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ABSTRACT: Skin—core microstructures in hydrated lyocell cellulose fibers were inves-
tigated using microfocus small-angle X-ray scattering (SAXS). Both single fibers and
fiber cross sections were observed. In all the fibers studied, a thin skin layer was
observed in which the voids were smaller in cross section and better oriented than those
in the core. The division between skin and core may not be sharp. A draw ratio of 0.80
gave fibers with voids that were shorter, larger in cross section, and more misoriented
than the fibers produced with a draw ratio of 1.68. In contrast, there was little
difference in void structure between samples coagulated in water and in 25% amine
oxide aqueous solution. The results are explained in the context of the spinodal decom-
position, which is thought to occur during coagulation. © 2002 John Wiley & Sons, Inc. J
Appl Polym Sci 83: 2799-2816, 2002; DOI 10.1002/app.10256

Key words: X-ray microfocus; lyocell; spinodal decomposition; skin—core microstruc-

ture; small-angle X-ray scattering

INTRODUCTION

Lyocell fibers, including the commercial fiber Ten-
cel, which are created using a direct dissolution
technique,! are known to possess a fibril/void mi-
crostructure.?? This is thought to result from spi-
nodal decomposition as the cellulose is quenched
in a nonsolvent, usually water.’

Theoretically, spinodal decomposition could
give rise to radial differences in length scale. The
depth of quench may vary as a function of dis-
tance from the filament surface, as a result of a
temperature or solvent gradient, with the skin
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experiencing a deeper quench than the core.*®
This would result in shorter wavelength fluctua-
tions in density in the skin than in the core.
Furthermore, the time taken to solidify will in-
crease with increasing distance from the fiber
surface,® which may also affect the resultant mi-
crostructure. Such local differences in microstruc-
ture could cause local differences in the ability to
swell in water, resulting in internal stresses in
the wet fiber and affecting properties in the wet
state.” There could also be radially varying differ-
ent susceptibility to dye absorption.®

Skin—core microstructures have been observed
in experimental lyocell fibers using TEM.® A
dense cellulosic network, containing small, finely
distributed voids with dimensions ranging from
10 to 100 nm was observed. The structure was
uniform throughout the cross section, except for a
small, highly dense boundary layer.
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The aim of the experiments presented here is
to explore lyocell microstructure as a function of
radial position, using microfocus small-angle X-
ray scattering (SAXS). This technique does not
require tedious sample preparation and is nonde-
structive.® The effects of varying the processing
conditions on overall microstructure and on any
possible skin—core structures are also investi-
gated.

EXPERIMENTAL

Preparation of Fiber Samples

Tencel, the lyocell fiber manufactured commer-
cially by Courtaulds, was not used for this exper-
iment because of its relatively small diameter,
about 12 um in the dry state. Instead, a range of
lyocell fibers with larger diameters were prepared
by Courtaulds by the direct dissolution method
used for Tencel, in which wood pulp is dissolved in
an amine oxide solvent.! All the fibers were spun
through a single jet of diameter 200 um and col-
lected at a constant take-up velocity of 8 mm/min.
However, the coagulation bath conditions and the
jet velocity used varied between the fibers.
Varying the jet velocity, while keeping the take-
up velocity constant, is equivalent to varying the
draw ratio, because the draw ratio Dy, is the take-up
velocity divided by the jet velocity. Two coagulation
bath conditions were used: first, water at 5°C and
second, 25% amine oxide solution in water at 22°C.
These conditions were chosen in an attempt to give
different quench depths in the coagulation bath re-
sulting from their different temperatures and
chemical compositions. Solvents at 5°C give a
deeper quench than at 20°C, and hence should give
rise to a finer microstructure as a result of the
stabilization of shorter wavelength fluctuations.
Furthermore, the deeper the quench, the greater
the differentiation in composition between the two
phases (cellulose and water in this case), that is, the
purer the regions.'® The depth of quench also de-
pends on the “power” or effectiveness of the non-
solvent.'® For cellulose, pure water is a more effec-
tive non-solvent than 25% amine oxide aqueous so-
lution, in that cellulose is soluble in amine oxide.!!
Therefore, water should give a deeper quench than
the 25% amine oxide solution. Combining this com-
position effect with the lower temperature of the
water coagulation bath, the water at 5°C should
give rise to a significantly deeper quench than the
25% amine oxide aqueous solution at 22°C. Two

Table I Summary of the Processing
Parameters of Each of the Fibers

Solvent H,0 25% Amine Oxide
Dy (5°C) Solution (aq) (22°C)
1.68 Fiber 1 Fiber 2
0.80 Fiber 3 Fiber 4

different draw ratios were also used, 1.68 and 0.80.
The draw ratio affects the orientation of the struc-
tures within the resultant fiber, with higher draw
ratios giving rise to more oriented structures.®11:12

The samples are summarized in Table I. It is
apparent that by comparing the results of fibers 1
and 2, and of fibers 3 and 4, the effects of coagu-
lation bath conditions on microstructure can be
investigated, given that all other processing con-
ditions are constant. Similarly, by comparing the
results of fibers 1 and 3, and of fibers 2 and 4, the
effects of draw ratio on fiber microstructure can
be investigated.

