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ABSTRACT: The rheology, morphology, thermal, me-
chanical, and adhesive properties of blends containing eth-
ylene—vinyl acetate and metallocene-catalyzed ethylene-a-
olefin copolymers, containing butene and octene comono-
mers, were investigated. On the basis of the thermal and
rheological properties and scanning electron microscopy ob-
servations, we deduced that these blends were immiscible,
both in the solid and melt states over the whole range of

compositions. Rheological properties were correlated to
blend morphology with the Palierne emulsion model. The
butene-based blends had better mechanical properties,
which was attributed to their finer morphology, lower in-
terfacial tension, and better adhesive properties. © 2004 Wiley
Periodicals, Inc. ] Appl Polym Sci 94: 881-889, 2004
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INTRODUCTION

Vinyl acetate (VAc)/ethylene copolymers, often re-
ferred to as ethylene-vinyl acetate (EVA) are thermo-
plastics that are synthesized by the copolymerization
of ethylene and VAc. Their thermal and rheological
properties vary substantially as a function of VAc
content,' which allows for the tailoring of their prop-
erties to render them suitable for diverse applications,
such as hot-melt adhesives, films, and foams.

EVA is often compounded with other polyolefins,
such as polypropylene and polyethylene, forming
thermodynamically immiscible but mechanically com-
patible blends. Blends of EVA with low-density poly-
ethylene have been the focus of many studies*™® be-
cause of their extensive use in several practical appli-
cations, including packaging films, extruded foam
profiles, sheets for automobile parts, and electric cable
insulation. The rheological properties and processabil-
ity of blends of EVA with low-density polyethylene
and metallocene-catalyzed polyethylene were studied
recently by Peén and coworkers.”” Blends of EVA
with metallocene catalyzed ethylene—«a-olefin copoly-
mers (ECs) for film applications were also reported.'”
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EVA has also been used for the impact modification of
polypropylene''™" and in blends with EPDM.'*"1¢

In this study, we examined the rheological and solid-
state properties of binary blends containing EVA and
metallocene-catalyzed ultra-low-density ECs, with
particular focus on the effect of the comonomer type
(butene vs octene) contained in the copolymer. Be-
cause a potential end use of these blends is in hot-melt
adhesives formulations, special attention was paid to
their adhesive properties.

EXPERIMENTAL
Materials and blend preparation

Blends of an EVA with an ethylene-octene copolymer
(EOC) and an ethylene—butene copolymer (EBC) were
prepared with a Berstorff ZE-40A 43 mm corotating
twin-screw extruder (Florence, KY) with a length-to-
diameter ratio of 40:1, equipped with a Gala pelletizer
(Gala Industries, Inc., Eagle Rock, VA). The extruder
was operated at 150 rpm, with an output rate of 18
kg/h. The extrusion temperatures ranged from 150°C
in the feeding zone to 190°C at the die, and the melt
temperature ranged between 223 and 235°C, depend-
ing on the blend composition. A series of blends con-
taining 25, 50, and 75% EV A were prepared. The pure
components were similarly compounded to provide
control materials for comparative evaluations. The
polymers used in this study had comparable molecu-
lar weights, which made them suitable for hot-melt
adhesive formulations. The properties of the pure
components are summarized in Table I.
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TABLE I
Material Properties
Melting

Comonomer Melt flow index temperature Density
Resin type (g/10 min) (°C) (kg/m?)
EVA VAC 9.3 74 949
EBC Butene 11.2 67 880
EOC Octene 8.6 63 870

Thermal and rheological properties

A controlled stress rheometer (ViscoTech by Reologica
Instruments AB, Lund, Sweden) with parallel plates
(20 mm in diameter) was used in the oscillatory mode
to measure linear viscoelastic properties, with a gap of
1.5 mm. All measurements were carried out under a
nitrogen atmosphere to limit degradation and the ab-
sorption of moisture.

The thermal properties were evaluated with a Seiko
DSC 2209, by Seiko Instruments, Inc., purchased from
Thermo Haake (Madison, WI). Samples weighing 10
mg were placed in an aluminum pan and heated to
150°C to eliminate the thermal history of the material.
Subsequently, the samples were cooled to —50°C at a
rate of 10°C/min and heated for a second time to
150°C at a rate of 5°C/min. Melting temperatures and
heats of fusion were recorded during the second heat-
ing sequence.

