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ABSTRACT: High-quality X-ray diffraction patterns were obtained from small bundles and single fibers
of polyethylene at both small and wide angles using a synchrotron X-ray source. The equatorial streak in
small angle (SAXS) can be used to give the length, width, and misorientation of the scattering objects, while
the shape of wide-angle spots gives the same information about the crystals. The SAXS objects are 150~200
nm long, longer than the crystal length. This is in accord with microfibril models where the crystals are not
continuous. The fibril interfaces are significantly less well oriented than the crystals within them. This
seems anomalous, but the misorientation could correspond to tapered or irregular fibrils. The crystals are
15-30 nm across, but in some samples the fibrils are apparently only 6 nm across on average. The widths
could really be the same if the fibril size distribution is broad or if fibril volume fraction has been underesti-
mated. The method of analyzing the SAXS equatorial streak can be applied to any reasonably well oriented

fiber that has a fibrillar structure.

Introduction

Small-angle X-ray scattering (SAXS) is a standard
method for investigating the structure of oriented
polymers.1-3 The scattering is produced by inhomoge-
neity of the sample, from objects usually on the 5~100-nm
scale. thescattering intensityis proportional tothesquare
of the density difference between two adjacent regions. In
crystalline polymer fibers there may be three phases; these
are the crystalline and amorphous regions of the polymer
and microvoids. Their densities in polyethylene (PE) are
approximately 1.0, 0.85, and 0 g em3, so the scattering
due to a given volume fraction of voids is 50 times stronger
than from the same fraction of amorphous regions.

In many cases the polymer contains regularly packed
crystalline lamellae and amorphous interlamellar regions
on the scale of 10 nm. This gives a maximum in the
scattering intensity, which is not related to voids and allows
the lamellar “long period” and orientation to be determined
and compared to the crystal orientation derived from wide-
anglescattering.#” The high-modulus fibers studied here
have no regular lamellar structure, and the small-angle
pattern is an equatorial streak of continuously diminishing
intensity.8-10 A streak similar to this is seen in many
natural and synthetic fibers,1'311-17 and it is often described
as “void scattering”. Inmany cases there are void fractions
in fibers that may be detected by other means, and the
scattering is also seen in amorphous fibers. In these cases
the shape and intensity of the void scattering relate to the
size, orientation, and volume fraction of voids.

In other cases the scattering may be due to both voids
and the crystal morphology. A SAXS study of PE fibers
at different stages of preparation from the gel has been
made which explicitly considers the three-phase structure
inanalyzing SAXS.1017 Tt concluded that there were large
void fractions in the solvent-extracted gel fibers, but the
high-modulus hot-drawn fibers had few voids. The void
fraction was estimated to be 1% from measurement of
absolute scattering intensities. This would mean that one-
third of the scattering was due to the voids.

In a study of Kevlar fibers, the SAXS scattering was
taken to be entirely due to voids.!® The scattering was
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much reduced when the fiber adsorbed water, and chemical
treatment with H,S and AgNO; deposited silver inside
the fibers. Filling voids with any liquid will dramatically
reduce the scattering they produce, and silver sulfide
infiltration is a standard method in textile science for
outlining internal voids in fibers. Such methods are not
always reliable, as internal voids may not be accessible to
liquids and the amorphous phase may absorb the liquid,
changing its density and scattering. Inanotherstudy, the
same scattering from Kevlar was assigned to the crystalline
structure.’ The basis for this assignment was comparison
with wide-angle X-ray scattering (WAXS). The size and
shape of WAXS spots can be analyzed to give the length,
width, and orientation of the crystalline diffracting objects.
It was found that these parameters were very close to the
same parameters derived from SAXS. Thus if the SAXS
is derived from voids, they would have to be the same size
and shape as the crystals. The simpler model was that
the SAXS pattern came from the crystals themselves.

This study describes SAXS data and its comparison
with WAXS for high-modulus PE fibers. Thereisnodirect
evidence for three phases, which would require absolute
intensity measurements in X-ray diffraction or other
techniques such as NMR.!8 Interpretation is therefore
given in terms of two phases. These are taken to be the
crystals and interfibrillar disordered material rather than
PE and void, for reasons which will be described in the
discussion section. On this interpretation, the objects
giving the small-angle scattering are fibrils rather than
voids. Toavoid the clumsy circumlocution of “small-angle
scattering object” they are called fibrils throughout the
text. Forinterpreting SAXS streaks from fibers in terms
of two phases, a series of papers by Perret and Ruland?-14.19
on carbon fibers are an important source, including detailed
discussion of some of the problems that may arise, such
as multiple scattering and reflection.!0:13

Good estimates of the orientation distribution of crystals
and fibrils can be made because small fiber bundles and
single fibers were the specimens. The intense focused
beam of X-rays allows small instrumental beam sizes which
permit useful extrapolation to the (000) beam size and
thus the sizes of the scattering objects.

© 1992 American Chemical Society



4576 Grubb and Prasad

Scan tracks

Figure 1. Schematic diagram of diffraction from a fiber sample.
The normal to the diffracting object is shown at an angle y to
the fiber axis and 8 = 90 — y to the equator. The diffracted
intensity appears at £ to the z axis; w = 90 - £ on the film plane.
The dotted line show the tracks of the microdensitometer when
measuring the axial extent of the SAXS equatorial streak.

