Poly(ethylene-co-vinyl acetate) Blends with Phenoxy
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ABSTRACT: EVA was blended with phenoxy over the whole range of composition using
a twin-screw Brabender. Two-phase separation caused by EVA crystallization was
observed in the EVA-rich blends and the dispersed domain of EVA was not clearly
shown in the phenoxy-rich blends. Differential scanning calorimetry (DSC) showed that
the glass transition temperature (T,) of EVA was increased by 5-10°C in the EVA-rich
blends but the T, of phenoxy was superposed over the melting behavior of EVA. X-ray
diffraction measurement indicated that EVA crystallization was restricted in the phe-
noxy-rich blends and the EVA crystal structure was influenced by incorporation of
phenoxy into the EVA-rich blends. © 1999 John Wiley & Sons, Inc. J Appl Polym Sci 73:

227-236, 1999
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INTRODUCTION

Polymer blends and alloys have received wide-
spread attention during the last several decades.
Polymer blends are defined as a physical mixture
of two or more polymers. They may be divided
into different categories: so-called miscible blends
in which the components exist in a simple homo-
geneous phase and immiscible ones in which the
components exist in two distinct separated
phases. Generally, the former offer various ad-
vantages over the latter. The origins of miscibility
between the polymer pairs have been understood
based on theoretical background and experimen-
tal results.!? Most polymers are thermodynami-
cally immiscible. In immiscible polymer blends,
morphology is affected by the composition, viscos-
ity ratio, interfacial tension, processing condi-
tions, and so on.3™®

Thermoplastic blends are a commercially im-
portant class of material. Both EVA and phenoxy
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are commercially useful thermoplastics. Poly(eth-
ylene—vinyl acetate) (EVA) is a thermoplastic
elastomer sysnthesized from ethylene and vinyl
acetate. EVA with a low content of vinyl acetate
(VA) has similar properties to those of low-density
polyethylene, whereas, with a high content of VA,
it has properties like rubber. With increasing VA
content, EVA becomes flexible and its degree of
crystallinity decreases. The change of physical
properties of EVA, by adding VA, results from the
depression of crystallinity.5—1°

Poly(hydroxy ether of bisphenol A) (phenoxy) is
a linear thermoplastic, with a hydroxy group and
an ether group, that promotes wetting and bond-
ing to polar substrates and fillers. Phenoxy is a
relatively tough and ductile amorphous polymer
with an excellent oxygen-barrier property, good
hydrophilicity, and good mechanical properties. It
is well known that phenoxy is miscible with aro-
matic or aliphatic polyesters and with polyethers,
due to the strong hydrogen bonding.!'~15

EVA and phenoxy have functional groups, a
hydroxy and ether group and an ester group, and
their solubility parameters are 20.66 and 17.48

JY2 ¢cm®2 mol !, respectively.'® Therefore, it is
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Figure 1 FTIR spectra of EVA/phenoxy blends.

likely that EVA and phenoxy have the possibility
to form partially miscible blends. The thermal,
mechanical, flow, and morphological properties of

108

EVA/phenoxy blends prepared by melting were
investigated. In addition, the effect of phenoxy on
the crystalline structure of EVA was also investi-
gated.

EXPERIMENTAL

Materials and Blending

An EVA copolymer containing 28 wt % VA sup-
plied by DuPont-Mitsui Polychemicals Co., Ltd.
(Japan) was used and has an MFT of 5 g/min. The
phenoxy used was of PKHH grade (M,, = 50,700)
supplied by Union Carbide (U.S.A.). The binary
blends of EVA/phenoxy in the composition ranges
90/10, 70/30, 50/50, 30/70, and 10/90 were pre-
pared by melt mixing the appropriate quantities
of polymers in a twin-screw Brabender (PLE 331)
at a screw speed of 50 rpm at 180°C for 5 min.

FTIR

For the purpose of identifying the blends pre-
pared in this study, infrared spectroscopy was
performed using a Shimadzu DR-8100 FRIR spec-
trometer.

Shear stress(Pa)
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Figure 2 Shear stress as a function of shear rate for EVA/phenoxy blends.



Table I Values of Power Law Index n
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Sample EVA 90/10 70/30

50/50 30/70 10/90 Phenoxy

n 0.40 0.39 0.37

0.38 0.37 0.37 0.36

Differential Scanning Calorimetry

Thermal properties were measured using a differ-
ential scanning calorimeter (DSC) (TA 2010, Du-
Pont). The samples were heated at the rate of
20°C/min to 180°C and kept isothermally for 3
min and then cooled to 20°C at the rate of 20°C/
min.

