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Abstract

A new laser instrument has been developed for the accurate real-time and in-situ determination
of fiber diameter distributions. This device can be used for monitoring of nonwovens and glass
fibers during production. The present deviceis aso valuable for offline investigations, where it
provides arapid measurement of fiber size distribution in aweb sample. Offline data has been
taken for avariety of different fibers and is found to have an excellent agreement with the SEM
measurements. Results show that the present technique is applicable across a wide range of
polymers, production methods and fiber sizes.

M easurements on a melt-blown process line show the utility of the technique for measuring
dynamic changes in fiber diameter at various locations relative to the die, as well as detection of
other interesting process phenomena, e.g. progressive bundling of the fibers away from the die
and production of shot. Under certain operating conditions, the effective mean fiber diameter
was found to reduce initially with the distance from the die due to attenuation. However, at larger
distances, it increased due to bundling of the fibers.

1. Introduction

Fiber size (or denier) has a significant effect on the performance of fiber-based products, such as
filters, insulation and composites. Fiber samples are generally characterized by optical or
electron microscopy. Flow resistance of a sample of fibersis also used to estimate the mean fiber
size. These methods require sampling and are time consuming. Further, microscopic
measurements are usually based on a small number of fibers selected from an image of a
collection of fibers and may not be statistically reliable. On the other hand, the flow resistance
method provides only a mean fiber size and lacks the information of the standard deviation and
other higher moments.

Recently, Bresee & Qureshi (2002) have applied digital imaging to online measurements of
meltblown processes. Using this technique, they have obtained valuable insights from a research
point of view. However, the technique islabor intensive, as in-focus fiber images need to be
separated from alarge number of out-of-focus fiber images. Like offline microscopy, this
approach would aso result in restricted statistical information due to asmall sample size.

Rapid measurement of fiber size, based on alarge sample, is desirable for quality control of
fiber-based products, development of new fiberizing processes and basic research on fiber
generation. The present technique provides such rapid measurements for both online and offline
fiber characterization. The sample sizeislarge and usually consists of hundreds of fibers.



2. Principle of the Technique

The present technique measures the combined diffraction pattern of an ensemble of fibers. As
shown in Figure 1, alaser beam crosses the fibers (online or offline) and enters the receiving
optics, where a transmission detector measures the attenuation of the laser beam. The diffraction
pattern of the fibersis measured by an array of detectors, i.e. ring detector shown in Figure 2.
Key features of the optical layout are discussed below and the procedure to invert the measured
diffraction pattern into afiber size distribution is elaborated.

Insensitivity to Fiber Location

The receiving opticsin Figure 1 is configured to measure the angular diffraction patterns of
fibers independent of their locations. For this purpose, alensis placed at one focal distance f
from the array of detectors, so that light scattered at angle g reaches the detector plane at aradia
distance of ¢f from the center of the ring detector, regardless of the location of the scattering
fiber. However, the fibers should be close enough to the lens to allow collection of light over the
entire range of gthat may have significant contributions to the diffraction pattern. This condition
is satisfactorily met by a range of fiber sizing applications.
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Figure 1. Laser diffraction system for fiber sizing

Insensitivity to Fiber Orientation
The measured signal is aso independent of the fiber orientation, which is defined in terms of two
angles, i.e.
() In-plane tilt: angular position of afiber within a plane perpendicular to the laser
beam,
(i)  Out-of-planetilt: angle between the axis of afiber and the above plane.

Ring-shaped detectors, as shown in Figure 2, are used to make the measurements insensitive to
in-plane tilt. The angular range covered by the rings is adequate for all the known online
applications. The offline measurements are usually conducted on webs with randomly oriented
fibers. Hence, aring detector covering large in-plane angles collects representative signals.



Figure 2: Ring-shaped detectors to circumvent the effect of in-planetilt

Out-of-planettilt can be completely eliminated by positioning the fiber samples perpendicular to
the laser beam for offline measurements. In the case of on-line applications, thistilt may not be
avoidable; however, the corresponding angles are small. Fortunately, thistilt has only a second-
order effect on the measured scattering pattern as discussed in Sec. 4.

Fiber Sze Range

The present device is built to cover awide size range in order to be useful for avariety of
practical applications. Ring-shaped detectors with exponentially increasing widths are used for
this purpose. A ring detector assembly is drawn to scale in Figure 2. Alternate rings are on the
opposite sides. Figure 2 shows 12 outer rings. In a current realization, the small central region
around the pinholeisfilled with 16 additional inner rings (as many as 19 rings may be used).
This should give an idea of the wide range of detector areas used in the device. These allow
obtaining significant contributions from both small (micron size) and large (hundreds of micron)
fibers.

