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Abstract. Prediction of long-term static fatigue for optical fibers under
stress requires a model to relate short-term accelerated test results to
long-term behavior. The dependence of crack growth on stress intensity
is the most fundamental model for this reliability prediction process. Sta-
tistical uncertainty for fatigue testing is shown to be significant, but typ-
ically smaller than the model uncertainty, which has been neglected in
the literature. More research is needed to determine the most appropriate
model. It is shown that the differences in allowed stress predictions be-
tween models become quite large at long times, especially for fiber of the
same strength as that used in the fatigue test. Data-independent conver-
sions of allowed stress from the common power model to other models
provide an assessment of the difference between models for various sit-
uations. In many applications, the differences are in the range of typical
safety factors. However, since model differences are quite large in other
applications, universal use of the optimistic power law model is not ap-

propriate, given the limited understanding of fatigue in optical fibers.
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1. INTRODUCTION

The practical strength of glass, and of optical fibers in particular,
is controlled by flaws, usually on the surface. It is well estab-
lished, furthermore, that such flaws can grow in time so that an
initially intact silica optical fiber may undergo delayed fracture
from the combined influence of low stress levels and the chemical
environment. When optical fibers are deployed in high-reliability
applications, a model of the crack growth kinetics is used to
predict, from accelerated laboratory experiments, the conditions
under which delayed failure will occur.

The current practice of modeling crack growth is usually
based on an assumed power law dependence of crack velocity
on stress intensity. Integration of this function leads to an expres-
sion relating failure time to strength and applied stress. This
relationship depends on empirically determined fatigue param-
eters. While statistical uncertamty in these derived fatigue pa-
rameters has been discussed,’* the uncertainty in the crack ve-
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locity model itself has usually been overlooked. Some analysis
has been made of the differences between possible crack velocity
models for bulk ceramics.>~> In these studies, fatigue data are
fit to different models, and the conclusion was that several models
provide about the same degree of fit, but quite different extrap-
olations of time to failure. However, time to failure is not a
useful comparison of models, since allowed stress for a given
failure time is the more commonly required information. Also
lacking are a comparison of model differences with statistical
uncertainty, and comparisons between models in their prediction
of low strength reliability and proof test effectiveness. In this
paper, these differences between the models are quantified for
fatigue projections from real data. In addition, translations of
predictions from the common power law to other models are
developed in a data-independent formulation.

2. FLAW GROWTH MECHANISMS

The slow growth of a crack in silica arises from a stress-enhanced
corrosion of the SiO; structure. Some research has addressed
the chemical dynamics of this process.®’ These studies explain
the strong effect of water in promoting crack growth and provide
some independent assessment of the observed dependence of
crack growth on stress. Nonwater chemical environments can
also contribute to stress corrosion of silica. Michalske and Bunker®

suggest a steric effect to explam some observed differences
between environments. Yuce et al.® studied the effect on actual
fibers of various common chemicals. In practice, avoiding re-
active species, especially water, is difficult. Thus, the typical
reliability problem is to predict the allowed long-term fiber stress
from stress accelerated testing in a similar environment. Crack
growth chemistry and its kinetics are not sufficiently understood
to allow extrapolation from one environment to another.
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Fatigue testing performed in high-temperature water immer-
sion sometimes shows a stress-independent effect, the ‘‘transi-
tion”” or ‘‘knee’” in the stress versus time to failure relation.'%!!
This effect correlates strongly with strength reduction at zero
stress in the same environment. The mechanism for the behavior
is not known; it may be a dlssolutlon like mechanism that be-
comes operative at long times.'? Studies have shown that some
coatmgs can prevent, or at least delay, this effect.'"!? The effect
is also absent from fatigue data in less severe environments.
These data along with an empmcally determined temperature
dependence of the ‘‘transition’’ onset 14 suggest that the effect
may not be important in many practical environments. Further
understanding of the mechanism is needed, however, to test this
tentative conclusion. The analysis in this paper deals only with
the stress-enhanced flaw growth reaction, which is clearly op-
erative in nearly all practical environments (for nonhermetic
fiber).

