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ABSTRACT: We present a method for the evaluation of SAXS data of highly oriented semicrystalline
polymers, allowing us to determine up to seven structural parameters from the measurements. The utilized
samples were polypropylenes with varied distributions of the molecular weight, which were spun with
different take-up velocities to alter the spinline stress, thus influencing the structural properties. We were able
to determine the degree of orientation, lamella radius, long spacing, lattice distortion, and lamella height
simultaneously. The microscopic orientation was compared with the crystalline orientation evaluated by

Herman'’s orientation function from WAXS.

Introduction

Isotactic polypropylene (PP) is among the most widely used
polymers, possessing a wealth of different properties.' A difficile
interplay among molecular structure, morphology, and proces-
sing conditions determines the end-use properties. '

A typical morphological structure in PP is the so-called shish-
kebab structure (Figure 1). Depending on the actual processing
conditions, a shish-kebab can occur when the melt is submitted to
a mechanical deformation or stress: Few parallel chains (stret-
ched over several 100 nm) build the backbone and serve as a
nucleation site for a secondary crystallization, leading to a lamella
like epitaxial growth.>~® Additional crystals (which are not
shown in the Figure) can grow perpendicular on the lamellas
(kebabs).” " The first description of such a morPhology in melt
spun fibers has been given by Dees and Spruiell.'?

A convenient way to analyze the structure of bulk polymers
like the shish-kebab or semicrystalline structure is X-ray scatter-
ing. Using wide- and small-angle setups, we can determine struc-
tures in the range of a few angstroms to ~100 nm. This covers the
crystalline properties (wide-angle x-ray scattering, WAXS) as
well as the lamellar range (small-angle x-ray scattering, SAXS). In
general, the scattering amplitude is the Fourier transform of
the electron density variation in the sample. During the recording
process, the phase information of the scattered wave is lost.
Therefore, we cannot directly calculate the actual morphology of
the sample from the scattering image. There are several methods
known for interpreting and analyzing scattering images.'>~ '
A promising approach is to develop a model of the assumed struc-
ture (Figure 1), calculate the scattering intensity, and then fit the
model to the actual scattering distribution. Simulations with such
models also help to better understand the morphology of the
sample and the scattering results.

In situ and ex situ X-ray scattering on melt-spun fibers, especi-
ally regarding the orientation of the crystalline regions, has been
extensively interpreted before. Usually, Herman’s orientation
function has been analyzed on WAXS data to determine the
chains alignment in polymers like polyethylene,*'*!7 pp,'!-18=2!
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nylon,?>?* polyethylene naphthalate,* or poly(oxymethylene).?®

A review comparing the different polymers has been published
by White and Cakmak.?® Most of the studies named above
include SAXS measurements. The analysis of those usually has
been restricted to the qualitative comparison of the scattering
images,' 1920222629 4 heak analysis to determine the long spac-
ing, L (Bragg),'""!#2%3-30733 Guyinier approximation or Scherrer
evaluation of the lamella size,'** the total scattering intensity,”’
or the analysis of the 1D correlation function.**

To analyze SAXS data from as-spun iPP-fibers, we used a
model proposed by Wilke for partially oriented polymers**~*!
based on previous considerations by Deas*? and adapted it to our
samples. By evaluating the actual scattering data with this model,
we gain up to seven parameters describing the structure of the
fibers. Usual approaches only give long spacing and height of
the lamellas. In addition, we can analyze lattice distortion,
lamella diameter, and the general degree of orientation with
our approach. We also evaluated Herman’s orientation factor
from WAXS measurements to compare lamellar and crystalline
orientation.

White et al. identified the spinline stress to be the significant
parameter for orientation, crystallinity, and mechanical proper-
ties of spun fibers.'” The spinline stress can be increased by lower
flow rates (higher viscosity via molecular weight or reduced
temperature) and higher take-up speeds. To test our model for
different spinline stresses, we used two PPs with different dis-
tributions of the molecular weight at different take-up velocities.

