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Studies on Biaxial Stretching of Polypropylene
Film. IX. Melting Behavior of Biaxially
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Synopsis

Melting temperature of a film biaxially stretched in one step in air at 152 or 140°C in-
creases with increase of va, whereas heat of fusion and density decrease with increase of
v4, where v4 is the degree of stretching in area. The rapid decrease in density occurs for
v4 > 10. Extrapolation of the plot of the density versus v4~"/* gives a value of 0.870
g/cm? at infinite v4, which has been reported as the amorphous density of isotactic poly-
propylene by Farrow. This is so because the fine structure of the film becomes more
and more amorphous with further stretching and reaches completely amorphous state at
infinite v4. The temperature of stretching has a strong effect on the thermal behavior of
a film; a low stretching temperature (140°C) brings about lower melting temperature,
heat of fusion, and density. Crystallinity after melt press has not so large an effect on
the melting behavior as the stretching temperature. Melting temperature and the shape
of the thermogram also depend on the heating rate. There is an appropriate heating
rate depending on v4 which gives the minimum melting temperature. With stretched
samples, a small side peak or a shoulder appears at a relatively low temperature in the
thermogram when a high heating rate is used.

INTRODUCTION

Relatively many papers concerning the thermal characteristics of iso-
tactic polypropylene, such as equilibrium melting temperature!=7 and heat
of fusion,35:8—1% have been published. The melting behavior of unstretched
isotactic polypropylene treated thermally in various ways has also been re-
ported,*87.14—18 hut only a few papers describe the stretching effect on the
melting behavior of isotactic polypropylene films and fibers.}:12—2! The
method of stretching adopted so far has been mainly uniaxial cold-drawing
and not biaxial stretehing. Therefore, it is interesting and meaningful
to study the relation between the melting behavior and the orientation of
molecules caused by the stretching, especially by biaxial stretching. In
this paper, the isotactic polypropylene films biaxially stretched in one step
in air at high temperatures are investigated, and a discussion is presented
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in conjunction with the deformation mechanism reported in a preceding
paper.??

EXPERIMENTAL
Sample Films

The characteristics of the sample films used in this study are listed in
TableI. Film B; was used unless specially noted.

TABLE 1
Characteristics of Sample Films
Sample _ Isotacticity, Thickness,
film= M.p Vs [
B; 2.5 X 108 94 350
Bs 2.9 X 108 96 850

s The sample films used were commercial films denoted by B in our laboratory; sub-
seript indicates lot number.

b Evaluated by the equation of Kinsinger and Hughes.??

¢ Determined by extraction with boiling n-heptane.

Preparation of Films

A piece of B; or Bs was melt-pressed at 230°C for 5 min at a pressure of 5
kg/em? between chrome-plated iron plates 0.5 mm in thickness and cooled
in ice water or boiling water for 5 min to obtain films with different erystal-
linities. The crystallinities calculated by the density method using the
values of 0.936 g/cm? as the crystal density and 0.870 g/cm?® as the amor-
phous density? were 25%, and 529, for B; films cooled in ice water and in
boiling water, respectively, and 329, for B; film cooled in ice water. The
density of a film was calculated from the relation between the refractive
index and the density which had been reported in a previous paper.?

Stretching

A piece of film 12 X 12 em was mounted on an apparatus? and biaxially
stretched in one step in air at 152°C or 140°C at a rate of about 4 mm/sec.
The film was always stretched in equal amounts in two mutually perpen-
dicular directions. Immediately after the stretching, the sample was

TABLE II
Four Kinds of Sample
Crystallinity of Stretching
Sample no. Sample film melt-pressed film, 9, temp., °C
1 Bs 25 152
2 Bs 25 140
3 Bs 52 152
4 Bs 32 152
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detached from the apparatus and cooled to room temperature. Four kinds
of samples were obtained from B; and Bs by varying the cooling conditions
after the melt press and subsequent stretching temperature (Table II).

