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ABSTRACT

A technique was developed for obtaining proof-stress level flaws in commercia optical fiber with low
variability in strength. It involves a novel method for stabilizing and protecting the round fiber prior to
indentation. Indentation was performed in an automated fashion using a nano-indenter equipped with a
cube-corner indenter. A Weibull modulus of 50 was achieved with a value of 100 over the lower portion of
the distribution. This method will be useful in static fatigue testing of fiber with proof test level flaws.
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1. INTRODUCTION

It is common for researchers to use artificial flaws when studying the strength and fatigue behavior of
proof-stress level flaws on optical fiber. This is due to the infrequency of flaws with strength near the
proof-stress level on standard telecommunications fiber. Two on-draw abrasion techniques have been used
for creating artificial flaws on fiber: contacting the glass surface with another fiber before the coating is
applied® and passing fiber over an abrasive pulley before applying the coating.? Particle abrasion after
removal of the coating has been employed and is fashioned after a standard ASTM test method.® Strength
distributions of draw-abraded and particle abraded fiber are shown in Weibull fashion in Figure 1. The
resulting Weibull modulus for both methods is near 20, at the upper end of what is typical for mechanical
abrasion methods.*

Vickers indentation is a common method for creating proof test level flawsin fiber. Here one removes the
coating and presses a Vickers micro-hardness indenter against the fiber surface to create surface flaws.>®
Flaws produced by this method resulted in a strength distribution with a Weibull modulus of around 8.°

The usefulness of artificial flaws in studying the fatigue behavior of optical fiber is limited by the ability to

reproducibly create these flaws. Ritter et al.” showed how the statistical confidence of fatigue parameters

relates to the strength distribution. For example, with dynamic fatigue testing the measured fatigue
n-2

strength, O'¢ , is related to the initial as-abraded strength distribution, Sj, by ¢ o« S"*1; and

therefore, variability in measured fatigue strength is close to that of the initia strength distribution. In this
case, a Weibull modulus of 25 will produce sufficient confidence in the fatigue parameter, n, provided the
sample size for each stressing rate is 15 to 20 specimens.

Static fatigue testing requires m values on the order of 50 to 100. The time to failure, 15 , relates to the

initial strengthas t o< Sin_z. Thus, a small change in strength results in a large change in the time to

failure. Theinability to achieve high Weibull modulus has limited the usefulness of stetic fatigue testing of
abraded or indented optical fiber. For ademonstration of this point, see reference 8.
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Figure 1. Strength distributions of abraded fiber."

The reproducibility of indentation flaws is difficult and has been the subject of a severa

investigations.>®*  Factors that affect the reproducibility of Vickers indentation flaws in glass are the
repeatability of the indentation loading cycle, the presence of secondary cracking (lateral and Hertzian), the
crack initiation threshold, fatigue during indentation and loading to failure, as well as specimen and
indenter cleanliness***'*!>  Lin and coworkers™® suggest that the difficulty inherent in positioning an
indenter tip directly over the curved surface of an optical fiber is also a key factor. If dightly off center,

the indenter tip can dlip to one side making flaw reproducibility difficult. To facilitate indentation they
used fiber with flat sides. This fiber was created by first cutting two parallel flats on opposite sides of a
glass blank and then drawing the blank into fiber at a low temperature. Figure 2 is an image of such a
fiber.™ Semjonov et a.™"'" indented flat fiber with a cube-corner low-load indenter and achieved Weibull

moduli ranging from 30 to 70. Note that a cube-corner indenter displaces three times as much volume for a
given contact area than a Vickers indenter, and thus, generates greater contact residual stress. They found
that radia cracks were present down to 0.2 gram indentation loads. With their combination of flat fiber,
low-load indentation machine, cube-corner indenter, and sample preparation procedure they were able to
create proof stress level flaws with less variability in strength than those created by Vickers indentation or
mechanical abrasion. It has yet to be shown that such strength distributions can be achieved on standard
commercia fiber. The purpose of this paper is to describe and demonstrate an experimental method for
creating awell-controlled distribution of proof-stress level flaws on commercial optical fiber.

2. EXPERIMENTAL APPARATUS
2.1 Fiber preparation
The fiber used in this study was a standard 125 micron diameter single-mode silica-clad fiber. A 25 mm
length of polymer coating was removed from the middle of a meter long length of fiber. The coating was
removed by exposing the fiber to 180 to 200°C sulfuric acid for 10 to 20 seconds. The fiber was then
rinsed in distilled water for 5 seconds before indentation. 1f done properly, this method of coating removal
is known to cause little or no degradation of the glass surface.™®
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Figure 2. Flat fiber has been used in an effort to facilitate the indentation process.™

2.2 Preparation for Indentation

Of particular importance in indenting circular fiber is the method of stabilizing the fiber during the
indentation process. If the fiber moves, the indenter is prone to slide to one side of the fiber. Grooved
glass substrates are commonly used in aligning fiber for optical measurements. Schematics of one such
substrate,* optimized for 125 micron diameter optical fiber, is shown below.
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Figure 3. Schematics of grooved substrates used to stabilize commercial fiber.

A low viscosity uncured polymer coating was applied to the grooved surface of the substrate with a small
brush. This provides a soft, clean cushion for the bare glass fiber. The thickness of this layer was
sufficient to cover the grooves in the substrate.