Experimental Section

Materials and Sample Preparation. The utilized PPs are given
in Table 1. For melt spinning, we used a low-molecular-weight
polymer (“matrix”) as well as a blend of 20% high molecular PP
with the low molecular material (“blend”).*> After insertion of
the respective polymer in the extruder, the temperature was
increased over the melting temperature to 250 °C using a nitro-
gen atmosphere to prevent oxidation. The components were
then mixed by a worm gear at 50 rpm for 10 min with material
backflow. Afterward, the melt was cooled to 200 °C while con-
tinuously mixing. After ~15 min, the polymers were extracted
from the extruder as fibers. The spinning speed was varied, thus
leading to different diameters of the fibers. One sample of each
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Figure 1. (a) Shish-kebab structure. (b) Model depiction of the scatter-
ing objects (here: cluster of crystalline cylinders in an _amorphous
matrix), which can be tilted in relation to the fiber axis, f°, under an
angle, a.. The cylinders themselves might be tilted toward the cluster
normal, 77, at an angle, ®.

Table 1. Used Polypropylenes for Blending and Fiber Spinning

M,, T tacticity
polymer (g/mol) polydispersity  (°C)  [mmmm] (%)
low molecular 250000 4.8 168 >98
high molecular 1100000 4.5 158 >96

polymer (matrix and blend) was prepared as direct flow from the
extruder without melt-spinning. The spinning was done by a
paddle with a diameter of 6.2 cm, which was attached to a drill
with 10 different rotational frequencies. To introduce the “direct
flow” fibers in the Figures, we calculated a “virtual” take-up
velocity according to their diameter from an exponential fit to a
velocity—diameter diagram. We attributed v = 15 mm/s to the
matrix polymer and v = 9.5 mm/s to the blend.

WAXS Measurements. WAXS experiments have been perfor-
med in flat film and Guinier setup on a Philips PW1830 instru-
ment with vertical anode arrangement. The K, line of the water-
cooled copper anode was selected with a nickel filter for the 2D
measurements and by Bragg reflection monochromatization in
the Guinier setup. Measurements were done in vacuum to avoid
background scattering on air molecules. We used BaFBr/Eu?*
image plates to record the scattering. The image plates were read
out with a FujiFilm fluorescent image analyzer (FLA-3000 series).

The Guinier setup is based on a focusing, high-intensity crys-
tal monochromator and an eccentric cylinder chamber and was
used to determine the scattering profile. Samples are rotated
during the measurement to rule out the effects of orientation.
The crystalline fraction in the polymers can be detected from
these measurements by comparing the areas under the amor-
phous (A4 4) and semicrystalline (A4y,) curve. For this purpose,
only the scattering from the first Eeak to the middle between first
and second halo is considered.'>'® The scattering curve of the
amorphous fraction was determined from a completely amor-
phous PP sample. The crystalline fraction, X¢, then becomes
Xc = (Aioral — AA)/Atorar- The Guinier measurements also showed
the typical scattering profile of the monoclinic a-modification.'

A flat-film chamber was used to measure 2D WAXS. Flat film
results can be used to determine the degree of orientation in
the crystalline areas of our polymers. For this purpose, usually
the Herman’s orientation factor is calculated. In principle, the
azimuthal intensity profile of the different lattice planes is deve-
loped into orthogonal Legendre polynoms P,(cos ¢).** The
second expansion coefficient without the prefactor is used as
Herman’s orientation function, f

(2(cos” ¢) — 1) (1)

DO =

f = <P71(COS ¢)> =
with

fgﬂ 1(¢) cos® ¢ sin ¢ dep
[ 1(¢) sin ¢ dop

(cos” ¢) =
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From the scattering images, we can calculate the orientation of
the (110), (040), and (130) lattice planes, which are needed to
determine the orientation of the crystallographic axes. The
factor fyp49 can be used directly as the orientation factor of the
b axis, f,. In monoclinic PP, the chains in their helical conforma-
tion are aligned along the ¢ axis. Because there is no convenient
scattering to determine the orientation of the ¢ axis, Wilchins-
ky’s method* has to be used to calculate f.: /. = —1.099f1,0 —
0.901fg40. For orthogonal axes, we find fy + f), + f. = 0.%¢
Because the actual « axis is not perpendicular to the ¢ axis in
monoclinic PP, it is convenient to define an ¢ axis.'"!® The
resulting parameters f range from —0.5 to 1 with /= —0.5
meaning that the normal vectors of the lattice planes are
perpendicular to the fiber axis, /= 0, meaning that the normal
vectors are statistically oriented (isotropic orientation), and f'=
1, meaning that the normal vectors of the lattice are aligned
parallel to the fiber axis. More details of this approach can be
found in literature.'®444°