Experimental Section

The X-ray source was the A-1 beam line at CHESS (Cornell
High Energy Synchrotron Source). This has a double-focusing
monochromator, giving an intense beam of X-rays of wavelength
0.155 nm (8 keV). There is a flux of 5 X 10! photons/s in the
0.3 X 1 mm focused spot. A curved crystal and curved mirror
produce the focal point at the center of the experimental work
space, near the detector plane. The mirrors are some distance
from the focal point so the divergenceis small. There isa vertical
divergence of about 1 mrad and a horizontal convergence of ahout
2mrad. Inthese experiments a pinhole collimator 200 or 500 um
in diameter was placed just before the specimen. This defines
the area illuminated, and the beam diameter will be very close
to the pinhole size.

The materials used were commercial Spectra 900 and Spectra
1000 (Allied Signal) and a 1-mm-wide tape kindly supplied by
Prof.R.S. Porter. This tape was produced by extruding a single-
crystal mat in the solid state by 6X and then drawing the product
50X at 125 °C for a total extension ratio of 300. Its modulus,
crystallinity, and strength are extremely high.'¢ The commercial
fibers are 28 and 38 um in diameter, so for most of the work small
bundles about 300 um across were used as samples. Some wide-
angle diffraction was performed on single 28-um-diameter
filaments of Spectra 1000. Film was used to record the diffraction
patterns. For SAXS the camera length was 760 mm, and for
WAXS it was 40 or 65 mm. Only the equatorial reflections were
recorded. Exposure times for WAXS were a few minutes and 25
min for SAXS.

A Joyce-Loebl microdensitometer was used to collect data from
the films; the scan aperture was 50 X 500 um. In WAXS, scans
were made from the center out along the equator and perpen-
dicular to the equator through each reflection. For SAXS, the
only feature is a continuous streak in the equatorial direction.
Scans were made from the center out along the equator, the x
axis in Figure 1, and parallel to the z axis, one scan every millimeter
as shown in Figure 1. The optical densities were in the range
where density is proportional to intensity.

Data Analysis

In a previous study the full width at half-maximum
(fwhm) was used to describe the width,? but here we use
integral breadth (IB) as a more precise though less accurate
measure of width. The reduced accuracy arises because
the integral breadth is more sensitive than the fwhm to
the choice of background subtracted from the data peak.
Using integral breadth for peak width in the determina-
tion of crystal size has a special advantage when the crystals
have a distribution of sizes. The size determined using IB
is the volume average of the distribution; that is, the
dimension perpendicular to the reflecting planes is
weighted by the volume of the crystal in the average.z°
The fwhm was also determined, not for use as a direct
measure of peak width but to obtain the ratio IB/fwhm.
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This was used as an indication of the shape of the intensity
distribution. For a Gaussian distribution, this number is
(w/4 In 2)1/2 = 1.08, while for a Cauchy distribution it is
1.5.

The addition of two or more sources of broadening is
complex unless both distributions have the same simple
form. If two sources are both Cauchy and have integral
breadths a and b, then the total IB will be (a + b). If both
are Gaussian, then the total IB will be (a2 + b%)V/2
Generally, the distributions found lie between these two
extreme forms. A useful approximation for the convolution
of a Cauchy distribution with a Gaussian is that the total
integral breadth is a/2 + [(a/2)2 + b?]3/2, Here a is the IB
of the Cauchy distribution and b is the IB of the Gaussian
distribution.20

In these experiments the background was removed by
fitting a second-order polynomial to the background and
subtracting it. The range of data excluded from the fit,
which is an upper limit to the extent of the peak, was a
human choice subject to systematic errors. The peak
height was determined by fitting a parabola to the top
15% of the peak (30% for weak and noisy peaks), and this
divided by the peak area gives the integral breadth. The
fwhm was determined by fitting a sum function of a Gauss-
ian and a Cauchy to the data (after background subtrac-
tion) and taking the fwhm of the fitted function.

The measurement of crystal orientation from flat-film
X-ray diffraction patternsis a standard problem in texture
analysis.?® Let v be the angle between the fiber axis and
the normal to the (hkl) reflecting plane (this is usually
called ¢, but ¢ will be used later as a volume fraction). Let
¢ be the angle between the fiber axis direction and the line
drawn on the film from the (000) to the (hk!) spot. Then
the relation between y and £ is cos ¥ = cos 8 cos £, where
fis the Bragg angle. Asthe (hk0) planes used in this work
are almost 90° from the fiber axis, it is more convenient
here to replace the misorientation angles referred to the
fiber axis with the misorientation from the equator, 8 =
90° - ¢, and w = 90° - ¢ (see Figure 1). Then we have

sin 8 = cos 0 sin w ¢))

If misorientation causes the displacement on the film of
the reflection from the exact equator to be z and C is the
camera length, then

sin w = 2/(C tan 26) 2)
, - Csingtan20 2Csinfsin6 @)
cos 8 cos 26

Since we are interested in the range of orientation of
crystals about the mean, z is replaced by Az, the width of
the reflection, and 3 will be the width of the orientation
distribution. If the material has fiber symmetry so that
all (hk0) planes are equally misoriented, then the results
from all (hk0) reflections can be combined using the same
value of 3.

