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A novel heat-sealing performance is achieved by polyethylene (PE) nanocomposites reinforced
by ethylene vinyl acetate (EVA) and montmorillonite (MMT). Appropriate nanocomposite
design leads to hermetic seals with a general peelable/easy-open character across the broadest
possible sealing temperature range. Observations of the frac-
ture seal surfaces by infrared spectroscopy and electron micro-
scopy reveal that this behavior originates from a synergistic
effect of the EVA copolymer and the montmorillonite clay
nanofiller. Namely, the combination of EVA-copolymers and
MMT nanofillers provides sufficiently favorable interactions
for nanocomposite formation and mechanical robustness, but
weak enough interfacial adhesion to promote a general cohe-
sive failure of the sealant at the EVA/MMT interfaces.
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Introduction

Research efforts in polyolefin/layered-silicate nanocom-

posites have achieved many breakthroughs, and have
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yielded several examples of high performance materials,

including more than a dozen commercialized examples.[1]

With the exception of improved flame retardancy,[2] these

polyolefin nanocomposites mostly rely on straightforward

reinforcement by nanoscale, and hence high surface area,

fillers to enhance selected property-sets,[1] while opportu-

nities for nanocomposites with directed morphologies or

genuine ‘‘nano’’-functionalities still remain largely

untapped.[3,4] At the same time, development and

optimization of polyethylene (PE) heat sealants for plastic

packaging applications has a long tradition, and these

materials currently have the dominant market share of

sealants for flexible packaging.[5] However, to date there

has been no attempt to exploit the new functionalities

afforded by the nanocomposite formation toward the

development of PE heat-sealants with novel behaviors.

In this work, we report the design principles behind a

new class of PE/montmorillonite nanocomposites, where

appropriate functional polymers were employed to evoke

versatile broad-range peelable heat seals. Specifically, a

synergy of ethylene vinyl acetate (EVA) copolymer and

montmorillonite nanofillers—appropriately incorporated
DOI: 10.1002/marc.200800553 17
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in a commercial PE-based sealant—mediate a general

cohesive failure, which macroscopically manifests in peel-

able seals across a very broad range of sealing temperatures.
Figure 1. Seal strengths for 25.4 mm-wide flat seals, using 1 000 psi
pressure and 8 s dwell time to fully equilibrate the sealing interface.
The horizontal dashed lines indicate the range of peelable seal
strengths. (a) Commercial grade PE and PE/EVA sealants, as well as
the respective PE/MMT nanocomposite, show the typical[6,7] heat
sealing curve, progressing with increasing temperature from no-
seal (seal strength below 1 N � cm�1), to peelable seals over a narrow
temperature range, to weld/fused seals at higher temperatures.
(b) The PE/EVA/MMT achieves peelable heat seals over a very broad
range of sealing temperatures,[14] independent of the substrate
sealed on. (PE: neat commercial sealant, an LLDPE/LDPE blend; PE/
EVA: same PE sealant blend with 30% of LDPE–EVA copolymer (18%
VA content); PE/MMT: nanocomposite of the same PE sealant with
6 wt.-% organo-montmorillonite via LLDPE-graft-MAH/MMT mas-
terbatch; PE/EVA/MMT: the PE/EVA blend reinforced by 6 wt.-%
organo-montmorillonite).
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Results and Discussion

Fused PE heat seals are well established and are

straightforward to manufacture, simply by employing

neat PE sealed at temperatures above its melting point. In

contrast, peelable PE seals necessitate sealant modifica-

tions, typically addition of an immiscible and lower

softening temperature polymer—such as polybutylene,

methyl acrylic acid or methyl acrylate ethylene-copoly-

mers, ionomers, and/or EVA copolymers.[5,6] Such blends,

beyond the obvious decrease in seal initiation tempera-

ture, also lead to an apparent reduction in area of bonding,

and thus to reduced seal strengths. This affords for

peelable seal strengths to form over a broader temperature

range (5 to 15 8C wide) compared to the much narrower

(less than 5 8C wide) range for the respective PE.