Fiber sections, cut perpendicular to the fiber
axis, were prepared as follows. A bundle of fibers
about 5 c¢cm in length were wrapped around a
hook. The fibers were then covered in hot paraffin
wax at about 60-70°C. The wax was allowed to
cool, and the wax-encased fibers were microtomed
perpendicularly to the fiber axis to give sections.
The sections were then mounted on a carbon
film—covered copper grid (200-um mesh), using a
glycerol/albumin-based water-soluble adhesive.
The paraffin wax was melted off using a Bunsen
burner, and residual traces were removed by
washing with industrial methylated spirit. The
use of a water-soluble adhesive was necessary to
allow the fiber sections to swell freely in the wa-
ter-swollen state, while giving sufficient adhesion
to hold the sections in place on the grid.

Both single fibers and fiber sections were
tested in the water-swollen state. The fibers were
preswollen in water for about 30 min before test-
ing. A water-swollen single fiber was then glued
across a washer (diameter ~ 4 mm), which was
attached to a goniometer pin. A 0.04-mm-thick
layer of mica was fixed in front of the fiber, and a
small water-swollen tissue reservoir placed at the
base of the washer (see Fig. 1), to encourage cap-
illary flow between the fiber and the mica. This
ensured that the water-swollen fibers remained
fully hydrated for about 10 min, sufficient time to
perform a scan across the fiber. The mounted
single fibers and water-swollen sections on copper



grids were aligned using a goniometer, to ensure
that the fiber length was perpendicular to the
beam. The goniometer head and mounted sample
were then placed in the beam on a high-precision
translation stage.

Experimental Procedure

The SAXS microfocus experiments were per-
formed at the European Synchrotron Radiation
Facility (ESRF) on beamline ID13.'®> Two trips
were made to ID13, and the beam size differed
between these trips. The data shown in this study
were, for the most part, collected on a single trip,
for which the beam size was 4 um. The beam-
defining elements in this case were a glass capil-
lary and a 20-um platinum iridium aperture
placed about 10 mm from the capillary. However,
some of the data shown were collected on a second
trip, for which the beam size was 10 um. In this
case, the beam was defined by 10- and 30-pum
apertures. For both trips the camera length was
about 1 m, and the beam path between sample
and detector was evacuated. These conditions
gave a minimum value of the scattering angle s of
about 0.008 A~! for the 4-um beam and about
0.005 A~ for the 10-pum beam. With this camera
length it was not possible to test the fibers in the
dry state because the s range observed was in the
wrong regime. Although the s,;, value of the
10-pum data was lower than that of the 4-um data
(thus giving more scatter in the desired low-angle
regime), the larger beam gave a loss of resolution
in the scanning direction (denoted z). Where pos-
sible, analysis was performed on both the 4- and
the 10-um data.

The beam was scanned across the samples in
4-um (or 10-um) steps, depending on the beam
size (see Fig. 2). For the sections, the long-dis-
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Figure 1 Schematic diagram illustrating the mount-
ing of single fibers.

SAXS STUDY OF LYOCELL CELLULOSE FIBERS 2801

Single Fibre Fibre Scction

- skin

OO OO 00000
\

COO00000000

[ core

A
4
A
4

120um i ) 120um

O represents the beam, 10pm in this instance

Figure 2 Schematic of a scan across a single fiber and
a fiber section.

tance microscope was used to locate the fiber sec-
tions on the grid. A specific point on the sample
could then be transferred from the optical center
to the beam center because this distance had been
previously calculated. Each frame of the scan was
8 s long, which gave the maximum intensity pos-
sible before visible beam damage occurred. Two-
dimensional SAXS images were collected using a
cooled MARCCD camera (4-um beam experi-
ments) and a Photonic Science image-intensified
CCD camera (10-um beam experiments). Figure 2
shows that on passing from the center to the edge
of the single fiber, the proportions of skin and core
comprising the thickness will vary. If the skin is
relatively thick, the edge frames may be com-
prised solely of skin.

The diameters of the water-swollen fibers were
measured before starting the scan, using the long-
distance microscope on ID13. On completing the
scan, the fiber diameter was remeasured to check
that the fiber was still fully hydrated. At least two
scans were made across each fiber type to give an
idea of the reproducibility of the results.

Preliminary Data Correction

Prior to data analysis, various corrections were
applied to the SAXS images. Background scatter
was corrected for by subtracting an average 8-s
“blank” image from the sample scatter. A differ-
ent blank was used for each fiber and was com-
prised of the extreme edge frames of each scan,
where no sample was present. The intensity of the
primary beam was assumed to be constant over
the short scan times used. The SAXS images were
s-mapped, using silver behenate.'* These proce-
dures were carried out using the software pack-
age FIT2D.'®
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Figure 3 Schematic of the variation in thickness as a
function of position across the fiber.

Finally, the single fiber data were normalized
to correct for intensity differences between the
frames of the scan because of the changing sam-
ple thickness across a fiber (see Fig. 3). This cor-
rection was not necessary for the fiber sections,
which were assumed to be of constant thickness.
The scattered intensity depends on the sample
thickness and absorbance:

I=1Ige ™ (1

where I is the scattered intensity, I, is the pri-
mary beam intensity, ¢ is the sample thickness,
and p is the absorbance coefficient of the materi-
al.1® Therefore, to correct for variations in scat-
tered intensity resulting from changing fiber
thickness, the scattered intensity is divided by
te” ™. The value of u for cellulose was calculated
from the mass-absorption coefficients of the com-
ponent elements and the mean density and taken
to be 12.4 cm . The presence of water in the
fibers was ignored, given that the water volume
fraction as a function of z-position across the fiber
is unknown. However, the calculated absorbance
of water of 10.3 cm ! is similar to that of cellulose
and so ignoring the water will have little effect on
the overall normalization of the scattered inten-
sity.

