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ABSTRACT: Full-pattern fiber X-ray diffraction refinement has been used to study the structure and
morphology of the crystallites of three poly(ethylene terephthalate) fiber samples with different heat treatment
history. Diffraction data over the whole two-dimensional space were collected with a four-circle diffractometer.
An iterative Fourier filter method is developed to separate the crystalline diffraction from the background
scattering. Both the structure and morphology are found to be dependent on the heat treatment. Some
properties of the fibers can be explained by the difference in the crystal structure and morphology of crystallites.

Introduction

Most polymer fibers of practical importance are semi-
crystalline. The crystallites of the fibers are aligned in
only one dimension, approximately parallel to the fiber
axis direction. Otherwise the orientation of the crystallites
is totally random. This one-dimensional orientation
results in a cylindrical symmetry of the fiber diffraction
patterns. The presence of this cylindrical symmetry makes
the fiber diffraction patterns two-dimensional. The
cylindrical average causes overlap for some reflections and
weakens the intensities for the reflections which are not
located at the fiber axis. The size of the crystallites in
fibers is usually on the order of 10 nm or less. In addition,
more defects are expected in the crystallites than in the
single crystals of small molecules. The small size of the
crystallites and the presence of defects broaden the
reflection peaks and make the overlap worse. In the
traditional fiber diffraction studies, each reflection is
represented by only one point. However, there are usually
not enough isolated reflections for a full structure analysis.
Furthermore, the nonlinear background scattering can, in
most positions of data collection, be more intense than
the crystalline diffraction and needs to be removed from
the observed fiber diffraction data before a reliable
structure analysis becomes possible.

The recent development of the full-pattern (two-
dimensional Rietveld) fiber refinement method!-® over-
comes some of the just-described disadvantages. In this
new approach each reflection is represented by one fully
characterized peak. Therefore, not only the crystal
structure but also the morphology of the crystallites can
be assessed by two-dimensional profile fitting of all
diffraction peaks. A full-pattern refinement computer
program, FIBLS, which has been developed by Busing® in
this laboratory is used in this study. A brief summary of
the program can be found inref 5. A detailed description
of the program, FIBLS, will be published in a separate
paper. A model of the structure of the crystallites is first
used to calculate a three-dimensional diffraction pattern.
The three-dimensional, calculated diffraction pattern is
then rotated to produce a two-dimensional, calculated
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diffraction pattern which is compared to the two-dimen-
sional, observed fiber diffraction pattern at each point of
the data collection. The structure model chosen includes
parameters which define the morphology and the crystal
structure of the crystallites. The full complement of
parameters used in the refinement are the average size of
the crystallites in three dimensions, the distribution of
disorientation of the crystallites relative to each other (the
mosaic distribution), the average orientation of the crys-
tallites with respect to the fiber axis, a scale factor, the
unit-cell parameters, the atomic positions (usually deter-
mined using a rigid-body model), a temperature factor, a
paracrystallinity matrix for the defects, and the parameters
of the diffractometer. A four-circle diffractometer was
used to collect the accurate diffraction intensities to high
scattering angles.

The crystal structure of poly(ethylene terephthalate)
(hereafter, PET) fibers has been extensively studied with
X-ray or electron diffraction methods since the early
1950s.7-18 The accuracy of these previous diffraction
studies is limited by the traditional integrated intensity
refinement method and is also limited by the quality of
data collection by the photographic techniques. In this
paper the results of studies of three PET fiber samples are
reported. These three fiber samples differ only in heat
treatment. The purpose of this project was to precisely
determine and discuss the structure and morphology of
the crystallites of polymer fibers, to study change of the
structure and morphology with heat treatment, and to
investigate the relation between fiber properties and the
features of the crystallites. Besides the here reported
measurements, small-angle X-ray scattering (SAXS),
differential scanning calorimetry (DSC), thermal me-
chanical analysis (TMA), and atomic force microscopy
(AFM) were also used to study the same PET fiber samples.
The detailed description of these results will be reported
in the future. The results from full-pattern X-ray dif-
fraction will be compared with initial results from these
other techniques.