Dynamic mechanical analysis (DMA)

The temperature dependence of the elastic modulus
(G"), loss modulus (G”), and loss tangent (tan 8) was
recorded with the controlled stress rheometer in tor-
sion between —95 and 60°C. The frequency (w) was set
to 1 Hz, the strain was 0.1%, and the heating rate was
5°C/min. Glass-transition temperatures were ob-
tained from the peak of the tan & curve.

Scanning electron microscopy (SEM)

We prepared specimens for SEM by heating the poly-
mers to 190°C and immediately quenching them in
cold water to freeze their morphology. The samples
were freeze-fractured with liquid nitrogen, gold
coated, and observed with a Philips XL 3°CP scanning
electron microscope with a beam power of 20 kV.
Images were analyzed with SigmaScan Pro Image
Analysis software (Leesburg, VA). At least 250 parti-
cles were used to calculate their average diameter.

Optical properties

Tapes of approximately 4 mm in thickness were pro-
duced for optical property characterization with a 1.5-
in. Stirling extruder equipped with a 4-in. width coat-
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hanger die and chilled rolls. The extruder was oper-
ated at 30 rpm, the temperature was varied from
140°C in the feeding zone to 160°C in the die, and the
melt temperature was 160°C. The chilled rolls were
maintained at 35°C.

A Gardner XL-210 Hazegard system (BYK-Gardner,
Columbia, MD) was used to perform haze measure-
ments on the tapes according to ASTM D 1003-97. A
Gardner Glossgard system 45 was used for gloss mea-
surements, according to ASTM D 2457-70. In both
tests, the average of five measurements is reported.

Tensile properties

A tabletop injection molder from Mining & Chemical
Products, Inc. (Willingborough, United Kingdom) was
used to produce the specimens for the tensile tests
(Type III according to ASTM D 638M). A Monsanto
Tensometer 10 (St. Louis, MO) was used to carry out
the tensile tests in accordance to ASTM D 638M at
speeds of 50 and 500 mm/min. Five trials were per-
formed per sample.

T-peel adhesion

Blends for the T-peel tests were prepared by roll mill-
ing at 100°C. Approximately 100 g of the dry-blended
material was added to the rolls, which were being
operated initially at a speed of 10-15 rpm and subse-
quently at 25-30 rpm. All of the samples for T-peel
testing were prepared according to ASTM D 1928-96.
We prepared the plaques by placing 20 g of polymer
resin and five sheets of Mylar between two aluminum
sheets in a 175 X160 mm picture-frame mold and
compression molding at 165°C with a Wabash press
(Wabash, IN). Samples were subjected to low pressure
(~15 psi) for 5 min and subsequently to higher pres-
sure (~1500 psi) for another 5 min and cooled to room
temperature. A die (150 X 25 mm) was used to cut out
the test specimens.

T-peel tests were performed in accordance with
ASTM D 1876-93 with an Instron 4464 (Canton, MA)
tensile testing machine. Three specimens were tested
for each blend composition. A crosshead speed of 280
mm/min with grips approximately 12 mm apart and
a load of 2 kN were used for a sample width of 25 mm.

RESULTS AND DISCUSSION
Viscoelastic properties

Figures 1 and 2 depict the complex viscosity (1*) and
G’ values of the EVA/EBC and EVA/EOC blends at
190°C. Discrete relaxation spectra were obtained by
fitting G" and G” with the generalized Maxwell model,
as shown in eq. (1). The respective fits are shown in
Figures 1(b) and 2(b):
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Figure 1 Viscoelastic properties of EVA/EBC blends at

190°C: (a) n* and (b) G, as a function of w.
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Zero-shear viscosity (m), steady-state compliance

(Js),

and terminal relaxation times (A’s) were calcu-

lated from the discrete relaxation spectra according to
egs. (2)-(4)"” and are summarized in Table II:
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(4)

Master curves were constructed with the time-tem-
perature superposition principle, where a and by are

the horizontal and vertical shift factors, respectively:

bTG,(aTw/T) = G/((x),T(,)
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Figure 2 Viscoelastic properties of EVA/EOC blends at
190°C: (a) n* and (b) G, as a function of w.
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TABLE 1I
Viscoelastic Parameters at 190°C

Blend 1, (Pas) A (s) J2 % 10% (Pa™ ) AE (kJ/mol)
composition EVA/EBC EVA/EOC EVA/EBC EVA/EOC EVA/EBC EVA/EOC EVA/EBC EVA/EOC
0/100 778 851 0.03 0.12 0.02 0.14 22.8 441
25/75 1025 1270 1.14 1.13 1.11 0.89 30.9 44 .8
50/50 1380 2208 12.50 15.10 9.08 6.84 40.8 429
75/25 2099 3493 3.80 6.60 1.81 1.89 46.7 455

100/0 1873 1873 1.47 1.47 0.78 0.78 46.7 46.7

where T is the temperature and T, is a reference tem-
perature.

