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ABSTRACT

A novel continuous fiber bending test method was developed to measure the size and spatial
distribution of defects in glass fiber. For this test method, a lubricated single S2-glass fiber is placed
between two Kapton carrier films and subjected to pure bending deformation over a loading surface
of prescribed radius of curvature that generates flexural strain in the fiber and creates fiber fracture at
the largest surface defect locations. Tests are conducted over 870 mm of fiber length to generate
statistical data. The same sample is then tested with a smaller radius of curvature surface to generate
a higher flexural strain level to trigger additional fiber fractures at surface defects of smaller size. This
sequence is repeated for loading surfaces with radii of curvatures ranging from ranges from 350 um
to 25 um. For the 10-micron S2-glass fiber this corresponds to flexural strains range of 1.4 % to 11.6
%. By measuring the location of fiber breaks at each radius of curvature, the number of surface
defects and the associated spacings between the defects are obtained for each level of flexural strain.
The associated defect size is calculated using fracture mechanics. The test method generates a map of
the defect size and spacing along the fiber length for the first time.
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1. INTRODUCTION

It is well known that surface defects can arise during fiber spinning, application of fiber sizing and
weaving operations [1-3]. The effects of defects have been experimentally measured through
single fiber tension testing and exhibit a strength distribution that is dependent on the gage length.
This behavior has traditionally been explained by Weibull strength theory [4] that assume a size
distribution of defects exist within the fiber length and failure occurs at the largest defect (i.e.
weakest link). In this case as the gauge length of a fiber decreases, the mean of the strength
distribution shifts to higher strength values while the distribution broadens to include low strength
associated with the large defects. The theory has some limitations in that the location of the defects
are not known and the minimum gauge length in which the theory is applicable is not known (the
minimum length is defined as the length that contains the entire defect size population). The test
method developed in this study provides a methodology to determine both the defect size
distribution and spatial location of those defects. This study was motivated by problems requiring
this level of detail such as breakage of short fiber subjected to flexural deformation during
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processing [5] that can reduce fiber aspect ratio and mechanical properties as well as the tensile
loading of unidirectional (UD) composites where fiber breaks lead to localization and tensile
failure of the composite.

To generate data on defect size and location required for multi-scale modeling, a unique test
method was developed where a long fiber is continuously subjected to pure bending strain allowing
for defect size and location to be measured. The novelty of this method allows one to map the
physical defects onto the fiber surface.

2. MATERIALS

In this work, AGY S2 glass fibers (463-AAA-1250) were evaluated. These fibers have a nominal
tensile strength of 3.7-4.3 GPa [6] for a standard gage length of 10 mm. The fiber diameter was
measured in this effort as 9.90+0.45 pm. For bending tests, stainless steel wires (AISI 316L) with
different diameters, supplied by Goodfellow Corporation are used as the loading surface with

controlled radius of curvature. The diameters of the wires used in this study are 700 pm, 500 pm,
200 pm, 150 um, 100 um and 50 pm.

3. EXPERIMENTAL METHODS

3.1 Bending test setup

In this effort, bending tests were conducted on the samples using a specially developed setup (see
Figure 1). The major components of this setup are a razor blade (supplied by IRWIN Company)
with mounted stainless steel wire, rollers, a syringe pump to pull the sample at constant speed, a
hanging weight (60 g) to ensure uniform contact between the sample and wire, 44.5 N load-cell to
monitor the load while the sample is being pulled over the wire and confocal microscope to
measure the actual curvature of the sample around the wire during bending test. Moreover, the
blade/wire assembly was vertically placed in a fixture (blade holder), where the height of the wire
relative to the center of the line of the rollers can be adjusted to ensure the contact length of the
sample undergoing bending over the wire is controlled (see Figure 1).
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Figure 1: Continuous fiber bending test setup

