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1 Introduction

This is a review of many years of research at Corning into the mechanical reliability of optical fiber beginning in 1986. It
begins with an introduction to the fairly complex science of flaw initiation, growth, and potential failure for optical fibers.
Theoretical models for crack growth will be reviewed as well as the extensive body of experimental data generated to
position the models for practical use. The purpose behind this research is realized in the creation of reliability design
diagrams and allowable stress rules to guide use of optical fiber both in communications systems and photonic devices.
While investigations refining our basic knowledge of optical fiber fracture will likely continue for many years, the
knowledge gained since 1986 coupled with well-controlled manufacturing and installation processes have resulted in a
communication network that has proven extremely reliable.

2 Stress

2.1 Residual Stress

Stress is requir ed for the mechanical failure of fiber and it is convenient to separate stress into residual and applied stress.
Residual stress develops over the entire fiber length from thermal expansion mismatch between core and cladding as well
as draw-induced stress."?>
However, manufacturing-induced residual stresses can affect physical parameters like fiber curl*and optical behavior like
polarization mode dispersion.’ The core of multimode fiber is under sufficient residual stress to cause localized fracture of
the core during end polishing if one uses too large a polishing grit. These stresses are permanent, but have little

influence on the fiber lifetime. Localized tensile residual stress is created when contaminants, in the form of particulate,
attach themselves to the preform or fiber surface and cool during draw.® The coefficient of thermal expansion for zirconia,
a known contaminant, is twice that of silica. The resulting residual stress decays rapidly (1/r3) as one moves away from the
particle. Contamination has the added feature of being a flaw site. Localized residual stress is also generated when the
glass surface is damaged by contact with a hard object. ”®° This stress aids in the formation of subsurface flaw systems.

In conventional single-mode fiber, these stresses are small compared to the proof stress.
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2.2 Applied Stress

Applied stresses are those imparted to the fiber by bending, pulling or twisting during processing, handling, and
deployment. The stress created by applying a tensile load to the fiber is shown in Figure 1for several different glass
diameters. Note that conventional protective polymer coatings bear less than 3% of the load. In the case of proof testing,
the small load borne by the coating is typically accounted for, but under long term tensile loading, the coating will relax
and the entire load will eventually be supported by the glass.
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Figure 1. Tensile stress generated by loading for a range of glass diameters.

In bending, the stress is determined from the configuration of the fiber. Figure 2 illustrates that only half the volume of
glass is in tension. From simple beam theory, the stress increases linearly from zero at the neutral axis to a maximum at
the surface. The stress on the surface of the glass is of particular importance since surface flaws are susceptible to fatigue.
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Figure 2. Fiber subjected to a bend of constant radius.



The surface stress decreases from the maximum bend stress at 6=90° to zero at the neutral plane according to,

ot sin (9) ()
R

where E is the elastic modulus, r is the radius of the glass portion of the fiber, and R is bend radius. Silica is a non-linear
elastic material and the elastic modulus is dependent on the applied strain.'" For engineering usefulness, the elastic
modulus for silica fiber is most commonly expressed as the secant modulus,
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where Eo, Young’s modulus at zero strain, is 70.2 GPa (10.2 x 108 psi), o is 3.2 for tension and 2.3 for fiber in bending, and
B=8.48." The second order term is generally ignored as its contribution is small. Equation (2) is based on data up to 6%
strain. For constant radius bending, the bend-induced strain is €=r/R. The stress at the maximum bend radius, 6=90°,
is then, 5
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The maximum bend stress for 80, 125, and 200 pm diameter fiber is shown in Figure 3 for a range of bend radii. Note that

for typical strain levels of less than 1%, ~6 mm bend radius or 700 MPa, Young’s modulus changes little from the zero strain
value and is, for practical purposes, constant.
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Figure 3. Maximum stress on the surface of fibers of varying diameters due to bending to a constant radius.

When fiber is bent, half the volume of the glass is in compression and not at risk for failure. The maximum tensile stress
generated by the bend is a thin line along the length of the fiber. Thus, the risk of failure on the tensile side depends upon
the circumferential location of the flaw in addition to the size of the flaw. A large flaw near the neutral plane can be at a
lower risk of failure than a smaller flaw near the maximum bend stress. This has statistical consequences as well. Consider
two fiber lengths, one is coiled and the other placed straight under tension such that the maximum bend stress of the
coiled fiber is equal to the applied tensile stress in the straight fiber. Half of the flaws in the bent fiber are in compression
and not at risk of failure, and most of those in the tensile side experience a stress less than the maximum bend stress.
Thus, a considerably longer length of bent fiber is required in order to have the same risk of failure. In Figure 4 the
equivalent tensile length, leg, for a given bend length, Ip, is shown for a range of Weibull moduli, m.fFortypicaI m values
near the proof stress of 3 to 5, the equivalent tensile length is about 20% of the length in bending.’? Twenty kilometers of
fiber in bending is equivalent to sampling flaws from three to four kilometers in tension. This analysis is useful from a
testing perspective in that tensile testing is more efficient when sampling long fiber lengths than bend strength testing.
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Figure 4. Equivalent tensile length, leq, for a given bend length, Ib.13

Torsional stresses are common during any fiber processing or cabling event where fiber is moved from one reel to another.
Shear stress is related to the degree of twist, y, shown in Figure 5 through the shear modulus, G, which is approximately
31 GPa (4500 kpsi) for silica,

ry
T=0—
L (4)

where ris the fiber radius and L is the length under twist. Fiber twists when it rides up the side of a pulley or when a roller
rotates out of plane with the fiber direction. A 21t revolution of fiber over a one meter length produces only 12.4 MPa

(1.8 kpsi) of shear stress. Failure solely due to torsion is rare, but twist can accumulate during processing. Consequently
severely twisted fiber can knot and fail in high stress bending. A limit of no more than three twists per meter is given as a
general rule.

Figure 5. Stress induced by twisting fiber.

fThe Weibull modulus, m, represents the spread in the data similar to that of the standard deviation for a Normal
distribution. An m value in the range of 2-5 is typical of fiber strengths near the proof stress level. For more on Weibull
distributions, see ASTM C1239-06.



2.3 Stress During Processing and Handling

The drawing of fiber is performed under relatively low stress. For standard single-mode and multimode fiber, the
magnitude of the draw stress affects the optical behavior more than the mechanical behavior. The residual surface tension
on standard single-mode fiber is several MPa. After drawing, fiber is wound onto rather large diameter spools under low
wind tension. It is common for fiber to be guided by pulleys and rollers 2 to 3 centimeters in diameter during processing.
When coupled with the wind tension, the maximum bend stress can easily reach 350 MPa or half the typical proof stress of
700 MPa (100 kpsi). There are opportunities for inadvertent high stress events during fiber processing. If the tension is too
high during fiber payout from a spool, the fiber can pull into the underlying pack, become trapped, and break under a high
stress bend as the spool continues to rotate.

Proof testing is used to establish a minimum fiber strength. The most common proof stress is 700 MPa (100 kpsi), but
higher stress levels have been used for special applications where high deployment stresses are required. The fiber is proof
tested over its entire length, but there are some instances, like splicing, where a localized proof test is also performed.

Figure 6 is a schematic of the three stages of proof testing, loading (t), dwell (t4), and unloading (t ). Flaws stronger than
the proof stress are intended to survive deployment and in-service stresses. Flaw “a” has a pre-proof strength lower than
the proof stress and it fails during loading to the proof stress. Note that it experiences some small amount of strength
degradation from fatigue prior to failure. Most flaws that fail during proof testing are of this type. Flaw “b” is initially
stronger than the proof stress, but fatigue during proof testing weakens it enough to cause failure during the dwell time.
Note that initially this flaw had enough strength to pass proof testing and would have been “saleable” if not for fatigue
during dwell time. By extending dwell time more flaws will fail due to fatigue. Consequently, the post proof test fiber will
have fewer flaws near the proof stress. Some lifetime models that incorporate the effect of proof testing will predict lower
failure probabilities for longer dwell time. The logic here is that fatigue during proof testing is meant for controlling the
post proof test strength distribution. If one desires to rid the fiber of flaws just above the proof stress, then simply increase
the proof stress level.

Note that historically, proof stress requirements were tied to a dwell time of 1 second. This was because early proof test
machines were slow and a one second dwell was typical. Today’s machines are capable of dwell times of less than
0.1seconds. The rare case of flaw “c” is strength degradation from fatigue at the end of the dwell time and the flaw follows
the stress during unloading and fails. Even more remote is the “d” where the flaw grows to a level below the proof stress
during unloading and survives. Fuller et al.'"* as well as others deduced that the strength of the weakest flaw after proof
testing was governed by unloading from the proof stress as well as the proof stress itself. This understanding is integral to
present day standards for proof testing fiber.>® Crack growth during unloading is rare and further suppressed by
unloading from the proof stress as quickly as possible. A slow unloading time gives opportunity for flaws to grow and
follow the stress as it decreases; and therefore, an unloading time of <0.1 seconds is recommended. This is typically
accomplished by higher processing speeds and consequently, a minimum dwell time is no longer included in today’s
standards and specifications concerning proof testing.
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Figure 6. Proof testing optical fiber.



Fiber stress induced during coloring and cabling processes is generally low. There are a few process conditions that can
produce elevated fiber stress levels. Small diameter rollers, pulleys, and guide dies are frequently used to position fiber
during coloring and cabling. When bending and process tensions are added, fiber stress on the order of 350 MPa (50 kpsi)
can easily be achieved. To encase fiber in a loose tube, the fiber is placed in tension as it passes through the tube die. As the
buffer material cools it shrinks and buckles the fiber to create excess fiber length in the tube. Thus, the fiber proceeds from
tension to a persistent bend induced stress state in a typical loose tube cable. Most often these stresses are kept below
required levels for reliability, but it is possible to put too much excess length in a tube and consequently bend the fiber
beyond recommended stress levels. There are published examples of cabling processes capable of placing stress in excess
of 350 MPa (50 kpsi) on the fiber. Each case is unique and illustrates the importance of measuring and/or modeling applied
stresses for each step of the cable manufacturing process.

2.4 Stress During Installation

Installation and in-service stress varies by cable design, deployment, and environmental factors. In loose tube cables,
excess fiber length is included in the tube. This allows the cable to be stretched before the fiber straightens and
experiences tension. The bend-induced stress in loose tube cables extends over the entire fiber length, but is typically well
below the maximum allowable stress to ensure long-term reliability. The invention of the loose tube cable was key to the
early reliability success of optical fiber.

There are cable designs with little or no excess fiber length where the fiber is constrained to follow the strain in the cable.
Here, the cable designer must make wise use of reliability models for fiber and have clear knowledge of cable deployment
conditions. In slotted core ribbon cables, fiber ribbons are stacked in channels helically stranded about the core of the
cable. When the cable is bent, it is hypothesized that excess ribbon on the compression side slides to alleviate stress on the
tensile side. This was confirmed by several studies where fiber Bragg gratings were employed as the means for measuring
fiber strain in cables.”®™

Opportunities for generating fiber stress during deployment and in-service life include:

« Stressing loose tube cables past the safe strain window

« Ice/wind loading of aerial cables

- Removing sag in aerial cables®

« Cable bending and tension when pulling through a duct”
« Storage of excess cable in tight loops

« Lightning strikes on aerial cables

« Cable weight of drop cables

At the end of every deployed cable is a termination most often in the form of an enclosure. The cable enters the enclosure
where the fiber is distributed, spliced or connectorized. Excess fiber length is typically stored by winding fiber into small
coils or by following a raceway within the enclosure. Bending is the primary form of applied stress in these situations. The
risk of failure from inherent flaws is low due to the short fiber length involved and the relative infrequency of these flaws
in most standard commercial fiber. The most common cause of fiber failure at terminations and enclosures is handling
induced damage. In all cases where fiber is spliced or connectorized, it is first stripped of its coating and then cleaned.
During stripping of the coating, operators often tilt the tool in an effort to minimize residual coating on the glass surface,
thereby, creating high bend induced stress that can be in excess of 2000 MPa (~300 kpsi). It is also difficult to keep from
damaging the fiber surface. Once spliced, the coating is either reconstituted or a protective sleeve is placed over the fiber.
Proof testing is recommended for fiber splices that are not completely shielded from external tension and bending.

