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The orientation parameters {P,)> of the chain segments in the amorphous layers of uniaxially drawn
ethylene—tetrafluorethylene (ETFE) copolymers with different side chain modifications were determined
from the separated amorphous halo of wide angle X-ray scattering (WAXS) measurements. The orientation
distribution of the crystallographic axes in the ‘crystal’ domains, which show essentially a two-dimensional
order in lateral direction, was obtained from the analysis of hkO reflections. The crystal orientation is
independent of the side chain modifications. Both the mean lattice constant and the mean extension of
the coherent scattering domains were determined to be temperature-dependent using synchrotron radiation.
The anomaly of these parameters at about 100°C is attributed to a transition of the crystal structure.
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INTRODUCTION

Ethylene-tetrafluoroethylene (ETFE) is known to have
similar properties to polytetrafluoroethylene (PTFE), i.e.
high chemical and ageing resistance as well as good
mechanical and electrical properties. In contrast to
PTFE, ETFE is suitable for extrusion applications
because its melt viscosity is much smaller. ETFE is used
for electrical insulation purposes, as washer material and
for chemical applications!-?.

ETFE represents a model system of semicrystalline
polymers having good long-range order within the
crystals in lateral direction of the molecules but poor
order in chain direction. The periodicity in chain
direction is disturbed by the irregular alternating order
of CH, and CF, groups within the chains on the one
hand and by longitudinal displacement of the chains
themselves on the other hand. Therefore, in an X-ray
diffraction measurement only strong hkO and . 00!
reflections appear; hkl reflections are very weak. In this
paper the two main diffraction peaks (120 and 200) of
wide angle X-ray scattering (WAXS) measurements on
various ETFE samples were separated from the
amorphous halo by a numerical technique. The
orientation behaviour of both crystalline and amorphous
regions will be discussed by means of the azimuthal
distribution of the hkO reflections and the amorphous
halo respectively. As a by-product of the separation
procedure, crystallinity and lattice constants were
determined.

EXPERIMENTAL

Samples

All samples were extracted from moulded granulated
material using a hydraulic pressing device and were
heated at about 300°C under pressure of 0.8 MPa. The
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plate material produced in this way was punched into
dumb-bell shaped specimens and tested for isotropy with
the X-ray diffractometer described below. The oriented
samples were prepared at room temperature using a
conventional tensile testing machine. The strain rate
varied from A=0.03min"! to A=0.05min~! with
respect to the initial length. The chemical compositions
and the densities are listed in Table 1.

X-ray measurements

The X-ray diffraction data of all oriented samples were
taken on a computer-controlled two-circle counter
diffractometer (Philips PW 1078/25) using Ni-filtered
Cu—Ka radiation. In order to keep the reciprocal space
vector parallel to the sample plane, all measurements
were taken with symmetrical transmission geometry
(Figure ). The diffraction data of the unoriented ETFE
copolymers were obtained with monochromatic synchro-
tron radiation (4=0.150nm) while heating the sample
continuously in a special heating device. The heating rate
was 10 K/min. The calibration of the Q scale was effected

Table 1 Chemical compositions and densities of samples A-G.
Abbreviations: E, ethylene: [CH,],; TFE, tetrafluoroethylene: [CF,],;
HFP, hexafluoropropylene: CF, =CF-CF,; PPVE, perfluoropropy!l-
vinyl-ether; CF,-[CF,];—O~-CF=CF,; HFIB, hexafluoroisobutene:
CF;-C-CF,

CH,

Chemical composition (mol%) Density
Sample (E/TFE/HFP/PPVE) (g/cm?3)
Bip A 53.5/46.5/ - /- 1.668
Bip B 45.1/54.9/- /- 1.757
Qua C 45.7/52.8/1.0/0.5 1.718
Qua D 49.3/48.0/2.3/0.4 1.702
Ter E 48.5/47.5/4.0/ - 1.731
Qua F 49.0/46.2/4.3/0.5 1.743
Ter G ? /? /58 HFIB 1.726
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using the (111) reflection of silicon and the (011) reflection
of CaWO,.

Intensity corrections and estimate of error

The diffraction data was corrected with respect to
instrumental background, absorption, Compton scatter-
ing, polarization and multiple scattering®>~>. In order to
estimate the errors of the orientation parameters caused
by instrumental broadening, the influence of the primary
beam divergence (approximately 1 degree) on the
azimuthal deviation of the scattering vector was
calculated using the geometrical dimensions of our
diffractometer. The resulting deviation was Ap/2=3.04
degrees.

