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Description of the state of deformation

of ethylene—tetrafluoroethylene alternating
copolymer films estimated by using a model
proposed in terms of orientation

of crystallites within a rod

Abstract To study the deformation
mechanism of ethylene—tetrafluoro-
ethylene alternating copolymer films
caused by elongation, a model re-
lating crystal orientation to the ori-
entation of the rods was proposed.
The orientation distribution of crys-
tallites within the rod was given as
the correlation with the rod orien-
tation. The distribution functions of
a given reciprocal lattice vector of
the crystal plane were derived from
the two functions of the crystallites
and of rods with several parameters
representing the orientation of rods
and the rotation of crystallites with-
in a rod. By choosing suitable values
of the parameters, the calculated
functions were in good agreement
with the results of X-ray diffraction
experiments. From the values of the
parameters to give the best fit
between calculated and observed

results, it turned out that the char-
acteristic orientation of the c-axis is
mainly due to the preferential ori-
entation of the rod with respect to a
stretching direction and is hardly
affected by the rotation of crystal-
lites within the rod. Using the two
orientation functions concerning
rods and crystallites, Hv light scat-
tering was formulated by introduc-
ing an interparticle interference
effect of the rods. The calculated
results assumed the characteristic
profile of the observed patterns as
the superposition of broadleaf lobes
and a sharp pattern of streaks.

Key words Ethylene-tetrafluoroethy-
lene alternating copolymer films -
Orientation distribution of crystal-
lites - Rod orientation - Hv light
scattering - Interparticle interference
effect

At low temperatures the crystal unit of ETFE shows

Introduction

Several studies on the crystal structure for ethylene—
tetrafluoroethylene (ETFE) have been reported in the
literature [1-11]. From detailed work, it is accepted that
the unit cell for ETFE is an orthorhombic form [1, 2],
and a thermal reversible transition occurs in a wide
range from 0 to 100 °C [3-8]. Tanigami et al. [2] pointed
out that the dimensions of the unit cell of ETFE are
a=8.57A, hb=11.2 A and ¢=5.04 A, and the crystal
structure which has been assumed to be pseudohexag-
onal is indeed orthorhombic. They concluded that four
zigzag chains pack in the unit cell and that the lateral
packing mode is similar to that of orthorhombic
polyethylene.

an orthorhombic form and is transformed to a hexa-
gonal form with increasing temperature [3, 5-7]. Tani-
gami et al. [3] suggested that the transition was an
order—disorder transition, associated with rotational
motion around the chain axis like for polyethylene.
Detailed treatments of the deformation mechanism of
ETFE with different side chain modifications were
investigated by Pieper et al. [11] in terms of the
second-order orientation factors of the chain segments
in the amorphous layers and the crystallographic axes.
They demonstrated that the crystal orientation is
independent of the side chain modifications. Further-
more, they measured the temperature dependence of
both the mean lattice constant and the mean extension
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of the coherent scattering domains by using synchrotron
radiation and pointed out that the anomaly of these
parameters at about 100 °C is attributed to a transition
of the crystal structure.

On the basis of reported characteristics of ETFE
crystallites, this article deals with the orientation of
ETFE crystallites. Actually, there has been no report for
crystal orientation discussed in relation to the orienta-
tion of a rodlike structure, although detailed analysis of
crystal orientation has been carried out for polyethylene
films with spherulites [12-14]. The quantitative orienta-
tion behavior of crystallites has been estimated in terms
of orientation distribution functions of the reciprocal
lattice vectors of several crystal planes [12-14]. In
accordance with this concept, the observed functions
were compared with the ones calculated on the basis of a
model relating the crystal orientation to the orientation
of rods confirmed by small-angle light scattering under a
Hv polarization condition. In this model system, the
distribution function of crystallites within the rod is
assumed to be an orientation function of the rods. By
using the orientation function of the crystallites and that
of the rods, Hv light scattering patterns are calculated by
the introduction of an interparticle interference effect of
the rods [15, 16]. The theoretical patterns are estimated
in comparison with observed ones.

Experimental

Pellets of ETFE whose commercial name is Neoflon, EP-521, were
obtained through the courtesy of Daikin Co. According to available
data from this company, the meltindexis 12 g/10 minat 297 °C. The
molecular weight is in the range 2-3 x 10°. The ratio of ethylene (ET)
and tetrafluoroethylene (TFE), however, is not open to the public. A
torque rheometer, Haake Rheocord 90, was employed to knead the
pellets. The mixing was done by rotating at 60 rpm at a temperature
0f260 °C for 5 min under nitrogen flow. All mixtures were pressed at
260 °C under 19.6 MPa for 5 min and then the resultant film was
quenched in water. The film was cut into strips, which were elongated
to the desired draw ratio at 130 °C under nitrogen.

The density of the specimens was measured using a pycnometer
with methyl iodide-carbon and tetrachloride as reference liquids.

