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ABSTRACT: The effects of styrene content, layer thick-
ness, and temperature on the adhesion of ethylene—styrene
copolymers (ES) to low-density polyethylene (LDPE) were
examined by measuring the delamination toughness of
LDPE/ES microlayers in the T-peel test. Delamination
toughness at ambient temperature decreased with increas-
ing styrene content. A linear correlation between delamina-
tion toughness and styrene content in ES was observed.
Extrapolation predicted that a copolymer with 72.5 wt %
styrene would have no adhesion to LDPE. Experiments on
microlayers with relatively thin (8-18 um) ES layers dem-
onstrated that delamination toughness was proportional to
ES layer thickness. In situ observations of the damage zone
showed stretching throughout the entire thickness of the ES
layer. For higher adhesion systems, ES deformation oc-
curred concurrently with localized stretching and crazing of

the LDPE layer at the interface. For two representative sys-
tems, the effect of temperature on delamination toughness
was studied. Major transitions in delamination toughness
and fracture mode were observed at the primary thermal
transitions of the ES copolymer. The contribution by stretch-
ing of the ES layer to measured delamination toughness was
approximated by relating the damage zone to the ES engi-
neering stress—strain curve and was estimated to be about
half. The remaining contribution to delamination toughness
was assumed to be due to LDPE deformation in the damage
zone. © 2003 Wiley Periodicals, Inc. ] Appl Polym Sci 89: 153-162,
2003
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INTRODUCTION

It is well known that polyethylene and polystyrene do
not adhere to each other; however, to have useful
blends or layered films of these two polymers, good
adhesion is required. Copolymers of ethylene and sty-
rene are ideal materials to compatibilize the compo-
nent polymers and thus promote good adhesion. Re-
cent commercial developments in advanced catalyst
technology have allowed for efficient copolymeriza-
tion of ethylene with styrene.' The ethylene-styrene
(ES) copolymers exhibit a very broad range of struc-
ture and properties depending on styrene content. A
classification scheme has been developed with three
distinct categories based on structure—property rela-
tionships.' Copolymers with up to 50 wt % styrene are
semicrystalline, and those materials in this category
with low crystallinity exhibit rubbery behavior. Amor-
phous copolymers with more than 50 wt % styrene are
separated into two other categories depending on the
glass transition relative to ambient temperature.
Amorphous copolymers with a glass transition tem-
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perature (T,) less than ambient temperature are clas-
sified as amorphous rubbers and those with a higher
T, are classified as amorphous glasstomers.
Microlayered systems with many alternating layers
of two or more polymers can be thought of as one-
dimensional blends. The layers can be readily con-
trolled to thicknesses on similar size scales as domains
in commercial blends. Therefore it is now possible to
attempt to quantify the adhesion in an immiscible
blend. Because the layers are relatively thin compared
to an average adhesive layer, the effect of layer thick-
ness or scale must be considered. For relatively brittle
adhesives, an effect of layer thickness is usually small
because of the inability to form a significant damage
zone ahead of the crack tip.>® In contrast, the mea-
sured adhesive fracture energy for tougher, rubbery
adhesives is highly dependent on layer thickness be-
cause in this case a large damage zone can form prior
to delamination.*® Adhesive toughness usually in-
creases with thickness because the development of the
damage zone is less restricted. A maximum toughness
is achieved when the layer thickness and the damage
zone size are approximately equal. For rubbery adhe-
sives, a transition from cohesive fracture in the dam-
age zone to interfacial fracture between the adhesive
and adherend is strongly affected by rate and temper-
ature. Consequently, this transitional phenomenon,
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TABLE 1
Characterization of Resin Materials

Styrene T, (°C)

content aPS T, _— Crystallinity
Sample (wt %) (wt %) 1073 M, M, /M, °C) Onset Peak (wt %)
ES30 30.3 0.4 180.5 2.7 —4 —16 61 18
ES40 39.5 1.2 183.1 2.3 -7 —18 31 6
ES60 59.7 2.3 255.0 2.5 16 — — —
ES68 68.4 5.8 282.2 2.2 31 — — —
LDPE — — 90.5 6.0 — 106 110 45

which depends on the viscoelastic properties of the
individual polymers, strongly influences the adhesive
toughness.” *