SAXS Measurements. For SAXS measurements, we used a
Bruker ASX Nanostar with a Cu-anode X-ray generator, ope-
rating in vacuum at the K, line. The beam is monochromatized
and collimated by cross-coupled Goebel mirrors and a three-
pinhole collimation system. The scattered data were recorded at
a sample—detector distance of 1056 mm with a 2D position-
sensitive Bruker HiStar detector with a pixel size of 112.3 um.
A measurement of the scattering background was performed
and subtracted from each scattering image.

The utilized model for the simulation and evaluation of the scat-
tering of oriented structures has been proposed by Wilke,>*3338
based on previous work by Deas,** and adapted to the analyzed
structures. An overview over the complete calculations is given
in Figure 2. The mathematical basics are presented below. First,
we show how to introduce orientation of given scattering units
and then define the actual cluster structure.

To introduce an orientation function, we assume that the
scattering units (clusters) show orientation along a given direc-
tion, f (fiber ax1sg The scattering units have to fulfill the follow-
ing assumptions: 42 (1) The scattermg units (clusters) have a
rotational symmetry around a vector n, which is defined as the
clusters normal vector. (We will later assume that the scattering
units are lamella stacks or kebabs in semicrystalline polymers.)
(2) The normal vector, 77, shows a rotational symmetry to the
fiber axis, /. (3) The normal vector 77 can be tilted with regard to
the fiber axis (indicated in Figure 1) with a mean angle, 0, and a
variance of o, resulting in a probability density function D(o).

The scatterlng 1nten31ty, I¢, of one scattering unit is /(g ) o<
| Z(p(F))* with p(r) as the density distribution in the scattering
cluster and 7 denoting the Fourier transformation. 1316 1p
spherical coordinates b = (r*,¢*,0%) we find the Legendre
expansion coefficients G5, of Ic

Gy, (r') =

2

(r', ¢, 0 ) Py(cos 6 (2)

The probability density function D(a) of the scattering
units around the fiber axis similarly can be expanded to

dn+1
D, =

d(x sin a D(ot) Py, (cos o)
Jo

We finally get the scattering intensity of partially oriented
scatterers via

*

I(r,0 Z In 2_._ 1D2/1G2,1( ) Pay(cos 0°) (3)

n=>0

The detailed derlvatlon leading to equation eq 3 can be found in
Deas’s work.*?
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Figure 2. Derivation pathway of the scattering of oriented clusters.

Figure 3. The evaluation method proposed in literature is depicted in
the left image by the dotted lines. A faster evaluation with higher
accuracy is achieved by evaluating on the azimuthal slice and the
meridian slice (right image).

The presented approach shows several advantages: (1) We
can separate orientation (D,,,) and structure (GY,) of the scatter-
ing units. (2) Usually, we find that the number of coefficients,
D, is small; therefore, we only have to expand /¢ to its first
orders in G3,. (3) The scattering units can show a variety of
structures because we have only few constraints.

Moreover, eq 3 shows that despite the complicated cal-
culations, we only have to evaluate one expansion coefficient
G3, for a fixed r*. Prior publications used several slices through
the scattering data to which the model was fitted (Figure 3).%84°
We found that analyzing the data first on the b3 axis and then
on an azimuthal slice for a fixed distance from the scattering
center enables us to speed up the fitting process by a factor of
10 to 50.%

To analyze orientation and dimension of a lamellar or shish-
kebab structure (Figure 1) from SAXS, we assume that the scat-
tering units consists of cylinder-like crystallites (lamellas or
kebab) embedded in an amorphous matrix, as already indicated
in Figure 1. Crystalline and amorphous layers alternate in a 1D
paracrystalline lattice, as described by Hosemann,**~*° forming
clusters at which the X-rays are scattered.

The utilized model for the scattering units includes the possi-
bility that the cylinders are tilted at an angle ® toward the cluster
normal, 7. The cylinders have a height, H, a radius, R, and a spac-
ing (long period), L. The scattering intensity of such a cluster is

in spherical coordinates
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one dimensional
paracrystalline
lattice

expan3|on

I.(r*,¢,0%) —} G, (r)
D..