Given the ability to independently control different

properties in nanocomposites, one could devise strategies

for PE nanocomposite sealants that broaden evenmore the

temperature range of peelable heat-sealing strengths,

while maintaining a mechanically robust character and a

reduced melting point: for example, in this study we

design nanocomposites sealants that fail predominately at

the filler/polymer interfaces, and consequently exhibit a

general cohesive failure during peeling. Their seal strength

can thus be tailored at a peelable value by tuning the

nanofiller/polymer interfacial adhesion, their melting

point can be determined by the type and concentration

of functionalized polymers, and their mechanical proper-

ties can be improved by the appropriate dispersion of the

nanoscopic fillers. Ethylene vinyl acetate copolymers of

low density PE—referred hereafter as EVA—were chosen

as the functional polymers to achieve such a property set

since: (i) they reduce the melting point of a typical PE

sealants[6]—usually blends of linear low density and low

density PE[7] (LLDPE/LDPE); (ii) even at low VA content (e.g.,

below 9 mol-%) they contain sufficient numbers of polar

groups to disperse common organo-clay nanofillers[8,9]

(such as alkyl-ammoniummodified montmorillonite); and

(iii) the combination of their random copolymer archi-

tecture and of the LDPE chain microstructure does not

stabilize polymer-bridged networks of nanofillers, in

contrast to the more commonly used maleic anhydride

graft PE copolymers,[10,11] thus facilitating weaker inter-

facial strengths and resulting in a weaker cohesion for the

nanocomposite.

In Figure 1, we compare the seal curves of a nano-

composite sealant (denoted as PE/EVA/MMT in Figure 1b,

and comprised of LLDPE/LDPE polymer, 30% LDPE-
Macromol. Rapid Commun. 2009, 30, 17–23
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random-VA copolymer, and 6 wt.-% dioctadecyldimethyl

ammonium-modified montmorillonite, MMT) against the

ones obtained by the respective neat sealant (PE in

Figure 1, the unfilled LLDPE/LDPE blend) and the respective

PE/EVA sealant (unfilled LLDPE/LDPE containing the same

amount and type of EVA copolymer as the nanocompo-

site). All seals were formed at high pressure and very long

dwell times (1 000 psi and 8 s) to ensure that the sealing

interface between the two films is fully equilibrated[7] at

each sealing temperature. Empirically,[12,13] a seal strength

of 0.77 N per cm width of seal (ca. 200 g � inch�1) is

considered as the onset of hermetic seal formation,
DOI: 10.1002/marc.200800553
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whereas seal strengths in the range of 1.8–5.3 N � cm�1

(1–2.5 lb � inch�1 or ca. 450–1150 g � inch�1) are considered

peelable (easy-open). With increase in temperature the

seal strength reaches a constant value plateau and the

seals are considered weld/fused.

Comparing Figure 1a versus 1b, it becomes obvious at

the outset that there exists a clear qualitative difference in

the sealing behavior of the PE/EVA/MMT nanocomposite

and that of PE and PE/EVA blends: the unfilled blends show

the typical sealing curve that progresses smoothly from

non-sealing below an onset temperature, to peelable (over

a range of 5 or 10 8Cwide for PE or PE/EVA, respectively), to

the plateau strength of a fused seal for higher tempera-

tures. In contrast, the PE/EVA/MMT shows an almost

constant seal strength throughout a very broad sealing

temperature range, at least 25 to 30 8C wide and in most

cases for all temperatures studied.[14] Moreover, the

conventional sealants perform very differently when

sealed on different surfaces; for example from Figure 1a

the seal strengths of PE or PE/EVA are very different when

heat-sealed on themselves rather than on each other,

whereas neither forms a hermetic seal on high density PE

(HDPE) for any of the temperatures shown. In contrast, the

PE/EVA/MMT shows the same sealing behavior on all

sealants, and also on HDPE.

The broad-temperature peelable sealing is obtained only

when both EVA and MMT are present together in the

nanocomposite (Figure 1a vs. 1b). Namely, sealants that do

not contain both EVA-copolymer and montmorillonite

behave similar to the typical commercial PE sealant (i.e.,

beyond any difference in absolute values, PE, PE/EVA, and

PE/MMT all show essentially the same sealing trends,

Figure 1a). In particular, comparing the seal behavior of PE/

EVA/MMT nanocomposite versus that of PE/MMT nano-

composite (the same LLDPE/LDPE blend reinforced by

6 wt.-% MMT, but including PE-graft-maleic anhydride

instead of the EVA–LDPE copolymer) definitively traces the

peelable behavior to a synergy of the EVA copolymer and

the montmorillonite nanofiller.

