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SYNOPSIS 

Effects of composition, compatibilization, and blending procedure on oxygen barrier prop- 
erties of injection-molded polypropylene/polyamide 6 blends were investigated. The main 
attention was paid to the relationships between oxygen permeability, mechanical properties, 
and blend morphology. The effect of the polypropylene/polyamide 6 ratio was evident in 
blends with a homogeneous dispersion type of morphology. After the phase inversion, when 
polyamide became the continuous phase, the barrier properties of the blends were signif- 
icantly improved and approached those of polyamide 6. Increasing the amount of the com- 
patibilizer, maleic anhydride grafted polypropylene, was found to increase the permeability 
of the blend. The blending procedure had a significant effect on the permeability of the 
blends. The injection-molded blend exhibited a laminar type of morphology when polyamide 
6 and the compatibilizer were preblended in a twin-screw extruder, and polypropylene was 
added later as a dry-blend before injection molding. The dispersed polyamide phase formed 
thin elongated platelets in the polypropylene matrix. This laminar morphology resulted in 
significant improvement of oxygen barrier properties approaching the level of the theoretical 
values calculated for corresponding coextruded structures. Moreover, both the tensile and 
impact properties of this particular blend were exceptionally good. 0 1995 John Wiley & 
Sons, Inc. 

INTRODUCTION 

Good oxygen barrier properties are vital in many 
packaging applications as a means of achieving a 
long shelf life for the product. Polymers have many 
advantages in packaging including strength, trans- 
parency, flexibility, and heat sealability. However, 
many of them also have limited or specific barrier 
properties. A polymer with good oxygen barrier 
properties may show poor water barrier properties, 
and vice versa. Such problems can sometimes be 
avoided by coextrusion. The permeability of a coex- 
truded structure can be calculated from the following 
equation: 

where Pc is the permeability of the composite, $i the 
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volume fraction of the component i,  and Pi the per- 
meability of the individual layer i.' 

The permeability of a polymer depends on many 
internal factors, such as the interchain forces of 
polymer molecules, crystallinity, and orientation. 
Many external factors, including nature of the pen- 
etrant, temperature, and moisture, also affect the 
~ermeabili ty.~-~ Our particular concern in this work 
was oxygen permeability, which is reduced by strong 
intermolecular forces in a polymer. Chemical groups 
that lead to such high attractive forces include esters, 
amides, hydroxyls, and cyano groups. Thus, exam- 
ples of polymers that are good barriers against ox- 
ygen are ethylene-vinyl alcohol copolymer, poly- 
ethylene terephthalate, polyvinylchloride, and 
polyamide 6. 

Blends of polyolefins with polyamides have been 
of interest to many research  group^.^-^ The primary 
target of the research and development of polypro- 
pylene /polyamide blends has been to improve the 
thermal and mechanical properties of polypropyl- 
enes. However, if polyamides (PA) are added to 
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polypropylenes ( P P ) ,  in addition to the improve- 
ment of mechanical properties, also some functional 
properties like paintability or barrier properties may 
be improved as well. 

Polyolefins exhibit excellent moisture barrier 
properties but poor oxygen barrier properties. Al- 
though polyamides, in turn, normally have good ox- 
ygen barrier properties, water acts as a plasticiser, 
weakening the strong interchain forces so that, in 
the presence of moisture, oxygen molecules can more 
easily penetrate through them. 

In polymer blends, the barrier properties are 
strongly dependent on morphology. In most immis- 
cible polymer blends the morphology is more or less 
homogeneous, with the second polymer dispersed as 
spherical particles in the matrix polymer. In this 
case, the incorporation of the dispersed polymer does 
not significantly change the barrier properties of the 
matrix polymer. The permeability of a homogeneous 
polymer blend has been expressed by Barrer et al.’ 
as 

where P, is the permeability of the matrix, 4, the 
volume fraction of the matrix, and 7 the tortuosity, 
which can be approximated from the volume fraction 
of the dispersed phase (&)  as 

Subramanian et al.’O-l‘ report that blends with 
nonuniform heterogeneous dispersion of a conden- 
sation polymer in a polyolefin matrix show improved 
solvent barrier properties. The solvents they tested 
were xylene and mixtures of aliphatic and aromatic 
hydrocarbons. The permeability of the blends ap- 
proached that of the coextruded structures. The 
preferred laminar morphology was observed in blow- 
molded containers. 