Horizontal activation energies were calculated by
the application of an Arrhenius-type dependence to ar
[eq. (6)] and are shown in Table II:

AE/1 1
ar = oxp| g7 1| ©)

where AE is the flow activation energy, R is the ideal
gas constant, T, is the reference temperature, and T is
the actual temperature. b; closely followed the well-
known relation:'®

T,p,
by = 7

where p and p, are the densities at T and T, respec-
tively. We assumed that in the temperature range
under consideration, p/p, = 1.

The 7, values of the blends showed positive devia-
tion behavior with respect to additivity, as demon-
strated in Figure 3. Similar behavior has been noted
previously for many immiscible polyolefin blends."
At high frequencies (corresponding to high shear
rates), the addition of EVA to both ECs clearly low-
ered their viscosity values, and the additivity rule was
followed closely.

The viscoelastic parameters summarized in Table
II revealed that in terms of the pure components,
EVA was the most elastic because it had the highest
values of relaxation time and elastic compliance due
to the large amount of long-chain branching it con-
tained. EBC was the least elastic because it did not
contain any long-chain branching. The J¢ and A val-
ues of the blends showed strong positive deviation
behavior, suggesting that they were significantly
more elastic than the pure materials. The values of
the viscoelastic properties of the EOC-based blends
and their activation energies (Table II) were higher
because of the long-chain branching contained in
the octene-based copolymer. Long-chain branching
favored shear thinning, which rendered the viscos-

ities of EOC and EOC-rich blends lower at high
frequencies (see also Fig. 3) and thus implied im-
proved processability.

On closer examination of the G’ values shown in
Figures 1(b) and 2(b), it is obvious that even though
the pure components approached the terminal flow
region where G' « ?, all of the blends displayed
significant elasticity enhancement compared to addi-
tivity and deviation from terminal flow at low fre-
quencies. Increased elasticity at low frequencies is
commonly observed in immiscible polymer blends
and is attributed to the deformability and relaxation of
the droplets that are suspended inside the matrix.*>*'

The shift in the viscoelastic response of blends
toward longer relaxation times could be better dem-
onstrated with plots of the weighted relaxation
spectra [\ H(A)] as a function of log A.*"?** The
relaxation spectrum [H(A)] was calculated from the
experimental G’ and G” data, according to the ex-
pressions in eq. (8), with the method proposed by
Ferry:*

10000

1000

Viscosity (Pa.s)

A EVAJEBC zero shear
A EVA/EBC 100 rad/s

© EVA/JEOC zero shear
& EVA/EOC 100 rad/s

100 L IS— J U U T N W | | I Y Y S S
0 10 20 30 40 50 60 70 80 90 100

EVA Content (%)

Figure 3 1, and viscosity at 100 rad/s as a function of EVA
content at 190°C. The lines depict the rule of additivity for
EVA/EBC and EVA/EOC.
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As expected for immiscible blends, peaks corre-
sponding to the individual components were seen in
the blend spectra shown in Figure 4; however, the
location of the peaks appeared shifted toward longer
relaxation times. The spectra of the pure EBC and EOC
themselves had two peaks, possibly because of inho-
mogeneities in the molecular structure because of the
presence of branching.

The observed viscoelastic properties could be correlated
to blend morphology, as discussed in the next section.