More recently, fiber based devices have become common. Fiber pigtails enter the device package and are stripped, spliced,
and glued depending on the device. Bending is, again, the primary mode of loading within the device package. Also, it is
difficult to isolate delicate and often uncoated fiber strands inside the package from external tensile loads on the fiber
pigtails.

From a system reliability point of view, it is important to quantify the applied stress in fiber based cables and devices
during manufacturing, installation, and in-service life. Knowledge of applied stress is needed in the determination of the
overall reliability of fiber in a given deployment.
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2.5 Measuring Applied Stress

Direct measurement of length and length change cannot always be performed on cabled fiber. The applied stress on
cabled optical fiber can be measured using either optical properties of the glass itself or fiber sensors. The two most
common optical methods are the phase-shift and time-of-flight.2% 23 Both methods are based on measurement of the
transit time of a pulse of light traveling down the length of fiber. Fiber strain, €, is determined from the measured
difference in travel time between stretched and unstretched cable, Ar,

€= lyel At (5)
LAN k

where L is the fiber length, c is the speed of light in a vacuum, N is the group index of the fiber, and k is the stress optic
factor which accounts for the dependence of refractive index on strain. The time-of-flight and phase-shift methods, as
well as others, are based on variations on the measurement of At. Note that these strain measurement techniques yield
the average tensile strain over the entire length of cabled fiber. Therefore, they are best suited for cable designs where the
fiber is straight before or after cable tensioning. If used for fiber in stranded cable designs, one must account for additional
stress from bending. Stimulated Brillouin scattering has also been used extensively to measure fiber strain in cables.?*2>
This method has better length resolution than the two previous methods, but still averages strain over meters of fiber.

Due to the complex configuration of fiber in most cables and fiber based devices, it is often desirable to measure fiber
stress over lengths on the order of centimeters. Fiber Bragg gratings (FBG) are ideally suited for these more discrete
measurements. The FBG is a wavelength selective device created by forming a grating in the core of the fiber that
modulates the index of refraction of an optical fiber. A broadband light source is launched from one end and the

grating period and effective index of refraction determines the wavelength (Ag,.g) Of the reflected optical spectrum.26.27
This is shown schematically in Figure 7.
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Figure 7. Fiber Bragg grating as a wavelength selective device. The reflected wavelength
depends on the temperature and the strain applied on the grating.

The change in the return wavelength (Alg,,g) is linearly related to the stress applied to the fiber containing the grating.”
The light spectra, reflected by the grating sensors, are captured by an optical spectrum analyzer. A typical grating is
approximately 1cm in length. The relationship between longitudinal strain and Bragg wavelength at a constant
temperature is given by,28
. A7\‘bragg 1
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k
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where k is the stress optic factor. The experimental results, illustrated in Figure 8, demonstrates linear dependence for a
grating loaded to 700 MPa (100 kpsi) or about 1% strain. Several studies have shown the usefulness of FBG in quantifying
fiber strain in ribbon™ 2 and aerial cables?? as well as fiber in a connector.3? Figure 9 is an example of FBG used to measure
the strain distribution in a bent ribbon cable. The outside fibers in a ribbon are in tension as they have a longer path length
after stranding. The center fibers balance the resulting force by going into compression.®
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Figure 8. The effect of applied tensile loading on the center wavelength shift of a fiber Bragg grating.3'

Figure 9. Measured and predicted fiber strain in a twelve fiber ribbon with a stranding pitch of 500 mm.

More recently, FBGs have been used to measure real-time changes in fiber strain.3"32 Since access to only one end of the
fiber is needed for strain measurements with a FBG, fiber containing the FBG can be passed directly into process
equipment while one end of the fiber is used for optical interrogation. The stress history of a fiber being proof tested to
700 MPa (100 kpsi) at 15 meters per second is shown in Figure 10.3 The loading, dwell, and unloading events are clearly
observed. The fiber loads to the maximum stress level in 7 milliseconds and is held at that stress level for approximately
95 milliseconds. There is a low amplitude ripple in the stress, except when traveling over pulleys and capstans where the
fiber position is more constrained. Unloading occurs in 2.6 milliseconds. Figure 11 shows the effect of loading rate on the
proof test stress history of a conventional fiber splice proof testing machine. With this particular proof test machine, the
total proof test time decreased and the maximum stress increased with increasing loading rate.3? It was hypothesized that
the device “over shoots” the intended proof stress at fast loading rates. Fiber Bragg gratings can also be used to measure
the stress imparted to packaged fiber. Figure 12 shows the stress history of four gratings in fiber wound inside a dispersion
compensation module and subjected to temperature cycling. This study demonstrated the ability to examine the effect of
packaging on fiber applied stress and reliability.
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Figure 10. The stress history of a fiber sensor as it passes through a proof test machine at 15 meters per second.
The horizontal line represents the specified proof stress level .33
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Figure 12. The stress history for each of four gratings in a dispersion compensating module during a thermal cycling event.
This particular DCM package places low stress on the fiber over the range of temperatures.
This is useful in quantifying the effect of the package design on thermally-induced microbending.34



Abraded fiber has been used to obtain discrete strain measurements of cabled fiber. Fiber is continuously damaged during
the draw process before application of the protective polymer coating. It is possible to control the strength distribution
such that the strongest flaws have a strength close to that of the typical proof test stress of 700 MPa (100 kpsi) and the
weakest near 210 MPa (30 kpsi). If the abraded fiber breaks during cabling or post-process manipulation of the cable, the
ends of the broken fiber are retrieved and failure stress is estimated from fracture surface features. Note that the
estimated stress may not be the peak stress experienced at that location as the stress may have been increasing to a
higher value when the fiber broke. Nevertheless, knowledge that the applied stress was at least that of the measured value
can be extremely valuable. Ma' used this method to estimate stress applied to fiber during the common process step of
extrusion. Failure stresses of 490 to 560 MPa (70 to 80 kpsi) were determined from fracture surface markings and
compared well with the calculated value of 540 MPa (77 kpsi).

3 Flaws in Optical Fiber

The ultimate strength of inorganic glass estimated to be about E/5.3> This places the intrinsic strength of silica at about

14 GPa (2000 kpsi). From the classic work of Proctor et al.36 Figure 13 shows measured strengths near this level on short
lengths of silica fibers tested in tension at liquid nitrogen temperatures. These fibers are essentially flawless and
fundamental knowledge about glass strength and structure has been gleaned from such experiments.3”-38 In fact, most of
the length of today’s optical fiber is essentially flawless. However, there are occasional flaws or defects along the length of
the fiber. Flaw sources can be roughly categorized as either contaminants or glass surface damage.
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3.1 Contaminants

The most common location for contaminants is surfaces; for example, preform centerline, over-clad and sleeve interface(s),
and outer surface of the preform. The composition of surface contaminants can vary widely and simply depend on the
exposure of these surfaces to direct contact events, decomposing equipment materials, and the overall processing area.
Contaminants in the soot stream usually originate from the delivery system. Examples of historical contaminants are
shown in Figure 14 and Figure 15.

Figure 14. Internal chrome contaminant deposited during the soot deposition process.

Figure 15. Surface Zirconia (left) and Chrome (right) contaminant. The presence of troughs extending
from the particle indicates the particle to have a high melting temperature.

Contaminants embedded in the glass are usually low in strength and most are eliminated during proof testing. Those
on the centerline and strong enough to pass proof testing are often detected during optical inspection. It is important to
note that internal particulates do not pose much of a reliability risk as they do not experience strength degradation from
fatigue. Surface particles, however, are exposed to the outside environment and can experience fatigue. With a few
exceptions,3® protective polymer coatings are not a barrier for the moisture required for the fatigue phenomenon.*°

Visual examination of contamination is initially performed using optical microscopy as particulate color and shape help
identify composition. The presence of a trough in the underlying glass yields clues to deposition history as well as
composition. Scanning electron microscopy, fitted with an x-ray spectrometer, allows one to determine the elemental
composition of surface contaminates.

3.2 Contact Damage

Glass surface damage from mechanical contact has been studied extensively.841.42.43.44,45 Glass surfaces can plastically
deform upon contact and, depending on the mechanical properties and shape of the contacting material, multiple
subsurface crack systems can emanate from the contact origin. Figure 16a shows median/radial cracks, mc, extending from
the corners of the contact site down into the glass, n-p-n. These crack systems control the strength of the glass. Whereas
the shape of the flaw has some influence on strength, it is the flaw depth that is primarily responsible for controlling glass
strength.46:47 Lateral cracks, Ic, form almost parallel to the surface and are the source of glass chips. Hertzian cone-shaped
cracks can emanate from the zone of crushed glass beneath the contact origin, Figure 16b. Some or all of these crack
systems form when fiber is impacted, scratched or rubbed.

n



Figure 16. Crack systems resulting from mechanical contact: (a) shows crack systems resulting from sharp contact*® and
(b) shows Hertzian cracks generated by contact with a blunt object.*°
Note that Hertzian cracks can also form from plastic zones created by sharp contact.

The mechanical damage of optical fiber surfaces constitutes a special category of glass and ceramic reliability. The first
observation being that the glass surface is pristine prior to contact. This means that there are no additional effects from
surface roughness or from previous damage events. Second, the strength regime of interest is unique among structural
glasses and ceramics. Even submicron flaws can result in instant or premature failure. In other words, any contact with
the glass surface is certain to create a flaw of reliability interest. Third, the fate of the glass surface is tied to the
mechanical properties and integrity of the protective polymer coating.

One of the more persistent failure modes for optical fiber is glass damage through the protective polymer coating during
fiber processing and handling. Fiber with standard coating dimensions can be handled without damaging the coating;
however, it is necessary to regularly clean and maintain pulleys, rollers, and guides that come in contact with fiber. With
the advent of photonic devices, fibers are handled significantly more than in cabling and coating damage resulting in
fiber breaks can be a significant cost of manufacturing. Figure 17 shows a typical fiber break resulting from direct
puncture through the coating. When sufficient concentrated pressure is applied, the coating will rupture and sometimes
split. Common sources of such damage are damaged or contaminated belts and pulleys, contamination in coloring dies,
and contact with tools, work surfaces, and operators. Pieces of broken fiber from previous breaks or fiber termination
events can easily puncture the fiber coating as well.

Figure 17. Puncture of the polymer coating and the underlying glass damage.



Another source of mechanical damage to the glass is “whipping”. If spooled fiber ends are not secured during high speed
processing, the loose fiber end can “whip” the surface of the fiber pack. Damage can extend down several layers depending
on the impact velocity. Figure 18 shows the typical signature of a whip event. The protective polymer coating is damaged
and often removed at an oblique angle as the direction of the whipped end is usually not aligned with the longitudinal axis
of the fiber. Damage to the glass shows evidence of plastic deformation. The prevailing hypothesis is based on the work of
Hockey and Wiederhorn®® where the impact velocity is sufficient to cause localized heating and melting of the glass. The
glass surface in Figure 18 appears to have been “plowed”.

Figure 18. Coating and glass damage from fiber whipping.

Sliding contact during coating stripping is a common cause of surface damage. The metal blade of the tool invariably
makes contact with the glass surface during coating removal. Figure 19 is an example of this common flaw inducement
event.

Figure 19. Glass surface damage from stripping tool. Bar represents T pm.
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Scribing and breaking the fiber end in preparation for termination, cleaving, is one of the few events where the glass
surface is intentionally damaged. The purpose is to create a fully mirrored surface with minimal surface damage in the
form of chips (lateral cracking) and contamination so that optical measurements or terminations can be made. Figure 20
shows a nicely cleaved surface with the origin clearly identifiable. Field et al.>" show the effect of pressure and blade shape
on the formation of the flaw responsible for fracture in Figure 21.

Figure 20. Full mirrored fracture surface from cleaving. Notice origin and
evidence of subsurface crack systems after scribing.

Figure 21. Crack length, L, depends on indentation load and shape of the scribing blade.”