Misorientation of the crystals from exact alignment of
the ¢ axis along the fiber axis will cause the wide-angle
reflections to spread in a circumferential manner. This
spread will be convoluted with the angular width due to
the finite crystal size and with instrumental broadening.
Generally, the combination of all these effects will be very
complicated, but here the misorientation is small, usually
less than 10°, so the circumferential spread is well
approximated as a linear spread perpendicular to the line
drawn on the film from the (000) to the (hki) spot. Thus
the broadening of equatorial reflections due to misorien-
tation will be added to the effect of axial crystal size L.
The crystal size broadening of the equatorial peaks in the
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axial direction is A/L (assuming a Scherrer factor of unity)
so that Az = AC/(L cos 26) for a flat film. Neglecting
instrumental beam size for the present, if all the distri-
butions are Cauchy, then

Az cos 26
AC

where s = 2 sin #/\. If, on the other hand, we use the
common assumption that the size broadening is Cauchy
and the distribution of orientation is Gaussian, then

Azcos20 _ 1 [_1_ ") 2]1/2
=C 2L+ 4Lz+s1n 8s 5)

In either case, the integral breadth of the angular
distribution 8 and the crystal length L can be estimated
from the variation of Az with s.

An exactly similar analysis can be performed on the
equatorial streak appearing in SAXS from the same fibers.
As the angles are all small, the equations above could be
simplified, but in the following the full formulas have been
retained. When the distance from the origin is small, a
linear scan in the axial direction and a circumferential
scan become more different. with the data and minimum
distance from the origin used here, the error in breadth
due to this problem in SAXS was found to be only 1-2%.

In both WAXS and SAXS one result of this analysis is
the integral breadth 8 of an angular distribution. In WAXS
it is the distribution of (hk0) planes, and the sample has
been assumed to have fiber symmetry, so all such planes
have the same misorientation. Since any two perpendic-
ular (hk0) planes will both be misoriented by 3, the mis-
orientation of the molecular chain direction, [001], must
be o = 21/28. Similarly, the SAXS result refers to the
orientation of interfaces which are close to parallel to the
fiber axis. If the fibrils are prismatic in shape, so that the
interface normals are perpendicular to the major axis, then
the misorientation of that axis from the fiber axis will
again be o = 21/28,

It is not usual to express the misorientation in terms of
anintegral breadth of the angular distribution. Normally,

the root mean square (rms) value of a, o8 a, or the

orientation function (3 cos® a - 1)/2is used. These are all
expressions of the variance. Ifthe orientation distribution
is Gaussian, and it is often assumed to be of this form,
then the rms value of « will be (IB of )/ (27)1/2 or (IB of
B)/x1/2 = 0.568. In the range 0 < 8 < 10°, the square of

the cosine of this angle will also be a good estimate of

cos® o Inthesame range of small 3, the cos’aofa Cauchy

distribution is essentially constant and entirely controlled
by its long tails. Some peak shapes at larger values of s,
where orientation dominates peak width (eq 5) were taken
as an estimate of the shape of the orientation distribution.
The rms values of 3 were found to be 0.35 IB, close to the
Gaussian value.

The width of the equatorial WAXS spots in the
equatorial direction can be used to derive a lateral width
W and a distortion parameter for the crystals. The data
do not contain several orders of the same reflection, so all
the (hk0) spots were treated as if they were orders of the
samereflection. Thistreatment is equivalent to assuming
that the crystals are cylindrical or have a random cross
section, with no (hk0) lattice planes longer than others. As
this is not likely to be true, the more complex Fourier
transform analysis of line profile was not used. Instead
the angular integral breadth due to crystal distortion was
taken to be A(260) = 4¢ tan 6, where ¢ ~ Ad/d, a measure
of lattice distortions.?’ The integral breadth due to finite
crystal sizeis A(28) = A/ W cos 6, and for flat-film geometry

=1/L + sin 8s 4
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the lateral width is Ax = A(26)C/cos? 26. Neglecting the
instrumental beam width at the present, for Cauchy
distributions

=_C ( A 4esin f ©
cos? 20\Weos 6~ cosf )
2
Azcos®2§cosf _ 1 o o

AC w

If we assume that the size broadening is Cauchy and the
distribution of orientation is Gaussian

Axcos®20cosf_ 1 [ 1 2] 1/2
Zhcosd_ L+ [4uﬂ+ 2es) ®)
When there is a small-angle reflection on the meridian,
its width can be used to determine the lateral size of the
scattering objects.?! Herethereis only thestreakin SAXS.
Its intensity profile in the equatorial direction is analyzed
using Porod’s law to give the density of interfacial surface
parallel to the fiber axis. Porod's law describes the
scattered intensity I at the large-angle limit (of SAXS).
Thestructure causing the scattering must have two phases
with a sharp interface betweenthem. If S/ Visthe interface
area per unit volume and p; and p; are the densities of the
two phases, then the intensity is given by

(o, - P2)2S
liml=———
e 8rs*V

If the densities are not known, they can be replaced by the

scattering invariant @ and the volume fraction of one phase,
¢'3,22

Q@ = 4r ["’1(s) ds = 6(1 - §)(p, - pp?