One of the key components in bending test setup is the blade-wire assembly. In this the effort, the
stainless-steel wire was mounted on the tip of the razor blade using an alignment fixture shown in
Figure 2. The major components of this fixture are a 3D stages and two height adjustable metal
rods allowing one to achieve a better positioning control of wire mounting on the blade tip. Prior
to the mounting procedure, the tip of the stainless-steel blade was polished to a width which is
comparable to wire diameter being used. Wire mounting procedure was carried out as follows (see
Figure 2). The blade was mounted horizontally to the surface of a metal support using a double
side tape and then the assembly was placed horizontally on the surface of the 3D-stage. A 40 cm
long wire was cut and aligned along the polished blade tip, where the wire was straightened by
attaching its ends with hanging weights. Using the 3D stage and a magnifier, the blade tip was
carefully moved upward toward the aligned wire till both the tip and the wire were in contact (see
a close-up Fig.2). Finely, the tip was adhered to the aligned wire using the Loctite 430 adhesive.
It is noteworthy that the ends of the mounted metal wire were secured using a masking tape. Using
the same procedure, blades with different wire diameters (700 pm-50 pm) were prepared.
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Figure 2: Alignment fixture used in the steel wire mounting procedure on the blade tip.

3.2 Test sample preparation and bending test procedure

For continuous fiber bending test, a 20 cm long single glass monofilament was carefully extracted
from the tow and sandwiched between Kapton film (25 cm long and ~13 um thick) and Kapton
tape with thickness of ~29 um (Figure 3). The sample preparation was carried out according to
following procedure. Kapton film with thickness of 13 um was placed on a flat plate and then the
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fiber was aligned along the film center line. Finally, the Kapton tape with thickness of 29 um was
carefully placed and aligned along the assembly resulting in a cross-section of the sample shown
in Figure 3. In this sample preparation, the Kapton film with thickness larger than the fiber
diameter functions as frictionless medium between the fiber and the Kapton film during fiber
bending. At least 39 samples were prepared.

13 pm-Kapton film

—» Metal wire

Figure 3: Schematic for the cross-section of the prepared bending test sample

The sample (film/fiber/tape) was mounted in the setup as shown in Figure 1 by gripping one sample
end with the hanging weight (70 g) and the other end with the syringe pump, where the film side
of sample always was facing the wire surface. Then, the sample was pulled over the wire surface
by a constant speed of 0.33 mm/min covering 20 mm distance along the sample. The motion of
the sample during bending test was monitored using the confocal microscope to ensure a smooth
motion while the sample pulled over the wire surface. Representative image for a sample during
bending tests is shown in Figure 4, where the fiber exhibits breaks on the surface.

In this effort, bending tests were performed at different radii of curvatures ranging from 350 um
to 25 pm on the same sample in sequential manner. After each subsequent radius the fiber breaks
were imaged using high-resolution microscope (see Figure 4) and defect locations were measured
with respect to a reference point.

Figure 4: Representative image for the breaks appeared on the fiber surface during bending test.

4. DATA REDUCTION

4.1 Effective radius of curvature, maximum bending stress and strain

The schematic cross-section of bending test sample is shown in Figure 3, where the fiber with
radius of 5 um is being imbedded in the adhesive of Kapton tape and subjected to the bending
stress via the Kapton film when the sample is moving over the wire surface with radius of R, (see
Figure 3). So, bending of the sample over the wire surface results in a curvature of the fiber via
the Kapton film. Hence, the effective radius of curvature Rq¢ can be given as
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Retf = Ry +R (1)

Where R =film thickness + fiber radius =18 pm.

Applying Equation 1, the maximum bending strain (&p,,) for the fiber with radius (r =5 pm)
measured from the neutral axis can be calculated as

r

Ebm = = @
eff

and the maximum bending stress o0y, can be calculated as

Obm = Ef €pm 3)

Where Ef =90 GPa, which is the elastic modulus for S2 glass fiber.
Table 1 lists the values of maximum bending stress and their intervals for each effective radius of

curvature (Rggf).
4.2 Defect size

In this effort, we assumed that the breaks measured along the fiber are due to the existence of
surface cracks having a penny-shape geometry. From fracture mechanics biases [7], the size of
surface crack (a) in a solid cylinder during uniform flexural loading (bending) can be given as

o =2(t5) @

Where Kc is the critical stress intensity factor, o is the bending stress and F; is the specimen
geometric parameter. For S2 glass fibers, Kc= 1.64 MPa m'? [8] and F;=0.6.