Experiment

The basic PET fiber sample, named PET4, was provided by
Dr. G.-Y. Chen.!* The fiber was a typical fiber with an intrinsic
viscosity of 0.95 dL/g. It was spun with a take-up speed of 4000
m/min. Two other samples have been made from the PET4
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Figure 1. Contour plot of the observed diffraction intensity
pattern of PET4B inreciprocalspace. The values of the contours
are listed in the top left corner of this figure. The interval of the
contours is (0.1)1/9 of the value of the previous contour line. The
unit in both axes s (equator) and z (meridian) is A-1. Data
collection limit is (s + 2%)1/2 < 0.88 AL,

fibers. Annealing of the fiber with its ends fixed at 200 °C for
about 84 h in nitrogen led to sample PET4A. Annealing under
tension at the same temperature and for the same time as PET4A
led to sample PET4B. The tension in the latter annealing was
applied by wrapping individual fibers on a compressed U-shaped
plate spring. The exact magnitude of the tension was not
measured. The diameter of an individual fiber is about 15 um.
The aligned fibers were coated with a dilute collodion solution
which dried to make a stiff 1.5-mm bundle. The fiber bundle
was then mounted on a goniometer of the Huber four-circle
diffractometer, and the fiber axis aligned optically along the ¢
axis. Cu Ka X-rays were used with a graphite monochromator.
A 4-mm square counter aperture was located 28 cm from the
sample. All data were collected at room temperature.

Scattering was measured in the bisecting mode by setting the
diffractometer angles x, w, and 20. A total of 89 scans were made
parallel to the layer lines at z values from 0.0 t0 0.88 A-1 at intervals
of 0.01 A-! in reciprocal space. For each scan individual counts
were measured for 240 s in steps of 0.01 A-! from 0.0 to 0.88 A-!
in reciprocal space. Measurements were made at each point on
this two-dimensional grid for which 2° < 26 < 86°. A standard
count was measured every 80 min to verify that there was no
significant intensity change during data collection. A contour
plot of the observed diffraction intensity patterns of PET4B is
depicted in Figure 1. The equatorial and meridional axes are
labeled s and z, respectively.

Background Scattering Correction

Itis clearly seen from Figure 1 that there is considerable
scattering intensity everywhere within the range of the
data collection. All contributions to the observed inten-
sities not attributable to the diffraction of the crystalline
material are regarded as background in this paper. The
diffraction pattern as seen in Figure 1 cannot be directly
used for structure refinement because of the high pro-
portion of background scattering. The separation of the
background from the crystalline diffraction is, thus, a core
problem for full-pattern refinement in fiber diffraction.

The background includes the noncrystalline material
scattering, Compton scattering, thermal diffuse scattering,
and the scattering from defects.’® The PET fiber samples
include large amounts of noncrystalline (amorphous)
material. It has been recognized that part of this amor-
phous phase in PET fibers may show significant ori-
entation.’8-20 This orientation of the amorphous phase
may lead to both sharp diffraction peaks and diffuse
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scattering. The background either can be removed before
refinement or can be represented by suitable functions
which can be taken into account in the calculated pattern.
Even though the second method has the advantage of
avoiding any manipulation of observed data, the first
method had to be used in this work because of the
complexity of the background caused by orientation of
the amorphous phase. This complexity did not permit us
to find as suitable functions to represent the background
sufficiently well.

An iterative Fourier filter method was developed in this
study to remove the background from the diffraction
pattern. This Fourier filter method was derived from the
method described earlier by Richardson and Faber.2! It
is based on the intrinsic difference of the background
scattering from the crystalline diffraction. The back-
ground scattering usually varies, in the same region, less
than the crystalline reflections. The difference in the
distribution patterns of the Fourier transformation of a
sharp peak and a broad peak or relatively flat curve can
then be used to separate the sharp peaks from the
background. Further treatment of the noncrystalline
material is described in part 2 of this series of publications.

A Fourier transformation converts a data set to the
frequency domain. The transformation of a constant
background consists of a single peak at zero frequency.
The transformation of relatively flat curves or broad peaks
is concentrated in the low-frequency region, and the
amplitude of its oscillations declines rapidly. The flatter
the curves, the narrower the frequency range and the more
rapidly does the outline of the amplitudes decline. On
the other hand, the Fourier transformation of a sharp peak
ranges from low to high frequency and the amplitude of
its oscillations declines slowly. The sharper the peaks,
the farther extends the distribution of the Fourier trans-
formation pattern.

