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ABSTRACT: Polymer blends of poly(propylene) (PP) and
polyacetal (polyoxymethylene, POM) with ethylene vinyl
alcohol (EVOH) copolymers were investigated by differen-
tial scanning calorimetry (DSC), rheological, tensile, and
impact measurements, Fourier transform infrared spectros-
copy (FTIR), and scanning electron microscopy (SEM). The
PP-POM-EVOH blends were extruded with a co-rotating
twin-screw extruder. The ethylene group in the EVOH is
partially miscible with PP, whereas the hydroxyl group in
the EVOH can form hydrogen bonding with POM. The
EVOH tends to reside along the interface, acting as a sur-

factant to reduce the interfacial tension and to increase the
interfacial adhesion between the blends. Results from SEM
and mechanical tests indicate that a small quantity of the
EVOH copolymer or a smaller vinyl alcohol content in the
EVOH copolymer results in a better compatibilized blend in
terms of finer phase domains and better mechanical prop-
erties. © 2003 Wiley Periodicals, Inc. J Appl Polym Sci 89:
1471-1477, 2003
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INTRODUCTION

Over the past few decades, polymer blends have been
a subject of intensive research because of their poten-
tial applications in engineering materials with desir-
able properties.' Polyacetal (polyoxymethylene,
POM) is one of the major engineering thermoplastics
that has very good mechanical properties, such as
tensile strength, flexural modulus, and deflection tem-
perature. Furthermore, POM possesses high creep, fa-
tigue, and corrosive resistance that leads to a number
of commercial applications, such as bearings, gears,
blower wheels, pump impellers, and carburetor bod-
ies.® However, like many unmodified polymer matri-
ces, POM is extremely brittle in notched impact.
Therefore, many studies have reported the toughening
of POM by blending POM with an amorphous poly-
mer.”"* For example, Cherdon et al.” disclosed im-
proving the impact strength of the POM by blending
with various copolymers. Chiang et al.* ° studied the
addition of a polyurethane or ethylene—propylene-
diene terpolymer (EPDM) to the rigid POM matrix to
increase its toughness. Kumar et al.'’ reported the
effect of thermoplastic polyurethane (TPU) on the
melting point and the percentage crystallinity of POM.
They found that the crystalline structure of POM re-
mains unchanged even after the addition of amor-
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phous TPU. Our earlier studies also reported the
toughening of POM by blending with polycarbonate
(PCO)'* and TPU.*?

Although a number of POM blends have been re-
ported, a blend of POM with semicrystalline poly(pro-
pylene) (PP) is very rare. PP possesses better flexibility
and higher impact strength, but has relatively lower
tensile strength and deflection temperature. More-
over, PP and POM have similar melting points, melt
viscosities, and processing temperatures. Therefore,
blends of PP and POM may provide better impact
resistance for POM and better flexural modulus for
PP, combined with lower cost, compared with POM
alone.'” Soundararajan and Shit reported that the im-
pact (5% POM) and flexural modulus (20% POM) of
PP-POM blends are higher than that of the pure PP."®
Hence, they concluded that the PP-POM blends may
be at least partially compatible. In this work, we stud-
ied the properties of PP and POM blends containing
ethylene vinyl alcohol (EVOH) copolymers. Based on
the similar chemical structure between PP and poly-
(ethylene) segments in EVOH copolymers, it is ex-
pected that PP and EVOH are partially compatible.
The hydroxyl groups in EVOH can form intermolec-
ular hydrogen bonding with POM. Therefore, it is
expected that EVOH copolymers may be suitable com-
patibilizers for blends of PP and POM. The objective of
the present work was to study the effect of the addi-
tion of EVOH copolymers on the morphology, rheo-
logical, and mechanical properties of the PP-POM
blends.
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Figure1 FTIR spectra of POM, EVOH5, and POM-EVOH5
blend: (a) 100/5 POM-EVOHS5 blend, and (b) EVOHS5 alone.

EXPERIMENTAL
Materials

Poly(propylene) (PP) was supplied by Taiwan
Polypropylene Company (Kaohsiung, Taiwan). The
polyacetal Celcon M-90 is a commercial product and
was purchased from Hoechst Celanese Corp. (Somer-
ville, NJ). The MFIs (melt flow indexes) of PP and
POM, measured at 230°C with a load of 2.16 kg, were
2 and 36 g/10 min, respectively. EVOH copolymers
with vinyl alcohol contents of 15, 26, and 56 wt %
(denoted EVOH1, EVOH2, and EVOHS5, respectively)
were supplied by Polyscience Company (Warrington,
PA). The chemical structures of PP, POM, and EVOH
copolymers are illustrated as follows:

—+CH,—CH+ PP

| n
CH,
—+CH,—O+ POM
X
y |z
OH

Melting blending and specimen preparation

All blends were prepared in a 30-mm co-rotating twin-
screw extruder with L/D of 36. The barrel temperature
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was in the range 200-220°C. The extruded pellets
were dried at 80°C for >8 h and then molded into
standard ASTM specimens by an Arburg 3-oz. injec-
tion molding machine (Lossburg, Germany).