The center-stripped section of fiber was manually placed in a groove in the substrate while being viewed
through a stereo-microscope. Note that the uncured coating was not allowed to wick over the top of the
fiber during this process and care was taken not to contact the bare glass surface prior to placement in the
groove. The polymer cushion was then cured by exposure to ultra-violet light, thereby, securing the bare
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fiber in place. A picture of fiber aligned in the substrate is shown below. The procedure was repeated until
20 groovesin the substrate were filled with fiber.
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Figure 4. Barefiber is shown to be well aligned in the grooved substrate. A soft
polymer layer beneath the fiber stabilizes the fiber in the groove while keeping
the underside from being damaged.

2.3 Indentation
A nano-indentation apparatus’ equipped with a cube-corner indenter was used to create proof-stress level

flaws on the fiber. This highly instrumented device is designed to operate at low indentation loads with
precise control over the indentation process. More detailed descriptions of the instrumentation can be
found in the literature.”®?® A schematic of this instrument is shown in Figure 5.
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Figure 5. Image and schematic of the nano-indenter used in this study.

Y Nano-Indenter I, MTS Systems Corp., Eden Prarie, MN
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This indentation instrument allows the position of the indentation site to be selected using reflected light
microscopy with differential interference contrast (DIC) capability. By focusing on the transversely
mounted fibers at a magnification from 100 — 1700X, one can precisely determine the location of the apex
of the fiber circumference. Once the indentation location is selected for each fiber, the grooved substrate
containing the specimens can then be translated, via precision stages, to a position aligned with the indenter
tip. Calibration of the precision stages permitted indents on optical fiber to be located within one micron of
the selected location.

A diamond cube-corner indenter was used to create surface flaws. The cube-corner indenter has the
configuration of athree-sided pyramid with an angle of 35.26° between the axis of symmetry and the faces
of the indenter. This indenter geometry was selected because of its ability to generate well-defined crack
systems at low loads. Also, the small contact areais well suited for indenting a small region like the apex
of afiber. Since strength testing of the fiber was to be done in uniaxial tension, the cube-corner indenter
was oriented such that one of the indenter corners pointed perpendicular to the fiber axis.

For this work, the load was applied using a constant loading rate (P') per unit load (P) of P'/P = 0.025 s*.
Upon reaching a peak load of 9.8 mN (1 gf), the indenter was unloaded at arate of P = 0.220 mN/s. The
load and displacement were monitored and recorded continuously throughout the process. After
indentation of one fiber, the stage automatically indexes to the predetermined indentation location for the
next fiber. A typical load-displacement response curve from the indentation cycle is shown below. Figure
7 is an SEM micrograph showing a typical cube-corner indent on the surface of the fiber. The size is
approximately 5to 6 um.
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Figure 6. Load displacement curve for a cube-corner indentation load of 1 gram.
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Figure 7. Fracture surface of fiber with a cube-corner indent (left). The plastic
impression generated by the indentation event is shown on the right.

Tensile testing was performed on a universal testing machine® at a crosshead speed of 10 mm/min. This
resulted in a stressing rate of approximately 14 kpsi/sec (0.1 GPa/s). The specimens were preconditioned
in the test environment and all testing was performed under controlled lab ambient conditions.

The resulting strength distribution is plotted in Weibull fashion in Figure 8 and is compared to the cube-
corner indentation of flat fiber from reference 11. A Weibull modulus, m, of 52 was obtained for al data
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Figure 8. Strength distribution of cube-corner indented commercial fiber compared to
that of flat fiber from reference 16. A—thisstudy, o —from ref. 11.
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points. The strongest data points departed slightly from a straight line. The weakest strengths are most
important in static fatigue testing, as it is common to suspend testing once half the specimens have failed.
The Weibull modulus for the weakest half of the specimensiis close to 100. Thisis nearly equal to that of
pristine fiber. With this indentation procedure it is possible to artificially create proof stress level flaws
with Weibull moduli close to that of pristine fiber. This makes these flaws particularly suitable for static

fatigue testing.

In Figure 9 the data from cube-corner indentation of commercial fiber is plotted along with the abraded
fiber from reference 1. Whereas the draw abraded and post-draw abraded flaws more closely represent
those created during manufacturing and handling, the indentation flaws created in this study have the
advantage of anarrow strength distribution.

The indentation method used here focused on four indentation events that can be controlled; namely, the
use of a“sharp” cube-corner indenter, a well controlled indentation loading cycle using a nano-indenter, a
rigorous specimen alignment procedure, and protective support of the fiber specimen beneath the indenter.
It is not known which of these factors is most important.
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Figure 9. Strength distribution of cube-corner indented fiber compared to that of abraded
fiber from reference 1.
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3. SUMMARY

Building on previous success with flat fiber,"™* a technique was developed for obtaining proof stress level
flaws in commercial optical fiber with low variability in strength. It focused on four events under the
operator’s control. A novel method for stabilizing and protecting the round fiber prior to indentation was
developed. Specimen alignment was carefully controlled. Indentation was performed with a nano-indenter
capable of a highly repeatable loading cycle and a “sharp” cube-corner indenter was used to produce the
flaws.

A Weibull modulus of 50 was achieved with avalue of 100 over the lower portion of the distribution. This
method is useful for static fatigue experiments of fiber with proof test level flaws as well as fundamental
studies of fiber fracture from lower strength flaws.

Flaws created by abrasion or contamination can closely replicate actual flaw inducement events during
manufacturing and handling, and therefore, have an advantage over indentation flaws. However, this study
shows that indentation flaws created by nano-indentation with a cube-corner indenter can have significantly
reduced variability in strength. Until such strength distributions can be achieved with abrasion methods,
these indentation flaws are well suited for static fatigue studies.
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