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ABSTRACT

Systems containing optical fiber have desgn lives on the order of
decades so that modeds for assessing the mechanical rdiability of the fiber
must rey on extrgpolations from accelerated short term testing.  Such
extrapolations are only vdid if dl relevant mechanisms are fully understood.
The physical processes giving rise to mechanical degradation are reviewed
and it is shown that no sngle model describes dl sStuations. In particular,
srong “pristing’” fiber can behave quite differently from weaker fiber.
Additiondly, two degradation regimes are identified, one which is stress
assisted (fatigue) and one which can occur even in the absence of applied
stress (aging). Recent advances in understanding these phenomena are
discussed and promising areas for future work are proposed.

1. INTRODUCTION

Mechanical failure of optical fiber must be avoided to ensure rdiahility of
fiber-based systems. In telecommunications gpplications the sngle biggest
cause of system failure is failure of the cablel The mgority of such failures
are due to external factors such as dig-ups, fire, etc. Few failures have been
reported due to strength loss of the fiber itself.2 However, despite the low
probability of fiber failure, the associated economic risk is appreciable because
of the high cost of fiber repair or replacement. In addition, some of the
phenomena described here cause abrupt strength loss after prolonged
exposure to moist environments, such effects are not presaged by early
failures (such as “infant mortalities”) that would indicate an impending more
serious and widespread problem. In other words, strength loss is not well
behaved in the sense that it sometimes does not decrease smoothly with time;
rather, the failure rate can dramatically increase after a long period of time in
a way that is unpredictable from the much lower failure rate prior to that
time. Clealy then, it is necessary to fully understand dl the different
mechanisms that influence mechanica rdiability in order to predict such
complex behavior.

Slica fiber can be encountered with a broad range of strengths. Fg. 1
shows a Welbull probability plot that is typical of the strength of ~1 km
specimens. Two modes are observed: a high strength mode which is very
narrow, and a much broader low strength tal. The low strength tal can be
controlled by proof testing the fiber which truncates the digtribution (dashed
line). Therefore, the fiber is essentidly modly very high strength (>5 GPa)
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Fg. 1. Typica Wehbull plot for ~1 km lengths of fiber.

except for occasional weak defects which have a broad range of possble
strengths. These weak defects are associated with extrindc factors, such as
damage to the fiber surface by abrason, or due to adhesion of foreign parti-
cles on the fiber surface. They result from poor manufacturing, handling and
ingdlation. In contrast, the high strength fiber between the weak defects has
an intringc strength close to the theoretica strength of the glass. The
strength of short specimens is essentidly single-valued and free of defects.3
While the strengths shown in Fg. 1 are achievable on a short time scale, the
degradation that occurs over long times when the fiber is exposed to moisture
is a concern for rdiability. The purpose of this aticle is to review the modes
for these degradation mechanisms.

The fiber will not fail mechanicaly unless it is subjected to a mechanical
stress and so it is necessary to know what stresses the fiber will experience
in service. Generdly, the fiber will experience two types of stress, a
relatively low service stress sustained for long periods will cause failure during
servicee. The fiber will also experience much shorter episodes of
comparatively high stress during ingalation, repair or reconfiguration, etc. For
telecommunications gpplications this leads to two quite distinct rdiability
problems. The strength of long lengths of fiber is controlled by the occasional
weak defect so that one concern is the faillure of weak fiber under low in-
service stresses.  Current proof test levels are typicdly ~1 GPa (e.g. 0.69
GPa%) so that stresses less than a fraction of this (1/4 to 1/3) can be
tolerated. Failure at weak defects can be controlled by increasing the proof
stress and by limiting the in-service stress, any failures are locdized at the
defect and are comparatively smple to repair.
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In contrast, the high strength sections of the fiber can experience high
stresses for short periods. For example, a minimum strength of 2 to 3 GPa is
required in order to successfully grip the polymer coating from the fiber for
making connections (corresponding to an inert strength of 4 to 6 GPa) which
is an order of magnitude higher than the weakest defects expected for proof
tested fiber. However, failure at weak defects is unlikdy during stripping due
to their infrequency and is not generdly a problem.

To summarize, for long-length telecommunications applications there are
two principle areas of concern. Firdly the falure of reaively weak fiber
under sustained loads, and secondly the degradation of high strength fiber,
which can occur even without an applied load.

1.1. Fatigue of Fiber Under Stress

The strength loss of slica fiber that occurs when the fiber is exposed to
sustained stress in a moist environment is often described by the subcritical
crack growth model which assumes the presence of well-defined sharp
surface cracks which localy amplify the applied stress at the crack tip. The
stress intengty factor, K, for a crack of length ¢ subjected to a remotely
applied stress, s, is given by:

Ky =Ys, Y2, )

where Y is a parameter of order unity which describes the crack shape. K; is
a measure of the intendty of the stress fied at the crack tip and when it
exceeds a critical value, K, the intringc strength of the material is exceeded
and catastrophic failure ensues.

While Eq. (1) describes the ultimate strength of brittle materials, failure
of many ceramic materials (and dlica glass fibers in particular) shows time
dependence, i.e. delayed falure can occur for applied stresses subgtantidly
lower than are required to produce immediate catastrophic failure according
to Eq. (1). The mechanism for this behavior is now understood to be due to
the combined influence of stress at the crack tip and reactive species in the
environment - particulally water.> The strain in the bonds at the crack tip in
effect reduces the activation energy for the chemical reaction between water
and the dlica so that slicon-oxygen bonds are dowly broken, progressvely
advancing the crack.® A power law relationship between the crack growth
rate and the applied stress intensity at the crack tip is normaly assumed:

¢=AK]. )
Therefore the applied stress causes the crack to extend, which itsdf increases
K; (Eq. 1), leading to an increase in the growth rate (Eq. 2). Eventudly, X;
reaches K;~ and failure ensues. Egs. (1) and (2) may be combined for any
given loading scheme to determine the time to failure. For example, in most

reliability models, the applied stress is assumed to be satic (s, constant) so
that the time to failure, #; is given by:7
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where s; is the initid strength of the material in the absence of fatigue and
can be related to the initid crack length, ¢;, by Eq. (1):

Kje=Ysc¥/?. @)

Note that Eq. (3) is derived using the approximation that the initid crack size,
¢;, Is much smaller than the final crack length, c; when unstable crack growth
occurs:

Ly

Kie=Ys 2. ©

This is a good approximation except when testing the material very rapidly or
in a rdatively inert environment. Eq. (3) forms the basis of most rdiability
modeds since it relates the expected life of the material to the applied stress
and sarting strength; or conversdy it specifies the maximum permitted
service stress for a given service life. Eq. (3) is clearly sendtive to the vaue
of the stress corrosion parameter, n, which is typicdly 20 or more for dlica
fiber. Accelerated laboratory testing is used to estimate the values of B and
n for the particular fiber and environment of interest. Since such tests are
necessarily on a short time scde and on comparatively short lengths (hence
rlatively strong fiber), the rdiability estimates are made by extrapolating Eq.
(3) to longer failure times and lower initid strengths. In practice, the weakest
defects are removed by proof testing the fiber to some stress levd, s ..
Recently, Griffioer reviewed several modds in the literature based on the
power law and showed that they reduced to one basc model but differed
principdly in their failure or rdiability criteria.  For a 30 year lifeime the
modes give allowed stresses typicdly in the range of one quarter to one haf
of the proof stress.

The subcritical crack growth modd, as outlined above, is comprised of
two distinct submoddls. Firdly, the micromechanics model describes how a
defect locdly amplifies the applied stress and so reduces the strength; the
assumption that the defect is a sharp crack with an invariant crack tip geome-
try leads to Eg. (1). The second mode concerns the kinetics of how the
defect grows and specifically how this is affected by the applied stress. The
assumption of a power law dependence on stress intendity leads to Eq. (2).
While the model detailed here has been widdy used for describing the rdli-
ability of ceramics in genera, as well as the optical fibers, its gpplicability to
sdlica fibers is questionable since neither the micromechanics model nor the
kinetics model are based on firm physical ground. The two modes will now
be criticaly examined.

