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Abstract

A computational method is developed to evaluate the relative amount of mesophase of polymer fibers from their two-dimensional (2D)
wide-angle X-ray scattering (WAXS) patterns. This is achieved by first evaluating the percentage of oriented phases (POPs) from a 2D
WAXS pattern. If there exists a crystalline phase, crystallinity is subtracted from the POPs to obtain the mesophase percentage. If no
crystalline phase is observed from a WAXS pattern, the POPs is the mesophase percentage. To increase the computation accuracy, a center
search algorithm is developed and a Fourier filter is adapted to perform data smoothing. The Bresenham midpoint circle algorithm is applied
to accelerate the computation.

This method is applied to compute the mesophase percentages of poly(trimethylene terephthalate) (PTT) fibers of take-up speeds ranging
from 970 to 4185 m/min. Our results indicate that the mesophase percentage increases with take-up speeds up to 2550 m/min. With further
increase in take-up speeds, the mesophase percentage begins to drop. This is because the mesophase is precursory to the crystalline phase and
is depleted by the formation of the crystalline phase during spin-line stress-induced crystallization in the take-up speed range of 3050 to

4185 m/min. This finding is consistent with results on PET fibers. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

During the last two decades, it became understood that
transitions of a semicrystalline polymer from its molten
state to crystalline state can proceed through intermediate
states. In the case of highly oriented material, the
intermediate state is termed an “oriented mesophase” [1].
This terminology derives from studies of poly(ethylene
terephthalate) (PET) fibers.

The first work suggesting the existence of an intermedi-
ate phase came from NMR studies in the 1970s by Eichhoff
and Zachmann [2]. Typically, the broad component of an
NMR scan is ascribed to immobile chain segments of the
crystalline phase, while the narrow component is attributed
to mobile segments of an amorphous phase. Eichhoff and
Zachmann showed that swelling of PET transferred a
portion of the broad NMR signal to the narrow component,
while causing no change in the intensity of the correspond-
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ing crystalline wide-angle X-ray scattering (WAXS) [2].
Therefore, the transformed part of the broad NMR portion
must represent an immobile noncrystalline phase. Later,
using NMR, WAXS and small-angle X-ray scattering
measurements on PET fibers, Biangardi and Zachmann
[3-6] showed that the immobile noncrystalline phase
consists of straight and highly oriented chain segments. It
was separately noted by Lindner [7] that the amorphous halo
in oriented PET fibers consists of a random component and a
highly oriented component, suggesting the existence of
oriented noncrystalline chains.

On the basis of these results, it was suggested by Gupta
and Kumar [1] that an intermediate phase, termed the
“oriented mesophase”, exists. This intermediate state
between crystalline and amorphous states can be used to
refer to a wide spectrum of intermediate structures, ranging
from stiff chains with no long-range registry [3—6] to poorly
formed crystals [1,7]. There is not a clear boundary to
delineate these regions. This situation is sketched in Fig. 1.

Shimizu et al. [8] related the formation of the mesophase
in PET fibers to processing history. Fu et al. [9—12] noted a
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Fig. 1. An illustration of a wide range of possible structures of mesophase.

consistent discrepancy between measured and calculated
WAXS profiles from PET fibers. This discrepancy was
attributed to the scattering from the mesophase. Hsiao et al.
observed a similar behavior during a synchrotron on-line
study of the melt spinning of nylon 66 [13]. More recently,
the mesophase development in polypropylene fibers was
studied by Ran et al. [14—16].

Although the existence and the importance of the
mesophase have been widely acknowledged, there are few
methods developed to represent its characteristics. Using
azimuthal scans on a 2D WAXS pattern, Murthy and
coworkers suggested a way of computing the mesophase
orientation [17,18], and evaluating the mesophase percen-
tage [19]. Their approach uses peak height at the amorphous
halo as the basis of the computation. Strictly speaking, the
rigorous approach to compute mesophase percentage should
use peak area instead of merely the intensity maximum at
the scattering angle corresponding to the position of the
amorphous halo. In other words, the scattering contribution
of the mesophase at each scattering angle should be
accounted for. Probably, the difficulty in separation of
mesophase scattering from that of crystalline or amorous
phase prohibited Murthy et al. from using this approach.
This difficulty lies in the fact that the mesophase possesses a
nonclassical degree of order. The frequency characteristic of
its scattering curve may be similar to that of poorly formed
crystals or of the amorphous phase, depending on proces-
sing details. Consequently, it is inherently difficult to
separate the scattering of the mesophase from that of
crystalline or amorphous phases using a standard Fourier
filter alone.