The mechanics of contact induced damage in optical fiber has been studied extensively through the use of artificial
flaws.>2>3 Flaws are imparted to the glass surface using a Vickers or Knoop diamond indenter. More recently, flaws
produced by a cube-corner indenter have been used for the study of fatigue in proof stress level flaws.>*> Indentation
produces some of the same features found in process and handling induced flaws with less complexity. For example,
plastically deformed glass is generated at the contact site and subsurface cracks emanate from this zone of contact. One
important feature with flaws produced by Vickers indentation is that there appears to be a threshold load for median/
radial crack formation. Below some indentation load, these strength controlling crack systems do not form and only a
plastic zone beneath the indenter tip is present after indentation. Due to the effects of fatigue median/radial cracks can
“pop-in”in a delayed fashion from an indent that was initially subthreshold. In the case of optical fiber, Matthewson has
created subthreshold Vickers indentation flaws initially stronger than the typical proof stress of 700 MPa (~100 kpsi) that
suddenly become weaker than the proof stress when these flaws “pop-in”.>¢ The assertion is that proof testing does not
assure a minimum strength as flaws could “pop-in” after proof testing and be weaker than the proof stress. However, after
the installation of hundreds of millions of kilometers of fiber there are few, if any, documented occurrences of fiber failure
that can be attributed to this phenomenon. There are a several possible explanations;

1. Delayed flaw development appears to be best achieved with a Vickers indenter. A cube-corner indenter has a
much lower flaw generation threshold and a Knoop has a higher threshold. The distribution and magnitude of
localized residual stresses in naturally occurring flaws may infrequently match that of the Vicker’s flaw. This is
simply a probability argument.

2. The initial inert strength of flaws that showed delayed flaw development in Matthewson’s study was 1200 MPa
(~175 kpsi). Fatigue during proof testing at a typical stress level of 700 MPa (100 kpsi) will grow and fail flaws
with pre-proof test strength approaching 1000 MPa (145 kpsi). The point being that flaws prone to delayed
inducement are strongly tempted to induce during proof testing itself. An interesting follow-up study would be
to proof test these indentation flaws to see if they can pass such an event.

3. The inert strength after flaw development is estimated to be at least 500 MPa (70 kpsi). This is still strong
enough to withstand most in-service applied stresses on fiber and fiber-terminations.

3.3 Environmentally Induced Flaws

Several studies in the 1980’s found that the strength of pristine optical fibers could be degraded if exposed to severe
environments like immersion in hot water or a combination of high temperature and high humidity.>’->8 Matthewson and
Kurkjian *° performed 2-pt bend strength tests on fibers aged in 100°C water for 12 days and observed strength
degradation of almost 50%, see Figure 22. Figure 23 shows static fatigue results from Chandan and Kalish® on pristine fiber
in a similarly harsh environment. A clear “knee” is created where the n value, determined from the slope of log(time-to-
failure) and log(applied stress) drops well below the typical value of 20. Kennedy et al.®° demonstrated that strength
degradation for a given fiber was dependent on the test environment, Figure 24. Atomic force microscopy of aged fiber
revealed nanometer sized pits on the glass surface.®! The prevailing explanation is chemical etching of pristine surfaces.
Introduction of surface pits creates the fatigue knee found in static fatigue data of pristine fibers. These, along with other
studies, created concern that fiber life could be limited for reasons other than the well-known fatigue phenomenon and
associated lifetime models were generated.62 636465
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Concern that installed fiber would fail prematurely due to this phenomenon reached its height in the 1990’s. Two studies
found strength degradation after extended exposure to moisture after years of service.66.67 Griffioen et al.¢’ found it
difficult to attribute that such strength degradation solely to field aging from surface pitting due to the fact that these
early fibers were difficult to handle after such aging. Other field studies, on more modern fibers, failed to find any fiber
strength degradation or surface pitting.68 6970 |t should be noted that preexisting flaws near the proof stress level are
not affected even in the most severe aging environments.” This is because “weathering” or aging is a flaw-introduction
process for pristine fibers, but a flaw tip rounding process for preexisting flaws. Concern over this issue has subsided as
coatings were reformulated to suppress this phenomenon. Note, however, that there are special applications where the
environment is severe enough to warrant concern over this phenomenon.

3.4 Fracture Mechanics

Fracture mechanics is the theoretical framework used to relate flaw depth to fiber strength. The simplest form of this
relationship is for a flaw of depth a in uniform tension, G,

K,=Yo\ma (7

where K is the mode | stress intensity factor and Y is a factor determined by the geometry of the flaw as well as the type
of loading on the flaw. The stress intensity factor increases with increasing stress or flaw depth through growth or both.
When K, reaches a critical value, K¢, the flaw propagates rapidly to failure. K;c is a measure of a material’s resistance to
fracture and is a material property known as the fracture toughness. Silica has a relatively low fracture toughness of

0.8 MPa-m'2 and compares with alumina ceramic with K;c = 2 to 6 MPa-m1/2 or 4340 steel with a high fracture toughness
of 90 MPa-m"/2,

The stress at failure is the strength, G5, and Eq.(7) becomes,

K, (8)
YNma

Equation (8) describes one’s intuition of lower strength with a larger flaw. It is important to realize that the failure of
brittle materials, like glass optical fiber, is not governed by a strength threshold, as though strength was a property.
Rather, stress and flaw size combine in the form of K; and when it reaches its limit for that material, K|, failure occurs.
Furthermore, for the same size flaw, a material with higher fracture toughness has a proportionally higher strength. Glass
happens to have a relatively low fracture toughness compared to most other materials. Glass receives damage and
propagates it to failure more easily than, say, 4340 steel which has a fracture toughness about an order of magnitude
higher than that of glass.

C,=

Important constraints for the use of Eq. (8) are that the flaw be sharp at its tip and oriented normal to the direction of
applied stress. Due to the wide variety of flaw sources and orientations, meeting these constraints appears unlikely.
However, environmentally assisted slow crack growth occurs prior to failure in almost every fiber failure circumstance.
This crack growth allows a more well-defined and sharp crack front to emerge from complex damage sites. In addition, the
crack front will tend to reorient normal to the direction of applied tension prior to failure.”? Therefore, most fiber failures
occur under the mode | loading conditions of Eq. (8). For a surface flaw with a uniform stress intensity across the crack
front, Y in Eq. (8) is approximately 0.7.4¢ Figure 25 is a plot of predicted strengths for a range of flaw depths in silica. To pass
the typical proof stress level of 700 MPa (100 kpsi), a flaw must be less than ~1 pm in depth. It is debatable whether or not
fracture mechanics applies to short lengths of fiber where the surfaces are likely to be pristine and strengths approach
14,000 MPa (2000 kpsi), near the theoretical strength of silicon-oxygen bonds.
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Figure 25. Estimated strength for a range of flaw depths.

3.5 Fractography

The mechanical failure of optical fiber, like glass and ceramic materials, generates new surfaces with markings that can be
read and interpreted to either explain the cause of failure or inform the researcher about material properties.”> The
associated discipline is known as “fractography.” The physics behind the formation of these surface markings has been

studied extensively over several decades with steady progress in understanding. Our purpose here is to use this knowledge
as a tool for informed judgments about the failure history of optical fiber.

At failure, the crack propagates through the material, creating fracture features known as mirror, mist, and hackle shown
in Figure 26. The crack front initially produces what appears to be a smooth “mirror” region. As the crack front accelerates,
it creates a dimpled surface known as “mist”. At higher speeds the crack front forms the rough hackle region. The hackle
region is characterized by elongated ridges that proceed in the direction of crack propagation. The hackle markings point
back to the flaw origin. Beyond the hackle region, the crack front reaches about half the speed of sound in glass and
becomes unstable enough to branch into two crack fronts and then into four and so on.

Hackle

%-’ i ‘_:‘:":. Mirror

Mlst/ Flaw
Origin
«— 2 —

Figure 26. Schematic showing typical glass surface features that form during failure.



The failure stress, G, of glasses and ceramics is related to the distance from the origin to the boundary between one
surface feature and another, r, through the same square root dependence as strength and flaw size in Eq. (8),7>7¢

c=—"7 (9)

where A is the mirror constant for a given material and i=1,2,3 is for the mirror-mist boundary, mist-hackle boundary, and
crack branching location, respectively. The mirror-mist boundary, i=1, is typically measured at the intersecting points where
the mist meets the material surface, as indicated by 2r in Figure 26. The mirror constant, A, is empirically determined from
strength and mirror measurement data. Measured mirror constants for the mirror-mist boundary for flaws in silica are
shown in Table 1. Comparing Eq. (8) to Eq. (9) the mirror is a factor of 6 or 7 larger than the flaw responsible for failure.

Table 1. Mirror constant, A,, for flaws in silica fibers.

Study MPavVm kpsivpm
Kerper and Scuderi” 1.89 275
Gulatietal.”® 1.97 285
Baker and Glaesemann™ 1.96 284
Choi and Gyekenyesi8® 2.1 304
Chandan and Parker®! 2.224 322
Mecholsky and Rice®2 2.2 319

Estimating failure stress from mirror measurements is as much art as science. The pattern of an ever rougher fracture
surface is found when one examines the mirror surface at high magnification. Thus, one’s interpretation of, say, the
mirror-mist boundary will depend on the magnification and quality of the microscope objective as well as the person
performing the evaluation. This is illustrated by the range of mirror constant values in the above table. Nevertheless, the
ability to determine the mode of loading and even roughly predict failure stress from fracture surface features has proven
to be a powerful tool for identifying the root cause of fiber failures. For those estimating failure stress from fracture
surface markings on a routine basis, it is, therefore, recommended that one measure mirror constant on fiber using the
same equipment and person that will be used in performing the mirror measurements. A wide range of mirror dimensions
should be used in making this determination.

The fracture surface images in Figure 27 show the progression of surface features for ever decreasing fiber strength. In
Image A, the mirror is well contained within the cross-section of the fiber and the progression through mirror, mist, and
hackle is clear. Note that the mirror in Image A is almost semi-circular except near the glass surface where the mirror-mist
boundary curves in slightly. Shand®? believed that surface damage artifacts can destabilize the crack front enough to
prematurely initiate mist and hackle. However, this isn’t the case for these optical fiber specimens because their surface

is pristine away from the fracture origin. By extending fracture mechanics to this dynamic crack situation, Kirchner et al.8
attributed the distortion of the mirror to a higher stress intensity factor at the surface.

As the mirror becomes a larger portion of the fracture surface, at lower failure stress levels, several interesting features
can be observed. In Image D the crack front transitions from mist-hackle back to mist and then finally to mirror near the
furthest edge from the origin (see arrow). This transition back to mirror suggests that the crack front decelerates just
before final glass separation. At the lower stress level of 186 MPa (27 kpsi) in Image E, the crack front reaches a velocity
across the depth sufficient only to form mist before decelerating back to mirror as in Image D. At 145 MPa (21 kpsi) in Image
F, the mirror appears to extend across the entire depth of the fracture surface. Notice that mist and hackle still form at the
outermost width of the mirror on these specimens in Images E and F. This may be explained by the argument of a higher
stress intensity factor at the surface. Finally, at stress levels below 145 to 172 MPa (21 to 25 kpsi) there is only a mirrored
surface for 125 pym diameter fiber and the crack front never reaches the critical velocity for mist formation.
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The images in Figure 27 demonstrate that failure stress can be determined from mirror dimensions over a wide failure
stress range. Researchers have found that Eq. (9) holds for both bulk and fibrous silica.8>8 However, there is less data
available for the special case where mirrors are of the size of the fiber. This mirror size region is particularly important from
a reliability point of view. For example, say a fiber is found to be broken after processing or installation and the

fracture surface shows primarily mirror with a trace of mist. Quantifying the failure stress in this situation is critical to
determining the location and root cause of the failure event. Recent research, see Figure 28 below, found that for mirrors

larger than 30 to 40 pm the log-log plot of strength versus mirror width departs from linearity. This suggests that Eq. (9)
may not be appropriate for such large mirrors.

