were
coextruded to produce tie-layer thicknesses ranging from 2 to
15 mm [14]. Very thin tie layers ranging from 0.1 to 2 mm were
produced using 257 layers (64 PP layers and 65 HDPE layers
separated by 128 tie layers). The tapes were about 2 mm thick and
12 mm wide. Different tie-layer thicknesses were produced by
varying the extruder feed ratios. The adherend PP and HDPE layers
had thickness of about 50 mm for microlayered tapes having 65
layers and about 15 mm for tapes having 257 layers. A microlayered
tape of PP and HDPE with no tie-layer was also produced as
a control. All the tapes were collected on a conveyor-belt take-off
unit and quenched in cold water.

The microlayered tapes were microtomed at�85 �C through the
thickness direction and normal to the extrusion direction to expose
a cross-section of the layered assembly. The layer uniformity and
tie-layer thickness for the center adhesive layer were determined
by imaging the microtomed cross-sections with a Digital Labora-
tories Nanoscope IIIa atomic force microscope (AFM) operating in
the tapping mode.

Delamination was carried out with a modified T-peel test (ASTM
D1876). Strips 6.4 mm wide and 20 cm long were cut from the
center of the microlayered tape and notched by pushing a fresh
Table 2
Selected thermal properties.a

Material DH (J/g) Xc (%) Tm (�C) Tc (�C) Tg (�C) Ta (�C)

PP 103 50 165 123 18
HDPE 223 77 137 114
EO855 9 3 w38 45 �39 –
EO876 37 13 w64 44 �32 –
OBC 39 13 123 98 �42 76

a Data from Reference [14].
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razor blade into a tie-layer at the mid-plane of the tape. The notch
was examined with an optical microscope to ensure that the crack
started along a single interface. Tapes were subsequently loaded at
21 �C in the MTS testing machine at a rate of 10 mm/min. The
results of 3 tests are reported. The effect of peel temperature on
delamination toughness was studied for two tie-layer thicknesses,
0.4 mm and 4 mm. Specimens were peeled at temperatures between
�60 and 90 �C at a rate of 10 mm/min in the Instron environmental
chamber cooled with liquid nitrogen. Tapes were held at the target
temperature for 20 min after reaching equilibrium. At least three
specimens of each composition were tested at each temperature.

The composition of the matching peel surfaces was determined
by a Nicolet 800 FTIR spectrometer in the ATR mode. Five different
areas on each peel surface were tested.

To study the damage zone ahead of the crack tip during
delamination, some peel specimens were polished and coated on
the edges with 150 Å of gold before being loaded into a tensile
deformation stage and inserted into a JEOL 840-A scanning electron
microscope (SEM). The specimens were peeled in situ at a rate of
0.2 mm/min.
3. Results and discussion

3.1. Delamination toughness of microlayered tapes

The cross-section AFM micrographs revealed the layered
structure of the microlayered tapes. Continuous tie layers were
successfully coextruded with thicknesses that ranged from 0.1 mm
to 14 mm. Examples of EO855 tie layers are shown in Fig. 1a–f. The
clearly visible tie layers appeared darker because they had a lower
modulus than HDPE and PP. The interfaces between the tie-layer
and PP layer and between the tie-layer and HDPE were sharp and
undulated. The undulating periodicity along the PP/EO855 interface
was attributed to the boundaries of the PP spherulites. In addition,
there were more acute interdigitated features. These arose from the
influx of tie-layer material into the interstices of PP spherulites
during crystallization of the latter [14,16]. The lamellae in the
EO855 layer, Fig. 1e,f, were thought to be HDPE fractions that
diffused into the tie-layer during melt processing.

The failure location was identified from the composition of the
peeled surfaces using the ATR-FTIR. The adherends and adhesive tie
layers had unique FTIR peaks that allowed for their differentiation.
For the tapes with EO855 as the tie-layer, the spectrum from one
surface closely matched that of EO855, Fig. 2a, and the spectrum
from the other surface closely matched that of PP, Fig. 2b. Similarly,
for the tapes with OBC as the tie-layer, the spectrum from one
surface closely matched that of OBC, Fig. 2c, and the spectrum from
the other surface closely matched that of PP, Fig. 2d. These obser-
vations confirmed that delamination occurred adhesively at the PP/
tie-layer interface. A trace of HDPE in the spectra of the tie-layer
surface was attributed to diffusion of low molecular weight HDPE
fractions into the tie-layer.