In order to separate the background, we first make a
Fourier transformation of the intensity data set. We
multiply this transformation by a suitable modifying
function to retain the low-frequency part of the pattern.
A back Fourier transformation of this low-frequency
pattern can be assumed to approximate the background.
Subtraction of this background from the original diffrac-
tion pattern results in an approximate crystalline dif-
fraction pattern that can be used in structure refinement.
This whole procedure is called a Fourier filter.

The intensities of the strongest reflections, however,
are much higher than the remaining part of the observed
diffraction pattern. This makes it difficult to find a
modifying function that can satisfactorily remove the
background without also deleting the weak crystalline
reflection peaks. After the first cycle of the background
correction only the strong crystalline reflection peaks are
likely to remain. The intensities and the shapes of these
strong peaks may also be distorted by the background
correction, and a structure model based on these dataalone
would contain errors. To improve the structure model,
we compute a difference pattern between the original
diffraction pattern and the preliminary, calculated dif-
fraction pattern. This difference represents the back-
ground and the residuals. The residuals are positive and
negative peaks of much lower intensities than the strong
peaks. Next we let the difference pattern pass through
the Fourier filter, resulting in minimization of some of the
residuals. The thus generated background based on the
second cycle of corrections is closer to reality, and a better
structure model can be obtained from this refinement. A
further difference pattern shows that the amplitudes of



Macromolecules, Vol. 26, No. 9, 1993

PET4B, OBSERVED PATTERK WITH BACKBAGUND REKIVED (18 0.8-4) 19-0CT-82 450127

0, BRNE+0N
0.3008+08
0. 24308
0.487E005
0. 1148008
0. 7798404
0,504
0.3008404
0.2486404
0.4148004
0772403
0.5286403
0.380£+03

MEE+DY
0.487E408

Figure 2. Contour plot of the observed crystalline diffraction
intensity pattern of PET4B after final background removal. The
interval of the contours is (0.1)!/8 of the value of the previous
contour line. The Tukey modifying function parameters are 15,
0.8, and 4.0 for As, r; and r., respectively.

the residuals are now considerably reduced. A satisfactory
background can be generated by further iterating the
Fourier filter method with the successive difference
patterns. Inthe present work typically five tosixiterations
were used.

In this study a one-dimensional Fourier transformation
was made to each layer of the original or difference pattern
using a fast Fourier transformation method. A Tukey
function?? was chosen as a modifying function. The cut-
off range was increased with each cycle of the background
correction. Figure 2 shows the PET4B crystalline dif-
fraction pattern with the background removed as it was
used in the final full-pattern refinement.

Structure Refinement

All structure refinements were done by using the
program FIBLS. The first full-pattern refinement was
based on the data from PET4B. The final results of this
were then used as starting parameters for the refinement
of PET4A and PET4. The refinement was separated into
four steps, because varying all parameters in the beginning
of a refinement usually causes it to diverge. Each step of
refinement was performed only after the refinement of
the previous step had converged. Data points with
intensities less than a specified small value were not
included in the refinement.

In the first step only the unit-cell parameters and the
molecular chain direction vector were varied. The latter
defines the angle of tilt between the molecular chains or
the c-axis of the crystallites and the fiber axis. The
positions of the crystalline reflection peaks depend on these
parameters. Initial values were taken from Daubeny,
Bunn, and Brown (hereafter DBB).” A preliminary
refinement was made by using a general least-squares
program to fit the observed positions of a few isolated
reflections to which indices could be assigned. These
results were refined further using the program FIBLS.
The initial dimensions of crystallites were preset at 100
A, and the paracrystallinity parameters were all taken as
zero. A scale factor was always included in the variables.

As a second step, parameters that determine the shape
of the reflection peaks were varied. These quantities are
the crystalline disorientation, size, and paracrystallinity.2?
To reduce the number of these parameters, it is assumed
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that the crystallites have rotational symmetry about the
fiber axis. Arbitrary intensities for 15 strong nonover-
lapping reflections were included as variables for the initial
determination of these peak-shape parameters.