The intensity I measured by the detector with respect
to azimuthal terms is given by

I (9)=(1/A¢ )f

0 —(A9/2)

o+ (Ag/2)

I(y)dy (1)

See Figure | for angle .

Then, {cos’p>has been calculated by expanding I(y/)
into Taylor series up to terms of second order. The result
is

/2 A 2
costoll(o)+ 2 I'(g)]sing do
(cos’p) ==° jm 2)

2
)+ 22 1 (g) sing do
0 24

In comparison with the well known formula of {cos?¢)
the second derivative of I(¢) appears. If the intensity
distribution I(¢) is smooth, i.e. if it shows no marked
maxima, I”(¢) is small compared with I{¢p) and can be
neglected.

In our measurements the influence of the primary beam
divergence on the final values of orientation parameters
and crystallinities is in the order of 10~ #. The uncertainty
of those values is determined mainly by statistical errors
of the separation procedures in the order of 5%.

THEORY

Separation procedure

In order to determine the orientation behaviour of the
‘crystals’ and the chain segments within the amorphous
layers it is necessary to separate the ‘crystal’ reflections
from the amorphous halo in a reproducible manner. In
this work we used the following numerical separation
procedure.

The scattering curve is fitted by an analytical function
consisting of a sum of Lorentzian squared profiles. We
found that this is a good approximation for the ‘crystal’
reflections by testing Pearson type VII distributions® of
the form

2 |m
1(Q)=10/[1 +(Q#] (3)
ma
where: O =|Q|=2n x (2sin 6/4); Q =k, —k,, (see Figure I);
20 is the scattering angle and 4 is the wavelength.

Figure 2 shows how the variation of m influences the
form of the distribution.

m=2 {Lorentzian squared) was used throughout this
work to fit both crystal reflections and the amorphous
halo. In Figure3 an example of the separation of
hkO-reflections from the amorphous halo is shown.

Q

Figure 2 Lorentzian squared distribution (m=2) compared with
Cauchy’s (m=1) and Gaussian distribution (m—cc}. All distributions
are normalized to equal area

| experimental”™
N\

1/el. units

Q/nm -1

Figure 3 Separation of hk0 reflections from amorphous halo (sample
B, 1=2.2, ¢=90°)
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Orientation of chain segments within amorphous layers

For the description of the atomic distribution in an
amorphous solid or in a fluid it is commen to introduce
the atomic density correlation function (DCF) p,(R). It
indicates the probability of finding two atoms with the
distance R to each other, integrated over the whole
sample volume. In an X-ray measurement only the
Fourier transform of the electronic DCF can be seen.
Therefore, the atomic and the electronic DCF p (R) have
to be connected by the convolution with the DCF p, ,(R)
of the spherical electronic environment of one atom:

Pe(R)=p, (R)®P,(R) (4)

The atomic density difference function (DDF) Ap,(R),
which is Ap,(R)=p,(R)—p, (po: mean density), is given
by the Fourier transform of the reduced X-ray intensity

irea(Q) (ref. 3).
Ap(R)=F i (@)}

N
1(Q)- Y £A(Q)

i,ed(Q)=—f;‘(=Q% ()

where f,f(Q): scattering factor of atom u and

(in&ﬂz

n=

(a)

is the mean scattering factor per electron in which N is
the number of atoms and Z,, is the electronic charge of
atom u.

Now the orientation density distribution function
(ODDF) D(R, «) is introduced. It indicates the relative
frequency of finding any two atoms with the distance R
to each other and the angle « with respect to the draw
direction. This simplification is possible because the
samples were drawn uniaxially and therefore showed a
cylindrical symmetry:

D(R, a) sina da=[dn(R, o)/n(R)] 6)

dn(R, «)dR is the number of atoms lying within the angle
dx and within the spherical shell of thickness dR
(Figure 4). dn(R, ) is related to the atomic DCF p,(R,

o) by

Q)=

dn(R, a)=2nR?p,(R, a) sina du N

n(R)dR is the total number of atoms within the spherical
shell of thickness dR.
n(R) is given by

WR)= | dn(R, 2)=47R%p,(R) ®)
=0

o

with
P.(R)=1/2 f Pa(R, o) sing do
]
The ODDF D(R, a) results from equation (6):
D(R, a)=1/2[p,(R, @)/p,(R)] ©)
In a polymer material all atoms are part of

macromolecules. Therefore the DCF p,(R, «) contains
intramolecular as well as intermolecular correlations. The

1770 POLYMER, 1989, Vol 30, October

draw
direction

®
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Figure 4 Schematic representation of the atomic orientation
distribution for samples with cylindrical symmetry
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Figure 5 Azimuthal intensity distribution of the maximum of the
amorphous halo corresponding to Q= 13.0nm™! in sample E, 1=2.9

question arises which of the interatomic correlations
mainly contribute to a specified halo. In order to calculate
the real orientation distribution of the chain segments a
concrete model of the molecular short range order which
remains invariant during the deformation process has to
be introduced.