4.3 Spacing between the defects

The location of breaks in each 2 cm long sample tested at a given effective radius of curvature
(Refr), were measured with respect to a reference point on the fiber. Then, the cumulative

distances of the defects appeared within the total length of 780 mm (all 39 samples) were
constructed. So, the cumulative distance ( D;;) for j" break appeared in the i sample was defined
in micrometers unit as

D;; = 2000 * (i — 1) + D} (5)

Where i is the sample number (i=1, ....39), j is an integer number, and D;; is the individual break

location in the i™ sample. The plot of maximum bending stress or defect size versus cumulative
distance represent the mathematical map of the defects along the fiber.

For all samples tested at same radius of curvatures, the spatial differences between the defects (AL)
(i.e fragment lengths) were defined as the differences between each two successive break locations.
Copyright 2022. Used by the Society of the Advancement of Material and Process Engineering with permission.

SAMPE Conference Proceedings. Charlotte, NC, May 23-26, 2022. Society for the Advancement of Material and Process
Engineering — North America.



Furthermore, the statistical distributions of spacings between the defects were generated for each
maximum bending stress.

Table 1: Number of defects, defect size, maximum bending strain, maximum bending stress (upper
limit of the stress interval) and bending stress intervals obtained at different effective radii of
curvatures (R,yr) for S2 glass fiber.

D (um) | Resfr (um) | 0pm(GPa) | 0y (GPa) | £y (%) | Defect size|  No. of No. of
interval (nm) Defects* Defects*
Nc N1
700 368 0-1.2 1.22 1.36 1572 5 5
500 268 1.2-1.7 1.68 1.87 829 7 2
300 168 1.7-2.7 2.68 2.98 326 22 15
200 118 2.7-3.8 3.81 4.24 161 40 18
150 93 3.8-4.8 4.84 5.38 100 92 52
100 68 4.8-6.6 6.62 7.35 53 189 97
50 43 6.6-10.5 10.47 11.63 21 286 97

*Nc is defined as the cumulative number of defects measured at a given stress level and below that
level. Ny is defined as difference between two successive Nc values.

S. RESULTS AND DISCUSION

5.1 Size and number of defects

For each sample tested at each radius of curvature, the breaks that occur along the fiber over 780
mm length (20 mm x 39 samples) were imaged and counted. These breaks correspond to a specific
location along the fiber and each break is associated with a specific flexural strength/flexural strain
to failure and a unique defect size using fracture mechanics as explained above. Using Equation
4, defect size was calculated and listed in Table 1 for each maximum bending stress interval. The
defect size ranges from 21-1572 nm in the bending stress range of 1.22- 10.46 GPa and strain range
of 1.36%-11.63%.

The number of breaks represents the number of defects that exist on tension surface of the fiber.
In total, 39 samples (2 cm long) were subjected to flexural loading at seven different radii of
curvature. The total number of defects after each loading are measured and given in Table 1. The
total (cumulative) number of defects (N¢) measured on the confocal microscope totaled 286 fiber
breaks after all seven flexural loadings were completed. This corresponds to 37x107 defects/um
of fiber length.

Based on the methodology of sequential testing of the samples starting at high and progressing to
low radius of curvature, the number of defects for each reduction in radius can also be quantified.
The difference between two successive N¢ values is the number of defects (N5) that appears in
samples tested within the interval of bending stress interval (see Table 1).