The molecular structure was varied in the third step.
The parameters include the interatomic bond lengths,
angles, conformation angles, molecular orientation angle,
and temperature factors. The orientation angle istheangle
between the ac-plane and the plane that contains the 01~
C1-C1’'-01’ atoms. These parameters determine the
intensities of the reflections. A rigid-body model was used
toreduce the number of variables. The values of the bond
lengths and angles were preset according to the reported
dimethyl terephthalate?t and ethylene glycol bis(p-chlo-
robenzoate)? structures. The conformation angle C3-
C2-01-C1 was first adjusted to satisfy the condition that
the distance between the middle point of the C1-C1’ bond
and the center of the benzene ring must be equal to !/ of
thelength of the c axis. The othertwo conformation angles,
C2-01-C1-C1’ and C4-C3-C2-01, and the molecular
orientation angle  were then refined. The bond lengths
and angles were added into the variables when the previous
refinements converged. The H atoms were added into
the structure with a fixed C-H bond length of 1.0 A. The
C~C bond length and C-C—C and H-C-C angles of the
benzene ring were always fixed at 1.39 A and 120°,
respectively. For PET4, only the conformation angles and
the molecule orientation angle were refined. All the bond
length and angle values were fixed at values from the results
of the PET4B refinement. The temperature factor was
constrained to be isotropic for all atoms. The Bragg
temperature factor of H atoms was 1 A? larger than that
of the C atoms.

Finally, all the parameters which varied separately in
the previous steps were refined simultaneously. High
correlation coefficients appeared between the scale factor
and some parameters of the molecular structure and
between the scale factor and the crystallite sizes. The
results of this final refinement step are given in Table 1.
Atomic coordinates are listed in Table II. Interatomic
bond lengths, bond angles, and conformation angles are
given in Table ITI. The results of DBB’s study”’ are also
included in Table III for comparison. The configuration
of the PET4B molecule and the arrangement of the
molecules in the crystal are shown in Figures 3 and 4,
respectively. A contour plot of the calculated intensity
pattern of PET4B is shown in Figure 5.

Discussion

All diffraction peaks which are recognizable in the
original observed pattern (Figure 1) can be found in the
calculated diffraction pattern (Figure 5). The positions
and shapes of these diffraction peaks match fairly well in
both figures. Because of the presence of the noncrystalline
material, expecially the oriented noncrystalline material,
the difference pattern between the observed and calculated
patterns not only represents the error of the structure
model but also represents the noncrystalline diffraction.
In some regions the latter may be much stronger than the
former. The difference pattern, therefore, is used in the
second paper of this series to analyze the noncrystalline
material structure. It should be pointed out that the
agreement factors which are listed in Table I measure
only the agreement between the calculated intensities and
the observed intensities after background correction.
These values are also not equivalent to those in other
crystallographic studies of integrated intensity refinement
because the number of observations is not the same as the
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Table I
Final Parameters of the PET Crystal Model after
Full-Pattern Refinement

PET4 PET4A PET4B

space group: P1,Z =1
X-ray wavelength: 1.5418 A
a(A) 4,5609 (5) 4.5221 (2) 4.5087 (2)
b (A) 5.9531 () 5.9214(2) 5.8818(3)
c(A) 10.7605 (3) 10.7792 (2) 10.7873 (3)
« (deg) 99.85 (1) 99.956 (3) 100.01 (1)
8 (deg) 118.20 (1) 118.080(4) 118.36 (1)
~ (deg) 111.37(1) 111.191(4) 110.56 (1)
vol. (A3 217.8 215.8 214.6
fiber-axis direction vector

a 0.0752 (2) 0.0506 (1) 0.0438 (1)

b 0.0813 (2) 0.0403 (1) 0.0336 (1)

c 1 1 1
tilting angle (deg) 6.32 3.70 3.16
disorientation® (deg) 5.72 (1) 3.900 (3) 3.05 (3)
crystallite size

Ly = Ly (&), lateral 63.5 (1) 80.4 (1) 72.2 (1)

L3 (A), axial 76.6 (1) 86.4 (1) 108.6 (1)

paracrystallinity? (A2%)

Tu = T22 = T]z = T21 —0.0454 (2) -0.0188 (1) -0.0178 (1)

T3 =Ty —0.0748 (7) -0.0258 (3) -0.0356 (3)
Ti3=Ta 0.0341 (1) -0.0626 (4) 0.1073 (2)
T33 0.01290 (2) 0.0121(1) -0.0262 (1)
Ry 1.616 2.781 2.640

R4 0.137 0.201 0.191

Nve 20 31 31

s g for the angular distribution exp(—§%/2¢2). ? See ref 23. ¢ Cal-
culated using Ry = [[ZN9w,(;, — L:)?l/(NO - NC)]'/2 in which
weighting scheme w = 1/6(C)2and ¢(C)2 = C + 0.0001C2 4 Calculated
using Rz = [[EX90;(J;, - Li)2)/(NO - NC)1¥/2, ¢ NV = number of
variables.

number of reflections. In this study the consistency
between the observed and the calculated patterns and the
reasonableness of the structural model are more important
in the judgement of the success of the refinement.