When the notched specimen was loaded, the arms bent into the
T-peel configuration as the load gradually increased until the crack
propagated steadily at a constant load. The beam arms did not
return to their original shape upon removal of the load due to some
plastic deformation of the beam arms. The delamination toughness
G was obtained from the constant load P measured during crack
propagation and the specimen width W.

G ¼ 2P
W

(1)

The effect of tie-layer thickness on the delamination toughness
measured at 21 �C is shown in Fig. 3a. The delamination toughness
of the OBC tie-layer was substantially higher than that of the EO855
tie layer, which had the same composition as the OBC soft segment.
The delamination toughness of the OBC tie-layer was also
substantially higher than that of the EO876 tie-layer, which had the
same comonomer content and crystallinity as the OBC. The blocky
nature of the OBC was responsible for the higher delamination
toughness compared to the two statistical copolymers. The results
reproduced the linear relationship between G and tie-layer thick-
ness that was reported previously for tie layers 2 mm and thicker
[14]. However, the linear relationship did not extend to tie layers
thinner than 2 mm. Instead, G showed a stronger dependence on
tie-layer thickness that extrapolated to the low value of G for the
microlayered tape of PP and HDPE with no tie-layer.

Based on these observations, two regimes in tie-layer thickness
were defined: a thick tie-layer regime with tie layers between 2 and
14 mm and a thin tie-layer regime with tie layers less than 2 mm. In
the thick tie-layer regime, the delamination toughness of OBC and
EO855 tie layers increased linearly with the tie-layer thickness,
indicating that energy was absorbed by uniform deformation of the
entire tie-layer thickness. For thick EO876 tie layers, the delami-
nation toughness was independent of the tie-layer thickness. In this
case, it was likely that the entire tie-layer did not deform uniformly;
rather, the deformation was limited to a small, localized region of
the tie-layer at the PP interface that did not depend on the tie-layer
thickness. In the thin tie-layer regime, a stronger linear dependence
of delamination toughness on the tie-layer thickness was observed
for all the tie layers, as shown for clarity in the enlarged plot in
Fig. 3b.

3.2. Delamination mechanism

The damage zone at the crack tip of the EO855 tie-layer is shown
in Fig. 4 for tie layers of several thicknesses. A well-defined and
continuous yielded zone was observed in the thicker tie layers, as
exemplified by tie-layer thicknesses of 10 mm and 4 mm in Fig. 4a,
b respectively. The damage zone length and the crack-tip opening
decreased as the tie-layer thickness decreased, which was consis-
tent with deformation of the entire tie-layer thickness. As the tie-
layer thickness was reduced further, the crack-tip opening and
damage zone length were significantly smaller, as illustrated with
tie-layer thicknesses of 0.8 mm and 0.2 mm in Fig. 4c,d. Higher
magnifications of the damage zones of the thin tie layers revealed
a highly fibrillated craze zone with nearly 60–70% void spacing
between the load-bearing fibrils, Fig. 4e,f.

The damage zones for EO876 tie layers are shown in Fig. 5. The
thick 10 mm and 4 mm tie layers formed a continuous, yielded zone,
Fig. 5a, b. However comparison with the thick EO855 tie layers
revealed that the damage zone was much smaller in the EO876 tie
layers. This was evident in both the length of the damage zone and
the crack-tip opening. Moreover, in contrast to the EO855 tie layers,
the damage zone length did not depend strongly on the tie-layer
thickness, which was consistent with localized deformation of the
tie-layer at the PP/tie-layer interface. For thin EO876 tie layers, the
damage zone was fibrillated with significant voiding as in EO855,
Fig. 5c,d. Higher magnification of the damage zones revealed the
highly fibrillated craze morphology, Fig. 5e,f.

The thick OBC tie layers formed a continuous, yielded zone at
the crack tip that was shorter than the damage zone in thick EO855
tie layers, Fig. 6a,b. The thin OBC tie layers showed a highly fibril-
lated damage zone with considerable voiding, Fig. 6c–f, as was
observed with thin EO855 and EO876 tie layers.