To normalize using eq. (1), the fiber thickness ¢
must also be calculated for each position on the
scan. The fibers have a circular cross section.
Hence, the thickness of the fiber at any position
along the diameter is defined by a given chord
length (see Fig. 3). The beam direction is defined
asy, whereas z is perpendicular to the fiber axis x.
The equation of a circle in the y—z plane, of radius

r and centered on the origin, represents the fiber
cross section and is given by

y=\r’-2° (2)

The beam has a finite thickness and extends be-
tween z = a and z = b. The mean thickness of the
fiber crossed by the beam at this position is given
by17

2 b
2ymea\n = tmean = m f y dz

a

2 b
= J P —2%dz (3)

b—a

a

The integral in eq. (3) is analytic'”

2
r 2\ z
f JrP—z2tdz = 5 sinl(r> + 5 =22 te (4)

Each frame of the scan was normalized to account
for the variations in sample thickness on scan-
ning across the fiber, using eq. (1), on substitution
of the appropriate ¢ value.

mean

Data Analysis

Ruland analysis'®!® was used on the SAXS fiber
data to calculate the width of the orientation dis-
tribution of the voids (B,) and the average void
length projected onto the fiber axis (Lj). The
right-hand lobe of the scatter was used in each
case, in that this showed better subtraction
around the beam stop than the left-hand lobe. For
fibers 1, 2, and 4, the s range 9.76 X 10 2 to
0.0184 A~ ! was used for each SAXS image, which
was divided equally into six azimuths. For fiber 3,
the same low s value was used, although the
upper limit was taken as 0.0170 A~! because of
the greater amount of noise of the high scattering
angle data, and the range divided equally into five
azimuths. The resulting azimuths were then fit-
ted using a Lorentzian distribution, and the full
width at half maximum (Bg,,,) was used to cal-
culate the integral width of the angular intensity
distribution (B,,), using®®

B fwhm

Bans = 63662

(5)



Because®®

1 2
(SBObs)2 = (113) + (SB¢)2 (6)

plots of (sB,,.)? against s?, yielded B, and L

L, the projection of the void length onto the
fiber axis, was combined with B, to obtain L, the
average length of the voids using

¢max [ geC b
0 (55 4ge) 9

L=L; i 1 (7
L (3 a2

where ¢, is the maximum angle at which voids
may be aligned to the axis. It was obtained in a
mathematically direct analogy of Ruland analy-
sis,'®!? by taking the intercept of a plot of ¢Z.
against (1/s%), where ¢, is the angle at which
each azimuthal curve reaches a background in-
tensity. Equation (7) was evaluated using the
MATHEMATICA software package (Wolfram Re-
search, Inc., Champaign, IL).

The SAXS fiber data were also meridionally
averaged to obtain the integrated equatorial in-
tensity I(s), equivalent to slit-smeared scatter.
The invariant, or scattering power @, defined as
the area under the sI(s) against s curve between 0
and »,%! was approximated by the area under the
sl(s) against s plot over the experimental range.

The Bragg equation was used on the peak po-
sition of the sI(s) against s plots to give a value of
pseudolateral order. Strictly, the lateral order
should be calculated from the peak position of the
I(s) against s plots, which will occur at lower
angles (corresponding to larger spacings). How-
ever, the relatively high s, ;, values meant that
the interference peak was partially or fully ob-
scured by the beam stop. The peak position of the
sI(s) against s plots will not give absolute lateral
order values, but any trends should be valid.

RESULTS

Microfocus SAXS of Scans Across Single Fibers
Fiber Thickness

The diameters of the water-swollen fibers, mea-
sured using the long-distance microscope on
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Table II Comparison of the Diameters of
Fibers in Both Dry and Water-Swollen States

Dry Wet Percentage
Fiber Diameter Diameter Increase on
Type (um) (pm) Swelling
1 50 70 40
2 50 65 30
3 80 120 50
4 80 120 50
Tencel 12 18 50

Values for the commercial fiber Tencel are included.

ID13, are recorded in Table II. Fibers 1 and 2,
prepared using the higher draw ratio of 1.68, have
smaller diameters in the dry state than those of
fibers 3 and 4, prepared using the lower draw
ratio of 0.80. This is to be expected, given that the
higher the draw ratio, the greater the load on the
filament as it passes through the air gap, and
thus the thinner the diameter of the resultant
fiber. The more highly drawn samples also
swelled less on hydration.

SAXS Area Plots

Figure 4 shows the SAXS area patterns of a cen-
ter and edge frame for fibers 1, 2, 3, and 4, which
were background subtracted and volume normal-
ized as described. The center and edge frames of
the fibers all show scatter elongated along the
equator, which implies that the voids are aniso-
tropic, long and narrow, and have a preferred
orientation along the fiber axis. Therefore the pro-
cessing conditions used to prepare the fibers give
rise to the expected anisotropic void system of
lyocell fibers. For each fiber, the scatter of the
center frame is more intense than that of the edge
frame, even after correction for thickness effects.
The shape of the scatter also appears to vary
slightly between the center and edge frames. The
extent of the meridional broadening appears to be
larger in each case for the center frame than for
the edge frame.