The object of our work was to study how oxygen 
barrier properties depend on the composition and 
on the blending procedure in polypropylene/poly- 
amide 6 blends. The efficiency of mixing during the 
extrusion was varied. Injection-molded test speci- 
mens were used for the evaluation of mechanical 
properties. Because polypropylene / polyamide 
blends always require a compatibilizer for bridging 
the dissimilar polymers and stabilization of the 
morphology, the effect of a compatibilizer on oxygen 
permeability was investigated as well. Barrier prop- 
erties of the blends were compared with those cal- 
culated for corresponding coextruded structures. 

The relationship between the observed morphology 
and permeability properties is discussed. 

EXPERIMENTAL 

Materials 
The polypropylene used in the experiments was an 
isotactic homopolymer VC12 33B, supplied by 
Borealis Polymers. It is an injection molding grade 
with density 0.900 kg/dm3 and melt flow index 12 
(230”C, 2.16 kg). The polyamide 6 was Ultramid 
B3 S produced by BASF, which is also an injection 
molding grade, with density 1.13 kg/dm3. Maleic 
anhydride grafted polypropylene, Exxelor PO X1 
1015, from Exxon Chemicals, was used as the com- 
patibilizer. The amount of the grafted maleic an- 
hydride was 0.4 wt %. The density of the polymer 
was 0.910 kg/dm3, and the melt flow index 120 
( 230”C, 2.16 kg). 

Blends and Mixing 

Before processing, polyamide 6 was predried over- 
night at 80°C in a dehumidifying dryer. The mate- 
rials were dry mixed before melt blending in a 
Bergstorff ZE 25x33D corotating twin-screw extru- 
der at an average melt temperature of 245°C. The 
screw rotating speed was 200 rpm. The screw con- 
figuration was especially designed for reactive 
blending. 

In a first series of tests, the effect of the com- 
position was studied by changing the PP/PA ratio 
from 100/0 to 0/100. The compatibilizer content 
was kept constant a t  10 wt % of the amount of 
polyamide 6. Because the compatibilizer was a 
modified polypropylene, the amount of PP was re- 
duced by the amount of compatibilizer. All ma- 
terials were dry mixed and melt blended with the 
twin-screw extruder. 

The effect of the amount of compatibilizer was 
investigated with one PP/PA composition (70/30), 
and the content of compatibilizer was varied from 
0, 1.5, 3.0, to 4.5 wt  %, with appropriate reductions 
being made in the PP phase. The mixing and melt 
blending were done as described above. 

The effect of blending procedure was studied by 
mixing one model composition (PP/PA/compati- 
bilizer 6713013 in wt %),  in four different ways. 
The first sample was melt blended in a twin-screw 
extruder as above. The second sample was melt 
blended in the same extruder but using a very “mild” 
screw configuration consisting mainly of conveying 
elements. The third sample was only dry mixed, and 
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not melt blended at all before injection molding. In 
the fourth sample polyamide 6 and the compatibil- 
izer were melt bleilded normally, as in the first case, 
and polypropylene was then added to the mixture 
as dry blend. This sample was then fed directly to 
the hopper of the injection molding machine. These 
blends are referred to below as I to IV, respectively. 

Testing and Characterization 

After blending, the materials were dried for 16 h at  
80°C in a dehumidifying dryer. All samples were 
injection molded into test plates and tensile test 
bars. The thickness of the plates (100 X 100 mm) 
was 1 mm. The test bars for mechanical testing with 
the dimensions as in IS0  R527 6A were injection 
molded according to IS0  294 standard. Before test- 
ing, the samples were again dried for 16 h at  80°C 
and preserved in a desiccator before measurement. 
The effect of moisture on the mechanical properties 
was, thus, minimized. 

Oxygen transmission rate was measured accord- 
ing to standard ASTM D3985. Two parallel tests 
were made on each sample. Tensile strength and 
modulus were measured according to standard IS0  
R527 and Izod notched impact strength according 
to standard IS0 180/1A, both at  23°C. A minimum 
of five samples were tested in each case, and the 
standard deviation was less than 10%. 

The morphologies were evaluated by scanning 
electron microscopy (SEM) JEOL JSM-820. Mi- 
crographs were taken of injection-molded tensile test 
bars. Samples were prepared by fracturing the parts 
at liquid nitrogen temperature, and the fracture sur- 
faces were coated with a layer of gold. 

Melt viscosities of polypropylene, polyamide 6, 
and the polyamide/compatibilizer (90/ 10) preblend 

were measured with a Gottfert Rheograph 2002 cap- 
illary rheometer. The measurements were made at  
the processing temperature (245°C) to be able to 
determine the viscosity ratio between PA and PP 
related to different blending procedures. A die with 
length to diameter ratio of 30/1 was used, and Ra- 
binowitch correction was made to the results. 