Characterizations

Melt flow rates (MFRs) of base polymers and blends
were measured at 210°C, with a load of 2.16 kg, by an
automatic flow rate timer from Ray-Ran Corp. (Lon-
don, England). The capillary rheological measure-
ments were performed on a capillary rheometer (L/D
= 40, orifice radius = 0.02 in., orifice length = 0.8 in.)
at 210°C (model Galaxy X; Kayeness Company, Mor-
gantown, PA). Morphologies of the cryogenically frac-
tured surfaces of the injection-molding specimens
were examined by scanning electron microscopy
(SEM) with a model S-570 from Hitachi Corp. (Tokyo,
Japan). Standard tensile tests were conducted by fol-
lowing the ASTM D-638 method at ambient condi-
tions, with a crosshead speed of 5 mm/min. Un-
notched Izod impact strength was measured at ambi-
ent conditions according to the ASTM D-256 method.
All injection-molded specimens were conditioned in
the laboratory atmosphere for a minimum of 7 days
before testing. Tensile and impact data of the PP-POM
blends are presented as the average of the seven sam-
ples measured.

Thermal properties of the specimens were mea-
sured with a differential scanning calorimeter (DSC;
Perkin-Elmer DSC-7). Prior to DSC runs, the temper-
ature and heat of transition were calibrated with in-
dium and zinc standards. About 5 mg of each sample
was placed in a DSC pan and melted at 180°C for 5
min, to erase the thermal history of the sample, and
then cooled to room temperature at a cooling rate of
10°C/min. Subsequently, the sample was reheated
from room temperature to 180°C at a heating rate of
10°C/min. The melting temperature (T,,,) and heat of
fusion (AH,,) of the specimens were calculated from
the maximum and the area under the endothermic
peak, respectively. Fourier transform infrared spectro-
scopic (FTIR) analysis to detect hydrogen bonding
was performed on a Perkin-Elmer Spectra-One Infra-
red Spectrophotometer. All of the spectra were

scanned at a resolution of 2 cm ™.

TABLE 1
Thermal Properties of PP, POM, and PP-POM Blends
Composition T, (°C) AH, (/g) T. (°C) AH_ (J/g)
POM 165.4 161.6 — — 143.8 146.7
PP-POM = 75/25 165.4 1121 121.9 135.1 143.2 108.9
PP-POM-EVOH5 = 75/25/5 164.4 100.6 120.3 127.6 144.2 98.7
PP 163.9 96.1 119.3 — — 93.8
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Figure 2 DSC heating traces of PP, POM, and PP-POM
blends: (a) POM, (b) 75/25 PP-POM blend, (c) 75/25/5PP-
POM-EVOHS5 blend, and (d) PP alone.

RESULTS AND DISCUSSION
Hydrogen bonding between POM and EVOH

Infrared spectroscopy is a powerful tool to study poly-
mer blend miscibility. If the blend is immiscible, the
absorption spectrum of the blend will be the sum of
those for the components. If the blend is miscible or
partially miscible, specific interactions between the
two components perturb the bonding between atoms,
resulting in differences in the spectrum of the blend
compared with that of the components. The hydroxyl
stretching range in a FTIR spectrum is sensitive to the
hydrogen bonding formation. The FTIR spectra of
EVOH5 and the 100/5 POM-EVOH5 blend in the
range 3000-4000 cm ™' are shown in Figure 1. The
pure EVOH5 shows a major band at 3447.6 cm ™' and
a minor absorption at 3258.6 cm™'. The band of the
hydroxyl group shifts to a lower wavenumber (3420.5
cm ™) for the POM-EVOHS5 blend, which is an indi-
cation of hydrogen bonding formation between the
ether group of POM and the hydroxyl group of

(a) POM

(b) PP/POM=75/25
(c) PP/POM/EVOH5=75/25/5
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Figure 3 DSC cooling scans of PP, POM, and PP-POM
blends: (a) POM, (b) 75/25 PP-POM blend, (c) 75/25/5PP-
POM-EVOHS blend, and (d) PP alone.

