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Abstract

Casting films of polypropylene (PP), poly(lactic acid) (PLA) and ethylene vinyl alcohol copolymer (EVOH) ternary blends
having different compositions were prepared. The thermal properties in correlation to the oxygen permeability and
mechanical properties of the films were investigated. The morphology of the blends, before and after the film extrusion
process was investigated. The SEM images of casted films show a great laminar morphology development in the machine
direction. The effects of EVOH and compatibilizer on the relative changes in the crystallization behavior, i.e., melting peak
crystallization (X, %) and degree of crystallization (X.) are considered. While the compatibilization facilitated the crys-
tallization of PP, it had reverse effect on EVOH crystallization. There is an increase in the X;,% as well as X.% of EVOH in
ternary blend with an increase in EVOH content. The permeability to oxygen was decreased with an increase in EVOH
content and compatibilization led to improvement in barrier properties. The crystallinity degree of EVOH revealed to have
a greater effect on barrier and mechanical properties as compared to that of PP. Finally, the study of the interaction

parameters using Nishi and Wang theory confirmed an effective interaction between the components.
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Introduction

Use of multicomponent blends having two or more functions
to solve the problems of packaging industries is of great
importance [1, 2]. Because of ease of the mass transfer in
amorphous regions compared to that of crystal lattices, the
thermal properties of ternary blends, especially the crys-
tallinity issue, are of great importance [3]. The controlling of
gas permeation in the packaging films has a strong rela-
tionship with the crystallinity degree as well as the size of the
crystals. Several studies have been widely reported about the
crystallization behavior of PLA [4-8]. For instance, the
effects of talc on the kinetics and isothermal crystallization
behaviors of  polylactide/poly(butylene  adipate-co-
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terephthalate) (PBAT) blend films have been considered by
Phetwarotai et al. [9]. Their results revealed that the presence
of PBAT and talc in the films led to an increment of crys-
tallization rate of PLA via a synergistic effect under
isothermal crystallization conditions. The crystallization has
been reported to impact the structure and oxygen perme-
ability of poly(ethylene oxide)/clay nanocomposite [10].
Komatsuka et al. [11] reported that as the crystallinity in a
polymer membrane increases, gas permeability decreases.
Their results showed that the size and distribution of free
volume in the crystalline PLA blend membrane were dif-
ferent from those in other crystalline polymer membrane.
The aging and change in crystallinity were reported to have a
significant effect on permeability results elsewhere [12].
The environmental problems lead many recent researches
to use biodegradable material blended with commercial
polymers, such as polypropylene (PP) [4, 13—15]. Poly(lactic
acid) (PLA) gaining of reusable resources has been widely
commercialized due to biodegradability. The effects of clay
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type and composition on the thermal properties of PP/PLA
blends were investigated in our previous work [4]. Moreover,
the oxygen permeability determination of the PP/PLA/clay
nanocomposites along with a molecular dynamics simula-
tion for prediction of diffusion was carried out elsewhere
[16]. Investigations on oxygen gas permeability in PP/
PLA/clay nanocomposite films revealed that the permeation
is highly dependent on blend composition, clay loading and
state of clay dispersion governed by compatibilization. The
blending of PP and PLA led to a decrease in the oxygen
permeability, and incorporation of clay led to a greater
improvement. EVOH copolymer, as a leader in barrier
property to nonpolar gases of air, can create a proper
hydrocarbon permeation resistance and excellent oxygen
barrier properties due to its superior gas barrier property and
high oil resistance [17, 18]. EVOH has attracted much
attraction for its good barrier property and has been used in
binary and ternary blends [17, 19, 20]. The problem of such
blends is the lack of biodegradability. The aim of this work is
to use biodegradable components in combination with PP
and to improve the thermal properties and the oxygen per-
meability of the PP/PLA blends, consequently. This will be
carried out using EVOH as a high-performance oxygen
barrier polymer in order to have an advanced green blend for
modified atmosphere packaging (MAP) applications.