RESULTS AND DISCUSSION 

Effect of Composition 

Compositions and oxygen permeabilities in the first 
series of tests are presented in Table I, and the mea- 
sured and calculated permeabilities are compared in 
Figure 1. The permeabilities for the corresponding 
coextruded structures were calculated from eq. ( 1 ) . 
The permeabilities for homogeneous dispersions 
were calculated from eqs. (2)  and ( 3 ) ,  on the as- 
sumption that the phase inversion takes place 
roughly at 50 / 50 composition. 

In these tests, where all components were fed into 
the twin-screw extruder simultaneously, morphol- 
ogies with homogeneous dispersions were achieved, 
as shown by SEM micrographs recorded from the 
samples. A typical example of such morphology is 
shown in Figure 5 ( a )  for the composition PP / PA / 
Comp 67/30/3. So long as the polypropylene pro- 
vided the matrix, the oxygen permeability was close 
to that of polypropylene; but after phase inversion, 
the barrier properties approached those of polyamide 
6. As can be seen in Figure 1, the measured values 
were close to those calculated for homogeneous dis- 
persions. 

Mechanical properties of the blends are depicted 
in Table I1 and Figure 2. The tensile modulus and 

Table I 
Permeability 

Compositions of the Blends in Weight Percent, and Their Oxygen 

Oxygen 
PP PA 6 Compatibilizer Permeability 

Sample wt % w t %  w t %  (cm3 - 25 pm/m2 - d - bar) 

100 
89 
78 
67 
56 
34 
12 
0 

0 
10 
20 
30 
40 
60 
80 

100 

2820 
2290 
1880 
1360 
790 
44 
14 
6 
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Figure 1 
permeability, 
x the calculated permeability for homogeneous dispersions. 

Oxygen permeabilities as a function of polyamide content: A is the measured 
the calculated permeability for corresponding coextruded structures, and 

tensile strength increased with the polyamide con- 
tent. Slight improvement also occurred in the Izod 
notched impact strength. The level of impact 
strength, nevertheless, is low because the samples 
were dried before measurement reducing the plas- 
ticizing effect of water in polyamide 6. 

Effect of Compatibilizer Content 

In these tests, the amount of the compatibilizer in 
blends was varied while the polyamide 6 content 
was kept constant at 30 wt %. Thus, polypropylene 
always formed the matrix, and polyamide 6 the dis- 
persed phase. The melt blending was done in the 

twin-screw extruder by feeding all the components 
into the hopper simultaneously. 

The compatibilization reaction between amine 
end groups of polyamide 6 and maleic anhydride 
groups has been reported5 to lead to a finer and more 
homogeneous dispersion than in noncompatibilized 
blends. In our work, the size of the dispersed poly- 
amide particles diminished with increasing com- 
patibilizer content. At  the same time, the barrier 
effect of the polyamide phase clearly decreased, as 
can be seen in Figure 3. Thus, minimizing the 
amount of compatibilizer needed is important for 
good barrier properties. However, without compa- 
tibilization, blends of polypropylene and polyamide 

Table I1 Mechanical Properties of the Blends of Different Composition (codes 
as in Table I) 

Notched Izod 
Tensile Modulus Tensile Strength Impact Strength 

Sample MPa MPa kJ/m2 

1840 
1980 
2100 
2250 
2390 
2520 

37 
38 
40 
46 
58 
66 

2.3 
2.6 
2.4 
3.0 
4.7 
4.9 
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Figure 2 Tensile modulus and strength as a function of polyamide content. 

do not show stable morphology or interesting prop- 
erties. 

chanical properties with one model blend compo- 
sition: PP/PA/Comp 67/30/3 (wt '3%). The influ- 
ence of processing on the oxygen permeability is de- 

Effect of Blending Procedure 

The morphology of all immiscible blends strongly 
depends on the melt-blending process. The applied 
mixing intensity (shear forces), temperature, and 
residence time are important parameters. In poly- 
propylene/polyamide blends the size of the dis- 
persed particles has been found to depend on the 
applied screw configuration.'* We studied the effect 
of blending procedure on oxygen barrier and me- 

1600 T 
1400 

1200 

picted in Figure 4, where the oxygen permeabilities 
are also compared with the theoretical values cal- 
culated for layered and homogeneous blend struc- 
tures [ eqs. ( 1 ) and ( 2)  1. The oxygen permeabilities 
of the blends made in a twin-screw extruder in nor- 
mal (Sample I )  or in mild shearing conditions 
(Sample 11) as well as that of the dry-mixed blend 
(Sample 111) were about at the same level as that 
calculated for homogeneous dispersions. The oxygen 
permeability of sample IV, in turn, was significantly 

0 1.5 3 

Compatibilizer cont. [wt-%] 

-1 

4.5 

Figure 3 
wt % PA. 