2. KINETICS MODELS

The power law model for the strength degradation kinetics, Eq. (2), is
widdy used for its mathematica smplicity; firsly because it is readily
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integrable for a wide variety of loading schemes (in particular for dynamic
fatigue where the load gpplied to the fiber increases linearly with time; s, is
constant); secondly, the Welbull distribution, which is widdy used to describe
the varigbility in strength, is also based on a power law form so that
incorporation of statistical effects into the lifetime model is possble with the
results expressible in analytical closed form. However, while the power law
has been found to fit crack velocity data for macroscopic cracks welf it is
not based upon any physica modd. In fact, certain aspects of the power law
model are unphysicd; the temperature dependence of the degradation kinetics
is usudly assumed to be contained in the pre-exponent, 4, which is assumed
to exhibit Arrhenius behavior. However, the activation energy calculated
from temperature data has been found to depend on the applied stress.10 It
has been pointed outll that this represents an inconsistency in the fatigue
model which assumes that 4 is a constant not dependent on stress.

Various aternative kinetics modds have been proposed in the literature.
Most assume that degradation (or dow crack growth) results from a chemical
reaction whose kinetics folow Arrhenius behavior, but that the activation
energy is reduced by the application of stress. Two such modds will be
considered here:

¢=Aexp(mK,), (6)

c=ayoxplik?). ™
The first form, Eq. (6), is derived assuming that the stress at the crack tip
modifies the activation energy as a linear teem.12  The stress therefore
modifies the activation energy via an activation volume. The second expo-
nential form, Eq. (7), is derived from an atomistic model for crack propagation
due to Lawn!3 in which the strain energy release rate, G, associated with
crack propagation results in a chemical potential gradient which modifies the
activation energy. In this case the activation energy incorporates a quadratic
term in stress intensty which therefore represents a direct energy modification
term via the strain energy density. Lawn!3 considered the bond rupture to be
revershble, i.e. bonds could reform as wel as break, though at a lower rate
because of the applied stress. The form shown in Eq. (7) ignores the reverse
reaction rate which is expected to be very dow. Secondly, according to the
Lawn modd, at very low applied stress the forward and reverse rates are
comparable, thus leading to a crack propagation threshold which would imply
a fatigue limit. Since no fatligue limt has as yet been unequivocdly
established for high strength fiber, it is reasonable to assume experiments are
operating well away from such thresholds and the reverse reaction (bond
formation) can be ignored.

In principle, the stress can influence the activation energy as both
activation volume and chemical potential terms and it is not possble to
determine a priori which is more important. However, what is clear is that
in general the fatigue eguations can not be solved andyticdly for the
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exponential forms, though solutions for the particular case of datic fatigue
have been found.14 For this reason the exponentia forms have generdly
been neglected in favor of the power law form, Eq. (1). The importance of
the choice of kinetics function will now be discussed.

Given that n ~ 20 for fused dlica, it is clear from Egs. (1) and (2) that
the kinetics mode! is far more sengtive to the stress intensity, K, than the
micromechanics moddl. This means that the fatigue equations found by
combining the two models tend to inherit the functional form of the microme-
chanics modd. For example, in static fatigue, power law crack growth, Eq.
(2), results in power law fatigue, Eq. (3), while the two exponential forms
(Egs. (6) and (7)) result in datic fatigue equations that also have
approximately the same exponential form.  Therefore, when the fatigue
equations are used to extrapolate from the results of accelerated experiments,
the predictions will be sengitive to the form of the kinetics modd, but not to
the form of the micromechanics modd.

It can be shown that the power law always gives the most optimistic
lifetime predictions while the second exponential form (Eq. 7) gives the most
pessmigtic lifetime predictions1® For example, Fig. 2 shows the results of
fitting the three kinetics models to dtetic fatigue data for fiber in ambient ar
taken on a time scale of 3 sto 5 days.16 While the three models fit the data
well, they rgpidy diverge upon extrgpolation past the data so that the
predicted maximum allowed service stresses for a 25 year lifetime span a
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Fg. 2. Three kinetics models fitted to static fatigue data for coated fiber in
ar and extrapolated to a 25 year life.
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decade in stress. An important aspect of this work1>1116 is that careful
caculations of the confidence intervas of the predictions have been made -
the dashed lines in Fg. 2 represent 95% confidence intervals. For these data
it is clear that uncertainty in the lifetime predictions is dominated by uncer-
tainty in the appropriate kinetics model to use, while uncertainty due to
scatter in the data is minor. Therefore, in such circumstances it is essential
to know the correct form of the kinetics mode. Most published data are
insufficiently extensive to determine the correct modd. Experiments specifi-
cdly designed to empiricdly determine which model gives the best fit to data
unfortunately did not give a unique answer.l® Both datic and dynamic
experiments for both bare and coated fiber in room temperature pH 7 buffer
solution were best described by the power law, while the same experiments
on the same coated fiber in ambient air were best described by the smple
exponentia, Eq. (6). These results imply that the Stuation is more complex
than can be described by the smple kinetics models discussed here. In the
absence of specific knowledge of degradation mechanisms and kinetics, a
suitably conservative approach to design should be employed. Clearly, the
power law is not conservative. The first exponentia, Eq. (6), is comparatively
conservative and is therefore recommended for most gpplications. The
second exponential form, Eq. (7), is extremely conservative and is recom-
mended for particularly critical applications, but such kinetics have not been
observed for dlica fiber and may result in design requirements that are
difficult or impossble to satisfy. However, careful observations of dow
growtlh?of macroscopic cracks in fused slica favored the second exponential
form.

The form of the kinetics model is only important when lifetime predictions
are made by extrgpolating from experimental data, but is not when
interpolating. The differences between the different modds can be reduced in
Fg. 2 if the data were extended further out in time. The extent of extrapola
tion is then reduced, as is the sengtivity to the model used. However, this is
effectively measuring lifetime rather than predicting it and it is the purpose of
fatigue models to avoid this.

Often lifetime predictions are made by extrapolating short term fatigue
data for high strength fiber to long term fatigue of weak fiber. It has been
found that when smultaneoudy extrapolating on both time and initid strength
the predictions using the subcritical crack growth model become insengtive
to the kinetics model used because of the way the model scales with these
two parameters.l> In effect, the crack velocity is smilar for strong
specimens tested regpidly and for weak specimens tested dowly and this
observation has been used to justify usng power law kinetics in lifetime
models® However, as will be discussed in the next section, there is not
reason to suppose that strong and weak fiber will behave in the same way so
that the extragpolation on initid strength may be invdid; the convergence of the
different predictions at long times and low initid strength is a result of
assumptions that are not vaid.
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As will be seen, one approach to avoid having to predict weak fiber
behavior from experiments on strong fiber is to directly measure the fatigue
properties of weak fiber. Under these circumstances lifetime predictions rely
on extrapolation of falure time and so will be senstive to the kinetics model.
It is unlikey that the appropriate kinetics model can be determined for weak
fiber since the scatter in results is typicdly an order of magnitude higher than
for prigine fiber. Also, because it is less convenient to work with weak
fiber, experiments usudly only span a smal range of failure times. For these
reasons, it is important that lifetime predictions based on weak fiber behavior
should be conservative and therefore should not be based on power law
kinetics.

Power law kinetics can be used under some circumstances with care.
For example, when proof testing fiber, the resulting strength can be weaker
than the proof stress due to fatigue occurring during the unloading cycle.
This effect can be accounted for by making predictions based on the behavior
of weak fiber where strength is in the range of the proof stress (e.g.
Hanson!8). Since the proof test and fiber strength measurements are made
on dmilar time scales the predictions are effectively interpolations, not
extrapolations. It is then vaid to use power law kinetics, and is especidly
convenient because the problem is then mathematically tractable.l8 However,
in genera, it is important that power law kinetics are only used after
insengtivity of the results to the form of the kinetics model has been
established, rather than assumed.