Fu et al. obtained scattering solely from the mesophase
by optimization of crystal structure and subsequent removal
of crystalline scattering [9—12]. The undesired aspect of this
approach is that crystal structures are not optimized against
scattering from the crystalline phase alone; instead they are
optimized against scattering from crystalline and mesophase
phases. Therefore, this approach requires initial guesses of
unit cell dimensions to be very close to the true values. This
limits its application to situations in which initial guesses
are not accurate. Other efforts to compute mesophase
percentage include Murthy and Zero’s [20] two-dimen-
sional (2D) fitting of the oriented amorphous halo, which is
also implemented in the Fit-2D package from ESRF.

In this research, an algorithm is developed to compute

the mesophase percentage from 2D WAXS patterns. This
method is not based on a direct separation of scattering
contributions from the mesophase. Instead, the orientation
characteristic of the scattering from the mesophase is
exploited as the basis of the method. Comparing with
Murthy’s method, our approach accounts for the scattering
of mesophase at all scattering angles and is therefore more
rigorous. It is applicable whether a crystalline phase exists.
Therefore, it is capable of computing the mesophase
percentage in oriented noncrystalline or crystalline polymer
systems. It is worthwhile to note that some publications [21,
22] dedicated the term mesophase to refer to a specific low
energy form of noncrystalline phase. Other researchers, on
the other hand, used mesophase to refer to a broad range of
oriented noncrystalline phases, including the low-energy
form [1,7,15]. Since our approach is applicable to all these
phases, the latter convention is adopted.

As an example, WAXS patterns of poly(trimethylene
terephthalate) (PTT) fibers spun using take-up speeds
ranging from 970 to 4185 m/min have been subjected to
analysis using this algorithm.

PTT is a recent phenomenon in polymer industry. It was
commercialized by Shell via an affordable monomer
process in 1995, and is now entering fiber and thermo-
plastics application fields. Because of its excellent resi-
liency, PTT is an ideal material for textile and carpet
applications. The processing window of PTT fibers is,
however, quite narrow. Particularly, the processing window
for drawing of PTT as-spun fibers is very narrow and greatly
dependent upon take-up speeds. It is suspected that the
mesophase fraction in PTT fibers affects the drawing
window. This is the motivation for development of this
algorithm to quantify the mesophase fraction of PTT fibers.

2. Principles for the determination of mesophase
percentage

This method is based on the orientation feature of 2D
WAXS patterns from polymers fibers. In such patterns, one
knows that the crystalline scattering intensities for specific
(hkl) crystal planes appear at specific scattering angles and
azimuthal angles. The scattering angle is determined by
Bragg’s law and the azimuthal angle is determined by the
orientation distribution of the crystallites. On the other hand,
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Fig. 2. Azimuthal intensity profile at a radial position showing the existence of the mesophase.

amorphous scattering exhibits itself as an amorphous halo, a
broad, azimuthally uniform hump around a certain scatter-
ing angle. If there exists a mesophase, its scattering
characteristics will be similar to that of the amorphous
phase, except that stronger intensity will appear on the
equator than on the meridian. Such a situation is shown in
Fig. 2, in which an azimuthal scan at 20 = 12.2° is plotted.
There is no crystalline scattering at this scattering angle.

If an azimuthal scan is performed on a background-
corrected pattern at a specific scattering angle, the baseline
is due to the scattering from amorphous phase, while peaks
come from the scattering from oriented phases such as
crystalline and mesophase. When this operation is per-
formed for all scattering angles, the percentage of oriented
phases (POPs) can be calculated according to the following
equation

Z Area above the baseline of an

<= azimuthal scan at a scattering angle
Scattering angles

POP =

Z Total area of an azimuthal scan
at a scattering angle

Scattering angles
This equation is based on the principle for determining
crystallinity from WAXS patterns [23,24], and is an
extension of the method proposed by Murthy [19].