A) 538 MPa (78 kpsi) B) 324 MPa (47 kpsi)

C) 248 MPa (36 kpsi) D) 214 MPa (31 kpsi)
Arrow shows reformation of mirror

E) 186 MPa (27 kpsi) F) 145 MPa (21 kpsi)
Arrows show mist region

Figure 27. Optical microscope images showing fracture surfaces for various failure stress values.86
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Figure 28. Mirror radius-width (r,,) measurement values versus failure stress for various diameter fibers. Note that
the departure from the classic relationship was more pronounced for the smaller diameter fibers.86

It was hypothesized that when the mirror becomes the size of the specimen the width of the mirror is interrupted by the
curvature of a circular object like fiber. This is shown schematically in Figure 29. The dimension r, represents a
continuation of the circular mirror to a plane even with the origin and is related to the mirror width measurement, r,, by;

rx :\/rwz+(Rf_\lRf2_rwzj (10)

where Rt is the fiber radius.

Figure 29. Schematic showing the extended mirror radius (ry) determined from the
radius-width (r,,) measurements on a fiber break end.



The strength results in Figure 28 are re-plotted in Figure 30 with the extended mirror radius, ry, from Eq. (10). Using the
extended mirror, ry, the data from all four fiber diameters lie on a single curve. There is still some non-linearity at the
lowest strength levels. A simple curve fit can account for this effect and can make meaningful failure stress predictions
down to low stress levels,

A
O =
\/rx -exp(B-r,)

(1)

where ry is the extended radius-width from Eq. (10), and B is the non-linear mirror factor. The mirror constant A was
determined from the strength and mirror data from the high strength region, where the mirror is small compared to the
fiber diameters, as A = 265 kpsispum?/2 (1.83 MPa-m1/2). A regression of strength and mirror data from all four fiber
diameters in Figure 28 yielded a B value of 0.0074. The results from this analysis are shown in Figure 30 to give a
reasonable representation of failure stress as a function of mirror radius for a wide range of failure stress and fiber
diameter.
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Figure 30. Mirror radius-width (r,,) measurement values versus failure stress for various diameter fibers.

Procedures and techniques for failure analysis of brittle materials can be found in references 73, 74, and 87. For the subset
of measuring mirror dimensions on optical fiber, the following suggestions are made;

« Ensure that the procedures used in making a mirror measurement are consistent with those used during the
development of the mirror constant.?3 Before using published mirror constants it is advisable to perform at least a
preliminary experiment to calibrate mirror measurement procedures against published values.

Sufficient magnification is needed to adequately determine the onset of mist.®8

Residual stress and bending can alter the mirror shape.”8?

« For surface origins, mirror measurements should be taken several microns away from the specimen surface as the mirror
curves in at the surface.

Strength estimates from mirror dimensions are best made on mirrors that are small compared to the specimen size.

However, the above discussion demonstrates that failure stresses can be made from large mirrors, provided that one has
sufficient data.
+ In the event where the failure stress exceeds approximately 1400 MPa (200 kpsi), the crack branches almost immediately
and no mirror is created. Due to the violent nature of high stress failures, the origin is often lost.
The effects of torsion distort the mirror size. Thus, one can use such an observation to determine the presence of fiber
twist; however, it is difficult to predict failure stress from mirrors distorted by torsional stresses.
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4 Fatigue and Optical Fiber

Subcritical flaw growth in window glass as a function of time, or “fatigue”, is shown in Figure 31 from the now classic work
of Wiederhorn.?® Crack growth is shown to be minimal over most of the crack’s life and increases appreciably just before
failure. “Subcritical” refers to the fact that the stress intensity factor for the flaw has yet to reach the critical level for rapid
failure. Michalske and Freiman?' describe this fatigue mechanism as, “the slow extension of a crack due to a specific
chemical reaction between strained silica bonds and water.” Bond breakage and crack advancement is shown as a three
step process in Figure 32. The first step is where a water molecule attaches to a bridging Si-O-Si bond at the crack tip. Next,
water reacts with the strained Si-O-Si bond to form two new bonds and, finally, bond rupture and the formation of surface
hydroxyls. This process is illustrated in Figure 33 where mobile water reacts with the strained glass network at the tip of

the crack.

AL, Distance
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Propagation,
mx1073
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Figure 31. Subcritical crack growth in window glass in air and under a constant load.?°
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Figure 32. Michalske and Freiman’s model for the interaction between water and strained silica bonds.”!
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Figure 33. Representation of water-induced bond rupture in silica glass.*?

As the flaw grows, the stress intensity factor slowly increases. This is shown as Region | behavior in the well-known crack
velocity diagram shown in Figure 34. Wiederhorn’s measurements on space shuttle windows show crack velocity
increasing with increasing stress intensity factor up to a point where the reaction kinetics are believed to be limited by
the speed at which moisture can find its way to the crack tip.°° This is shown as Region Il in Figure 34. Region Ill is when K;
approaches Kc the crack advances rapidly to fast fracture though the glass. Since fatigue is dominated by slow growth in
Region |, this region is usually all that is incorporated into lifetime models. Even though region | crack growth dominates
the lifetime of the flaw, Fuller et al." predicted that region Il behavior may occur during short term stress events like proof

testing.
Crack Growth Regions

Subcritical

logV A

Diffusion Limited

Rapid Fracture

V = da/dt

P
log K|

K = Yo, \a

Figure 34. Crack velocity — stress intensity factor diagram illustrating the regions of subcritical crack growth in glass.
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Models for crack velocity as a function of the stress intensity factor in region | are many.%%93.94.95 |n general, exponential
forms are preferred due to their basis in chemical kinetics or atomistic modeling. The engineering community has almost
exclusively used the more empirical power law relationship,

V=A4K/" (12)

where A and n are crack growth parameters. The power law has been criticized for its lack of theoretical underpinning,
however, Fett has attempted a theoretical explanation for crack growth based on a power law model.?¢ The power law is
more optimistic in its prediction of lifetime than most other models. Said otherwise, one is allowed to place more stress
on the glass with this model than with other models. The reasons for the almost exclusive use of the power law in making
lifetime predictions for optical fiber are its mathematical simplicity, usage during the forming years of optical fiber
technology, and the fact that remarkably few fatigue failures in optical fiber have occurred over the past three decades.

Ritter describes fatigue in terms of strength degradation when he states that “time-dependent strength behavior (fatigue)
of glass is generally believed to be the result of subcritical crack growth of a flaw to a dimension critical for spontaneous
failure.”®” Flaw size is translated into strength through fracture mechanics; and therefore, flaw extension from fatigue
corresponds to a reduction in strength. This is convenient for optical fiber because strength can be measured much more
easily than flaw size.® From the power law model, strength degradation for any applied stress history is,

AV (n=2)K 't
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S;is the initial inert strength or the strength prior to fatigue and Gyis the final stress at failure or the fatigue strength. Said
otherwise, the fatigue represented by the right side of Eq. (14) generates a decrease in strength on the left side of Eq. (14).

4.1 Fatigue Measurements for Optical Fiber

Two test methods have evolved for determining fatigue parameters, n and B for optical fiber. The static fatigue test is
where one subjects a length of fiber to a dead weight and simply tracks the time to failure. In this case, the flaw advances
toward K¢ by flaw growth alone. The dynamic fatigue test consists of gradually loading the fiber to failure. During the test,
both stress and crack extension raise the stress intensity factor to the point of failure.

For the case of static fatigue, Eq. (14) reduces an expression of time-to-failure, ty, in terms of applied stress, G,

_ n-2__-n
t,=BS] "o, (1)

where S;is the inert strength. The inert strength is the strength in the absence of fatigue, the strength before any flaw
growth, and is typically measured at low temperatures or in inert environmental conditions.

Figure 35 is a schematic of strength degradation with time under static loading conditions. Because of the nature of the
fatigue crack growth shown in Figure 31, the glass does not weaken appreciably until just before failure. Figure 36 is an
early example of static fatigue data on optical fiber from the work of Schonhorn et al. for 61 cm lengths measured in
tension.?8 The fatigue parameter n is determined from the slope of In tfand In G,, and B is obtained from the intercept of
the same as well as knowledge of the inert strength, S;. Obtaining B on as-drawn fiber can be problematic as strength
measurement in an inert environment is limited to the two point bend method. To statistically resolve crack growth

®Although crack velocity measurements on optical fiber have been attempted, see Muraoka et al., J. Am. Ceram. Soc.
76 [6] 1545-1550 (1993).
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parameters, an inert strength distribution with a Weibull modulus near 100 is needed. Consequently, static fatigue testing
has traditionally been limited to pristine as-drawn fiber. A recently developed indentation technique has produced a
sufficiently high Weibull modulus for static fatigue testing and is discussed below. Static fatigue testing of as-drawn fiber
requires high loads to generate failure and, consequently, premature failures where the fiber is gripped can be
problematic. Two-point bending has been used extensively for static fatigue testing, but one must be mindful that only a
very short length, about 20 pm, is under test. One of the primary reasons static fatigue testing is performed on fiber is that
it simulates the long term stress state of the fiber in-service.
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Figure 35. Static fatigue testing.
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Figure 36. Static fatigue testing of optical fiber by Schorhorn et al.?8
Testing performed at 23°C and 50% RH using a gauge length of 61 cm.

Dynamic fatigue testing consists of loading glass to failure for a variety of stressing rates, usually an order of magnitude
apart. Figure 37 illustrates that most strength degradation occurs just before failure. If the fatigue behavior follows the
power law crack velocity model, the strength depends on the stressing rate by
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The fatigue parameter n is obtained from the slope of In G¢versus In G, and B s obtained from the intercept and
knowledge of the inert strength. An example of dynamic fatigue test results on optical fiber is shown in Figure 38. Dynamic
fatigue has fewer gripping issues and one has a higher degree of confidence in the resulting crack growth parameters than
with static fatigue testing. The crack growth parameters determined from dynamic fatigue testing are less sensitive to
variability in the inert strength than the static method. Because dynamic fatigue testing continues to load the fiber until
failure, it is more suited for shorter term testing. To capture fatigue behavior over long time periods, special equipment
must be built to achieve the necessary slow stressing rates.®®

slope=1/(n+1)
stress

time t InG

Figure 37. Schematic of dynamic fatigue testing.

Figure 38. Example of dynamic fatigue data on optical fiber taken from Ritter et al.10
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Matthewson' reminds us that since the crack growth parameters are obtained from the regression parameters of
strength and stressing rate or time to failure and applied stress, they are correlated. This means that one should not simply
use fatigue parameters from separate sources in making reliability predictions. This is particularly true for the B value,
which can only be deduced from knowledge of the strength, S, and n from the same test data. Table 2 shows static and
dynamic fatigue results from several early studies on short lengths of as-drawn optical fiber. The measured n values center
around 20, but B ranges by several orders of magnitude. Note that the inert strength values are significantly lower than
the value of 11to 14 GPa one should find on gauge lengths less than 1 meter. This is likely due to difficulties in creating the
necessary inert environment for strength in tension and explains much of the variability in B. Hence, some prefer to treat
the regression parameter In BS;"? as a fatigue parameter.

Table 2. Room temperature fatigue parameters for optical fiber. Gauge lengths are shown
for the tensile tests and “static” and “dynamic” refer to the fatigue test method.

Test o Si n-2 B
Conditions % RH n GPa In Bs; GPa3s
61cm
Schonhorn et al.98 Stactic 50 205 8.74 28.9 1.2x10°5
61
Schonhorn et al. dyn::nqic 50 215 8.74 35.2 8.3x10%
30
Ritter et al100 dyn:rr:ic 55 22.2 5.67 355 16
61
Kalish and Tariyal'o2 Staf['i: 97 143 6.16 21.4 038
5
Kalish and Tariyal'? dyn(;r:nic 97 15.9 6.76 22.7 0.022
6
Kalish and Tariyal'2 dyn:r:ﬂc 45 255 6.76 39.2 3.4x10°3
2 pt. bend 17.6%
Duncan et al.103 Pt ben 50 253 7 2.9x10°8
dynamic strain
2 pt. bend 17.6%
Duncan et al.103 P er.1 water 22.8 ,° 1.9x107
dynamic strain

4.2 Fatigue of Proof Stress Level Flaws

Optical fiber is most easily tested in short lengths in tension or 2-point bending and is usually flawless over these lengths.
However, the flaws of greatest reliability risk are those near the proof stress level and the rarity of such defects makes
fatigue characterization inconvenient. Figure 39 illustrates this point. Dynamic fatigue of 20 meter gauge length
specimens was obtained using 5 stressing rates and 10 kilometers of fiber at each rate.® The higher strength region is well
characterized, but there are too few flaws near the proof stress level to characterize the fatigue behavior in this region. In
order to characterize the fatigue behavior of flaws of greatest reliability risk, researchers place artificial flaws on the
surface of optical fiber. These flaws are intended to mimic the rare flaws that occur during fiber manufacturing and
handling. The methods for placing artificial flaws on the fiber surface allow one to control both the strength level and
distribution of flaws. The ability to concentrate the strength at a predetermined level greatly aids in resolving the behavior
of the flaws at that strength level. Table 3 summarizes the results from a variety of studies employing flaws intentionally
placed near the proof stress level of 700 MPa (100 kpsi). Results from as-drawn fiber and bulk fused silica are also included
in Table 3 for comparison.
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Figure 39. Dynamic fatigue of silica-clad optical fiber at room temperature using 20 meter gauge lengths in tension and
2-point bending. Ten kilometers of fiber was tested at each stressing rate for the tensile tests.??