3. MICROMECHANICS MODELS

By examination of previous work on slica glass both with and without
damage, one may postulate four distinct regimes which, without any other
information, would be expected a priori to have four distinct applicable
micromechanics modds (Table 1). At the low strength extreme, bulk slica
with macroscopic cracks is wel described by Eq. (1) since the cracks are (at
least while propagating) aomicadly sharp and only subject to externdly
gpplied stress. The stress corroson parameter for weak dlica is gpproxi-
mately 40, whether measured directly by crack velocity measurementsl® or
by fatigue measurements.2021 At the opposite end of the strength range is
short length “pristing” dlica fiber. Under inert conditions (e.g. in liquid
nitrogen) such fiber has a dngle valued strength close to the theoretical
strength of the materid.3 Any defects are of atomic dimension and, while
atomicaly sharp, are also alomicaly wide and should be considered blunt and
so are not described by Eq. (1). Additiondly, Eq. (1) is a continuum model
and the discreteness of the material is expected to have a mgor influence on
the fatigue.22 The generdly accepted fatigue parameter, n, is ~20 for high
strength fiber.

In between these two strength extremes are strengths that are of particu-
lar interest since they are of the order of the proof stress. Such strengths



Fiber Optics Reliability and Testing / 11

Table I. Types of defect and strength ranges for slica

Defect Type n Strength Comments
Prigtine 20 >7 GPa Surface phenomena.

Subthreshold | 10-20 | 0.3- 7 GPa | Crack initiation dominated by
residual stresses.

Postthreshold 30 1- 300 MPa | Crack propagation dominated
by residual stresses.

Macroscopic 40 <1 MPa Sharp, residual stress free
Crack cracks.

result from extringc effects such as abrasion damage that can occur during al
stages of manufacture and deployment. Other sources of defects are
particles that adhere to the fiber surface during the drawing process, such as
zirconia particles from the draw furnace. Such defects are characterized by
the presence of a residual stress fidd. In the case of abrasion damage, the
residual stresses occur around regions of plagic deformation (while fused
slica is normaly considered brittle, plastic deformation is readily induced by
the intense compressive stresses found at the tip of a sharp indenter), while
adhering surface particles induce residual thermal stresses in the fiber due to
thermal expanson mismatch. Very severe defects of either type exhibit well
defined cracks but smal defects do not. Modeling such defects using Vickers
indentation has shown that the defects with and without well defined associ-
ated cracks behave quite differently, there being a discontinuity in both
strength and fatigue behavior at the threshold for crack formation.23 There-
fore, low strength fiber is expected to exhibit two regimes which are either
subthreshold (i.e. without well defined cracks) or postthreshold (i.e. with well
defined cracks), as shown in Table |I. The behavior of both sub- and
postthreshold defects is not expected to be described by the subcritical crack
growth model due to the presence of the residual stress. However,
theoretical modds accounting for the residual stresses do describe the behav-
ior of indentations reasonably well.24-26  The behavior of postthreshold flaws
is modeled by propagation of a crack subjected to combined residual and
externaly applied stresses, while subthreshold defects are modeled by
conddering the initiation of a crack from a precrack, agan under the
combined influence of external and residual stresses.

To summarize, of the four types of defects expected to be encountered
in dlica, the only one expected to be correctly described by Eg. (1) is the
macroscopic crack which is the only type of defect of no relevance to optica
fiber rdidbility. Continuity of behavior is therefore not expected throughout
the strength range of interest because of the differences in the strength
contralling defects. However, the fatigue equation, Eq. (3), is found to fit
fatigue data for tfand s, Qquite well under many circumstances and this has
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been cited for its vaidity. However, in rdiability models, Eq. (3) is used to
extrapolate to lower values of s; as well as larger values of ¢; and it is this
extrapolation that depends on the micromechanics model. Extrapolation on s;
has not been tested empiricdly in detail and is usudly invdid since it may
involve extrgpolating from pristine fiber behavior to the behavior of sub- or
postthreshold-like defects.

3.1. Weak vs. Strong Fiber

While the behaviors of weak (sub- and postthreshold defects) and strong
(pristine) fiber are not theoreticaly expected to be the same, it is sometimes
claimed that they empiricaly show smilar behavior, i.e. the stress corrosion
parameter, #, is around 20 for both. However, when reviewing n values for
weak fiber, Kurkjian et al.27 found that while » was not particularly variable
for prigine fiber, values ranging from ~12 to ~40 have been observed for
various types of weak fiber. More recent results also show consderable
vaiability in n values for indented fiber.28

Examination of Table | suggests that, apart perhaps from the subthre-
shold region, there is a genera trend of » incressng with decreasing
strength.  Michalske and Bunker2® point out that if the crack growth kinetics
were redly exponentid, Eq. (6), the apparent » vaue, calculated assuming
power law kinetics, would follow this trend. They extrapolated macroscopic
crack growth data to predict fiber behavior and found reasonable agreement.
This led them to conclude that the subcritical crack growth is consistent with
high strength fiber behavior if exponentia kinetics are assumed. However, a
more careful andysis by Matthewsonl® which included uncertainty in K,
the inert strength s;, and the crack shape parameter Y, showed that while
exponential crack growth and fiber fatigue data were not inconsistent, the
large confidence intervas did not preclude the goplicability of any of the
kinetics models examined here; there is too much uncertainty to draw definite
conclusons. While there may be consistency between prigine fiber and
macroscopic cracks, the intermediate sub- and postthreshold defects do not fit
in the general trend, as exemplified by abrupt changes in behavior at the
threshold.

Other differences between weak and prigtine fiber have been observed
when aging under zero stress in harsh environments. Pristine fiber strength
is degraded in harsh environments, while some polymer coatings may inhibit
this behavior, it is generaly observed for acrylate coatings and, significantly,
for bare fiber as wdl.3031 |n contrast, weak fiber generdly (though not
always, as we shdl see) increases in strength upon aging. The subcritical
crack growth model predicts only strength degradation and only then in the
presence of an gpplied stress and so no changes would be expected in the
absence of stress. The mode is entirdy unsatisfactory for describing the
observed changes during zero stress aging.
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To summarize, we theoreticaly expect and empiricdly observe substartial
differences in behavior between prigine fiber and fiber with strength
comparable to current proof stress levels. No sngle model adequately
describes dl this behavior, and any claming to do so should be treated with
skepticism.  Therefore, the behavior of weak and strong fiber should (and
here will) be considered separately and the behavior of one should not be
inferred from the other.

4. FATIGUE AND AGING BEHAVIOR OF WEAK FIBER

Reiability predictions for weak fiber can be made without extrapolating
from pristine fiber behavior if weak fiber is studied directly. “Naturally”
occurring defects can be studied by examining very long lengths32 but this is
inconvenient since it is achieved by testing many short lengths consecutively;
long duration experiments are not practical, and testing in environments other
than ambient is effectively impossble  The problem is essentidly that the
weak defects are widdly spaced and their podtion is not known in advance.
Therefore the approach generally taken is to introduce artificial defects. Two
approaches can be used, firdly to introduce a sufficient number of flaws so
that a specimen of any reasonable length will be certain to contain a weak
flaw. Alternatively, a controlled discreet defect can be introduced at a known
postion so that it can be individudly studied. The first approach has been
widdy used and long lengths of fiber have been degraded varioudy by
rubbing the bare fiber during the draw process with abrasive33 or another
fiber34 or by blowing steam over the freshly drawn fiber.35> Other techniques
include abrading stripped fiber with hard particles34 or hard particles can be
incorporated in the polymer coaing.38 The effect of adhering surface
particles has been studied by introducing particles into the draw furnace3” or
by contaminating the preform.38

These techniques for making weak fiber are very useful and are com-
paratively convenient since long lengths of fiber can be made with reatively
uniform properties. However, such techniques have drawbacks. Firdly, it
can be difficult to reproducibly damage the fiber, but more importantly each
technique produces only one characteristic strength (or strength digtribution)
and can not explore the complete strength range of interest.  This is an
important limitation because of the complex behavior of the glass in the
region of typica proof stress levels, the narrow strength range explored
means that conclusons can not be generdized. Such techniques induce
defects of a range of sizes and scatter is quite large so that subtle effects
may not be discerned.

An dternative approach is to use indentation by a Vickers diamond
pyramid to introduce a flaw at a known postion.23 The residual strength of
the flaw can be controlled over a wide range by controlling the indentation
load. The results are therefore general in terms of strength but are only
goplicable to a particular type of defect. The technique is also comparatively
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tedious to use. However, for a full understanding of weak fiber behavior,
indentation is an important adjunct to the other techniques because it can
carefully explore behavior over a broad strength range with good resolution
(the Weibull modulus can be as high as 20 or more for indented fiber).