The estimated standard deviations (esd’s) for the
variables of this study are very small. The accuracy of the
variables cannot be estimated by the rule-of-three-esd’s,
although this three-esd-rule is widely used in most other
crystallographic studies of integrated intensity refinement.
It has been known for some time that the esd’s are
systematically underestimated in the Rietveld refine-
ment.2627 In profile refinement each reflection peak
consists of many points. The number of observations is
much larger than the number of parameters; however, the
observations which belong to the same reflection are
correlated. Therefore, the esd’s are usually underesti-
mated with profilerefinement. Several methods have been
developed to overcome this problem.28-3% It should be
pointed out that in a fiber diffraction study the esd’s also
depend on the background correction since the observa-
tions depend on how much background is removed from
the original diffraction pattern.

The dimensions of the unit cell change with heat
treatment. From PET4 to PET4B the lengths of the a
and b axes decrease, but the length of the c axis increases.
A similar relation between the unit-cell axes of PET fiber
crystallites and the processes of annealing and tension
during annealing has been reported earlier.3! However,
the accuracy of the earlier study is limited since in this
study the unit-cell angles are treated as constants and the
lengths of the axes are determined from the positions of
only three reflections (010, 100, and 105). The systematic
change of the dimension of the unit cell of PET fibers
with the draw ratio has also been reported.3 Since the
PET fiber crystallites grow far from equilibrium, internal
strain may be produced in fibers during the manufacturing
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Table II
Atomic Coordinates and Temperature Factors (A2)#

The temperature factor of C atom B = 3.11 (1), for PET4
= 3.52 (1), for PET4A
= 3.53 (1), for PET4B

atom x y F4
01 0.098 51 0.039 30 0.190 09
0.088 74 0.028 31 0.187 39
0.084 89 0.027 91 0.186 54
02 -0.037 57 -0.372 10 0.17725
0.097 37 ~0.393 88 0.164 30
—-0.086 44 —0.393 14 0.167 40
C1 0.138 87 -0.010 83 0.066 48
0.121 35 -0.027 59 0.061 25
0.122 60 ~0.027 67 0.062 53
C2 0.019 74 -0.154 65 0.237 25
-0.011 29 ~0.169 00 0.230 23
~-0.007 61 ~0.168 49 0.231 45
C3 0.009 55 ~0.074 80 037297
—0.005 46 ~0.081 69 0.369 67
~0.003 68 ~0.081 49 0.370 11
C4 -0.053 78 —0.248 46 0.441 08
-0.102 75 —0.261 69 0.430 42
-0.105 14 —0.262 31 0.429 85
C5 0.063 92 0.175 13 0.430 98
0.097 72 0.180 58 0.438 56
0.102 39 0.182 34 0.439 48
H1 0.104 59 -0.182 89 0.035 24
0.05101 —0.208 85 0.021 54
0.055 86 ~0.208 95 0.023 78
H2 0.395 20 0.110 35 0.101 92
0.385 31 0.075 17 0.097 30
0.386 90 0.07541 0.099 73
H3 —0.090 73 ~0.418 99 0.400 83
-0.173 04 ~0.440 70 0.382 86
—0.177 34 —0.442 34 0.381 89
H4 0.107 07 0.292 86 0.383 85
0.163 95 0.302 75 0.396 55
0.171 40 0.304 90 0.398 06

¢ Coordinates are in fractions of the a, b, and ¢ parameters of
Table I. The results of refinement of PET4 (top line) are followed
by those of PET4A and PET4B.

Table III
Bond Lengths (A), Bond Angles (deg), and Conformation
Angles (deg)

PET4 PET4A

PET4B DBB?