Theoretical background

According to Flory—Huggins theory [21], the free energy of
mixing (AGy;x) for two polymers and also polymer—polymer
interaction parameter y;, can be used as important criteria for
prediction of compatibility or miscibility in polymer blends.
The free energy of mixing consists of three main contributions:
the combinatorial entropy of mixing, the exchange interac-
tions and the free volume contribution. Thermodynamics also
predicts that the decrease in chemical potential of the crys-
talline polymer, due to the presence of the miscible amorphous
polymer, leads to a decrease in the melting point. Nishi and
Wang [22] have modeled this based on the Flory—-Huggins
theory to calculate of polymer—polymer interaction parameter
212- Blend melting points are frequently used to estimate the
value of the polymer—polymer interactions at T0,.

AHOV, [ 1 1
1 ()| =t -0 W
mB m

where 705 and T, are the equilibrium melting points of the
crystallizable component in the blend and pure state,
respectively, R is the universal gas constant, V; is the molar
volume of the respective component, AH} is the heat of
fusion per mole of repeating unit and @, is the volume
fraction of second component in the blend.
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Experimental
Materials

Polypropylene (PP) was C30S grade (Maroon Petrochem-
ical Co., Iran), with the density of 0.9 g cm ™ and melt
flow index (230 °C/2.16 kg) of 6 g (10 min)~'. Ethylene
vinyl alcohol copolymer (EVOH) was F171B grade
(EVAL Co., Belgium) containing 32 mol% ethylene with
the density of 1.18 g cm™> and melt flow index (190 °C/
2.16 kg) of 1.8 g (10 min)~'. PLA (4043D grade) was
purchased from Nature Works (USA). It had a density of
124 gcm™ and weight average molecular weight of
100,000 g mol~". PP-g-MA, a graft copolymer of propy-
lene and maleic anhydride (MA), was 20093 grade (Priex
Co., the Netherland), as a reactive compatibilizer. It had a
melt flow index of 12 g (10 min) ' (190 °C/2.16 kg) and

density of 0.94 g cm ™.

Material processing

All of the materials were dried in an oven at 80 °C over-
night before melt extrusion. Next the components were
dry-blended and processed in a co-rotating twin-screw
extruder (LTE 26-32 Model, Labtech Engineering Co. Ltd.,
Thailand). Different compositions were prepared according
to Table 1, and the 75/25 and 25/75 compositions were
selected in order to consider the effect of PP-g-MA com-
patibilizer. The mixing process was carried out at a rotor
speed of 100 rpm. The melt strands were cooled in a water
bath at the die exit and were pelletized and dried. A cooled
strand of each sample was cut at the die exit for mor-
phology study. The film processing was carried out using a
Brabender film casting extrusion instrument (KE, Braben-
der® GmbH & Co., Germany). In order to consider the
effect of film casting, the compression molded films were
also prepared using a press (20 MT Mini Lab, Labtech

Table 1 Compositions of the samples

Sample code ~ Components Composition
a (PP/PLA 75/25)/EVOH/PP-g-MAH  100/0/0
b (PP/PLA 75/25)/EVOH/PP-g-MAH  9010/0
c (PP/PLA 75/25)/EVOH/PP-g-MAH  75/25/0
d (PP/PLA 75/25)/EVOH/PP-g-MAH  75/25/3
e (PP/PLA 75/25)/EVOH/PP-g-MAH  75/25/5
f (PP/PLA 75/25)/EVOH/PP-g-MAH  50/50/0
g (PP/PLA 75/25)/)EVOH/PP-g-MAH  25/75/0
h (PP/PLA 75/25)/EVOH/PP-g-MAH  25/75/3
i (PP/PLA 75/25)/EVOH/PP-g-MAH  25/75/5
j (PP/PLA 75/25)/EVOH/PP-g-MAH  10/90/0
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Engineering Co. Ltd., Thailand). For each sample, an equal
weight was preheated at 180 °C for 30 s and pressed under
15 MPa pressure for 10 s in a sheet mold, followed by
quenching at room temperature, to obtain flat films for the
study. The materials were dried in the oven at 80 °C for
12 h before any film processing. In order to eliminate the
thermal history, the same procedure was applied so that the
thermal history of the blends and that of neat polymers
would remain similar.

Characterization
Scanning electron microscopy (SEM)

SEM was used to characterize the morphology of the
blends. The mentioned strand of each sample, as well as the
film samples after proper drying, was cryofractured in
liquid nitrogen at — 160 °C. Then the PLA phase was
etched using ethylamine solvent. They were then sputter
coated with 3 nm of platinum prior to examination and
observed in a SEM (5360 Model, Cambridge Instruments
Co., UK). SEM images were analyzed using image pro-
cessing software. Equations 2-5 are used for calculation of
volume (Ry) and number (R,) average radii and polydis-
persity of the particles (PD) [16]. In order to do so, 200

particles were selected randomly to measure the

parameters.