I (r*,0%)
expansion
R

D (a)
gaussian pdf for orientation

in principle
c = |FPZ*sP (4)

The single factors of Ic are the scattering amplitude, F, of a single
cylinder, the lattice factor, Z, for a lattice with infinite range in
the b5 direction and a correction factor, | S\, for a finite lattice of
N lamellas (cylinders), which is applied via a convolution.®

The utilized coordinate systems have already been introduced
in Figures 1 and 2. To calculate the scattering amplitude of
a_cylinder with radius, R, and height, H, we start in cylindrical
b’ coordinates'>!

2J,(27RY',) sin(wHDb'3) )
27 RY, THD 3

with ', = (b2 + b'»?)"/? and J, denoting a Bessel function of the
first kind and first order. A simple rotation of the primed
coordinate system around the /', axis by an angle ® accounts
for tilted lamellas and yields in the b system.

In b coordinates, we multiply the scattering amplitude with
the lattice factor Z(bs). The lattice factor of a paracrystalhne lat-
tice with a Gaussian distribution of the lattice spacing is*®4%4

Z(E;) _ 1 - |h( 3)|
' 1+ |h(b3))* — 2|h(bs)|cos(2hsb)

(6)

with L as the (mean) lattice spacing. In the above given

literature, one finds \h(b 3)| = ¢ 1/2C7h Ly here g=AL/L
(with AL = ((L — L)2))”2) denotes the lattice distortion
parameter.

For the simulations and fits, we reduced the number of
parameters to enhance the computation sg)eed It has been
shown by Wilke, Fronk, and Gottlicher,>>? that the finite
size of the clusters (and therefore finite number of cylinders) can
usually be neglected for > 10 crystallites. AFM measurements
on sheared thin films of polyeth;zlene suggest that the number of
kebabs is significantly higher.> If the number of crystallites is
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Figure 4. Comparison of original data and simulation.

lower, then the resulting scattering can be approximated with a
higher lattice distortion factor, g. We therefore omitted the
factor *|S|? in eq 4.

We used a normal distribution for the orientation function
D(0) with the parameters o for a given mean orientation and
o for the variance of the distribution. For data evaluation we set
oy = 0and @ = 0 because we do not expect a tilting of the kebabs
in relation to the shish or of the shish-kebabs toward the fiber
axis.

The presented model uses some implicit assumptions for the
scattering units, which have not been addressed yet. The follow-
ing simplifications have been made for computational reasons,
reducing the number of free parameters: (a) Radii and heights
of the lamellas are assumed to be constant; in reality, we would
expect size distributions for both. (b) The transition from
crystalline to amorphous regions is rather abrupt; lamellar
structures usually show a transition zone. (c) We used a Gaussian
distribution for the orientation of the clusters; a more general
choice would be a Parson VII function, which also allows
long tails by including a third parameter. Despite these limita-
tions of the underlying model, the parameters obtained from
data fitting should still provide valuable insight into the poly-
mers structure.

To speed up data evaluation, lamella spacing, L, lamella height,
H, and lattice distortion, g, were analyzed on the meridian with a
simplified model of cylinders in a 1D, paracrystalline lattice.>*
Lamella radius, R, and degree of orientation, o, were then fitted
with the complete model calculation on an azimuthal slice.
The azimuth fits were performed on the radius of the highest
intensity from the orientation scattering because there the
signal-to-noise ratio is best. Error analysis has been performed
as follows: For the data reduction along the meridian (regard-
ing long spacing, height, and lattice distortion of the lamella
clusters), we took the 2o confidence intervals (95%), as calcu-
lated by the fitting algorithm. For the azimuthal slices, we found
that radius and degree of orientation show an (experimental)
correlation, originating in the influence of the take-up velocity
both on orientation and lamella width. As a consequence, the
confidence interval can become (unphysically) big.> We therefore
fitted 10 slices through the meridonal scattering peak adjacent to
the maximum position (in Ag = 0.1 1/nm steps) and calculated
mean and standard deviation for the respective samples.

