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ABSTRACT: The effects of the blend composition and
compatibilization on the morphology of linear low-density
polyethylene (LLDPE)/ethylene vinyl acetate (EVA) blends
were studied. The blends showed dispersed/matrix and
cocontinuous phase morphologies that depended on the
composition. The blends had a cocontinuous morphology at
an EVA concentration of 40-60%. The addition of the com-
patibilizer first decreased the domain size of the dispersed
phase, which then leveled off. Two types of compatibilizers
were added to the polymer/polymer interface: linear low-
density polyethylene-g-maleic anhydride and LLDPE-g phe-
nolic resin. Noolandi’s theory was in agreement with the
experimental data. The conformation of the compatibilizer
at the blend interface could be predicted by the calculation
of the area occupied by the compatibilizer molecule at the
interface. The effects of the blend ratio and compatibilization
on the dynamic mechanical properties of the blends were
analyzed from —60°C to +35°C. The experiments were per-
formed over a series of frequencies. The area under the
curve of the loss modulus versus the temperature was

higher than the values obtained by group contribution anal-
ysis. The loss tangent curve showed a peak corresponding to
the glass transition of EVA, indicating the incompatibility of
the blend system. The damping characteristics of the blends
increased with increasing EVA content because of the de-
crease in the crystalline volume of the system. Attempts
were made to correlate the observed viscoelastic properties
of the blends with the morphology. Various composite mod-
els were used to model the dynamic mechanical data. Com-
patibilization increased the storage modulus of the system
because of the fine dispersion of EVA domains in the LLDPE
matrix, which provided increased interfacial interaction.
Better compatibilization was effected at a 0.5-1% loading of
the compatibilizer. This was in full agreement with the
dynamic mechanical spectroscopy data. © 2006 Wiley Period-
icals, Inc. ] Appl Polym Sci 100: 4526—-4538, 2006
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INTRODUCTION

Linear low-density polyethylene (LLDPE) is widely
used in many consumer and engineering applications.
Improving the properties of LLDPE through blending
with other polymers can extend the areas of applica-
tion. Several studies have been reported on the mod-
ification of polyethylene with rubbers and plastics.
Blends of polyethylene have gained much attention
because they possess high processing characteristics
and mechanical properties.'

Dynamic mechanical analysis (DMA) at a selected
fixed frequency over a range of temperatures has
grown as a useful analytical technique for the charac-
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terization of polymeric mateials—homopolymers, co-
polymers, blends, and composites—and their evalua-
tion for consideration in stress- and safety-sensitive
applications.”* DMA is a technique that helps us to
evaluate the glass-transition temperature (T,) of the
blends and the individual components, from which
we can assess the miscibility of the blends. The dy-
namic mechanical properties, such as the storage mod-
ulus (E"), loss modulus (E”), and loss tangent (tan 8), of
polymer blends depend on the structure, crystallinity,
extent of crosslinking,” and so forth. The data and
information generated may then be employed as a
means of fingerprinting polymer systems and for lo-
cating glass transitions and associated features. The
dynamic mechanical properties of blends of LLDPE
and ethylene—-propylene-butene-1 terpolymer were
studied by Cho et al.® The «, B, and 1y relaxations,
which arise because of the constituents, indicate that
the blend is immiscible in the amorphous and crystal-
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TABLE 1
Details of the Materials Used

Material Characteristics

Procured from

LLDPE (Reclair F19010) Grade: F19010

Reliance Industries, Ltd. (Hazira, Gujarath, India)

Melt flow index (g/10 min): 0.9

Density (g/cc): 0.92
Poly(ethylene-co-vinyl acetate)

(Piolene 1802) Vinyl acetate (%): 18

Polyolefins Industries, Ltd. (Chennai, India)

Melt flow index (g/10 min): 2.00
Intrinsic viscosity (dL/g): 0.17

Density (g/cc): 0.937

line phases. Wippler’” reported on the dynamic me-
chanical properties of polycarbonate/polyethylene
blends and used the Takayanagi model to predict the
behavior of experimental E'.

The miscibility and phase behavior of polymer
blends is of crucial importance in many applications.
The effects of compatibilization on the dynamic me-
chanical properties of various polymer blends have
been reported. An analysis of the data of the dynamic
mechanical properties and impact properties for var-
ious compositions of elastomer-modified polypro-
pylene blends has revealed a direct correlation be-
tween the impact properties and dynamic mechanical
loss tangent.®

