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SYNOPSIS

We demonstrate that on-line X-ray characterization during fiber processing can be carried
out using a low-power X-ray generator and an image plate detector. Two fiber processes
using 66-nylon were chosen as examples: high-temperature drawing at different ratios (3.5-
5.0 X) and melt spinning at moderate speeds (450 and 1,200 mpm). For the draw mea-
surement, useful diffraction images were obtained in a reasonable time frame (30 min).
These patterns were equal in quality to static in-laboratory images and sufficient for quan-
titative analysis. Results showed significant differences in structure between on-line and
off-package samples. The crystal density was found to be lower but the crystal orientation
was found to be higher as draw ratio increases. The on-line spinning image was found to
be similar to those obtained by synchrotron X-ray measurements, which confirm the de-
velopment of two-dimensional crystals having a hydrogen bonding characteristic distance
during spinning. Finally, several ways to improve the demonstrated on-line setup design
will be discussed. © 1996 John Wiley & Sons, Inc.

INTRODUCTION

In industrial fiber research, X-ray diffraction is an
important tool for characterizing structural infor-
mation such as unit cell parameters, crystal orien-
tation, crystallinity (index), and crystallite size.l
In spite of the increasing need for using on-line
techniques to improve the yield and uniformity of
products and processes, X-ray measurements are
nearly always made on finished yarns, i.e., samples
removed from a wound-up package. This is in sharp
contrast to the many successful on-line X-ray stud-
ies demonstrated during fiber processing.®!! Perhaps
the primary difficulties in applying conventional X-
ray technology in a real process are the limitations
of the X-ray film and electronic detection technol-
ogy. The former requires a long exposure time (sev-
eral hours) as well as elaborate procedures to extract
data for quantitative analysis. The latter involves
bulky size restrictions and delicate electronics that
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are not robust under harsh fiber-processing condi-
tions.

The recent development of new X-ray detection
technology, namely, the display phosphors tech-
nology, has practically resolved these problems.
The two major classes of X-ray detectors based
on the technology, image plate,'*'®* and charge-
coupled device (CCD) camera®!® (for examples)
have a sensitivity about 10-100 times better than
that of X-ray films.'>*® The improved sensitivity
enables the collection of high-quality X-ray images
in shorter time (in minutes). Furthermore, all im-
ages are readily readable in a digital form that
eliminates the need for digitization from film neg-
atives. In this study, we will demonstrate a simple
on-line X-ray characterization technique using a
low-power X-ray generator and image plates to
monitor structural changes during fiber processing.
Two types of processes are chosen for this dem-
onstration: 1) fiber drawing under different ratios
at a high temperature, and 2) melt spinning under
two moderate speeds (450 and 1,200 m/min). We
will not consider the CCD technology here because
it has restrictions similar to those of conventional
electronic detectors. Finally, we will describe pos-
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sible improvements to the current design which can
be applied to virtually any fiber process.

EXPERIMENTAL

X-Ray Setup

The schematic diagram of the simple on-line X-ray
apparatus is illustrated in Figure 1. In this study,
measurements were in fact carried out in a slightly
different setup but with similar design features. This
setup utilized a standard transmission geometry with
Ni-filtered Cu Ka radiation from a conventional
AEG Cu X-ray sealed tube. The detection system
consisted of a Fuji™ HR-3 image plate (200 X 250
mm) enclosed in opaque plastic sheeting which was
located 38 mm from the moving fiber. The wrapped
image plate was mounted behind a lead-lined alu-
minum shield with a 90 mm? cutout detection win-
dow. This allowed us to take multiple images (four)
on the same plate by moving an unexposed part of
the plate into the detection window.