Investigation of Melting Behavior

In order to investigate the melting behavior of the samples, a Perkin
Elmer differential scanning calorimeter (DSC-1B) was employed. In this
paper, the temperature of the main peak of the thermogram was denoted
by T'ne, and that of the end of melting was denoted by T,;. The heat of
fusion was calculated from the area enclosed by the curve of the thermogram
and the baseline and was denoted by AH. Purified benzoic acid was
adopted as a standard substance for calibration, 33.9 cal/g being taken for
its heat of fusion.

RESULTS AND DISCUSSION

Typical DSC thermograms of samples 1-3 in Table II are shown in
Figure 1, which were obtained at a heating rate (HR) of 16°C/min. Asis
well known, it is necessary to use an appropriate HR to investigate the
thermal properties of polymer samples through DSC. This is because

(a)

(b)

TEMPERATURE, *C

Fig. 1. Thermograms of samples 1, 2, and 3 in Table II; heating rate is 16°C/min.
(a) sample 1: ( }v4 = 1.0 (unstretched, only preheated); (—-—)vqa = 2.3; (----)
va = 50. (b) sample 2: ¢ ) va = 1.0 (unstretched, only preheated); (—-—) va
= 23; (----)va = 18. (c)sample 3: ( )vs4 = 1.0 (unstretched, only preheated);
(——)vs = 8.4; (----)vg = 18.
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Fig. 2. Plot of T versus heating rate, sample 4: (®) v4 = 1.0 (unstretched, only
preheated); (@) v4 = 4; (©)va = 10; (O)va = 20.

too slow HR brings about partial melting-recrystallization phenomena
during the heating process, while too rapid HR brings about superheat-
ing, both of which are the main causes for higher Ts or T,,5. It is also true
that these behaviors are related to the fine structure of the sample, such as
the thermal stability. of crystallites and their distribution. Hence the
effects of HR upon the DSC thermogram were studied by using film Bs;
the effects observed in Bg are believed to be true also of Bs.

Figure 2 represents the effect of HR on T\, of the films stretched bi-
axially to various degrees. It is clearly seen that first 7, drops and then
rises, passing through a minimum as HR increases. The HR giving the
lowest T is about 4°C/min, and the HR has a tendency to shift slightly
higher as v, inereases. In general, it is not an easy matter to find the
optimum HR, causing neither partial melting—recrystallization nor super-
heating, which enables one to investigate the fine structure of samples
directly. It is obvious that the employment of too slow or too rapid HR
is not suitable for the purpose of this study. In thisconnection, the HR of
16°C/min employed in the following study is safe.

Figure 3 shows the thermograms of the samples with v, = 1, 4, 10, and 20,
which were measured by varying the HR at three levels, 0.5, 8, and 64°C/
min. When the thermograms measured at HR = 0.5°C/min are compared
with each other, it is clearly seen that the higher the degree of stretching, the
sharper the thermogram is, and that 7, becomes closer to T,,;. The cause
of these changes is attributable to change in the thermal stability distribu-
tion of the ecrystallites, which was brought about by stretching. As
already reported?? and also mentioned below, the destruction of lamellar
crystals into smaller blocks, the unfolding of chain molecules, and sub-
sequent recrystallization into intermolecular crystals are conspicuous at v,
larger than 10. As the newly developed intermolecular crystallites are
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Fig. 3. Thermograms of sample 4 for various heating rates. (a) v4 = 1.0, heating
rate: ( )0.5°C/min; (—+-—)8°C/min; (----)64°C/min; (b)vs = 4, heating rate:
( ) 0.5°C/min; (—-—) 8°C/min; (----) 64°C/min. (c) v4 10, heating rate:
(——) 0.5°C/min; (—+—) 8°C/min; (----) 64°C/min. (d) va 20, heating rate:
(——)0.5°C/min; (—-—)8°C/min; (----)64°C/min.

believed to have lower stability, the mode of the stability distribution of the
highly stretched samples becomes broader at the lower-stability side
(lower-temperature side) as v, becomes larger. However, when HR is too
small, less stable erystallites melt more easily and recrystallize into more
stable ones during the heating process. Therefore, the thermogram with
higher v, becomes sharper, especially when v, is larger than 10.