The dynamic mechanical behavior of various ther-
moplastic elastomer blends was recently reported by
this laboratory. Oommen et al.” at this laboratory stud-
ied the effect of natural rubber-g-poly(methyl methac-
rylate) on the dynamic mechanical and thermal prop-
erties of natural rubber/poly(methyl methacrylate)
blends. The effects of the compatibilizer loading on E’,
E”, and tan & at different temperatures and at different
frequencies were analyzed. The dynamic mechanical
properties of isotactic polypropylene/nitrile rubber
blends were investigated by George et al.' Many
researchers'''* have used DMA to evaluate the com-
patibility, T,, phase behavior, and other properties of
polymer blends. DMA at the submicrometer scale has
also been used for analysis."” Miscibility studies on
radiation-crosslinked ethylene vinyl acetate (EVA)/
LLDPE blends have been performed with tempera-
ture-modulated differential scanning calorimetry.'®

Blends of LLDPE with EVA have advantages of low
cost, low density, and ease of processing. They com-
bine the mechanical properties of LLDPE and the flex-
ibility and environmental stress crack resistance of
EVA. Earlier, the melt flow behavior and melt elastic-
ity of these blends were reported.'”'® A thorough
examination of the recent literature clearly shows that
these blends have tremendous applications in a vari-
ety of fields, which include damping applications, out-
door uses, and dielectric applications. However, no
detailed analyses have been made until now on the
interrelationships of the morphology, dynamic me-
chanical properties, and compatibilization.

In this article, we report on the morphology and
dynamic mechanical properties of LLDPE/EVA
blends. The effects of the blend ratio and compatibili-
zation with maleic- and phenolic-modified compatibi-
lizers on the morphology and dynamic mechanical
properties have been studied. The area occupied by
the compatibilizer in the blend interface has been in-
vestigated with a view toward suggesting a possible
conformation for the compatibilizer in the interface.
Attempts have been made to correlate the dynamic
mechanical properties with the morphology of the
blend. Finally, the experimental dynamic mechanical
properties have been compared with theoretical models.

EXPERIMENTAL
Materials and blend preparation

Details of the polymer [a butene comonomer based
LLDPE (Reclair F19010) and EVA (Piolene 1802) with
a vinyl acetate concentration of 18%] are given in
Table I. The compatibilizer maleic anhydride-g-linear
low-density polyethylene (MA-g-LLDPE) was pre-
pared by the melt mixing of LLDPE (100 parts) with
maleic anhydride (MA; 5 parts) and benzoyl peroxide
(0.5 g)'¥ at 125°C. The phenolic-modified compatibi-
lizer was prepared by the mixing of LLDPE (100 parts)
with phenolic resin (4 parts) and stannous chloride
(0.8 g) at 125°C. The mixing time was 6 min.

The LLDPE/EVA blends were prepared in a Bra-
bender plasticorder at 125°C at a rotor speed of 60
rpm. LLDPE was first melted for 2 min, and then EVA
was added and mixed for 4 min. The total mixing time
was 6 min in all cases. The different compositions

TABLE 1I
T, of EVA Phases from the Tan é Curve and E” Curve

T, (°C) from

Sample Tan & curve E" curve
Ei00 -11.9 -219
E, -12 —7.95
Eso -39 -83
Es -5 -9
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Figure 1 SEM micrographs of LLDPE/EVA blends.

were designated E, (x = 0, 30, 50, 70, or 100), where x
represents the weight percentage of EVA in the blend
(with a view toward developing blends of thermoplas-
tic elastomeric compositions, we are interested in 30/
70, 50/50, and 70/30 EVA/LLDPE ratios). The com-
patibilized 70/30 LLDPE/EVA blends with 0, 0.5, 1, 3,
and 5 wt % maleic-modified compatibilizer are repre-
sented as E;;, 0.5MC, 1MC, 3MC, and 5MC, respec-
tively. The 70/30 LLDPE/EVA blends with the phe-
nolic-modified compatibilizer are designated 0.5PC,
1PC, 3PC, and 5PC.

Morphology studies

Samples for scanning electron microscopy (SEM) anal-
ysis were prepared by the cryogenic fracturing of the
samples in liquid nitrogen. To enhance morphological
features and to facilitate easy identification of phases,
the cryogenically fractured samples were etched with
CCl, to extract the minor EVA phase. The dried sam-

ples were sputter-coated with gold and scanned under
a scanning electron microscope.

Selective-solvent extraction

A selective-solvent dissolution technique was used to
determine the cocontinuity region. The selected sol-
vent used to dissolve the EVA phase was chloroform.
No solvent was available for LLDPE. An approxi-
mately 1 g sample was weighed and immersed in 250
mL of the solvent for 10 days at room temperature.
After 10 days, the solvent was changed to allow better
dissolution of the considered phase. After 5 days, the
remaining parts of the sample were dried in vacuo at
40°C and then weighed again.

DMA

The viscoelastic properties of the blends were mea-
sured with a Polymer Laboratories MK-II dynamic
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Figure 2 Effect of the blend composition on the cocontinu-
ity.

mechanical thermal analyzer at a dynamic tension
strain amplitude of 0.325% in the tensile mode at a
frequency range of 0.1-50 Hz. The temperature of the
testing was —60 to 35°C. Compression-molded sam-
ples (70 X 12 X 5 mm?®) were used for testing.

