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ABSTRACT: The molecular orientations in the crystalline and the amorphous phases in a quenched
isotactic polypropylene (iPP) film with a smectic structure are studied using an instrument constructed
for simultaneous kinetic measurement of microscopic infrared (MiclR) dichroism from a predetermined
sampling area with a size of 200 x 200 um? and macroscopic stress of film uniaxially stretched at a
constant elongation rate at 30 °C. Local deformation behavior in the sampling area is determined for one
sample using a method of photogrammetry. During the passage of the necking through the sampling
area, the local extension ratio A(t) increases fast from 1.5 to 5, which induces the rapid orientation of iPP
chains in both the crystalline and the amorphous phases. The orientation function of the amorphous
phase, fam, from the mesoscale deformation of the sampling area is found to be well described by the
pseudo-affine deformation mechanism, since the local area shrinks anisotropically during the passage of
the neck shoulder. The orientation function f. in the crystalline phase increases linearly with f,, up to
fan = 0.3 with a slope of 1.85 for all samples tested. In the neck entity, the crystal orientation may lag
behind the amorphous chain orientation due to the enhanced plastic deformations. It is shown that the
behavior of the amorphous phase is essential for the averaged lamellar orientation on the mesoscale.
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Introduction

Scientific interest in the plastic deformation of semi-
crystalline polymers has made considerable progress in
understanding the yielding and the necking phenomena
in relation to the macroscopic mechanical behavior and
the microscopic structural evolution.1=24 Semianalytical
and numerical approaches to the macroscopic mechan-
ical behaviors have also been developed in order to
clarify the deformation mechanism.25-28 It is realized
only recently that the macroscopic stress—strain curves
do not provide any correct description of the inhomo-
geneous deformation with a neck propagation, which
requires the measurement of both the true stress and
the true strain in local terms.2°—31

The necking behavior can be qualitatively disclosed
from the macroscopic strain dependence of infrared
dichroism using traditional Fourier transform infrared
(FT-IR) spectroscopy.®2735 However, it is not clear yet
how molecules, especially the constrained amorphous
chains, behave through the necking process except for
the qualitative understanding that different processes
such as onset of isolated crystallite slip, cooperation of
the slips, crystallite fragmentation, and amorphous
chain disentanglement may be involved as strain is
increased.?425

In our laboratory, equipment for simultaneous kinetic
measurement of microscopic infrared (MiclR) dichroism
from a predetermined small sampling area and macro-
scopic stress of a polymer thin film subjected to uniaxial
stretching at a constant elongation rate has been con-
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structed,3 which has been used for studying the defor-
mation mechanism of isotactic polypropylene (iPP) thin
films with various morphologies.3” We have found that
the MicIR dichroism does not show any definite rela-
tionship with the macroscopic mechanical behavior of
iPP films, which leads to supposition that the molecular
orientation should be studied in relation to the actual
local deformation induced by the passage of the necking
through the sampling area.®” To interpret the underly-
ing molecular ground of the necking on a mesoscale, we
in this paper apply a convenient method for in-situ
simultaneous measurement of the molecular orientation
and the local deformation within a single sampling area
with a size of 200 x 200 um? in an iPP film. This size of
the sampling area is not the lowest limit of our equip-
ment but is chosen for the measurement of local strain
by proper selection of internal references. The deforma-
tion mechanism in the macroscopic plastic deformation
region and the relationship between the molecular
orientations of the crystalline and the amorphous
phases shall be discussed in detail. Special attention will
be paid to the deformation mode of the constrained
amorphous chains on the mesoscale of 200 xm.

Experimental Section

Materials. The preparation of the quenched iPP thin film
with a smectic structure was described in an earlier paper.3’
Crystal-like domains with irregular shapes and with a size
from several microns to several decades of micron were found
to be considerably abundant in this film, which may be the
aggregates of the defective a-crystals.®®42 One of the crystal
aggregates was carefully chosen in the film center before
elongation as a mark of the sampling area to which the
microscopic infrared (MiclR) dichroism was sampled. Only
data from the samples with a reference crystal aggregate
distinguishable up to the end of stretching were analyzed.
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Figure 1. MiclR spectra for the quenched and the annealed
iPP films with the smectic and the a-monoclinic structures,
respectively.