Ci1-Cr 1.462 1.449 (2) 1.462 (2) 1471
C1-01 1.424 1.431 (1) 1.424 (2) 1.446
01-C2 1.338 1.337 (1) 1.338 (2) 1.351
C2-02 1.212 1.212(1) 1.212 (2) 1.260
C2-C3 1.484 1.486 (1) 1.484 (2) 1.480
C3-C4 1.39 1.39 1.39 1.406
C3-Cs 1.39 1.39 1.39 1.331
C4-C5’ 1.39 1.39 1.39 1.361
C1-C1-01 111.7 111.7 (1) 1117 (1) 104.9
C1-01-C2 117.0 117.1 (1) 117.0 (1) 114.4
01-C2-02 1245 124.4 124.5 121.9
01-C2-C3 1124 1122 (1) 112.4 (1) 110.1
02-C2-C3 123.0 123.3 (1) 123.0 (1) 127.0
C2-C3-C4 120 120.1 (1) 120.2 (1) 117.4
C2-C3-Cs 120 119.6 (1) 119.3 (1) 125.6
C4-C3-C5 120 120 120 116.9
C3-C4-C5’ 120 120 120 120.0
C3-C5-C4 120 120 120 122.9
C2-01-C1-C1" 121.3(1) 1249(1) 126.0 (1) 158.7
C3-C2-01-C1  176.2 175.5 174.9 -178.2
C4-C3-C2-01 1824 (1) 179.9(1) 1779 (1) 169.2

1 -53(1) -13.7(@1) -13.8(1)

@ Standard errors are given for the independent variables; other
parameters are derived or assumed. ¢ Calculated from the coordinates
provided in ref 7.

process. Thestrain can cause the change in the molecular
conformation and even in bond lengths and angles?? and
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Figure 3. Molecular conformation of PET4B with the atom-
numbering scheme.

in turn can affect the dimensions of the unit cell
Therefore, there is no universal unit-cell parameters which
can fitall crystallites of PET fibers prepared with different
procedures. It should be pointed out that the unit-cell
parameters of PET fibers are difficult to determine
accurately with the traditional fiber diffraction method.
Eight parameters have to be determined because of the
P1 space group and the presence of a tilting angle between
the ¢ axis of the crystallites and the fiber axis. Usually
it is difficult to have enough strong and isolated reflections
to determine the eight parameters. Additional sources of
error unique to the film method!3 add to the difficulty of
the determination of the unit-cell parameters.

The molecular conformation angles and the molecular
orientation angle are sensitive to the heat treatment. The
conformation angles are significantly different from DBB’s
results,” even though our refinement started with DBB’s
values. The conformation angle, C2-01-C1-C1’, is more
than 30° less than DBB’s value. This angle shows a
tendency to increase, but the other two conformation
angles, C4—C3-02-C2 and C3-02-C2-C1, show a tendency
to decrease from PET4 to PET4B. The terephthaloyl
unit is approximately planar. The bond lengths and bond
angles obtained from this study are all among reasonable
ranges. The bond length values, except those of the C-C
bonds of the phenylene ring, agree with DBB’s results.
The bond angle of C1'-C1~01 (about 111.7°) is quite
different from DBB’s value (104.9°). Comparing Figure
4 with the corresponding Figure 7 in DBB’s paper, the
positions of the hydrogen atoms of ethylene glycol are
considerably different because of the different confor-
mation of the molecule. The packing contacts of the C
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Figure 4. Position of the molecular chains in the unit cell of
PET4B: (a) projection normal to the 010 plane; (b) projection
along the ¢ axis.
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Figure 5. Contour plot of the calculated crystalline diffraction
intensity of PET4B. The interval of the contours is (0.1)1/8 of
the value of the previous contour line.

and O atoms are not signficantly affected by the change
in molecular conformation. The shortest interchain
distances in PET4B are within acceptable limits (C-C,
3.60 A; 0-C, 3.62 A; 0-0, 3.30 A).
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The crystallites of the PET fibers grow bigger in all
directions with annealing. Adding tension during an-
nealing causes the crystallites to grow preferentially along
the direction of the applied force, but the volume of the
crystallites does not increase significantly with the ap-
plication of tension. The ratio of the volumes of the
crystallitesis 0.55/0.99/1.0 for PET4/PET4A/PET4B. The
volume ratio agrees with the ratio of the crystallinities
0.56/0.96/1.0 based on DSC measurement.3* The thus
determined crystallinities are 28, 48, and 50 % respectively
for PET4, PET4A, and PET4B. The crystallites in all of
these PET samples are elongated along the fiber axis. The
anisotropy of the shape of the crystallites is consistent
with the shape of the crystallites of hydrolyzed PET4B
samples visualized by the AFM technique.?® The lengths
of the crystallites of PET4A (86.4 A) and PET4B (108.6
A) fit well with the long period spaces of 120 A measured
by the SAXS technique.?®> No SAXS diffraction peak is
observed for the PET4sample. Low crystallinity, the small
size of the crystallites, and the large unit-cell volume of
PET4 all make the electron density difference between
the crystalline and amorphous regions not great enough
to produce any diffraction peak in SAXS.