RESULTS AND DISCUSSION

Morphology and dynamic mechanical properties of
the uncompatibilized blends

The SEM micrographs of the blends Ej, E,y, Esy, Eg,
and E;, are shown in Figure 1. They demonstrate a
two-phase morphology. From the photographs, it is
clear that, up to E;;, EVA is dispersed as spherical
domains in a continuous LLDPE matrix. When the
proportion of EVA is 40%, there is onset of cocontinu-
ity. An interpenetrating cocontinuous morphology is
obtained for the 50/50 EVA/LLDPE system. By the
addition of 60% EVA, the cocontinuous morphology
slightly changes, and beyond E;, EVA forms a con-
tinuous phase, and LLDPE is dispersed in it.

The results from the selective-solvent dissolution
technique were also used to determine the cocontinu-
ity region. The continuity of one phase can be defined
as the fraction of the polymer that belongs to a con-
tinuous phase. For polymer A, this parameter is eval-
uated with the following expression:

Continuity of A (%)

-~ Mipiia(Sample) — 1, (sample)
T W) X ample) 100 ()

where ;4. is the mass of sample before extraction,
Mgna 1 the mass of sample after extraction, and w(A)
is the weight fraction of A in the initial blend. When
the percentage of continuity of both components
equals 100%, the morphology of the blend is consid-
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ered to be cocontinuous. From selective dissolution
experiments, a continuity diagram has been drawn,
and above 40 wt % EVA, the EVA phase is continuous
(Fig. 2). The sample after extraction did not break
down (disintegrate) between 0 and 60 wt % EVA, and
this indicates that the LLDPE phase is continuous in
that range.

The dynamic mechanical properties, that is, E’, E”,
and damping (tan §), of the pure components and
blends were evaluated from —60 to + 35°C. Figure 3
shows the variation of tan & with the temperature for
the pure components and blends. Various research-
ers®’~>® have used dynamic mechanical investigation
to predict the miscibility of polymeric systems. Gen-
erally, for an incompatible system, the tan é-temper-
ature curve shows two tan 6 or damping peaks corre-
sponding to the T’s of individual polymers. In blends
of any two polymers in the amorphous state, the pres-
ence of a single T, intermediate between those of the
pure polymers confirms the miscibility of the systems.
A highly compatible blend shows only a single peak
between the transition temperatures of the component
polymers; whereas broadening of the transition occurs
in the case of partially compatible systems. Shifted
T,’s are also indicative of partial miscibility. In Figure
3, EVA shows a sharp peak. Because of the interaction
between EVA and LLDPE, we get a broad peak for the
EVA phase in the blends. The broadness of the peaks
is an indication of an interaction between the compo-
nents. There is some interaction between the two poly-
mers on account of the similarity of the structures

0.25
Freq 10Hz —=—E0
d —e—E30
—A—E50
—Y—E70
0.20 = 9, ——E100
0.15 =
- -
c
8
0.10 =
0.05
0.00 I T T T 7 Y v T
-60 -40 -20 0 20 40

Tempera(ureo(c)

Figure 3 Effect of the temperature on the tan & values of
LLDPE/EVA blends.



4530

TABLE III
E for the Transition of the EVA Phase in the
LLDPE/EVA Blends

Sample E (J/mol)
Eio0 14
E,o 1.1
Eso 141
Eso 1.1

between EVA and LLDPE. EVA contains polyethylene
segments. Therefore, these segments are compatible
with the LLDPE phase. As a result, T, is shifted.
However, the resolution of T, analysis 1s limited to
10-nm scales. In the case of compatible and partially
compatible blends, the T, values are shifted to higher
or lower temperatures, depending on the composition.
There are primary and secondary relaxations in the
case of polymers. The primary relaxations include
melting and phase changes. During secondary relax-
ations, the heat capacity changes, but no phase change
occurs. The «, B, and y relaxations are secondary
relaxations, and « is the glass-transition change. In the
case of LLDPE/EVA blends, there is a transition cor-
responding to T, of EVA. We can expect a transition
corresponding to Tg of LLDPE also, which we could
not detect in the set experimental temperature range.
The tan 8 curve of EVA at 10 Hz shows a peak at
—12°C due to the «a transition arising from the seg-
mental motion of EVA, which corresponds to T, of
EVA. LLDPE has a relaxation at 0°C in the tan 6—tem-
perature curve. This relaxation corresponds to the 3
relaxation of LLDPE, which is associated with the
relaxation of small side groups in the amorphous re-
gion. The « transition of LLDPE is at a very low
temperature that we could not detect in our experi-
mental temperature range. EVA has shown high
damping because of its rubbery nature. As the EVA
content decreases, tan & decreases. In the case of
blends, T, shifts toward a higher temperature region.
Such a shift is similar to the effects of fillers on T, of
polymers. T, of EVA shifting toward the right in the
presence of LLDPE is due to the presence of crystal-
linity in LLDPE. Here crystallites are acting as fillers.
WAXS results also support the increase in the crystal-
linity of blends in the presence of LLDPE.**