The complex dynamic tensile modulus function was measured at
a frequency of 10 Hz over a temperature range from —150 to
200 °C. The length of the specimen between the jaws was about
40 mm and the width was 2 mm. The specimen was heated at a
constant rate of 2 °C min~'. The complex dynamic modulus was
measured by imposing a small dynamic strain to ensure linear
viscoelastic behavior of the specimen.

Light scattering patterns were obtained with a 3-mW He—Ne gas
laser as the light source. Diffuse scattering was avoided by
sandwiching the specimen between microcover glasses with a
silicone immersion oil having a similar index of refraction.

The X-ray measurements were carried out with a 12-kW
rotating-around Rigaku RDA-rA. The X-ray beam was mono-
chromatized with a curved graphite monochromator using Cu Ko
radiation at 200 mA and 40 kV. The wide-angle X-ray diffraction
(WAXD) intensity distribution was measured by point focus at a
step interval of 0.1° with a time interval of 40 s, in the desired range
of twice the Bragg angle, 20g. The diffraction beam was detected by
a square slit of 1 mm x 1 mm.

To estimate the orientation distribution function of the recipro-
cal lattice vector of the crystal planes, the X-ray measurements were
performed using a horizontal scanning type goniometer over a range
of 20g, from 12 to 24° and from 70 to 81°. In this condition, the
tilting of the specimen to estimate the orientation of the (hkl)
reflections was carried out by rotating about the film normal
direction at 2-5° intervals in the range from 0 to 90°. After
correcting for air scattering, background noise, polarization,
absorption and the amorphous contribution, the intensity distribu-
tion was obtained as a function of a given rotating angle of 0;. The
intensity curve thus obtained was assumed to be the contribution of
the intensity form the crystalline phase. The intensity curve,
I.,(20g), for the (004) plane showed a symmetric form given by a
Lorentzian function of 26g. In contrast, the intensity curve having a
peak around 19° showed an overlapping diffraction from the (120),
(200) and (001) planes which can be postulated from the crystal unit
cell proposed by Tanigami et al. [2]. The curve could not be
separated into the contributions from the individual crystal planes
by assuming a Lorentzian function because the reflections from the
three crystal planes were located very close to each other. The
intensity distribution, £(6};), can be determined for the respective jth
plane, and the orientation distribution function of the jth reciprocal
lattice vector may be given by

1(0)) _
I3 1(0;) sin 0; 40

Because of the difficulty of peak separation, the composed function
2ngj(cos 0;) includes the contribution of several planes as follows:

2ng;(cos 0;) =

(1)

Ni
2mq;(cos 0;) = 2m Y _ Ciigji(cos b)) . 2)
=1
The concept underlying Eq. (2) was first presented by Roe and
Krigbaum [17, 18]. N; is the number of the jth superposed peaks
and Cj; is the relative (normalized) weight for the vector rj;. The
values of Cj; are given by

F;
== 3)
Zi:l Fji
where Fj is the structure factor of the jth crystal plane. Equation (2)
was applied to an overlapped distribution function, 2nqj(cos ;),
of the (120), (200) and (001) planes around 20z =19°.

The second-order orientation factor F3, for the jth plane is
given by

Cji =

. 3
F, = /0 5(3 cos® 0; — 1)g,(cos 0;) sin 0, do; . 4)

Incidentally, the orientation of the crystallites was confirmed to be
oriented randomly around the stretching direction by the circular
rings of the diffraction pattern (end view).

Results and discussion

The changes in the density, the birefringence and the
second-order orientation factor of the c-axis (the crystal
chain axis) with draw ratio are shown in Table 1. For
reproducibility, the measurements at a given draw ratio
were carried out several times and the average value is
listed. The careful measurements suggest a very slight
increase in density with draw ratio due to oriented
crystallization. The corresponding birefringence and the
second-order orientation factor of the c-axis increase
with draw ratio, indicating a significant molecular
orientation with respect to the stretching direction.
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Table 1 Change in density, bi-

refringence and second-order Draw ratio 1 L5 2 3 4 5 6

orientation factors of the c-axis -

with increasing draw ratio Density 1.727 1.728 1.728 1.729 1.73
Birefringence (x1072) 17.5 30.9 38.2 42.4 50.0 51.6

Second-order orientation factor

0.261 0.551 0.729 0.879 0.919 0.922

The WAXD intensity distributions of undrawn and
drawn films are shown in Fig. 1. Each curve of the two
samples shows an asymmetric single peak around
20 =19° in spite of superposed reflections from the
(120), (200) and (001) planes. This measurement was
done to make clear the crystal form of ETFE in order to
estimate the orientation of crystallites under elongation.
The peak position around 19° shifted toward a lower
angle of 20y and the curve became sharper with draw
ratio. This asymmetric peak of ETFE has been observed
for the drawn films in previous work [1-3] and it
suggests that ETFE has a pseudohexagonal structure.
According to Tanigami et al. [2], the asymmetry was
interpreted as a doublet character of the peak. They
concluded that the crystal structure of ETFE, which has
been considered to be pseudohexagonal, is indeed
orthorhombic having the paracrystalline disorder in
the lateral packing of the chain [2]. In the present work,
the change in the peak position between drawn and
undrawn films indicated the expansion of the lattice
space, which might be influenced by the stress and the
thermal treatment concerning the sample preparation.