Azimuthal Analysis

The trends in B, Ls, and L with z-position, ob-
tained from Ruland analysis, are shown in Fig-
ures 5, 6, and 7, respectively. For each frame, the
z = 0 position is taken as the position of the center
of the fiber. In each case the results of the two
scans are shown to give a measure of the repeat-
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Figure 5 Trends in the width of the orientation distribution of the voids B, as a
function of z-position across fiber 1 (@), fiber 2 (#), fiber 3 (O), and fiber 4 (<). The center
of each fiber is at z = 0. The beam size was 4 um.

ability. From Figure 5 it is obvious that, for each
fiber, B, varies as a function of z-position, with
the edges of the fiber having a smaller B than
that of the center, that is, the voids in the edge are
more highly oriented than those of the center with
the fiber axis. This is evidence of some form of
skin—core effect.

Table III gives B, values for the edge and cen-
ter of each of the fibers. It is clear that varying the
coagulation bath conditions does not significantly
affect the orientation distribution of the voids; in
contrast, varying the draw ratio does affect the
orientation distribution of the voids. In both cases
the fiber prepared using the higher draw ratio
1.68 (fibers 1 and 3) has a more highly oriented
void system than the fiber prepared using the
lower draw ratio 0.80 (fibers 2 and 4). Further-
more, the more highly oriented fibers (1 and 2)
appear to show a greater differential in B, be-
tween the skin and core than for the less well
oriented fibers (3 and 4).

Figures 6 and 7 show the values of Ls (the
projected void length onto the fiber axis) and L
(the actual void length) across the fibers. It is
clear that any trends in z are similar for L; and L,
indicating that changes in Lj are not simply a

consequence of changes in the orientation distri-
bution, changing the projected length onto the
fiber axis. For fibers 1, 2, and 3 there appears to
be no trend in L; and L with z-position across the
fiber. In the case of fiber 4 there may be a slight
trend in L as a function of z-position. Although
this increase is small from center to edge (~ 15 A
for L), the fact that it occurs at both edges and for
both repeat results suggests that it is real.

Tables IV and V give the average L and L
values. The draw ratio appears to affect the aver-
age void length. The fibers prepared using the
higher draw ratio 1.68 (fibers 1 and 2) have a
larger average void length than that of the fibers
processed using the lower draw ratio 0.80 (fibers 3
and 4). In contrast, varying the coagulation bath
conditions does not appear to affect the average
void length of the resultant fiber.

The Invariant

Figure 8 shows the trends in @ with z-position
for the fibers. In each case both the 10-um and
the 4-um data sets are shown, represented by
circles when presenting the azimuthal results.
It is clear that for each fiber, @ varies with

Figure 4 Comparison of the microfocus SAXS center and edge frames of fibers 1-4.
The images were normalized to take into account variation in thickness across the fiber.
The arbitrary intensity scale is 0—80 for fibers 1 and 2 and 0-50 for fibers 3 and 4,
where blue is the lower limit and white the upper limit.
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Table IIT Values of Width of Orientation
Distribution of Voids (B,), Calculated from the
Scattering Profile of a Beam Passing Through
the Center and Edge of the Fiber, for Each
Processing Condition

25% Amine Oxide
Solution (aq) (22°C)

Solvent
Dy, H,0 (5°C)

1.68 Center: 21.7 = 1.7°
Edge ~ 14°
Decrease ~ 35%

0.80 Center: 40.9 + 2.9°
Edge =~ 32°
Decrease ~ 22%

Center: 20.5 = 1.3°
Edge ~ 12°
Decrease ~ 41%
Center: 37.0 = 1.9°
Edge =~ 29°
Decrease ~ 22%

The quoted center values are the means = SD of the center
frames, over which there is no significant trend for the two
separate data sets. The edge values are the approximate av-
erage of the edge frames of the two data sets.

z-position, with @ being larger at the center
than at the edge of the fiber. Because the data
were corrected for variations in sample thick-
ness and because the electron density difference
between the two phases (cellulose and water-
filled void) is the same in each case, @ is directly
proportional to the volume fraction product
(vfp) of the two phases:

Qxv(1l —v) (8)

where v is the volume fraction of cellulose and (1
— v) is the volume fraction of water-filled voids,

150 T T

although this may not be exactly obeyed because
the values of @ are calculated using the available
experimental angular range and are thus only
approximations. The highest possible value of vip
is 0.25, given when the volume fractions of both
phases is 0.5. As vip decreases from 0.25, the ratio
of the volume fractions becomes more unequal, in
which case the volume fraction of one phase de-
creases while the volume fraction of the other
phase increases (see Fig. 9). Therefore, the de-
crease in vip from center to edge suggests a de-
crease in the amount of one phase and a corre-
sponding increase in the second phase. Without
further information it is not possible to say which
phase shows the increase in volume fraction, and
which shows the decrease.

For each fiber, the trends in @ with z-position
are very similar. However, it is not possible to
compare the relative @ values of the different
fibers, given that @ depends on the intensity of
the primary beam, and the data have not been
normalized for variations in primary beam inten-
sity.