Figure 4 shows measured data that have been fitted and a
simulation with the respective fit parameters. Whereas the
simulated scattering between the two lobes is an artifact from
the limitations of the model (assumptions of a sharp transitions
between amorphous and crystalline phase and infinite cluster
sizes), the general shape of the two lobes is reproduced correctly.
This confirms the validity of our approach.

More simulations regarding the influence of the different
model parameters are included in the online supplement. It
should be noted that prior publications used Herman’s orienta-
tion parameter or simply the SAXS azimuthal breadth®® to
compare the degree of orientation in elongated or fiber spun
semicrystalline polymers. The width of the broadening of
the meridonal reflex perpendicular to the fiber or stretching

Fischer et al.
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Figure 5. Examples of WAXS and SAXS measurements at polymer
fibers with different take-up speeds. The polymer used for fiber spinning
was the “matrix sample”.

direction has been used before to determine the lateral size of the
lamellas. This approach is only valid if the scattering units are
perfectly oriented, and the scattering does not spread into an

57,58 . A
arc. The here presented model in contrast distinguishes
between the influences of orientation and lateral dimension
(radius) of the scattering units.

Results

SAXS Orientation in Melt-Spun Polypropylenes. An over-
view on the measured SAXS data is given in Figures 5
(matrix sample) and 6 (blend sample). Especially for faster
spinning velocities, we can clearly identify a narrowing of the
peaks on the meridian. Those peaks originate in the kebab
structure of the samples. At most samples, we also identify an
equatorial streak. This pattern is consistent with a shish-kebab
structure, as described in the literature.>!%!!

Figure 7 shows that neither the long period, L, nor the
lamella height, H, have clear trends for different take-up speeds,
especially in the blend. The lattice distortion, g, however is
reduced with increasing take-up velocities. A similar effect has
already been described for polyethylene'? and nylon 6 fibers.”
There, Bragg’s law and (in the case of nylon) the 1D correlation
function have been used to evaluate L and H. The lattice
distortion cannot be computed with the approach used there.
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Figure 6. Examples of WAXS and SAXS measurements at polymer fibers
with different take-up speeds when high molecular polymer is added.

Orientation parameter, o, and radius, R, of the lamellas
show that with additional long chains in the polymer we can
reach higher orientation and far broader kebabs (Figures 7
and 9). In particular, the blended sample with a kebab-radius
of R~ 26 nm shows a significant increase compared with the
matrix material samples. Additionally, the blends show a
stronger development than the matrix specimen.

We also analyzed the SAXS crystallinity Xc = H/L
(Figure 8). We find that with increasing take-up speed, the
crystallinity usually declines with saturation at higher velo-
cities. The fraction of high molecular PP, however, does not
seem to affect the results. To confirm this behavior, WAXS
measurements have been done in Guinier setup. The crystal-
linity again first decreases with increasing take-up speed,
as can be seen in Figure 8. As with SAXS measurements,
the values saturate at high velocities. At increased take-up
velocities, the SAXS crystallinity appears to be lower than
the WAXS crystallinity. A possible explanation for this
effect might be that the contribution of the shish to the crys-
tallinity is not regarded in the simplified approach to SAXS
crystallinitly and that crystals grown perpendicular on the
kebabs’ " do not appear in SAXS measurements.

Except for lamella radius and degree of orientation, almost
all analyzed parameters show saturation at high take-up
speeds. This behavior seems also to be independent of the
molecular weight distribution.
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Figure 7. Long spacing, L, kebab height, H, radius, R, and lattice dis-
tortion, g, in polymer fibers, depending on take-up velocity and mole-
cular weight distribution.
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Figure 8. SAXS and WAXS crystallinity, Xc, of fibers, depending on
the take-up velocity.

WAXS Orientation in Melt-Spun Polypropylenes. The
degree of orientation of the crystalline phase was measured
by WAXS (Figures 5 and 6) and evaluated with Hoseman’s
orientation function (Figure 9). The ¢ axes are usually
randomly or slightly parallel oriented toward the fiber axis.
This changes, however, for the fastest spun fiber with added
high molecular polymer. Such a behavior indicates that the
increased spinline stress at the highest take-up velocity de-
creases the amount of crystallites where the ¢’ axis is aligned
along the fiber direction. The WAXS scattering images of the
spun fibers show that there are always contributions from
two types of crystalline scattering where either the ¢ axis
or the & axis is oriented along the spinning direction. This is
in agreement with the common model for shish-kebab
morphology.” !

