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ABSTRACT:  The crystal transformation from modification 2 to modification 1 in
unstrained polybutene-1 films was observed by the infrared absorption and refractive
index methods. The crystal transformation and orientation during stress-strain measure-
ments were also observed by means of the infrared dichroism method developed by us.
The crystal transformation in a fresh sample begins at about 30 min after the sample
preparation, and the degree of transformation increases with increasing time until it
reaches about 0.9 at 50hr and 1.0 about 3 weeks after the sample preparation. The
rate of crystal transformation could be expressed by an equation of the same form as
that for the one-dimensional crystallization rate.

Stress-strain curves, degree of crystal transformation vs. strain curves as well as
infrared dichroic ratio vs. strain curves for film specimens having different initial
degrees of crystal transformation differ remarkably. On the basis of these experimental
results, the deformation and crystal transformation processes during stree-strain measure-

ments under constant rate of elongation are discussed.
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It is well-known that the tetragonal crystal
modification (mod. 2) in polybutene-1 transforms
into the hexagonal crystal modification (mod. 1)
when a fresh sample of this material is allowed
to stand after preparation.’ Accordingly physi-
cal properties related to crystalline structure,
such as birefringence, change with time. Yang
(Yee) and Stein®® have investigated the defor-
mation of fresh and aged polybutene-1, and
found notable differences between the fresh and
the aged samples. The crystalline transformation
is also accelerated by stretching. Therefore, the
variation of the mechanical properties of this
material with time can be fully understood only
when this transformation is taken into conside-
ration. However, following the crystal trans-
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formation during stress-strain or stress relaxation
tests is usually very difficult, and hence little
appreciable research on this line has hitherto
been published.

Among the various rheo-optical techniques
now available, the simultaneous measurement of
infrared dichroism with stress and strain was
first developed in our laboratory in 1964*. Since
then it has been applied to many systems,
including crystalline polymers, their blends, and
block copolymers, demonstrating a broad range
of usefulness. This infrared dichroism technique
enables us to follow the progress of the crystal-
line transformation during stress-strain and stress
relaxation measurements. The technique also
affords information on molecular and crystallite
orientation. Thus, the application of this tech-
nique to polybutene-1 may be regarded as one
of most powerful means to study the deformation
mechanism in this material. The present paper
is concerned with the experimental study of the
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deformation process and transformation in poly-
butene-1.

EXPERIMENTAL

Material

Commercial pellets of polybutene-1 placed
between two aluminum plates were premelted
for 3min and then pressed for 5 min at a pres-
sure of 50kg/cm® in a laboratory press equipped
with heating plates. The sample was then re-
moved from the press and quenched by plung-
ing it into an ice water bath. The films thus
prepared were designated as fresh samples. The
thickness of the films was about 70 p. Fresh
samples kept in a desiccator for three weeks or
more suffered structural change and were des-
ignated as aged samples; their infrared spectra
and X-ray diffraction patterns were those char-
acteristic to mod. 1 as reported by Natta, er
al®*

Measurements

The crystal transformation from mod. 2 to
mod. 1 in polybutene-1 can be detected by
several techniques such as X-ray diffraction,™’
infrared absorption,®® differential thermal analy-
sis,”*!® and dilatometry."'* Among these methods,
the infrared absorption method enables us to
measure the transformation most quickly.

Natta, et al.,® and Boor, et al.,' have already
elucidated the infrared spectra corresponding to
the two modifications of polybutene-1. From
these spectra it can be seen that the bands at
10.81, 11.78, and 12.25p (925, 849, and 816
cm™) are associated with mod. 1, while another
band at 11.03 p (906cm™) is associated with
mod. 2.

In our measurements at no longer than 30
min after film preparation, the fresh samples
exhibited the X-ray diffraction intensity curve
and infrared spectras for mod. 2. The aged
samples, on the other hand, gave those for mod.
1. From our experimental results, the band at
1025 cm™ was also shown to be associated with
mod. 1.

In order to obtain the relation between the
content of mod. 1 crystals and the absorbance
Agys of the 846cm™ band, which is associated
with mod. 1, the ratio of 4;,, to the absorbance
A5 of the 1150cm™ band, used as a measure
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Figure 1. The ratio of the absorbance Ass of the
846 cm-! band to the absorbance A5 of the 1150
cm~! band against @, the degree of crystal trans-
formation.

of thickness, was determined for laminated films
of fresh and completely aged samples of different
thicknesses. The ratio Ag,q/A;;50 is plotted a-
gainst @, the degree of crystal transformation, in
Figure 1. The degree of crystal transformation
@ is here defined as the weight fraction of crystals
changed from mod. 2 to 1, and was assumed
to be equal to the weight fraction multiplied by
the degree of crystallinity of the aged film in
the laminates. The curve of Figure 1 provided
the standard for infrared measurements of @ in
the following experiments.