The results of experiments on fibers with a dense population of artificialy
induced flaws show consderable variability. However, with few exceptions,
the stress corrosion parameter, n, typicaly ranges from 20 to 4027:34 so that
weak fiber generally degrades more dowly than prisine fiber. Zero stress
aging experiments have shown that some strength is recovered upon aging in
harsh environments;3334 in one case the strength of abraded fiber nearly
doubled after aging for 10 days in 80°C water.34 Additiondly, some increase
in n has been observed upon aging.27:34 Therefore, under harsh conditions
that promote fatigue, weak fiber seems to generdly both strengthen and have
increased resistance to fatigue. This view seems to have led to some
complacency, even though the behavior of the defects responsible for the low
srengths is not well characterized.3® Also, most data showing strength
recovery in harsh environments are for zero-stress aging and the effect of an
goplied stress under such conditions may inhibit strength recovery.
Additiondly, recent results on indented fiber show that under some conditions
abrupt strength loss can occur.

4.1. Indentation Experiments on Silica Fiber

Indentation by a Vickers diamond pyramid is a useful way of introducing
controlled damage into a body in order to probe the mechanical properties of
the material.23 Such indentations are also thought to be a good model for
contact and abrasion damage by hard angular particles. Indentations of
relatively high loads (<10 N or more) have been widdy studied and can
produce a variety of fractures in the materid; the exact behavior depends on
the material, (hardness, toughness and dagic modulus), environment,
indenter profile and peak indentation load. This subject has been compre-
hensvely reviewed by Cook and Pharr.40 However, weak optical fiber
correspond to indentation loads of typicdly 0.1 to 1 N; a regime that has
been poorly studied.

The Vickers indenter, being sharp, produces plagic deformation beneath
the contact zone. A permanent impression is left in the surface upon removal
of the load and residual stresses remain around the plasic zone (Fig. 3a).
The plagtic deformation does not occur by generaized yielding in the plagtic
zone but by localized shear occurring on planes at ~45° to the surface.
Incipient cracks form where these shear faults intersect.#1 At low indentation
loads (<1 N) litle else is vigble in the optical microscope. At higher loads,
radial cracks form during loading from the corner of the contact zone and are
due to circumferential tendle stresses in the surface (Fig. 3b). These cracks
greatly reduce the residua strength. Lateral cracks (Fig 3c) form on unload-
ing due to tendle components of the residual stress fidd that are exposed as
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Hg. 3. Schematic section of Vickers indentations showing () the plagic
zone, (b) radial cracks and (c) the lateral crack.

the compressive indentation load is removed. Lateral cracks do not grestly
affect the strength directly but can increase it by their tendency to relieve the
residual stresses.42

Ealy work by Dabbs and Lawn?3 showed that the formation of radial
cracks results in abrupt changes in both the strength (Fig. 4a) and dynamic
fatigue parameter, n, (Fig. 4b) which is ~20 for subthreshold indentations
(without radia cracks) and ~30 for postthreshold indentations (with radial
cracks). They showed that the postthreshold vaue is consistent with a true
vaue of n of 40, but the residual stress fidd reduces the apparent vaue to
30. A smilar model for subthreshold defects for which the residua stress
fidd surrounds the “crack” rather than is localized at its center, fitted the
subthreshold data quite well.#4 These theoretical moddls have since been
developed in more detail.2526 |t is now known that failure of posthreshold
indentetions is by propagation of the radial cracks under the combined
influence of the residual and externdly applied stresses while failure at
subthreshold defects could be considered as controlled by nucleation of radial
cracks, which subsequently propagate to failure. One key observation was
that radia cracks in a fatiguing environment could spontaneoudy *“pop-in’
from subthreshold defects some time after indentation with attendant abrupt
strength loss even in the absence of an applied stress. This clearly raises
concerns for rdiability.

The indentation work provides a quditative explanation for the observed
behavior of weak fiber. The dominant role of the residual stresses is clear;
they have a tendency to reduce the apparent fatigue parameter, n, and this
effect is strongest for amdl subthreshold flaws. This explains the general
trend for n to increase for weaker fiber; reflecting the decreasing (but not
negligible) effect of residua stress on larger flaws. The zero stress aging
behavior of weak fiber can also be interpreted in terms of the behavior of
indentations. The residual stresses cause any cracks or incipient cracks to
extend upon aging under zero stress in harsh environments. While crack
extenson causes the stress intendity due to an externdly applied stress to
increase, the stress intensity due to the residual stress decreases* and this
leads to overal strengthening, as observed. This aso leads to the important
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conclusion that a fiber will not fal under the influence of residua stress
alone. Crack extension, particularly of smdl lateral cracks which are often
observable, also relieves the residua stresses around the indentation ste,
agan leading to strengthening. Both effects reduce the influence of residua
stress during aging, thus explaining the general increase in n which is often
observed.3334 1t is often claimed that strength recovery could be caused by
crack tip blunting; while this is possible, residual stress effects are likdy to
dominate.4°
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The early experimental work on slica®324 was limited in the subthre-
shold and threshold regions and the severity of the discontinuity in behavior
at the threshold was in doubt since, except for one point, al subthreshold
data were for optical fibers broken in tenson while al postthreshold data were
for dlica rods broken in bending. Indentation experiments at Rutgers
University have been aimed at extending the early work into the subthreshold
region, to examine the threshold region in more detail and to determine the
importance of crack pop-in. By using fibers of various diameters and appro-
priate strength measurement techniques (two-point bending3® for stronger
fibers and a novel four-point bend technique for weaker fibers*6.:47) the entire
region of interest can be explored.48 Fig. 5 shows the inert (liquid nitrogen)
strength of indented fiber as a function of indentation load.28 In the subthre-
shold region strengths of up to 3.7 GPa (5% drain to failure) have been
measured. It is noted that the two- and four-point bending results are in close
agreement in the region of overlap. The threshold region is extensvely
explored and bimodal behavior is observed in the load range of 2 to 5 N;
some indentations have no radial cracks while others have well defined cracks
and are subgtantialy weaker. In fatiguing environments even more complex
behavior is expected in the threshold region with bimodd strength distribu-
tions - subthreshold indents may fal by two modes, radia cracks pop-in
during loading and can either propagate to cause immediate falure or can
arrest and then grow stably until later catastrophic failure2526  Therefore,
the uncontrolled weakening techniques such as abrasion, while extremely
useful, are not able to map out the full behavior near the threshold since they
effectively take a “sngp-shot” of the behavior at just one strength. Also
shown in Fig. 5 are data of Jakus et al.?* for measurements of “inert’
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Fig. 5. Inert strength of indented fiber as a function of indentation load.28
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strength made in room temperature dry nitrogen. Their results are sgnifi-
cantly weaker than in liquid nitrogen and are therefore not in inert conditions
(the difference can not be explained by the temperature dependence of dastic
modulus which only differs by ~10% between - 196°C and 25°C).

Hg. 6 shows the strength of 0.1, 0.5 and 1 ON indentations after aging
in 90°C pH 7 buffer solution. After 10 hours, both 0.1 N (subthreshold) and
10 N (postthreshold) indentations show some strengthening, as observed for
abraded fiber. However, 0.5 N indentations, which are initidly subthre-
shold, show pronounced bimoda behavior after 10 hours, some specimens
gan srength while others show radial crack pop-in and a substantialy
reduced strength which does not fully recover upon further aging. Inert
(liquid nitrogen) strength measurements show smilar results. The 0.5 N
indents have an initid inert strength of 1.2 GPa but the low strength
“popped-in”  specimens have a strength of 0.5 GPa after 10 hours aging.
Since the proof stress corresponds to the inert strength, the 0.5 N indents
would pass a 0.69 GPa test4 but if aged under zero stress, “pop-in” would
degrade the strength below the proof level. Therefore, proof testing does not
guarantee the strength if the fiber is exposed to aggressive environments even
under zero stress. This behavior is not accounted for by present rdiability
models. It is noted that when proof testing, degradation during unloading can
lead to defects weaker than the proof stress (e.g. Hanson8) but this effect,
unlike pop-in, can be controlled by rgpid unloading after gpplying the proof
stress.
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Fig. 6. Residual strength of indented fiber after aging in 90°C pH 7 buffer
solution.28
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Hg. 7 shows measurements of the dynamic fatigue parameter, n, for
0.5 N indentations in various environments. As observed for abraded fiber,
n increases with aging time. However, the vaue for unaged indentations in
pH 7 buffer is 101 which is disurbingly low.