The thermograms obtained at HR = 64°C/min shift toward the higher-
temperature side predominantly because of the dominant effect of super-
heating. Only a slight sharpening of the thermogram by stretching and
long tailing toward the lower-temperature side for v, = 1 and 4 are the
result of suppressed premelting to a considerable extent. The appearance
of a small peak at 160-170°C in Figures 3¢ and 3d suggests the distribution
of crystallites newly yielded by stretching, the details of which are not clear.
Taking the effect of superheating into consideration, the determination of
the original distribution of crystallite stability only by controlling HR is
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Fig. 4. Plots of T2 and Ty vs. v4 "2 for sample 1: (@) Ths; (O) Ths.

150

very difficult. Therefore, we have to be content with the thermogram in
which the original distribution of crystallites is reflected as closely as possi-
ble. The thermograms obtained at HR = 8°C/min seem to be between
two thermograms obtained at HR = 0.5°C/min and 64°C/min.

We now return to Figure 1. Figure 1a is very similar to Figure 1c, but
significantly different from Figure 1b, especially when v, = 1. The dif-
ferences of the fine structure induced by cooling at different temperatures
are diminished to a great extent after preheating at the same temperature.
This makes it possible that the subsequent stretching proceeds more or less
in a similar way. The broader thermogram of sample 2 (Fig. 1b) and its
lower T,. are due to the lower stretching temperature compared with
sample 1 (Fig. 1a). A quenched film crystallizes partially during preheat-
ing, and the distribution of the erystallite stability becomes sharper. The
change is more eminent in the preheating at high temperatures. A
previous microscopic study?® indicates that the fragmentation of lamellae by
stretching proceeds more heterogeneously at the lower temperature than at
the higher temperature. These two effects yield a broader thermogram in
Figure 1b.

Figure 4 shows the plots of Tne and T,; versus v, ’* for sample 1.
T,2 and T,; increase with increase in v4, and T, changes approximately
parallel with 7', except for a slight decrease at the initial stage of stretch-
ing. For larger v,, however, Ty, and T,,; approach each other somewhat.
The approach is probably due to the destruction of lamellae, which proceeds
more significantly for erystallites having a melting point near 7T',,, than those
having a melting point near T,,;, resulting in a decrease in peak height of the
thermogram and the shifting of T t0 Tps.

It has already been reported by the authors¥ that the plot of — An,,
versus v, ~ 7*for a quenched film is composed of three intersecting lines with
different slopes, from which region 1 (v, < 1.5), region 2 (1.5 <», < 10), and
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Fig. 5. Change in long period L obtained by small-angle x-ray scattering pattern during
stretching: (®) sample 1 stretched at 152°C; (O) sample 2 stretched at 140°C.

region 3 (v, > 10) were defined and deformation mechanisms for each of the
three regions suggested.?? Here, An,, is the birefringence with respect to
the normal to the film. In the preceding paper,?? it was suggested that the
inerease in — An,, in region 1 is primarily attributable to the change in the
orientation of the amorphous chains. A recent study, however, has shown
that the change in the orientation of lamellae at the initial stage of stretch-
ing also contributes to the birefringence change to a certain extent. The
details will be reported elsewhere.

Regions similar to those in the — Ang, change also appear in the T, or
Tz plot. In view of the fact that in region 1 the — Ang, increases con-
siderably in spite of the very small change in density, the cause of the
increase in Ty, in this region is attributable to the strain imposed on the tie
molecules connecting the lamellae, inasmuch as the change in the orienta-
tion of the lamellae themselves is considered not to contribute to the
increase in T, The change of the long period L, obtained from small-
angle x-ray scattering, is too small (Fig. 5) to explain the change in T',,s.

It has been suggested that the rotation and breaking of lamellae occur
predominantly in region 2.22 A slight decrease in density in this region
(Fig. 8) is explained by the breaking of lamellae into small blocks. On the
other hand, the strain imposed on the tie molecules becomes greater with
increase in v,. These factors affect T, concurrently, resulting in a rela-
tively small increase in T, At the same time, the partial melting and
recrystallization which would oceur during stretching seem to elevate T'ps.