An incident beampipe defined the X-ray beam
with a 0.5 mm pinhole located 165 mm from the X-
ray target. Background radiation from the incident
beampipe (e.g., fluorescence) as well as air along the
incident beam path was minimized with a secondary
scatter shield which slid along the beam pipe with
a 2 mm pinhole at its end. This shield was brought
directly up to the moving fiber, but not touching.
Immediately after the fiber, a lead beamstop was
used to catch the direct beam. This beamstop
blocked the incident beam and the first 5° in 26 out
of the final pattern. A small bit of fluorescent powder
was painted onto the beamstop to visually determine
when the direct beam was blocked. The beamstop
and secondary scatter shield on the beam pipe were
found to be critical in eliminating background ra-
diation which would otherwise fog the resultant
pattern. While the Al mounting plate and X-ray tube
were mounted to a motor-driven x-z stage to allow
fine positioning relative to the fiber, we found it eas-
ier to position the fiber relative to the X-ray beam
using a ceramic fiber guide. This guide was located
approximately 5 mm downstream of the scattering
position of the fiber. We believe that contact with
the guide might alter the structure after but not prior
to the contact.

A Fuji™ BAS 2000 IP imaging plate scanner was
used to obtain the digital image from each plate.
Since the sensitivity of storage phosphors is typically
10 to 100 times higher than that of conventional X-
ray film, we found that we could take acceptable
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Figure 1 (a) Schematic diagram of on-line X-ray setup
using low-power X-ray tube and imaging plate detector.
(b) The three-dimensional cartoon of this setup.

images with 30 min exposures with the X-ray tube
operating at about 1.4 kW (40 kV, 35 mA). A readout
resolution of 100 um was chosen during the scanning
providing an intrinsic detector resolution of 0.15°
on the image plate that was acceptable for quanti-
tative analysis. The scanned intensity (IP) from the
scanner was in a modified logarithmic scale and was
subsequently converted to a real scale (I = exp(4*Ip/
1023)) for quantitative analysis.
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Figure 2 On-line X-ray detection during fiber-drawing
measurement (processing variables in Table I).

Fibers and Processes
Drawing Experiment

Nylon 66 spun yarn consisting of 34 filaments with
denier of 1,000 was used as the supply for low-speed
two-stage drawing on-line measurements. The
schematic diagram of the drawing experiment is il-
lustrated in Figure 2. This setup contains three
drawing rolls. The #1 and #2 rolls were separated
by 1 m, and the #2 and #3 rolls were separated by
1.5 m. The X-ray detection spot was fixed at a po-
sition between rolls #2 and #3. Two arrangements
were chosen for measurements: 1) the hot shoe (set
at 200°C) was located between rolls #2 and #3, at a
position ca. 20 cm before the X-ray detection spot;
2) the hot shoe (also set at 200°C) was placed be-
tween rolls #1 and #2. In the first case, the yarn
temperature at the detection position is still close
to draw temperature, although the precise value is
not known; in the latter, the yarn was passed over
roll #2 and essentially cooled to near room temper-
ature. Three effective draw ratios were chosen: 3.50
X, 4.25 X and 5.00 X. The detailed processing vari-
ables during the drawing measurements are listed
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in Table 1. The data collection time for each image
was set at 30 min.

Spinning Experiment

Fiber yarn was spun from 42 RV (relative viscosity)
nylon 66 flake using a single-screw extruder
equipped with a 34-hole spinneret. The spinneret
temperature was set at ca. 290°C, and the wind-up
speed was operated at two different speeds: 450 and
1,200 m/min. The spun yarn had a denier of about
350 (34 filament). The X-ray detection was taken
at about 4 m away from the spinneret, at which point
the yarn has a temperature of about 50°C. The col-
lection time for the image was 30 min.

RESULTS AND DISCUSSION

We will divide this section into two parts. The first
part deals with the results from the two experiments,
and the second part discusses possible improvements
to the design and the points of caution for applying
such an on-line technique.

On-Lline Fiber Structural Characterization
Drawing Experiment

Figure 3 illustrates a typical collection of four images
(after background subtraction) on a single image
plate. These images include the calibration of nylon
66 monofilament (d-spacings of all reflections have
been characterized by diffractometer), the control
yarn with no drawing and no heat treatment, and
two images from on-line detection under different
draw ratios and temperatures. All of these images
have acceptable quality, similar to static images ob-
tained by two-dimensional gas-filled detectors in our
laboratory.