In previous work, the adhesion of polycarbonate
(PC) to poly(styrene-co-acrylonitrile) (SAN) was char-
acterized by studying the effects of AN content, layer
thickness, and certain viscoelastic parameters.”” Max-
imum PC/SAN interfacial toughness was observed at
about 20% AN, which successfully compared with
several predictions of relative interfacial toughness
based on the interaction parameter, x.” The SAN co-
polymer with 20% AN was used in all subsequent
comparisons. For systems that had very thin SAN
layers (0.5 um) and relatively thick PC layers (5 um),
virtually no crazing occurred and brittle fracture was
observed at the interface. The real interfacial tough-
ness was independent of peel rate and temperature
and observed to be 90 J/m? for all test conditions.
With increasing SAN layer thickness, crazing occurred
in front of the crack tip in the SAN layer and the size
of the damage zone increased, resulting in a higher
delamination toughness. For systems with thicker
SAN layers, the real interfacial toughness was ap-
proached by either decreasing peel rate or increasing
temperature, conditions that gradually suppressed
SAN crazing. As expected, when virtually no SAN
crazing occurred, the delamination toughness again
decreased and leveled off to the real interfacial tough-
ness of 90 J/m?. The observed transition from craze-
dominated cohesive fracture to predominantly inter-
facial fracture correlated to the properties of bulk
SAN.

In the present study, the adhesion of ethylene—sty-
rene copolymers to polyethylene has been analyzed
following the methodology of previous work. A range
of ES copolymers was chosen to span the aforemen-
tioned classification scheme which was anticipated to
give a diverse spectrum of adhesive properties. The
properties of the adhesive layer which controls the
delamination toughness were elucidated and corre-
lated with the stability of the damage zone.

EXPERIMENTAL

The ethylene-styrene copolymers used in this study
were synthesized by INSITE™ technology (INSITE™

is a trademark of The Dow Chemical Co., Midland MI)
and are described in Table I. Information on comono-
mer content, molecular weight, and molecular weight
distribution were provided by the manufacturer. The
copolymers, designated as ES followed by wt % sty-
rene, have mostly random incorporation of styrene
except that multiple head-to-tail styrene insertions do
not occur. In all microlayered systems, a single low-
density polyethylene (LDPE) was used, Dow LDPE
(PE 526A, I, = 1.0 g 10 min~ '), with a weight-average
molecular weight of 90,500 and a molecular weight
distribution (M,/M,,) of 6.0 as reported by the manu-
facturer.

Microlayer tapes with alternating layers of LDPE
and ES were coextruded by using the layer-multiply-
ing process described previously.® Tapes were coex-
truded about 2 mm thick and 10 mm wide with 33
alternating layers of LDPE and ES (17 LDPE layers
and 16 ES layers). To ensure a constant thermal history
and to avoid any processing temperature effects on
adhesion, all microlayer systems were processed at the
same temperatures. The LDPE extruder was 240°C;
the ES extruder was 250°C, and the multipliers and
exit die were at 245°C. Extruder feed ratios were var-
ied to produce microlayers with different composi-
tions and layer thicknesses as shown in Table II. The
various microlayered materials were defined by mea-
suring the average thickness of the five center layers in
a conventional optical microscope (OM). For charac-
terization of the bulk materials, pellets of ES and
LDPE were also compression molded.

Delamination was carried out with the T-peel test
(ASTM D 1876). To initiate crack propagation, speci-

TABLE 1I
Microlayer Composition and Layer Thickness

Volume ratio Center layer thicknesses

(LDPE/ES) LDPE (um) ES (um)
LDPE/ES30 90/10 115 + 15 15+1
95/5 110 = 15 9+1

LDPE/ES40 90/10 120 + 20 151
95/5 105 = 15 8§+2

LDPE/ES60 90/10 120 + 20 17 £ 2
95/5 110 = 15 10 =2

LDPE/ES68 90/10 120 = 20 17 +3
95/5 115 =10 9+1
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mens about 6.5 mm wide were notched at one of the
five center layers. Adhesion tests were conducted in
either an Instron 1123 or an Instron 1122 at crosshead
speeds ranging from 0.1 to 1000 mm/min. Tests at
various temperatures between —70 and 90°C were
conducted at a peel rate of 10 mm/min. To examine
the damage zone at the crack tip, in situ observations
were made with a video camera attached to an Infinity
telescopic lens.