_ DR,

. SnR

Ry = an R (3)

_ Z niR4

Ry = ! 4
SR (4)
R

PD = R_V (5)

n

Differential scanning calorimetry (DSC)

A Mettler DSC (STAR® SW 10.00) was used to study the
degree of crystallinity (X.) of the specimens. About 5 mg
of each sample was scanned in a cycle of heating—cooling—
heating from —20 to 200 °C at 10 K min~". In this study,
the cooling and second heating scans were used in order to
determine the crystallization enthalpy (AH.), cold crystal-
lization enthalpy (AH..) and melting enthalpy (AH,,). The
X. of samples was calculated using the following equation
[4, 16]:

AH

X. =
¢ AHO - [1 — (wt.% dispersed phase/100)]

x 100 (6)

here AH = AH,, for cooling curves, i.e., the crystallization
enthalpy of the sample, or AH = AH,, — AH,, for second
heating curves, AH,, is the melting enthalpy of the sample
and AH.. is the cold crystallization enthalpy of the sample
and AH? is the melting enthalpy of the 100% crystalline of
each component (201.1 J g~ for PP [23], 157.8 J g for
EVOH [24] and 93.0J g_1 for PLA [25]) and wt.% is the
total weight percentage of the dispersed components
[4, 25].

Oxygen permeability

A gas permeability tester (Coesfeld, GDP-C, Germany)
was used to determination of the permeability to oxygen.
This instrument determines the permeability of dry gases
through thin sheets and films using the manometric
method. This is determined by the evaluation of the
increase in pressure in the previously evacuated volume at
the bottom chamber of the test specimen, versus cm® -
m~ > day~' bar~!. During the test period, the change in
pressure is recorded by an external computer. The average
values of at least three measurements were reported.

Mechanical properties

The tensile testing was performed on a tensile tester
(Zwick/Roell, Germany) according to the ASTM D882
standard test method at room temperature. For all samples,
the crosshead speed was 50 mm min~' and the average
values of five measurements were reported.

Results and discussion
Morphology

The final properties of polymer blends depend on the extent
of dispersion and distribution of the dispersed phase par-
ticles within the matrix, strongly. Thus, it is vital to con-
sider the sizes of the particles and their distribution in the
blends in order to interpret the test results. The morphology
of the blends, before and after film extrusion process is
shown in the SEM micrographs of Figs. 1 and 2, respec-
tively. These images were analyzed using the image anal-
ysis software. The measured R,, R, and PD values, using
Egs. 2-5, are shown in Table 2. The PD values show that
the mixing extruder has created a uniform dispersion of
discrete spherical domains within the matrix, efficiently.
The domain sizes of the dispersed phase, i.e., PLA and
EVOH droplet sizes, in the PP/PLA-rich ternary blends
(90/10 and 75/25) have less values as compared to the
PLA-rich ones (25/75 and 10/90). It is due to the higher
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Fig. 1 SEM micrographs of the PP/PLA(75/25)/EVOH/compatibilizer samples before film casting process: a 100/0/0, b 90/10/0, ¢ 75/25/0, d 75/

25/5, e 50/50/0, £ 25/75/0, g 25/75/5, h 10/90/0

viscosity of the PP component as the major phase com-
pared to those for PLA and EVOH; this is a significant
factor determining the domain size of dispersed phase [26].
The higher viscosity of PP result in a viscosities ratio
greater than 1 (npp/ypLa > 1 and npp/nevon > 1), creating
a fined droplet morphology. Moreover, the lower modulus
values of PLA [26] and EVOH [27] compared to those for
PP is another reason. The similar values of polydispersity
of droplet size are also corresponded to the close elasticity
of PLA and EVOH as the minor phase. It is suggested that
this factor causes to a similar deformation of EVOH and
PLA droplets with imposing shear stress within the extru-
der, leading to a similar polydispersity of the droplet size.