The activation energy (E) values for the glass tran-
sition due to the EVA phase of the blends have been
calculated with an Arrhenius equation:

log f=

where f is the frequency of the transition, A is the
pre-exponential factor, R is the universal gas constant,
and T is the temperature (K). The plots of log f versus
1/T were constructed, and the E values were calcu-

log A — E/RT (2)
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lated from the slopes of the plots. The E values for the
transition of EVA are given in Table III. The blends E;,
and E,, show lower E values because of the incom-
patible two-phase morphology. The blend Es, has the
highest E value because of its cocontinuous morphol-
ogy, which provides more interactions between the
two phases.

Phase mixing in the blends

The fundamental nature of damping in polymers orig-
inates from the coordinated chain motion associated
with the relaxation process, especially the glass tran-
sition. As the temperature or frequency is varied, E”
and tan & exhibit peaks at which damping reaches a
maximum. The areas under the linear tan é-tempera-
ture (tan 8 area) and linear E"-temperature [loss area
(LA)] curves can be characterized to develop a rela-
tionship between the damping and molecular archi-
tecture. The area under the E’-temperature curves
(LA) is related to the chemical composition of the
material. The quantity LA was found to be a molecular
characteristic governed by the structure of the individ-
ual polymers.

The integral of the E"-temperature curve is charac-
terized to develop a relationship between the extent of
damping and the contribution for each group toward
the damping performance. Sperling et al.* suggested
five methods to evaluate the area under the linear
E"-temperature curve (LA). Of those methods, we
made use of the integral method. The area under the
linear E"-temperature curve can be derived with the
phenomenological approach:*®

R =
(Ea)avg 5 T§ (3)

TR
LA = f E"dT = (EL — EJ)

Tc

where E'; and E'; are the storage moduli in the glassy
and rubbery states and T and Ty are the glassy and
rubbery temperatures just below and above the glass
transition, respectively. (E,),, is the activation energy
of the relaxation process, and R is the gas constant.

The group contribution analysis method is used to
determine the theoretical values of LA. It is based on
the assumption that the structural groups in the re-
peating units provide a weight fraction additive con-
tribution to the total LA. The basic equation for the
group contribution analysis of LA is***’

AE

27 (4)

where M; is the molecular weight of the ith group of
the repeating unit, M is the molecular weight of the
whole mer, E; is the molar loss constant for the ith
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TABLE IV
Theoretical and Experimental values of LA
Theoretical
Experimental LA (GPa
Sample LA (GPa K) K)
Eso 21.31 3.70
Eso 14.48 3.98
E,o 3.82 426

group, and n represents the number of moieties in the
mer. Equation (4) provides a predictive method for LA
values via the structure of the polymer.

The theoretical and experimental values of LA for
various blends are given in Table IV. The experimental
values are larger than those obtained by group contri-
bution analysis. This is because the experimental
value of LA is influenced by the morphology, the
interaction between the polymer components, and the
phase continuity of the system. The higher experimen-
tal values of LA indicate enhanced interactions be-
tween the component polymers and enhanced damp-
ing. In the case of LLDPE/EVA blends, there will be
some sort of borderline compatibility that may arise
because of the structural similarity of LLDPE and
EVA.

Theoretical modeling of the dynamic mechanical
properties

The applicability of various composite models, such as
the parallel, series, Halpin-Tsai, Corans, and Takay-
anagi models, are examined to predict the dynamic
mechanical behavior of the blends. The parallel model
(highest upper bound model) is given by the following
equation:

M = M, + My, (5)

where M is the property of the blend; M, and M, are
the corresponding properties of components 1 and 2,
respectively; and ¢, and ¢, are the volume fractions of
components 1 and 2, respectively. In this model, the
components are considered to be arranged parallel to
one another so that the applied load stretches each of
the component by the same amount.

In the lower bound series model, the components
are arranged in series with the applied stress. The
equation is*®

1/M= ¢1/M1 + d)z/Mz (6)

According to the Halpin-Tsai equation®**°

Ml/M = (1 + AiBid)Z)/(l - Bi¢2) (7)
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B, = (My/M; — 1)/ (My/M;, + A) (8)

In this equation, subscripts 1 and 2 refer to the con-
tinuous and dispersed phases, respectively. The con-
stant A; is defined by the morphology of the system.
For elastomer domains dispersed in a hard continuous
matrix, A; is 0.66, and for hard domains dispersed in
an elastomeric matrix, A, is 1.5.