The peeled fracture surfaces were analyzed in a
scanning electron microscope (SEM, JEOL 840A).
These surfaces were coated with 100 A of gold. To
study the damage zone in front of the crack tip during
delamination at higher magnifications than was pos-
sible with a telescopic lens, peel specimens were
loaded into a Hexland B164 tensile stage and inserted
into the SEM. Polished peel specimens were coated on
the edges with 50 A of gold and tested at a peel rate of
0.2 mm/min. To determine surface composition, un-
coated sections of the fracture surfaces were charac-
terized with a Nicolet 870 Nexus FTIR spectrometer
with micro-ATR.

To characterize the bulk properties of the compo-
nent polymers, differential scanning calorimetry
(DSC), dynamic mechanical thermal analysis (DMTA),
and stress—strain experiments were performed. Melt-
ing temperature and crystallinity were measured by
DSC with a heating rate of 10°C/min. An enthalpy of
290 J/g for the perfect polyethylene crystal was used
to calculate wt % crystallinity. The T, was measured
by DMTA in tension at a frequency of 1 Hz. The T,
was taken at the maximum of the loss tangent peak.
Stress—strain behavior in uniaxial tension was mea-
sured with ASTM 1708 microtensile specimens at var-
ious strain rates.

RESULTS AND DISCUSSION
Peel data at ambient temperature

Typical normalized peel curves at ambient tempera-
ture and peel rate of 10 mm/min for microlayers with
ES30, ES40, and ES60 are shown in Figure 1. The load
increased because of the formation of the damage
zone and bending of the beam arms until the crack
started to propagate in a continuous manner. At this
relatively constant load (P), the delamination tough-
ness was calculated as G = 2P/W for a specimen of
width W. The delamination toughness decreased with
increasing styrene content by more than half and
scaled approximately with ES layer thickness. This
indicated that deformation occurred through the en-
tire thickness of the ES layer.

The effect of peel rate ranging from 0.1 to 1000
mm /min is shown in Figure 2. The ES layer thickness
effect continued to be observed and showed how vis-
coelastic properties of ES and LDPE significantly af-
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Figure 1 Representative peel curves of (a) LDPE/ES30, (b)
LDPE/ES40, and (c) LDPE/ES60 at ambient temperature
and a peel rate of 10 mm/min. LDPE/ES layer thicknesses
are indicated with peel curves.

fected G. For all systems, the delamination toughness
increased about a factor of 2 over four decades of rate.
A 25% increase in G at low rates for LDPE/ES60 was
due to a change in delamination mechanism from
interfacial to cohesive failure.

Unlike the other systems, LDPE/ES68 microlayers
exhibited discontinuous crack propagation [Fig. 3(a)].
Delamination toughness was taken as the average of
all maxima in the peel curves.” As expected, this sys-
tem with the highest styrene content exhibited the
lowest adhesion to LDPE. Because the glass transition
of ES68 is around ambient temperature (31°C), this
system was very sensitive to rate, as shown in Figure
3(b). A detailed description of the discontinuous peel
mechanism and large rate effect is discussed in the
next section.

The effect of styrene content on adhesion is shown in
Figure 4 as delamination toughness normalized to ES
layer thickness (1), Gy = G/h. The normalization clearly
demonstrates that G scales with ES layer thickness. For
the ES copolymers studied, a linear correlation between
G and wt % styrene in ES was observed. Extrapolation to
0J/m? indicated no adhesion between LDPE and ES for
a copolymer with 72.5 wt % styrene. This approximation
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Figure 2 Effect of peel rate on delamination toughness at
ambient temperature of (a) LDPE/ES30, (b) LDPE/ES40,
and (c) LDPE/ES60.
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Figure 3 (a) Representative peel curves of LDPE/ES68 at
10 mm/min and (b) effect of peel rate on delamination
toughness at ambient temperature.
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Figure 4 Effect of styrene content on delamination tough-
ness normalized to ES layer thickness at ambient tempera-
ture and peel rate of 10 mm/min. Closed circles represent
90/10 systems; open circles represent 95/5 systems. Dotted
line is from extrapolation.

is close to the maximum styrene incorporation in ES
copolymers of 80 wt % (50 mol %).