The two types of damage zones shown schematically in Fig. 7
corresponded to the two regimes in the delamination toughness
(see Fig. 3). Thick tie layers, i.e. those between 2 and 14 mm,
exhibited a continuous yielded zone. In this regime, it appeared



A.R. Kamdar et al. / Polymer 50 (2009) 3319–33283322
that the entire OBC and EO855 tie layers yielded to form the
damage zone, whereas the EO876 tie-layer yielded locally at the PP
interface. In contrast to the thick tie layers, the thin tie layers, i.e.
those thinner than 2 mm, exhibited a highly voided and fibrillated
damage zone. Apparently, when the tie-layer was thinner than
2 mm, it did not contain enough material to support a continuous
yielded zone and voids formed in the damage zone as the tie-layer
was stretched. Moreover, the presence of influxes might have
affected delamination of thin tie layers more than thick tie layers,
thereby reducing the differences among the various tie-layer
materials.
Fig. 1. AFM phase images of the microlayer tape cross-sections showing the layered structur
(d) 1.3 mm; (e) 4 mm; (f) 10 mm.
3.3. Damage zone analysis

Three factors contribute to the delamination toughness: tie-
layer deformation, beam arm deformation, and interfacial adhesive
failure. The beam arm deformation consists of two components:
stretching and bending. In similar peel tests using microlayered
tapes, both contributions were found to be within the experimental
error [17], and could be neglected. The adhesive contribution is
reflected in the extrapolated value of delamination toughness.
Although G of the interface between PP and HDPE is larger than
theoretically predicted due to the presence of influxes [18], it is
e of tapes with different EO855 tie-layer thicknesses. (a) 0.2 mm; (b) 0.4 mm; (c) 0.8 mm;
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Fig. 2. Identification of matching peel fracture surfaces using ATR-FTIR. (a) and (b) The matching peel surfaces A and B from a tape with 0.4 mm EO855 tie layers; and (c) and (d) the
matching peel surfaces A and B from a tape with 0.4 mm OBC tie layers. The spectra of the tape constituents are included for comparison.
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nevertheless small compared to G when a tie-layer is inserted
between PP and HDPE. Rather, the influxes at the interface between
PP and a soft tie-layer provide connectivity to support the stress
required for yielding of the tie-layer. In the following analysis, it is
Tie-layer Thickness (μμm)
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Fig. 3. Effect of tie-layer thickness on the delamination toughness. (a) The entire range of tie
The crosshead speed was 10 mm/min and the temperature was 21 �C.
assumed that G is determined primarily by viscoelastic–plastic
deformation of the tie-layer. Therefore, the delamination toughness
was analyzed by considering the damage zone as an Irwin plastic
zone. Assuming that only the tie-layer undergoes plastic
Tie-layer Thickness (μm)
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-layer thicknesses studied; and (b) a magnified plot of the results for thinner tie layers.



Fig. 4. SEM images from an in-situ peel test showing the crack-tip damage zone for EO855 tie layers of different thicknesses: (a) 10 mm; (b) 4 mm; (c) 0.8 mm; (d) 0.2 mm; (e) 0.8 mm
(1000�); and (f) 0.2 mm (1000�).
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deformation with formation of a localized yielded zone of length
a at the crack tip, the delamination toughness is given as [19,20]

Gp ¼
2pas2

y

E
(2)

The yield stress sy and the modulus E of the tie-layer were taken from
constrained uniaxial tensile tests that simulated the deformation of
tie layers in the peel test, Fig. 8. The initial response reflected the
amount of crystallinity. Thus, OBC and EO876 had about the same
modulus and yield stress, whereas the values for EO855 were much
lower. The yield stress of OBC, EO876 and EO855 was 2.4, 2.5 and
1 MPa, respectively, and the secant modulus values at 5% strain were
16, 9.1 and 1.6 MPa, respectively. The difference between the statis-
tical and blocky copolymers appeared at higher strains. Neither
EO876 nor EO855 exhibited strong strain hardening, whereas
pronounced strain hardening of OBC resulted in a higher fracture
stress. The difference in the high strain response arose from the
differences in the crystalline entities of statistical and blocky copoly-
mers [21]. During stretching of EOs, melting of fringed micellar
crystals and recrystallization as oriented micellar crystals did not
impart a substantial increase in the tensile strength. However, in
OBC, irreversible deformation of crystalline lamellae followed by
fibrillation produced the strong strain hardening [22,23].