The properties of an incompatible blend usually are
between the upper bound parallel model (M;;) and the
lower bound series model (M;). According to Coran’s
equation’

M = f(My — M) + M, )

where f can vary between zero and unity. The value of
fis given by

f=Vi(nVs+1) (10)
where 71 contains the aspects of phase morphology. Vy;
and V are the volume fractions of the hard phase and
soft phase, respectively.

The viscoelastic behavior of heterogeneous polymer
blends can be predicted with Takayanagi’s model. The
Takayanagi model is given by

E=(1-MEu+[(1=¢)/Ew + (6/EN]T (11)
where E,, is the complex modulus of the matrix phase,
Ey is the complex modulus of the dispersed phase,
and A¢ is the volume fraction of the dispersed phase.
The values of A and ¢ are related to the degree of
series—parallel coupling.

The degree of parallel coupling of the model can be
expressed by'’

% parallel = [$(1 — A)/(1 — Ad)] X 100 (12)
Figure 4 shows the experimental (at 0°C) and theoret-
ical plots of E' of LLDPE/EVA blends as a function of
the volume fraction of EVA in the blend. The modulus
decreases as the concentration of EVA increases. The
curve shows a positive deviation from the additivity
line, and this may be correlated to the morphology of
the system. The blends E,, to E, have a cocontinuous
morphology, which contributes to the E’ value. The
curve shows a slope change from E, to E,y,, which is
attributed to phase inversion of EVA. Among the dif-
ferent theoretical models, Coran’s model is close to the
experimental values.

Effect of compatibilization

By the addition of a suitably selected compatibilizer to
immiscible blends, the interfacial tension can be re-
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Figure 4 Applicability of various theoretical models for
predicting E" of LLDPE/EVA blends.

duced, and a finer dispersion of the dispersed phase is
achieved during mixing. Above all, it provides good
interfacial adhesion.® The physical properties of poly-
mer blends are highly affected by the morphology of
the compatibilized blends.>*® According to brush
theory, the interdiffusion between neighboring poly-
mers resulting in the entanglement of polymer chains
is of great importance for bonding between phases.””*®
The presence of compatibilizers increases the interfa-
cial thickness, and this effect is related to the molecu-
lar weight of the surface-attached compatibilizer.”
The thickest interface was observed for the compati-
bilizer having the highest molecular weight. When the
length of fully stretched compatibilizer chains are
compared to the thickness of the interfaces, the inter-
faces are found to be thicker than the length of the
compatibilizer chains.*” This observation points to the
fact that the compatibilizer chains restrict the mobility
of the matrix chains with which they are not in direct
contact. There may be a probable stretching of the
compatibilizer chains away from the matrix, forming a
brushlike structure, which can be schematically repre-
sented as shown in Figure 5. The hydrophobic LLDPE
chains of the compatibilizer prefer to interact with the
LLDPE matrix and are repelled by the polar EVA
phase. The polar MA part of the compatibilizer inter-
acts with the EVA phase.

The roles of phenolic-modified LLDPE and maleic-
modified LLDPE as compatibilizers in LLDPE/EVA

MOLY ET AL.

blends have also been investigated and compared. The
mechanism of the modification of LLDPE by the graft-
ing of MA is presented in Figure 6(a). The grafting
reaction is carried out by a melt mixing technique at
125° C and at 60 rpm. The mixing time is 6 min. In the
presence of dicumyl peroxide, free radicals are gener-
ated, which in turn generate free radicals from poly-
ethylene, which is grafted to MA. As the MA group is
polar in nature, when we use it as a compatibilizer,
there will be polar/polar interactions between the po-
lar EVA and MA group in the compatibilizer. The
nonpolar polyethylene part of the compatibilizer goes
with the LLDPE phase. The expected mechanism of
compatibilization of LLDPE/EVA blends with phe-
nolic resin (Ph)-g-LLDPE is given in Figure 6(b). Here
also there are polar/polar interactions between the
vinyl acetate group in EVA and the hydroxyl group in
Ph-LLDPE. Upon the addition of these compatibiliz-
ers, the interfacial thickness increases, and this leads to
effective stress transfer between the dispersed phase
and the continuous phase, an increase in the interfacial
adhesion, and a reduction in the interlayer slip.