Fracture mechanisms at ambient temperature

To observe the crack tip region, specimens were
loaded into a SEM tensile stage. Under a peel rate of
0.2 mm/min, the stable damage zone was observed.
Figure 5 compares the damage zones of two systems,
LDPE/ES30 (115/15 wm) and LDPE/ES40 (120/15
pm) with delamination toughness values of 2100 and
1800 J/m?, respectively. Bulk stretching of the center
ES30 and ES40 layers to a draw ratio of 6.25 and 10.5,

4250 108Vn W15

. Bp2d 5KV

;;-max, Es = 10.5

SKU %258 108vm WD14

Figure 5 Scanning electron micrographs from an in situ
peel test of (a) LDPE/ES30 (115/15 wm) and (b) LDPE/ES40
(120/15 pm).
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Figure 6 Scanning electron micrographs of fracture surfaces for all LDPE/ES (90/10) systems at 10 mm/min and ambient

temperature. The crack propagated from left to right.

respectively, and localized stretching of the LDPE
layer at the interface were observed. These observa-
tions confirmed that there was deformation through
the entire thickness of the ES layer and established
why a factor of 2 difference in delamination toughness
was observed. In addition, the contribution of poly-
ethylene deformation was also determined.

To further elucidate the delamination mechanism,
the peel fracture surfaces were examined in the SEM.

In Figure 6, the opposite fracture surfaces of all four
systems with a 90/10 composition at a peel rate of 10
mm/min are shown. Examination of the fracture sur-
faces of LDPE/ES30 (115/15 um, G = 2250 ]/mz)
revealed a porous texture consisting of fractured
fibrils on the LDPE side and on the ES30 side a rugged
texture whose hills and valleys corresponded to im-
prints from the LDPE craze. FTIR micro-ATR analysis
on the peel fracture surfaces confirmed that no ES30
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Figure 7 Schematic representation of delamination failure
mechanism for (a) high adhesion, LDPE/ES30, and LDPE/
ES40 and (b) low adhesion, LDPE/ES60, and LDPE/ES68.

was transferred to the LDPE side. Similarly, LDPE/
ES40 (120/15 um, G = 1950 J/m?) exhibited the same
polyethylene crazes but with significantly less perma-
nent deformation on the ES40 side. For these two high
adhesion systems (G > 1000 J/m?), interfacial failure
was accompanied by bulk stretching and subsequent
recovery of the ES layer and concurrent surface cavi-
tation and crazing of the LDPE layer [Fig. 7(a)].

For low adhesion systems (G < 1000 J/m?), LDPE/
ES60 and LDPE/ES68, much less damage appeared on
the LDPE side, and the ES side appeared to have no
damage. However, a layer thickness effect was still
observed for these two systems, and it was therefore
evident that deformation still occurred through the
entire thickness of the ES layer. The delamination
mechanism for the lower adhesion systems was thus
interfacial failure accompanied only by small bulk
stretching of the ES layer and its subsequent recovery
after being peeled apart.

For LDPE/ES68, the damage zone consisted of
stretching of the ES68 layer but the observed discon-
tinuous crack propagation was more complicated. The
stepwise crack propagation occurred because of a
competition between the interfacial strength and the
stored elastic energy in the beam arms. Stored elastic
energy was either absorbed by the damage zone
(stretching of the ES layer) or dissipated by propagat-
ing the crack. In this lowest adhesion system, it took
more energy to bend the beam arms than to separate
the interface. There was insufficient damage zone for-
mation to absorb the stored elastic energy and there-
fore the crack jumped. The crack ran until there was
not enough elastic energy to sustain further growth of
the crack. As the crack was reopened, the process
repeated itself along the length of the sample, result-
ing in the observed steps.

Stepwise crack propagation is usually indicative of
transitional behavior. The transition here is the ES68
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glass transition which is around ambient temperature
(T, = 31°C). This copolymer, characterized as a glass-
tomer, exhibits glassy behavior at fast rates and rub-
bery behavior at slow rates.'® As a result, this system
was very sensitive to peel rate at ambient temperature,
as shown in Figure 3(b). At lower rates, ES68 was
rubbery and the delamination toughness decreased.
Therefore, the softer material could form a large
enough damage zone to prevent the crack from jump-
ing. Thus, continuous crack growth was observed in
LDPE/ES68 (120/17) um at peel rates of 0.1 and 1
mm/min. In LDPE/ES68 (110/9) um, stepwise prop-
agation was observed at all rates because the ES layer
was too thin to absorb enough of the stored elastic
energy in the beam arms.