Table I Processing Variables During Fiber-Drawing Measurements

Item 3.50X__HT 4.25X__HT 5.00x__HT 3.50xX_LD 4.25X__LD 5.00x_LD

Roll#1 V (m/min) 7.2 7.2 7.2 7.5 7.5 7.5
Roll#2 V (m/min) 7.5 7.5 7.5 26.3 31.9 37.5
Roll#3 V (m/min) 26.3 31.9 37.5 26.1 315 37.1
Draw Ratio 3.50 4.25 5.00 3.50 4.25 5.00
Shoe Position #2/#3 #2/#3 #2/#3 #1/#2 #1/#2 #1/#2
Shoe T (°C) 200 200 200 200 200 203
Tension In (g) 175 350 — — 250 400
Tension Out (g) 200 280 _ — 250 350
Let-Down Tension (g) — — — 100 100 170
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Figure3 Typicaltwo-dimensional WAXD images collected during on-line fiber-drawing

experiments and from a calibrating fiber.

Visually, the major difference between the on-
line images versus the control and calibration images
is the appearance of the two strong reflections (100
and 010/110 doublet) on the equator. In the latter,
the two peaks are well separated, while in the former,
they are merging together, indicating the existence
of a Brill transition-like behavior.’® This behavior
is seen in all of the observed on-line images. Several
common features also are observed in all of the im-
ages. (1) An equatorial streak is always seen along
the equator, which is due to the scattering by the
sample from high-energy white radiation not com-
pletely absorbed by the nickel filter. (2) The ap-
pearance of the 002 and 015 layer lines persists, re-
gardless of the changes in processing variables.

Hereafter, we will discuss only the analysis of
equatorial scans; no analysis of meridional or off-
axis reflections is carried out. Figures 4 and 5 illus-
trate the equatorial profiles from on-line wide-angle
X-ray diffraction (WAXD) images under different
processing conditions (they represent the high-ten-

sion (HT') and let-down (LD) series, respectively).
It is found that at high temperatures (HT series,
X-ray detector located ca. 10 cm from the hot shoe),
a single reflection peak is observed at 4.25 X and
5.00 X draw ratios. However, as the ratio decreases
to 3.50 X, two reflections (indicated by two decon-
voluted dashed lines) are seen. Since the tempera-
ture of the fiber at the detection spot under the three
draw ratios is about constant, the increase in draw
ratio appears to facilitate the occurrence of a single
strong reflection on the equator. This single reflec-
tion is usually viewed as the triplet reflection peak
(100/010/110) from the pseudohexagonal unit cell
(in metric terms) above the Brill transition tem-
perature (180°C for unoriented polymer), in con-
trast to a conventional triclinic cell®® at room tem-
perature. In a forthcoming study,?' we will demon-
strate that this single reflection is still a triclinic cell
having a similar value in the a-axis (the interchain
separation containing hydrogen bonding), but an
increasing value in the b-axis and a decreasing value
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Figure 4 Equatorial profiles taken from WAXD images
of the HT-drawing series (processing variables in Ta-
ble I).

in the c-axis. As a result, the crystal cell density is
lower under high draw ratios. Perhaps this suggests
that the recrystallization process after partial melt-
ing (by the hot shoe) occurs with greater difficulty
under high draw ratios. The equatorial peak posi-
tions from the on-line images, listed in Table II, are
quite different from those observed from the off-
package measurement.

Figure 5 shows equatorial scans from the images
taken in the let-down experiments ( LD series, Table
I). Two reflection peaks (indicated by two dashed
lines) are identifiable in all of the scans, which is
consistent with the argument of a triclinic cell near
room temperature. Notwithstanding that tempera-
ture at the detection spot is about constant (near
room temperature ) , we found that the separation of
the two peaks is generally smaller at high draw ratios
(Table IT). The merging of the two strong equatorial
reflections also indicates the decrease in crystal
density. This shows an implication similar to our
earlier argument, i.e., if the hot shoe (200°C) pro-
vides a partial melting to the fibers, the high draw
ratio has somewhat hindered the recrystallization
process of some molten species.
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The values of the Hermans orientation factor (f)
for different equatorial reflections under different
processing conditions are also listed in Table II.
These values are calculated from the azimuthal
scans [I(¢) vs. ¢] taken at the diffraction maxima.
Typical azimuthal scans of the 010/110 doublet dur-
ing the let-down experiments are shown in Figure
6. In Table II, the calculated factors are considered
to be high, indicating that the orientation of the
crystals is high during the measurements (f = 1 in-
dicates a perfect orientation of the crystals, f = 0
indicates a random orientation). Furthermore, these
factors appear to increase with draw ratio during
both high temperature and let-down experiments.
Considering that drawing decreases the crystal den-
sity but increases the crystal orientation factor in
fibers, a reasonable molecular picture can be de-
picted to explain this process. It is conceivable that
the hot shoe (set at 200°C) has imposed a partial
melting of the crystals in fibers. In both experiments
(HT and LD), as the draw ratio increases, the ori-
entation of the residual crystals becomes high but
the subsequent recrystallization occurs with diffi-
culty, resulting in a relatively low crystal density.
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Figure 5 Equatorial profiles taken from WAXD images
of the LD-drawing series (processing variables in Ta-
ble I).