Furthermore, the constant value of PE/EVA/MMT

nanocomposite’s seal strength, throughout the tempera-

ture range studied[14] and independent of the other side of

the seal (Figure 1b), strongly indicates that this behavior is

an inherent property of the nanocomposite sealant, rather

than of the sealing interface or process. Clues along these

lines can be obtained by compositional analysis of the

fractured seal surfaces, which can be done, in a first

approach, via attenuated total reflection infrared (ATR–

FTIR) spectroscopy. In Figure 2a ATR–FTIR spectra are

provided for the fracture surfaces from various seals

(spectra a–f) and for the corresponding unsealed/virgin

films (spectra g–j). Focusing first on peelable seals formed

when PE/EVA/MMT nanocomposite sealants are sealed on

neat PE films, the ATR–FTIR spectra show traces of EVA and
Macromol. Rapid Commun. 2009, 30, 17–23
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MMT on the PE side of the fracture surface, indicating that

the fracture path was through the PE/EVA/MMT nano-

composite (cohesive failure of the nanocomposite sealant);

this observation holds for seals formed both at low sealing

temperature (Figure 2a/spectrum e) as well as at high

sealing temperature (Figure 2a/spectrum f). For PE/MMT

sealants, filler is detected on the other side of a fused seal

(Figure 2a/spectrum b) indicating a cohesive failure within

the PE/MMT sealants; much smaller amounts of MMT are

detected on the opposite side of peelable PE/MMT seals

(Figure 2a/spectrum a) indicating a mostly interfacial

failure. In contrast, for the PE/EVA sealant, there is no

evidence of EVA on the other side of the fractured seal (not

even for fused seals, Figure 2a/spectrum c) indicating an

adhesive failure of the PE/EVA at the seal interface. Given

the long dwell time and high pressure of the sealing, which

assure that there are no diffusion or thermal equilibration

limitations,[7] these results demonstrate that fracture

occurs preferentially at the interfaces of the montmor-

illonite clay fillers (Figure 2). Additionally, considered in

combination with the corresponding seal strengths

(Figure 1), these results further suggest weaker interfaces

in PE/EVA/MMT, compared to the LLDPE-graft-MAH

mediated PE/MMT interface, which, in turn, seems weaker

than the adhesion between PE and EVA. This last remark is

qualitatively shown also by the ATR–FTIR spectra of

peelable seals between PE/EVA and PE/MMT, where MMT

nanofillers are detected on the PE/EVA side whereas no

EVA is detected on the PE/MMT side (Figure S3 of

Supporting Information, or in ref.[15]). This ranking of

interfacial strengths is consistent with the recorded seal

strengths (Figure 1) and the ATR–FTIR spectra (Figure 2), as

well as in accord with theoretical considerations of how

the nature of the copolymers (i.e., the EVA and MAH polar

comonomers, and the difference in polymer architecture

and branching between the LLDPE-graft-MAH and LDPE-

random-VA) will affect the interfacial adhesion with the

SiOx surface of the fillers.[8,10,11,16]

Further, insights on the fracture behavior of the

nanocomposite sealants can be obtained by direct

observation of the fractured seals by environmental

scanning electron microscopy (ESEM). In Figure 2b, the

PE side of the fractured seal is shown, comparing PE/EVA

sealed on PE against PE/EVA/MMT sealed on PE. Despite its

higher energy of fracture (cf. larger seal strength) the PE/

EVA on PE seal yields a much smoother fracture surface

than the three-fold weaker PE/EVA/MMT on PE seal. This,

at first glance,may seem at oddswith the usual connection

between crack path tortuosity and energy of fracture.

Generally, a rougher fracture surface indicates a higher

energy to break, since it corresponds to a more tortuous

crack propagation and a larger effective fracture area.

Thus, a rougher fracture surface for the weaker seal clearly

denotes that the cracks in PE/EVA/MMT sealant deviate
www.mrc-journal.de 19
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Figure 2. (a) ATR–FTIR spectra of virgin films (top) and fractured seal surfaces (bottom). The spectra from fracture surfaces of PE/EVA/MMT
nanocomposite, detect MMT and EVA-copolymer on the opposite side of the broken seal, indicating a cohesive failure. Absence of similar
transfers in PE/MMT and PE/EVA indicates that this behavior results from a synergy of EVA-copolymer and MMT nanofiller (all specimens
were from 25.4 mm wide flat seals, 1 000 psi/8 s, temperatures vary to show peelable or fused seals, materials are termed as per Figure 1;
spectra are from one (a, b, e, f) or both (c, d) fracture seal surfaces). (b) Secondary electron (topography) and corresponding energy dispersive
X-ray spectra from environmental SEM of fracture seal surfaces: the PE side of PE/EVA sealed on PE (left) is relatively smooth and shows no
appreciable transfer of sealant (adhesive seal failure). The PE side of PE/EVA/MMT sealed on PE (right) is much rougher despite the lower
seal strength, and clearly shows aluminum and silicon traces, denoting appreciable amounts of MMT layered-silicate on the fracture surface
(cohesive failure of the nanocomposite sealant).
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from straight propagation in order to travel through