As a first approximation it was assumed that the
amorphous halo is mainly caused by intramolecular
correlations. This was concluded from the fact that all
measured azimuthal intensity distributions of the
separated amorphous halo show a meridional maximum
(see Figure5 as example).

Under this assumption the orientation parameter (P, )
describes the mean orientation of the chain segments and
it can be calculated directly from the azimuthal intensity
distribution by the well known relationship

/2 1
J = (3cos?@—1)I,,(Q, @)sing do
(P am="" — (10)
j 1,,(Q, @) sing do

0
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1..(Q, ¢) is the amorphous intensity, ¢ is the azimuthal
angle.

Orientation of crystals

The mean orientation of an hkl plane with respect to
a preferred direction Z can be described by

<C052(th1,z> = 32<C052(DU,Z> +f2<C052(DV,Z>
+g*{cos?®, ;>
+2ef{cos®y ; x cosDy ;>
+2eg{cos®@y ; x cos® ;>
+ 2fg{cos®@y, ; x cos®, ;> (1)

e,fand g are the direction cosines between the hki normal
vector and the a, b and ¢ axes of the unit cell, respectively.
Oy 7z, Oy z and @, are the angles between a crystal fixed
orthogonal coordinate system U, V, ¢ with preferred
direction Z =c. In an orthorhombic unit cell (as used for
our samples) the last three terms of equation (11) average
to zero.

To determine {cos*®, ,> and therefore the mean c-axis
orientation, two reflections (1, 2) and three equations are
needed:

(cos’®, z) =ei<cos’ Dy z) +f{{cos’®y ;)

+g1{cos*d, ;> (12)
<COSZ(D2.Z> = e%<0032q)v,z> +f22<0052q)v,z>
+g3<cos*®, ;> (13)
1 ={cos?®y ;> +{cos’D, ;>
+{cos* D¢ ;> (14)

Equation (14) is the orthogonality relation.
{cos’®, ;> is given by’:

e} fI {cos’®, >
e% f22 <COSZ(D2,Z>
1 1 1
(cos?D ;= (15)
et f2 g}
e f7 45
1 1 1

DETERMINATION OF CRYSTALLINITY

In the following, ‘crystallinity’ means ‘weight fraction
of two-dimensional ordered domains’. According to
Ruland?®, the crystallinity of isotropic substances is given
by

for1.0do | 0¥do

xe=" x o (16)
[ 02(Q)Q | 0Ddo
0 0 K

where I.(Q) is X-ray intensity of the crystal reflections;
I(Q), whole X-ray intensity and

=Y NS/LN,

f?: scattering factor of an atom of type i
N;: number of atoms of type i
D: ‘disorder’ function

In the case of cylindrical symmetry only the angular
integration in reciprocal space around the drawing axis
can be performed. The result for x, ,, is:

o2

{ | 0*1.(Q, ¢)sing dpdQ
00

eyl ™ won/2

§§ Q*(Q,9)sing dpdQ
00

X

K 17)

K=1 (no disorder) was taken as first approximation.
The infinite integration in @ space was replaced by a
finite integration from Q,;, to Q,..., which are identical
to the Q range of the separation procedure.

RESULTS AND DISCUSSION

In Figure 6 the two-dimensional X-ray diffraction pattern
of sample B is shown, meridional and equatorial scans
are shown in Figure7. The unit cells of all samples
were assumed to be orthorhombic with a=0.857 nm,

Q/nm™!
3

20}

-40

Q/nm”!

Figure 6 X-ray diffraction pattern of sample B, A=3.1

T T T T T

1200 A Sample B
A=31

—— equatorial scan

——— meridional scan

1/el. units

Qrnm-! ——

Figure 7 Meridional and equatorial scans
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b=1.120nm and ¢=0.504nm (ref. 9). In previous
publications, other values were given for the cell
parameters, for example a=0.960nm, b=0.925nm,
¢=0.504nm, y=96° (ref. 10). It was not possible to
determine the unit cell from the X-ray data observed
because of the missing hkl reflections.