Effect of temperature

The effect of temperature on delamination toughness
and peel mechanism was studied for LDPE/ES30 and
LDPE/ES68. In these temperature experiments, the
temperature range studied was significantly above the
LDPE T, (about —70°C) and below its melting temper-
ature (110°C). Therefore, it was expected that changes
in delamination toughness were primarily due to ther-
mal transitions in ES30 and ES68.

The dependence of delamination toughness on tem-
perature for LDPE/ES30 is shown in Figure 8(a), and
major thermal transitions of glass transition and melt-
ing for ES30 are shown in Figure 8(b). Below T,, ES30
became rigid and was no longer easily deformed. As a
result, peel tests at temperatures below —10°C were
not successful because of the very high adhesion be-
tween ES30 and LDPE. During the experiment, the
beam arms either yielded or broke before the crack
could propagate.

10000

1000

G (J/m?)

100

—— 115um/15um
—— 120um/ 9um

tan g

Cryst (wt. %)

T(C)

Figure 8 (a) Effect of temperature on delamination tough-
ness of LDPE/ES30. (b) Corresponding glass transition
(DMTA) and crystallinity (DSC) for ES30.
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Figure 9 Scanning electron micrographs of opposite fracture surfaces of LDPE/ES30 (115/15 um) at —10°C: (a) LDPE side,
(b) ES30 side. Higher magnification micrographs of ES fracture surfaces; (c) chunks, (d) smooth. The crack propagated from

left to right.

At —10°C (G = 5000 J/m?), delamination was stable
but did not exhibit interfacial failure as was observed
for this system at ambient temperature. Cohesive fail-
ure occurred in the LDPE layer. From SEM analysis of
the fracture surfaces, large chunks were observed on
opposite peel fracture surfaces [Fig. 9(a,b)]. Upon ex-
amination at a higher magnification on the ES30 frac-
ture surface, two distinct textures were observed—
LDPE crazes and smooth ES30 [Fig. 9(c,d)]. This was
also confirmed by FTIR with micro-ATR analysis of
fracture surfaces.

With increasing temperature through the ES30
glass transition and melting region, G decreased due
to softening of the ES30 layer. From 0 to 60°C, no
evidence of cohesive failure was observed on the

fracture surfaces. In addition, a layer thickness ef-
fect persisted, indicating that deformation occurred
through the entire thickness of the ES layer. It was
assumed that the damage zone was similar to that in
Figure 7(a).

With increasing temperature through the ES30 melt-
ing point (61°C), G decreased by a factor of 10 and the
layer thickness effect was no longer observed. In SEM
micrographs of LDPE/ES30 peel surfaces at 70°C in
Figure 10, ES30 was observed on both surfaces as
whitened ribbons parallel to crack growth. The
strength of the ES30 had decreased to such a degree
that the interfacial strength was greater than the co-
hesive strength, and it was easier for the crack to run
through the ES30 layer rather than along the interface.

—

A

P50 10vn HD4B

8812 15KV

Figure 10 Scanning electron micrographs of opposite fracture surfaces of LDPE/ES30 (115/15 um) at 70°C. The crack

propagated from left to right.
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Figure 11 (a) Effect of temperature on delamination tough-
ness of LDPE/ES68. (b) Corresponding glass transition
(DMTA) for ES68.

This was confirmed by examination of the fracture
surfaces with FTIR-ATR analysis.

It is common for the failure mode in rubbery poly-
mer adhesives to change from interfacial to cohesive
as the temperature is increased.*® A sharp drop in
peel force with increased temperature is also typically
observed. Gent et al. explained this behavior by attrib-
uting the interfacial fracture to the rubberlike state
(>T,, <T,,) of the adhesive and the cohesive fracture
to the liquidlike state (>T,,).* Upon peeling, a suffi-
ciently softened adhesive under sufficiently large
forces cavitates before the crack propagates. The crack
runs through the cavities, resulting in cohesive failure
through the adhesive layer. Similarly, the transition
from interfacial to cohesive failure at 70°C for LDPE/
ES30 was due to the transition in ES30 from the rub-
berlike state to the liquidlike state.