Effect of the compatibilizer content on oxygen permeability of blends with 30 
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Sample 

Figure 4 Effect of blending procedure on oxygen permeability. 1. Sample I, normally 
mixed in the twin-screw extduder. 2. Sample 11, mildly mixed in the twin-screw extruder. 
3. Sample 111, polymers only dry mixed before injection molding. 4. Sample IV, PA + Comp. 
mixed in the twin-screw extruder, PP added as dry blend before injection molding. 5. 
Permeability calculated for corresponding coextruded structure [ eq. (l)]. 6. Permeability 
calculated for corresponding homogeneous dispersion [eqs. (2) and (311. 

lower approaching the theoretical value calculated 
for a coextruded PP/PA structure. This remarkable 
improvement was achieved through formation of a 
special morphology. 

Variation in the blending procedure resulted in 
different morphologies in the final injection-molded 
samples, which well explains the oxygen perme- 
ability results obtained. The SEM micrographs re- 
produced in Figures 5 and 6 show a variation from 
homogeneous ( Sample I)  to laminar-type morphol- 
ogy (Sample IV). In samples I and 11, enhanced 
interactions through the amine /anhydride reaction 
caused a fine dispersion of polyamide in the poly- 
propylene matrix. The average particle size of the 
dispersed phase was about 1-2 pm. The structures 
of Samples I and I1 were closely similar, indicating 
that the screw configuration of the twin-screw ex- 
truder is not a critical parameter. By contrast, for 
Sample 111, where components were merely dry 
mixed before injection molding, the residence time 
and mixing intensity in the injection molding ma- 
chine were not sufficient for compatibilization re- 
actions to take place. The morphology of Sample 
I11 was nonhomogeneous and the adhesion between 
the components was poor. 

A significantly different morphology can be ob- 
served for Sample IV, where the polyamide 6 phase 
formed extended thin platelets. The dispersed poly- 
amide domains were strongly deformed and elon- 
gated during the injection molding, resulting in a 
laminar-type morphology. This morphology of 

Sample IV explains its very good oxygen barrier 
property. Because of the long polyamide platelets, 
the penetrating oxygen has a longer path to travel 
through the material. The morphology resembles 
that obtained by Subramanian lo in blow-molded 
containers made of polyamide /polyethylene blends. 

The blending procedure also had a clear effect on 
the morphology of the skin regions of the specimen. 
Figure 6 depicts the structures of Samples I1 and 
IV. Sample I1 has also a somewhat more layered 
structure in the skin region than in the middle of 
the specimen. The effect is much more pronounced 
in Sample IV, however. 

In Sample IV, the melt-blending of polyamide 
with the compatibilizer, maleic anhydride grafted 
polypropylene, enables the amine anhydride reaction 
to take place, but the compatibilizer is not mixed 
with the polypropylene phase. Probably the com- 
patibilizer is dispersed after the melt blending in the 
polyamide phase.g The amine /anhydride reaction 
results in a polypropylene-polyamide graft copoly- 
mer that acts as the final compatibilizer. The co- 
polymer is probably located at the interface between 
the dispersed compatibilizer and polyamide matrix. 
When polypropylene is then later added, the poly- 
olefinic segments of the compatibilizer are free to 
provide sufficient miscibility between the compati- 
bilizer and polypropylene during the injection 
molding. 

In addition, preblending of the compatibilizer and 
polyamide affected also the melt rheology, which is 
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(b) 

Figure 5 SEM micrographs of fractured surfaces for samples of composition PP/PA/ 
Comp 67/30/3. (a) Sample I, normally mixed in the twin-screw extruder. (b) Sample 11, 
mildly mixed in the twin-screw extruder. (c) Sample 111, polymers only dry mixed before 
injection molding. (d) Sample IV, PA + Comp. mixed in the twin-screw extruder, PP added 
as dry blend before injection molding (taken from the middle part of the injection-molded 
specimen). Magnification: scale bar 10 Fm. 