The influences of thermal history and stress on the
ETFE crystallites were examined to obtain more detailed
information with regard to the crystal structure within the
present specimens, since ETFE is well known to invoke
the crystal transition from an orthorhombic unit to a
hexagonal one with temperature reversibly. In the present
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Fig. 1 X-ray diffraction profiles of drawn (/= 6) and undrawn films

work, the undrawn films were subjected to heating cycles
from room temperature (27 °C) to 150 °C followed by
cooling to room temperature under stress or no stress. The
results are shown in Fig. 2. The open and closed circles
indicate the situation under no stress and with an applied
external stress of 3 MPa, respectively. In the heating
process, the peak position shifted toward a lower angle of
20p with increasing temperature irrespective of the stress.
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Fig. 2 Top: X-ray diffraction intensity distribution of the undrawn
film in the heating process. Bottom: X-ray diffraction intensity
distribution of the undrawn film in the cooling process. Open circles:
under no stress; filled circles: under a stress of 3 MPa
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This indicates the significant expansion of the lattice space
of the (120) and (200) planes at elevated temperature. In
the cooling process, the diffraction peak under no stress
shifted reversibly to the original position; however, the
crystal transition did not occur reversibly under stress.
Interestingly, the peak position did not return anymore,
even when the applied stress was removed after the
thermal cycle measurements.

Recently, D’Aniello et al. [7] reported the influence of
the thermal history on the polymorphic behavior of
ETFE. According to their experiment, the specimen
quenched from the melt tends to a better developed
orthorhombic form and the reversibility of the thermal
transition is incomplete in the case where the specimen is
cooled slowly. Although the specimen in Fig. 2 was
cooled slowly, a reversible change in the peak position
could be observed under no stress, but under stress it
was not so. The intensity curves drawn as open circles
are completely in accord but the curves drawn as solid
circles did not overlap. It is our understanding that the
change in the X-ray diffraction peak was influenced by
stress over temperature.

To facilitate an understanding of the crystal transition,
the temperature dependence of the storage and loss
moduli was measured for the undrawn (A= 1) and drawn
films (A=6). The results are shown in Fig. 3. The loss
modulus for the undrawn film shows a very broad peak in
the temperature range of 0-100 °C. The broad peak has
been reported to be classified into two mechanisms, «” and
o [19, 20]. The o mechanism is related to the crystal
transition from an orthorhombic to a pseudohexagonal
unit or from a pseudohexagonal unit to a hexagonal unit,
while the a mechanism is related to a complete crystal
transformation at about 90 °C, assigned to the glass
transition [20, 21]. If this is the case, the transition must be
detected as a small change in the X-ray diffraction. As
discussed already, however, such a transition could not be
observed by the diffraction peaks around 20 = 19°.

As discussed later, the existence of superstructure
within the ETFE film was confirmed by small-angle light
scattering under Hv polarization conditions as has been
confirmed for polyethylene, and the temperature depen-
dence of the loss modulus of ETFE [20, 21] is similar to
that of polyethylene having «, § and y dispersions [22].
Therefore, as one of the possibilities, the o and o«
mechanisms of ETFE are thought to correspond to the
o and o, mechanisms of polyethylene, respectively [23,
24]. Namely, the former is associated with the grain
boundary phenomenon concerning deformation and/or
rotation of crystallites within a various media and the
latter is associated with the crystal disordering transition
due to the onset of torsional oscillation of the polymer
chain within the crystal lattice [25, 26].

Through a series of experimental results presented
here, it may be expected that the ETFE crystal unit is
represented as a pseudohexagonal structure. In a
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Fig. 3 Temperature dependence of the storage and loss moduli of the
undrawn and drawn films (1= 6)