2066 HSIAO, BARTON, JR., A ND QUINTANA

In contrast, as draw ratio decreases, the orientation
of the residual crystals is low but the subsequent
recrystallization during cooling can occur more
readily, leading to a higher crystal density.

Spinning Experiment

During this measurement, the detection position was
fixed at about 4 m from the spinneret. The WAXD
images obtained under the two wind-up speeds (450
and 1,200 m/min) are very similar. A typical image
taken at 1,200 m/min speed is shown in Figure 6.
The quality of the images in this measurement is
not as good as in the images taken in the drawing
measurement for two reasons. 1) The crystallinity
was low during spinning, which resulted in a lower
scattering contrast and thus less diffraction signal.
2) The beamstop became misaligned during the
measurement, which distorted the image in the
equatorial direction (Fig. 6). In spite of the poor data
quality, several unigue features can still be identified
from this image (Fig. 7). First, we find that all layer
line reflections (002 and 015) are missing at a tem-
perature (ca. 50°C) where crystallization is supposed
to be completed. The only crystal signature observed
here is the predominant crystal peak at 20.41° (26)
that is superimposed with an amorphous phase with
peak position at 19.81° (26). This feature is quite
different from the image obtained from the off-
package quenched fiber, which showed two strong
equatorial refiection peaks at 20.94° and 22.62° and
reflections along the 002 and 015 layer lines. Second,
we find that both crystal and amorphous phases
(during spinning) indicate some degrees of orien-
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Figure 6 Azimuthal scans [I(¢) vs. ¢] taken at the

maximum of the 010/110 doublet during the let-down ex-
periments.

tation (Fig. 7). The estimated Hermans orientation
factors for the two phases are fiyua = 0.35 and
famorphous = 0.15. In fact, the observed on-line im-
ages during the spinning experiment are very sim-
ilar to the ones we obtained during synchrotron
X-ray measurements.?? In the synchrotron mea-
surement, we find that the predominant feature

Table II 26 Positions and Hermans Orientation Factors ( f)? of Strong Reflections at the Equator from

On-Line Measurements vs. Off-Package Measurements

Ttem Control  3.50X__HT  4.25X__HT 5.00X__HT 3.50X_LD 4.25X_LD 5.00X_LD
On-Line
100 20.49 20.83 20.94 20.83 21.05
010/110 23.28 22.40 23.39 22.84 23.17
100/010/110 21.84 21.62
fio0 0.69 0.68 0.82 0.81
Foronto 0.80 0.81 0.76 0.84 0.87
froo/010/110 0.84 0.83
Off-Package
100 20.57 20.75 20.71 20.71 — 20.67 20.82
010/110 23.21 23.18 22.97 22.82 — 22.92 22.98

/2
f I(¢)sin ¢ cos® ¢d¢
_3<cosf¢>—1 o

2

<cos®¢p > =

°f 72
fo 1(¢) sin ¢d¢
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Figure 7 On-line WAXD image taken during melt
spinning measurement with 1,200 m/min take-up speed.

for the crystal phase is the appearance of the 100/
010/110 triplet peak, conventionally indicating a
pseudohexagonal crystal cell above the Brill tran-
sition temperature. Since we have never observed
the reflections at other layer lines during spinning
at wind-up speeds up to 3,000 m/min, we believe
that the crystals developed during spinning are
two dimensional in nature with a hydrogen-bond-
ing characteristic. It may be considered as a me-
somorphic phase comprising well-defined hydro-
gen-bonding sheets.

