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SYNOPSIS 

In order to improve the mechanical properties of polypropylene film, a new processing 
combining extrusion and zone-annealing has been applied. It was found that there are 
suitable conditions for each step in the combined processing. When the coextrusion draw 
ratio was low, the total draw ratio and modulus could be increased by the zone-annealing 
subsequently done. The highest modulus was obtained when the film was coextruded at  
extrusion draw ratio 4 and then zone-annealed at  120°C under 7 kg/mm2. The value was 
12 GPa in Young's modulus or 17 GPa in dynamic modulus. The peak temperature of a, 
dynamic dispersion for the combinedly processed film was 109"C, which is higher by 10°C 
than that for the as-coextruded film. Four drawing methods were compared in dynamic 
viscoelasticity. These methods are the coextrusion, zone-drawing/zone-annealing, two- 
step coextrusion, and the combined processing by coextrusion and zone-annealing. The 
highest dynamic modulus for each method was arranged in the above order. The combined 
processing indicated the most effective improvement in mechanical properties, because it 
is believed that lamellae in the original film were broken by cooperating interaction of 
shear stress, compression, and tension on coextrusion and then the superstructure with a 
high crystallinity and a high molecular orientation was formed on zone-annealing. 

I NTROD UCTlON 

The coextrusion method was developed by Porter 
and his co-workers and has been applied to a variety 
of polymers, such as polyethylene, poly (ethylene 
terephthalate) (PET)  , 2  p~lystyrene,~ nylon,4 and 
poly (vinylidene fluoride) .5 Further, Kanamoto et 
al.697 developed the two-step drawing method, in 
which a film was first coextruded and then was hot- 
drawn. In particular, it was an outstanding contri- 
bution to high-modulus polymer science that the 
Kanamoto and Porter groups6 had reached an ul- 
trahigh modulus of 222 GPa from an ultrahigh mo- 
lecular weight polyethylene single-crystal mat by 
this method. Afterward, they successfully applied 
this technique to some polymer films. 
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We also developed the zone-drawinglzone-an- 
nealing method' in 1979. The method has remark- 
able effects in improving mechanical properties and 
increasing dimensional stability. The method has 
been applied to many kinds of polymers, e.g., flexible 
chain polymers, such as nylon 6,'-11 polyethyl- 
ene, 12,13 PET, 14-16 and poly (vinyl alcohol), l7 and 
heat-resistant polymers, such as poly (ether ether 
ketone) and polyimide21 in both fiber and film 
forms. We reported on the applications of zone- 
drawing/zone-annealing2' and c o e x t r u ~ i o n ~ ~  to 
polypropylene fiber and film. 

In the present study, we have combined both 
methods and have examined the superstructure and 
mechanical properties of the films obtained at each 
step. 

EXPERIMENTAL 

The original material was as-extruded and un- 
stretched polypropylene film of about 90 pm thick- 
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ness supplied by Toray Co. Ltd. The film has a crys- 
tallinity of 53.5% and a birefringence of 14 X 

The coextrusion was carried out a t  12OOC and at  
a plunger speed of 1 mm/min on a strip of 2 mm 
width and 90 mm length that was cut from the orig- 
inal film. The strip was interposed between half-cut 
billets of polyethylene. The dies with various ratios 
of inlet-diameter-to-outlet-one were used. The ex- 
trusion draw ratio is here abbreviated as EDR. In 
this study, the dies of EDR 2, 3, 4, 5,  6 ,  7, 8, 9, and 
10 were used. Figure 1 shows schematically the 
coextrusion apparatus and the zone-annealing ap- 
paratus. 

The zone-annealing was carried out on the coex- 
truded film by moving a narrow heater along the 
film under a tension of 7 kg/mm2. The temperature 
and moving speed of the heater were 12OOC and 100 
mm/ min, respectively. The zone-annealing was re- 
peated six times under the same conditions. Only 
the films coextruded at EDR 2 and 3 were zone- 
drawn before zone-annealing, because these films 
were still soft and severed on zone-annealing. The 
conditions used were at 70-llO°C under 1 kg/mm2, 
at  100 mmlmin. Birefringence, density, X-ray dif- 
fraction pattern, tensile properties, and dynamic 
viscoelasticity were measured. 