As discussed previously, there are two basic flaw types, abrasions and contamination. Early fiber studies used diamond
indentation to create an abrasion-like defect. Typical n values with the Vickers indentation method in Table 3 are in the
range of 20. However, Matthewson has recorded an n value as low as 14 and attributed it to the effects of contact residual
stress. The n values obtained on optical fiber are about half that of bulk fused silica. This is more clearly shown in Figure
40 where fiber results in Table 3 are plotted with bulk fused silica and crack velocity data. Note that n values close to that of
bulk glass were achieved in experiments where the strength of fiber was lowered close to that of bulk glass. This suggests
that n has a flaw size dependency, but the reason for this behavior is not clear.
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Table 3. Summary of fatigue studies on silica-clad fiber and bulk glass. Table modeled after Kurkjian.104

Surface

Strength

H

Silica Form Condition (kpsi) n %) Comments Ref.
Crack Dynamic Static
Velocity Fatigue Fatigue
Fiber As-drawn 700 15.9 14.3 97 Tension 102
Fiber As-drawn 800 25.5 Amb. Tension
Fiber As-drawn 800 225 Water Tension 105
Fiber As-drawn 700 22 Water Tension
Fiber As-drawn 700 211 19.7 45 Tension
Fiber As-drawn 700 22.1 Water Bending 99
Fiber As-drawn 530 29.9 Water Bending 99
Fiber As-drawn 600 20.8 100 Tension 99
Fiber As-drawn 420 25.5 100 Tension 99
Fiber As-drawn 700 217 Amb. Tension 100
Fiber Abraded 180 221 19.8 50 Tension
Fiber Abraded 150 223 20.2 45 Tension 107
Fiber Abraded 80 26 22.2 45 Tension 107
Fiber Abraded 50 33.7 45 Tension 107
Fiber Abraded 50 35.6 Water Tension
Fiber Abraded 50 42.6 60 Tension 109
Fiber Abraded 100 20.5 Water Tension 105
Fiber Abraded 100 25.5 Amb. Tension 105
Fiber Abraded 70 234 100 Tension il
Fiber Abraded 50 204 100 Tension Ul
Fiber Abraded 20 32 100 Tension il
Fiber Indented 70 19 Water Tension
Fiber Indented 140 14-23 Amb. Sub-threshold
Bulk Indented 10 30.7 Water Sub-threshold 110
Bulk Abraded 14 37.8 Water
Bulk Abraded 10 45 Water
Bulk Compact 42 Water 109
Tension
Bulk DCB 36 100
Bulk Compact 36-44 OtoWater | 24t070°C
Tension

30

*Test temperatures 20 to 25°C except where otherwise noted.
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Figure 40. Fatigue parameter n for optical fiber for a range of strengths and compared to that from strength
velocity experiments on bulk fused silica. Plot modeled after Kurkjian.104

An indentation method that employs a cube-corner indenter and nano-indentation has demonstrated Weibull moduli, m,
between 50 and 100.>* Cube corner indentation creates reproducible cracks emanating from the corners of the indent, shown
in Figure 41, with few secondary crack systems. With these Weibull moduli values, static fatigue testing of proof test level
flaws is possible. Figure 42 shows the results of both dynamic and static fatigue testing of cube corner indents plotted in d
ynamic fatigue coordinates.”® The dynamic fatigue testing was obtained over 8 orders of magnitude in stressing rate to allow
for a substantial overlap between the results of both test methods. The results at longer test times, slow rates for dynamic
fatigue, demonstrate that fatigue is independent of the test method. However, at high speeds there is a significant departure
from the slow speed behavior. This non-linearity in the fatigue curve is attributed to Region Il-type crack growth behavior and
will be discussed in more detail later.

Figure 41. AFM image of a cube-corner indenter pressed into the surface
of silica-clad optical fiber with a load of 1 gram.>
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Figure 42. Combined plot of dynamic fatigue and recalculated static fatigue results obtained
for indented fibers in a laboratory environment (50% RH, 23°C)."®

Surface abrasion has also been simulated by dropping abrasive particles on the fiber,”19 by passing bare fiber over
abrasive pulleys during draw,'°%17 and by placing abrasives in the coating.'%” The difficulty with such abrasion methods is
control over the strength distribution. Rubbing the glass surface during fiber drawing with another piece of fiber can
generate Weibull modulus values near 20.7

Studies on the fatigue behavior of fiber with surface contamination are few, limited primarily by the difficulty in
generating sufficiently high Weibull moduli."® Semjonov created a technique for placing ZrO, particulate on the fiber
surface to yield a Weibull modulus of about 20 and the resulting strength distributions for a wide range of stressing rates
are shown in Figure 43.1"
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Figure 43. Weibull distributions from zirconia seeded fiber measured at different
stressing rates in laboratory ambient environment."?

The fatigue behavior of fiber with different flaw sources and initial inert strengths can be compared using universal
coordinates (6,/5))-(6’/57).120.121 Here 6, is the median strength of a fiber at stressing rate ¢’, ands; is the initial inert
strength of the same fiber. The dynamic fatigue for indented, draw-abraded, and seeded fibers is shown in Figure 44 along
with similar results on pristine fibers. The initial inert strength, S;, for the low strength fibers was measured using a liquid
nitrogen environment. Previously published values of 12 GPa and 14 GPa were used for the pristine fiber.36.122
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Figure 44. Joint plot of dynamic fatigue results obtained for different types of weak fibers and pristine fiber."®

Overall these fibers exhibit similar fatigue behavior over a wide range of stressing rates, but there is also a noticeable
difference in fatigue between pristine and low strength fibers at slow stressing rates. However, this difference is within
the range of fatigue results in Figure 40. Of particular importance is the observation that fatigue for low strength fibers at
slow stressing rates appears to be independent of flaw source. This is somewhat unexpected as there are significant
differences in residual stress profiles for seeded and indented flaws.# If long-term fatigue is independent of flaw source,
then the same lifetime model can be used for all flaw types. All fibers in Figure 44 show a change in the fatigue behavior at
fast stressing rates. It has been hypothesized that the non-linear fatigue behavior at the fast stressing rates can be
attributed to the influence of region Il crack growth.

4.3 Fatigue During High Speed Events and Associated Modeling

During manufacturing and cabling, optical fiber is subjected to several high speed events. Most notably is the high stress
event of proof testing where processing speeds of 20-30 m/s is routine. Coloring is also performed at these speeds albeit
at a lower stress. Establishing a post proof strength distribution is key to modeling long-term reliability and considerable
work has been done to model fatigue during this high stress event.’>123.124 As shown previously in Figure 42 and Figure 44,
the fatigue behavior of low strength fibers subjected to high speed strength testing is different than that at slower test
times. Note that several laboratories have observed this phenomenon on optical fiber.”” Typical proof test loading and
unloading rates are in the range of 0.01seconds with dwell times on the order of 0.1 seconds.?? This places fatigue during
proof testing in the non-linear region of the fatigue curves for the low strength fiber. Based on fatigue studies and
associated modeling by Fuller et al.,”* Hanson and Glaesemann'?6 attributed this behavior to an effect of region Il type
crack growth. The predicted effect of region Il crack growth on dynamic fatigue test results is illustrated in Figure 45.

Figure 45. Influence of Region Il and Ill crack growth on failure strength and
loading rate dependence, from Chandan et al.’”’
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A simple mathematical description of Region | and Il is the joining of two power law equations,26:128
m

da K,

—_— = orKj=rKic a

= \2 e forK <rK (17a)
e

@ =v, K[ for Kj=rKc (17b)

dt K,

where K| is the stress intensity factor, K|c is the critical stress intensity factor, da/dt is the flaw growth rate, v,, v,, n;and n,
are the fatigue parameters of the respective curves. The parameter r and the relation characterize the point of transition of
flaw growth rate from Region | to Region Il shown in Figure 46 below.

Figure 46. Description of the two-region power law model.

The following strength degradation equations are then derived for the case of dynamic fatigue,

m+1
S =S
B, (rz1 + I)G for flaw growth through Region|  (18a)
ny+1 ny+1
ny,—2 ny,—2 d - Gr .
S =0 " +—"—————  forflaw growth through Region Il (18b)
B, (n2 + I)G

where S;is the inert strength before any loading or fatigue, S, and o, are the inert strength and applied stress when
Ki/Kic= o, 15, =1, 64is the dynamic fatigue strength for stress rate 6, 1/B2 =V, (Y/K,C )2 (n2 - 2) 2 and
B,=B,srMm-nd(n,-2)/(n,-2)

A physical description of failure for the two region model is that while loading under a constant stress rate a flaw with
initial strength, S;, experiences typical Region | growth as expressed by Eq. (18a) and degrades to strength, S,. At strength, S,,
the growth behavior transitions to that of Region Il and the flaw degrades to the final strength 6,4 in Eq. (18b). Note that o,
in Eq. (18b) is the applied stress at the transition from Region I to Region Il, when the flaw is at strength §,.

Dynamic fatigue data for abraded fibers was fitted to this model and the crack growth parameters in Table 4 were
obtained. Figure 47 shows the predicted crack velocity curves for these parameters along with crack velocity data on optical
grade bulk silica by Hibino et al.'?° Consistent with the earlier discussion, the Region | n values are lower than what is typical
for bulk glass. The transition from Region | to Region Il for optical fiber occurs at the same K¢ values as that for bulk silica.
The Region Il fiber behavior shows reasonable agreement with the crack velocity data.
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Table 4. Fitted fatigue parameters for the two-region power law model.

Ambient 100% RH
ny 212 21.2
n, 24 3.2
r 0.635 0.66

B4 (GPa%s) 4.99x10-5 4.09x10-6

B, (GPazs) 5.52x10-3 4.53x104
Aq mis 1.97 2.95
Ay mis 3.90x10-4 1.66x10-4

Kic = 0.87 MPam'2 Y=0.73/n

(kgfimm™?)

* 90%

Crack Velocity (m/s)

—
o
5

I |
0.4 0.5 0.6 0.7 0.8 0.9

Stress Intensity Factor (MPa m'?)

Figure 47. Predicted K-V Diagrams from the Abraded Fiber Data in Table I.
Crack Velocity Measurements on Fused Silica for a Range of Humidity Levels by Hibino et al.'°

One of the important outcomes of the change in fatigue behavior at fast stressing rates is that a single set of crack growth
parameters do not describe both proof testing and long term life. This should influence the construction of lifetime
models for fiber. Furthermore, in characterizing the fatigue behavior of fiber though strength testing, one should combine
data from longer-term static fatigue tests, slow rate dynamic fatigue tests as well as high speed dynamic tests. Finally,
this behavior settles a long standing argument over the value of B, see references 125 and for more details.