The values of Gp from Eq. (2) are compared with the experi-
mental values of G obtained in the T-peel test for the EO855 tie
layers in Table 3. In the thick tie-layer regime, Gp was comparable to
G within 10–15%. In the thin tie-layer regime, Gp obtained from the
measured damage zone length a was much larger than G. However,
the damage zone in the thin tie layers was highly voided, and only
the fibrils were load-bearing. Hence, a was replaced with an
effective damage zone length af which considered only the fraction
of the damage zone length supported by fibrils. Then

Gpf ¼
2paf s2

y

E
(3)

where af was obtained by subtracting the voided length from the
total damage zone length. The resulting Gpf agreed well with the
measured G to within 15%, Table 3.

Comparable calculations for EO876 tie layers also gave good
agreement between Gp or Gpf and G, Table 4. In the thick tie-layer
regime, a and G were essentially independent of the tie-layer thick-
ness, which was consistent with localized yielding at the PP/tie-layer



Fig. 5. SEM images from an in-situ peel test showing the crack-tip damage zone for EO876 tie layers of different thicknesses: (a) 10 mm; (b) 4 mm; (c) 0.8 mm; (d) 0.2 mm; (e) 0.8 mm
(1000�); and (f) 0.2 mm (1000�).
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interface. The value of Gp from Eq. (2) was comparable to the
measured G within 25%, Table 4. In the thin tie-layer regime, there
were fewer fibrils than in EO855. The delamination toughness
calculated from Eq. (3) was in good agreement with the measured
delamination toughness.

A similar analysis of the OBC tie layers using the measured yield
stress resulted in Gp that substantially under-estimated the
measured G. It was noted from the stress–strain curves in Fig. 8 that
OBC underwent pronounced strain hardening in contrast to EO855
and EO876. This suggested that the delamination in OBC was
controlled by a critical delamination stress sc that exceeded sy. To
obtain sc, Eq. (2) was rewritten as

sc ¼
�

GE
2pa

�1=2

(4)

It was observed that in both thin and thick tie-layer regimes, the critical
delamination stress values calculated from Eq. (4) fell in the strain-
hardening region of the OBC stress–strain curve, Table 5. In the thick
tie-layer regime, sc was essentially independent of the tie-layer
thickness with a value of about 5 MPa. The values of sc in the thin tie-
layer regime were significantly higher. Possibly the unconstrained
fibrils in the voided damage zone were able to support higher stresses
and strains than the yielded material of constrained damage zone.
The critical stress approach for OBC tie-layer was tested by
comparing the corresponding critical draw ratio lc with the
maximum draw ratio in the damage zone lmax. The critical strain 3c

corresponding to sc was obtained from the stress–strain curves and
the critical draw ratio was calculated according to

lc ¼
3c

100
þ 1 (5)

The maximum draw ratio in the damage zone was defined as

lmax ¼
d
d0

(6)

where d is the maximum crack-tip opening and d0 is the initial tie-
layer thickness. It was observed that for the thick tie layers lc and
lmax were in good agreement within 30%, Table 5. However, for the
thinnest tie layers, the maximum draw ratio in the damage zone
exceeded the fracture strain of OBC. This was additional evidence
that the unconstrained fibrils of the voided damage zone exhibited
a different stress–strain relationship from the yielded material of
the constrained damage zone. Nevertheless, it appeared that the
delamination toughness of OBC followed a critical stress condition,
rather than a yield stress condition, regardless of the tie-layer
thickness.



Fig. 6. SEM images from an in-situ peel test showing the crack-tip damage zone for OBC tie layers of different thicknesses: (a) 10 mm; (b) 4 mm; (c) 0.8 mm; (d) 0.2 mm; (e) 0.8 mm
(1000�); and (f) 0.2 mm (1000�).
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3.4. Effect of temperature on the delamination toughness

The effect of temperature on the delamination toughness was
measured for the thick and thin tie layers at a peel rate of 10 mm/
min. The results for tie layers having thicknesses of 4 mm and
0.4 mm are shown in Fig. 9a, b, respectively. A maximum in the
delamination toughness was observed for each of the tie layers near
Thick tie-layera

Thin tie-layerb

PP

HDPE

Tie-layer

Delaminated PP
surface

Delaminated tie-layer
surface

PP

HDPE
Tie-layer

Delaminated PP
surface

Delaminated tie-layer
surface

Fig. 7. Schematic representation of the tie-layer damage zone. (a) Thick tie layers
(2–14 mm); and (b) thin tie layers (less than 2 mm).
the tie-layer Tg. Below the Tg, failure occurred before the beam arms
were able to bend into the T-peel configuration irrespective of the
tie-layer thickness. The PP/tie-layer interface failed catastrophically
without achieving stable crack propagation. Above the Tg, the
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Table 3
Comparison of the measured delamination toughness of EO855 tie layers with the
delamination toughness calculated from the yield stress.