Although Glaesemann34 dd see dight weskening before substantial
strength recovery during aging, there is litle evidence for crack pop-in in the
literature on abraded fiber. However, this does not mean that pop-in is of no
practical importance since it might not have been observed for two reasons.
Firgly, pop-in at indents is only observed over a narrow range of strengths;
stronger and weaker defects dl show monotonicaly increasing strengths -
experiments on abraded fiber might Smply not be in the correct strength
range. Secondly, abrasion produces a comparatively broad strength distribu-
tion and a few specimens showing pop-in might not be diginguisheble given
the substantia scatter.  Significantly, Glaesemann34 observes increased
scatter with aging time which could perhaps be due to bimodd behavior,
though he cites other explanations. This scatter could readily mask the
presence of pop-in. It should be noted that in our experiments, indentations
are observed both before and after aging; pop-in is directly observed and the
choice of which mode of the bimoda strength didribution to assign a
particular specimen is unequivocaly established. In contrast, the failing flaw
in an abraded fiber is not known in advance and pop-in can only be inferred
from the statistics of the strength results.

The relevance of the indentation results may be questioned since they are
only a good quantitative model for certain types of defects, and many defects
in a practical fiber come from other sources. However, most “red” or
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practical defects, if severe enough, do have associated cracks and so have a
threshold for crack formation. Clearly then, defects just in the subthreshold
region have a potential for crack pop-in. The important question is therefore
not “are indents a good model for practical defects?’ but rather “for any
given type of practical defect, where is the threshold for pop-in and how does
it compare with the proof stress?’

To summarize, the results for abraded fiber can not be generalized to the
whole strength region, while the results for indented fiber only quditatively
indicate how practical defects might behave. However, combining both sets
of results explains much of the observed behavior of weak fiber. General
improvements in strength and fatigue properties are observed when aging
under zero stress, but the results warn that in critical strength regions sponta-
neous strength loss can occur in harsh environments, even in the absence of
applied stress. Rdiability modds should dlow for the posshility of such
behavior, either by explictly including the phenomenon or by being suitably
conservative.

5. FATIGUE AND AGING BEHAVIOR OF PRISTINE FIBER

Prigtine fiber, the fiber between the weak extrindc defects, typicdly has
a drain to falure of a several percent and has a very narrow strength
digribution.  This implies that such material is essentidly flaw free3 any
“defects’” are of molecular dimenson. Therefore the micromechanics model
of Eq. (3), where the defects are assumed to be sharp cracks in a continuum,
is expected to be a poor description of the “defects’ in pristine fiber, which
are neither sharp nor large compared with the molecular structure of the
glass. However, the faigue behavior of pristine fiber is empiricaly found to
fit Eq. (3) quite well in at least the dependence of time to failure on applied
stress, though substantial deviations are often observed in harsh environments
(the aging and fatigue “knees” which will be discussed below). Under these
circumstances, the fatigue can be considered well behaved in that it exhibits
“linear” fatigue (approximately linear behavior on loglog fatigue plots) and
behaves somewhat predictably with, for example, temperature, pH, and water
availability. 104950  Therefore Eq. (3) can be useful, and the crack size, c,
can be thought of as an effective flaw size. However, a detailed examination
of the behavior has shown some discrepancies. For example, the strength has
been found to be sendtive to the presence of certain ionic species in the
environment in a way not exhibited by macroscopic cracks. Matthewson et
al.>1 found that the strength depends on the presence of group | akai metal
ions and exhibited a minimum strength for potassum. This correlates with
slica dissolution data which show a maximum for potassium,52 while no
cation dependence is observed for macroscopic crack growth.53 At high pH
the surface of dlica is negatively charged but, since fatigue is faster at high
pH, the fiber is attacked principdly by negative hydroxide ions. Therefore
surface effects, and in particular the nature of the eectric double layer, can
grongly influence fatigue. Rondindla et al.%* suggest that the dkdi cations



Fiber Optics Reliability and Testing / 21

effectively act as catalysts transporting the hydroxyl ions to the dlica surface;
their cataytic power depends on the dze and binding energy of ther
hydration shells.  Such behavior would only be observed at a free surface of
the glass and not in the highly constrained confines of a crack. Inniss et al.®®
found that at constant pH, the fiber strength depends on the concentration of
various salts; NaCl in particular. They found that the strength correlated
with the surface charge on the dlica This again suggests that the fatigue of
high strength fiber is a sendtive function of surface chemistry and surface
effects.

Egs. (1) and (2) can be integrated for dynamic loading conditions in
which the fiber strength is determined as a function of constant stressing rate.
Therefore, a sengitive test of the subcritical crack growth model is to compare
gatic and dynamic fatigue measurements.  Matthewson!! showed that
comparison of gatic and dynamic results obtained on smilar time scales is a
test of the micromechanics model rather than the kinetics modd. By careful
experimentation using identical fiber, environments, and test equipment, he
found a discrepancy between dtatic and dynamic fatigue experiments.16  For
example, Fig. 8 shows the dynamic fatigue results obtained directly and by
prediction from datic fatigue experiments. The datic fatigue results predict
sysematically higher strengths which are datidtically sgnificant since the
dashed lines are 95% confidence intervas on the prediction and do not
enclose the dynamic fatigue data (the predictions are made for the exponentia
modd, Eq. (6), but other models lead to the same conclusion). The reasons
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for this discrepancy are not clear, but one posshility is the discreteness of the
crack growth - the crack does not advance continuoudy, but rather, discon-
tinuoudy as each bond ruptures; the rate of growth is controlled by the bond
rupture probability. Hanson6 also found smal but systematic differences
between gatic and dynamic results usng a stochastic model for fatigue. The
importance of the discrete nature of crack growth was highlighted in earlier
work; Scanlan?2 showed that the time to failure can be very sensitive to the
time it takes just the first bond to break.

The above perturbations from the subcritical crack growth model are
however, rdatively minor and may be ignored for many applications. What
is far more serious are the substantia perturbations from the smple theory,
namely, the fatigue and aging knees often observed in harsh environments.
These knees can result in subgtantidly lower performance than predicted by
the subcritical crack growth model.

5.1. The Fatigue and Aging Knees

The datic fatigue knee is an abrupt decrease in the fatigue parameter, n,
at long times to falure which results in a fatigue life which is very much
shorter than indicated from short-term data.  While origindly observed in
data for datic fatigue in humid air>’ the presence of the fatigue knee has
only recently been observed again in vapor environments.58 Its presence has
been well established in harsher, liquid environments. The postion of the
knee is strongly influenced by the nature of the polymer coating and appears
to be suppressed for certain coating formulations such as polyimides, prob-
ably due to their strong adhesion to the fiber (e.g. see the article by Biswas®®
in this volume). However, the fatigue knee has also been observed for bare
fiber3031 indicating that it is a property of the fiber rather than smply a
coating effect. The strength of pristine fiber is usudly observed to decrease
during aging under zero stress, often abruptly. The aging knee occurs at a
dmilar time to the fatigue knee for both multicomponent4® and silica glass.3!
The aging and fatigue knees are now thought to be due to the same phenome-
non, namely the formation of surface roughness or pits. These pits then act
as a new source of stress concentrating defects. Ther presence has been
directly confirmed by both scanning tunneling microscopy® and aomic force
microscopy (AFM).61 While a variety of coated and bare fibers show quite
different zero stress aging behavior, it has been shown that the residual
strength and surface roughness (measured by AFM) have a unique
relationship.61  This strongly suggests that the fatigue and aging knees are
caused by initiation of new surface flaws by surface dissolution rather than by
propagation of preexisting defects. The pits are not sharp and their stress
amplification depends also on their tip curvature. Recently, Inniss et al.62
verified the theoretical rdationship for the stress intendty factor at a blunt
surface pit by measuring both the shape and resulting inert strength of
discrete pits produced by etching slica fiber in HF vapor. While qualita-
tivdy smple to understand, a quantitative description of the fatigue behavior
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of such pits is complex since they must be described by two parameters,
width and length, which both can evolve with time.