TABLE 11
Melt Flow Rates of the PP-POM-EVOH Blends”

Composition MEFR (g/10 min)
POM 36
POM-EVOH5 = 100/5 12
PP-POM = 25/75 20
PP-POM-EVOHS = 25/75/5 11
PP-POM = 50/50 12

PP-POM-EVOH1 = 50/50/2.5
PP-POM-EVOH2 = 50/50/2.5
PP-POM-EVOHS = 50/50/1
PP-POM-EVOHS = 50/50/2.5
PP-POM-EVOHS5 = 50/50/5
PP-POM-EVOHS = 50/50/10
PP-POM = 75/25
PP-POM-EVOHS5 = 75/25/5
PP

[y
N UOITO OIS

@ Tested at 210°C, with a load of 2.16 kg

EVOHS5. Partial miscibility of POM and EVOHS5 due to
hydrogen bonding formation is thus assumed.

Thermal analyses

The compatibility of a polymer blend can be probed
by its thermal and crystallization behaviors based on
DSC measurements. The thermal properties of the
materials tested are summarized in Table I and shown
in Figures 2 and 3. The DSC heating scans of PP, POM,
and PP-POM blends, at a heating rate of 10 °C/min,
are shown in Figure 2. Both PP and POM are semic-
rystalline polymers, with melting temperatures of
163.9 and 165.4°C, respectively. The melting tempera-
ture of the uncompatibilized 75/25 PP-POM blend is
identical to that of POM (i.e., 165.4°C), and the heat of
fusion is the sum of mass fraction of PP and POM.
However, compared with the uncompatibilized blend,
the melting temperature of the compatibilized 75/
25/5 PP-POM-EVOHS blend decreases slightly (i.e.,
164.4°C) and the heat of fusion decreases significantly
This result indicates that the presence of EVOHS5 in the
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Figure 4 Shear viscosity versus shear rate curves of the
neat PP, POM, and EVOH5.
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Figure 5 Shear viscosity versus shear rate curves of the
uncompatibilized and compatibilized PP-POM blends.

blend disturbs the crystallization of PP and POM and
results in a decrease in the crystallinity of the blend.

The DSC cooling scans of PP, POM, and PP-POM
blends from the melt to room temperature at a cooling
rate of 10°C/min are shown in Figure 3. POM and PP
each exhibit one crystallization peak, at 143.8 and
119.3°C, respectively. There are three crystallization
peaks in the DSC cooling curves for the 75/25 com-
patibilized and uncompatibilized PP-POM blends.
Furthermore, the first crystallization temperature for
the EVOH5 compatibilized blend appears at 144.2°C,
which is slightly higher than that of POM. This result
means that the addition of EVOHS5 in the blend may
act as a nucleating agent to increase the crystallization
rate of the POM component. However, the presence of
intermolecular interaction tends to hinder the POM
and PP crystallization, resulting in lower crystallinity
in the compatibilized blend than in the uncompatibi-
lized blend. This tendency can be further proved from
the heat of crystallization, as listed in Table L

Melt flow rates (MFRs)

MER is an inverse function of viscosity and can be
used to assess the interaction between phases. The
MEFRs of the matrices and blends, measured at 210°C
and 2.16 kg, are summarized in Table II. Pure PP
exhibits the lowest MFR in all the specimens, indicat-
ing that pure PP possesses the highest viscosity under
the testing conditions. Furthermore, the uncompatibi-
lized blend with higher POM content (e.g., 25/75 PP-
POM) exhibits higher MFR (lower viscosity). Compar-
ing pure POM with the 100/5 POM-EVOHS5 blend, it
is clearly that only 5 wt % EVOHS blended with POM
results in a significant reduction in MFR values from
36 to 12 g/10 min. Without the presence of the com-
patibilizer, the PP-POM blends show higher MFR, as
would be expected. In Table II, the trend clearly shows
the decrease in MFR after compatibilization for all the
compositions. It is well known that the hydroxy group
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in the EVOH5 copolymer is able to interact with POM
to form intermolecular hydrogen bonding, which
tends to anchor along the PP-POM interface. The in-
crease of the interfacial friction of the compatibilized
blend compared with that of the corresponding un-
compatibilized blend is believed to be the major con-
tributor for the increase in viscosity of the blends.
However, the increase in EVOH5 content leads to a
decrease in viscosity for the PP-POM-EVOHS5 (50/
50/x) blend (Table II). Because the EVOH5 contains a
higher weight percent of vinyl alcohol, it can form its
own phase when a higher content of the EVOHS5 is
used during melt processing and thereby cause a de-
crease in viscosity.