X-ray Diffraction

The crystalline structure of the samples was de-
termined by a wide-angle X-ray diffractometer
(Rigaku D/max-2500) using CuKa radiation with
a scan speed of 5°/min.

Mechanical Measurement

The density of the samples was measured by a
floating method in a CCl, and n-heptane mixed
solution. Tensile properties were determined fol-

lowing the standard procedure described in
ASTM D 638. The tensile tester (Testometric mi-
cro 350) was operated at a crosshead speed of 10
m/min. Tests were made at room temperature,
and at least five runs were made to report the
average.

Capillary Rheometer

Melt-rheological measurements were carried out
on a piston-type capillary rheometer (Rosand Pre-
cision). The capillary was of a circular cross sec-
tion (diameter 1 mm) and the length/diameter
ratio was 16. The apparent shear stress and shear
rate obtained from the rheometer, using the con-
ventional expressions, were corrected using Bag-
ley and Rabinowitsch corrections.

Scanning Electron Microscopy

The morphology of the blends was observed using
a scanning electron microscope (SEM, Hitachi-
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Figure 3 Shear viscosity as a function of shear rate for EVA/phenoxy blends.
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Figure 4 DSC heating scans of EVA/phenoxy blends.

4100). SEM micrographs were taken from cryo-
genically (in liquid nitrogen) fractured surfaces of
the blends. The fractured surfaces were sputtered
with gold before viewing.

RESULTS AND DISCUSSION

FTIR Analysis

Figure 1 shows the FTIR spectra of the EVA/
phenoxy blends. The virgin phenoxy was identi-
fied by the peaks of a C—H single bond at 3000
cm !, the hydrogen-bonded OH group at 3200—
3500 cm ! and the ether group at 1280 cm ™, and
EVA by the peaks of alkane at 3000 cm ™' and the
ester group at 1700 cm ™ !. In the overall blends,
these characteristic peaks appeared and no new
peaks were clearly observed. This suggests that
phenoxy and EVA are qualitatively mixed in the
melt state by physical force.

Flow Properties

Flow curves, shear rate versus shear stress plots
at 180°C, of the EVA/phenoxy blends at various

compositions and the individual components are
shown in Figure 2. As shear rate increases, shear
stress also increases in the all samples. All the
flow curves are quite linear in the studied range
of the shear rate, obeying the Ostwald de Waele
power law. 317

Both in high and low shear rate regions, the
flow curves of the blends are between the two
individual components and the slopes are similar.
The values of the power law exponent, “n”, eval-
uated by regression analysis of the data, are
shown in Table I. The pure components and
blends are quite similar in their values of n. They
all show nearly pseudoplastic behavior. The sep-
arated domains formed in the melt state do not
affect the flow of EVA/phenoxy blends.

The melt viscosity varies as a function of EVA
content of the blend, as shown in Figure 3. The
general trend of the decrease of viscosity with
increasing shear rate is obeyed by the blends at
all the blending ratios, as well as by the two
individual components. The slopes are similar for
all samples and the slopes of the blends are be-
tween the pure components which show a compo-
sition-dependent viscosity.
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Figure 5 DSC cooling scans of EVA/phenoxy blends.
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Figure 6 X-ray diffraction profiles of EVA/phenoxy blends.
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Figure 7 Density of EVA/phenoxy blends.
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The flow curve of the 10/90 blend is nearly
equal to that of virgin phenoxy. In the blend sys-
tem, the dispersed-phase domains tend to deform
and orient along the direction of shear due to the
effect of shear force.!” Very small domains do not

modify greatly the melt viscosity. The variation of
melt viscosity can be explained on the basis of the
variation of the number density and size of the
dispersed domains in the matrix. As will be
shown below in the Morphology section, the two
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Figure 8 Elongation at break versus phenoxy content for EVA/phenoxy blends.

40

Phenoxy content(%)

60

80

100



EVA BLENDS WITH PHENOXY 233

Stress at Break(Kgffmm?®)

T T T

0 20 40

60 80 100

Phenoxy content(%)

Figure 9 Stress at break versus phenoxy content for EVA/phenoxy blends.

polymers have a strong interaction in the melt
state to form a nearly single phase.

Thermal Properties

Figure 4 shows DSC thermograms of EVA/phe-
noxy blends obtained from the first heating run.
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Phenoxy shows a point of inflection at about 90°C,
corresponding to its 7T, as a typical amorphous
polymer.

The melting peak temperature (7,,) of pure
EVA appears at 75°C and the T, at —20°C. In all
the blends, the melting point of EVA was similar
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Figure 10

Tensile modulus versus phenoxy content for EVA/phenoxy blends.
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Figure 11 SEM micrographs of EVA/phenoxy blends.

to that of pure EVA and the T, of phenoxy was
superposed over the EVA melting behavior.