In region 3, pulling of the chain molecules out of the crystallite fragments
and subsequent recrystallization into intermolecular crystals are predomi-
nant.?? Taking the dependence of the thermogram on HR (Fig. 3d) and
the change in density (Fig. 8) into consideration, the development of large,
stable crystallites is not plausible. Therefore, the rise in T, in this region
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Fig. 6. Small-angle x-ray scattering pattern of sample 1 stretched to various degrees.
Equatorial direction in the edge view corresponds with the direction normal to the film.
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Fig. 7. Plot of Tz vs. va~"/* for samples 1, 2, and 3: (@) sample 1; (O) sample 2; (@)
sample 3.

would be mainly ascribed to the increased strain imposed on the molecular
chains connecting the crystallites. Disappearance of the small-angle x-ray
scattering pattern in this region (Fig. 6) is considered as evidence for the
absence of the lamellar periodicity.

The general trend of the change in T, of samples 2 and 3 (Fig. 7) is
similar to that of sample 1 in Figure 4. However, it can be noted that T
of sample 2 ig fairly lower than that of sample 1 or 3 due to the lower streteh-
ing temperature of sample 2 in comparison with the other two.
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The change in density during the stretching is shown in Figure 8. It
can be clearly seen that the density decreases gradually when v, < 10, and
then rapidly after v, = 10. The tendency is the same for the three samples.
The rapid drop in density in region 3 well supports the previously suggested
view that biaxial stretching in one step is attained by the pulling out of the
chain molecules in lamellae as well as splitting of intermolecular crystals

now developed into more slender crystals because amorphous chains yield at
the same time by the unfolding of the chain molecules in the lamellae and
splitting of intermolecular crystals now developed into more slender
The decrease in density is a striking feature of biaxial stretching

crystals.
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Fig. 8. Change in density during the stretching: (®)sample 1; (O)sample 2; (©) sample
3.

in one step in contrast with uniaxial stretching which accelerates crystal-

lization in line with orientation.
Figure 6 show the center streak scattering on the equator.
streak cannot necessarily be connected directly with the formation of

It is shown qualitatively that the line broadening of the wide-

voids.?
angle x-ray scattering pattern becomes prominent for v, > 10, implying the

The photographs of the edge view in
However, the

diminution of crystallite size.?
Y = 0 attains

It is noted that the extrapolation of these plots to v, ~

0.870 g/cm?® without difficulty, which has been reported as the amorphous

density of isotactic polypropylene by Farrow.2*

If this were true, the
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structure of the sample should be a planar network composed of the ex-
tended chain molecules at infinite v,. However, this suggestion is open to
question because of the slight change in AH within the experimental range
of v, as mentioned below. In order to ascertain this suggestion, samples
having v, larger than 50 are necessary, which, however, cannot be obtained
at present because of experimental difficulties.

The change in AH is shown in Figure 9. The AH value decreases
slightly with inerease in v,; and among the three samples, sample 2 gives
the smallest value, the other two giving nearly equal AH. As mentioned
before, the density decreases rapidly when v, exceeds 10 (Fig. 8), while AH
does not show such a rapid drop in the corresponding region (Fig. 9). If AH
is only a function of erystallinity, the changes in density and AH should
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Fig. 9. Plot of AH vs. v4~ "% (@) sample 1; (O) sample 2; (©) sample. 3.

correspond with each other. The results shown in Figures 8 and 9 indicate
that AH is not only a function of crystallinity, but also of the energy level
of the amorphous region and erystallite surface. In this case, the effect
of the latter seems to play an important role. As the energy level of the
fold surface of a crystallite is higher than that of the amorphous region, a
fold-type crystal contains rather higher energy in itself and so requires a
relatively smaller quantity of energy in the process of melting. On the
other hand, an intermolecular crystal, mainly yielded at v, > 10, does not
have such a surface energy effect, and thus AH is practically unchanged at
v, > 10, in spite of the rapid decrease in density.
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