previous report [2], as stated earlier, it was concluded
that the pseudohexagonal structure of ETFE seems to be
based on orthorhombic packing. We also treated the
specimens as an orthorhombic unit cell with a=8.57 A,
b=11.2 A and ¢=5.04 A proposed by Tanigami et al.
[2] to study the orientation of ETFE crystallites as a
function of elongation. Using the orthorhombic unit
cell, the orientation of ETFE crystallites was estimated
to explain the sequence of deformation by the existence
of superstructure. As for the molecular orientation of
ETFE, a detailed analysis was done by Pieper et al. [11]
in terms of the second-order orientation factor. The
orientation factor of the amorphous chain segments was
determined from the separated amorphous halo of the
intensity distribution. The orientation distribution of the
three principal crystallographic axes was obtained from
the analysis of the (hk0) reflections. They pointed out
that the difference of the a- and b-axis orientations is due
to the existence of a lamellar structure analogous to
polyethylene and that the orientational degree of the
c-axis is lower than that of polyethylene.
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Instead of the second-order orientation factor, this
treatment was done in terms of the orientation distri-
bution functions of the reciprocal lattice vector by using
the overlapped peak of the (120), (200) and (001) planes
appearing around 20z =19° and the single peak of the
(004) plane around 20g=75°. To propose a model
relating the crystal orientation to the orientation of the
superstructure, light scattering patterns under Hv po-
larization conditions were observed [27, 28]. The chang-
es in the patterns with draw ratio are shown in Fig. 4.
The scattering from an undrawn film displays an
indistinct circular pattern, in which the intensity de-
creased continuously with increasing scattering angle.
This is typical of the scattering from a system composed
of a random array of crystallites that are small
compared with the wavelength of the incident beam.
Elongation causes the development of a clear X-type
pattern whose lobes are extended in the horizontal
direction, indicating the growth of the rods and the
preferential orientation of the rods with respect to the
stretching direction. Optical micrographs (cross-polar-
ized) at A=4 and 6 suggest that the optical axes are
oriented parallel to the rod axis in an undeformed state.
Unfortunately the micrographs were too indistinct to be
shown as figures because of the thick films. The sharp
streaks in the horizontal direction in the Hv pattern at
A=1.5-3 have been observed for oriented crystalline
films with rods or sheaflike textures such as poly(ethyl-
ene terephthalate) [29], hydroxypropylcellulose [16] and
poly(tetramethylene oxide)—poly(tetramethylene tere-
phthalate) block polymer [15]. They are probably
thought to be attributed as an interparticle interference
effect of the rods, which is discussed later.

The question can be raised whether these sharp streaks
can be associated with a biaxial component of stretching
that can arises from one-dimensional stretching of a
sample of small length-to-width ratio. The dimensional
changes with draw ratio indicate that when the specimen
was drawn uniaxially up to 43, the value of A;, the draw
ratio being in the thickness direction, is close to that of 4,,
the draw ratio being in the transverse direction and 4;4,43
becomes unity. Of course, the X-ray diffraction pattern
(end views) showed circular rings, as discussed before.

The geometrical interactions of three Cartesian
systems, 0-X1X>X3, 0-V1V,V5; and 0-U,U,Us, fixed
within the bulk specimen, rod and crystallite, respec-
tively, are shown in Tables 2 and 3. The directions of the
coordinate axes of each Cartesian system are given in
Table 2, the Euler angles of coordinate transformation
between the three Cartesian systems are given in Table 4
and two sets of the polar angle and azimuthal angles of a

0y | cos¥6 BeosHC o cos?P y

q(o0, B,y) =

given reciprocal lattice vector of the crystallite with
respect to the three Cartesian systems are given in
Table 3. Within the ETFE rod, it is assumed that the
c-axis orients predominantly in the direction of the rod
axis in an undeformed state and that the crystallites
within a rod are connected, more or less, to each other
by “tie-chain molecules’. On uniaxial stretching, the rod
may be oriented predominantly in a preferred direction,
which depends on the draw ratio, without changing its
length. In this process, it is expected that the rotation of
a rod around its own axis is not random but takes a
characteristic mode; however, we do not know the
deformation mechanism in detail. Accordingly, the
orientation of rods may be formulated by the orienta-
tion of the Cartesian system 0-VV,}; with respect to
the Cartesian system 0-X;X,X3; by using parameters
characterizing two typical rotations as follows:

C
o(0,n) = 8—7:20)(9/) [1401(Z— 1) cos™ ¢/

+ a2(4— 1) sin”* ] (5)

and
2JB

o(0) = < + fr> . (6)

The second term on the right-hand side of Eq. (5)
represents the rotational mode of the rod axis (V3 axis)
to allow the preferential orientation of the rod normal
direction (V7 axis) with respect to the 0-X3V3 plane,
while the third term is a rotational mode taking the
preferential orientation of the J/; axis perpendicular to
the 0-X3V3 plane. o; and o, are parameters character-
izing the ease of the former and latter rotational modes,
respectively, and JA represents their sharpness. In
Eq. (6), 0y is the angle between the preferred direction
and the stretching direction, in which the orientation
distribution of the rod axes within a deformed film has
the maximum value at 6,. JB is a parameter character-
izing the sharpness of the orientation of the rod axis and
fr is a random parameter to moderate the sharpness of
the orientation function of the rod axis. At fr=0,JB=0
means the random orientation of the rod axis with
respect to the stretching direction, while JB =8 means
the perfect orientation in the direction of 6y. Cy is a
normalization constant defined by