Blend morphology

Droplet-matrix morphology was observed for the
25/75 and 75/25 blend compositions of both systems,
as presented in Figure 5. The corresponding average
particle sizes are summarized in Table III. For all of the
blends, the minor phase was homogeneously dis-
persed, and the particle size distribution was rela-
tively narrow, with the exception of the 25/75 EVA/
EOC composition. The images for the 50/50 composi-
tions of both systems appeared relatively
homogeneous, with no sufficient contrast to distin-
guish between the two phases. Probable explanations
for this observation could be either that the size of the
dispersed phase was very small, resulting in very fine
morphology, or that co-continuous morphologies
were present. The latter is more plausible as these
compositions were likely close to phase inversion and
co-continuous morphologies have been reported in
similar blends previously.'” To verify the existence of
two phases at this composition, the optical properties,
such as haze and gloss, of the films were evaluated.
The fact that haze reached a maximum and, corre-
spondingly, that gloss was minimum at this composi-
tion, as seen in Figure 6 for the EVA/EOC blends,
corroborated our assumption that two phases were
present in the blend but could not be detected by SEM
because of low contrast.

As shown in Table III, the morphology of the 25/75
EVA/EBC blend was finer than that of the respective
EVA/EOC blend, even though the viscosity ratio (de-
fined as ndispersed/nmatrix where ndispersed and TMmatrix
are the viscosities of the dispersed and matrix phases
respectively, calculated at a nominal shear rate of 100
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Figure4 Weighted relaxation spectra of pure materials and
their blends at 190°C: (a) EVA/EBC system and (b) EVA/
EOC system.

s 1) of the EVA/EOC blend was closer to 1. This
translated to a higher value of interfacial tension be-
tween EVA and EOC, as estimated with the Palierne
model.***> A typical fit of the G’ as a function of ,
obtained by the fitting of the Palierne model to the
experimental data for the EVA/EOC 25/75 composi-
tion at 190°C, is shown in Figure 7. The interfacial
tension values obtained for all of the compositions are
summarized in Table III.

Thermal properties

Differential scanning calorimetry (DSC) endotherms
of the pure components and their blends are shown in
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Figure 5 SEM images of the blends: (a) 25/75 EVA/EBC, (b) 75/25 EVA/EBC, (c) 25/75 EVA/EOC, and (d) 75/25

EVA/EOC.

Figure 8(a,b). Both pure materials displayed broad
melting endotherms, representative of the high VAc
content of the EVA' and the very low density of the
ethylene copolymers.”® The pure EOC displayed two
peaks, in agreement with the observations of Simanke
et al”*® This may have been because the octene
comonomer formed a separate crystalline phase. This
peak persisted in the DSC endotherms of the EOC-
based blends.

TABLE III
Viscosity Ratio, Particle Size, and Interfacial Tension
Estimated from the Palierne Model at 190°C

Interfacial
Viscosity ~Number-average tension
Blend ratio diameter (um) (mN/m)
EVA/EBC 25/75 0.5 0.80 = 0.21 0.7
EVA/EBC 75/25 2.0 1.04 = 0.32 0.6
EVA/EOC 25/75 0.7 2.73 = 1.00 1.4
EVA/EOC 75/25 15 1.48 = 0.32 0.6

10 90
9 80
8] 70
. ]
% 60
6 % % —
2 50 8
[ 5 ”n
8 ¢ a0 8
4 i O]
30
3 ¢
20
2%
®
1 & Haze ¢ Gloss 10
0 B B T S S S m 0
0 10 20 30 40 50 60 70 80 90 100
EVA Content (%)

Figure 6 Optical properties of EOC blends as a function of
EVA content.
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The slight shifts seen in the melting peaks of all of
the blends may have been due to the occurrence of
co-crystallization and/or dilution effects because of
the proximity of the melting points of the two mate-
rials. The proximity between the melting points made
it impossible to resolve any potentially existing indi-
vidual peaks corresponding to EVA and the ECs.

The glass-transition temperatures of the pure mate-
rials, determined from the peaks of the tan & versus
temperature curves, shown in Figure 9(a,b), were
—27°C for EVA, —43.5°C for EOC, and —60°C for EBC.
The absence of shifts in the peaks in the DMA traces of
the blends confirmed that they were immiscible. The
25/75 EVA/EBC blend composition posed an excep-
tion. This blend had very fine morphology, as evi-
denced in Table III and Figure 5, and partial miscibil-
ity in the amorphous phase may have existed in this
composition.

Mechanical properties

Table IV summarizes the tensile properties of EVA,
EBC, EOC, and their blends. Among the pure materi-
als, the butene-based EBC exhibited the best tensile
properties, followed by the EOC. All of the EBC-based
blends had better tensile properties than those con-
taining EOC. This may have been due to the better
mechanical properties of the neat EBC compared to
EOC. On the basis of morphological observations, we
suggest that EVA and EBC are more compatible, trans-
lating into better mechanical properties.