crucial for the morphology. As seen from Figure 7, 
the melt viscosity of the PA/compatibilizer (90/ 
10) preblend was clearly higher than that of PP at 
all shear rates studied. According to our earlier 
studies, 13714 this means that the more viscous com- 
ponent (PA) tends to form relatively large domains 
in the matrix (PP) instead of a fine dispersion. Es- 
pecially at higher shear rates applied in injection 
molding the viscosity ratio (qpA/qlpp Y 2)  led to the 
formation of larger P A  domains, which were de- 
formed into extended platelets due to shearing. In 
case 111, where all three polymers were only dry 
mixed, the conditions were slightly similar, but the 
poor mixing led to a more unhomogeneous mor- 
phology and lack of interfacial adhesion. In cases I 

and 11, instead, where all three polymers were 
blended in the twin-screw extruder (maximum shear 
rates about 300-500 1 / s )  , the viscosity ratio was 
near unity and a fine dispersion of PA in PP matrix 
was obtained. 

The stable, more laminar morphology achieved 
with the fourth blending procedure resulted also in 
better mechanical properties than obtained with 
other blending procedures. Although the recipe was 
the same in all four cases, a significant improvement 
in tensile modulus, tensile stress a t  yield, and Izod 
notched impact strength was evident with the fourth 
mixing procedure, as seen in Figure 8. Evidently this 
improvement is due to the special morphology 
formed, i.e., elongation of the dispersed polyamide 
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(b) 

Figure 6 Morphology of the skin region of the injection- 
molded samples. (a) Sample 11, mildly mixed in the twin- 
screw extruder. (b) Sample IV, PA + Comp. mixed in the 
twin-screw extruder, PP added as dry blend before injec- 
tion molding. Magnification: scale bar 10 Fm. 

particles and adequate interfacial adhesion achieved 
through the compatibilization. 

CONCLUSIONS 

The aim of this study was to improve the oxygen 
barrier property of polypropylene by blending with 
polyamide. The effects of blend composition, com- 
patibilizer content, and blending procedure on ox- 
ygen permeability of injection molded polypropyl- 
ene/polyamide 6 blends were studied and the results 
were compared with morphology and mechanical 
properties of the blends. 

Mixing of polypropylene, polyamide 6, and the 
compatibilizer in the twin-screw extruder resulted 
in a fairly homogeneous dispersion of the minor 

phase in the matrix. The oxygen permeability of the 
blends followed that of the continuous phase, and a 
dramatic improvement in barrier properties was 
achieved after phase inversion, when polyamide 6 
became the continuous phase. 

In the study of the effect of compatibilizer con- 
centration, polypropylene was the major phase ( 70- 
65.5 wt 76 ) , polyamide the minor phase (30 wt % ) , 
and maleic anhydride-grafted polypropylene the 
compatibilizer ( 0-4.5 wt 76 ) . Increasing the amount 
of the compatibilizer caused the size of the dispersed 
polyamide particles to become smaller and the ox- 
ygen permeability increased. Thus, minimizing the 
amount of compatibilizer needed is important for 
good barrier properties. 

The blending procedure was found to have a great 
influence on the oxygen permeability. The best ox- 
ygen barrier and mechanical properties were asso- 
ciated with the laminar type of morphology where 
the dispersed polyamide phase formed thin elon- 
gated platelets in the polypropylene matrix. This 
special morphology was obtained when polyamide 
and compatibilizer were melt blended separately in 
a twin-screw extruder and polypropylene was added 
later, as a dry blend, to the hopper of the injection 
molding machine. The reduction of oxygen perme- 
ability was significant compared to the normal pro- 
cedure where all components were blended in a twin- 
screw extruder before processing. Moreover, the 
measured oxygen permeability of the blend was even 
as low as the theoretical value calculated for a coex- 
truded PP/PA structure. Formation of the laminar 
morphology is based on a favorable viscosity ratio 
between PA and PP phases and the aminelanhy- 
dride reaction during preblending of PA and the 
compatibilizer. 

PAWlOCmp. 

I 
100 lMM loo00 

Shear rate (l/s) 

Figure 7 Melt viscosities vs. shear rate for PP, PA, and 
PA/compatibilizer (90/10) preblend measured at 245°C. 



Sample 

Sample 

Sample (c) 
Figure 8 Effect of blending technique on (a) tensile modulus, (b) tensile strength, and 
(c) notched Izod impact strength: Sample I, normally mixed in the twin-screw extruder; 
Sample 11, “mildly” mixed in the twin-screw extruder; Sample 111, polymers only dry mixed 
before injection molding; and Sample IV, PA + Comp. mixed in the twin-screw extruder, 
PP added as dry blend before injection molding. 
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