Another way to obtain information about the unit cell
is to examine the crystal orientation behaviour. We tried
to determine the crystal orientation parameters using the
unit cell suggested by Wilson and Starkweather!® but
this was not practicable because the orientation of the
c-axis obtained in this way showed no continuous course.
A continuous deformation should, however, produce a
continuous orientation behaviour of the c-axis. In Table 2
the Miller indices of reflections a—f are listed.

The separation procedure has been carried out to
separate reflections a— from the ‘amorphous halo’ A.

015 : . - -
Bip B

010 TerE
€
/\U
a™
v

0.051 !

0] T
1 2 3 4

A

Figure 8 Typical behaviour of the orientation parameter (P,>,,
determined by equation (10). The error bars are caused mainly by
statistical errors of the separation procedure

1200 : : : :
Bip B 2
o A=1.2
o A=2.2
8001 (a3 C
3
2
]
400
:
0 , : : :
0 20 40 60 80

Figure 9 Azimuthal intensity distributions of the 120 reflection of
sample B for various draw ratios
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Table _2 Miller indices of reflections a~f and orientation maxima
assuming perfect orientation

Reflection  Q, (nm™?) Orientation (°) Miller indices

A 13.0 0 amorphous halo
a 134 90 120

b 14.7 90 200

c 15.5 36.5 111

d 28.0 0 002

e 374 0 003

f 49.9 0 004

Table3 Draw ratios, orientation parameters (P, ), and crystallinities

Sample A {Pyum X {mol%)
Bip B 1 0 0.328
1.2 - 0419
22 0.115 0.443
31 0.139 0.446
Qua C 1 0 0.282
1.9 0.083 0.357
2.1 0.086 0.383
Qua D 1 0 0.241
2.4 0.117 0.419
Ter E 1 0 0.266
1.25 0.042 0.303
19 0.066 0.330
29 0.093 0.347
Qua F 1 0 0.228
23 0.116 0.419
Ter G 1 0 0.278
35 0.114 0.395

Reflections d—f are of intramolecular origin and were not
analysed further. Then, (P,),,, has been calculated using
equation (10). The maximum value of (P,),, at
Q~13.0nm~! corresponding to distances of about
0.48 nm is plotted v. the draw ratio for samples B and E
in Figure§.

As indicated before, it was assumed that all orientation
parameters {(P,),, are related to the chain segments.
This means that mainly intramolecular correlations
corresponding to distances of about 0.48 nm contribute
to the amorphous halo. In comparison, the contributions
of intermolecular correlations are small. The amorphous
orientation in sample E is smaller than in sample B.
Looking at the other samples (see Table3), <{P;).m
remains nearly constant at comparable draw ratios. This
behaviour is caused by the fact that the side chains
contribute to equatorial X-ray scattering thus lowering
the orientation parameter. No explanation can be given
for why this happens only for sample E.

Next, the orientation distribution of the ab lattice
planes was determined at various draw ratios using the
azimuthal intensity distribution of reflection a. The result
for sample B is shown in Figure9. The orientation
behaviour of the crystals with respect to the draw
direction Vis characterized by the orientation parameters
[ f» and f. in Figure 10.

f; was calculated using equation (15) and

fi=1/2(3<cos*®; , > — 1) (18)

Samples B, C and E (these were the samples with rather
strong 200 reflections) show no difference in crystalline
orientation behaviour. The crystallographic a axis tilts
nearly perpendicular to the draw direction at A= 1.2 and
remains in this orientation state while the ¢ axis moves



Wide-angle X-ray studies on ETFE copolymers: T. Pieper et al.

iv
101

1 /——0 ¢
o

oK

| “ o BIP B

i a QUAC

o TERE

0\ o

\O\b

o—————a—2, o

- 05} =] a

Figure 10 Orientation behaviour of the crystallographic axes with
respect to the draw direction
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Figure 11 Typical behaviour of the ‘crystallinity’ determined by
equation (15)

simultaneously into the draw direction. These effects
cause the mean orientation parameter of the b axis to be
positive at 4 & 1.2. With increasing draw ratio the b axis
moves slowly perpendicular to the draw direction. The
mean angle of the ¢ axis with the draw direction is about
21 degrees (f,=0.8) before the sample breaks.

The crystallinity was determined using equation (17).
x, is generally increased by strain induced crystallization
which changes amorphous material into crystals
(Figure 11).