Lateral Order

Figure 10 shows the trends in pseudolateral order
with z-position for the fibers, for data obtained
using the 10-um beam size. It was not possible to
obtain reliable peak positions for the 4-um data
because of the noise of the data. It is obvious that
for each fiber, pseudolateral order varies as a
function of z-position, the center of the fiber hav-
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Figure 6 Trends in the average void length, projected onto the fiber axis L, as a
function of z-position across fiber 1 (@), fiber 2 (#), fiber 3 (O), and fiber 4 (). The center
of each fiber is at z = 0. The beam size was 4 um.
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Figure 7 Trends in the average void length L as a function of z-position across fiber
1 (@), fiber 2 (®), fiber 3 (O), and fiber 4 (<). The center of each fiber is at z = 0. The

beam size was 4 pm.

ing larger pseudolateral order values than those
of the edges. This is evidence of some form of
skin—core effect, with respect to distribution and
cross-sectional dimensions of the two phases.

Varying the processing conditions also affected
the pseudolateral order of the resultant fibers (see
Table VI). Changing the coagulation bath condi-
tions does not significantly affect the pseudola-
teral order of the resultant fiber, whereas chang-
ing the draw ratio does affect the pseudolateral
order of the resultant fiber. In both cases the fiber
processed using the higher draw ratio 1.68 (fibers
1 and 2) have a smaller pseudolateral order than
those produced using the lower draw ratio 0.80
(fibers 3 and 4).

Relative Thickness of the Skin and Core

This section presents preliminary investigations
of the relative thickness of the skin and core of the

Table IV Average Values of Projected Length
of Voids onto the Fiber Axis L; for Each
Processing Condition

fibers. The trends in @ obtained for the 4-um
beam size are compared with theoretical profiles
calculated for a number of fixed skin thicknesses,
assuming a sharp transition from skin to core.
The beam passes through the sample in the y
direction. At a given position z in the scan, the
fraction of core cut by the beam is f{z) and the
fraction of skin is [1 — flz)]. If the position of the
beam z is greater than the core radius r, and less
than the skin thickness r,, the beam cuts entirely
through skin, and flz) = 0. If z is less than r_, then

\re = 2
N T

9

This is illustrated schematically in Figure 11.
When z = 0, and the beam passes through the
center of the sample, the core fraction simplifies
to give

Table V Average Values of Length of Voids (L)
for Each Processing Condition

Solvent 25% Amine Oxide Solvent 25% Amine Oxide
Dy H,0 (5°C) Solution (aq) (22°C) Dy H,0 (5°C) Solution (aq) (22°C)
1.68 119+7A 129 = 8 A 1.68 131+4A 136 = 11 A
0.80 91+4A Center ~ 93 A 0.80 99+5A Center ~ IOQ A

Edge ~ 110 A Edge ~ 115 A

For fibers 1, 2, and 3 the values given are the means + SD
of two data sets across the entire fiber diameter. For fiber 4
approximate values for a beam passing through the center and
the edge are given.

For fibers 1, 2, and 3 the values given are the means * SD
of two data sets across the entire fiber diameter. For fiber 4
approximate values for a beam passing through the center and
the edge are given.
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across fiber 1 (@), fiber 2 (@), fiber 3 (O), and fiber 4 (<). The center of each fiber is at

z = 0. The beam size was 4 pm.

re

(10)

(0) =

r.+r,
For each frame of the scan,
Q(z) = Q(core)f(z) + Q(skin)[1 — flz)] (11)

It is assumed that the experimental value of @ of
the edge frames is equivalent to @(skin). This is
valid, provided that the edge frame is in fact from
the very edge of the fiber, and that the beam size
is smaller than that of the skin. In many cases the

very edge frame was of too low an intensity for
analysis, and the subsequent frame was taken to
represent the edge, which may introduce an error.
Q(core) may be calculated from eq. (11) at z = 0,
taking the experimental value of @(0) as the av-
erage @ value over the center frames for which
there was no significant trend and assuming a
chosen value of f10).

This allows the calculation of theoretical @(z)
values as a function of z-position, based on the
varying proportions of skin and core on scan-
ning across the fiber. This is done for various
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Figure 9 Relationship between individual volume fraction and the volume fraction

product.
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of each fiber is at z = 0. The beam size was 10 um.

core radii, by substituting fixed values for r. and
rs into eq. (9). Hence, f and then @ are calcu-
lated as a function of the z-position using egs.
(9) and (11), respectively. For each fiber, core
radius values are chosen to give a known core
fraction at z = 0, to give a series of @ against
z-position curves, which are then compared
with the experimental data.

Figures 12(a)-12(d) show comparisons of the
experimental @ values with the theoretical
curves. For each fiber, the trends in the exper-
imental @ values with z-position are very sim-

Table VI Values of Pseudolateral Order,
Calculated from the Scattering Profile of a
Beam Passing Through the Center and the Edge
of the Fiber, for Each Processing Condition

Solvent 25% Amine Oxide
Dy, H,0 (5°C) Solution (aq) (22°C)
1.68 Center: 78 + 3 A Center: 76 + 0.8 A

Edge ~ 73 A Edge ~ 70 A
Decrease ~ 6% Decrease ~ 8%
0.80 Center: 91 = 0.5 A Center: 91 = 0.8 A

Edge =~ 79 A
Decrease ~ 13%

Edge ~ 78 A
Decrease ~ 14%

Pseudolateral order is calculated by applying the Bragg
equation to the peak position of a plot of sI(s) against s. The
quoted center values are the means = SD of the center frames,
over which there is no significant trend for the two separate
data sets. The edge values are the approximate average of the
edge frames of the two data sets.