The MiclR spectrum of the quenched film is given in Fig-
ure 1 together with the spectrum of another film annealed
at 145 °C for 4 h and containing the o-spherulites. The
MiclR spectra of the two films are essentially the same be-
cause of their same primary 3; helical structure. In an IR
dichroism study, the quenched film can be considered as being
composed of two phases, i.e., the crystalline and the amorphous
phases.3

Apparatus. The setup details of the equipment were
described in an earlier paper. The equipment permits simul-
taneous kinetic measurement of macroscopic nominal stress
o and MiclR dichroism from a small sampling area during
uniaxial stretching of a thin film at a constant elongation rate.
We describe the principle here in brief in consideration that
this equipment provides a new type of measurement of the IR
dichroism using the kinetic scan mode. The IR light beam was
provided by the FTS 6000 spectrometer (Bio-Rad). After
passing through a polarizer and a photoelastic modulator
(PEM-90 ZnSe, Hinds Instruments) successively, the beam was
irradiated vertically on the film sample from the bottom. The
transmitted light was detected using a mercury—cadmium-—
telluride (MCT) detector installed on an infrared microscope
of UMA 500 (Bio-Rad). By setting the peak retardation of the
modulator as the half-wave, the transmitted light was divided
into a broad-band signal of AC(t) = A(t) — Ag(t) and a low
pass signal of DC(t) = A(t) + An(t). Here Ay(t) and Ax(t) are
the polarized spectra at stretching time t with the IR radiation
parallel and perpendicular to the draw axis, respectively. After
passing through a lock-in amplifier (LIA SR510, Stanford Co.)
and a ratio circuit, the AC(t) and the DC(t) outputs were
changed to analogue voltages and were alternatively sampled
in a computer with a sampling interval of about 30 s.
Intensities of the desired peaks in the AC(t) and the DC(t)
spectra were evaluated in terms of peak height, which resulted
in the dichroism data reliable to the same extent as those from
the direct measurement of the Ay(t) and the Ap(t) spectra
during elongation.®” The reliability of the kinetic scan mode
was also verified by comparing our data with the earlier data
reported by Siesler.3743

The sample cell of the elongation device was mounted in
the same compartment of the FT-IR system. The infrared or
visible beam was irradiated directly on the film, which allowed
us to sample the infrared signal or to observe the sampling
area by switching the view/detection selection optics on the
IR microscope. Because of the low elongation speed as well as
the synchronized movement of the two clamps, we were able
to adjust the reference crystal aggregate to the fixed laboratory
coordinates under the desired viewing field by moving the
Xx—y—z stage at a time interval of 3 min whenever the sampling
area did not stay in its original position. From this adjustment,
the displacement of the sampling area relative to the film
center along the draw axis, D (t), was recorded and used to
characterize the influence of the inhomogeneous deformation
on the molecular orientation in the sampling area. To make it
simple for comparison of individual specimens, the measured
Dy (t) is multiplied by —1 or +1 depending on its sign so that
its value at the earlier stage of elongation may become always
positive.
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The displacement of the sampling area during elongation
could not be avoided due to the inhomogeneous deformation
including the necking phenomenon, which was the reason that
we used the low stretching speed in this study. When the
sampling area is located outside the neck and also after it
enters the neck entity, deformation in these two sections
becomes small. Therefore, fast displacement of the sampling
area may bring about essentially negligible influences on AC(t)
and DC(t) values. The most important deformation and mo-
lecular orientation occur at the neck shoulder when the neck
is passing through the sampling area. At this stage, the moving
speed of the sampling area drastically decreases to a small
finite value. An average displacement speed was estimated
as ca. 15 um min~t. Since a small portion of the material
present in the sampling area is moved out during the mea-
surement time of 30 s, the sampled MiclR dichroism reflects,
strictly speaking, the molecular orientation in the close vicinity
of the desired area, but use of the sampling area with the
length as large as 200 um along the draw axis hardly
influences main results given below.