In Figure 3, scattering patterns for 3-50 um fibers are considered. Ring #1 corresponds to a
scattering angle near zero degrees forward scatter, while ring #31 corresponds to a scattering
angle of approximately 7 degrees from forward scatter. Various fiber sizes have unique
signatures. Variation in signal strength is restricted to about 100:1 due to the ring detector
geometry that enhances signals from small fibers by collecting more light at larger scattering
angles.
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Figure 3: Scattering patterns for different fiber diameters

It can be seen that the first peak of the scattering pattern is the most significant feature of a
particular fiber diameter and moves towards the outer rings with the decreasing fiber diameter. It
is completely out of the range of the ring detectors for afiber diameter of 1.5 nm for the system
considered in Figure 3. As aresult, the ability to accurately measure the fiber size is severely
affected below 2.5 nm for the system under consideration. This limit can be reduced by using
shorter focal length lens and/or shorter wavelength laser.

The Scattering Model

The accuracy of measured size distributions obviously depends on how well light scattering
model represents the scattering by an individual fiber and multiple scattering effects in dense
fiber webs. A light scattering model has been developed that gives excellent agreement with
offline microscopic and SEM size measurements.

The light scattering model used to fit the data consists of Fraunhofer diffraction for fibers
corrected for the following 4 effects:

1. Secondary scattering: In afiber web, the light scattered by the individual fibers undergoes
secondary scattering by the other fibers. An empirical model was used to correct for this
effect. This model represents secondary scattering as a function of laser light



transmission (measured by the transmission detector, see Figure 1) and the mean fiber
diameter.

2. Wide-angle scattering caused by impurities and fine structure in the fibers. This effectis
adequately represented by a vertical offset of the standard light scattering pattern.

3. Small-angle scattering (also referred to as ‘ central spike') caused by the radial refractive
index gradient in the fibers. This effect is quantified either by measuring the diffraction
pattern of asingle fiber or by measuring the ensemble diffraction pattern of afiber
sample with known fiber size distribution. Two parameters, i.e. peak and width of the
central spike, are used to represent this scattering contribution.

4. Lossof vishility of the scattering lobes in actual light scattering by fibers, due to
imperfect fiber surfaces. Thisis modeled by the ‘visibility parameter’, which varies from
0 (for complete loss of visibility) to 1 (for no loss of visibility).

The above scattering model is discussed in detail by Nagwi & Fandrey (2003). It isfound to
satisfactorily represent awide range of polymer and glass fibers.

Inversion of the Scattering Pattern to Fiber Sze Distribution

In the present instrument, the measured scattering pattern of an ensemble of fibersistransferred
to the computer as a set of 28 numbers representing the output of the ring detectors. The above
scattering model allows to simulate these outputs for a given fiber size distribution. In the present
system, an iterative procedure is used to modify the size distribution, step-by-step, to minimize
the difference between the simulated scattering pattern and the measured scattering pattern.

The final size distribution usually corresponds to a correlation coefficient of 0.9995 or better
between the measured and the simulated scattering pattern.

3. Hardwar e and Softwar e | mplementation

A current hardware arrangement of the instrument is shown in Figure 4. The transmitting head
consists of adiode laser source and the laser beam conditioning optics to generate alarge
diameter circular cross-section beam. The receiving head contains the collection lens, the ring
detector and signal digitizing electronics. It also contains the programmable el ectronics to set up
the instrument for measurements.



Figure 4: Hardware of the fiber sizing instrument

In a current implementation, digitized signals are sent to a computer viaUniversal Serial Bus
(USB), so that a specia plug-in board is not needed. USB is aso used to send commands to the
instrument that allow selecting the laser power and detector gain as well as starting and stopping
data collection. Control over the laser power and the detector gain allows one to cover awide
range of applications involving moderately dense fiber collections as well as fiber streams with
very low density (e.g. obscuration of 1%).

System in Figure 4 combines the optics and electronics in asingle probe. A rigid steel frameis
used to mount the two optical units, so they stay aligned despite temperature changesin a
manufacturing environment. The frame-based system is valuable for offline measurements and
many online applications, especially, measurements on pilot lines.

For applications with limited access, the transmitting and the receiving heads may be detached
from the frame and mounted separatel y on the opposite sides of afiber stream.

The optica heads include purge air systems to keep the optics clean during online measurements.
Although many test environments may appear quite clean, some fine fibers are frequently
generated that tend to deposit on the optics unless purge air is used.

A range of apertures are used in front of the transmitter to vary the beam diameter from 1 to 12
mm. Small beam diameters provide a high spatia resolution, which may be needed for
examining rapid diameter changes near adie.



Software of the current system allows to control the instrument and collect and display the data
in real-time. An efficient non-linear solver is used to obtain fiber size distributions by
minimizing the differences between the measured and simulated scattering patterns. Typical
solution process takes less than 1 sec.

Display screen of the software is shown in Figure 5. Besides the measurement mode, the system
can be operated in the calibration mode, in order to determine the parameters of the scattering
model for a given sample of the known size distribution. The measured model parameters can
then be used to measure other samples with unknown fiber size distributions.