The effect of temperature on the delamination
toughness of the lowest adhesion system LDPE/ES68
is shown in Figure 11(a). At temperatures below the
ES68 Tg, no layer thickness effect was observed due to
the inability of ES68 to plastically deform and there-
fore no damage zone could develop, a mechanism
similar to that of brittle adhesives. Discontinuous
crack propagation occurred during peeling for both
layer thicknesses at all low temperatures due to the
very low interfacial adhesion relative to the bending of
the beam arms. A delamination toughness of about 30
]/ m? was observed and represents the true interfacial
strength of ES68 to LDPE because there was no dam-
age zone contribution to G. When the temperature was
increased through the ES68 T,, delamination tough-
ness increased by a factor of 10 and the layer thickness
effect was observed, indicating the formation of a
damage zone. A maximum in G was observed at the
glass transition of ES68 [Fig. 11(b)], a peak not ob-
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served in LDPE/ES30 because peel experiments could
not be successfully performed at temperatures
through the entire glass transition of ES30. The peak
corresponded to that found in previous experiments
with peel rate [Fig. 3(b)].

A maximum in G is commonly observed in studies
involving rate and temperature effects on peel mea-
surements because at the glass transition, the maxi-
mum amount of energy is required for plastic defor-
mation.* A layer thickness effect was observed within
and above the ES68 glass transition up to 70°C, at
which point ES68 had softened to such a degree that
beam arm bending was the only contribution to G.
Delamination toughness decreased with increasing
temperature by a factor of 10. In contrast to LDPE/
ES30, LDPE/ES68 did not exhibit cohesive failure at
the chosen elevated temperatures because of the low
interfacial adhesion.

Quantitative interpretation of delamination
toughness

For LDPE/ES30 (115/15 um), a quantitative descrip-
tion of ES30 bulk stretching for ambient temperature
delamination was attempted by relating the ES30
stretching in the damage zone to its engineering
stress—strain curve. From in situ SEM and OM obser-
vations, both the maximum draw ratio of the ES layer
at the front of the crack tip (Ap.,) and the length of the
damage zone (1) was determined (Fig. 12). These mea-
surements were made on the basis of the assumption
that the damage zone at the edge of the peel specimen
was very similar to that at the center, which was
confirmed by measuring delamination toughness on
both wide and narrow peel specimens. The results
showed that sample width made no significant differ-
ence in measured G values, and therefore, the applied
approach was validated.

From A, and a, the engineering strain rate (¢) of
the adhesive in the damage zone was calculated as:

max - (1)

2a

~ strain peel rate
~ time )

Imax

Figure 12 Schematic of measured parameters used in cal-
Clﬂatlng GES stretching®
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Figure 13 Engineering stress—strain curves of ES30, used in
calculating Ggg giretching: A slip-link fit has been applied to
extrapolate the curve to higher draw ratios.

The calculated strain rate was then applied to a
uniaxial tension specimen, and the engineering stress—
strain curve was obtained. The ES30 stretching com-
ponent of G (Ggs stretching) Was calculated from the area
under the stress—strain curve up to the maximum ES30
draw ratio (A,,,) and the initial ES30 layer thickness

(Lo):
)\”MX
GES stretching = ZO J odA (2)
!

For LDPE/ES30 (115/15 um) at ambient tempera-
ture, a maximum draw ratio at the front of the crack
tip (Apay) Of 6.25 * 0.25 was measured (from Fig. 5).
Unavoidable tilting of the specimen in the SEM tensile
stage prevented accurate measurements of the dam-
age zone length due to inaccuracy of the displayed
scale. Therefore, a was measured from in situ observa-
tion of the damage zone with a telescopic lens video
camera. The length of the damage zone was 200 um,
and the calculated engineering strain rate was 16
min .