France et al.4° modeled the fatigue knee by assuming that fatigue and
aging both occur smultaneoudy. By fitting an empirical function to zero-

stress aging data they found an effective crack growth rate in aging of the
form:

2c ab
¢= —(1+ ;:t)l' 5 8

which could then be added to the stress induced growth (Eq. 2) to predict
combined aging and fatigue. They found quite good agreement with their
predictions for multicomponent glasses, and more recently Cudlar et al
found reasonable agreement for various slica and doped slica fibers.3
However, earlier work on fused slica fiber did not give such good agree-
ment.31 There are several objections to this modd. Firdly, it is not truly
predictive of the knee since it uses direct observation of the aging knee to
predict the pogtion of the fatigue knee. Secondly, the aging behavior, as
exemplified by Eq. (8), is very abrupt with apparently litle occurring during
the early stages of aging. Thirdly, the model is based on assumptions which
are invdid; in particular it is assumed that one population of flaws grows by
both stress and some unspecified aging mechanism.  The current understand-
ing is that there are two separate flaw populations which behave differently.
The vaidbility in the aging and fatigue knee behavior means that it is not
possible, as yet, to construct a reasonable quantitative model for the knee
behavior. However, with the recent advances in understanding it is possble
to construct a physicdly reasonable quditative moded.

Two flaw populations are considered. The first are intrindc defects
which are comparatively sharp and can be gpproximatedly modeled by the
subcritical crack growth modd. In datic faigue these flaws lead to an
effective fatigue parameter, n =~ 20 (Fig. 9%) but are largdy unaffected by
zero-stress aging (Fig. 9a). The second flaw populaion consists of surface
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pits which form due to dissolution of the surface. The severity of these pits
increases with time under zero stress (Fig. 9a). Application of stress is not
expected to strongly influence the formation of roughness since, unlike the
intrindc defects, the roughness does not sgnificantly amplify the stress in the
early stages of roughening (though this should be confirmed). Therefore, the
strength of roughness defects is amilar in both fatigue and aging. The two
defect populations are assumed to evolve separately so that failure occurs due
to the more severe type, i.e. at short times the intringc defects cause failure
while at longer times the roughness defects dominate. The bold lines in Figs.
9a and 9b represent the overal behavior. Note that a dtetic fatigue curve
represents the locus of times at which the inert fiber strength equds the
applied stress; for a vaid comparison of the effect of stress on strength the
fatigue plot should be compared to the dependence of inert strength on aging
time. Severa quditetive conclusions can be drawn from this modd.

1. The fatigue knee occurs later in time than the aging knee. Because the
intringc defects do not grow during zero-stress aging, the roughness defects
degrade to amilar severity in a shorter time. This trend has been observed
for a variety of commercial and research fibers®3 and is also predicted by
France’s modd.49

2. The abruptness of the knee is caused by a switch in the nature of the
strength controlling defect, and does not represent any abruptness in the
physical processes responsble for the strength.

3. The postion of the knee will be sengtive to the roughening kinetics. It
is important to note that the roughening is not due to dissolution itsdf but is
due to differential dissolution rates from point to point on the fiber surface.3!
These kinetics are quite varigble and one might postulate two extremes of
behavior. Firdly, if the fiber surface is uniformly avalable to the environ-
ment for etching then differentia etching rates are due to random fluctuations
in the glass structure - such randomness is into the depth of the glass as well
as across the surface. The rate of roughening is anadogous to the accumula
tion of random noise and would grow with the square root of time, +/t. As
evidence for this, we found that dlica fiber in various dkdis generate
~10 nm surface roughness on a time scale of a day, but that the fiber diameter
decreased by ~10 nm in that same time64 The differential etching rate in
this case is orders of magnitude dower than the average rate. At the other
extreme, one can podtulate a fiber surface that is effectively insoluble in
locdlized regions, but soluble in others.  This might occur, for example,
when the coating has patchy adhesion. Under these circumstances the
differentia etching rate is comparable with the average etching rate and so
increases linearity with time, . Such locdized etching has been directly
observed.65

The variability in the roughening kinetics is reflected in the observed
varigbility in the pogtion of the knee and its sendtivity to the coating and its
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adhesion.63.66  However, it does make it unlikely that a sngle smple quanti-
tative model can be developed that describes more than a narrow range of
fiber types.

An interesting point that results from these considerations is that a ¢
dependence will adways dominate a +/¢ dependence at sufficiently long time.
This means that a durable fiber, with very low average etching rates, can 4ill
exhibit knee behavior if any differential etching occurs and that the knee will
then be quite abrupt. Exactly this behavior has been observed for a titania
doped fiber which initidly shows improved behavior compared to a typical
dlica fiber, but eventudly exhibits an abrupt knee with worse performance
beyond.63

The roughening kinetics modds can also explain the observation that the
fatigue behavior of bare fiber can, at very long times, have longer failure
times than the same fiber but coated.3! While the bare fiber starts weaker
because of closer interaction with the environment, the coated fiber eventu-
dly is weaker due to its greater differential etching rate.31 A smilar cross-
over in behavior has been observed for the roughness of both coated and bare
fiber under zero stress aging.6!

The roughening model outlined here is physcaly reasonable and suc-
cessfully quditatively explains many experimental observations. However, it
also may form the basis for a truly predictive model for the presence of the
fatigue knee. Unlike France’'s modd 49 this model does predict that there are
some significant changes occurring before the knee, i.e. surface roughening
that initidly does not degrade the overal strength. The presence or absence
of this early roughening would be a precursor for the development of fatigue
and aging knees. However, the published data for measurements of rough-
ness have concentrated on the knee region and beyond; measurements of
surface roughening before the knee is a promising area of research.

While quantitative prediction of the podtion of the fatigue knee may
prove to be difficult, if not impossble, the understanding of the mechanisms
leading to the knee have enabled us to produce coating formulations that
subgtantidly delay the onset of the knee. This work promises to dlow
production of fiber whose knee is sufficiently delayed in time that it is not a
concern for rdiability. The idea, which involves incorporaing nanosized
(~20 nm diameter) slica particles in the polymer coating of the fibers, is an
inexpensive modification of existing coating technologies. The slica parti-
cles are rddively soluble because of ther surface curvature and dissolve
preferentidly in environmental moisture.  The moisture, being partidly satu-
rated with slica, then has a lower reactivity at the fiber surface and surface
roughening is substantialy depressed.67.68  While having litle effect before
the fatigue knee, only 3 wt% of particles can delay the onset of the knee by a
factor of ~100 and times to failure beyond the knee can be extended by
factors of up to ~300.69 The particles also give substantial protection in
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humid environments, as well as in liquids®8 Incorporating the particles in
the outer of a dual coated system ensures that they can not degrade the
strength or optical loss by interacting with the fiber surface, while dill
retaining most of the protective power.6970 While the additive does make
the coating liqud prepolymer thixotropic and more viscous, this can be
controlled by dtirring prior to coating.69 Even more beneficial results can be
expected with optimization of the particle sze and concentration. The
technique also promises to be useful for other glass systems, such as the
heavy metal fluorides, which have substantidly lower durability than silica.”!

6. CONCLUSIONS

This aticle criticaly examines the fundamental physical modds for the
degradation of optical fiber strength that occurs in the presence of moisture.
Current quantitetive rdiability modds are amost exclusvely based on the
power law subcritical crack growth model which is shown to be flawed in
amogt dl aspects; power law kinetics are unphysica and unduly optimigtic
and neither strong nor weak material contains Smple cracks. High strength,
“pristing” material does not contain sharp well defined cracks and often the
behavior is dominated by the formation of strength degrading surface rough-
ness by etching. In weak materia, any sharp cracks that may be present are
grongly influenced by the presence of residua stress. Of particular concern
is the recent observation that some kinds of weak defect can spontaneoudy
lose strength to below the proof stress.