The variation of the infrared dichroic ratio
for some key bands characteristic of polybutene-
1 was measured on the film during stress-strain
tests at a constant rate of elongation, 1.64%/
min, at 20°C. The apparatus employed was the
combination of an infrared spectrometer and a
self-recording tensile tester, similar in principle
to the Instron Tensile Tester. The details of
the apparatus and measuring techniques have
been described elsewhere.* The key bands em-
ployed were those at 760, 905, and 1025cm™.

The refractive index of the sample films was
measured by means of an Abbé refractometer
at 20°C, using a small amount of #-benzyl
alcohol as a contacting liquid.

RESULTS AND DISCUSSION

Crystal Transformation in Unstrained Samples
The crystal transformation in a fresh sample
at 20°C begins at about 30 min after film pre-
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Figure 2. The variation of @ with elapsed time,
measured from 30 min after sample preparation.

paration. The variation of @ with elapsed time
is shown in Figure 2. The elapsed time in this
figure is measured from 30 min after the pre-
paration of the film. @ increases with increasing
time and reaches about 0.9 at 50 hours and 1.0
at about 3 weeks after sample preparation.

To clarify the time effect upon the crystal
transformation, log(log 1/1—@) is plotted against
the logarithm of elapsed time ¢ in Figure 3.
The plot gives a straight line having a slope of

unity. We therefore obtain the following relation
between @ and r

1 1

log L — 1 4
%10 2303 (1)

It is noteworthy that this equation is quite
similar to that for the one-dimensional crystal-
lization rate.'® The rate of crystal-crystal trans-
formation is thus described by an equation of
the same form as that for crystallization itself.
The same relation between @ and ¢ is also
applicable to the relation between the refractive
index and ¢, as shown in the following.

The refractive index is related to the density
o of the sample by the well-known equation
presented by Gladstone and Dale:

p=(m—1)Mu/Rg (2)

where #z is the refractive index of the sample,
M, the molecular weight of a repeating unit
(56.11 for polybutene-1), and R; the so-called
Gladstone-Dale molecular refraction, which is
calculated to be 31.14 in this case, assuming
the additivity of the atomic refraction in the

0 repeating unit. Measurements of the refractive
index of polymer films as a function of time
—_ have an advantage over the dilatometry and
‘91-05 r density gradient column methods in providing
= a rapid trace of the specific volume or the
§ density.
§-1‘0 3 The degree of crystal transformation @ was
- defined above as the weight fraction of crystals
transformed from mod. 2 to mod. 1. The amount
-15 = : - of mod. 1 crystals formed from the amorphous
0 08 10 15 region must also be taken into account. The two
LOGt (hrs) parameters @, and «; are thus introduced. @; is
Figure 3. log(log 1/1—9) vs. log (elapsed time). the degree of crystal transformation of the film at
Table I. Several quantities concerned with the crystal transformation
Fresh P ftlég ly Aged
sample s T%PI e sample
Elapsed time 0 t S
Degree of crystal transformation 0 Dy 1
Weight fraction of mod. 1 transformed from mod. 2 0 X204 X;
Weight fraction of mod. 2 which remain untransformed Xz Xo(1—@4) 0
Weight fraction of mod. 1 formed from the amorphous region 0 (Xi—X2)a: Xi— X,
Weight fraction of the amorphous phase 1-X: 1-Xo+Xoas—Xia: 1-X3
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the elapsed time ¢, and a;(0<a,<1) is a crystal-
lization parameter. Using these parameters, the
weight fractions of mod. 1 crystals transformed
from mod. 2, untransformed mod. 2 crystals,
and mod. 1 crystals formed from the amorphous
region are represented respectively by X0,
X;(1—®,), and (X;—X,)a;, where X; and X, are
respectively the final crystallinity of the aged
sample and the initial crystallinity of the fresh
sample. These quantities are listed with others
in Table I.
X, and X, may be represented as follows:

Xi=(Va—Vae)/(Va—Ver) (3)
XZZ(VA_VI‘I')/(VA_VCZ) (4)

where V4, Ve, and Ve, represent the specific
volume of the amorphous region and the mod.
1 and mod. 2 crystal fractions, respectively.
Vag and Vi, represent the specific volumes of
the aged and fresh samples respectively.