2n 2n n
/ / / w(0,n)sin0d0'd¢'dy =1 . (7)
0 0 0

The orientation of the crystallites within the rod can be
represented by the orientation of the Cartesian coordi-

cos? 0 (2 cos? Oy — cos? )

cos* 0,

. 8
872 | +03(41 — 1)(sin* 0 — cos* B + 2 cos? 0/ cos? B) cos?F o cos?'F y] ®
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Fig. 4 Hv light scattering
patterns from the films with the
draw ratios indicated

A=6
qa 1 .Oo 20°

A=12

nate 0-U,U,U; with respect to the Cartesian coordinate Q) is a normalization constant defined by
0-V,V, V3. The corresponding distribution function may

2n 2n n
be formulated as follows: / / / q(o, B,7)sinfdf dady=1. (10)
In the undeformed state (4 =1), Eq. (8) reduces to o Jo Jo
Qo 2JG 21C 21D Thus Qg contains 6" terms in a deformed state and
v) = =9 vl 9 0
a(%:$.7) 872 [os™ feos™ cos™P ] ( consequently Eq. (8) becomes somewhat complicated to
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Table 2 Direction of coordi-

nate axes Coordinate

Direction of coordinate of X;, V; and U; axes

system
i=1

i=3

0-X, X>.X5
0-V, V5 V5

Normal to film surface
Normal to rod surface

Stretching direction of film specimen
Rod axis

containing 07, and 03

0-U,U,Us

The a-axis of ethylene—
tetrafluoroethylene crystallite

The c-axis of ethylene—
tetrafluoroethylene crystallite

Table 3 Three sets of orientation angles of a given reciprocal lat-
tice vector, rj

Reference coordinate Polar and azimuthal angles of r;

0-X1X2X5 Gj’ d’j
0-U,U,U;3 0O;, O;

Table 4 Euler angles of coordinate transformations

Reference coordinate Euler angles Oriented coordinates
0-X,X>X;3 L0, 0-V1 V>3
0-V1V2V3 o, B,y 0-U,U,U;
perform  numerical calculations for  obtaining

2ngj(cos 0;). Equation (9) is given as a function with a
maximum value at « =0°, f=0° and y=0°. This reveals
that when the values of JG, JC and JD are infinite, the c-
and a-axes are oriented perfectly in the direction of the
rod axis (V3 axis) and the rod normal (¥, thickness)
direction, respectively, in an undeformed state.

In the deformed state, there is an additional compo-
nent; namely, the second term on the right-hand side of
Eq. (8) denotes the fraction of crystallites oriented
predominantly parallel to the stretching direction. o5 is
a parameter concerning the ratio of the undeformed and
deformed fractions. The latter behavior is represented by
the term sin* 0’ — cos* f + 2 cos”® @’cos” 8, which has a
maximum value for =6 irrespective of the polar angle
of the rod orientation, 6. This preferential orientation of
the c-axis with respect to the stretching direction is
assumed to take place because of straining of the tie-
chain molecules by the rotation of crystallites around its
own b-axis. This mode can be represented by the term,
cos™F o cos™ y, in which the parameters JE and JF
characterize the sharpness of the distribution with
respect to the angles o« and ), respectively. Zero values
of JE and JF mean that the orientation of the crystallites
is random around the c-axis.

By using the results in the previous reports [30, 31],
the orientation distribution function, 2rgj(cos 0;), of a
given reciprocal lattice vector of the jth crystal plane can
be determined by the following calculations.

01n(0) = /0 : /0 " /0 " (0 .7)Pin(cos )

x cossocosnysinf df da dy , (11)
2 2 pm
b= [ [ [ @@ nreos 010w
x cossyy dO dy’ d¢’ , (12)
, ~(L—n),
Fuon = “’”H;m% (13)
Fjy =FuoPy(cos ©;)
L (0 —n)!
+2 ,,Z; meOnP; (cos ®;) cos n®; , (14)

N;
27Iq‘/‘ (COS 01) =2r Z C/‘,‘qﬂ‘ (COS 01> .

i=1
1 &K204+1
i[5+ T Fi(cost))
2 = 2
(15)

However, 2ng;j(cos 0;) for each crystal plane could not be
observed because of the difficulty of peak separation for
the (120), (200) and (001) planes. Actually, 2ngj(cos 0;)
was estimated as an overlapped function, 2ngji(cos 0;;)
[=(120), (200) and (001)], by using Eq. (2). In addition
to 12 parameters in Eqgs. (5), (6) and (8), the best values
of Cj in Eq. (15) were also determined by the simplex
method [32], which is a directed search method to obtain
the object function on the basis of trial and error. The
calculation was continued until the best fit was achieved
within the capability of the simplex method.