weaker regions in the nanocomposite.[17] Inspection of the

corresponding energy dispersive X-ray spectra (EDS,

Figure 2b bottom) reveals that for the PE/EVA/MMT seal

substantial amounts of the nanocomposite sealant trans-

fer on the other side of the seal interface after fracture, as

indicated by the characteristic EDS energies for Al and

Si,[18] denoting a cohesive failure of the PE/EVA/MMT

nanocomposite. In contrast, the smoother fractured sur-

face from a PE/EVA seal shows limited, if any at all,

transfer of the EVA-containing sealant to the other side of

the seal.

From all the above, it becomes clear that fracture in the

PE/EVA/MMT nanocomposite sealants preferentially

occurs at the interface between EVA and MMT, i.e.,

between the LDPE-random-VA copolymer and the organi-

cally modified layered-silicate. A schematic of this

mechanism is shown in Figure 3. More specifically,
Macromol. Rapid Commun. 2009, 30, 17–23
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efficient nanocomposite sealants that operate in this

manner necessitate that EVA-copolymers are preferen-

tially located around the organically modified MMT

nanofillers (as depicted by the gray regions in the

schematic of Figure 3). This is intuitively expected to

happen (since the vinyl acetate is polar and will interact

more favorably with the organo-montmorillonites[8] than

the apolar PE) and it is also experimentally confirmed by

X-Ray diffraction (which shows further swelling of the

intercalated MMT tactoids upon introduction of the EVA

copolymer, Figure S2 of Supporting Information). The

proposed mechanism of peelability is also consistent with

the more tortuous fracture surfaces despite the lower

fracture energies (cf. Figure 2b), since cracks in the PE/EVA/

MMT nanocomposite sealant are expected to propagate

through the weaker EVA/MMT interfaces, rather than the

PE regions where polymer entanglement and crystal-

lization occur. This mechanism is also consistent with the
DOI: 10.1002/marc.200800553
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Figure 3. A schematic representation of the proposed mechanism
for the general peelable character of the PE/EVA/MMT nanocom-
posite sealants. Incorporation of EVA copolymer and MMT in the
nanocomposite sealant define regions with weak interfaces
where cohesive failure of the nanocomposite is promoted, thus
accounting for the behaviors reported in Figure 2. Cohesive failure
upon sealant fracture, also accounts for constant-strength peel-
able heat seals across a broad range of sealing conditions and
sealing surfaces (cf. Figure 1b).

Macromol. Rapid Commun. 2009, 30, 17–23

� 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

seal interface

crack path
(cohesive fracture)

EVA copolymer
(gray regions)

MMT tactoids
(       )

seal interface
almost constant—sealing-temperature independent—

seal strength of PE/EVA/MMT shown in Figure 1b, since

the seal strength is dictated by the interfacial adhesion of

the EVA/MMT interfaces, an inherent property of the

nanocomposites, which should be invariant under sealing

temperature changes and independent of the material

used for the other side of the seal. In support of this

supposition, when PE/EVA/MMT is sealed on PE, PE/MMT,

PE/EVA, or PE/EVA/MMT, a markedly independent

seal strength of 3 N � cm�1 is obtained (with a spread of

�1 N � cm�1, when materials and temperature are varied)

compared to a spread of 15 N � cm�1 for the respective

unfilled sealant (PE/EVA, for the same materials and

temperature range).

Further, evidence of the seal strength being an inherent

character of the PE/EVA/MMT nanocomposite can be

obtained by employing different methods and conditions

of heat sealing. For example, employing much shorter

dwell times and smaller pressures, does not alter the broad

temperature–range character of the peelable PE/EVA/

MMT seals, nor does it alter their seal strength value. This

was experimentally confirmed in a bench top impulse

sealer under ultra-low pressures and heat-impulses of

0.2 to 1.0 s (Figure S3 of Supporting Information) and in an

ASTM-conforming sealer (0.5 s dwell and 40 psi, Figure S5

of Supporting Information). Considering that such varia-

tions in the conditions of heat sealing, i.e., variations in

dwell time and pressure, will mostly affect the tempera-

ture equilibration of the seal interface, the reproducibility

of the sealing behavior under varied conditions is

essentially equivalent to achieving a peelable seal over a

broad range of sealing temperatures (cf. Figure 1b), and

further endorses the proposed mechanism of a cohesive

failure in PE/EVA/MMT. Also, variations in the composi-

tion of the PE/EVA/MMT nanocomposite sealant do not

change qualitatively its peelable character (cf. Figure S5 of

Supporting Information); quantitatively, the seal strength

remains constant under substantial changes in the PE/EVA

ratio and the EVA-comonomer fraction, whereas it shows

small only changes with the MMT loading (Figure S5 of

Supporting Information).