The models that have been proposed for making static fatigue
reliability predictions for silica fiber are all based on crack growth
kinetic models that assume that the strength of the fiber depends
on the presence of well-defined sharp cracks whose severities
are uniquely defined by one parameter; their length ¢. However,
the presence of such cracks in high-strength silica has never been
demonstrated. Indeed, strong evidence exists that pristine fiber
is essentially flaw free since the liquid nitrogen (i.e., inert)
strength of pristine fiber is smgle valued and close to the the-
oretical strength of the material. Rehablhty predictions for
pristine fiber, therefore, must be considered empirical extrapo-
lations not based on a well-defined or understood physical model.

The strength of multikilometer lengths of fiber is well known
to be significantly lower than the pristine strength, so reliability
predictions must extrapolate on initial strength as well as applied
stress. However, the defects leading to low-strength failure are
often identified with extrinsic defects such as particles that be-
come adhered to or abrade the fiber surface during drawing or
handling. Such defects are usually associated with residual ther-
mal or plastic deformation induced stresses. Therefore, weaker
fiber also may not contain well-defined cracks, and, even if
cracks are present, their growth kinetics will be significantly
perturbed by the residual stresses. Clearly then, extrapolation
from pristine fatigue to weaker fiber fatigue is questionable since
the nature of the defects is changing. This difficulty is com-
pounded by the lack of any systematic empirical studies of fiber
fatigue as a function of the initial ﬁber strength, though some
limited data have been pubhshed Low-load Vickers inden-
tations have been proposed as a model for weak fibers since the
plastic deformation produced by the indents leaves a residual
stress field 51m11ar to that around handling damage sites and
adhering particles.'® Dabbs and Lawn'® found that microinden-
tations made at sufficiently low indent loads to avoid crack
formation had an apparent fatigue parameter n of about 20,
similar to the value for high-strength fiber. Later work extended
the post-indent strengths to those more typical of fiber proof test
levels and found a similar result.'” Therefore, there might be
enough similarity between pristine and weaker fiber to give some
confidence in the extrapolations. However, note that the cited n
values reflect the measured fatigue dependence on applied stress,
not the dependence on inert strength.

Several difficulties with applying crack growth models to
high-strength fiber fatigue have been discussed. However, from
an engineering viewpoint, reliability estimates have to be made
whatever the state of academic understanding of the phenome-
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non. In the absence of any other model for fatigue, crack growth
kinetics must be used, but their predictions should naturally be
considered with conservatism if not skepticism.

3. STATISTICAL AND MODEL UNCERTAINTY IN
STATIC FATIGUE PREDICTIONS

Depending on the level of sophistication used, it can be a
straightforward task to predict the fiber lifetime from accelerated
testing data. However, there is little value in such an estimate
without some knowledge of the confidence level. Calculating
the confidence interval is considerably more difficult than cal-
culating the expected lifetime, and, perhaps because of this,
rigorous analyses of confidences are usually not attempted in
the literature. Some published studies have considered statistical
uncertainty, i.e., uncertainty in extrapolation arising from sta-
tistical variability in the results of accelerated tests. However,
such statistical analyses assume that all the uncertainty is in the
parameters that characterize the particular fatigue model used
but ignore the uncertainty in the nature of the model itself. As
we have seen, we do not have a detailed understanding of the
fatigue mechanisms in high-strength silica fiber. Therefore, any
reasonable fatigue model could be used, but each different model
would provide different results for reliability predictions. In this
section, we compare the uncertainty in reliability predictions
from both statistical and model sources. The uncertainty due to
the model will be examined by considering a range of subcritical
crack growth models.

It has now been well established that for ceramic materials
containing macroscopic cracks, subcritical crack growth results
from chemical attack of strained bonds at the crack tip. The rate
of attack, and hence the crack growth velocity, is found to be
dependent on the intensity of the stress field around the crack
tip as quantified by K, the mode [ stress intensity factor. The
following four relationships between crack velocity and K will
be considered:

dc K;

P = A <K1c) R model 1 (1)
dc K;

— =A 4

ar 2 exp L"z( ch> model 2 (2)
d i K 2

C _ i

G- A3 exp n3< ch> s model 3 (3)
dc Kr

= = — — 14 (4
& A4(K1c> exp n4< X ) , model 4 (4)

where c is the crack length and Kjc is the critical stress intensity
factor for fast fracture.