Morphology and dynamic mechanical properties of
the compatibilized blends

The effects of phenolic-modified polyethylene and
maleic-modified polyethylene as compatibilizers on
the morphology of E;, blends are presented in Figures
7 and 8, respectively. From the SEM micrographs, it is
clear that the size of the dispersed EVA domains is
reduced by the addition of the compatibilizers. Similar
behavior was observed for other blend compositions.
This reduction in the domain size of dispersed EVA
upon the addition of MA-¢g-LLDPE and Ph-LLDPE is
due to the reduction in the interfacial tension between
the dispersed EVA phase and LLDPE matrix and the
suppression of coalescence, which results in the stabi-
lization of the blend morphology. In addition, the
presence of the graft copolymer at the blend interface
broadens the interfacial region through the penetra-
tion of the copolymer chain segments into the corre-
sponding adjacent phases.*' The average domain size
of the compatibilized blends as a function of the com-
patibilizer concentration is given in Figure 9. The av-
erage domain diameter of the uncompatibilized Es,
blend is 3.44 um. In the case of compatibilized blends,

Figure 5 Schematic representation of the brush theory of compatibilization.
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Figure 6 (a) Probable modification of LLDPE in the pres-
ence of MA and (b) probable mechanism of compatibiliza-
tion of LLDPE/EVA blends in the presence of Ph-g-LLDPE.

the addition of 0.5% MA-¢g-LLDPE compatibilizer re-
duces the domain size to 1.2 um, thereby causing a
reduction in size up to 64%. Up to 0.5% MA-g-LLDPE,
a reduction in the domain size can be noticed. Beyond
this concentration, MA-g-LLDPE causes a slight in-
crease in the size of the dispersed domain and then
levels off, possibly because of micelle formation in the
continuous polyethylene matrix. The addition of Ph—
LLDPE up to a 3% concentration reduces the domain
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size, and a slight increase in the domain size can be
observed with an increase in the concentration of Ph—
LLDPE. The equilibrium concentration at which the
domain size levels off can be considered the so-called
critical micelle concentration (cmc), that is, the concen-
tration at which micelles are formed. The cmc has been
estimated by the intersection of the straight lines at the
low- and high-concentration regions.***® The cmc
value for MA-g-LLDPE is 0.5%. The cmc value indi-
cates the critical amount of compatibilizer required to
saturate the unit of volume of the interface. Generally,
cmc is estimated from a plot of the interfacial tension
versus the copolymer concentration. As the interfacial
tension is directly proportional to the domain size,
cmce can be estimated from a plot of the domain size
versus the copolymer concentration.** Several studies
have been reported on interfacial saturation by the
addition of compatibilizers.*> * This study and al-
most all the reported studies on the physical and
reactive compatibilization of immiscible polymer
blends and the theoretical prediction of Noolandi and
Hong*®™™ suggest that a critical concentration of the
compatibilizer is required to saturate the interface of
binary polymer blends. Above this critical concentra-
tion, the compatibilizer may not modify the interface
but forms micelles in the bulk phase.

One can also explain the interfacial saturation based
on Taylor’s theory.””? In Taylor’s theory, the particle
size and the critical Webber number (W,) are related
by the following equation:

W,=Gn,D/y (13)

where G is the shear rate, 7,, is the matrix viscosity, D
is the domain size of the dispersed phase of the blend,
and v is the interfacial tension of the blend. Upon the
addition of the compatibilizer, the interfacial tension
decreases, and there is a consequent particle break-
down. However, at a particular compatibilizer load-
ing, there is a balance of interfacial tension and shear
stress. From the equation, it is clear that there is a
critical value of W, below which no particle break-
down occurs and hence a critical particle size. At this
point, the compatibilizer attains the highest possible
interfacial area, and therefore there must be a maxi-
mum quantity of the compatibilizer required to satu-
rate the blend interface. According to Tang and
Huang,>® the average radius (R) of the dispersed
phase is given by

R = (RO - Rs)eiKC + RS (14:)

where R, and R, are the average radii of dispersed
domains at a compatibilizer concentration if zero and
at saturation, respectively, and C is the concentration
of the compatibilizer. The equation is based on the
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Figure 7 SEM micrographs of Ph-LLDPE-compatibilized E,, blends.

assumption that the change in the interfacial tension
with the concentration of compatibilizer is given by

—dy/dc=K(y -, (15)

where vy is the interfacial tension at compatibilizer
concentration C, v, is the interfacial tension at the
saturation concentration, and K is a constant. The
changes in the average radius of domains with the
compatibilizer concentration were fitted to eq. (14),
and the values of K were determined and plotted
against the compatibilizer concentration in Figure 10.
The K value is expected to increase with the level of
compatibilization and decrease with the degree of self-
association in the blend.”*”*The figure is in agreement
with the theory. In the case of MA-¢-LLDPE, K in-
creases up to about 0.5 wt % compatibilizer, whereas
in the case of Ph-g-LLDPE, K increases up to 3 wt %
and then decreases with a further increase in the com-

patibilizer concentration; this depicts the saturation of
the interface followed by micelle formation.

The area occupied by MA-¢g-LLDPE at the blend
interface, %, was calculated with the expression sug-
gested by Paul and Newman:*

> =3¢,M/mRN (16)

where M is the molecular weight of the copolymer, N
is Avogadro’s number, ¢, is the volume fraction of
homopolymer A in an A/B blend, R is the radius of
the dispersed domains, and m is the mass of the co-
polymer required to saturate the unit of volume of the
blend interface (cmc).