Method. The film was cut to rectangular-shaped specimens
with a size of 10 x 3 mm? (length x width), which was fastened
between the two clamps and stretched at 30.0 & 0.1 °C with a
constant elongation rate of ¢ = Vg/Lo = 0.066 min~'. Here, Ve
and Lo are the stretching speed and the initial film length
between the two clamps, respectively. The viewing field for
sampling of the MiclR dichroism signal was 200 x 200 um? in
this study. The parameters of the spectrometer were the same
as described in an earlier paper.3’

A method of photogrammetry was employed for in-situ
determination of the local strain within the sampling area to
one sample. A digital camera (Camedia C4040Z00M, Olympus
Optical Co. Ltd.) equipped with a microscope lens was con-
nected with the ocular of the IR microscope, and micrographs
of the sampling area were recorded at selected time t during
elongation. Distances between four crystal aggregates in the
sampling area were read from the micrographs in order to
evaluate the actual deformation in the length—width plane of
the film.

In the Kinetic scan, the Hermans orientation function for a
particular absorption band can be derived as

_2At) Rot 2
3-AM)R,—1

@

where Ro = 2 cot? y is the perfect dichroic ratio of a transition
moment making an angle y with the direction of the molecular
main chain axis and A(t) = AC(t)/DC(t). The orientation
function of the crystalline phase, f., was determined from the
998 cm~?! band.*® The orientation function of the amorphous
phase, fam, was calculated from the 973 and 998 cm~! bands
based on a two-phase model.*4*> The z-band at 973 cm™
belongs to the CHj; rocking and the axial and equatorial C—C
stretching modes in both the amorphous and the crystalline
phases, while the z-band at 998 cm™ involves the CHj rocking,
the C—CHgs stretching, the CH bending, and the CH, twisting
modes in the crystalline phase.*3~4%

Results

Time Profiles of AC(t) and DC(t) Spectra. Typical
examples of the AC(t) and the DC(t) spectra in the
1040—940 cm™! region recorded at various stretching
times t are shown in Figure 2. Peak intensities of the
AC(t) spectra increase while those of the DC(t) spectra
decrease with the local extension in the sampling area,
which reflect an increase in molecular orientation and
a reduction in film thickness, respectively. The AC(t)
spectra suggest a slightly perpendicular orientation of
main-chain axis in advance of the significant parallel
orientation, being consistent with the earlier find-
ings.3443
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Figure 2. Changes in AC(t) and DC(t) spectra of an iPP film
in the 1040—940 cm~! wavenumber region as the sample is
uniaxially stretched.
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Figure 3. Linear relationship between the structural absor-
bances of the 998 and 973 cm™! bands and the film thickness
estimated from the interference pattern in the DC(t) spectra.

Structural Absorbance. The structural absorbance
Ao(t), which is quite of importance in IR dichroism
studies, can be evaluated through

Ao MO2AM  DC) ACH)
In Figure 3, the relative structural absorbances
Ao(t)/Aop of the 973 and 998 cm™! bands are shown to
be linearly dependent on the relative film thickness
d(t)/do estimated from the interference pattern in the
DC(t) spectra.®® Here Aqo (=Ao(0)) and do (=d(0)) are
the structural absorbance and the film thickness before
elongation, and d(t) is the film thickness at the stretch-
ing time t. The linear relationship with a slope of unity
indicates that the two bands are involved in a change
in film thickness, irrespective of the microstructure. The
result offers a convenient method for directly pursuing
the thickness of the small sampling area.

Influence of Necking Propagation on Time Pro-
files of g, T, fam, and D (t). Parts a, b, and c of Figure
4 show the time profiles of the nominal stress o, the
orientation functions f. and fam, and the displacement
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Figure 4. Time profiles of the macroscopic stress o (a), the
microscopic orientation functions f; and f.n (b), and the
displacement of the sampling area D.(t) (c) from four speci-
mens S1, S2, S3, and S4 with Lo = 2 mm. Before the sampling
area suffers from the necking, the D (t) data of S3 are found
to be located on the straight line given by D (t) = (t — ty)Ve/2.

of the sampling area D (t), respectively, from four
specimens with Lo = 2 mm. The o profiles follow the
general characteristic of the uniaxial deformation al-
though slight differences are observed even before the
yielding point (ty) is reached. Great differences in the
MiclR dichroism profiles among the four samples are
clearly seen in Figure 4b, which show the inhomoge-
neous deformation on the mesoscale of 200 um. In fact,
the inhomogeneous deformation dominated by a neck
initiation and propagation directly results in an unpre-
dictable molecular orientation in the sampling area as
a function of time t, but this is not the case for the o
profile.