ilar. For all four fibers the trends in the exper-
imental data do not correlate with the theoret-
ical curves generated using the extreme f(0)
values of 0.3 (thin core) and 0.95 (very thin
skin, smaller than the 4-um beam). For fibers 1
and 2, the theoretical profile generated using
f{0) = 0.8 appears to give the best fit to the
experimental data. For fibers 3 and 4, the the-
oretical profiles generated by f(0) values of 0.8
and 0.6 most closely model the experimental
data. Because of the noise of the data it is
impossible to make a more quantitative esti-

beam scans across the fibre

z=0

1, = skin thickness
1, = core radius

represents the centre of the beam
position for a frame of the scan

Figure 11 Schematic of the fiber cross section show-
ing the definitions of r, (radius of core) and r, (radius of
skin).
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differing ratios of skin to core. The chosen core fractions are shown in the legend of (a).

mate. Therefore, within the limits of the data
there appears to be no significant difference in
core fraction f{0) as a result of the varying pro-
cessing conditions. An equivalent analysis on
the B, data gave similar values for f(0).

To conclude, for each fiber the experimental
trends in B, and @ are most closely modeled by
theoretical profiles generated using a core frac-
tion f{0) of approximately 0.8. This suggests that
the fibers are composed of a core that is thicker
than skin. For fl0) = 0.8, fibers 1 and 2 have a
skin thickness of about 7 um, and fibers 3 and 4 of
about 12 um. This analysis requires the assump-
tion of a sharp transition between skin and core.
Because the data only loosely fit the theoretical
curves, it would seem likely that the boundaries
are somewhat blurred and that there is some
degree of continuous variation.

SAXS from Scans Across Fiber Sections
Problems Associated with the Fiber Sections

A number of factors, arising from sample prepa-
ration methods and experimental setup, limited
the success of scans across the fiber sections. The
main sample preparation problem was the slip-
page of the fiber bundle through the wax while
microtoming the sections. Hence, instead of ob-
taining thin sections of constant thickness, the
resulting sections were wedge shaped. This af-
fected the scatter, giving SAXS images that were
no longer isotropic. Preparation of the sections
from a fiber bundle resulted in the sections over-
lapping, thus making it extremely difficult to ob-
tain a scan across an entire section diameter.
Mounting the sections on a copper grid also re-
sulted in parts of the sections being obscured by



the grid, again making it difficult to scan across
an entire section. Further problems arose from
the available s range of the data and a significant
part of the scatter was not visible. For fibers 1 and
2, there tended to be an insufficient number of
scattering frames to constitute a scan across the
diameter of a water-swollen fiber section. The
probable explanation for this is that the scan was
along a chord and not the diameter, which could
be the result of problems encountered in translat-
ing the optical center of the microscope to the
beam center, which would obviously be more sig-
nificant for the smaller diameter fibers.

It therefore proved difficult to obtain usable
SAXS scans across the fiber sections and it is not
possible to quantitatively discuss changes in the
microstructure, as a function of position across
the section diameter, or as a function of the dif-
ferent processing conditions. However, limited
SAXS data for fiber sections 1 and 3 were col-
lected. These data were chosen in preference to
other data collected, because in these cases the
scans were definitely across a single fiber section,
and the intensity of the scatter was symmetric
across the scan, indicating that these were not
wedge-shape samples. In the case of fiber section
1, the number of frames showing scatter is insuf-
ficient for the scan to be across the diameter of the
section, and it is thus assumed that the scan is
along the chord shown in Figure 14. If the skin of
fiber 1 is of the order of 7 um, as calculated above,
then the scan across section 1 is mainly through
the skin. For fiber 3, the number of frames show-
ing scatter corresponds to the scan being approx-
imately across the diameter of the section.

SAXS from Scans Across Fiber Sections 1 and 3

SAXS from fiber sections 1 and 3, center, edge,
and edge subtracted from center frames, are
shown in Figure 13. For each fiber section, the
center, edge, and center minus edge frames are
displayed using the same intensity scale, to allow
a direction comparison of the images. However,
different scales are used for the two sections. The
section 1 images were obtained using the 4-um
beam, and the section 3 images using the 10-um
beam. From the center and edge frames of each
section, it is clear that the scatter is approxi-
mately isotropic, indicating that the voids are iso-
tropic in the plane perpendicular to the fiber axis.

For both fiber sections, the intensity of the
scatter of the center frame is higher than that of
the edge frame, as reflected by the residual scat-
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ter on subtraction of the edge frame from the
center frame. For fiber 3, this difference in scat-
tered intensity between the center and edge
frames is far greater than that for fiber 1. This is
probably because the scan across section 1 is
along a chord, whereas that of section 3 is along
the diameter. Therefore, the center frames of fiber
1 may not be an accurate reflection of the core
microstructure (see Fig. 14).

For each SAXS image the data were integrated
around circles of constant scattering angle to ob-
tain one-dimensional plots of intensity I against
scattering angle s. Figures 15(a) and 15(b) show
the I against s plots of sections 1 and 3 as a
function of z-position. In both cases there appears
to be a steady increase in intensity on progressing
from the edge to the center frames. It is obvious
that there is a difference in the shape of the
scattering curves between the edge and center
frames of fiber section 3. The curves correlate at
low and high s, but deviate from each other in the
intermediate region. This suggests that there is a
size difference between the void cross sections, of
the core and the skin. This difference in shape is
not evident for fiber section 1. In this case the
edge and center frames appear to correlate well
throughout the entire s range. This is probably a
consequence of the scan across section 1 being
along a chord predominantly through the skin, as
discussed earlier, as opposed to being along a
diameter for section 3.