Table I 
Zone-Annealing and Total Draw Ratios 
at Each EDR Film 

Draw Ratios on Coextrusion and 

~ ~~ 

Real Draw 
EDR Ratio on Draw Ratio on Total Draw 
Used Coextrusion Zone-Annealing Ratio 

2 1.80 6.55 11.79 
3 2.76 4.09 11.29 
4 3.66 3.15 11.53 
5 4.54 2.49 11.30 
6 5.44 1.97 10.72 
7 6.18 1.53 9.46 
8 7.00 1.44 10.08 
9 7.76 1.14 8.85 

10 8.78 1.16 10.18 

RESULTS AND DISCUSSION 

Draw Ratio 

The coextruded films were prepared using dies of 
EDR 2-10, namely, nine kinds. Above EDR 11, the 
original film broke into flakes. Real draw ratios on 
coextrusion are always smaller than the EDR used, 
because the deformation of the films did not follow 

it-PP Film 

I Weight  

Figure 1 
(b) .  

Schematic pictures of the apparatus for coextrusion ( a )  and zone-annealing 
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Figure 2 
the coextruded and zone-annealed films ( 0 ) .  

Birefringence of the coextruded films (0) and 

the flow of billets. When the coextruded films were 
zone-annealed, the draw ratios were further in- 
creased. Total draw ratio is the product of the real 
draw ratio on coextrusion and the draw ratio on 
zone-annealing. These draw ratios are listed in 
Table I. 

It can be seen that when EDR is low the extruded 
film can be easily drawn on zone-annealing and the 
total draw ratio reaches above 11. On the other hand, 
when EDR exceeds 6, the total draw ratio is around 
10. Kanamoto et al.697 also reported similar results 
in a two-step processing comprising coextrusion and 

Original fi lrn 

hot-drawing for several polymers. In the case of a 
single-crystal mat of ultrahigh molecular weight 
polypropylene, the film coextruded at EDR 6 indi- 
cated the highest drawability on subsequent hot- 
drawing. The film thus obtained had a high modulus 
of 33 GPa and a high strength of 1.5 GPa. 

Birefringence and X-Ray Diffraction Pattern 

Figure 2 shows the birefringence for the coextruded 
films and the coextruded and zone-annealed films 
as a function of EDR. As EDR became lower, the 
birefringence was clearly increased by zone-anneal- 
ing. At above EDR 6, the increments of birefringence 
by zone-annealing were small. However, the bire- 
fringence values after zone-annealing are near or 
over 40 X which is higher than the maximum 
value of 36.9 X for the zone-drawnlzone-an- 
nealed fiber.22 The value also is higher than the 
crystal intrinsic birefringence (33.1 X and 
close to the amorphous one (46.8 X that were 
reported by S a m r n ~ e l s . ~ ~  This fact indicates that the 
combined processing has a fairly high effect on the 
molecular orientation. 

Figure 3 shows wide-angle X-ray diffraction pho- 
tographs for the original film, the films coextruded 
at  EDR 2 and 8, and the films zone-annealed after 
the coextrusions. Because the film coextruded at 

E D R 2  f i lm 

L 

E D R 2 - Z A  f i lm 

EDR 8 f i l m  E D R 8 - Z A  f i l m  
Figure 3 
coextruded and zone-annealed films. 

Wide-angle X-ray diffraction photographs of the coextruded films and the 
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Table I1 Tensile Properties of Coextruded with Various EDR and Subsequently Zone-Annealed Films 
~~ 

Young's Modulus Strength at Break Elongation at Break 
Sample (GPa) (kg/mm2) (%) 

Original film 1.1 - 
Coextruded (2)-ZD, ZA 11.1 68.5 12.2 
Coextruded (3)-ZD, ZA 12.3 74.5 9.5 

Coextruded (5)-ZA 11.3 70.0 11.2 

- 

Coextruded (4)-ZA 11.5 81.3 11.8 

Coextruded (6)-ZA 11.1 65.5 15.8 
Coextruded (7)-ZA 11.5 74.1 20.4 
Coextruded (8)-ZA 7.8 61.6 12.3 
Coextruded (9)-ZA 8.0 69.3 13.6 
Coextruded (10)-ZA 8.8 55.8 11.7 

EDR 8 had already reached a high orientation level, 
the crystallite orientation scarcely increased by 
zone-annealing. However, the film coextruded at 
EDR 2 is rapidly increased in crystallite orientation 
by zone-annealing. It is of importance for improving 
mechanical properties, as described below, that the 
superstructure before zone-annealing is moderately 
loose. 