The time profiles of D (t) in Figure 4c also appear to
vary from one sample to another. The Dy(t) remains
essentially zero to an experimental accuracy until ty is
reached and then starts to increase linearly with the
slope of Ve/2 as evidenced by the close fit of the data
for the sample S3 to the straight line calculated from
D.(t) = (t — ty)VEe/2 in the figure. It is to be noted that
the deviation of D (t) from the straight line occurs at
around the stretching time where fy, and f; start to
increase rapidly. The behaviors become quite compli-
cated at longer t.

Combining the MicIR dichroism and the D\ (t) profiles
of the sample S3, it is likely that the deformation out-
side the neck is negligible in comparison with that
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Figure 5. Time profiles of g, f;, and fam as well as D (t) from a specimen S8 with Lo = 2 mm.
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Figure 6. Morphology evolution of the sampling area in the
specimen S8 during continuous uniaxial elongation. The heavy

arrow shows the draw axis, and the micrograph serial numbers
are marked in Figure 5.

at the neck shoulder. The onset of the molecular
orientation is clearly linked with the deviation of Dy (t)
from its initial linear portion when the sampling area
touches the neck shoulder. After the sampling area
leaves the neck shoulder and enters the neck entity,
molecules finally reach a highly oriented state with f;
= 0.94 + 0.04 and fym = 0.57 + 0.05, which look to
depend on the resistance of the local area to the necking.

The same kind of measurement was also performed
to other three specimens S5, S6, and S7 with Ly = 0.5,
1, and 2 mm, respectively. Although the macroscopic
mechanical behavior varies due to a change in Lo, the
rapid molecular orientation begins only when the Dy (t)
starts to depart from its initially linear portion, the
same as the results in Figure 4.

Morphology Evolution Accompanying Molecu-
lar Orientation. Figure 5 shows the time profiles of o,
fe, and fam, as well as Dy (t) from a specimen S8 with Lg
= 2 mm, to which many in-situ micrographs of the
sampling area were taken and are selectively shown in
Figure 6. The morphology changes slightly according to
the apparent homogeneous deformation in the vicinity
of the sampling area while it is located outside the neck
and in the neck entity. During the necking passage
through the sampling area, distances of the crystal

aggregates distinguishable under the IR microscope
rapidly increase along the draw direction, indicating
that a dramatic deformation occurs at the neck shoul-
der. A portion of the crystal aggregates is occasionally
partially destroyed to small pieces due to the deforma-
tion of amorphous chains linking the crystallites. On
the other hand, some of the crystal aggregates are
mechanically stable to resist the necking to some extent.
No flow occurs during the drawing process.

Local Deformation. Measuring changes in distances
of three crystal aggregate pairs 0—1, 0—2, and 0—3 in
the micrographs of the sampling area as denoted in
photograph e of Figure 6, the local extension ratio along
the draw axis, A(t), and the relative shrinkage along the
film width direction, W(t)/W,, were determined for
specimen S8. The results are given in Figure 7 together
with d(t)/do estimated from Ag(t)/Aoo. The film shrinks
equally in the thickness and the width directions before
the sampling area suffers from necking where a slight
molecular orientation (Figure 5) together with a slow
local extension (Figure 7b) is detected. Beyond about t
= 37 min when the sampling area touches the neck
shoulder, the dramatic molecular orientation and lon-
gitudinal extension start. Above A(t) ~ 1.8, eventually,
shrinkage in width lags behind that in thickness, which
appears as a general characteristic of the necking in iPP
thin films due to the different normal stresses estab-
lished along the neck shoulder.3” A simple calculation
shows that Poisson’s ratio v is located in the range 0.45—
0.50 in the whole deformation, being contrary to the
well-accepted value of v = 0.3.4647 This result shows that
the deformation is not accompanied by a marked volume
change, and the iPP sample may be considered to
behave as an incompressible material during the local
deformation in the neck shoulder to good approximation.