On the basis of the values of 3, one can deduce the
conformation of the graft copolymer at the blend in-
terface. There are two physical models showing the
conformation of the compatibilizer molecule at the
interface. In the first model, the blocks of the copoly-
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Figure 8 SEM micrographs of MA-g-LLDPE-compatibilized Ej, blends.

mer extend to the corresponding homopolymer phase,
as shown in Figure 11(a). In such a case, the area
occupied by the copolymer at the interface is the cross-
sectional area of the extended copolymer molecule,
and this value is found ~0.5 nm?. In the second model,
the copolymer is believed to lie almost completely flat
at the interface [Fig. 11(b)]. In this case, the occupied
area will be the lateral surface area of the entire co-
polymer molecule. This has been estimated on the
basis of the root mean square radius of gyration of the
compatibilizer, and the value is close to 112 nm?*. The
3, values for various concentrations of MA-g-LLDPE
for the 70/30 LLDPE/EVA blend have been calcu-
lated. At about 0.5% MA-g-LLDPE, the copolymer
attains the maximum interfacial area. The value of the
interfacial area of the compatibilizer at the blend in-

3.5

—HN— MA.g.LLDPE
—@— Ph.g.LLDPE

3.0 4

2.5 4

Dn(pum)

Weight % of Compatibiliser

Figure 9 Effect of the compatibilizer concentration on the
dispersed domain diameter (D,,) of E;, blends.
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Effect of the compatibilizer concentration on the

terface at cmc is 3.18 nm?®. This value is intermediate
between the fully extended model (0.5 nm?) and the
flat model (112 nm?). Therefore, it is reasonable to
believe that the conformation of the compatibilizer at
the blend interface is an intermediate conformation, as
shown in Figure 11(c).

Noolandi and Hong**~° proposed a general theory
for two immiscible homopolymers, A and B, diluted
with a solvent in the presence of a diblock copolymer.
The authors derived the mean field equations for the
fundamental probability distribution function for the
system. The polymer density profile in the interfacial
region was obtained by the solution of the mean field
equation by numerical analysis. The interfacial ten-
sions in these systems were evaluated on the basis of
free energy considerations. Their model is based on
the assumption that the part of the copolymer that
does not localize the interface will be randomly dis-
tributed in the bulk of the homopolymers phase as
micelles. Localization of the copolymer, however, re-
sults in a decrease in the entropy and ultimately limits
the amount of the copolymer at the interface. The
separation of the blocks and the consequent stretching
of the blocks into the corresponding homopolymers
also cause a decrease in entropy. However, the main
contribution to the reduction in interfacial tension is
the entropy loss of the copolymer that localizes at the
interface. Noolandi and Hong, by neglecting the con-
formational entropy, derived an analytical expression
for the interfacial tension reduction:

Av = dd)c[(]-/z)((;bp + 1/Zc) - 1/Zc eXp(Zchbp/z)]
(17)

where ¢, is the bulk copolymer volume fraction of the
copolymer, ¢, is the bulk volume fraction of polymer
A or B, Z_ is the degree of polymerization of the
copolymer, and x is the Flory-Huggins interaction
parameter between A and B segments. Noolandi and

MOLY ET AL.

Hong™ further suggested that both the copolymer
molecular weight and concentration are equally im-
portant in reducing the interfacial tension. They noted
that the interfacial tension surface is bounded by a
cmc curve, as blocks of large molecular weight tend to
form micelles in the bulk of the homopolymer phases.
Therefore, the theoretical treatment of Noolandi and
Hong is valid only for concentrations below cmc. For
concentrations below cmc, the interfacial tension is
expected to decrease with the copolymer concentra-
tion, whereas for concentrations above cme, a leveling
off is expected. Noolandi*® further suggested that in
the absence of a solvent, eq. (16) could be reduced to

Av=do[(1/2x +1/Z,) = 1/Z. exp(Zx/2)] (18)

Although the theory was developed for the action of a
symmetrical diblock copolymer, A-b-B, in incompati-
ble binary blends (A/B), it can be very well applied to
other systems in which the compatibilizing action is
not strictly by the addition of block copolymers.*>*
As the interfacial tension reduction is directly propor-
tional to the particle size reduction at a low volume
fraction of the dispersed phase, as suggested by Wu,””
it can be argued that

8D =Kdo[1/2x +1/Z. exp(Zx/2)] (19)

where K is a proportionality constant.