Figure 5: Software screen of the fiber sizing instrument
4. Offline Testing

The position and tilt insensitivity of the instrument was verified using a fixture with about 60
monosize (18 nm) fibers mounted approximately parallel to each other, forming afiber assembly
of about 1 cm? in cross-section. Theindividual fibersin the assembly were about 1- 2 mm apart.

Scattering pattern of the fiber assembly was measured by placing it at different distances from
theinlet of the receiving optics. The results are shown in Figure 6. The scattering pattern does
not change with the distance from the lens. However, at larger distances, signal is weakened at
the outer rings as expected.
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Figure 6: Effect of location on the scattering pattern of an ensemble of fibers.

Figure 6 includes the theoretical scattering pattern without any corrections. It can be seen that the
real scattering pattern has an offset as well as somewhat lower visibility of the diffraction lobes
that needs to be modeled for accurate simulation.

In-plane tilt did not have any detectable effect on the measured scattering pattern. The out-of -
plane tilt resulted in transfer of some scattered energy from outer rings to intermediate rings. As
shown in Figure 7, this effect is minor and generally does not affect the accuracy of the
measurement.
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Figure 7: Effect of out-of-plane tilt on the scattering pattern of an ensemble of fibers.



5. Offline and Online Applications

Offline fiber web measurements were taken with a number of samples from several
manufacturers. Figure 8 shows the comparison between the diffraction mean size and SEM mean
size for these samples. Thereis an excellent agreement across the different materials and
processing methods that were examined, although diffraction consistently measures a slightly
larger diameter than SEM. This may have been caused by fiber bundling that increases the
effective fiber size registered by the diffraction technique. Microscopic measurements rarely
attempt to measure how fibers interact, but diffraction has the ability to provide information on
the degree of entanglement that is occurring. Thisis an important function, as fiber bundling may
affect the performance of the fiber-based end-products.

Figure 8: Comparison of mean fiber diameters for severa off-line webs (PP-Polypropylene,
PET-Polyethylene Terephthalate)

Standard deviations of the above samples are considered in Figure 9. There is a good agreement
between laser diffraction and SEM, showing that the present technique is able to provide
meaningful information on the width of the fiber size distributions.



Figure 9: Comparison of size standard deviation for diffraction and SEM

Diffraction technique is also being used for online measurement of fiber size distributions. A
typical arrangement for online measurement of meltblown fibersis shown in Figure 10.

Figure 11 shows the fiber mean size as afunction of distance from the die for four different
operating conditions using polypropylenein apilot line (polymer flow isin Ib/hr and air pressure
inpsi). A common characteristic of all three operating conditions is that the diameter decreases
when moving from 1.5 inches to 2.38 inches from the die, showing that the fibers are il
attenuating in thisregion. Further away from the die the fiber diameter increases significantly
between 2.38 inches and 10.5 inches, and then stays stable out to 19 inches. The corresponding
offline size measurements are very close to the sizes measured at 19 inches from the die.
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Figure 10: Online measurements of meltblown fibers

The significant increases in diameter from 2.38 to 10.5 inch standoff are due to bundling of the
fibers. For instance, at 10 Ib/hr and 10 psi the mean size increases from about 24 mm to roughly
55 mm. Thisincrease of effective mean diameter is verified through microscopic observation.
Figure 12 shows two sample images from the offline sample of polypropylene (10 Ib/hr and 10
psi). It can be clearly seen how individual fibers have aggregated into much larger bundles.
Between 2.38 inches and 10.5 inches from the die, turbulence is causing individual fibersto
interact and form larger bundles.
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Figure 11: Polypropylene-mean size versus distance from die for online measurements

Figure 12: Two sample Images of polypropylene (10 Ib/hr, 10 psi) showing the fiber bundling

An operating condition of high air pressure (resulting in high air velocity) and low polymer flow
was also tested. At polymer flow and air pressure of 5 Ib/hr gnd 25 psi respectively, the fiberizer
produced significant amount of shot. These were millimeter size semi-spherical particles that
generated an unusually strong signal at small scattering angles. The resulting scattering pattern is
shown in Figure 13. It does not fit any reasonable fiber size distribution and immediately
indicates the onset of shot. Hence, diffraction measurement can be used to detect shot online and
generate awarning.
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Figure 13: Example of shot in the diffraction pattern

6. Conclusions

Ensemble laser diffraction technique provides accurate measurements of avariety of fibers,
including meltblown fibers. In order to obtain correct results, it is essentia to modify the
Fraunhofer diffraction pattern to include the non-ideal scattering effects.

All the hardware and software components of the system have been integrated into arobust and
user-friendly package. Fibers of different sizes and materials produced by a variety of processes
have been measured successfully. Both offline and online measurements have been shown to be
feasible.

The fiber size distribution measured by the present instrument takes into account the bundling
effect, which is desirable for many applications of man-made fibers. The present systemiis
capable of detecting shot during online monitoring of fiberizers.
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