After determining the POP, the mesophase percentage is
determined as follows. If there exists crystalline phase in the
polymer fiber, the crystallinity is subtracted from the POP
and the percentage of the mesophase is obtained. If no
crystalline phase is observed from WAXS, the POP is the
mesophase fraction. The crystallinity is determined via peak
deconvolution of the one-dimensional (1D) intensity profile
obtained by azimuthal integration of 2D WAXS patterns
obtained over a range of azimuthal angles. A detailed
procedure for crystallinity calculation can be found else-

where [23,24]. As a result of azimuthal integration, the
intensity contribution from poorly formed crystals and
intracrystalline defects is added to the amorphous portion.
Therefore, crystallinity determined in this way is the lower
limit of the fraction of crystalline phase. The difference
between POP and crystallinity determined in this way is
the fraction of the noncrystalline oriented phase (i.e., the
mesophase).

3. Computational aspects

In order to accurately and efficiently evaluate the
mesophase fraction, the following routines are developed or
adapted.

(a) Center search and Fourier smoothing of original data.
(b) Bresenham midpoint circle algorithm [25,26].

3.1. Center search

Imaging plates are frequently used to collect X-ray
scattering data. Since an imaging plate needs to be removed
from its collecting position for digitization and restoration
after each exposure, the center of a pattern, i.e., the primary
beam position on an imaging plate, is not known in a priori
and has to be determined separately for each scan. If
crystalline diffraction spots are observed, the center can be
readily determined from the symmetrical scattering spots.
For patterns from air background or noncrystalline samples,
however, it is extremely hard to determine the center of such
patterns. This situation is even worse if a central hole is cut
on an imaging plate to allow the passage of small-angle
scattering signals. The existing methods for center deter-
mination, i.e. 2D fit of low-angle intensity to extrapolate
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Fig. 3. An illustration of P; z(j) and its parameters i, j, R on an imaging plate.

primary beam position and the use of Hugh transform [27],
usually cannot allocate an accurate center.

Our solution to this problem is a center search algorithm,
which is based on the observation that the air background
scattering should be isotropic around the center. The key of
this search algorithm is to define an isotropic parameter for a
point on an imaging plate. Then a region that contains the
true center is defined and the isotropic parameter for each
point in the region is evaluated. The point with the smallest
isotropic parameter is the true center.

To define the isotropic parameter for a specific point i,
the following notations will be used.

(x;,¥;) the coordinate of the point, i, on the imaging plate
using pixel units, with the upper left corner of the
imaging plate as (0, 0)

P;p(j) the azimuthal intensity profile about the point i at a

certain radius R, with j being the index of the
intensity profile array, starting from the meridian.
Fig. 3 shows P; g(j) and its parameters i, j, R on an
imaging plate.

Note that the coordinates of the points on this azimuthal
profile, (x,y), must satisfy

C—x)+G6—y)’=FR )

The isotropic parameter for point i at radius R, Iso(i, R) is
then defined as

Iso(i, R) = D [P;r()) — Pig( + DI’ 3)

J

In Eq. (3), the limit of j is equal to the array length of the
azimuthal intensity profile around point i at radius R. It is on
the order of R/+/2. In the implementation, the array length is
dynamically counted.

The isotropic parameter for point i, Iso(i), is given by,

Iso(i) = Z Iso(i, R) 4)
R

In order to reduce the computation expense, selected R
values may be used in Egs. (3) and (4).

The above algorithm is applicable to air background
patterns, patterns from amorphous polymers, and patterns
from noncrystalline polymers with the existence of a
mesophase. In all cases, the isotropic parameter about an
erroneous center possesses a much larger value than that
about the true center. One should note that the ideal
isotropic parameter about the true center in the first two
cases should be zero, while that in the last case is nonzero
because azimuthal intensity distribution around the true
center is not uniform due to chain orientation.

3.2. Fourier smoothing of original data

After the determination of the center of a pattern, the
original data is converted into azimuthal scans at consecu-
tive scattering angles, and subsequently smoothed by a
Fourier filter to reduce data noise. The frequency range of
the Fourier filter is adjusted such that most of the noise can
be removed without losing crystalline scattering peaks. Our
implementation is based on a routine from Numerical
Recipe in C [28]. The original data and filtered data are
shown in Fig. 2.