Tensile Properties 

Table I1 shows Young's modulus, tensile strength, 
and elongation at break for the original film and the 
films that were zone-annealed after coextrusion at 
various EDR. In the same manner as the total draw 
ratio, the films coextruded with the dies of low EDR, 
i.e., 2-7, have high Young's moduli of 11-12 GPa 
after zone-annealing. However, the dependencies of 
tensile strength and elongation at break on the EDR 
used on coextrusion are not clear. The highest 
strength value of 81.3 kg/mm2 is superior to the 
75.8 kg/mm2 for the zone-drawn /zone-annealed 
fiber22 and is fourfold greater than the 14-24 kg/ 
mm2 for commercial films. 

In Figure 4, Young's moduli for the films before 
and after zone-annealing are compared as a function 
of EDR. Up to EDR 7, Young's modulus was greatly 
increased by zone-annealing and kept at a constant 
value of 11-12 GPa. Because Young's modulus of 
the as-coextruded films is increased with increasing 
EDR, it can be said that the increments of Young's 
modulus by zone-annealing are decreased as EDR 
becomes higher. However, above EDR 8, Young's 
modulus was suddenly restricted to around 8 GPa. 
This restriction results from the formation of a fairly 
rigid superstructure on coextrusion with too high 
EDR. The tensile strength also had changed in a 
similar feature to Young's modulus just described. 

The elongation at break for as-coextruded films de- 
creased with increasing EDR, but the values of the 
films after zone-annealing were restricted in the 
range of 10-20% at any EDR. 

Dynamic Viscoelasticity 

Figure 5 shows the temperature dependence of dy- 
namic modulus E' and loss modulus El' for the coex- 
truded and zone-annealed films. In the case of as- 
coextruded films that were reported in the previous 
paper,23 E' was increased with increasing EDR. 
However, when the coextruded films were further 
zone-annealed, the order of E' was reversed as seen 
in Figure 5. The E' value becomes larger as EDR is 
small in the range of EDR 4-10. Only the moduli of 
the films coextruded at EDR 2 and 3 are slightly 
smaller than that a t  EDR 4. In the case of EDR 10, 
the increment of E' by zone-annealing was only 3 
GPa at  room temperature. A crystalline dispersion 
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Figure 4 
and the coextruded and zone-annealed films ( 0 ) .  

Young's modulus of the coextruded films (0) 
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Figure 5 Temperature dependencies of dynamic mod- 
ulus ( E ' )  and loss modulus ( E " )  for the coextruded and 
zone-annealed films: EDR 2-ZA (V) ; EDR 4-ZA (A) ; EDR 
6-ZA (A); EDR 8-ZA ( 0 ) ;  EDR 10-ZA (0). 

peak (a, peak) occurs in the vicinity of 100°C in 
Elf-temperature curves. The intensity of the E" peaks 
is arranged in a similar order to the E', namely, the 
peak intensity becomes larger and the peak tem- 
perature also shifts to higher temperatures from 100 
to 109°C with decreasing EDR from 10 to 4. 

Furthermore, both the intensity and temperature 
of these E" peaks are much larger than those for the 
as-coextruded films. In Figure 6, for example, the 
temperature dependencies of E' and E" for the film 
coextruded at  EDR 4 are compared with those for 
the film after zone-annealing. Both E' and E" were 
greatly increased by zone-annealing. The E' for the 
film after zone-annealing is 17 GPa at  room tem- 
perature, 10.5 GPa at  lOO"C, and 5 GPa even at  
120°C. It must be noted that the modulus keeps to 
an exceedingly high level a t  elevated temperatures. 
In general, this is an important characteristic of 
zone-drawn and zone-annealed fibers or films. It is 
clear from Figure 6 that the a, peak in the Elf-tem- 
perature curve was strikingly increased by zone-an- 
nealing. The a, peak cannot be found in the curve 
for the as-coextruded film, but appeared at  109°C 
as a broad and large peak in the curve for the coex- 
truded and zone-annealed film. The temperature 

position is higher by 19°C than that of the zone- 
drawn and zone-annealed fiber (90°C) .22 It is sup- 
posed that the crystallites formed by zone-annealing 
are made of rigid crystals and suppress molecular 
movements in the crystals. 