The specific volumes of the sample film at
the elapsed times =0, t=t¢, and f=oco, v,, vy,
and v.., are given by

Vo=V s(1=X3)+ Voo X, (5)
v:=Vi(1-X,— X a:+X,a:)
+VCI(X2@5+X1(1L—X20(1;)+VC2(X2’“X2@t)
(6)
Vo=Va(1=X)+ VX, (7)
Consequently, we obtain

Voy— Uy

Vo— Voo
_ ValXi—Xp)a— Veu(Xo@i+ Xy —Xoay) + Voo X @y

- V(X1 —X;) + Ve Xy— Ver X,
(8)

If we assume a simple case where X,=X, and
thus o, may be neglected, eq 8 reduces to

(%)
Replacing @ in eq 1 with @; of eq 9, we obtain

(Vo= 1)/ (Vo— Vo) =Dy

Iog< log M) —log (k/2.303)+logr  (10)
Vi— Ve

This equation indicates that a plot of the left-

hand side against log: should give a straight

line, whose slope is unity. In Figure 4, such

a plot is made for the refractive index data.
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LOGt (hrs)
Figure 4. log {log(vo—vw)/(v:—ve)}vs. log (elapsed
time).

The plot shows that the experimental results
satisfy eq 10 well, and that the relationship of
eq 1 is thus applicable also to data derived
from measurements of the refractive index as a
function of elapsed time.

The values of k can be evaluated from the
intercepts of the straight line in Figure 3 and
Figure 4. The k value obtained from the in-
frared data (Figure 3) is somewhat larger than
that obtained from the refractive index data
(Figure 4). One of the reasons for this difference
is probably that the refractive index is determin-
ed mainly by the crystal transformation at or
near the surface of the sample film. This is
supported by the observation of Luongo, et al k,
who found that the crystal transformation at or
near the surface of polybutene-1 film is always
greater than that in the inner part.

Stress-Strain Behavior and Crystal Transformation

As demonstrated above, a fresh sample of
polybutene-1 suffers crystal transformation even
when it is not stretched. It has also been known
that the crystal transformation is accelerated by
stretching the sample. However, the relation
between the crystal transformation and the me-
chanical behavior has not been fully investigated
hitherto. We therefore measured the mechanical
and orientation behavior at the same time by
the use of rheo-optical techniques.

Stress-strain curves for film specimens having
different initial degrees of crystal transformation
@, were obtained under a constant rate of elon-
gation (1.64%/min), and are shown in Figure
5. Except for the case of =1, no macroscopic
necking was observed during the tests. For the
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Figure 5. Stress-strain curves for film specimens
having different initial degrees of crystal transfor-
mation.

sample with @,=1.0, necking was observed at
the strain of 30%. The curves in this figure
differ very much at low strains, but they draw
closer at higher strains. The lower @, is, the
lower is the yield stress. In other words, aged
samples need more energy to deform up to the
yield point than do fresh ones. This difference
below the yield point is due to the difference
between fresh and aged samples in resistance to
the disintegration of spherulites. On the other
hand, the rate of increase in the stress beyond the
yield point is lower for the aged samples than
for the fresh ones.

It was surmised that the great differences in
stress and rate of increase in stress beyond the
yield point were associated with the crystal
transformation. Therefore the variation of the
degree of crystal transformation with strain was
measured simultaneously with the stress-strain
behavior. The results are shown in Figure 6.
As is evident in this figure, @ for the fresh and
incompletely aged samples increases with increas-
ing strain. The lower the initial degree of
transformation @,, the greater the variation of

STRAIN(’:)

Figure 6. The variation of the degree of crystal
transformation with strain during stress-strain
measurements.
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@ with strain. It follows from these results that
one must pay attention to the crystal transfor-
mation phenomenon when interpreting the stress-
stain curves of polybuten-1. @ for the fresh
sample (@,=0) increases slowly up to about
10-9 elongation, but then very rapidly up to
about 50-9 elongation, and reaches its ceiling
value, i.e., 1, at about 105-% elongation. Similar
behavior is observed for the other samples, ex-
cepting the fully aged one. The higher the @,
value, the smaller the strain at which @ reaches
the ceiling value.

Next, the dichroic ratio Dy(||/ L) of the 760
cm™' band was determined during stree-strain
measurements; it is plotted against strain in
Figure 7. Since the band at 760 cm™ is associated
with the crystallite orientation of both modifi-
cations 1 and 2, Dy can serve as a measure of

% P
°0 °077
°019 100

D7go04)
&

2046

0 50 100 150 200
STRAIN (%)

Figure 7. The variation of the dichroic ratio Dz
(Il /L) of the 760 cm~! band with strain, determined
during stress-strain measurements.

total crystallite orientation. As is seen from the
figure, Dy for the fresh sample (9@=0) increases
with increasing strain up to about 40-% strain,
remains almost constant from 40-% to 105-%
strain, and then increases rapidly again at larger
strains. It is noteworthy that the strain of 105-%
coincides with the strain at which @ reaches its
ceiling value (cf., Figure 6). For the sample
with @,=0.46, D., increases with increasing
strain up to about 20-% and exhibits a plateau
extending to about 60-9 strain. The height of
this plateau is lower than that for the fresh sample
with @,=0.