The orientation of the ¢ axes steadily increases, whereas
the b axes seem to orient already at low take-up speeds with
only little increased orientation at higher speeds. This effect
has already been observed by White et al. at very high take-
up velocities with PPs comparable in molecular weight to our
low molecular polymer.'” They identified the spinline stress
to be the significant parameter for orientation, crystallinity,
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Figure 9. SAXS orientation parameter, o, and Herman’s orientation
parameter, £, calculated for ¢/, b and ¢ axes from WAXS measurements.

and mechanical properties of the spun fibers. In their study,
orientation and crystallinity increased with increasing spin-
line stress. We found a deviation from their results: crystal-
linity was reduced with higher spinline stresses. This devi-
ation might be due to the much higher spinning speeds used
in their work. It is therefore interesting to note that we got
similar results for the orientation parameters in the blends
with high molecular PP. Obviously, the long chains allow us
to reduce the spinning speed while reaching even higher
orientation. This might be interesting for industrial proces-
sing and applications.

Microscopic (SAXS) and crystalline (WAXS) orientation
are compared in Figure 9. We should point out that it is not
reasonable to compare the absolute values because in SAXS
we use the width of the orientation distribution and in
WAXS we use the expansion of the azimuthal peak function
in Legendre polynomials as a measure for the degree of
orientation. Therefore, we can only compare the results
qualitatively. The orientation in the blends is usually more
pronounced compared with the matrix polymer. We find the
highest orientation in SAXS correlated with a distinctive
orientation of the ¢ and ¢ axes. Interestingly, the ¢’ axes
show an isotropic orientation for all other samples. It is
noteworthy that the continuous growth of orientation in
SAXS is matched by a successive orientation of the lattice
planes. The b and ¢ axes first align perpendicular and along
to the stretching direction, respectively. Then, the & and
¢ axes show increasing orientation in a second step, which
can only be observed in the blend. In between, we usually find
plateaus for the respective lattice orientation in WAXS
scattering. The rather flat curve progression of the matrix
polymer in SAXS is met by the WAXS results on all lattice
planes.

As discussed, we found that the b axis orients perpendi-
cular to the fiber axis. The o' axis changes from isotropic to a
pronounced perpendicular orientation only at high velocities
and in the blend. The ¢ axis is however oriented along the
fiber axis. The chains (helices) are consequently also aligned
along the fiber axis. This is in agreement with the common
models for shish-kebab and lamella structures.*?
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Summary

A model developed by Wilke* has been adapted to melt-spun
fiber samples of PP. The evolving shish-kebab structure can be
represented by cylinders in a paracrystalline lattice. To introduce
the orientation of such clusters, the intensity function of one
cluster as well as the orientation distribution function are
expanded into Legendre coefficients. The intensity distribution
of oriented clusters can then be obtained by a method proposed
by Deas.** One of the distinct advantages of this model compared
with other approaches is that the radius of the kebabs can be
obtained besides their height and spacing. Furthermore, we can
separate the contributions of orientation and lateral expansion of
the scattering units.

We found that depending on the molecular weight distribu-
tion, we can get increased orientation and lamella radii. A growth
of lamella diameters from ~10 to > 50 nm, as seen in one sample,
has not been previously reported in the literature. We also
compared the microscopic alignment on the lamella scale to the
crystalline orientation. For the crystalline orientation, the Herman’s
orientation parameter has been calculated from WAXS data.
Whereas the microscopic alignment seemed to be a continuous
process, we found the crystalline orientation parameters chan-
ging in jumps and occurring at different lattice planes. The micro-
scopic (lamella) orientation therefore corresponds to a series of
crystalline alignments.

We will finally comment on the used approach to SAXS data
evaluation. To our knowledge, thisis the first work in the realm of
SAXS on fibers using a direct model fitting approach. The
presented model, connected to a direct fitting approach, allows
us to evaluate up to seven structural parameters compared with
the two to three parameters from peak analysis or other methods.
Limitations of the model have been pointed out and will be
addressed in future publications.
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tions of SAXS data to clarify the influence of the single para-
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the single parameters on the peak position of the meridonal
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