Capillary rheometry

Plots of shear viscosity versus shear rate for pure PP,
POM, and EVOHS5, measured at 210°C, are shown in
Figure 4. At lower shear rates, the viscosity of PP is
higher than those of POM and EVOH5. However, PP
shows a higher shear thin behavior and gives the
lowest viscosity at higher shear rates. The shear vis-
cosity and shear rate for the uncompatibilized and
compatibilized PP-POM blends are compared in Fig-

(¢) PR/POM=75/25

(d) PF/POM/EVOHS=75/25/5

Figure 6 SEM micrographs of the uncompatibilized and
compatibilized PP-POM blends: (a) 25/75 PP-POM blend,
(b) 25/75/5 PP-POM-EVOHS5 blend, (c) 75/25 PP-POM
blend, and (d) 75/25/5 PP-POM-EVOHS5blend.
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(a) PPIPOM=50/50 (b) PP/POM/EVOH5=50/50/1

(c) PP/POM/EVOHS5=50/50/5

(d) PP/POM/EVOHS5=50/50/10

Figure 7 SEM micrographs of the uncompatibilized and
compatibilized PP-POM blends containing different content
of EVOHS5 in the blends: (a) 50/50 PP-POM blend, (b) 50/
50/1 PP-POM-EVOH5 blend, (c) 50/50/5 PP-POM-
EVOHS blend, and (d) 50/50/10 PP-POM-EVOHS5 blend.

ure 5. For all the uncompatibilized blends, the 50/50
PP-POM blend has the lowest shear viscosity,
whereas the 75/25 PP-POM blend shows the highest
viscosity. The observed trend is similar to the MFR
data, and the 75/25/5 compatibilized PP-POM-
EVOHS5 blend exhibits the highest viscosity in all the
blends. For the uncompatibilized blend, a “slide”
takes place easily between phases of two immiscible
homopolymers under shear stress due to higher shear
tension and lower interfacial friction. This phenome-
non leads to lower viscosity of the uncompatibilized
blend. On the contrary, higher interfacial friction of
the compatibilized blend is caused by the hydrogen
bonding between POM and EVOHS5 and results in
higher viscosity compared with the corresponding un-
compatibilized blend. The flow behaviors of the
blends are further supported by the morphological
structure of the blends determined by SEM morphol-
ogy investigations.

Scanning electron microscopy (SEM) morphologies

SEM micrograph is the most convenient approach to
differentiate the morphologies between a compatibi-
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lized and an uncompatibilized blend. An immiscible
and incompatible blend usually results in coarser mor-
phology than the corresponding compatibilized blend.
In general, the coarse morphology can be improved by
the addition of a suitable compatibilizer. The cryo-
genic fracture surfaces parallel to the flow direction of
the uncompatibilized and compatibilized PP-POM
blends are shown in Figure 6. For the 25/75 uncom-
patibilized PP-POM blend (Fig. 6a), the large dis-
persed and spherical PP particles with different di-
mensions can be easily identified from the blend be-
cause of the incompatibility of these two polymers.
After compatibilization, the PP domain size is signif-
icantly reduced, as shown in Figure 6b. The finer
phase domain is an indication of better compatibiliza-
tion of the blend. Furthermore, the morphology of the
75/25 uncompatibilized PP-POM blend (Fig. 6c)
shows a clear phase contrast. For the 75/25/5 com-
patibilized PP-POM-EVOHS5 blend (Fig. 6d), the in-
terface of PP and POM is less clear and the particle
size of the dispersed POM phase becomes smaller
with the addition of EVOHS5 in the blend. The SEM
micrographs of the 50/50/x PP-POM-EVOHS blends,
with different contents of EVOHS5, are shown in Figure
7. The interface between the PP and POM is quite
sharp for the 50/50 PP-POM blend, which is an indi-
cation of low interfacial adhesion. Comparison of Fig-
ures 7b—d reveals that the surface morphologies of the
compatibilized blends become coarser with increasing
EVOHS5 content in the blend. This result implies that
too high a content of EVOHS5 in the blend may result
in rougher morphology and lead to lower mechanical
properties. For further investigation, the 50/50/2.5
PP-POM-EVOHx blends containing different con-
tents of vinyl alcohol in EVOH are shown in Figure 8.
Comparing the fractured morphologies, the blend
with a lower vinyl alcohol content (EVOH]1; Figure 8c)
exhibits a smoother interface than the corresponding
blends with higher vinyl alcohol contents (EVOH5

(2) PRPOM/EVOHS

{b) PE/POM/EVOH2

(c) PR/POM/EVOH]

=50/50/2.5 =50/50/2.5 =50/50/2.5

Figure 8 SEM micrographs of 50/50/2.5 PP-POM-EVOHXx
blends containing different vinyl alcohol content in EVOH:
(a) 50/50/2.5 PP-POM-EVOHS5 blend, (b) 50/50/2.5 PP-
POM-EVOH2 blend, and (c) 50/50/2.5 PP-POM-EVOH1

blend.
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TABLE III
Tensile and Impact Properties of the PP-POM-EVOH Blends

HUANG ET AL.