Inthislimit, Is* = K + As*, where A is a constant allowing
for error in the chosen background level, so a plot of Is*
versus s* should be a straight line with an intercept of K
at s = 0. Here a plot of Is¥/@ versus s* is used to permit
comparison between samples. This has an intercept of
K/Qats=0. Todetermine @, the scattered intensity was
extrapolated as a straight line to zero s and a correction
term of K (upper limit of integration for €)) was added to
allow for scattering to higher angles. Thescattering objects
were assumed to be cylindrical rods, mean diameter D,
with a volume fraction of ¢. Then for a unit length of
material containing one rod, S = 7D, V = #D%/4¢, and
S/V = 4¢/D, so

D= — 1 (Q + L) (9)
2r%(1- p)\K  Spa

The volume fraction of the rodlike fibrils ¢ is not known,
butif the interfibrillar material is disordered and the fibrils
are not fully crystalline, then V, < ¢ < 1, where V, is the
volume fraction of crystallinity. Taking the crystallinity
to be 0.8 for the gel-drawn fibers and >0.9 for the drawn
tape,l® we assume here that ¢ is 0.9 for the Spectra fibers
and 0.95 for the drawn tape. Since the width derived from
Porod analysis depends on 1/(1 — ¢), these choices will
have a large effect on the results for fibril width. Qual-
itatively this is because the fibrils are much wider than
the interfibrillar regions, and it is the distance between
two interfaces across the interfibrillar gap that controls
the SAXS scattering pattern. The nearer the fibrils are
to volume filling, the larger they must be to maintain the
size of these interfibrillar regions.

Results

Measurement of instrumental beam width was not
entirely satisfactory. Direct exposures to the main beam
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Figure 2. Typical intensity profile of an (hk0) reflection taken
in the ¢ axis direction. The data points are dots, reduced in size
in the tails to the peak for clarity. The solid line is the best fit
using a Cauchy distribution, and the dashed line is the best fit
using a Gaussian distribution. The Cauchy fit overestimates the
tails, and the Gaussian fit underestimates the peak.

all turned out to be overexposed, so that the peak shape
could not be determined. It could be seen that the beams
were sharply cut off, with very low intensities in any
extended tails. Since the additive integral breadths of
Cauchy distributions are due to their long tails, any sharply
cut off profile is better approximated by a Gaussian.
Therefore the experimental IB were corrected to (A2 -
B?1/2 in all cases, even when the resulting distribution
was assumed Cauchy. The inconsistency in this treatment
could be removed at the cost of some numerical complexity;
for example

Azcos’§ _ 1 . [1 (B, . 2]1/2

s -ty [4L2+(>\C) +sin 2652]"° 10)
is more consistent with a Cauchy distribution from size
broadening, and Gaussian distributions from the instru-
mental beam width and from misorientation. Trials were
made using this expression to fit the data and with eq 5
modified to account for the instrumental beam width. The
difference in the resulits for L, 3, W, and ¢ were much less
than the uncertainty in those results. For bundle and
tape samples the apparent size of the overexposed main
beam was used as the integral breadth, which is an upper
estimate. When single fibers are used, the effective beam
size and shape are controlled by the part of the beam that
the sample intercepts, which may vary from exposure to
exposure. This means that for single fibers the equatorial
beam size B; is extremely small, and the axial beam size
B, depends on the length of the fiber that intercepts the
beam.

The raw data for the crystal length and misorientation
are the intensity profiles of equatorial WAXS spots,
measured in the axial or meridional direction. Figure 2
shows one such profile, and superimposed upon it the best
fits that can be obtained using a Cauchy, a Gaussian, and
the fitting function used in determining the fwhm. The
profile is clearly neither Cauchy nor Gaussian and has an
integral breadth of 1.3 times the fwhm. Similar shapes
can be created by convoluting a Cauchy with a Gaussian.
The instrumental beam width, B;, was very close to the
collimator diameter, 0.2 mm. This was subtracted from
the IB as described above, and the result was multiplied
by cos 26/(AC) to plot as a straight line using eq 4.

The data for the tape and fiber bundles are shown in
Figure 3. In this plot the intercept at s = 0 is 1/(axial
length of the crystals). The best straight line fit through
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Figure3. Axial integral breadths of equatorial (hk0) reflections
plotted as a function of the scattering vector s. The integral
breadths are geometrically corrected and normalized so that the
intercept at s = 0 is 1/L. The straight dashed lines correspond
to an assumption of all Cauchy line profiles, and the solid lines
to a Cauchy profile for crystal size and a Gaussian profile for
orientation distribution.

Table I
Axial Crystal Length and Crystal Misorientation in PE
Fibers

best range

material fitting L,nm of L,nm B, deg
Spectra 900 c-C 12.7 7-25 3.6+0.6
C-G 7.8 5-13 3.7+£05
G-G 6.0 4.5-8 4104
Spectra 1000 C-C 38 25-85 2.4£02
C-G 21 15-43 25x0.2
G-G 13 11-20 26+0.1
K-P drawn tape C-C 57 30-130 16£0.2
C-G 32 18-60 1.6 £0.15
G-G 20 14-27 1.7£0.1
Spectra 1000 single fiber C-C 63 36— 1.5+ 0.3
C-G 37 22-1200 1.5+£0.3
G-G 25 18-65 1.6+ 0.2

each set of data is shown as a dashed line, which corre-
sponds to the assumption of Cauchy distributions for size
and misorientation elements of the line broadening (eq 4).
In the fit, the points were weighted by the peak heights
of the reflection. This allows for the low accuracy of the
IB of weak reflections. The solid lines in the figure are
obtained on the assumption that the size broadening is
Cauchy and the distribution of misorientation is Gauss-
ian. The data are fitted using eq 5, weighting the data by
IB as before. It is normal to assume these forms for the
distributions. In this case there is other evidence to
support it; for example, the (002) intensity profile of a
single Spectra 1000 fiber, which is broadened by the same
size effect, is very close to a Cauchy. When orientation
dominates the peak shape, at high s in Figure 3, the peak
shape is close to Gaussian.