On comparing the center and edge frames of
sections 1 and 3, there is a difference in shape of
the I against s curves between the fiber types. For
section 1, strong scatter is seen for the s range of
about 0.01-0.02 A, after which the intensity of
the scatter tails off with increasing s. However,
for section 3 in the s range of about 0.005-0.01
A1, only the tail end of the scatter is visible. It is
therefore assumed that the main region of scatter
is at lower s than the experimental s range.
Therefore, section 3 scatters to lower scattering
angles than those of section 1 and, thus, the void
cross sections are larger in fiber section 3 than
those in fiber section 1.

Finally, a comparison is made between the I
against s plots of sections 1 and 3 [Figs. 15(a) and
15(b)], and the I against s plots of the thin equa-
torial slices of single fibers 1 and 3 [Fig. 16(a) and
16(b)]. The I against s curves of the fiber cross
section and single fiber should be comparable be-
cause both represent scattering from the void
cross sections alone. At the edge of the fiber, the
scattering is likely to be exclusively from the skin
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Figure 14 Schematic showing the position of the
chord scanned across section 1. The water-swollen di-
ameter of the fiber is 70 um.

(see Fig. 2) and thus should be very similar to the
scatter from the edge of a fiber section. At the
center of the fiber, the scatter is a weighted aver-
age of that from skin and core. Because the skin
appears to be quite thin, the scatter will be
weighted toward that of the core and should be
similar, though not identical to, scatter from the
center of a fiber section.

For fiber 1, the I against s curves of the section
[Fig. 15(a)] have roughly the same shape as the
edge scattering curves of the single fiber [Fig.
16(a)]. This is to be expected, given that the scan
across fiber section 1 is thought to be across a
chord composed mainly of skin. For fiber 3, the I
against s plots of fiber section [Fig. 15(b)] and the
single fiber [Fig. 16(b)] show the same general
shape, the center frames scattering to higher in-
tensity than the edge frames in both cases. The
ability to compare fiber and fiber section data in
this way is a strength of the microfocus technique.

For the edge frames of fiber section 1, the be-
ginning of the shoulder, indicative of lateral or-
der, is visible, giving an approximate lateral order
size in the region of 100—200 A. For the center
frames of fiber 1 and all frames of fiber 3 the
shoulder is not visible, suggesting that in these
cases lateral order is greater than 200 A. These
trends match those of the pseudolateral order
shown in Figure 10.
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Figure 15 (a) Intensity versus scattering angle for
section 1 as a function of z-position: z = —18 um, 18 um
(A, V¥);z=—10 um, 10 um (¥, H); z = —2 um, 2 um (A,
V). (b) Intensity versus scattering angle for section 3 as
a function of z-position: z = —55 um, 55 um (A, V¥); z
= —45 um, 45 um (X, +); z = —25 um, 25 um (%, H);
z=—5pum,5 um (A, V).

To conclude, fiber section 3 shows differences
in scattering between the center and edge frames,
which suggests that there is some form of skin—
core microstructure. Furthermore, the differences
in shape of the I against s curves of fiber sections
1 and 3 suggests that the scattering objects, the
void cross sections, of fiber section 3 are larger

Figure 13 Comparison of the microfocus SAXS images of fiber sections 1 and 3. The
center and edge frames are shown, together with the center with edge subtracted. It is
thought that the scan across section 1 was across a chord rather than a diameter and
that the center frame actually passed through material that was primarily skin. The
arbitrary intensity scale is 0—800 for fiber section 1 and 1-250 for fiber section 3, where
blue represents the lower limit and white the upper limit.
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than those of fiber section 1. This is in agreement
with the data obtained from the fibers them-
selves.

DISCUSSION

Trends in Void Microstructure

Figure 17 schematically illustrates the differ-
ences in void structure between the skin and core.
The voids in the skin are more highly oriented
than those of the core, whereas except for fiber 4,
the length of the voids along the fiber axis re-
mains constant across the fiber. Lateral order and
volume fraction product (vfp) both increase from
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Figure 16 (a) Intensity versus scattering angle for
fiber 1 as a function of z-position: z = 35 (@); z = —25
pm, 25 um (A, ¥); z = —15 pum, 15 um (%, H); z = -5
um, 5 um (A, V). (b) Intensity versus scattering angle
for fiber 3 as a function of z-position: z = —50 um, 50
pm (A, ¥); z = —40 pum, 40 um (%, HH); z = —20 pum, 20
pm (A, V).
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Figure 17 Radial variations in void microstructure of
Lyocell fibers and the differences in microstructure be-
tween (a) high draw ratio (1.68) fiber (fiber 1) and (b)
low draw ratio (0.80) fiber (fiber 3). Both fibers were
prepared from a water coagulation bath at 5°C. B,
width of the orientation distribution of the voids; D,
average void diameter; L, average void length; vfp,
volume fraction product.

the skin to the core. Although there is no unique
interpretation of these parameters, on the basis of
spinodal decomposition theory the trends in lat-
eral order and vfp may be interpreted as an in-
crease in cross-sectional dimensions of the cellu-
lose and voids from the skin to the core. This
increase in cross-sectional dimensions is shown
pictorially on Figure 17 as an increase in the void
diameter from skin to core. Within the limits of
the experimental data no significant difference is
observed between the skin-to-core ratios of the
fibers. However, the different processing condi-
tions used to prepare the fibers do appear to affect
the microstructure of the resultant fibers.