A simple uniaxial tension stress—strain experiment
was performed. Although the stretched ES30 experi-
ences a constrained (pure shear) stress state, a simple
uniaxial tension testing geometry can be used because
of the similarity in stress—strain response of simple
uniaxial tension and pure shear for rubbery and elas-
tomeric materials.'"'* Elastomeric ES stress-strain
curves may be described by an elastic slip-link fit."* A
stress—strain curve of ES30 at 16 min~' with a slip-link
fit to higher draw ratios was used to calculate Ggg
stretching (Fig. 13). A slip-link fit was necessary most
likely because of small differences in the stress state
that allowed the ES to be stretched to higher draw
ratios. The area under the stress—strain curve to a draw
ratio of 6.25 * 0.25 was 70 + 13 MJ/m". Using eq. (2)
GEs stretching Was 1000 = 200 J/m?, about 50% of G
(2080 + 80 J/m?). Therefore, LDPE deformation sig-
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nificantly contributed to G, most likely on the same
scale as the ES30 contribution.

The same measurements and calculations were ap-
plied to LDPE/ES40 (120/15 um) (G = 1600 J/m?).
The area under the stress—strain curve to a draw ratio
of 10.5 + 0.5 was 65 * 10 MJ/m?, which were then
used in eq. (2) to calculate a Ggg giretching Of 1000 = 200
J/m?. Similar to LDPE/ES30, LDPE/ES40 showed that
GES stretching was 50% of Gmeasured'

Beam arm deformation contributions to delamina-
tion toughness were also calculated for LDPE/ES30
(90/10). Plastic deformation was evident after peeling
because the beam arms did not return to their original
positions upon removal of the load and the curvature
of the beam arms did not match the elastica predic-
tion.>'* Beam arm deformation consists of two com-
ponents, stretching and bending. The stretching con-
tribution was calculated by correlating the strain of the
beam arm during stretching to a stress—strain curve of
the microlayer and shown to be within experimental
error (<3.5% of measured delamination toughness).15
The bending contribution was assumed to be on the
same scale as the stretching correction. Therefore, de-
formation in both ES30 and LDPE in the damage zone
was the major factor that controls delamination tough-
ness.

CONCLUSIONS

Adhesion between LDPE and ES was highly depen-
dent on styrene content, ES layer thickness, and tem-
perature. As expected, delamination toughness de-
creased with increasing styrene content in the ES co-
polymer. A linear correlation between delamination
toughness and styrene content predicted that no ad-
hesion would be observed with 72.5 wt % styrene in
ES. Delamination toughness scaled approximately
with ES layer thickness, which suggested that resis-
tance to delamination was determined by deformation
of the entire ES layer. The actual interfacial failure
made a negligible contribution. From in situ observa-
tion of the damage zone in a SEM tensile deformation
stage and from analysis of peel fracture surfaces, del-
amination mechanisms were characterized for both
high and low adhesion systems. For high adhesion
systems (LDPE/ES30, LDPE/ES40), delamination oc-
curred by stretching and subsequent recovery of the
ES layer accompanied by localized stretching and
crazing of the polyethylene layer. For low adhesion
systems (LDPE/ES60 and LDPE/ES68), a layer thick-
ness effect was observed which indicated similar bulk
stretching and recovery of the ES layer with no signif-
icant LDPE deformation.

The effect of temperature on delamination tough-
ness for two representative systems was examined
and observed to be strongly dependent on the primary
ES thermal transitions. Delamination toughness was
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highest around the ES T, because the most energy was
required to develop a damage zone and stretch out the
ES layer. For LDPE/ES30, tests below the ES30 Tg
were not successful due to yielding or breaking of the
beam arms before the crack propagated; however, the
LDPE/ES68 system showed a sharp decrease in del-
amination toughness below the ES68 T,. This was due
to the low interfacial strength and the inability of
systems to form a damage zone. When the tempera-
ture was increased above the melting or softening
point of ES30 and ES68, delamination toughness de-
creased because the ES was easier to deform. For the
higher adhesion LDPE/ES30 system, cohesive failure
was observed at 70°C and above because the interface
was stronger than the cohesive strength of ES30.

A quantitative description of bulk ES stretching for
the two high adhesion systems was made by correlat-
ing ES stretching in the damage zone to the ES engi-
neering stress-strain curve. As calculated, the ES
stretching contributed about 50% to the measured del-
amination toughness. The remaining energy was as-
sumed to be due primarily to polyethylene deforma-
tion.
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