It can be seen at once from the figure that the data do
fall on three straight lines. The results for both fitting
methods are shown in Table I, which also includes the
result of assuming all distributions to be Gaussian. Clearly,
the slope is well defined and does not depend strongly on
the fitting procedure used. The interceptis poorly defined
and does depend strongly on the fitting method. The
measurement of these equatorial spots is a good way to
measure crystal alignment and a poorer way to measure
crystal length. Theresults for axiallength L are expressed
asarange, rather than a standard deviation about a mean,
because L is the reciprocal of the intercept.

The angular distribution of the crystals is useful for
comparison with the small-angle X-ray results from the
same samples. However, it may be dominated by the
alignment of fibers in the bundle when the crystals in a
single fiber are very well oriented. Figure 4 allows a
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Figure4. Axialintegral breadths of equatorial (hk0) reflections
plotted as a function of the scattering vector s as in Figure 3. This
plot compares the data from a fiber bundle and from a single
fiber of the same material. The single fiber should give a smaller
slope and the same intercept.
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Figure 5. Axial integral breadths of the equatorial small-angle
scattering streak plotted as a function of the scattering vector
s. The integral breadths are geometrically corrected and
normalized so that the intercept at s = 0 is 1/L. The straight
dashed lines correspond to an assumption of all Cauchy line
profiles, and the solid lines to a Cauchy profile for crystal size
and a Gaussian profile for orientation distribution.

Table II
Axial Fibril Length and Interface Misorientation in
High-Modulus PE Samples

material fitting best L,nm rangeof L,nm B8, deg
Spectra 900 c-C 261 220~-330 124£1.0
C-G 172 150-205 13.0+ 0.9
G-G 145 130-165 147+ 0.8
Spectra 1000 C-C 230 210-250 42+0.5
C-G 176 167-187 50+0.4
G-G 169 162-176 6.2£0.3
K-Pdrawntape C-C 200 170-240 0.2+£09
C-G 193 180-210 062
G-G 193 180-210 08+3

comparison of the axial width of (hk0) spots from Spectra
1000 in the form of a bundle and as a single fiber. For the
single fiber the collimator diameter was 0.5 mm, and the
lower intensity recorded has given data at lower s. The
results for the single fiber are given in Table L.

The axial length and misorientation of the fibrils can
be determined by measuring the axial width of the
equatorial streak in SAXS. Figure 5 shows the results for
the same fiber bundles that were used for the WAXS
analysis above. The same fitting procedures were used to
givestraight dashed lines and solid curves that correspond
to all Cauchy and to Cauchy plus Gaussian, respectively.
The results are given in Table II, which as for the WAXS
case, includes the results of assuming all distributions are
Gaussian. Since the data are obtained at much smaller
values of s than in WAXS, the intercept is much less
affected by the fitting procedure. The intercepts are much
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Figure 6. Equatorial integral breadths of equatorial (hk0)
reflections plotted as a function of the scattering vector s. The
integral breadths are geometrically corrected and normalized so
that the intercept at s = 0 is 1/W. The straight dashed lines
correspond to an assumption of all Cauchy line profiles, and the
solid lines to a Cauchy profile for crystal size and a Gaussian
profile for crystal distortion. The truncated lines correspond to
the data for the single fiber of Spectra 1000. The data for the
drawn and extruded tape are shown separately in the lower plot
because they overlap the other data.

smaller, near 0.005 nm1.

Lateral width of crystals in the fibers is determined
from measurement of integral breadths of WAXS (hk0)
reflections in the equatorial direction. Again the instru-
mental beam width B; was found to be near the collimator
diameter of 0.2 mm. This was subtracted as discussed
above, and the corrected data were multiplied by cos? 260
cos 8/(AC) to plot as a straight line using eq 7. Figure 6A
shows the data for bundles of Spectra fibers and for the
single fiber of Spectra 1000. In the single-fiber case the
effective beam size B, for equatorial widths is the diameter
of the sample, which is negligible, so the experimental
integral breadth does not need to be corrected before use.
Data in the same format for the extruded and drawn tape
are shown in Figure 6B.

The best straight line fit through each data set, which
corresponds to the assumption that all the distributions
are of Cauchy form, is again shown as a dashed line in the
figures. As in the axial case, the points were weighted by
the peak heights of the reflection in the fit to allow for the
low accuracy of the IB of weak reflections. The accuracy
of the IB was in general less than that for the axial
measurements above, because of the uneven baseline due
toan amorphous fraction and because the tails of the peaks
could interfere with each other. Asinthe axial case, again,
the solid curves are the best fits on the assumption that
the size broadening gives a Cauchy profile and the width
that increases with diffraction angle, due to distortion in
this case, is Gaussian. The solid lines are the nonlinear
least squares best fit to eq 8, with the same weighting by
peak heights.