Discussion

Molecular Orientation in the Amorphous Phase.
The deformation looks inhomogeneous even in the
mesoscale of 200 um order because of the existence of
less deformed crystal aggregates embedded in a highly
deformed surrounding microcrystalline region. It is also
true that the dominant molecular orientation has been
induced by the local deformation in the close vicinity of
the sampling area during the passage of the neck
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Figure 7. Local deformations in film width (a) and length
Loi (i = 1, 2, and 3) along the draw axis (b) read from the
changes in distances between the crystal aggregate pairs 0—1,
0—2, and 0—3 in the micrographs of the sampling area from
the specimen S8. The relative film thickness d(t)/do estimated
from Aq(t)/Aop is given in (a) together with the relative width,
W(t)/Wo = Woi(t)/Wei(t=0). The local extension ratio is estimated
from A(t) = Loi(t)/Loi(t=0). The curves in (b) show the results
calculated from A(t) = {W(t)d(t)/Wodo} ~¥2” with selected values
of the logarithmic Poisson’s ratio v.

shoulder. The MiclR dichroism originates from the
averaged orientation of molecules from the local area
with a size as yet much larger than a contour length of
the iPP molecule. Thus, it seems worthy of an attempt
to look into a relationship between the orientation
function related to the averaged molecular orientation
and the local strain measured on a mesoscopic scale. In
consideration that the constrained amorphous iPP
chains are in the rubbery state at 30 °C higher than its
glass transition temperature and the lengths of amor-
phous chains are many times greater than the lamellar
thickness, we may be allowed to make an attempt to
deal with the orientation of amorphous chains within
the framework of rubber elasticity.

The orientation function of a rubber network upon
uniaxial stretching is related to the network parameters
and the deformation by48-52

f=C{a®’ - A1) ®3)

whenever the network chains deform affinely. Here the
front factor C depends on the choice of the detailed
molecular model, e.g., C = 1/(5Ny) in the Kuhn expres-
sion with N the average number of freely jointed Kuhn
segments between cross-linking points.*84° When chains
within a rubber matrix experience an anisotropic mean
field through their excluded-volume interactions, C is
given as C = b/15aNyE, where & is the Edwards’
screening length and Ny the number of Gaussian
statistical segments with an average size b between the
junctions.5?

fam in Figure 5 is replotted against A(t) in Figure 8.
Rather surprisingly, we find that a change in f,m against
A(t) for A(t) < 4.5 can be well described by eq 3 with C
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Figure 8. Molecular orientation functions f. and f,m as a

function of A(t) for the specimen S8. Curve A gives the

theoretical prediction from the model of the affine deformation
of rubber network.

= 0.018 or Nk = 11. This strongly suggests that the
amorphous phase deforms affinely on a mesoscale
within the experimental error for some time interval of
deformation. The f,n seems to deviate from the predic-
tion of the affine deformation beyond 4 = 5. It might be
better to call such a particular deformation of amor-
phous chains as a pseudo-affine deformation on the
mesoscale in consideration that f,y, does not show any
definite relationship with the macroscopic extension of
film that shrinks unequally in the width and the
thickness directions. It seems reasonable to consider
that N is dependent on the size of a detectable local
area as well as its morphology and the degree of
crystallinity.

The pseudo-affine deformation of iPP film on a me-
soscale is completely different from the affine deforma-
tion of true elastomers in which the isotropic shrinkage
is always satisfied independent of the observation scale.
One may notice that the isotropic shrinkage occurs in
the film width and thickness directions at t < 37 min
(Figure 7) corresponding to fam < 0.07 (Figure 5) for the
sample S8. The material present outside the neck may
deform following the true affine deformation mode. The
deformation turns into the pseudo-affine mode during
the necking that accelerates the local deformation at the
neck shoulder. Despite the geometrical complexity of the
necking, the agreement between the experimental data
and the theoretical prediction of eq 3 suggests that the
averaged molecular orientation of the amorphous phase
is directly related to the longitudinal extension of the
local area.

The plastic deformation on the lamellar level affects
several deformation mechanisms of the crystalline and
the amorphous components.>® Besides the important
crystallographic slip of crystallites, two basic modes
of interlamellar sliding (shear) and lamellar separa-
tion (extension) are known to have a close relationship
with the deformation of amorphous chains.>4% The
interlamellar sliding proceeds primarily at the early
stage of deformation, resulting in the necking initia-
tion. The further molecular orientation within the thin
amorphous layers along with the neck propagation is
then constrained by the adjacent lamellae that pos-
sess a modulus much higher than that of the amor-
phous component and operate as multifunctional cross-
links.56=60 On the basis of these ideas, we consider that
the ideal rubberlike behavior in the amorphous phase
may lead to the lamellar separation as a local area is
moved along the neck shoulder, if the lamellar frag-
mentation or microcracking does not occur markedly.