However, it is recognized that for practical purposes it is often necessary
to make some kind of estimate of expected lifetimes despite our lack of
quantitative understanding of the relevant mechanisms. Under these circum-
stances, use of the subcritical crack growth model is an unavoidable necessity
because of the lack of alternatives. However, it should be treated as a semi-
empirical scaing model rather than a fully predictive modd. In particular,
careful consideration should be given to the confidence intervals of the
predictions; variability in dl aspects of the model should be considered, not
just varigbility due to scatter in input data. Of particular importance is the
assumed form of the degradation kinetics modd; it is recommended that at
the very least, an exponential form should be considered since the ubiquitous
power law form gives unduly optimigic results. Published results of rdi-
ability modeling rarely consider confidence intervals for predictions and so it
is hard to interpret their significance.

6.1. Future Directions

Clearly there are many areas avalable for fruitful research. Perhaps one
of the most important is to more fully characterize and understand the
behavior of weak fiber. For this it is necessary to study both “rea” and
model defect populations as wel as to study individua controlled defects
produced by indentation or other techniques. In particular, the conditions
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that lead to crack pop-in should be determined for the various types of severe
defect encountered in practice.

Surface roughening has been shown to be the cause of the abrupt knees
observed in both datic fatigue and zero stress aging of high strength fiber.
However, this research so far is modly of a quditaive nature and more
quantitetive characterization is required. In particular, the nature of roughen-
ing before the knee is of especial interest since it may form the foundation of
a predictive model for the presence of the knee. It has been shown that
incorporating fine dlica particles in the polymer buffer coating dows the
formation of surface roughness and promises to be a practical method for
subgtantiadly delaying the onset of the fatigue and aging knees.

Lifetime predictions are often sendtive to the mathematical form
assumed for the degradation kinetics (crack growth rate). Initid results in
this area suggest that there is no unique form appropriate for a broad range of
fiber types and environments. However, further exploration should deter-
mine what range of modes might be encountered and, in particular, whether
degradation is ever more severe then predicted by a Smple exponentia form.

7. ACKNOWLEDGEMENTS

This work was sponsored in part by the Fiber Optic Materias Research
Program at Rutgers Universty and in pat by the New Jersey State
Commission on Science and Technology.

8. REFERENCES

1. SV. Lide and T.C. Tweedie, “Fiber and cable rdiability,” Lightwave,
December, 38-39 1993.

2. HH. Yuce, A. DeVito, C.J. Wieczorek, W.T. Anderson and J.P.

Varachi, Jr., “Post-mortem failure andyss of optical fiber cables’

Proc. 38th Int. Wire & Cable Symp., 611-622 19809,

C.R. Kurkjian and U.C. Paek, “Single-valued strength of ‘perfect’ dlica

fibers” Appl. Phys. Lett., 42 251-253 1983.

“Generic requirements for optical fiber and optical fiber cable,” Bellcore

TR-NWT-000020, Morristown, NJ, 1992.

T.A. Michdske and SW. Freiman, “A molecular mechanism for stress

corrosion in vitreous dlica” J. Am. Ceram. Soc., 66 284-288 1983.

6. S.M. Wiederhorn, “A chemical interpretation of datic fatigue” J. Am.
Ceram. Soc., 55 81-85 1972.

7. A.G. BEvans and SM. Wiederhorn, “Proof testing of ceramic materias -
an anaytical basis for falure prediction,” Int. J. Fracture, 10 379-392
1974.

8. W. Griffioen, “Evaluation of optical fiber lifetime modes based on the
power law,” Opt. Eng., 33 488-497 1994.

>~ W

o



28 / Critical Reviews Vol. CR50

0.

10.
11
12.
13.

14.

15.

16.
17.
18.
19.
20.
21
22.
23.

24.

25.

26.

27.

28.

S.M. Wiederhorn, “Subcritical crack growth in ceramics’ in “Fracture
mechanics of Ceramics, vol. 2" eds. R.C. Bradt, D.P.H. Hasselman
and F.F. Lange, pp.613-645, Plenum, New Y ork, 1974.

C.K. Kao, “Optica fibre and cables’ in “Optical fibre communica
tions” eds. M.J. Howes and D.V. Morgan, Wiley, 1980.

M.J. Matthewson, “Fiber lifeime predictions,” Proc. Soc. Photo-Opt.
Instrum. Eng., 1580 130-141 1991.

S.M. Wiederhorn and L.H. Bolz, “Stress corroson and datic fatigue of
glass” J. Am. Ceram. Soc., 53 543-549 1970.

B.R. Lawn, “An aomigic model of kindgic crack growth in brittle
olids” J. Mat. Sci., 10 469-480 1975.

K. Jakus, JE. Ritter, J. and JM. Sulivan, “Dependency of fatigue
predictions on the form of the crack velocity equation,” J. Am. Ceram.
Soc., 64 372-374 1981

G.M. Bubel and M.J. Matthewson, “Optical fiber rdiability implications
of uncertainty in the fatigue crack growth modd,” Optical Eng., 30 737-
745 1991.

M.J. Matthewson, “Kinetics modds for the fatigue of fused slica optical
fiber,” unpublished work.

J.D. Hdfingine and S.T. Gulati, “Measurement of ultreadow crack
growth in high slica glasses,” abstract in Ceram. Bull., 71 470 1992.
T.A. Hanson, “Andysis of the proof test with power law assumption,”
Proc. Soc. Photo-Opt. Instrum. Eng., 2074 108-119 1993.

S. Sakaguchi, Y. Hibino and Y. Tgima, “Fatigue in dlica glass for
optical fibers,” Rev. Elec. Comm. Lab., 32 444-451 1984.

S. Sakaguchi, Y. Sawaki, Y. Abe and T. Kawasaki, “Delayed falure in
slicaglass” J. Mat. Sci., 17 2878-2886 1982.

JE. Ritter, J. and C.L. Sherburne, “Dynamic and datic fatigue of
slicate glasses,” J. Am. Ceram. Soc., 54 601-605 1971.

I.F. Scanlan, “Computer aided bond fallure model of crack growth in
slica” abstract in Ceram. Bull., 68 741 1989,

T.P. Dabbs, D.B. Marshdl and B.R. Lawn, “Flaw generation by
indentation in glass fibers,” J. Am. Ceram. Soc., 63 C224-225 1980.

K. Jakus, JE. Ritter, J., SR. Choi, T.J. Lardner and B.R. Lawn,
“Failure of fused dlica fibers with subthreshold flaws,” J. Non-Cryst.
Solids, 102 82-87 1988.

S. Lathabai, J. Rodel, T.P. Dabbs and B.R. Lawn, “Fracture mechanics
model for subthreshold indentation flaws. Part | equilibrium fracture,” J.
Mat. Sci., 26 2157-2168 1991.

S. Lathabai, J. Rodel, T.P. Dabbs and B.R. Lawn, “Fracture mechanics
model for subthreshold indentation flaws: Part 1l non-equilibrium
fracture,” J. Mat. Sci., 26 2313-2321 1991.

C.R. Kurkjian, J.T. Krause and M.J. Matthewson, “Strength and fatigue
of slicaoptical fibers,” J. Lightwave Tech., 7 1360-1370 1989.

M.J. Matthewson, B. Lin and A.P. Stanzeski, “Modding weak optical
fiber by usng Vickers indentation,” OFC'94 Tech. Digest, 5 245-246
1994,



20.

3L

32.

37.

30.

4]1.

42.

Fiber Optics Reliability and Testing / 29

T.A. Michdske and B.C. Bunker, “A chemical kinetics model for glass
fracture,” J. Am. Ceram. Soc., 76 2613-2618 1993.

JT. Krause, “Zero stress strength reduction and trangtions in datic
fatigue of fused dlica fiber lightguides” J. Non-Cryst. Solids, 38-39
497-502 1980.

M.J. Matthewson and C.R. Kurkjian, “Environmenta effects on the
datic fatigue of dlica optica fiber,” J. Am. Ceram. Soc., 71 177-183
1988.

G.S. Glagsemann and D.J. Walter, “Method for obtaining long-length
strength didributions for rdiability prediction,” Opt. Eng., 30 746-748
1991.