On the other hand, for the sample baving
@,=1.0 and 0.77, D, decreases at first and
then increases after passing through a minimum
at about 30-% strain. The plateau observed for
the aged sample between 110-% and 180-% strain

Polymer J., Vol. 3, No. 3, 1972
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Figure 8. The variation of the dichroic ratio Diges
(Il/L) for the 1025cm-! band with strain during
stress-strain measurements.

is only an apparent plateau, due to partial neck-
ing. It is noteworthy that the strain at which
Dy, takes its minimum coincides with the strain
at which macroscopic necking starts (compare
Figure 5 with Figure 7).

The following two propositions may be con-
sidered as reasons why a plateau is observed in
the Dy vs. strain curves for partially aged
samples: (i) the orientation of crystallites, both
in mod. 1 and mod. 2, does not change during
deformation in this region; or (ii) the orientation
of mod. 1 crystals increases while that of mod.
2 crystals decreases, or vice versa, so that the
total crystallite orientation does not change. In
order to determine which is the true explanation,
the dichroic ratio Dyg;(]|/ L) for the 1025c¢m™
band was measured as a function of strain and
is shown in Figure 8. Since the band at 1025
cm™' is a parallel band and is associated only
with mod. 1 crystals, the dichroic ratio D,,;
(Il/L) is directly related to the degree of orien-
tation of mod. 1 crystals. The variation of
D, y,; with strain for the samples having 9,=1.0
and 0.7 are similar to those of Dy, With Dy,
taking a minimum at about 30-% strain. Similar-
ly, the variation of D,,; with strain for the fresh
and partially aged samples is very similar to
that of Dy, though D, could not be measured
accurately at the smaller strains. The conclusion
is that the plateau observed in the D vs. strain
curves for the fresh and other samples is due
to the fact that the orientation of crystals in
both mod. 1 and mod. 2 does not change with
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strain in the intermediate region.
These results suggest that the orientation of
mod. 2 crystals predominates at small strains,
and that the oriented crystals show a higher
degree of orientation or higher D,q,; even after
they have changed into mod. 1.

For comparison, the variation of the dichroic
ratio Dys(1/|]) for the 905cm™ band with
strain was also measured. This band is a per-
pendicular band associated only with the orien-
tation of mod. 2 crystals, and therefore serves
as a measure of the orientation of these crystals.
The results are shown in Figure 9. It is evident

Dggs (/)

) L It

0 20 40 60
STRAIN (%)
Figure 9. The variation of the dichroic ratio Dagos
(L/ll) for the 905cm-! band with strain during
stress-strain measurements.

from this figure that Dy, increases almost linearly
with increasing strain and levels off at larger
strains. The differences between samples are
rather small.

To summarize the above discussion, the stress-
strain behavior of the fresh sample, for example,
can be divided into the following three pro-
cesses:

(i) O<strain y<30-9: Both orientation and
transformation of crystals take place. The ori-
entation of mod. 2 crystals proceeds, and crystals
changes into mod. 1.

(i) 30<y<105-%: Crystal transformation oc-
curs predominantly, and the orientation remains
almost constant. The crystal transformation re-
sults in more extended chain conformation, since
the molecular chains are more extended in mod.
1 than in mod. 2 crystals. Therefore, the ori-
entation due to external straining compensates
for the disorientation due to self-induced ex-
tension during the crystal transformation from
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mod. 2 to mod. 1.
(ili) 7>105-9: Crystal transformation is com-
plete, and orientation increases again.

On the other hand, the deformation process
in the aged sample is very different from that
in the fresh sample. That is to say, the crystal-
lite orientation initially decreases with strain.
The strain at which the dichroic ratio takes its
minimum coincides with the strain at the yield
point. Such behavior of aged polybutene-1 is
very similar to that of polypropylene described
elsewhere.”® Below the yield point, spherulites
or superstructure consisting of lamellae show
elastic deformation, and the lamella axes orient
in the direction of elongation. At the yield
point, the spherulites disintegrate but show great
resistance, or a high yield value. Beyond the
yield point, the disintegrated spherulites or
superstructure show irrecoverable deformation
due to the unfolding of folded chains, which
orient in the direction of stretching as the strain
increases.

On the other hand, the spherulites or super-
structures of the fresh sample consist of crystal-
lites in mod. 2 and are easily disintegrated; the
yield value is very low. Moreover, unfolding
of folded chains also occurs very easily.

The deformation process in samples having @,
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between 1 and O is intermediate between these
two extreme cases.
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