Higher testing speeds had a detrimental effect on
the properties of EBC and its blends, whereas the
effect was less prominent in the case of EOC-based
materials and was negligible for pure EVA. This be-
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havior may have been associated with the polymer
structure. The more long-chain branching there was in
the polymers, the least they seemed to be affected by
the speed of testing. These results imply that selection
of the optimum blend formulation depended on the
intended application and the expected speeds of de-
formation that the materials may have experienced.
DMA revealed that in terms of the pure materials,
EBC was the stiffest above —10°C, followed by EOC
and EVA, whereas at lower temperatures, EVA was
the stiffest [Fig. 10(a,b)]. Generally, the G’ values of the
EBC-based blends were higher than those of the EOC-
based blends, and most of the blends displayed syn-
ergistic effects, with their G’ values higher than those
of the pure materials in the entire temperature range.

(a)

50/50 EVA/JEBC

100/0 EVA/EBC
75/25 EVAJEBC

Heat Flow

25/75 EVA/EBC

0/100 EVA/JEBC

TR O S S O ST S S T T N S O S T Y A 0 Y SR Rt

-20 0 20 40 60 80 100 120

Temperature (°C)

100/0 EVA/EOC

75/25 EVAIEOC

50/50 EVA/EOC
25/75 EVA/JEOC
0/100 EVA/EOC
SV IO SO0 O U VN YOO WU LY N (U0 DO U O S [N S S WY S W T W U W T S |

-20 0 20 40 60 80 100 120
Temperature (°C)

Heat Flow

Figure 8 DSC endotherms of pure materials and their
blends: (a) EVA/EBC system and (b) EVA/EOC system.
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TABLE 1V
Tensile Properties at Two Testing Speeds
Stress at break (MPa) Elongation at break (%)
Material 50 mm/min 500 mm/min 50 mm/min 500 mm/min

EVA/EBC

0/100 8.93 £1.02 5.96 = 0.40 1161 = 53 286 = 21

25/75 8.57 = 0.61 5.88 = 0.26 956 * 96 239 + 12

50/50 8.20 = 0.77 6.26 = 0.40 868 + 39 195 + 31

75/25 6.77 £ 0.21 6.30 = 0.07 553 * 49 149 = 12

100/0 5.97 = 0.59 5.64 = 0.11 428 + 20 340 + 34
EVA/EOC

0/100 6.33 = 0.30 443 +0.29 1079 = 35 939 + 42

25/75 6.43 = 0.41 4.60 = 0.20 967 * 55 530 =+ 48

50/50 5.80 = 0.17 490 = 0.07 578 * 41 526 + 28

75/25 6.23 £ 0.21 540 £ 0.17 394 =14 364 = 23

100/0 5.97 £ 0.59 5.64 = 0.11 428 = 20 340 = 34
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Figure 11 Aluminum T-peel adhesion strength as a func-
tion of EVA content.

Adhesive properties

Figure 11 displays the results obtained from the T-peel
tests. The mode of failure was adhesive in all cases. As
expected, EVA had a higher T-peel strength than ei-
ther EBC or EOC because of its polar character, which
arose from the presence of functional groups. EBC-
based blends appeared to be the most beneficial. This
may have been because of the higher stiffness of these
blends, as evidenced by DMA and tensile testing
and/or their lower AE, which would facilitate appli-
cation on the adherent.

A significant synergistic effect was observed for the
50/50 EVA/EBC blend, which may have arisen from
the combination of the good adhesive properties of
EVA (because of its polarity) and the strength of the
EBC.

CONCLUSIONS

Blends of EVA with ultra-low-density ECs were ther-
modynamically immiscible but compatible, as evi-
denced by the low values of interfacial tension be-
tween the components and their fine morphology and
excellent mechanical properties. Synergistic effects
were observed in the adhesive and solid-state vis-
coelastic properties of the blends.

The addition of EVA into the ECs lowered their
viscosity at high shear rates, thus improving their
processability, but it also resulted in substantial in-
creases in elasticity and m,. The higher values of the
viscoelastic properties of EOC-based blends in the
melt state were attributed to the presence of long-
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chain branching in both EVA and EOC. On the basis of
the rheological and morphological analyses and the
mechanical property characterizations, it was evident
that EVA and EBC were more compatible, which re-
sulted in blends with improved end-use properties.
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