In phenoxy-rich blends, the EVA melting be-
havior was not clearly observed. It is likely that
EVA crystallization was significantly interfered

with by the rigid phenoxy chain. The T, of EVA
was shifted to higher temperature by about
5-10°C with increasing phenoxy content up to 50
wt %. This is because the flexible amorphous re-
gion of EVA was affected by the rigid phenoxy



chain and the chain mobility was restrained.®1?
In the crystalline/amorphous polymer blends, the
T, values lie between the two T,’s of the compo-
nents. These T, shifts are indicative of partial
miscibility.20:2!

The crystallization behavior is shown in Figure
5. Virgin EVA exhibits a crystallization peak at
50°C. With increasing phenoxy content, the crys-
tallization peak was slightly shifted to higher
temperature. The 10/90 blend shows no crystalli-
zation peak. Phenoxy preferentially dissolved in
the EVA phase, resulting in the improvement of
viscosity.21:22

X-ray Diffraction

Figure 6 shows X-ray diffraction profiles of the
EVA/phenoxy blends. Phenoxy shows a broad dif-
fraction profile from 13° to 25° as a typical amor-
phous structure. For the virgin EVA, the peaks at
20 = 20.8° and 22.5° appear but are not clear.

In the EVA-rich blends (90/10, 70/30), the
peaks are clearly shown and shifted to 21.4° and
21.8°. The corresponding Bragg spacing, d, rela-
tive to the interplanar spacing of crystal of virgin
EVA at 4.27 A, decreased to 4.11 and 4.07 A,
respectively. This implies that the EVA crystal
structure can be changed by phenoxy. But in the
50/50 blend, the diffraction intensity was signifi-
cantly decreased and it shows a broad diffraction
profile.

In the phenoxy-rich blends, the diffraction pro-
file follows that of amorphous phenoxy and the
characteristic diffraction of EVA is not observed.
It is also in accord with the result of thermal
properties in which there were no clear charac-
teristic melting peaks of EVA in the phenoxy-rich
phase. This indicates that in phenoxy-rich blends
EVA crystals could not grow through contact with
the rigid phenoxy chain, whereas in EVA-rich
blends, EVA crystals become more compacted by
the rigid phenoxy chain.

Mechanical Properties

The densities of the EVA/phenoxy blends are
shown in Figure 7. The densities of phenoxy and
EVA are 1.17 and 0.95 g/cm?, respectively. Al-
though the trend for the blends is similar to sim-
ple additivity, there is a positive deviation for the
EVA-rich blends.

The mechanical properties of the EVA/phenoxy
blends are shown in Figures 8-10. They show
small negative deviations from simple additivity
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and relatively high deviation in strength and
modulus due to the poor inherent interfacial in-
teraction. As the content of phenoxy increases the
elongation at break of EVA decreases but the
strength and modulus increase significantly. The
effect of phenoxy on EVA is much greater than
that of EVA on phenoxy as evidenced by DSC and
X-ray diffraction.23-25

Morphology

Scanning electron micrographs of freeze-frac-
tured surfaces of the EVA/phenoxy blends and
pure components are shown in Figure 11. Phe-
noxy-rich blends (10/90, 30/70) show a very tough
surface without a clearly dispersed EVA phase,
while EVA exhibits a smooth surface like rubber.
These blends show no clear phase separation. The
dispersed EVA domain is not observed clearly and
the number density and size of the EVA domain
are unchanged despite increasing the EVA con-
tent in the phenoxy-rich blends. On the other
hand, EVA-rich blends display phase separation.
Crystal regions of EVA are observed as a dis-
persed domain in the blended amorphous matrix
and the size of dispersed domains increase with
increasing phenoxy content. It is also consistent
with the results of X-ray diffraction that the dif-
fraction intensity of EVA crystals increases and
the crystal interplanar spacing is shorter, with
the EVA-rich phase, and EVA crystallization was
interrupted by the phenoxy-rich phase.

CONCLUSIONS

Phenoxy-rich blends exhibited a tough fractured
surface without a clear phase of dispersed EVA in
the phenoxy matrix. Interaction between EVA
and phenoxy was strong enough to form a uniform
structure and typical properties of EVA were not
observed. On the other hand, EVA-rich blends
showed phase separation which was caused by
EVA crystallization. In these blends, the crystal
structure of EVA is affected by the incorporation
of phenoxy. The effect of phenoxy is much greater
than that of EVA. It can be deduced that phenoxy
and EVA are partially miscible in EVA-rich
blends.
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