Relationship between f. and fsm. A plot of f;
against fa, in Figure 9 reveals a linear relationship with
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a slope of 1.85 up to fam = 0.3 about a half of the final
value fam ~ 0.57 + 0.05 after the necking passage. If
the chain extensibility is not exhausted, further chain
deformation can occur after the sampling area enters
the neck entity though the molecular orientation is
decelerated, as shown in Figure 5. In some cases,
nevertheless, the linear relationship may extend ap-
proximately to f,m = 0.5, covering almost the whole
range of deformation tested. The straightforward linear
relationship suggests that the lamellar orientation is
simply determined by the deformation of the surround-
ing amorphous chains at the earlier stage of the necking
propagation through the sampling area, independent of
the initial size of the sample, the initial necking position,
and the necking propagation speed. It appears that a
large population of lamella is not destructed during the
dramatic deformation at the neck shoulder. It is likely
that sheared lamellae are rotated alongside with the
lamellar translation and that the plastic deformations
are not yet so significant on the mesoscale as to
influence the deformation of amorphous chains and the
orientation of lamellae.

The large data scattering of f; aganist fym at fom > 0.3
implies that really complicated multiple processes are
involved in the deformation and the orientation of the
crystalline phase on the observation scale. The MiclR
dichroism data without those obtained by another type
of measurement such as X-ray diffractometry provide
a reliable method neither for judging which contribution
is dominative nor for elucidating its relationship with
amorphous chain deformation. At 0.3 < fam < 0.5, the
crystal orientation becomes slower than the amorphous
chain orientation. At the later stage of deformation at
fam > 0.5—0.6, on the other hand, the slope of f; against
fam increases again, which might be responsible for the
fibrillation%! and the stress-induced crystallization and
decrystallization.62

fc as a function of A(t), as shown in Figure 8, gives a
description of the orientation of the special flakelet-like
lamellar cross-links in the rubbery network of amor-
phous chain. The models of the uniform3 and the affine
or the pseudo-affine486465 deformation of spherulite
were found to be successful in explanation of the crystal
orientation in a carefully stretched polyethylene film
free of necking®3% and an iPP film deformed at 110 °C,%”
but none of them is applicable for describing our result
from the iPP film with a smectic but not a spherulitic
structure and stretched at room temperature. The
present work may request an essentially new type of
theoretical formulation for explanation of inhomoge-
neous deformation of semicrystalline polymers, taking
into consideration the cooperation between the crystal-
line and the amorphous phases alongside with their
respective contributions at various levels.
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Plastic deformations of crystal on the nanometer scale
do not prevent the cold drawing of the iPP film with a
smectic structure markedly. Needless to say, the defor-
mation of amorphous chains strongly contributes to the
mechanical behavior. Although the deformation in the
neck is inhomogeneous down to a very fine level, the
amorphous phase seems to deform via its own fashion
(such as the pseudo-affine mode revealed) that exerts
on the lamellar orientation until overwhelming plastic
deformations of crystal occur.

Conclusion

The molecular orientations accompanying the necking
process in a quenched iPP thin film are complicated in
view of the macroscopic variables of deformation. Using
a novel method of photogrammetry, the deformation of
the amorphous phase during the necking propagation
is shown to be affine on the mesoscale of several
hundred microns; i.e., fam changes with the longitudinal
extension ratio A(t) obeying the theoretical prediction.
The anisotropic shrinkage in the film width and thick-
ness directions illuminates further this pseudo-affine
behavior in iPP film differing from the pure affine
deformation of true elastomers. A linear relationship
between f; and f,, is found to hold as far as the plastic
deformation components are not dominant in a local
area under examination, suggesting a lamellar orienta-
tion determined by the deformation of the amorphous
chains. The proportionality constant between f; and fan
is found to be 1.85 for all microcrystalline iPP film
specimens tested. Applicability of this numerical value
should be examined for more inhomogeneous iPP sample
that contains giant spherulites as well as other semi-
crystalline polymers.
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