Figure 5 shows the comparison between experimental
results and calculated curves for the overlapped peak of
the (120), (200) and (001) planes and for a single peak
for the (004) plane and the values of 12 parameters in
Egs. (5), (6) and (8) to give the best fit are listed in
Table 5. Here it should be noted that even 2ngj(cos 0;) of
A=4 with a sharp distribution function shows positive
values at most regions of the polar angle 0;, because

N;

i=1
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Fig. 5 Orientation distribution 1.5
functions of the reciprocal lat- a)h=1.5
tice vectors estimated for the

overlapped peak of the (120), 12k

(200) and (001) planes and for a
single peak of the (004) plane.
Circular plot. experimental
results; solid curve: theoretical
results
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Table 5 Proper combination of

values of the parameters in Draw ratio 90 fr g1 () g3 JA JB JC JD JE JF JG
Eqgs. (5), (6) and (8)
1.5 30 1 0 1 0.07 1 9 9 9 8 8 100
2 22 1 0 1 0.01 1 19 9 9 7 7 100
3 0 1 0 1 0.0022 1 39 9 9 7 7 200
4 0 1 0 1 0.0001 1 78 9 9 9 9 200

improvement of computer capability allows numerical
calculations to be performed for Eq. (8) containing a
constant value, Q,, representing a complicated function
of ¢'. In the previous work [12—14], the term to cancel
out @ was added in Eq. (8). Inevitably, even the
calculated curves of 2mgj(cos 0;) to give the best fit to
the duller experimental curves for polyethylene [12, 14]
and nylon 6 [13] spherulites were obliged to take large
negative values at most polar angles, 0;.

Returning to Fig. 5, the calculated curves are in fairly
good agreement with the observed ones in the case of
A=1.5. At 2=1.5, the curve calculated for the (004)
plane shows good agreement with the experimental
result but the overlapped curve calculated was in poor
agreement with the experimental result notwithstanding
the appearance of a peak around 60°. Incidentally, small

oscillations of the full curves at A =4 showing negative
parts of 2mgj(cos 0;) are due to the procedure of
expanding each sharp distribution function into an
infinite series of spherical harmonics. Certainly, this is
an expected deficiency of this method. However, small
oscillations of the calculated curves were not observed
for the films with a draw ratio less than 3.

As listed in Table 5, the effect of o is zero at all draw
ratios. This means that the rotation of the rod around its
own axis only occurs to ensure the preferential orienta-
tion of the V; axis (thickness direction of rod) perpen-
dicular to the plane (0-X3); plane) containing a
stretching direction and a rod axis. It should be noted
that at A=1.5 and 2, Eq. (6) has a maximum value at
0o =30° and 22°, respectively, indicating that most of the
rods orient at a particular tilt angle 0, with respect to the
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stretching direction. Although these values of 6, were
determined by the simplex method [32], these values at
each draw ratio were in good agreement with the
orientations of rods observed under optical microscopy
(crossed polarization). Beyond A > 3, the best fit was
realized at 0, = 0°, indicating the preferential orientation
of rods with respect to the stretching direction. This
preferential orientation was also confirmed by optical
microscopy (crossed polarization). Another interesting
phenomenon is the orientation of the crystallites within
a rod. Judging from the small values of o3 at each draw
ratio, the orientation of the crystallites within the rod is
very small in spite of an increase in the draw ratio. This
means that most of the crystallites are fixed within the
rod and that the preferential orientation of the crystal-
lites with respect to the stretching direction is mainly
dependent upon the orientation of the rod.

On the basis of this model, small-angle light scatter-
ing from oriented rods is formulated. The intensity
distribution of scattered light is discussed chiefly for Hv
polarization conditions. Similar treatment was done for
polyethylene [33] and nylon 6 [13] films with a deformed
three-dimensional spherulite but no estimation using a
similar method has ever been reported for rods as
discussed before. In the model system needed for
theoretical calculations, the rod is assumed to be finite
in length but infinitesimally thin in thickness and
transverse direction. To avoid extremely complicated
treatments, the optical axis within the rod is assumed to
be equivalent to the c-axis by neglecting scattering from
amorphous chain segments.

The scattered intensity from an oriented rod may be
given by

2r 2n i
100 = [ [ [ @ niee.0sine a0 ag ay

(16)
where the angles 0 and p are the scattering and
azimuthal angles. The amplitude, E, of the scattered
ray is given by

E(0, 1) = Eo/

-L/2

where L is the length of the rod and k denotes 27/2’; 1 is
the wavelength of the light within the specimen. (M - O)
in Eq.(17) is given by [13, 30]

2n T
mfor=A A(%—aMUmeUrXﬁ

L2

(M - O) coslk(r - s)]dr , (17)

(/hﬂm&w®>mwdﬂM, (18)
0

where (M - O) is the scaler product of the induced dipole
moment, M, of the scattering element and the unit vector,
O, along the polarization direction of the analyzer; r is
the position vector along the rod axis; s is the vector

defined by (sy — s’), where sy and s” are unit vectors
parallel to the propagation directions of the incident and
scattered beams, respectively; Us is the vector along the
optical axis (the c-axis); X3 and X, are the vectors along
the X3 and X, direction, respectively. a3 and o (or o) are
the polarizabilities of the scattering element parallel and
perpendicular to the principal optical axis, respectively.
The detailed derivation is too much to be written
explicitly. The scattered intensity distribution was calcu-
lated as a function of 0 and u. L/ is taken as 40. Before
the numerical calculation to evaluate the scattered
intensity, it should be noted that the intensity in
Eq. (16) was normalized by L? because the length of
each rod is related to the absolute intensity but not to the
profile of the intensity distribution function.