The extrapolation to s = 0 in Figure 6 is a long one, but
the effect of lattice distortion, the slope of the curves, is
quitesmall. Areasonable value for crystal width can then
be obtained. The reflection widths of the extruded tape
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Table I1I
Lateral Crystal Width and Distortion in High-Modulus PE
Samples
best range
material fitting W,nm of W,nm & %
Spectra 900 c-C 13.6 11-17 0.1+0.2
C-G 12.8 11-15 02£02
GG 12.7 11-14 0.3+£0.3
Spectra 1000 Cc-C 18.0 15~-17 0.3£0.1
C-G 15.4 15-16 0.5%£0.1
G-G 15.4 15-16 0.4£0.1
K-P drawn tape Cc-C 23 18-32 0.3%0.1
C-G 18 16-21 0.5+0.1
G-G 19 16-22 04£0.1
Spectra 1000 single fiber C-C 26 20-37 0.4£0.2
C-G 20 17-23 0.6 +0.2
G-G 21 18-25 05%£0.2
04
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Figure 7. Porod plots of the intensity of the small-angle
scattering along the equator, Is¥/Q vs s*. The plots extend to s
= 0.16 nm-! for Spectra 1000 and 0.13 nm™! for Spectra 900.

are close to those of Spectra 1000, but in Figure 6B the
slope of the data is greater, giving a larger crystal width
W and a larger distortion parameter, ¢. The results for all
the various fitting methods are listed in Table III.

The Porod plots for Spectra 900 and Spectra 1000 fiber
bundles are shown in Figure 7. The points lie on oblique
straight lines because of digitization. The data for Spectra
900 have been shifted vertically by 0.2 nm for clarity. The
data for Spectra 1000 are a very satisfactory fit to the
theoretical straight line over a widerange of s. The Spectra
900 fiber is not quite so satisfactory. At moderate values
of s the data are very noisy and do not make a good straight
line. A much better straight line can be obtained by
considering a narrower range of s, but theoretically it is
the data at the highest values of s that should give the best
agreement with Porod’s law. The extruded and drawn
tape scattering was very much weaker, so there was no
choice but to restrict the range of s. Plots of restricted
range, up to 0.0001 for s4, are shown in Figure 8 for the
extruded fiber and for Spectra 900. Again the Spectra
900.plot is displaced vertically for clarity, this time by 0.1
nm. The values obtained from eq 10 are given in Table
Iv.

All the results using the Cauchy + Gaussian fits (C-G)
of eq 5 and 8 are summarized in Table V. In this table
the results for 3 are divided by x/2 to give an estimate of
the rms value of «, the angle of misorientation of the
structure about the fiber axis. As discussed in the data
analysis section, this is the parameter commonly used to
describe orientation, but the factor used to get it assumes
a Gaussian distribution of orientations. Inthe SAXS case,
it also assumes that the fibril interfaces are perpendicular
to the fibril axis. Where two values for width have been
obtained by Porod analysis, they are combined in Table
V.
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Figure 8. Porod plots of the intensity of the small-angle
scattering along the equator, Is4/Q vs s*. These plots for Spectra
900 and for extruded and drawn tape are limited to s = 0.1 nm-.

Table IV
Results of Porod Analysis
spectra 900 spectra 1000 K-P tape
range of s width, nm width, nm width, nm
high, Figure 7 47+03 5.2%0.2
low, Figure 8 6.7%£0.2 59£0.1 192
Table V
Summary of Numerical Results
misorien-
object  length, width,  tation rms

sample measd nm nm a, deg

Spectra 900 bundle fibril 175%£25 57+£10 7.3£0.5
crystal 5-13 1315 21+0.3
Spectra 1000 bundle fibril 17710 55+0.3 2.8%0.2
crystal  15-43 155+£06 14402
single fiber crystal  22-1200 09+0.1
K-P tape fibrii 195+£15 19+2 03+£1.1
crystal 18-60 1842 09+0.1

Discussion

(a) Axial Lengths. It can be seen from Table V that
the fibril length is in the range 150-200 nm for all samples.
The different fibers are all quite similar in this. The
precision of the results, for example 177 + 10 nm (Spectra
1000), should not be misinterpreted as meaning that all
the fibrils are of this length. The result is the volume-
weighted average of a distribution of lengths, and this
distribution is not known. The average is obtained on the
basis that the line broadening due to fibril size is Cauchy
inform. This form implies that the distribution is broad.

The crystal length is less accurately determined; for the
extruded and drawn tape and for Spectra 1000 as measured
here it is in the range 4-10 times less than the length of
thefibril. Spectra900has asmaller crystallength, 3 times
smaller than that of Spectra 1000 and thus 12-40 times
less than the fibril length in Spectra 900. Measurement
of the width of the (002) reflection is the method normally
used to determine L, even though a series of (00!) reflections
is necessary to distinguish crystal size from distortion
effects. The (002) profile of a fiber of Spectra 1000 was

.previously determined during experiments on the effect

of stress on the X-ray line shape.?* The results were not
analyzed in terms of crystal size at that time. At low
applied stress, the integral breadth of (002) is 0.2° = 3.5
mrad. This by itself corresponds to an axial length L =
A/ (IBcos 6) = 35 nm. Notethat Murthy et al. show a (002)
width of 0.4°,%5 and Smook and Pennings® derive a crystal
length of 70 nm from the fwhm of (002). Despite this wide
range of values for the crystal length, the SAXS length is
longer than all of them.