H.H. Yuce, P.L. Key and H.C. Chandan, “Aging behavior of low
strength fused dlica fibers” Proc. Soc. Photo-Opt. Instrum. Eng.,
1366 120-128 1990.

G.S. Glagsemann, “The mechanica rdiability of large flaws in optica
fiber and their rde in rdidbility predictions” Proc. 4l1st Int. Wire &
Cable Symp., 698-704 1992,

M.J. Matthewson, C.R. Kurkjian and S.T. Guldti, “Strength measure-
ment of optica fibers by bending,” J. Am. Ceram. Soc., 69 815-821
1986.

H.H. Yuce, P.L. Key and M.A. Andrgco, “Strength and datic fatigue
of low strength optical fiber,” OFC'89 Tech. Digest, WA-2 1989,

S. Sakaguchi and Y. Hibino, “Fatigue in low-strength slica optica
fibers” J. Mat. Sci., 19 3416-3420 1984.

T. Breuls and T. Svensson, “Strength and fatigue of zrconia induced
weak spotsin optical fiber,” Proc. Soc. Photo-Opt. Instrum. Eng., 2074
78-82 1993.

S.T. Gulat, “Large flaws. the culprit in fiber rdiability,” Photonics
Spectra, 26 [12] 78-82 1992.

R.F. Cook and G.M. Pharr, “Direct observation and andysis of inden-
tation cracking in glasses and ceramics,” J. Am. Ceram. Soc., 73 787-
817 1990.

J.T. Hagan, “Micromechanics of crack nucleation during indentations
J. Mat. Sci., 14 2975-2980 1979.

R.F. Cook and D.H. Roach, “The effect of lateral crack growth on the
strength of contact flaws in britle materials,” J. Mat. Res., 1 589-600
1986.

T.P. Dabbs and B.R. Lawn, “Strength and fatigue properties of optical
glass fibers containing microindentetion flaws,” J. Am. Ceram. Soc., 68
563-569 1985.

S.R. Chaoi, JE. Ritter, Jr. and K. Jakus, “Failure of glass with subthre-
shold flaws,” J. Am. Ceram. Soc., 73 268-274 1990.

B.R. Lawn, K. Jakus and A.C. Gonzdez, “Sharp vs blunt crack
hypothesis in the strength of glass. a critical study using indentation
flaws,” J. Am. Ceram. Soc., 68 25-34 1985.



30 / Critical Reviews Vol. CR50

46.

47.

48.

49

5L

52.

57.

59.

G.J. Ndson, M.J. Matthewson and B. Lin, “A novel four-point bend
test for strength measurement of optical fibers and thin beams. Part |I:
bending anadysis,” unpublished work.

M.J. Matthewson and G.J. Nelson, “A nove four-point bend test for
strength measurement of optical fibers and thin beams: Part I1: statistical
andyss” unpublished work.

B. Lin, M.J. Matthewson and G.J. Nelson, “Indentation experiments on
slica optica fibers” Proc. Soc. Photo-Opt. Instrum. Eng., 1366 157-
166 1990.

P.W. France, W.J. Duncan, D.J. Smith and K.J. Beales, “Strength and
fatigue of multicomponent optical glass fibers” J. Mat. Sci., 18 785792
1983.

W.J. Duncan, P.W. France and S.P. Craig, “The effect of environment
on the strength of optical fiber” in “Strength of inorganic glass” ed.
C.R. Kurkjian, pp.309-328, Plenum Press, New York, 1985.

M.J. Matthewson, V.V. Rondindla B. Lin and SW. Keyes, “Effect of
Alkdi Hydroxides on the Strength and Fatigue of Fused Silica Optical
Fiber,” J. Am. Ceram. Soc., 74 2592-2598 1991.

PW.JG. Wijnen, T.P.M. Beden, JW. de Haan, C.P.J. Rummens,
L.JM. van de Ven and R.A. van Santen, “Silica gel dissolution in
aqueous akai metal hydroxides studied by 29S-NMR,” J. Non-Cryst.
Solids, 109 85-94 1989,

G.S. White, SW. Freiman, SM. Wiederhorn and T.D. Coyle, “Effects
of counterions on crack growth in vitreous slica” J. Am. Ceram. Soc.,
70 891-895 1987.

V.V. Rondindla, M.J. Matthewson and B. Lin, “Influence of solutes on
the fatigue behavior of prigine slica optica fiber,” Ceram. Trans., 20
171-182 1991.

D. Inniss, D.L. Brownlow and C.R. Kurkjian, “Effect of sodium
chloride solutions on the strength and fatigue of bare slica fibers” J.
Am. Ceram. Soc., 75 364-368 1992.

T.A. Hanson, “Stochastic fatigue model for optical glass fiber,” abstract
in Ceram. Bull., 70 1368 1991.

T.T. Wang and H.M. Zupko, “Long-term mechanical behaviour of
optical fibres coated with a UV-curable epoxy acrylate,” J. Mat. Sci., 13
2241-2248 1978.

M.J. Mathewson, H.H. Yuce, V.V. Rondindla, P.R. Foy and JR.
Hamblin, “Effect of dlica particles in the polymer coating on the fatigue
and aging behavior of fused dlica optical fiber,” OFC'93 Tech. Digest,
4 PD21 87-90 1993.

D.R. Biswas, “Optical fiber coatings,” Proc. Soc. Photo-Opt. Instrum.
Eng. critical review series, CR50 this volume 1994.

R.S. Robinson and H.H. Yuce, “Scanning tunneling microscopy study
of optical fiber corrosion: surface roughness contribution to zero-stress
aging,” J. Am. Ceram. Soc., 74 814-818 1991.



61.

62.

67.

69.

70.

71

Fiber Optics Reliability and Testing / 31

H.H. Yuce, J.P. Varachi, J., JP. Kilmer, C.R. Kurkjian and M.J.
Matthewson, “Optical fiber corrosion: coating contribution to zero-stress
aging,” OFC'92 Tech. Digest, Postdeadline paper-PD21 1992.

D. Inniss, Q. Zhong and C.R. Kurkjian, “Chemicdly corroded pristine
slica fibers: blunt or sharp flaws?” J. Am. Ceram. Soc., 76 3173-3177
1993.

E. Cudlar, M.T. Kennedy and D.R. Roberts, “Static fatigue testing of
optica fibers in water immerson,” Proc. 41st Int. Wire & Cable
Symp., 689-695 1992,

M.J. Matthewson, V.V. Rondindla and B. Lin, “Influence of solutes on
the fatigue behavior of pristine slica optical fiber,” abstract in Ceram.
Bull., 70 1368 1991.

T.T. Volatinen, H.H. Yuce and R.A. Frantz, “Effect of glass prepara
tion on the surface corrosion of fused slica optical fibers” Proc. Soc.
Photo-Opt. Instrum. Eng., 2074 83-94 1993.

B.J. Skutnik, B.D. Munsey and C.T. Brucker, “Coating adhesion effects
on fiber strength and fatigue properties,” Mat. Res. Soc. Symp. Proc.,
88 27-34 1987.

V.V. Rondindla, M.J. Matthewson and C.R. Kurkjian, “Coating
additives for improved mechanical reigbility of optical fiber,” J. Am.
Ceram. Soc., 77 73-80 1994.

M.J. Matthewson, V.V. Rondindla and C.R. Kurkjian, “The Influence
of Solubility on the Reliability of Optical Fiber,” Proc. Soc. Photo-Opt.
Instrum. Eng., 1791 52-60 1992.

V.V. Rondindla, M.J. Matthewson, P.R. Foy, SR. Schmid and V.
Krongauz, “Enhanced fatigue and aging resistance usng reactive
powders in the optical fiber buffer coating,” Proc. Soc. Photo-Opt.
Instrum. Eng., 2074 46-51 1993.

M.J. Matthewson, “Use of dlica in fiber coatings to improve fatigue
behavior,” OFC'94 Tech. Digest, 4 242-243 1994.

J.J. Colazzi and M.J. Matthewson, “Mechanical durability of ZBLAN
and duminum fluoride-based optical fiber,” J. Lightwave Tech., in
press.