Path Forward for the On-Line Setup

In order to successfully apply the on-line X-
ray diffraction technique to monitor structural
changes for different processes, several points of
caution and potential improvement will be ad-
dressed in this section. The first concern is the
choice of proper image plate system. In this dem-
onstration, we selected the Fuji™ system because
of the availability. However, this is not the most
suitable choice because the Fuji™ scanner re-
quires the scanning of an entire plate. Using a res-
olution of 100 mm, each scanning has generated
a binary file of 10 MB that is cumbersome to be
analyzed by most desk-top personal computers. In
our setup, we have rotated the image plate to ac-
quire four images. The effective size of each image

ON-LINE X-RAY SETUP 2067

is about 1.5 MB, which is more convenient for the
analysis. This can be accomplished by the use of
a small image plate. In this case, the Phosphori-
mager scanning device manufactured by Molecular
Dynamics™, which can scan the plate of any re-
duced size, is suitable.

It is imperative to note that the phosphor imaging
plate is susceptible to all energies (wavelengths)
from the X-ray source. This is evident by the equa-
torial streaks observed in Figures 3 and 6. It is pos-
sible that some broadening may occur in the equa-
torial reflections or the streaks may superimpose
with the reflections (although these are not seen in
this work). If these problems become severe, a
monochromator has to be installed to eliminate the
white radiation. In most cases, this will not be a
preferred arrangement because the X-ray intensity
would be significantly reduced by the monochro-
mator, resulting in a much longer collection time.
Furthermore, we believe that a small X-ray source
is much more easily incorporated in the design of
an on-line setup (with less bulky transformer and
cooling systems).

It is also important to note that the exposed
image on the image plate has a limited shelf
time. This is due to the self-deexcitation of the
phosphor molecules and self-exposure due to
natural radioactivity (cosmic rays and surround-
ing materials). The scanning of an image plate
after 10 h of storage time only yields 50% of
the original intensity. The exposure of a plate
for over 24 h of storage time is practically of little
use.?®

The arrangement of X-ray collimator, fiber guide,
beamstop(s), and detection plate holder is the most
critical part of the on-line setup design. It has to be
designed so as to accomplish the following objectives.
1) The safety concern around the use of an open X-
ray beam in a plant or laboratory environment has
to be resolved satisfactorily by incorporating a suit-
able shield, as well as restricting access to the area
while the shutter is open. 2) The fiber guide should
be positioned only to stabilize the sample in front
of the X-ray beam without modifying the structure
by snubbing or friction. 3) The sample-to-detector
distance should be fixed for all measurements. 4)
The center of the beam should also be fixed and
maintained aligned with respect to the beam stop.
In practice, this arrangement can be an integrated
into a “detection head”” and mounted on a mechan-
ical arm with many degrees of freedoms (transla-
tional and rotational). In this case, it can be fitted
to some hard-to-reach positions during the fiber
process.
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CONCLUSIONS

In this work, we demonstrate that a simple on-line
X-ray detection system can be used to monitor
structural changes during different fiber processing.
The key to the design is the use of a phosphor image
plate for X-ray detection, which provides not only
excellent sensitivity but also good dynamic range in
the data. In the two chosen fiber processes, post-
drawing and melt spinning, we observed significant
structural differences between the on-line measure-
ment and the off-package measurement from the
quenched samples. It is concluded that the high draw
ratio can hinder the subsequent recrystallization
process but impose a high orientation on the residual
crystals. During spinning, the crystal formation 1is
predominantly two dimensional in nature, having a
hydrogen-bonding characteristic. Finally, we have
discussed several ways to improve the design to a
more versatile on-line X-ray setup and noted some
points of caution for the application.

We thank Dr. Alan D. Kennedy of DuPont CR&D for
helpful technical suggestions and comments on the data
analysis. The design of the on-line apparatus was assis-
ted by Larry Rock Automation Associates, who kindly
provided Figure 1. B. S. H. acknowledges the partial fi-
nancial support of this project by NSF-GOALI program
(DMR 9629825).
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