Model 1 (Refs. 18, 19) is not based on any physical model
for the fatigue, but is empirically found to fit a range of fatigue
data well. Model 1 is mathematically the most tractable of the
four and, probably for this reason, has been most widely used.
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Model 2 (Ref. 20) is based on simple chemical kinetic theory
in which the reaction rate is given by an Arrhenius type of
behavior and where the stress influences the activation energy
through an activation volume. Model 3 (Ref. 21) is based on
an atomistic model of crack growth, while model 4 (Ref. 22) is
a modification of model 2.

When the effect of temperature is also needed, an Arrhenius
model is typically used. Temperature acceleration is useful for
reliability testing, but it is limited by the effects of high tem-
perature on polymer fiber coatings. Acceleration by increased
humidity provides conservatism, but this effect is not sufficiently
understood to allow extrapolation. Therefore, the dependence
of crack growth on stress intensity is the most important model
from a reliability prediction and design point of view.

Note that model 1 is different from the other models in tem-
perature dependence. The temperature dependence of crack growth
is usually considered as Arrhenius and is contained in the A;
(i = 1 though 4) prefactors. However, for models 2 to 4, K;
influences the activation energy, and so ny, n3, and n4 contain
temperature dependence while the prefactors contain Arrhenius
dependence on the zero stress activation energy. In contrast,
model 1 implies that the activation energy is stress independent,
which is unphysical and is contradicted by experiment.2

K; is related to the crack length and the applied stress o by
the well-known fracture mechanics relation

K; = YoVc , ®)

where Y is a dimensionless factor of order unity dependent on
the crack geometry. Equations (1) through (4) can be integrated
using Eq. (5) to determine the time to failure # of a crack
subjected to a constant applied stress o (Refs. 3 and 5):
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for models 1 through 4, respectively, where S is the initial inert
strength of the material (inert strength = the strength in the absence
of fatigue). The equations are derived using the excellent approx-
imation that the starting crack length (corresponding to an inert
strength S) is much less than the crack length at which the crack
propagates unstably (corresponding to an inert strength o).
 These equations may be linearized for ease in fitting to ex-
perimental ¢ versus o data. The linearized forms are:

In(¢4y) = —my In(o) + a; , (10)

In(fo) = —ma(0) + a2, (11a)
In[(402)/(0/S + lny)] = —ma(0) + oz , (11b)
In(i0?) = —m3(0?) + a3 , (12)
In(t0?) = —ma(0) + ou , (13)
where
m; = n;, my=n/S, m3= n3/S2, mg = n4S .

(14)

Equation (7) cannot be exactly linearized but note that the term
(1/n3) is small compared to the term o/S so that a close estimate
of n, can be obtained by fitting data to Eq. (11a). This estimate
of n, can then be used to obtain a better estimate from Eq. (11b).
After only a couple of iterations using Eq. (11b), the value of
ny is determined to better than 1 ppm. In fact, the estimates for
ny determined from Eq. (11a) and estimates based on iteration
with Eq. (11b) only differed by a fraction of 1% for the two
sets of typical data discussed later, and this difference is more
than 10 times smaller than the standard error in the estimates.
Therefore a single regression using Eq. (11a) will usually be
enough to obtain n;.

Figure 1 shows the regression fits for power law fatigue
[Eq. (10)] to static fatigue data of Wang and Zupko?* for *‘SS2”’
laser drawn fiber tested in tension at 90% relative humidity and
32.6°C. Also shown is the power law fit to data of Brownlow
et al.? for AT&T fiber with D-Lux dual coating tested in two-point
bending, 80% relative humidity, and 80°C. The solid lines are
the best fit, while the dashed lines represent a 95% confidence
interval on the extrapolated behavior. Linear regression gives
the best fit and variances on the intercept ¢ and slope m in the
equation

y=mx + c. (15)

However, the covariance of m and c is nonzero. If Eq. (15) is
reformulated as

y=mx—-Xx)+ b, (16)
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Fig. 1. Power law (model 1) fits to the static fatigue data of Wang
and Zupko (1968) (WZ data) and Brownlow and Krause (1991) (BK
data).
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