Tie-layer
thickness
lo (mm)

Damage
zone length
a (mm)

Effective
damage
zone length
af (mm)

Calculated
delamination
toughness Gp

(J/m2)

Calculated
delamination
toughness Gpf

(J/m2)

Measured
delamination
toughness G
(J/m2)

0.2 140 33 – 143 120� 10
0.4 226 100 – 430 430� 30
0.8 244 125 – 540 530� 10
1.3 120 112 – 440 660� 20
2 196 – 728 – 700� 40
4 207 – 895 – 930� 10
10 272 – 1180 – 1410� 20
14 362 – 1421 – 1550� 100
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Fig. 9. Effect of temperature on the delamination toughness: (a) 4 mm tie layers; and
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delamination toughness decreased as the temperature increased.
The OBC exhibited higher G than EO855 and EO876 over the
temperature range of �20 �C to 60 �C. At higher temperatures,
a drop in G to almost zero over a small change in temperature was
clearly evident in the 4 mm tie layers, Fig. 9a. The transition
temperature occurred at 40–50 �C for EO855, 60–70 �C for EO876
and 70–80 �C for OBC. The transition temperature corresponded to
the Tm of EO855 (Tm¼ 38 �C) and of EO876 (Tm¼ 64 �C) and to the
Ta of OBC (Ta¼ 76 �C). Above the transition temperature, failure
occurred cohesively through the tie-layer due to softening of the
crystalline phase. The 0.4 mm tie layers exhibited lower G than the
4 mm tie layers at all temperatures, Fig. 9b. The thinner tie layers
also exhibited a maximum in G near the Tg, however the higher
temperature transition was not clearly evident.

A decrease in delamination toughness with increasing temper-
ature is often observed [17,24]. According to Eq. (2), the temperature
dependence of G can be understood from the change in the modulus
and yield stress. The effect of temperature on the yield stress is
shown in Fig. 10. As expected, the yield stress of OBC and EO876 was
comparable whereas that of EO855 was consistently lower at all the
temperatures studied. Qualitatively, the temperature dependence
Table 4
Comparison of the measured delamination toughness of EO876 tie layers with the
delamination toughness calculated from the yield stress.

Tie-layer
thickness
lo (mm)

Damage
zone
length
a (mm)

Effective
damage zone
length af

(mm)

Calculated
delamination
toughness Gp

(J/m2)

Calculated
delamination
toughness Gpf

(J/m2)

Measured
delamination
toughness G
(J/m2)

0.2 317 18 – 78 140� 40
0.4 263 46 – 198 240� 30
0.8 353 93 – 401 270� 30
1.3 197 78 – 336 400� 40
2 143 – 617 – 470� 90
4 127 – 548 – 590� 50
10 177 – 763 – 580� 50
14 171 – 738 – 610� 120

Table 5
The critical delamination stress and draw ratio for OBC tie layers.

Tie-layer
thickness lo
(mm)

Damage
zone length
a (mm)

Effective damage
zone length af

(mm)

Calculated
delamination
toughness Gp (J/m2)

Calculated
delamination
toughness Gpf (J/m2

0.2 144 8 – 18
0.4 56 14 – 33
0.8 46 31 – 70
1.3 40 33 – 75
2 94 – 200 –
4 168 – 360 –
10 233 – 475 –
14 306 – 690 –

(b) 0.4 mm tie layers.
of the yield stress paralleled the temperature dependence of G
(Fig. 9) including the transitional drop at higher temperatures.

The temperature dependence of Gp was calculated from the
yield stress and modulus according to Eq. (2). The temperature
dependence of a was not readily obtained and in this calculation
a was assumed to be constant. Values of 207 mm for the 4 mm EO855
tie-layer and 127 mm for the 4 mm EO876 tie-layer at 21 �C were
chosen for the calculations. Results for EO855 and EO876 are
tabulated in Tables 6 and 7. The Gp values were within 30% of G for
EO855 and within 20% for EO876. For OBC, G depended on a critical
stress rather than the yield stress. Assuming a constant a of 168 mm,
the value at 21 �C, sc was calculated from G at each temperature.
The results in Table 8 show that sc exceeded sy except at the highest
)