@ Springer

The results in Table 2 show the relative decrease in the
domain size of the PLA dispersed phase with incorporation
of EVOH into the formulation. It seems that the PP-g-MA
had a ignorable effect on the blends’ morphology of this
system, as compared to EVOH. The maximum values of R,
and R, are seen for 50/50 composition, and again, there is a
decrease in domain size as exceed than 50% of EVOH.
Another notable issue in this system is the morphology
development in the cast film process. The SEM images of
casted films (Fig. 2) show a laminar morphology devel-
opment more in machine direction (MD). This laminar
morphology can improve barrier properties. The film
casting process via flat die is not as effective as biaxial
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Fig. 2 Effect of film casting process on the morphology of the PP/EVOH (75/25)/PLA/compatibilizer samples: a 100/0/0, b 90/10/0, ¢ 75/25/0,

d 75/25/5, e 50/50/0, £ 25/75/0, g 25/75/5, h 10/90/0

stretching for enhancing barrier properties. This is due to
the lack of molecular orientation in the transverse direction
(TD), resulting in a laminar structure of the dispersed
domains with a low area [28].

Thermal analysis results

The effects of EVOH and compatibilizer on the relative
changes in the crystallization behavior, i.e., degree of
crystallization (X.) are considered in this section. Figures 3
and 4 show the curves of all samples, and the summary of
the results is presented in Table 3a and b.

The curves in Fig. 3 show the thermal properties of the
blends’ components. The second heating DSC analyses

show no glass transition and no cold crystallization tem-
perature for PP and PP/PLA 75/25 blend in the investigated
temperature range (Fig. 3a), but the endothermic peak of
melting is at 164 and 163.5 °C, respectively. The EVOH
component shows a glass transition at 60.6 °C, no cold
crystallization and the melting point of 180.8 °C. The DSC
cooling curves of PP and EVOH (Fig. 3b), having narrow
exothermic peaks with a maximum at 116 and 161.4 °C,
respectively, are the main peaks due to the crystallization
of PP and EVOH that also appeared in the PP/PLA and
(PP/PLA)/EVOH blends. In the case of PLA, the second
heating curve shows a glass transition at 60.7 °C. More-
over, there is a cold crystallization temperature at 121 °C
and the melting peak is at 152.7 °C [4]. While the cold
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Table 2 Quantitative values obtained from SEM micrographs

Sample Components Composition R,/pm Ry/pm PD
code PLA EVOH PLA EVOH PLA EVOH
phase phase phase phase phase phase
a PP/PLA (75/25)/EVOH 100/0 0.54 - 0.81 - 1.52 -
b PP/PLA (75/25)/EVOH 90/10 0.79 1.03 0.99 1.17 1.17 1.14
c PP/PLA (75/25)/EVOH 75/25 0.99 1.19 1.12 1.29 1.07 1.07
e PP/PLA(75/25)/EVOH/ 75/25/5 1.10 1.25 1.26 1.45 1.14 1.08
Comp.
f PP/PLA (75/25)/EVOH 50/50 1.16 1.35 1.34 1.59 1.14 1.17
g PP/PLA (75/25)/EVOH 25175 1.26 1.58 1.40 1.88 1.20 1.20
i PP/PLA(75/25)/EVOH/ 2517515 1.43 1.64 1.61 1.92 1.12 1.17
Comp.
j PP/PLA(75/25)/EVOH 10/90 1.54 1.87 2.53 3.33 1.65 1.78
(a) could not facilitate the cold crystallization of PLA. As
0.5 reported in our previous work [4], the DSC cooling curve
L.%‘ 00 for PLA is very smooth and no exothermic peak can be
’ — observed, indicating that no crystallization occurs during
- 051 \/W the cooling process at this cooling rate (Fig. 3b).
o Blending of PP/PLA and EVOH leads to interesting
% =1.07 changes in the thermal behavior of the blends. As shown in
..% 5. PPK Fig. 3a, the second heating curve of the 90/10 blend shows
§ ’ PP/PEL\:\?;;— a glass transition corresponding to the PLA phase, and a
204 (PPIPLAYEVOH 90110 ——= melting peak at 153.7 °C and a small peak corresponding
o to the PP and EVOH phases, respectively. There is a
E‘—2-5' decrease in the T, of the blends with an increase in the
20 0 20 40 60 80 100 120 140 160 180 200 EVOH content within the blends. It seems that EVOH can
Temperature/°C act as a plasticizer, due to its compatibility with PP and
PLA components. The effect of compatibilizer on the T, of
(b) 351 the 75/25 blend is opposite of 25/75 one. While the com-
g‘ 3.0 A :EfA patibilizer in the 75/25 blend decreases the T, it increases
“l o] —Evon Fhe T, . of the 25/75 blend, implying the increase in
—— PPIPLA75/25 interaction.
o 201 ——(PP/IPLAYEVOH0/10 There is an increase in the T,,, of EVOH in ternary blend
s 1.5 with an increase in EVOH content, while the T,, of PP has
5 104 PP/PLA 75/25 . no significant change in the ternary blend. This are attrib-
"{3 uted to the interactions between the EVOH and other
£ 0.5 components which interrupt the crystallization of EVOH
0.0 | [29]. The AH,, values of the PP and EVOH components
ol 0.5 - (PPIPLA)/EVOH 90/10 normalized to their contents as well as the X% are
2 reported in Table 3. As shown, the X,,% of PP and EVOH
_1'0_20 0 20 40 60 80 100 120 140 160 180 20 are in competition, i.e., there is a decrease in X,,% value of