3.3. Bresenham midpoint circle algorithm

It is noted that the azimuthal profiling is constantly
used in the center search and Fourier smoothing. In
order to perform azimuthal profiling, it is necessary to
compute the y coordinate, given the x coordinate, using
Eq. (2), or vice versa. When Eq. (2) is solved for y
given x, y must be rounded to an integer, because the
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Fig. 4. Three representative WAXS patterns from PTT fibers prepared at
different take-up speeds.

coordinates are integers. This process, along with the
floating point calculation when solving Eq. (2), is
computationally expensive if Eq. (2) is to be solved many
times, which is the case during center search or Fourier
smoothing. To see this, for center search in a 50 pixel X 50
pixel region and to compute the isotropic center for 10 radii,
Eqg. (2) is to be solved 25,000 times.

While the number of times needed to solve Eq. (2) cannot
be changed, the overhead of solving Eq. (2) can be
significantly reduced by using the Bresenham midpoint
circle algorithm [25,26]. Solving Eq. (2) is equivalent to
determining whether a point (x, y) is on the circumference of
a circle. The Bresenham midpoint circle algorithm achieves
this goal with only integer arithmetic involved. It is
incremental in nature; that is, by using the result at (x,,
¥p), determining if the next point is on the circumference.
Since this algorithm is not widely used in the X-ray
community, it is worthwhile to note that it helps to save
significant computational expenses.

4. Implementation: the mesophase fraction of PTT fibers

To demonstrate this method, the relative amount of
mesophase of a series of PTT as-spun fibers is evaluated.
The take-up speeds of these fibers range from 970 to
4185 m/min. A detailed description of these fibers and the
WAXS experiment can be found elsewhere [29]. Three
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Fig. 5. Computation procedure for evaluation of mesophase fraction.
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Fig. 6. Dependence of percentage of mesophase and corresponding
crystallinity on take-up speed of PTT fibers.

representative WAXS patterns are shown in Fig. 4. Since the
WAXS patterns were registered on a flat-plate detector, the
curvature of the Ewald sphere was corrected after Fraser
[30] using the software, X-ray Diffraction Processing
Package (XDPP), developed by Hsiao.

The centers of these patterns and the corresponding air
background patterns are determined using either symmetri-
cal reflections or the method described in Section 3.1. Then
air backgrounds are scaled and subtracted such that its low-
angle portion matches that of a sample scattering pattern.
Azimuthal scans at each scattering angle are performed on
the background-corrected patterns and the noises of these
scans are reduced by passing these scans through the Fourier
filter described in Section 3.3. The 26 range is from 3.5 to
33.5°. The mesophase fraction is then evaluated using the
noise-reduced azimuthal scans according to the procedure
developed in Section 2. The computational procedure is
shown in Fig. 5.

The computed mesophase fraction and the corresponding
crystallinity are plotted in Fig. 6. The crystallinity was
determined according to a procedure previously described
[29].

From Fig. 6, one observes that the mesophase fraction
increases with take-up speeds up to 2550 m/min. With
further increase in take-up speed, the mesophase fraction
begins to drop. This is because the mesophase is precursory
to the crystalline phase and is depleted by the formation of
the crystalline phase during spin-line stress-induced crystal-
lization in the take-up speed range of 3050 to 4185 m/min.
Similar behavior was also observed for PET [8].

The crucial part of the computational procedure shown in
Fig. 5 is to adjust the Fourier filter for data smoothing. The
frequency range of the Fourier filter is adjusted such that
most of the noise can be removed without losing crystalline
scattering peaks. The errors in the mesophase percentage
can be decomposed into random error and systematic error.
The random error is introduced due to the error in scattering
pattern center determination and background correction.
Using multiple computational experiments, the random
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error is confined below 5%. There are two major sources of
systematic errors. One is introduced via the missing
meridianal reflections of WAXS patterns of fibers. For
PTT system, this error is less than 5%, as the contribution of
the (002) reflection, the only meridianal reflection of PTT, is
small [31]. Another systematic error is introduced during
data smoothing. When the frequency range of the Fourier
filter is adjusted, the mesophase percentage curve shifts up
and down as a whole. The frequency range of the Fourier
filter is carefully adjusted through multiple computation and
visual inspection such that the random noise can be
eliminated without losing fine signals from crystalline
scattering. In our computation, the parameter which controls
the frequency range of the filter is set to 1/32 of the data
array size. This parameter is used for all patterns.

5. Conclusion

A full-pattern computational algorithm is developed to
evaluate mesophase fraction in oriented polymer systems
from 2D WAXS patterns. This algorithm is demonstrated
using 2D WAXS patterns from a series of PTT as-spun
fibers.
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