A plot of the domain size reduction as a function of
the volume fraction of MA-g-LLDPE for the 30/70
EVA/LLDPE blend is shown in Figure 12. At a low
MA-¢-LLDPE concentration (below cmc), there is a
drastic decrease in the domain diameter with an in-
crease in the volume fraction of the graft copolymer,
whereas at a higher concentration (above cmc), a lev-
eling off can be observed in agreement with the pre-
dictions of Noolandi and Hong.**~>°

Figure 13 depicts the variation of E’ of 30/70 EVA/
LLDPE blends compatibilized with different concen-
trations of Ph-LLDPE and MA-g-LLDPE. With the
addition of the compatibilizer, E' increases. Beyond a
particular concentration of the compatibilizer loading,
E’ slightly decreases and levels off. In the case of the
Ph-LLDPE compatibilizer, a 1% loading shows the
maximum E’. If there are better interaction and adhe-
sion between the phases, E’ should increase with the
compatibilizer concentration. The better interaction

Phase 1

Phase 1 phase 1

Phase 2
Phase 2

(a) (b ©

Figure 11 Schematic models illustrating the conformation
of the copolymer at the interface.
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Figure 12 Variation of the particle size reduction (Ad) as a
function of the weight percentage of the compatibilizer.

between LLDPE and EVA in the presence of Ph-LL-
DPE is evident from the SEM micrographs. However,
a higher loading of the compatibilizer decreases the £
value because of micelle formation. This is in agree-
ment with the morphological findings.

In the case of MA-g-LLDPE, the 0.5% compatibilizer
loaded blend shows the highest E’ value at various tem-
peratures. In the interfacial modification of LLDPE/EVA
with MA-¢g-LLDPE, the compatibilizer increases the in-
terfacial interaction between EVA and LLDPE by the
dipole/dipole interaction between the polar EVA part
and polar MA part of MA-¢g-LLDPE. From the figure, it
is clear that the maximum interfacial interaction is pro-
vided by a 0.5% compatibilizer loading, and beyond that
loading, E’ decreases and levels off because of micelle
formation of the compatibilizer. From the SEM images, it
is also clear that upon the addition of 0.5% compatibi-
lizer, the morphology shows a fine and uniform distri-
bution of the dispersed EVA phase, which provides
maximum interaction between the phases.

Finally, we would like to comment on the role of the
compatibilizer in the miscibility of the EVA/LLDPE
polymer systems. Both electron microscopy and dy-
namic mechanical spectroscopy clearly show that the
system is still phase-separated even in the presence of
the compatibilizer. This is in agreement with Paul and
Newman’s™ observation. According to Paul and
Newman, if two polymers are far from being miscible,
then no compatibilizer is likely to make a one-phase
system. Therefore, for a completely immiscible system
such as EVA/LLDPE, the main role of a compatibi-
lizer is to act as an interfacial agent. By doing so, the
interface is strengthened by the suppression of coales-
cence and reduction of interfacial tension. This in fact
leads to a fine and stable morphology.

CONCLUSIONS

Morphology studies of LLDPE/EVA blends have re-
vealed that the blends with a 40-60% composition
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have a cocontinuous morphology, and all other blends
show a dispersed/matrix phase morphology. EVA-
rich blends have LLDPE as the dispersed phase, and
LLDPE-rich blends have EVA as the dispersed phase.
The conformation of the compatibilizer in the interface
is predicted by the calculation of the area occupied by
the compatibilizer at the interface. The effects of the
blend ratio and compatibilization on the dynamic me-
chanical properties of LLDPE/EVA blends have been
analyzed in a temperature range of —60 to +35. The
experimental E’ values are higher than the theoretical
E’ values obtained by group contribution analysis,
and this is an indication of some sort of interaction
between the two phases. The tan 6 curve of the blends
shows a peak corresponding to the glass transition of
EVA, which indicates that T, of EVA is not affected by
blending with LLDPE and points to the thermody-
namic immiscibility of the blend system. The damping
characteristics of the blend increase with increasing
EVA content because of the decreasing crystalline vol-
ume of the system. Various composite models have
been used to predict the dynamic mechanical data.
Compatibilization increases the E’ values of the sys-
tem, and this is due to the fine dispersion of EVA
domains in the LLDPE matrix providing increased
interfacial interaction. The morphology of the blends
has great influence on the viscoelastic properties. We
have observed a very clear relationship between the
morphology and dynamic mechanical spectroscopy.
Very specifically, upon the addition of the compatibi-
lizer, the domain size of the dispersed phase decreases
and then levels off at a high concentration. The DMA
analysis also indicates an increase in the E’ values
with the addition of a small amount of the compati-
bilizer, and a leveling off has been observed on ac-
count of interfacial saturation. Once the interface is
saturated, the addition of more compatibilizer does
not modify the interface anymore. This is reflected in
the dynamic mechanical properties. Therefore, the

5.5

kY

Storage modulus x 10

T T T T T T T T T T
0 1 2 3 4 5

Weight % of compatibiliser

Figure 13 Effect of the compatibilizer concentration on E’
of the E;, blend at different temperatures.
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main contribution of this work is the interrelationship
between the morphology and dynamic mechanical
spectroscopy. We have also obtained a very good
correlation with the compatibilization theories of Noo-

landi and Hong.
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