4.4 The Effect of Environment on Fatigue in Fiber

There are numerous studies on the effect of environmental conditions concerned with the fatigue of optical fiber (for
examples, see 57,59, 62,103, 131, 132, 133, 134, 135, 136, 137 and 138). It is generally accepted that fiber lifetime decreases
with increased temperature and humidity. As the pH of the test environment changes from acid to base (a pH increase)
the lifetime decreases.”® 3" Matthewson and coworkers’3.134 have done the most to incorporate these factors into
predictive models, but there is still much to be done in this area. The technology has obviously moved forward without a
comprehensive fatigue model incorporating these environmental factors. Engineers tend to conduct fatigue tests in the
environment they expect the fiber to experience in-service. For proof testing, fatigue tests performed in an ambient
environment are appropriate. For fiber in cable, a higher humidity test environment mimics the case where water is
allowed to permeate the cable. Tests at elevated temperatures are performed on fiber intended for down-hole oil
exploration or some aircraft applications, for example.



4.5 Resisting Fatigue

There are several strategies for reducing the effect of fatigue on fiber lifetime. One is to eliminate moisture from

reaching the glass surface by placing a hermetic layer next to the glass surface. The most used hermetic coating is
amorphous carbon.’®?.140,141 Fipers with little to no dependence of strength on stressing rate have been mass produced.
There is little point in performing static fatigue tests on this fiber as specimens that did not fail during application of the
static load would never fail. An n value between 100 and 200, as measured by the dynamic test method, is sufficient for
claiming hermeticity. The allowable stress for such fiber could be any stress up to the proof stress, however, an allowable
stress of 80 to 90% of the proof stress is recommended. This is for the practical reason that it is difficult to control applied
stresses. Note that the strength of carbon-coated hermetic fiber is lower than that of typical non-hermetic fiber. The
carbon layer fails first when stretching the composite to failure and in doing so damages the pristine glass.*? Typical inert
initial strengths are 600 to 800 kpsi, which is enough for most fiber processing and handling events. Special care needs to
be taken when splicing carbon coated fiber.'3

Metal coatings have been successfully applied to fiber as a hermetic layer. The strength can be maintained over short
lengths, but longer length strength distributions are generally poor. Cleaving can be an issue with metal coated fibers. For
a good review of the history of this technology, see the paper by Filas.'44

Another strategy for minimizing fatigue effects is to make the surface of the glass itself more resistant to fatigue.
Doping the outer surface of the silica cladding with titania has been used commercially, yielding n values greater than
30.99.13,145 Note that the use of low expansion titania also places the surface of the glass in compression during

cooling after draw. Although less convincing, high fatigue resistance from specially designed polymer coatings has been
claimed.16

5 Optical Fiber Strength

Figure 48 shows the evolution of optical fiber strength with time. Fiber strength distributions have always been distinctly
bimodal with a high strength, high Weibull modulus region and a low strength, low Weibull modulus region. Figure 48
shows that the number of flaws in the lower strength region decreased over time as proof stress requirements increased
and manufacturers pushed to improve proof test selects. Today fiber proof tested at 700 MPa (100 kpsi) can be purchased
in 50 km lengths. Some applications, like submarine, require fiber to be proof tested at 1400 MPa (200 kpsi). The ability to
establish a minimum strength through proof testing over long fiber lengths has been key to the reliability success of
optical fiber. The infrequency of flaws also allows for discrete handling events in excess of the minimum allowable
applied stress. Handling events like splicing, routing of pigtails and patch cords, and fiber-based device packaging
routinely bend the fiber sharply and rely on the infrequency of flaws. With knowledge of the strength distribution,
stresses in excess of the proof stress may be permanently applied in these shorter length applications. In addition to
quantifying the spatial density of flaws for reliability prediction, strength testing is used for investigations into the
structural properties of glass, development of processes and products, and characterizing delayed failure modes.
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Figure 48. Evolution of fiber strength distribution, see also Kurkjian et al.1%4

Table 5 summarizes some of the early publications on optical fiber strength. Soon after achieving attenuation of 20 dB/km,
then regarded as the threshold for a practical medium for optical communication, a comprehensive examination into optical
fiber strength characteristics had been completed. Long lengths were tested for reliability prediction, the effect of various
processing steps on fiber strength was researched, and strength testing was used to characterize strength degradation by
flaw introduction or growth of preexisting flaws. Most of the work in fiber strength since then consists of either test method
improvement or the specific examination of novel fibers.

There is a considerable number of fiber strength testing methods owing to the variety of strength investigations over the
past thirty years. Matthewson discusses many of these test methods in his excellent review of the topic.'? In this chapter, test
methods will be discussed as they pertain to specific strength information of interest.

Table 5. Early fiber strength assessments.

Author Summary

Maurer™? 1975 Strength of 60 cm length specimens compared to screening kilometer
lengths at various stress levels

Kurkjian et al™8 1976 Strength of 0.04 to 50 m lengths combined to describe high strength to
near proof stress level strength distribution

Olshansky and Maurer'? 1976 Strength distribution created from range of gauge lengths and
incorporated into lifetime model

Schonhorn et al.™° 1976 Process for making high strength fiber

Justice™ 1977 Statistical aspects of fiber strength

Snowden'? 1977 Effect of gauge length on strength distribution, early fatigue work

Tariyal and Kalish™3 1977 Strength distribution extrapolations based on long gauge lengths,
proof testing, and effect of coating on fatigue behavior

Justice and Gulati™* 1978 Technique for quickly measuring 20 to 50 m lengths

Maurer'> 1979 100 m gauge length distribution and statistical model for strength
degradation during screening

DiMarcello et al.’>® 1979 Guidance on drawing high strength optical fiber
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5.1 Fiber Strength after Drawing

The first opportunity to characterize the strength distribution of optical fiber is after drawing and coating application.
However, most strength distributions are generated after proof testing because this is a convenient point to benchmark
strength, before fiber deployment into a variety of cable processes and applications. The 1979 distribution in Figure 48
exhibits classic truncation as the proof stress is approached. The 1986 strength distribution was created by tensile testing
individual 20 meter lengths in ambient air. At that time, fiber was proof tested at 350 MPa (50 kpsi). This distribution is
typical in that it is multimodal beginning with a uniform high strength region above 3500 MPa with a Weibull modulus, m,
of 20 to 30 and transitioning to a lower strength region with Weibull modulus in the range of 2-5. In the past, the
variability in the higher strength region was attributed to diameter fluctuations,”” but with the high degree of diameter
control in modern optical fiber processing another explanation is needed. Over 90% of the 20 meter lengths are in this
region, meaning that most of the fiber volume is, for practical purposes, flawless. The region below 3500 MPa (500 kpsi)
consists of a wide range of strengths and a corresponding low Weibull modulus of 2-5. Flaws in this region originate from
slight surface damage and contamination sites that are small enough to pass proof testing. Note that failure source
identification is difficult for failure stresses above 150 kpsi as fiber tends to fragment above this stress level and the origin
is lost. By 1991 the strength distribution had improved as evidenced by the shift in the lower strength region to lower
failure probabilities. More recent strength distributions will be shown later in Figure 53.

5.2 The Intrinsic Strength

Gupta and Kurkjian38 define the intrinsic strength as the strength in the absence of flaws. The intrinsic strength of silica
optical fiber can be easily observed by strength testing short lengths of optical fiber in tension or 2-point bending. The
room temperature distribution in Figure 49 shows the strength of tensile and 2-point bend strength of silica-clad fiber
specimens tested in air.””® These distributions are typical of modern fiber tested in this fashion; high strength and a near
single-valued distribution signified by a Weibull modulus near 100. A bi-modal distribution on short test lengths like those
used for Figure 49 may be found on developmental or some specialty fibers, but is sub-par for standard commercial fiber.

Figure 49. Strength of silica-clad optical fiber in two-point bending and 25 mm gauge lengths in tension from
Matthewson et al.’*® The dashed line represents their prediction of tensile strength from the bending data.

The distributions in Figure 49 are fatigued strengths. Testing was performed in ambient room air leading to the fiber’s
strength degrading from its inert value because of subcritical crack growth that occurs just before failure. The inert
intrinsic strength is defined as the strength in the absence of flaws and strength degrading phenomena like fatigue. The
primary aim of measuring the inert intrinsic strength is to inform on the structure of the glass.™
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Early strength studies found that glass in fiber form could be made flawless and this allowed researchers to gain
understanding of structure of silica and multicomponent glasses.36.37 For these studies, testing was performed at liquid
nitrogen temperatures or high vacuum with short fiber lengths tested in tension or two-point bend testing to avoid
preexisting flaws. For example, Figure 51 shows the tensile and two-point bend strength of sodium borosilicate glass fiber
measured in air and liquid nitrogen'®®. The high strength and Weibull modulus indicate that the initial strength is being
tested and the liquid nitrogen ensures no crack growth during the test.

938
99F

L o

" RaTE OF STRAIN |

sob  =1667sa

CUMULATIVE % FAILURE, WEIBULL

or

20r

1

gl
* INSTRON TENSILE TESTS ON S0cm GAUGE
® BENDING TESTS

& — = BENDING TESTS CORRECTED TO S0cm GAUGE

1 1 1 1§ 1 5 3143 I L
1 Z 3 & 6 & 10 15 20
BREAKING 5TRAIN, Y ——

Figure 50. Strength distributions of sodium borosilicate glass fiber in air and liquid nitrogen from France et al.'e°

Two point bending is the most popular method for measuring the inert intrinsic strength of optical fiber. Shown
schematically in Figure 51 this test method samples a small volume of glass and, by virtue of placing the glass in bending,
emphasizes the surface of the glass. Thus, small changes to the glass surface can be easily detected. From a practical point
of view, placing fiber in two-point bending avoids the complication of grip failures. The two-point bend test also
facilitates the immersion of the stressed glass region in various environments or high vacuum.®' One difficulty with two-
point bending is that it is a strain-based test. The failure stress is calculated from the measured failure strain and
knowledge of Young’s modulus. The strain dependence of Young’s modulus is known for strain levels to only 6%." With
inert intrinsic failure strains on the order of 16 to 18% the inert intrinsic strength is obtained by extrapolating Young’s
modaulus to failure strains of 16 to 18%. As an aside, Young’s modulus is known to decrease approximately 4% for liquid
nitrogen temperatures'®? and its strain dependence at this temperature is unknown. With this method, Kurkjian and

Gupta3® calculate the inert intrinsic strength of silica in liquid nitrogen to be about 14 GPa (~2x108 psi). In addition to testing

in liquid nitrogen and vacuum, high speed testing in two point bending has demonstrated strength near that in liquid
nitrogen.3

faceplates

o O

Figure 51. Schematic of two point bend test.
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Proctor et al.3¢ and Hillig®” pulled filaments of silica glass in tension at low temperatures and achieved strengths of about
14 GPa (~2x10° psi). These inert intrinsic tensile strength measurements of silica are in the range of predicted values.’64
High speed tensile testing in air has yet to achieve the inert intrinsic strength of silica glass fiber.

5.3 Strength Distributions for Reliability Predictions

The strength distribution is a key input for models attempting to predict optical fiber lifetime. One would prefer to have a
post-proof test strength distribution collected from a length sufficient for predicting failure rates from stress events like
coloring, cabling, installation, and the in-service life. Ideally, if thousands of kilometers of fiber are processed and installed,
thousands of kilometers should be sampled and tested. With a few exceptions, the flaws of greatest reliability risk fall in
the low strength region of the distributions in Figure 48. Note that standardized methods for strength testing only test
the intrinsic strength, sampling 15 meters in tension'®® or a few millimeters in 2-point bending.'®” Whereas these tests are
useful for scientific purposes, they do not provide sufficient data for making reliability predictions to failure probabilities
on the order of 104 t0 10°®.

Like the distributions in Figure 48, some have characterized the strength of kilometers of fiber by testing individual

10 to 40 m lengths to failure. With the quality of today’s fiber, testing 10’s or 100’s of kilometers by this method would be
prohibitively time consuming. Maurer'6® demonstrated that the method of multiple proof tests matched that of tensile
strength data. Here, one proof tests fiber at ever increasing stress levels and, by counting the breaks at each level, the
failure probability for each stress level is determined. Whereas this method more efficiently tests many kilometers of fiber
in a relatively short period of time, it is difficult to quantify subtleties in the curvature of the strength distribution. Another
method for characterizing the fiber strength distribution is to strength test until some discernible “knee” in the
distribution is observed. A Weibull, m, between 2 and 5 is then assumed for the region below the “knee”. Enough fiber
must be tested for the “knee” to be representative of what is manufactured. With the latter two methods, one will have to
use some judgment in establishing a strength distribution and should choose one that leads to more conservative
predictions.