Temperature/°C

Fig. 3 DSC curves of the blends’ components as compared to the
90/10 blend; a second heating, b cooling

crystallization can be seen for PLA, it is not seen in the
binary and ternary blends, suggesting that PP and EVOH

@ Springer

PP with an increase in EVOH content and increase in X,,%
of EVOH. Interestingly, except for 50/50 composition, the
sum of two X% is approximately a constant value of
around 51-55, similar to those for pure PP and EVOH,
respectively.

The cooling DSC curve shows a narrow exothermic
peak at 125.0 °C and a broad and small peak at 156.4 °C
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Fig. 4 DSC curves of the
blends; a second heating,
b cooling
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corresponding to the PP and EVOH phases, respectively
(Fig. 3b). Similar to that seen for X,%, these two peaks
have an interesting behavior with changing the composi-
tion. They are in competition; as the EVOH content
increases, the height of the corresponding crystallization
peak increases, and the width decreases and shifts to the
higher temperatures. A glance at the 7, values of PP and

EVOH shows that the T, value of it has decreased to the
lower temperature, implying that the compatibilization
facilitates the crystallization of PP. Conversely, the 7.
value of EVOH has increased with addition of compatibi-
lizer, having reverse effect on the EVOH crystallization. A
notable point is the effect of compatibilizer on the crys-
tallinity degree of the PP and EVOH. While the
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Table 3 DSC analysis of the samples at cooling/heating rate of 10 K min~": (a) second heating, (b) cooling

Samples TJ/°C T, /l°C  AH M g' X% Tw/°C AH /T g7! X /%
PP PLA EVOH PP EVOH PP  EVOH

(a) Second heating
Pure PP - - - 1642 - - 1019 - 51.0 -
Pure PLA 607 1211 155 16.7 - 1527 - - 26.7 - 28.7
PP/PLA 75/25 - - - 1635 - - 883 - 510 -
PP/PLA (75/25)/EVOH 90/10 605 - - 1644 1537 1755 876 13 435 8.1
PP/PLA (75/25)/EVOH 75/25 604 - - 1651 1529 1785 617 19 307 20.0
PP/PLA(75/25)/EVOH/C 75/25/5 597  — - 1640 1528 1794 648 92 322 234
PP/PLA (75/25)/EVOH 50/50 596 - - 1640 1525 1785 763 226 379 287
PP/PLA (75/25)/EVOH 25/75 581 - - 1649 - 1794 476 386 237 326
PP/PLA(75/25)/EVOH/C 25/75/5 593  — - 1635 1519 1798 554 393 275 332
PP/PLA (75/25)/EVOH 10/90 581 - - 1646 - 180.0 351 479 174 338
Pure EVOH 60.6 - - - - 180.8 - 86.5 - 54.8
Samples T./°C AH/Y g~} X /%