The theoretical results from Hv scattering from rods
oriented at desired draw ratios are shown in Fig. 6. At
A=1, the shape of the pattern shows X-type scattering
from the rods, the optical axes being oriented parallel
with respect to the rod axis. Judging from Eq. (17), in the
undrawn state this angular dependence with maximum
intensity at odd multiplies of u=45° is reasonable but it
is quite different from the observed pattern showing an
indistinct circular type. The present model concerning
only the orientation of rods with draw ratio has a defect.
Accordingly, the calculated pattern is in good agreement
with the observed one at 2=4. The calculated pattern,
however, cannot explain the growth of rods under the
drawing process. Namely, the calculated patterns do not
explain the continuous development of a clear type
pattern from an indistinct circular pattern by oriented
crystallization. To explain the drastic change of the
pattern, the growth of rods by elongation must be taken
into account in terms of kinetic theory but the introduc-
tion of this effect is too difficult to formulate. Apart from
this discussion, the circular pattern of the undrawn film
could be easily obtained by taking values of L/1" lower
than unity in stead of L/1’=40. This treatment satisfies
the system composed of a random array of crystallites
that are small compared with the wavelength of light
within the undrawn specimen and can explain qualita-
tively the change in the pattern by an increase in rod
length under the elongation process. The circular-type
pattern could be obtained at L/A'<1, although the
pattern is not shown here.

Detailed observation reveals that the scattering lobes
in the calculated pattern are extended gradually in the
horizontal direction with increasing draw ratio, indicat-
ing the preferential orientation of rods with respect to the
stretching direction. The theoretical treatment is certain-
ly effective to explain the four-leaf pattern but cannot
explain the superposition of a four-leaf pattern and sharp
streaks in the horizontal direction at 4= 1.5-3. Follow-
ing Matsuo et al. [29, 30] the sharp streaks obviously
reflect interparticle interference effects of the rods and the
theoretical treatment must be taken into consideration.
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Fig. 6a—e Hv light scattering patterns calculated using Egs. (18), (19)
and (20)

In order to obtain more conclusive evidence for
interparticle interference effects of the rods, we refer to
the model system shown in Fig. 7. In this model system,
the centers of gravity of the jth and (j+ 1)th rods with
three-dimensional orientation are situated in the two-
dimensional plane 0-X3X, and ¢ denotes the angle
between the X3 axis and the axis to link the jth rod with
the (j+ 1)th rod. The distance between the centers of
gravity is given by X;. Effort has been made to preserve
the notation of Blundell [34, 35] in order to emphasize
the similarity of formation between small-angle light and
X-ray scattering.

Considering the geometrical arrangement of the rods
in Fig. 7, the scattering amplitude Ej from the jth rod,
whose center of gravity is situated at a distance U; from
the center of the coordinate system is given by

Ej:/(M~O)exp[—2m’(s~rj)]dS. (19)
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Fig. 7 A model used for the theoretical analysis of light scattering
intensity distribution from the assembly of rods

According to the method proposed by Blundell [34, 35]
the normalized scattered intensity from an assembly of
N rods is SV Zf/: | EiE/N. Eff denotes the complex
conjugate of E; and r; is the position vector of a
scattering element situated at a distance of rj from the
center of the coordinate system 0-X;X,X3. The fluctu-
ations of rod length and angle \ are neglected. As the
result,

I,:NZZE,E;T:IB—IC , (20)
=1 j=1

where Iz and Ic in the real part are given by
I(1+ F)

Iy = Re|——= 21

p=re ) 1)
2I(1 — FY

—re|UZED] (22)

N(1 - Fx)

where

Fe = / H(X)) exp(—2nibX))dX, (23)
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and

b=sinOcosu/i . (24)

The term Iy is mainly responsible for the first- and
higher-order diffraction peaks and the term I gives the
zero scatter. The term 7 in Ig and Ic corresponds to the
scattered intensity from a rod which is given as Eq. (16).
In the present model system, the term of diffuse
scattering does not include in /g and only contains the
term Re(l + Fx)/(1 — Fx) corresponding to the lattice
factor, which converges to unity as the scattering angle 0
increase. Xj in Eq. (23) is given by the following
symmetric function with the respective mean length X
and the standard deviation ox; thus

1 —(X; —X)?
| =T
\/27150'%( 20')(

Equation (25) is associated with the distance statistics
introduced by Hosemann and Bagchi [36]. When ax =0,
the displacement between the two adjacent rods is the
same distance and with increasing ox, the fluctuation of
displacement increases. In the present system, oy /X is
fixed to be 0.01 to ensure the small fluctuation.