Another method for creating a long length strength distribution is to count the number of breaks during proof testing, to
establish the failure probability at that stress level, and then use an estimate of the Weibull modulus to obtain the shape
of the distribution near the proof stress."™* This method does not require extra strength testing; however, it assumes that
the distribution of flaws failing proof testing is predictive for those that survive, that they come from the same
distribution. Unless proven to be true with strength data, this assumption should be viewed with caution as it can easily
provide an inaccurate prediction of the surviving flaw population.’®? As discussed earlier, optical fiber, like most glasses,
has multiple flaw populations. A fiber with a high concentration of surface particulate weak enough to fail proof testing
will generate a pessimistic estimation of the post proof strength distribution. Conversely, it is possible to have a high
density of small surface abrasions pass proof testing undetected.

Many years ago a novel suspended test method was created for obtaining long-length strength distributions. A schematic
of the testing equipment is shown in Figure 52 and the details surrounding this test have been previously published."®™"

In this test, sequential 20-meter sections of fiber are stretched to a predetermined stress level. A load cell monitors the load
as the stress is being applied. If the fiber survives the stress pulse, another 20 meter length is indexed and the load is again
applied to the next section of fiber. When a break occurs, the break stress is recorded, the machine is reloaded and testing
resumes until another failure occurs. Testing of multiple reels of fiber is performed until enough breaks are recorded to
accurately describe the region between the proof test and the maximum stress. Whereas this method provides the desired
distribution of weaker flaws in a relatively short period of time, its deficiency is that one must build test equipment just for
this purpose.

40



Pavout Take-U Load Cell
o R =>

-] T @0

Fiber
| Wind | | Belt Driven |

Figure 52. Schematic of the suspended test method for strength testing long lengths of fiber.
Individual 20 meter lengths are loaded to a predetermined stress level.
The failure stress is measured on specimens failing this stress level and those that survive are accounted for.

Figure 53 shows a strength distribution of 3,800 km of optical fiber obtained in the above manner.”> The maximum stress
level for the strength test was set to 2400 MPa (350 kpsi) as flaws with strengths above this level are generally of lesser
reliability concern. The flaws that pass the test are accounted for statistically. For this reason, only failure probabilities
below 0.01are shown.
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Figure 53. Strength distribution of almost 4000 kilometers of fiber using the suspended strength test method.”

All failures below ~2400 MPa (350 kpsi) are shown. A fiber length passing this stress level is recorded and accounted
for when determining the failure probability of the failures. The diamonds represent the measured fatigue strength
and the squares are the predicted strength before strength testing, i.e., the post proof-test strength distribution.

The data in Figure 53 shows 609 failures in 3,850 kilometers, one break every 6.3 kilometers, below the maximum test
stress of 2400 MPa (350 kpsi). The probability of encountering a flaw with strength near that of the proof stress is one in
30,000 attempts. This demonstrates the rarity of such flaws in modern fiber.

A feature of any proof-tested fiber is the truncation of the strength distribution near the proof stress level. This truncation
occurs statistically as flaws which have been eliminated by the proof test. Note that this fiber was proof tested at 700 MPa
(100 kpsi) in accordance with FOTP-31C."° However, the measured strength distribution in Figure 53 appears to truncate
below this proof stress level. As with most strength measurements, testing for Figure 53 was performed in a fatigue
environment. In this case the test environment was ambient air with a strain rate of 200%/minute. The consequence of
strength testing under these conditions is that flaws grow subcritically during the test itself causing the stress at failure to
be lower than the pretest strength. By accounting for fatigue during strength testing one obtains the initial strength and,
in this case, the desired post proof test strength distribution for reliability predictions. Based on the high speed strength
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test data presented in the fatigue section it is possible to estimate the pre-test or inert strength distribution. The predicted
pre-test inert strength distribution is shown in Figure 53 and is an estimate of the actual post-proof strength distribution.

Once the post proof strength distribution is obtained, it is useful to scale the distribution to lengths used in actual fiber
deployments.21'158'173, Figure 54 shows the predicted post proof strength distribution from Figure 53 scaled to lengths
representative of short and long length applications for the case of pure tension. A 100 meter riser cable places the entire
fiber length in tension due to the weight of the cable. The probability of encountering a flaw with strength less than 1400
MPa (~200 kpsi) is quite low, about 0.0005. The probability of encountering a flaw weaker than 2000 MPa (~300 kpsi) is
only 0.001.

If cabling or installation requires the fiber be placed in a bent configuration, the failure probability is reduced by a factor of
5to 10 below the tensile predictions.”®"> " As was discussed earlier, bending places fewer flaws in tension. The predicted
strength distribution for the case of pure bending is shown in Figure 55 for a range of lengths. Short lengths of about one
meter are representative of, say, a coiled length of pigtail or patch cord fiber. From the data in Figure 55, the probability of
encountering a flaw with strength below 4000 MPa is extremely low. Thus, for installed lengths on the order of 1 kilometer
or less, it is not always necessary to design around the proof stress. Depending on the quality of the strength distribution,
the proof stress can have little effect on the overall reliability of the fiber for applications using short lengths. As fiber
comes closer to the home and business there are more instances where short lengths are being deployed or short sections
of longer cables are pulled or bent.

The longer lengths are representative of fiber in a loose tube or buffer tubes stranded about a central member. For lengths
greater than 1 kilometer, it is best to design around the lowest strength, the proof stress.
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Figure 54. Predicted strength distributions for a range of fiber lengths in tension.
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5.4 Strength Testing to Characterize Damage Inducing Events

Optical fiber is unique in that minute contact or contamination on the glass surface can be detected by strength testing. A
one micron flaw reduces the strength from near pristine levels to about 700 MPa (100 kpsi). It may be difficult to visibly see
the damage, but strength testing can reveal it. A few examples of studies where strength testing was used to assess the
impact of a particular process or handling event on fiber strength are shown in Table 6.

For mechanically induced flaws, tensile testing short fiber lengths on a universal testing machine is the easiest and most
common method for assessing the effects of the contact event. Strength testing at various stages of a handling process is
useful for uncovering the process step or handling procedure responsible for inducing damage. This technique is especially
useful when developing processes for splicing, connectorization, making couplers and splitters, fiber Bragg gratings, and
general fiber packaging for photonic applications. Splicing is a good example for this test strategy because it consists of
handling coated fiber, stripping, cleaning, cleaving, splicing and protection of the spliced region. By strength testing after
each step, one might find that clamping directly on the glass when holding the fiber for cleaving is the weak link in the
process, for example.
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Table 6. Strength testing as a tool for investigating handling or process-induced fiber damage.

Strength Description Reference
Study
Mechanical stripping Effect of tools, personnel, wiping and Wei et al."™

Mechanical stripping

Terminations

Chemical Stripping

Chemical Stripping
Cleaving

Splicing

Splicing

Splicing

Splicing

Splicing carbon

coated fiber

Hermetic splices

Hermetic splices

Hermetic joints

Devices

Fiber Bragg grating

Bragg grating

Laser induced defects

Connector
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leaning on stripped fiber strength

Weak link model evaluated for stripped
lengths tested in tension and bending

Location and characterization of damage from
flaws induced during termination

Stripping with acid and Methylene Chloride has
no effect on fiber strength

Retaining intrinsic strength through acid stripping
Optimizing cleaving tools and procedure

Controlling impingement of silica particles during arc
fusion splicing increases splice strength

Splices with intrinsic strength made with
flame fusion process

Optimizing arc fusion conditions for
single fiber and ribbons

Principle factors affecting arc fusion
splice strength reviewed

Arc fusion splice settings optimized for
splice strength

Hermetic behavior of proof stress level
flaws coated with carbon

A process for reconstituting carbon coating
provides high strength and hermeticity

Evaluation of the fatigue behavior of
metallized fiber pigtails

Frit bonding optical fiber to a substrate
The effect of irradiation dose on fiber strength
The effect of laser type on fiber strength

Laser-induced cavities form as a result of
damage wave propagation

Reliability assessment of a novel connector design

Kurkjian'”
Wagner176

Rondinella and

Matthewson"”

Matthewson et al."”®
Field”'

179
Krause et al.

Krause and Kurkjian'®

. 181
Pitassi

182
Krause et al.

. 183
Yoshizawa et al.

Estep et al.’®

. 185
Inniss et al.

186
Orcel

Srinivasan and Webb'’

Limberger et al'®

1
Barber et al."®®

Sidorin et al.’°

Baker et al.>°



6 Optical Fiber Reliability

The classic reliability “bathtub” diagram in Figure 56 shows the stages of product lifetime. First, there is the early failure
period, better known as “infant mortality”. For fiber, this period represents premature mechanical failures from handling
and process induced damage. For example, contamination in a coloring die punctures through the fiber’s polymer coating
and contacts the glass, creating a flaw below the proof stress level. During subsequent buffering or stranding, the fiber
fails from this flaw. This example illustrates early failure due to flaw introduction, but failures can also occur from over
stressing the fiber during processing or installation. The second stage represents failures due to incidental events such as
failures from severe ice loading or dig-ups. Finally, there is the wear-out period. For optical fiber, the mechanical wear-out
failure mode of greatest concern is fatigue. In this section, guidance is given, from an engineering point of view, for
avoiding failures early in the fiber’s life as well as minimizing the probability of fatigue failure during the intended lifetime.
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Figure 56. Reliability “bathtub” diagram showing stages to product life.””'

6.1 Avoiding Early Failures From Glass Damage Though the Coating

One of the most persistent failure modes for optical fiber is glass damage through the protective polymer coating during
fiber processing and handling. Fiber, with typical coating dimensions of 242 pm outer primary over a 190 pm inner primary,
can be handled without damaging the coating; however, it is necessary to regularly clean and maintain pulleys and

rollers that contact the fiber. With the advent of fiber-based photonic devices, fibers are handled significantly more than in
cabling. Coating damage resulting in fiber breaks can be a significant cost of manufacturing.

The ability of protective optical fiber coatings to resist damage to the underlying glass has historically received little
attention. Exploration into thinner coatings in the 1990’s prompted research into test methods aimed at quantifying the
protective capability of the coating. One test strategy has been to damage the coating surface with an increasingly
abrasive surface until the glass is damaged. In 1993 Oishi et al.””? published a test method whereby fiber in tension is
passed over a roller covered with sandpaper. A schematic of this test method is shown in Figure 57. Coating thickness is
plotted versus the grit size of the sandpaper in Figure 58. They concluded that particle sizes greater than twice the
secondary coating thickness cause the fiber to break in this test.
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Figure 57. Oishi et al. fiber coating abrasion test'**

Figure 58. Dependence of secondary coating thickness on abrasive particle size.'

In1994, a “pulse” test was used to evaluate the damage resistance of fibers with a range of coating dimensions.'” The
strategy here was to use a constant surface roughness and to increase the lateral load of the fiber against that surface
until the coating ruptured. Fiber was tensioned around a rough aluminum pulley and pulsed to ever increasing loads until
the secondary coating fractured. The results summarized in Figure 59 show good agreement between the threshold load
for damage and the cross-sectional area of the coating. Delamination always preceded coating fracture in this test. This
test, though crude, was useful at the time in establishing a correlation between coating dimensions and a threshold for
coating damage. It should be noted that delamination itself does not damage the glass, but it is an indication that
mechanical contact has been made with the coating surface.
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Figure 59. Thresholds for delamination (inner-layer cracking) and secondary fracture using the pulse test."

In 1998 Wissuchek et. al.”®* were able to isolate the fracture energy of secondary coatings using an indentation test directly
on coated optical fiber. This was the first study to quantify the protectability of fiber coatings in fracture energy or fracture
toughness terms. A key feature of this test method was the use of two different microhardness indenters. A Vickers diamond
pyramid indenter and a diamond wedge indenter, with an included angle of 75°, were driven into the coated fiber resulting in
a load drop when the secondary coating ruptured. The schematic of an indented fiber in Figure 60 shows three

mechanisms for strain energy absorption: (1) plastic deformation of the secondary coating, (2) fracture of the secondary
coating, and (3) fracture of the glass/primary interface.