PP EVOH PP EVOH PP EVOH
(b) Cooling
Pure PP 116.4 100.5 50.0
Pure PLA 128.7 15 8.1
PP/PLA (75/25)/EVOH 100/0 115.7 - 71.6 - 47 -
PP/PLA (75/25)/EVOH 90/10 125.3 156.4 71.9 33 53.0 20.7
PP/PLA (75/25)/EVOH 75/25 127.5 159.4 56.6 14.7 50.0 374
PP/PLA(75/25)/EVOH/C 75/25/5 125.5 161.0 59.2 13.6 52.3 345
PP/PLA (75/25)/EVOH 50/50 123.5 159.5 35.8 322 475 40.8
PP/PLA (75/25)/EVOH 25/75 130.4 161.1 17.6 48.9 46.7 414
PP/PLA(75/25)/EVOH/C 25/75/5 122.1 161.7 21.7 48.3 57.4 40.8
PP/PLA (75/25)/EVOH 10/90 126.41 161.2 6.3 60.1 44.6 42.3
Pure EVOH - 161.4 - 74.5 - 472

compatibilizer could increase the crystallinity degree of PP
in the both PP/PLA-rich and EVOH-rich blends, it has
reverse effect on that for EVOH. This is due to the lack of
polar groups in the PP component, affecting by addition of
compatibilizer.

In order to use the Nishi and Wang theory, the EVOH
was assumed as the crystallizable component and the effect
of PLA was ignored. Other assumptions are the PP/PLA
75/25 blend as the first component, having the volume
fraction of @;, and EVOH as the second component,
having the volume fraction of @,. For use of the theory,
T%, and T° are the equilibrium melting points of the
EVOH component in the blend and pure state, respectively,
AHP is the heat of fusion of EVOH. Moreover, the Ty,
values at the rate of DSC are assumed to be equilibrium
values. The interaction parameters j,, using Eq. 1 for
different compositions were calculated and are presented in
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Table 4. In order to use Eq. 1, the parameter values are as
follows:

AH? =157.87g™', V| = 48.8cm® mol !,
V, = 34.4cm’ mol '[25] and
Ris the universal gas constant (8.3 14 Jmol ™! K’l) .

As shown, the interaction parameters are negative for all
of the compositions except for 90% of EVOH. This is due
to the good interactions between the matrix segments and
EVOH. The depression of T, and y;, values with
increasing EVOH content implies that EVOH is compati-
ble with other components. The increase in the EVOH
content up to 75% leads to decrease in y;, value and
exceeding 75% has converse effect.
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Table 4 Values of @gyon, T‘(;

and 715 of the blends Components Composition Pevou TI?I/OC L12

PP/PLA (75/25)/EVOH 100/0 0 - -

PP/PLA (75/25)/EVOH 90/10 0.080 175.5 — 0.00068
PP/PLA (75/25)/EVOH 75125 0.213 178.5 — 0.00029
PP/PLA(75/25)/EVOH/C 75/25/5 0.209 179.4 — 0.00009
PP/PLA (75/25)/EVOH 50/50 0.448 178.5 — 0.00058
PP/PLA (75/25)/EVOH 25/75 0.709 179.4 — 0.00069
PP/PLA(75/25)/EVOH/C 7512515 0.702 179.8 — 0.00007
PP/PLA(75/25)/EVOH 10/90 0.880 180.0 0.00136
PP/PLA(75/25)/EVOH 0/100 1 180.8 -

Permeability of the films

The oxygen permeability values of the samples at ambient
conditions are shown in Table 5. As seen, oxygen perme-
ability is initially reduced with increasing compatibilizer
content. This result may be explained by the fact that the
addition of compatibilizer up to a certain level results in
thinning of EVOH layers due to efficient stress transfer
from the matrix (PP) to the dispersed phase (EVOH and
PLA) during film stretching process.

Properties of a semicrystalline polymer are related not
only to the X, % and X.% values, but also to the crystalline
characteristics, such as the size and the perfection of the
crystals. The good barrier properties of EVOH component
is strongly attributed to the degree of crystallinity and the
presence of impermeable crystalline regions. The presence
of crystalline regions can lead to reduction in gas perme-
ability by creating a tortuous diffusive path for penetrant
molecules. Moreover, the presence of crystalline phase
within a polymer lead to a decrease in required space for
occurrence of the solution phenomenon. Cerrada et al. and
different researchers reported that slowly cooling in EVOH
creates orthorhombic structure for all copolymer

compositions, resulting in effective barrier properties [30].
The thin-film casting process has such condition, due to the
low thickness of film and effective cooling rate.