The crystallinity decreases with increasing side chain
amount because the side chains are not built into the
crystals on account of their size,

The perfection of three-dimensional crystals increases
by strain induced longitudinal rearrangement of the
chains causing hkl reflections in the X-ray pattern. This
has only been observed in sample B.

Tanigami et al.!! observed a peculiar behaviour of the
thermal expansion of the ETFE unit cell at about 100°C.
They explained this anomaly with a crystal transition

from an orthorhombic phase to a hexagonal phase which
they called ‘mesophase’. In this study, unoriented ETFE
samples were examined in the temperature range of
50-300°C. Because of the overlapping of 200 and 120
reflections in our samples only one reflection could be
observed. In the following this reflection will be called
100 reflection according to ref. 11. The corresponding
net plane spacings were calculated with d,4,=27/Q¢0
(Q,00 is the position of reflection 100 in Q space) and
are plotted vs. temperature in Figure 12a-g. If we follow
the interpretation of Tanigami et al.'! the following can
be stated.

Samples A and B (unmodified samples) show similar
behaviour. The 4,4, spacings decrease up to T=100°C
where they reach a minimum. Above this temperature a
‘normal’ thermal expansion can be observed. According
to Tanigami et al.'!, the orthorhombic crystals ‘use’ the
thermal energy in order to reach an energetic lower state
which is obviously the hexagonal packing mode. The a
axis increases and the b’ axis (b'=5h/2) decreases until

b/a=\/§. Above T=100°C the anharmonicity of the
chain—chain potential predominates and the unit cell
expands.

Samples C-G (modified samples; see Tablel) also
show similar behaviour. The d, 4, spacings, which hardly
differ from one another, increase continuously with
increasing temperature. Obviously the side chain
modifications enable the molecules to form the hexagonal
lattice using less energy than the unmodified systems.

In Figure I3 the mean lateral extension D,, of the
pseudo-hexagonal crystals is plotted vs. temperature. Dy,
has been calculated directly from the integral line widths
using D,,,=2mr/5B. No corrections for instrumental line
broadening were made. Therefore, the values of D,,, are
lower limits. Again, a transition can be observed on
sample A. Above T=100°C the crystal extensions in the
samples A and E are nearly the same, below 100°C the
difference is about 2.5 nm.

CONCLUSIONS

The orientation parameters of the a, b and ¢ axes
(Figure 10) show similar behaviour to the orientation
parameters of PE (ref. 12, 13). In particular the difference
of the a and b axis orientation points to the existence of
a lamellar structure analogous to PE. A further reference
to a lamellar structure follows from SAXS investigations
because temperature-dependent measurements show the
occurrence of a long period**. The values of f, in ETFE
are smaller than those in PE. This is probably due to
the smaller amount of crystallinity.

The orientation of the amorphous chain segments
(Figure 8) shows the same behaviour for all samples with
the exception of sample E. Model calculations for
constrained chains in semicrystalline polymers have been
performed in detail'>. These calculations show that the
orientation is determined essentially by tie chains. Also,
the orientation is a function of both the interlamellar
spacing and the segment number of the interlamellar
amorphous chains. The interlamellar spacing depends on
the deformation state and the crystallinity. Therefore,
{P,>.m 15 determined by these effects, because the
segment number changes with the crystallinity. The
superstructure of our samples is still unknown, therefore
a quantitative discussion of {P,),, on the basis of a
structure model is impossible at present.
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Mean lattice constants in A of samples A~G. The anomaly of samples A and B at 100°C is attributed to a transition of the ‘crystal’
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Figure 13 Mean lateral extension of the coherent scattering domains.
The values were calculated directly from the experimental X-ray data,
i.e. no corrections for instrumental line broadening were made

With respect to the crystal orientation sample E
behaves like all other samples. This is not the case with
the orientation of the amorphous regions. {P,),, lies
below the values of the other samples. This different
behaviour is also expressed in the stress-strain curves.
The yield stress of sample E and the further course of
the stress-strain curve lies about 20% below the
corresponding values of the other samples!®.

At T~ 100°C the unmodified samples perform a crystal
transition from orthorhombic to hexagonal. This
behaviour corresponds with results of Tanigami et al.!!
in ETFE crystals with higher crystalline perfection.
Obviously the disorder caused by longitudinal chain
displacement does not affect the lateral chain packing
and the associated phase transition. In the presence of
side chains only the hexagonal phase can be observed.
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