Crack in

Plastic Impression’,
\ Secondary

Delamination

Figure 60. Schematic of coating indentation event."*

It was determined that most of the fracture energy went into fracture of the secondary. The fracture energy of
delamination was found to be about 15 to 20% of the fracture energy of the secondary. Plasticity of the secondary coating
comprised about 1% of the total strain energy. More recently a simplified version of this test method was used to quantify
the puncture resistance of fiber coatings.195 It was found that the threshold load for puncture through the coating correlates
well with the cross-sectional area of the outer-primary fiber coating as shown in Figure 61. This study included both single
and dual coated fibers and the fact that both coating configurations show the same dependence illustrates the small
contribution to mechanical protection provided by the inner-primary coating.
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Guidance for avoiding coating damage or excessive tension during fiber processing include the following:

+ Minimize the number of pulleys and guide rollers in the fiber path. Minimize contact with stationary fiber guides.

- Avoid use of soft metal pulleys as they can be damaged or polymer pulleys as they wear.

« Regularly clean all pulleys and dies in the fiber path.

« Replace pulleys and guide rollers before they fail.

« Belts in contact with fiber should be set to the lowest tension without fiber slippage and should be changed regularly.
« Avoid cutting fiber before a die, pulley or belt as glass debris will collect and damage subsequent fiber.

- Protect fiber surfaces from abrasive particulate tracked into processing area by operators, ceiling and piping insulation,
broken pieces of fiber, etc. Recommend performing a process audit for such contamination.

- Fiber reels should be stored in a vertical orientation; stacking reels horizontally can cause the fiber pack to cascade.

- Keep covers on fiber reels until immediately before loading onto the processing line to protect the outer winds from dirt,
debris, and damage.

- Avoid sudden “jerks” or high tension events during processing as fiber can bury into the fiber pack and break.
« Keep fiber twist to no more than three 360° turns per meter as fiber can knot and break in bending.
« Reduce contamination on fiber surface by static charge eliminators, this technology is readily available.

- Ground equipment in contact with fiber. It is rare, but fiber can be damaged by electrostatic discharge under dry
processing environments.

Guidelines for handling fiber include:

« Regularly clean work surfaces.

« Avoid breaking fiber over work surface.

« Minimize contact between tools used to strip, clean, and splice and fiber, especially when they share the same work
surface.

« Wear clean gloves when manually handling fiber as normal contamination on fingers is enough to damage coating.

« When clamping during cleaving or similar processes constraining the fiber it is preferred that contact be made with the
coated fiber rather than bare glass. Of course, this pertains to useful fiber and not ends being removed.

- Fiber pigtails are often stored in a coiled configuration. Manually coiling fiber requires a significant amount of contact
with the coating surface and is a primary source of fiber damage. If automated coiling cannot be used, clean gloves should
be worn and operators should be trained on fiber handling.

- Tape is often used to contain fiber in some configuration for future handling. The act of placing tape on the fiber should
be carefully examined. It is best if the tape does not stick to the coating surface. Upon removal it will leave adhesive resi
due or, worse, take the coating with it. Avoid pressing the tape against the fiber.
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6.2 Practical Guidance on Fiber Lifetime Estimations
Minimum Strength Design

Establishing a fiber lifetime that exceeds the expected in-service life begins with the static fatigue equation,

_ n=2 __-n
tf = lgEL Cfa (19)

The allowable stress, G, for, say, a 25-year lifetime of a flaw with a pre-fatigue strength, S;, can be calculated provided the
crack growth parameters are known. The most conservative approach to reliability modeling, known as the “minimum
strength design”, is to assume that a proof test level flaw will experience the maximum applied stress.'”” The strength, S;, is
set to the proof stress,G), and the allowable stress is expressed as a fraction of the proof stress,

% (20)

a

B

2
Gp tf Gp

Using the region | crack growth parameters in Table 4, the applied stress is about 25% of the proof stress for a 25-year
lifetime. Because of the known difficulties in determining the crack growth parameters, Glaesemann and Gulati'® developed
a model based on the simple assumption that a low crack velocity is equivalent to a threshold for crack growth. Their ratio of
applied stress to proof stress is shown in Figure 62 for a range of n values.
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Figure 62. Allowable safe stress to proof stress ratio for proof stress level flaws in optical fiber."”®

For silica-clad optical fiber with an n value of approximately 20, the applied stress is 1/5th the proof stress for 20 to 40 year
life. The two-region power law model described above gives a similar design guideline for long-term life and is extended to
include short term process events and installation in Figure 63 below. One can load the fiber to about half the proof stress
during processing (the 1second line in Figure 63) and 1/3rd the proof stress during installation or submarine recovery events
(the 4 hour line). These guidelines are shown in terms of bend radius in Figure 64. The minimum bend radius for, say,
stranding of loose tubes of 700 MPa (100 kpsi) proof tested fiber about a central member is 32 mm.
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Figure 64. Allowable bend radius for common stress events.

In photonic applications, significant lengths of fiber can be permanently coiled. Examples include Er-doped fiber for
amplifiers and fiber for dispersion compensating modules. Here fiber is wound under tension into a coiled configuration. In
the case where the wind tension is relieved, the allowable bend radius can be determined from Figure 64 above. If the wind
tension is permanent, then it is simply added to the bend-induced stress as shown in Figure 65.
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Now, consider the choice of pulley dimensions for fiber processing under tension. The maximum stress is a combination of
processing tension and bending about pulleys and is to be no more that 50% of the proof stress level. Figure 66 shows the
allowable pulley size for a range of wind tensions and proof stress levels for this short-term stress event.
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Figure 66. Allowable pulley dimensions for a range of proof stress and wind tension levels.

These applied stress guidelines apply to fiber terminations and packaging for photonic devices as well. Any application where
the protective polymer coating is removed will result in damage and weakening of the glass.The choices are to deploy such
fiber in an unstressed state or to reproof and deploy using the guidelines presented here. Acommon approach for
determining connector and splice reliability is to measure the strength of a few specimens in a laboratory environment and
deploy if the perceived risk is sufficiently low. The difficulty with this approach is that the actual strength distribution of
manufactured pieces can vary widely depending on operator, tools, cleaning methods, etc. Obtaining a statistically significant
sample size can be expensive and time consuming. Proof testing after reconstitution of glass protection is the best method for
assuring reliability of fiber deployed in a stressed state.
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Failure Probability Design

If the deployed length is less than a kilometer, one can consider using a failure probability design methodology. For shorter
deployed lengths, the risk of encountering a flaw that will grow and fail may be at an acceptably low level. Failure
probability is incorporated into Eq. (19) through the inert strength, Si,

t,=B(F{S}) o, @)

When such modeling was being developed in the 1970’s and early 1980’s it was recognized that one should account for
fatigue during processing events as well as in-service life. The most important process stress event is proof testing and in
recent years the Telecommunications Industry Association has captured these developments into reliability guideline based
on the power law crack velocity model.”*° The basic reliability model for proof tested fiber is given as,

n-2
% m L() 1 n % s " n —n B
i, = {B” 2S” Tln (I_F)Jr(csptp)" 2 (1+C)n—2 -0, G 7 (22)
B 1, B
where 62 n+1 When, f, =< (VZ —2)—2 fast unloading rates typical of most fiber processes,
C =7 GP
tp
_ t,+t,
=1+ n+] Wheretyisthe proof test dwell time, tu and t| and are the loading and unloading times for proof testing,

respectively, L,/L and is the test gauge length divided by the in-service length being modeled.

In addition to use of the power law crack velocity model, two assumptions in Eq. (22) are worth noting. The first is that the
fiber strength can be described by a unimodal Weibull distribution. Some practical obstacles accompany this assumption.
As discussed previously, it requires considerable effort to measure the strength distribution near the proof stress level.

The best method is that used to obtain the nearly 4000 kilometer strength distribution previously shown in Figure 53, but
special equipment must be built for this test. Second, use of the above lifetime model also implies that crack growth during
high speed events is the same as during slow speed events. Fatigue data obtained from experiments mimicking proof test
speeds clearly shows a departure from region | type behavior.

Mitsunaga et al. simplified complex Eq. (22) into the following model based on fiber break rate,”*

where N, is the proof test break rate and L is the installed length of interest.

Note that production failure rate data is considered proprietary information by most fiber manufacturers. The Weibull
modulus, m, is that of the pre-proof test strength distribution. Figure 67 shows the predicted failure probability for a range
of installed lengths. A typically low Weibull modulus was chosen and an n value of 20. The break rate was taken to be
0.01/kilometer.
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Inputs include a proof stress of 700 MPa (100 kpsi), fatigue parameter n=20, assumed break rate of Np=0.01/kilometer,
Weibull modulus of m=2 and the measured proof test parameters in Figure 10.

The popularity of this model is based on its ease of use, but it has a deficiency worth noting. The method uses failure rate
data from proof testing to describe the strength distribution of the surviving flaws. In other words, the flaws that fail proof
testing are assumed to describe those that survive. Given the enormity of defect sources in the low strength region this
assumption has been questioned.'®® The predictive capability of this approach to modeling fiber life is enhanced by
confirming the strength distribution through direct strength testing.

There are many fiber lifetime models in the literature. It is common for engineers to choose a lifetime equation and
attempt to input crack growth and strength parameters from their own laboratory data or published values. How can one
assess the predictive capability of a fiber lifetime model? If the fiber cladding is silica and the application is close to room
temperature in a moist environment, then consider the following suggestions. Set the failure probability in the model to a
low value of, say, 1x10°® and compare the determined allowable stress against the applied stress to proof stress ratios for
the “minimum strength design” in Figure 63. In other words, the failure probability model should approach the minimum
strength design at low failure probabilities.

The existence of the ultra-long length initial strength distribution in Figure 53 enables one to create a simple failure
probability design diagram. Assume the previous guidelines for applied stress that one can stress a flaw to 1/5th of its inert
strength, S;, for 25 year life, 1/3 S;for 4 hours, and 1/2 S; for one second. The value for S;can be any inert strength and for
the previous discussion of proof test level flaws, Sjwas simply set to the proof stress. Thus, for example, a flaw with an
initial strength of 1400 MPa (200 kpsi) can be loaded to 40 kpsi long term, 70 kpsi during installation and 100 kpsi for short
handling event. A design diagram for allowable stress can be made directly from the predicted inert strength distribution
in Figure 53 by applying the above fatigue ratios. This is shown in Figure 68 for various lengths of fiber subjected to pure
tension and Figure 69 for fibers in constant radius bending. It is important to note that the recommendations regarding
tight bends in this analysis are for mechanical reliability reasons only as optical performance may be affected by bending
to small radii.
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Depending on installation and environmental conditions, aerial, drop, and riser cable applications can place significant lengths
of fiber under tensile loadings. Figure 68 shows that for lengths less than about one kilometer the failure probability is low
enough that one can exceed the guidelines of the above minimum strength design. Most optical fiber is cabled, but in recent
years significant amounts of fiber are coiled for storage, routed through a package, and bent to connect devices components
together. Each of these situations can place tight bends on the fiber. Furthermore, the trend in the industry is to make storage
space, components, connections, etc. ever smaller. Tight bends can place high levels of stress on the fiber, posing a possible
reliability risk. However, for fibers in these relatively short-length applications, where the lengths tend to be in meters instead
of kilometers, one can exceed the proof stress guidelines with acceptable reliability risk. This is because the probability of
encountering flaws near the proof stress level is low for these short-length applications.

7 Closing Comments

Since large-scale fiber deployments commenced in the early-1980s, optical fiber has proven its reliability despite the fact that
there are many unanswered questions about flaws, strength, fatigue, and aging. Early strength studies showed that fiber could
be stressed provided a minimum strength could be established through proof testing and the loose tube cable design was key
to deployment under minimal stress. Today, the number of cable designs and applications for optical fiber are too numerous
to count. History has shown that perhaps optical fiber was more robust than initially thought. Nevertheless, as this technology
pushes forward we need to continue to anticipate failure modes from fatigue, handling, etc. In this review the basics of these
failure modes are presented from an engineering point of view.
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