As shown, the PP/PLA film has a lower barrier property
as compared to the ternary blends because the oxygen
molecules can diffuse through the probable micro-voids
formed at the interface during stretching process [4]. This
is due to poor interfacial adhesion between PP and PLA.
Meanwhile, it seems that the EVOH has multifunctional
effects on the permeability. First of all, its role as an
intrinsic barrier material can be denoted due to its proper
micro- and macrostructure, such as high molecular weight,
polarity and crystallinity. Second, its role as a compatibi-
lizer; the addition of EVOH, as well as the PP-g-MA
compatibilizer, to the PP/PLA immiscible blend prevents
coalescence of the dispersed particles during melt flow in
two processes, i.e., melt blending and flat film extrusion.
Finally, the presence of EVOH beside PP and performing
the cast film process has created a high degree of crys-
tallinity, resulting in decrease in oxygen permeability. As
shown in Fig. 5, there is a good relationship between the
oxygen permeability (Fig. 5a) and crystallinity (Fig. 5b, c¢)
of the samples. Moreover, it is confirmed that while the

Table 5 Oxygen permeability

—1

of the sample films at ambient Samples Permeability (P)lem® m™2 day_l bar

conditions PP 349
PP/PLA (75/25)/EVOH 100/0 416
PP/PLA (75/25)/EVOH 90/10 358
PP/PLA (75/25)/EVOH 75/25 323
PP/PLA (75/25)/EVOH/Comp. 75/25/3 278
PP/PLA (75/25)/EVOH/Comp. 75/25/5 221
PP/PLA (75/25)/EVOH 50/50 163
PP/PLA (75/25)/EVOH 25/75 109
PP/PLA (75/25)/EVOH/Comp. 25/75/3 76
PP/PLA (75/25)/EVOH/Comp. 25/75/5 64
PP/PLA (75/25)/EVOH 10/90 45
PP/PLA (75/25)/EVOH 0/100 9
PLA 24

@ Springer



1842

M. Amini, H. Ebadi-Dehaghani

Fig. 5 Graph of permeability
values (a) as compared to the
degree of crystallinity of PP
(b) and EVOH (¢)

(@)
PP/PLA (75/25)/EVOH 100/0

PP/PLA (75/25)/EVOH 90/10
PP/PLA (75/25)/EVOH 75/25
PP/PLA(75/25)/EVOH/C 75/25/5
PP/PLA (75/25)/EVOH 50/50
PP/PLA (75/25)/EVOH 25/75
PP/PLA(75/25)/EVOH/C 25/75/5
PP/PLA (75/25)/EVOH 10/90

Pure EVOH

(b)
PP/PLA (75/25)/EVOH 100/0
PP/PLA (75/25)/EVOH 90/10
PP/PLA (75/25)/EVOH 75/25
PP/PLA(75/25)/EVOH/C 75/25/5
PP/PLA (75/25)/EVOH 50/50
PP/PLA (75/25)/EVOH 25/75
PP/PLA(75/25)/EVOH/C 25/75/5
PP/PLA (75/25)/EVOH 10/90

Pure EVOH

()

PP/PLA (75/25)/EVOH 100/0
PP/PLA (75/25)/EVOH 90/10
PP/PLA (75/25)/EVOH 75/25
PP/PLA(75/25)/EVOH/C 75/25/5
PP/PLA (75/25)/EVOH 50/50
PP/PLA (75/25)/EVOH 25/75
PP/PLA(75/25)/EVOH/C 25/75/5
PP/PLA (75/25)/EVOH 10/90

Pure EVOH
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523

57.4

x,/% of PP

x./% of EVOH
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Table 6 Mechanical properties of the samples of the blends at ambient conditions

Tensile modulus/MPa

Tensile strength/MPa Elongation at break/%

Components Composition

PP/PLA (75/25)/EVOH 100/0 343 £ 6.9
PP/PLA (75/25)/EVOH 90/10 393 £53
PP/PLA (75/25)/EVOH 75125 438 + 4.6
PP/PLA(75/25)/EVOH/C 7512513 453 £ 5.8
PP/PLA(75/25)/EVOH/C 7512515 485 + 10.6
PP/PLA (75/25)/EVOH 50/50 510 £ 9.8
PP/PLA (75/25)/EVOH 25175 595 +£ 11.7
PP/PLA(75/25)/EVOH/C 25/75/3 617 £ 13.2
PP/PLA(75/25)/EVOH/C 7512515 643 + 16.9
PP/PLA(75/25)/EVOH 10/90 665 £ 14.3
PP/PLA(75/25)/EVOH 0/100 740 £+ 18.1