Comparison of the Combined Processing with 
Three Other Drawing Methods 

In Figure 7, the maximum E' values for the films 
obtained by four kinds of drawing methods are com- 
pared together with that of the original film. These 
films are the coextruded film, the zone-drawn/zone- 
annealed film, the two-step coextruded film, and the 
coextruded and zone-annealed film. The El-temper- 
ature curves are aligned, increasing the E' in the 
order described above. These curves do not intersect 
each other in the whole temperature range measured. 
It is clear that the combined processing has the most 
outstanding effect on improving the mechanical 
properties. In the case of the combined processing, 
such as coextrusion and zone-annealing or coextru- 
sion and hot-drawing, it is necessary that the coex- 
trusion is always performed on the original films 

16 1 o o o o o ~ o  
a 
- 8  
(3 

20 40 6 0  80 100 120 140 

Temperature ('C 1 

Figure 6 Effect of zone-annealing on the dynamic 
modulus in the case of the film coextruded with EDR 4 
the original film ( 0 ) ;  the film coextruded with EDR 4 
(A); the film coextruded with EDR 4 and zone-annealed 
(0).  
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Figure 7 Comparisons between maximum dynamic 
moduli of the films that were prepared by four kinds of 
drawing methods: the coextruded film (EDR 10) ( A) ; the 
zone-drawn/zone-annealed film (0 )  ; the two-step coex- 
truded film (EDR 7-EDR 2)  ( A )  ; the coextruded (EDR 
4 )  and zone-annealed film (0) ; and the original film ( 0 ) .  

before further drawing. If not so, the films are broken 
into small flakes. When the zone-drawn films are 
coextruded, the deformation of the films cannot fol- 
low the deformation of the billets. The coextrusion 
possesses a characteristic mechanism of the 
stretching deformation. As can be seen from Figure 
l ( a ) ,  the film interposing between the billets re- 
ceives a strong combined force of compression, shear 
stress, and stretching stress during passing the die. 
Such a complicated force becomes stronger as the 
die diameter is decreased. The force acts on crys- 
tallites rather than on the amorphous phase, because 
their hardnesses differ greatly. The lamellae selec- 
tively deform, tilt, break, and partially unfold. The 
resulting structure is fairly homogeneous and more 
favorable to subsequent zone-drawing or hot-draw- 
ing. It is interesting that Kanamoto et al.677 obtained 
similar results for different combinations of coex- 
trusion and hot-drawing. 

CONCLUSIONS 

The combined processing of coextrusion and zone- 
drawing has been applied to polypropylene films. 
The improvements in drawability, orientation, and 
mechanical properties were investigated, and the 
following conclusions were obtained 

1. As the EDR used on coextrusion is low, the 
drawability, orientation, and mechanical 
properties have been remarkably increased 
by subsequent zone-annealing. 

2. Film that was coextruded at EDR 4 and then 
zone-drawn at  a heater temperature of 170°C 
under a tension of 7 kg/mm2 indicated a high 
draw ratio of 11 and a high birefringence of 

3. The film has Young's modulus of 12 GPa, a 
tensile strength of 81.3 kg/mm2, and an 
elongation at break of 11.8%. These mechan- 
ical properties are much better than are the 
maximum values of the as-coextruded films, 
i.e., 7 GPa, 52.1 kg/mm2, and 62.5%, respec- 
tively. 

4. The dynamic modulus of the film shows 17 
GPa at room temperature, 10.5 GPa at 100°C, 
and 5 GPa at 120°C, indicating, especially, 
the excellent high-temperature performance. 

5. The a, peak in E"-temperature curve of the 
film is high in both the intensity and tem- 
perature position. In particular, the peak 
temperature was 109"C, which is higher by 
9°C than is the maximum peak temperature 
( 100°C) of the as-coextruded films previously 
rep~rted. '~ 

6. Such excellent effects of the combined pro- 
cessing on improving the mechanical prop- 
erties result from the first deformation taking 
place during coextrusion. During coextrusion, 
the compression, shear stress, and stretching 
stress acts strongly and selectively on the la- 
mellae in the original film. The coextruded 
film can be more easily zone-drawn than can 
the non-coextruded films. 

40 x 10-3. 
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