Measured
delamination
toughness G (J/m2)

Critical
delamination
stress sc (MPa)

Critical
strain 3c

(%)

Critical
draw
ratio lc

Crack-tip
opening
d (mm)

Maximum
draw ratio
lmax

100� 10 5.6 850 9.5 4 20
340� 150 7.7 1060 11.6 10 25
610� 40 7.1 1000 11.0 10 12.5
880� 140 8.2 1090 11.9 15 11.5
980� 5 5.3 780 8.8 18 8.3

1530� 30 4.9 720 8.2 33 7.4
2100� 70 5.0 730 8.3 68 6.5
2720� 60 4.8 690 7.9 113 7.8
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Table 6
Effect of temperature on the delamination toughness of 4 mm EO855 tie layers.

Temperature
(�C)

Yield
stress sy

(MPa)

5% Secant
modulus E
(MPa)

Calculated
delamination
toughness Gp (J/m2)

Measured
delamination
toughness G (J/m2)

�20 1.9 3.0 1565 1880� 90
0 1.25 2.16 941 1330� 50
21 1.0 1.60 813 990� 10
40 0.52 0.46 765 900� 20
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temperature, however sc gradually decreased as the temperature
was raised paralleling the changes in modulus and yield stress.

It is now possible to correlate the adhesion measured with
microlayered tapes in this study with the performance of the same
copolymers as compatibilizers for PP/HDPE (70/30 wt/wt) blends
reported previously [9]. The same ranking of the copolymers was
obtained in both studies with OBC imparting both the strongest
adhesion in microlayered tapes and the highest tensile toughness
in blends. Similarly, EO876 showed the poorest performance in
both studies. In terms of the temperature dependence, the abrupt
drop in adhesion at the copolymer Tg correlated with the brittle-to-
ductile transition in blends. The one-to-one correlation confirms
the key role of interfacial adhesion in the performance of compa-
tibilized blends.
Table 7
Effect of temperature on the delamination toughness of 4 mm EO876 tie layers.

Temperature
(�C)

Yield
stress sy

(MPa)

5% Secant
modulus E
(MPa)

Calculated
delamination
toughness Gp (J/m2)

Measured
delamination
toughness G (J/m2)

0 3.4 10.5 698 880� 30
21 2.6 9.1 704 590� 30
30 1.9 5.7 590 510� 50
40 1.4 3.2 538 480� 20

Table 8
Effect of temperature on the critical delamination stress of 4 mm OBC tie layers.

Temperature
(�C)

Yield
stress sy

(MPa)

5% Secant
modulus E
(MPa)

Measured
delamination
toughness G (J/m2)

Critical
delamination
stress sc (MPa)

�20 4.7 26.1 2550� 60 8.0
0 3.5 19.9 1940� 30 6.1
21 2.4 16.0 1530� 30 4.9
40 1.9 11.3 1210� 20 3.6
60 1.6 9.4 960� 60 2.9
80 1.2 6.0 70� 10 0.6
4. Conclusions

This study examined the effect of chain microstructure on the
adhesion of some ethylene–octene copolymers to PP and HDPE in
order to evaluate their suitability as compatibilizers for PP/HDPE
blends. In microlayered tapes, all the delamination failures
occurred at the PP–copolymer interface, indicating that the
copolymers exhibited better adhesion to HDPE than to PP. The
blocky OBC copolymer consistently exhibited better adhesion to PP,
measured as the delamination toughness, than the statistical EO
copolymers. A statistical EO copolymer with higher comonomer
content exhibited better adhesion to PP than a statistical EO
copolymer with lower comonomer content. The delamination
toughness correlated well with the reported performance of the
copolymers as compatibilizers for PP/HDPE blends. For all the tie
layers, the dependence of delamination toughness on the tie-layer
thickness was stronger in thin tie layers, i.e. those less than 2 mm
thick, than in thicker tie layers. Inspection of the crack-tip damage
zone revealed that a change from a continuous plastic damage zone
in thicker tie layers to a highly fibrillated damage zone in thinner tie
layers was responsible. By treating the damage zone as an Irwin
plastic zone, it was demonstrated that a critical stress controlled
the delamination toughness. For the statistical EO copolymers, this
was found to be the yield stress. The OBC exhibited considerably
stronger strain hardening than the EO copolymers, and in this case
delamination was controlled by a critical stress in the strain-
hardening region.
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