In PET fibers the crystalline ¢ axis may differ from the
fiber axis. The tilting of the crystallites makes the
reflections shift away from their layer line. The coordi-
nates (s;,z;) of a reflection in the two-dimensional fiber
diffraction pattern are

2, =HT 1)
5 = (2 -2V )

where H; is the reflection position vector in the reciprocal
lattice crystal Cartesian system, T is the unit vector of the
fiber-axis direction, and d; is the length of the reflection
position vector. The tilting angle is suggested to be caused
by the internal strains developed during crystallization.
The crystal modulus is reported to increase systematically
with the decrease of the tilting angle.®” The annealing,
particularly under tension, reduces the tilting angle. These
treatments also reduce the disorientation (mosaic angle)
of the crystallites. The tilting and disorientation can be
converted to an orientation function®®8 which is often used
as an important parameter in fiber structure studies. The
orientation functions are 0.936,0.974, and 0.983 for PET4,
PET4A, and PET4B, respectively. The decrease of the
tilting angle and disorientation is indicative of the decrease
of the internal strains. The reduction of the shrinkage
rate from 17% of PET4 to 2% of PET4B3 may reflect
this decrease of the internal strain.

In Figure 1 the peaks that are far away from the center
of reciprocal space are broader than the peaks near the
center. Such propagative broadening of reflection peaks
cannot be explained solely by the small size of crystallites.
Figure 6 is the calculated pattern in which the crystal
structure is the same as in Figure 5, but the paracrystal-
linity matrix isset aszero. The peaksin the high-scattering
angle region are too sharp and too strong, while the peaks
in the low-scattering angle region can still be fitted
relatively well by adjusting the crystallite size and other
parameters. The propagative peak width increase should
be caused by other defects in the crystallites. It is hard
to determine each of these defects experimentally. A
paracrystallinity matrix?3 is included in FIBLS to account
for this propagative peak width increase. The formula
for the reflection peak width (in an orthogonal system
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Figure 6. Contour plot of the calculated crystalline diffraction
intensity with the same crystal structure as Figure 5 but with a
paracrystallinity matrix of zero. The interval of the contours is
(0.1)1/8 of the value of the previous contour line.

and before cylindric convolution) is

. AN P Y
Gy = W expl| - E;l._ = 7:_5 exp(-a;Ab?)
‘ 3)

where
a;= 1 4)

[wafAi|2<thibh>2 + —15]
WLi

where A; = mean reciprocal lattice edge, L; = crystallite
size along axis i, by = a reciprocal lattice vector, and T;
= the paracrystallinity?® along axis i. If the paracrystal-
linity is zero, the above formula is equivalent to the
Scherrer equation.®® It should be noted that Hosemann’s
paracrystallinity function is used to explain the peak
broadening caused by all the other defects. A different
paracrystallinity model has been proposed;* however, it
is hard to determine which model suits this kind of
application better because of the lack of high-angle strong
reflection peaks and the complicated background scat-
tering.

As it has been mentioned, the success of the interpre-
tation of a fiber diffraction pattern depends largely on the
separation of the background. Caution must be taken
when using the Fourier filter method to avoid introduction
of errors into the observations by the background removal.
The range of the modifying function should not be overly
large, especially in the initial cycles of background removal.
Inthisstudy the type and the parameters of the modifying
function are decided totally according to experience. It
is hoped that a better modifying function will be found in
the future and that the parameters of the modifying
function can be included in the refinement in order to
reduce the number of background correction cycles and
to reduce the time required for the refinement.

Both crystalline and amorphous phases play an impor-
tantrole in the mechanical and thermal properties of fibers.
The amorphous scattering and crystalline diffraction are
inevitably mixed together in the observed fiber diffraction
patterns. This full-pattern refinement fits the crystalline
diffraction well. The next step in this study is to analyze
the amorphous scattering by removing the crystalline
diffraction from the observed diffraction patterns, a topic
to be described in a future publication.
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