Figures 5-6 shows the individual number of defects (N;) and their normalized values per unit
lengths (number of defects/780000 um) for each bending stress and defects size bin. From these
results, the number of defects exhibits a decreasing behavior with decreasing the flexural stress.
Recall that lower strength corresponds to the larger defect sizes. Based on our experimental
measurements there are only five large (1572 nm) defects in 780 mm of tested fiber. This
corresponds to only 5% of the total defects measured (12x10~ /um). Conversely, the experimental
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data shows the number density (number of defects per unit length) of smaller defect sizes increases
significantly as the bending strength of the fiber increases, where a 90%-increase in the number
density can be obtained at oy, =4.84 GPa. While the number density of smaller defect sizes (less
than 21 nm) was not measured (25 um-wire was a practical lower bound on the wire radius), the
measured flexural stress approaches the theoretical upper bound on strength given by the MD
simulations of Yejoon et al. [9]. This implies that the defect size and number density should reach
amaximum level and decreases to zero at the theoretical limit based on bond breakage mechanisms
of strength. This behavior is not captured by Weibull statistics which predicts infinite strength
when gage length goes to zero.

5.2 Spatial distributions of defects

In addition to the number of fiber breaks, the spatial location of each defect was also measured
from the confocal images with respect to a reference point on the fiber (Equation 5). Using this
data and associated defect size given in Table 1 for each maximum stress interval, a plot of defect
size versus defect location along the 780 mm fiber (mapping of defect) was generated and depicted
in Figure 7. This figure shows clearly that as bending stress increases, the defect size gets smaller
(based on Equation 4), the number of defects increases and the spacing between defects becomes
smaller. These results emphasize that the defect spacing is statistical in nature.
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Figure 5: Number of defects (Left) and normalized number of defects per unit length (Right)
versus bending stress bin.
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Figure 6: Number of defects (Left) and normalized number of defects per unit length (Right)
versus defect size bin.
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Figure 7: Defect map established for S2 glass fiber over 780 mm.

Based on defect map (Figure 7) results, spatial distributions (histograms) for each defect size were
generated using MINITAB software. It was found that experimental data of spatial distributions
can be described by lognormal function. Figure 8 shows the lognormal fitting curves of spatial
distributions at different maximum bending stress levels and defects size intervals. From this
figure, the spacing between the defects at the peak number density of the distributions exhibits
shifts from 7654 um at bending stress of 2.68 GPa to smaller value of 439 um at higher bending
stress of 10.47 GPa. Moreover, the fitting parameters of the lognormal distributions were used to
generate a plot of the average spacing versus maximum bending stress (see Figure 9) that can be
used to interpolate the spacing between the defects for the same fiber tested at bending stress within
the range of 1.22-10.47 GPa.

It is noteworthy that at the lowest flexural stress intervals (1 — 1.68 GPa) there are very few large
defects in the 780 mm long fibers (see Figure 7) making it impossible to fit the distribution
parameters from the current data set.
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Figure 8: Lognormal fitting curves of spatial distributions generated for S2 glass fibers at
different maximum bending stress levels.
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Figure 9: Average spacing between the defects versus maximum bending stress obtained for S2
glass fiber.

6. CONCLUSIONS

A novel continuous bending test method was developed and used to establish the spatial
distribution of the defects in S2 glass fibers over length of 780 mm. Defect's size-location map
was established, where higher number of defects with smaller size are activated at higher bending
stress levels. The smallest defect size was calculated as 21 nm at the measured flexural stress that
approaches the theoretical defect free fiber strength predicted by the MD simulations. Number of
defects versus flexural stress and defect size bin data shows that the number density of smaller
defect sizes increases significantly as the flexural strength of the fiber increases, where a 90%
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increase in the number density was obtained at flexural stress (~10.5 GPa) that approaches the
upper bound of MD strength.

Spatial distributions of defects were generated at different stress and defect's size intervals and
their peak values exhibited shifts to lower spacing values with increased bending stress levels. The
fitting parameters of these distributions can be used to interpolate the spatial spacing of defects for
any given flexural stress within the range of 1.22 Gpa-10.47 GPa.

Overall, the developed test method provides valuable data that can be used for prediction of tensile
failure of fibers in unidirectional composites and during processing of short fibers prepregs, where
fiber breakage is dependent on size and location of defects in the fibers.
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