6.9 + 0.1 3.5+ 0.18
7.5 £ 0.15 22 +£0.02
83 +0.23 2.7 £0.09
72+03 29 £ 0.09
7.1 £0.38 3.7 £ 0.09
8.4+ 0.19 32+0.1

12.8 £ 0.41 3.8 £0.13
11.2 £ 0.32 52 £0.11
10.7 £ 0.46 59 +£0.10
13.2 £ 0.42 42 £0.13
149 £ 0.5 48 £02

crystallinity degree of the both components has synergistic
effect on the oxygen barrier properties, the crystallinity
degree of EVOH seems to be more important (Fig. 5c).

Mechanical properties of the films

The tensile properties and impact strength of the samples
for this series of blends are shown in Table 6. There is an
increase in the tensile modulus of the blends with an
increase in the EVOH content. This is due to the greater
value of the EVOH modulus (740 Mpa) and also its
compatibilizing effect as mentioned in the SEM results.
Another important factor determining the tensile proper-
ties, especially modulus, is the degree of crystallinity. As
mentioned above, there is an increase in the crystallinity of
the EVOH with an increase in its content, while the crys-
tallinity degree of PP has not such improvement. There-
fore, it seems that the crystallinity of EVOH has more
significant effect on the modulus and other mechanical
properties as compared to that of PP. Change in composi-
tion results in similar trends for tensile strength as well as
impact strength. Differently, while there is no regular trend
for elongation at break, the compatibilizer can increase it to
some extent. An important notable point is the maximum
impact strength value for the 50/50 composition. Similar
results have been reported in our previous work for PP/
PLA blends [31]. The image in Fig. le shows a co-con-
tinuous morphology in this composition. This morphology
has been reported to have extraordinary effects on the
properties and leads to synergism of properties, such as
high modulus and high impact strength in commercial
blends. An improvement in the impact strength of the
blends with an increase in EVOH content would be
expected due to the higher impact strength of EVOH
compared to that of PP/PLA blend. However, the experi-
ment values did not match with such expecting results. In
other words, there was a maximum in impact strength of

the blends up to 50/50 composition, dropped again at
greater contents of EVOH. However, addition of PP-g-MA
led to an increase due to increase in compatibility between
the components. This increase is due to enhancement in
interface interaction, affecting the chain motions and fric-
tions between them and resulting in dissipation of imposed
energy. The EVOH-rich blend showed significant increase
in impact strength compared to that of PP/PLA-rich blend.
This is due to toughening effect of PP droplets being at the
rubbery plateau at experiment temperature, i.e., 23 °C, in
the blend [32]. Hence, it can be stated that when the stress
concentration occurs in the PP/PLA-rich blend, the EVOH
droplets cannot dissipate the sudden impact energy.
Therefore, the imposed energy led to promotion of the
cavities at the interface under stress. Therefore, the com-
position of a blend plays an important role in the impact
strength of the blend [31, 33].

Conclusions

Casting films of PP/PLA/EVOH ternary blends having
different compositions were prepared. From the laminar
morphology development of the dispersed phases, it was
concluded that there was effective interaction between the
components, especially in the presence of the EVOH. This
morphology is one of the responsible factors resulted in
decrease in the oxygen permeability. The crystallinity
degrees of two crystalline components of the ternary
blends, i.e., PP and EVOH, had an interesting relationship,
so that the average of their crystallinity remained around
35-45%. The EVOH has multifunctional effects on the
properties of the casting films, as an intrinsic barrier
material, as compatibilizer and as a high-potential crys-
talline material, resulting in the decrease in oxygen per-
meability and increase in mechanical properties. While the
compatibilization facilitated the crystallization of PP, it had
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reverse effect on EVOH crystallization. Nishi and Wang
theory confirmed an effective interaction between the
components. The significant increase in the impact strength
in the EVOH-rich blends compared to that of PP/PLA-rich
ones was due to toughening effect of PP droplets being at
the rubbery plateau at experiment temperature. The
increase in the crystallinity of EVOH had a greater effect
on the modulus and tensile strength, as compared to that for
PP.
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