The difference between the SAXS and the WAXS
results for axial length is perfectly in accord with expec-
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tation according to the standard model for a polymer fiber.
In this model the microfibrils contain a number of crystals
in series with less well organized and softer material. If
the crystals and the amorphous domains have regular sizes,
the repeat gives rise to a maximum on the small-angle
scattering on the meridian. Applying Bragg’s law to this
maximum gives the “long period” repeat distance. Gib-
son et al.?” found that the axial crystal length was greater
than this long period for some stiff PE fibers. They based
afiber model on this fact, where the crystals extend through
(bridge) the disordered regions, becoming more continuous.
The high-modulus materials used here show no such
maximum; indeed no meridional scattering is observed at
all. Thelack of scattering means that there is little density
fluctuation in the axial direction on the scale we can
observe. Scattering due to the 200-nm fibril length would
be at 0.04°, too close to the main beam to be measured.

The presence of an equatorial SAXS streak similar to
those in rigid-rod polymer fibers?* indicates long fibrous
objects, but the axial crystal size measured by the (002)
line width is not very large. The results presented here
show that there are long microfibrils containing smaller
crystals in high-modulus fibers. How can this structure
have a modulus close to the crystal modulus? Thisrequires
that the disordered zone that separates two crystals be
very small, partially ordered, or both of these. The
crystalline regions will appear as two distinct crystals in
WAXS if the diffraction from them is not coherent; this
requires atomic displacements only on the scale of
angstroms or twists on the order of a degree. Such small
changes need not make the regions mechanically discon-
tinuous and would produce little small-angle scattering.

(b) Orientation. Consider first the crystal orientation
insingle fibers and tapes. For both the Spectra 1000single
fiber and the extruded and drawn tape, the integral breadth
of the distribution of (hk0) plane normals, 8, is 1.5° (Table
I). Taking the orientation distributions to be Gaussian,
the rms value of the molecular chain axis orientation about
the fiber axis, «, is then 0.9 = 0.1°. These are extremely
well oriented materials, with an orientation function of
0.9996. A recent WAXS study of a bundle of Spectra
1000 fibers has given a variance for the axial misorien-
tation of 0.69°.28 This corresponds to an integral breadth
B of 1.2 £ 0.1° for the assumed Gaussian distribution, in
reasonably good agreement with the single-fiber result.
The bundle used in ref 24 must have contained extremely
parallel filaments.

Comparing the Spectra 1000 single fiber with the bundle
of the same fibers, the crystal orientation declines from
a=0.9t01.4°. Asthedistributions are taken to be Gauss-
ian, the misalignment of fibers in the bundle is simply
(1.42-0.9%)1/2 = 1.1°, The SAXS fibril misorientation in
the bundle can then be corrected to (2.82-1.12) = 2.6° for
the single fiber, but the effect of the correction is small.
There are no data for single fibers of Spectra 900 but the
effects of fiber alighment in a well-made bundle cannot
be very important. This is because the misorientations
that are found are comparatively large. For example, a 1°
fiber misalignment, as in the Spectra 1000 bundle, would
change the crystal and fibril misorientations from 2.0 and
7.3° to 1.7 and 7.2°.

Whether considering the results from Spectra bundle
samples or the corrected values for single fibers, it is clear
that the orientations of crystals and fibrils are different.
In the standard view when the fibrils are approximated
by cylinders or other prisms, this would be difficult to
explain. If anything, the crystals would be expected to be
misoriented with respect to each other in every fibril. This
would require a greater misorientation for the crystals
than for the fibrils. The simplest explanation for the
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observed greater misorientation in SAXS is that the
method detects individual interfaces. If the microfibril
has a nonuniform cross section of any kind, then the
interfaces will be tilted further away from the fiber axis
than the microfibril direction. Thus the orientation of
the microfibril axes could be as good as that of the crystals,
or better, but the small-angle scattering would show a worse
orientation. Inthe case of Spectra 1000 the interfaces are
tilted 1.4° more than the crystals, on average. Modeling
the fibril as a pair of truncated cones, base to base, this
tilt of the interface over a length of 177 nm would give a
small increase in diameter at the center, of 4 nm. So for
an average width of 6 nm, the fibril could change from
8-nm diameter at the center to 4 nm at the tips.

For Spectra 900 there is a discrepancy of the same type,
but it is much greater. The crystal rms misorientation is
2.1° and the SAXS misorientation is 7.3°, so that the
interfaces would have to be tilted 5.2° on average. For a
microfibril in the shape of a pair of truncated cones, the
diameter would increase by 16 nm at the equator. This
model does not appear reasonable, since the width of the
fibril (6 nm) is less than half of this. However, the width
obtained from Porod’s law is a different average of size
and depends on the poorly known fibril volume fraction
as discussed below. Alternatively, there may be smaller
scale changes in the interface orientation, that is, a less
regular microfibril shape.

Measurement of the rms misorientation angle « in SAXS
is imprecise in the case of the extruded and drawn tape,
so that the values of o for the crystals and for the mi-
crofibrils could be the same at 0.9°.