H(X)) = (25)

Fig. 8a—d Light scattering pat-
terns from the film with A=1.5
calculated with a change in
q(=L/X) on the basis of the
model in Fig. 7

In a real system, the position of the specimen sampled
by the laser beam contains a distribution of the number
of rods, N. This concept must be introduced in order to
smear out the many subsidiary maxima that appear at
lower scattering angles. This has been taken into
consideration by Hashimoto et al. [37], who introduced
a discrete symmetrical distribution of N with standard
deviation on=3 to calculate the small-angle X-ray
intensity. This distribution is written as

w2\ /vl T2
P(N) =exp <— %) Z exp (— %) .
X N=1 X

(26)

In the present work, we assume the same type of
distribution of N. Then, the average value of the term /.
is given by
2N-1
(Ie) =Y IcP(N) . (27)
N=1
Let us consider the p dependence of the scattered
intensity distribution. Figures 8 and 9 show the patterns
calculated at A=1.5 and 2 as a function of L/X (=¢), in

A=1.5
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Fig. 9a—d Light scattering pat-
terns from the film with 2 =2
calculated with change in
¢(=L/X) on the basis of the
model in Fig. 7

which the value of \ was set to be zero in an attempt to
realize the appearance of streaks in the horizontal
direction. The sharp streaks were superposed in addition
to the four-leaf pattern in Fig. 8. Thus, it is evident that
the streaks reflect an interparticle interference effect of
the rods. At lower scattering angles of 0, the four sharp
streaks appeared around at u= +5°and u = £175°and
the streaks extended remarkably in the horizontal
direction with increasing 0. At ¢=0.05, denoting the
system where the distance connecting each center of two
rods is much longer than the rod length, the scattering
pattern shows a clear profile. An increase in ¢, i.c., a
decrease in X, causes the pattern to be dulled. Namely,
the increase in ¢ associated with interparticle interfer-
ence effects of the rods causes a significant effect on not
only the streaks but also on the four-leaf lobes. The best
fit between the calculated and observed patterns can be
realized by choosing a suitable value of ¢. Namely, the
pattern (c) with ¢ =1° at A= 1.5 and the pattern (a) with
g=0.05at 2=2 are in good agreement with the
observed ones at A=1.5and A =2 in Fig. 4, respectively.
The appearance and the disappearance of the streaks
under drawing of the film correspond to the appearance
of the assembly of rods with ordered orientation by the
initial elongation and the disruption of the assembly by

A=2

further elongation, respectively. Under optical micros-
copy (cross-polarization), this phenomenon was con-
firmed as the appearance and the disappearance of
network structures.

A series of calculations for polarized light scattering
takes account only of the crystalline orientation within
the oriented rod and omits contributions from other
factors such as orientation and density fluctuation of the
crystals, size distribution of rods, noncrystalline orien-
tation effects including the anisotropy of the surround-
ing medium and birefringence effects. The effect of the
orientation distribution of noncrystalline chain segments
within the rod is perhaps the most significant factor
among their unknown contributions and must be taken
into account in further studies.

Conclusion

The influence of the applied stress on the thermal
reversibility of ETFE was examined by X-ray diffrac-
tion. The lattice space of the (4k0) plane was expanded
as temperature increased and returned to normal size in
the cooling process. Under the external applied stress,
the dimensional change in the lattice space in the heating
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and cooling processes was indeed irreversible. Moreover,
the space did not return to normal size, even when the
stress was removed after the heat treatment. The small
change in the X-ray diffraction patterns is attributed to
the change in temperature but is hardly affected by the
applied stress. The Hv light scattering from oriented
films displayed the superposition of a broadleaf pattern
and a sharp pattern of streaks. This indicates the
existence of the oriented rod and the interparticle
interference effect of the rods. This deformation mech-
anism was discussed in relation to the orientation of
crystallites within the rod by using a proposed model. In
this model, the orientation function of the crystallites
was assumed to be a function of rod orientation. On the

basis of the orthorhombic crystal unit proposed by
Tanigami et al., the orientation functions of the recip-
rocal lattice vector were obtained from the orientation
functions of rods and crystallites containing 12 param-
eters. The calculated results were in fairly good agree-
ment with the observed ones by choosing suitable values
of the parameters. On the basis of both functions
determined with suitable values of the parameters, Hv
light scattering was formulated by introducing interpar-
ticle interference effects of the rods. The calculated
patterns were in good agreement with the observed ones
with a proper choice of the ratio of the length of the rod
and the distance between the centers of gravity of the
rods.
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