Tensile strength

Tensile modulus

Unnotched impact

Composition (MPa) (MPa) strength (J/m)
POM 46 2676 40
POM-EVOHS = 100/5 46 2508 54
PP-POM = 25/75 30 2227 22
PP-POM-EVOH5 = 25/75/5 37 2292 44
PP-POM = 50/50 22 2022 37
PP-POM-EVOH1 = 50/50/2.5 32 2129 56
PP-POM-EVOH2 = 50/50/2.5 29 2212 48
PP-POM-EVOHS5 = 50/50/1 28 2248 48
PP-POM-EVOHS = 50/50/2.5 26 2176 46
PP-POM-EVOH5 = 50/50/5 28 2253 41
PP-POM-EVOHS5 = 50/50/10 29 2304 38
PP-POM = 75/25 24 1924 44
PP-POM-EVOH5 = 75/25/5 27 2072 48
PP 21 1579 53

and EVOH2 in Figures 8a and 8b, respectively). There-
fore, a lower quantity of EVOH or a smaller vinyl
alcohol content in the EVOH results in a better-com-
patibilized blend with higher mechanical perfor-
mance. This phenomenon was demonstrated by the
Izod impact test results; blends with smaller vinyl
alcohol content in the EVOH copolymer exhibited a
higher un-notched Izod impact strength.

Mechanical properties

The interfacial properties of the blends play an impor-
tant role in determining the dispersion of the minor
phase and the resultant mechanical performance. The
tensile modulus, strength, and Izod impact strength
data for these PP-POM blends are summarized in
Table III. Both compatibilized and uncompatibilized
PP-POM blends exhibit comparable tensile modulus
values. The effects of composition and EVOHS5 com-
patibilizer on the un-notched impact strength of the
PP-POM blends are shown in Figure 9. For the un-
compatibilized PP-POM blends, impact strength in-

creases with increasing PP content in the blend. POM
is a notched-sensitive material, whereas PP is more
ductile than POM. The effects of vinyl alcohol content
on both the un-notched impact strength and tensile
strength of the 50/50/2.5 PP-POM-EVOHXx blends
are shown in Figure 10. It is evident that the lowest
vinyl alcohol content of 15 wt % (EVOH1) possesses
the highest impact strength and tensile strength. This
result is also be proved by the SEM morphology ob-
servation as shown in Figure 8, where the 50/50/2.5
PP-POM-EVOHI1 blend shows the finest domains.
The effects of composition and EVOHS5 on the tensile
strength of the PP-POM blends are shown in Figure
11. For three uncompatibilized compositions, the
50/50 PP-POM blend shows the lowest tensile
strength because the interfacial tensile strength be-
tween these two polymers is larger than that between
other compositions. The tensile strength of each of the
compatibilized blends is higher than that of the corre-
sponding uncompatibilized blend.
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Figure 9 Effect of composition and EVOH5 on the un-
notched Izod impact strength of the PP-POM blends.

Figure 10 Effect of vinyl alcohol content on the un-notched
Izod impact strength and tensile strength of the 50/50/2.5
PP-POM-EVOHXx blends.
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Figure 11 Effect of composition and EVOHS5 on the tensile
strength of the PP-POM blends.

CONCLUSIONS

The EVOH copolymers have been demonstrated to be
effective compatibilizers for immiscible and incompat-
ible PP-POM blends. The ethylene segments of EVOH
copolymer are partially miscible with PP, and the
hydroxyl groups in EVOH can form intermolecular
hydrogen bonds with POM to function as an interfa-
cial surfactant for PP and POM. This EVOH copoly-
mer tends to reside along the interface to reduce the
interfacial tension in the melt and result in finer phase
domains. Additionally, an increased interfacial adhe-

sion is expected, which would result in better mechan-
ical properties. Lower vinyl alcohol content in EVOH
implies a higher ethylene segment content and better
miscibility between EVOH and PP, which results in a
finer phase domain and better mechanical properties.
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