{c) Width. Onasimple microfibril model of the polymer
fibers one would expect the fibril diameter and the crystal
widths to bethesame. This is what we see for the extruded
and drawn tape, when SAXS and WAXS both give a width
of 18 nm. On any microfibril model of the polymer fibers
one would expect that the fibril diameter should be greater
than or equal to the crystal width, since the crystals lie in
the fibrils. In the Spectra samples the fibril width is
apparently less than the crystal size. There are at least
two possible reasons for this, which do not require
abandoning the basic model. One is that the fibril width
derived from eq 9 is proportional to 1/(1 — ¢), where ¢ is
the fibril volume fraction. This should be greater than
the crystallinity, but it has no clear upper bound before
1. It was set to 0.9 in the calculations on the basis of
structural information from Raman spectroscopy and as
a reasonable estimate. We have only to set it to 0.95, as
for the extruded and drawn tapes,'6 and the values for
fibril width will double to 11 nm. This is a more normal
value for fibril size in PE and allows a simple fibril shape
tomodel the interface misorientation. However, this would
mean that only a quarter of all the disordered material is
in the interfibrillar regions, the rest of it being within the
fibrils. This does not seem reasonable, particularly as the
interpretation of axial crystal lengths above implies that
the disorder in the fibrils is limited.

The other reason depends on the fibrils havig a wide
distribution of sizes. The integral breadth of a WAXS
reflection gives the volume-averaged size of the crystals.
If there is no correlation between the length and the width
of individual crystals, then the volume average width will
be the same as the cross-section weighted average. This
is the equivalent of weight average in molecular weight.
If the crystals tend to have constant shape, the volume
goes as width cubed, and the average will be the equivalent
of z average in molecular weight. The Porod plot considers
the interfaces between fibril and interfibrillar disordered
material individually, without any regard to correlations.
The derived mean diameter D is thus the number-average
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diameter. The simplest structure that gives a broad
distribution of fibril diameters is one where the interfaces
are randomly placed in the fiber. The fibril sizes then
have a most probable distribution, there the ratio of weight
average to number average is 2 and the ratio of z average
to number average is 2.6. Note that as the experimental
results for the extruded and drawn tape agree, there cannot
be a wide range of fibril sizes in this sample if the correct
value has been chosen for ¢.

(d) General. If the small-angle scattering comes from
all three phases, crystal, disordered material, and voids,
there might be a bimodal distribution of orientation or
size of the scattering object. There was no evidence in
any of the orientation distributions or in any line shape
for such a bimodal distribution, so this study gives no
basis for an attempt to go beyond a two-phase model for
these materials.

When the small-angle scattering objects are taken to be
voids, the volume fraction ¢ will be low, as the fibers are
strong and dense. Then 1/(1 - ¢) — 1 and the lateral
width derived from the Porod analysis becomes 0.5-0.6
nm for Spectra fibers and 2 nm for the extruded and drawn
tape. As the calculated length and orientation are
unaffected by changes in ¢, the result would be narrow
voids, down to the width of a molecule, with aspect ratios
of 300:1. Although they are so elongated, these voids are
not as well oriented as the crystals, which have a low aspect
ratio between 1:1 and 3:1. Even though the crystals are
known to be of limited size in the fiber direction, there is
no detectable scatter from them at small angles. These
implications all count against interpretation of the scat-
tering as being due to voids.

Taking the small-angle scattering objects to be fibrils,
the interfibrillar material will form a sheet only 0.3-0.4
nm thick. In this case the narrow structure is not empty
but contains disordered polymer chains, so it cannot
collapse. Not all of the structural parameters of the fibrils
are in agreement with the expectations of a simple
microfibril model. Slight modifications to that model,
allowing nonuniform crosssections in fibrils and increasing
the volume fraction of fibrils, can bring them into
agreement, as discussed above. These problems should
not be taken as strong evidence that the small-angle
scattering is due to voids, as there is no equivalent
structural model predicting the void shape and size.
Interpretation of the SAXS in terms of fibrils does not
mean that there are no voids, as a small fraction would not
be detected if they were large (100 nm) or unoriented.

Conclusions

The numerical results for the PE samples studied here
have already been summarized in Table V. As discussed
above, the precise results given there depend on simple
assumptions about line profiles. Without these assump-
tions, we canstill say that the objects producing the SAXS
streak are 150-250 nm long in all the specimens, with an
average misorientation varying from 0 to 13°. The
information on crystal size and orientation agrees with
previous results and is most useful for comparison with
the SAXS data. The comparison shows that the crystals
are much shorter and equally or better oriented than the
small-angle scattering objects.

The best interpretation of the small-angle scattering
seems to be that it is produced by microfibril boundaries
in these samples. The length derived is that of straight
segments of fibril boundary, a lower limit for fibril length.
Electron microscopy shows fibrils microns long,?® but they
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need not have straight boundaries. Fibril width is found
to be 5-20 nm, but these numbers depend on model
parameters, not well-known.

Analysis of the SAXS equatorial streak giving length,
orientation distribution, and mean separation of fibril
boundaries should be applicable to any fiber with few
voids, though interpretation will be numerically complex
if the orientation is not very good. The SAXS data used
here were taken from a single film, and the limited dynamic
range limited the accuracy of the results. Clearly, data at
the smallest scattering angles are best for extrapolation
to (000) for fibril size, while data at larger angles give
better information on orientation. However, the intensity
is falling very rapidly with scattering angle. Multiple films
with improved accuracy of registration or electronic
detection with a wider dynamic range could provide
information about larger objects, limited by the X-ray
optics, in this case to a size of about 600 nm.
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