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ABSTRACT

A computer program is described that can analyze optical fiber fatigue data from a variety of fatigue experiments and for a
variety of crack growth kinetics models and can then predict long term static fatigue behavior. The key feature of the
program is its ability to analyze the statistical uncertainty in the predictions due to scatter in the data to which the models
are fitted. It is shown that uncertainty in the lifetime predictions is often dominated by the uncertainty in the choice of the
appropriate crack growth model. It is therefore concluded that a range of models should be considered when making
lifetime predictions.

1. INTRODUCTION

The design life for optical fiber cables is often in excess of 20 years so it is not possible to conduct experiments to
directly assess reliability on such time scales. In order to ensure reliability of the system it is therefore necessary to
perform accelerated experiments in the laboratory and to extrapolate these results to less severe in-service conditions. In
the case of mechanical reliability, accelerated testing usually involves applying large stresses to the fibers and measuring
the time to failure. The maximum allowed stress that ensures survival for the design life is then estimated by extrapolating
these data to lower applied stresses using an appropriate model for the mechanism that leads to failure.

The model for fatigue, or delayed failure, that is exclusively used is the sub-critical crack growth model which
assumes that the fiber surface contains microcracks which grow in size under the combined influence of applied stress and
environmental moisture. The applicability of this model may be questioned since firstly, it is unlikely that fiber contains
sharp, stress-free cracks, whether in the pristine state! or in a weaker condition,2+3 and secondly because the model does
not account for observations such as strength reduction during zero stress aging and the static fatigue "knee".4:5:6
However, since there is no other quantitative model currently available and since reliability estimates must be made, the
subcritical crack growth model must be used, though its predictions should be treated with considerable conservatism.

Having assumed the subcritical crack growth model, it is then necessary to assume a model for the crack growth

kinetics. Power law crack growth is often assumed which relates the crack growth rate, ¢, and the applied stress intensity
factor, Ky
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where n is the stress corrosion susceptibility parameter and Kic is the critical stress intensity factor. The stress intensity
factor is related to the applied stress, o, and the crack length, c, by the Griffith relation,

Kl = ovYcl/e, )

Once a particular loading scheme is specified, Eqs. (1) and (2) may be integrated for the crack growing from its initial
length, cj,

Kic = oj Y ci'/?, )

where oj is the inert or initial strength, to its final length, cf¢,
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Kic = o Y cf'/2 @
at which point the crack grows catastrophically causing failure.

For static fatigue, the applied stress is a constant, 0 = o4, and integration of Eqs. (1) and (2) gives the relationship
between the time to failure, t¢, and the applied stress’
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(assuming cj«cf) which may be expressed in the form
tf = Boa"oi™2 6)

Eq. (6) may be fitted to accelerated fatigue data to determine values for the fatigue parameters A and n and can then be
used to extrapolate to in-service conditions. This might involve:

e extrapolating to lower applied stress or longer times to failure. t¢ then represents the service lifetime and o the
maximum service stress to ensure that lifetime.

e  extrapolating to lower initial fiber strength, oi. The strength of short fiber lengths used in accelerated tests is higher
than the practical strength of fiber which might be lower due to handling damage or manufacturing defects. If the
fiber strength is proof tested, oj is replaced by the proof stress since proof testing assures the initial or inert strength
rather than the fatigue strength. Extrapolating to lower initial strength is also equivalent to extrapolating to longer
lengths as the expected strength decreases with increasing specimen length due to the statistical distribution of flaw
size and position.

e extrapolating to lower failure probability. Eq. (6) is often fitted to the mean or median values of the variables. The
predictions therefore give the median or mean allowed service stress. However, one is usually interested in the value
of the allowed stress that gives a low failure probability. Such statistical effects can be accounted for (e.g. Ref. 8)

This paper is primarily concerned with the first item; extrapolating to long times to failure since this extrapolation is
fundamental to all reliability predictions. Extrapolating to lower inert strength will also be considered briefly.

When calculating lifetime estimates it is important to have some idea of the uncertainty in such estimates. For
example, if it is calculated that the expected lifetime under a given stress is 25 years, what exactly does this mean? Could
it mean failure is expected in 25 years but could occur between 24 and 26 years, or between 5 and 50 years or between 10
seconds and 10 centuries? Clearly, an understanding of the uncertainty is useful, if not essential, and is probably more
important than the expected lifetime itself. In general, the literature on lifetime estimates ignores estimating confidence
intervals, most likely because such calculations are significantly more involved than estimating the expected lifetime.

Uncertainty in lifetime estimates comes from at least two important sources. Firstly, from uncertainty in the values
of the fatigue parameters found by fitting to accelerated data due to the statistical scatter in that data. Secondly, there is
uncertainty in the nature of the fatigue model and, in particular, uncertainty in the model for the crack growth kinetics.
For example, the power law, Eq. (1), is an empirical relation that fits data for the growth of macroscopic cracks quite
well. It is widely used principally because it is readily integrable for a variety of loading conditions but it is not based on
any physical model for the crack growth mechanism. Further, the power law growth equation does not incorporate the
temperature dependence in a consistent way. The prefactor, A, exhibits Arrhenius type temperature dependence but the
activation energy calculated from that dependence has been found to be stress dependent.® Therefore the stress appears in
Eq. (1) both explicitly in Ki¢ but also implicitly in A, yet the stress dependence of A is ignored in the analysis.

Various other models for crack growth kinetics have been proposed in the literature and four will be considered here:
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