The changes in void microstructure as a result
of varying the draw ratio are also shown pictori-
ally in Figure 17. The fibers processed using the
higher draw ratio 1.68 (fibers 1 and 2) have
longer, thinner voids, which are more highly ori-
ented with the fiber axis than those produced
using the lower draw ratio 0.80 (fibers 3 and 4).

In contrast, changing the coagulation bath con-
ditions from water at 5°C (fibers 1 and 3) to 25%
amine oxide aqueous solution at 22°C (fibers 2
and 4) does not appear to affect the void structure
of the resulting fiber. This is surprising, given
that water at 5°C is expected to give a deeper
quench than that given by 25% amine oxide aque-
ous solution at 22°C and to result in a finer, purer
microstructure. Furthermore, Mortimer and
Péguy!! found that varying the composition of the
coagulation bath affected bulk properties. The ex-



tension at break and the extent of fibrillation both
decreased with increasing NMMO concentration.
Varying the temperature of the coagulation bath
also gave clear trends, with tenacity and exten-
sion at break both decreasing with increasing
spin bath temperature. In view of these changes
in bulk properties, it is surprising that no differ-
ences in microstructure are observed for the fibers
prepared using the different coagulation bath
conditions.

Origins of Skin—Core Microstructural Differences

The radially varying microstructure observed for
these lyocell cellulose fibers is in marked contrast
to the radially constant orientation and lateral
organization observed using microfocus SAXS on
flax fibers.?? The scattering patterns observed for
flax using microfocus SAXS are similar to those
observed here, although the calculated misorien-
tation values are lower (9°). (The patterns do
show a narrower streak, consistent with a smaller
value, but the value calculated could also be in-
fluenced by the fact that these authors used a
linear regression of azimuthal width against ra-
dial angle rather than Ruland analysis.) Fibers
extracted from the native plant therefore appear
to be uniform in structure, whereas those regen-
erated through spinning from solution have im-
posed radial microstructural variation, even
though they possess a similar fibril-void micro-
structure.

In the fibers studied here, the skin is more
highly oriented than the core. This is a common
phenomenon of all spinning processes,® and may
be attributed to the uneven radial distribution of
the stress, or the relatively rapid solidification of
the outer layer of the filament on entering the
coagulation bath compared with the longer solid-
ification time of the core. Fiber 4 also shows an
increase in average void length from the core to
the skin. Presumably, this is a consequence of the
corresponding increase in orientation from core to
skin, as a more highly oriented structure favors
the formation of long voids.

The length scale of the microstructure is also
thought to differ radially as a consequence of spi-
nodal decomposition kinetics. It is expected that
the skin will experience a deeper quench than
that of the core, which will result in shorter wave-
length density fluctuations in the skin than in the
core. Furthermore, the skin will solidify more
quickly than the core. Hence, in the skin, the
spinodal decomposition mechanism will still be in
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the early stages, giving a fine, interconnected net-
work. The core will take longer to solidify, mean-
ing that the spinodal structure has the opportu-
nity to coarsen. The resulting core morphology
will have larger, and maybe fewer, voids than the
skin. These considerations suggest that the in-
crease in observed lateral order from skin to core
is simply a consequence of the core’s having a
coarser microstructure than the skin. This hy-
pothesis is supported by the larger void cross-
sectional dimensions of the core than those of the
skin, as determined from the fiber section data.

Finally, the observed skin—core microstructure
correlates well with work by Fink et al.,® in which
TEM was used to observe the differences in mi-
crostructure across fiber cross sections prepared
using a range of coagulation bath media. Signifi-
cantly, and in agreement with the data presented
here, using a water coagulation bath, Fink et al.
observed a very thin skin layer (thickness not
given) consisting of a fine, highly oriented net-
work, compared with a large core region, which
was coarser and less well oriented.

Origins of Variations in Microstructure with
Changing Draw Ratio

The majority of the trends in microstructure with
varying draw ratio are a result of the changing
load imposed on the filament as it passes through
the air gap. The higher the draw ratio, the greater
the load on the filament as it passes through the
air gap. The observed increase in orientation with
increasing draw ratio is a well-known phenome-
non,® and is simply a consequence of the higher
load being able to orientate the structure more
efficiently toward the fiber axis. Presumably, the
higher average void length of the high draw ratio
fibers is also a consequence of the more highly
oriented structure, thus allowing the formation of
longer voids. The high draw ratio fibers also have
a smaller diameter and a smaller lateral period
than those of the low draw ratio fibers. These
factors are closely linked and are, again, a result
of the higher load placed on the high draw ratio
filament during processing.

CONCLUSIONS

The microfocus SAXS experiments showed differ-
ences in microstructure between the skin and core
of the fibers. Limited studies on the effects of pro-
cessing parameters on microstructure were also
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performed. Changing the draw ratio from 1.68 to
0.80 affected the microstructure of the resultant
fiber, the higher draw ratio giving rise to longer,
thinner, more highly oriented voids. In contrast, no
differences in microstructure were observed on
changing the coagulation bath conditions from wa-
ter at 5°C to 25% amine oxide aqueous solution at
22°C. It is hypothesized that spinodal decomposi-
tion kinetics play a dominant role in determining
the difference between skin and core morphologies
for a given processing condition.
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nology (now part of the Acordis group) and the EPSRC
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