Finally, it is worth noting that PE/EVA/MMT also forms

reproducible heat seals on HDPE, something that none of

the standard sealants (e.g., PE or even PE/EVA) can achieve.

Obviously, since PE/EVA blends do not form heat-seals on

HDPE, this behavior is not solely due to the adhesive

character of the EVA copolymer (a typical adhesion

promoter of PE for polymers such as polyamides,

polyesters, and polypropylene). Rather, this behavior is

most probably a manifestation of the miscibility of the

montmorillonite/EVA domains with HDPE.[16] This is an

interesting observation, with important implications for

flexible packaging applications, but its detailed discussion

goes beyond the scope of this paper.
www.mrc-journal.de 21
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Conclusion

In summary, nanocomposite heat sealants based on

LLDPE/LDPE blends reinforced by a combination of EVA

copolymer and organically modified montmorillonite

were made and studied. These materials exhibit a very

versatile heat-sealing behavior, yielding hermetic but

peelable heat-seals across the broadest possible tempera-

ture range. Their seals are characterized by almost

constant seal strength, which is largely independent of

sealing temperature. This novel performance originates

from a synergy of the EVA copolymer and the montmor-

illonite nanofillers, which have an interfacial adhesion

that is strong enough to promote mixing andmaintain the

sealant integrity, but is evidently weak enough to dictate

paths of easy crack propagation upon seal peeling. This

synergy results in a general cohesive failure of the

nanocomposite sealant, and consequently in the forma-

tion of broad range peelable seals, bearing high promise for

the flexible packaging industry.
Experimental Part

Materials

Commercial grade polymers and fillers were used throughout this

study. PE was a Dow Integral polyolefin adhesive (an 80/20 blend

of LLDPE/LDPE). Ethylene vinyl acetate was an ExxonMobil

Escorene copolymer (LDPE-random-VA copolymer with 18% vinyl

acetate content). The layered-silicates were commercial organo-

montmorillonites (MMT) purchased from Nanocor, Arlington

Heights (IL), with a cation exchange capacity (CEC) of ca. 1.0

meq � g�1 and modified by dimethyldioctadecyl ammonium. For

the PE/MMTnanocomposites, the organo-MMTwas first dispersed

with a twin-screw extruder at 25 wt.-% inorganic loading in

maleic anhydride (MAH) functionalized PE (an LLDPE-graft-MAH

with 0.26 wt.-% MAH, Mw ¼67000 g �mol�1 and Mw=Mn ¼ 6.1).

Nanocomposites were subsequently formed by dilution of these

concentrates in the PE sealant in a twin-screw extruder. PE/EVA/

MMT blown films were made of 10–20 mm sealant layer (LLDPE/

LDPE with 30% EVA-copolymer and 6 wt.-% of organo-MMT, via a

LLDPE-graft-MAH concentrate) on a ca. 50 mm thick HDPE

substrate. Additional commercial-grade packaging films donated

by Kraft Global Foods, Pliant Corporation, and Alcan Packaging

were also tested as received.
Methods and Instrumentation

Twin-screw extrusion was done with a heating profile of 145, 145,

185, 185, 185, 185, and 185 8C from feed to nozzle (barrel diameter,

d¼ 30 mm, L/d¼36:1) at a rate of 20 lb �h�1. Blown films were

produced on an industrial line (Pliant Corporation, Chippewa Falls,

WI) to form both monolayer films of polymers, blends, and

nanocomposites, and also multilayer blown films of sealants and

nanocomposites coextruded on HDPE. Peel tests were performed
Macromol. Rapid Commun. 2009, 30, 17–23
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according to the ASTM F88-00 unsupported protocol,[12a] on an

Instron 5866 tensile tester, operated with pneumatic grips, at a

testing speed of 200 mm �min�1. Environmental scanning

electron microscopy was performed in an FEI Quanta 200,

operated under low vacuum, with no metal coating applied to

the fracture surfaces; the microscope was equipped with an

Oxford Inca energy dispersive X-ray system (EDS). ATR–FTIR

spectra were recorded on a Scimitar 1000 (Digilab Global,

Randolph, MA), at 2 cm�1 resolution, under ambient atmosphere.
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