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ABSTRACT

The strength and fatigue behavior of bulk fused silica is well understood in terms of the growth of microcracks under the
combined influence of stress and environmental attack. The behavior of high strength, flaw free silica optical fiber shows
significant differences from the bulk material for poorly understood reasons making long term predictions unreliable. It is
known that silica fiber strength and fatigue are sensitive to such environmental parameters as temperature, humidity and
pH. However, this paper presents results which also show a sensitivity to ionic species in the environment. These results
are interpreted in terms of possible models for the fiber behavior.

1. INFRODUCTION

In most ceramic materials and, in particular, in oxide glasses, failure can occur after prolonged application of a constant
stress which is significantly lower than the stress required to cause catastrophic failure on a short time scale. This
phenomenon, called fatigue or delayed failure, can determine the long term reliability of ceramic components. A complete
understanding of the mechanisms that produce delayed failure would allow one to make reliable lifetime predictions for
components (in our case, optical fiber) under operating conditions.

The mechanism that causes fatigue in most ceramic materials consists of slow growth of pre-existing cracks up to the
critical size for fast crack growth. The slow growth is due to stress-enhanced environmental attack of the strained bonds at
the crack tip. The empirical relationship between the rate of growth of a macroscopic crack, dc/dt, and the applied stress
intensity factor, Kj, may be described by a power 1

= AK1. (1)

where n is the stress corrosion susceptibility parameter. By combining it with the Griffith relation,

K1 = aYc1'2 , (2)

and integrating, two equations can be obtained:

tf = 2Ua
AY2(n—2) [Uc]2 (3)

relates the time to failure, tj, to a constant applied stress, oa, (static fatigue) while

on+1 = 2& [a]fl2 . (4)

relates the strength, a, to the loading rate, do/dt (dynamic fatigue). It is noted that dynamic fatigue experiments can be
used to determine the unknown parameters in Eq. (3) and hence predict time to failure under static conditions.

The slow crack growth model provides a good explanation of fatigue behavior for crack containing bulk glass. By
considering the published data for high strength silica fiber, however, some discrepancies are noted. The value of n
derived from Eq. (3) and (4) for weak, bulk silica is around 40, in good agreement with crack velocity measurements made

SPIE Vol. 1366 Fiber Optics Reliability: Benign and Adverse Environments IV(1990) / 77



5
1 I I i

4—

C,)
Da)

10 102 i03 iO iO 106

Time to Failure I s

Fig. 1. Static fatigue results for fiber tested in tension. Key: • bare fiber in 90°C waters, • coated fiber
in 90°C water' and A coated fiber in 40°C water.4

on silica containing macroscopic cracks. In contrast, the values reported for high strength silica fiber are typically around
20.2 Furthermore, as seen in Fig. 1 , results from long term fiber static fatigue indicate that, at least in a liquid water
environment, the power law behavior of Eq. 1 does not hold at low applied stresses/long times to failure, and n falls to
around 7 for as yet unknown reasons.
The crack growth theory does not provide an adequate explanation of the fatigue behavior of silica optical fiber. Kurkjian,
Krause and Paek5 found that the liquid nitrogen strength of fiber is close to the theoretical ultimate strength of silica and
that the distribution of strength is narrow and practically single valued. Therefore, they suggested that the fibers are
essentially flaw-free (pristine) and do not contain sharp, well defined cracks. This implies that the fatigue mechanism
involves surface crack initiation as the rate controlling step. Two initiation processes have been proposed in literature.

Kurkjian et suggested that the fiber fatigue is controlled by the formation and subsequent growth of surface "pits" that
arise from differential corrosion rates caused both by fluctuations in the glass structure and by differences in local stress as
the pit develops. The surface pits so formed are regions of stress concentration and stress assisted etching takes place. The
stress profile in these regions produces a corresponding variation of the etching rate. The differential etching rates around
the pit cause it, in contrast to the crack growth model, to change shape as well as depth.6

Dabbs and Lawn7 proposed a crack initiation stage caused by the presence of residual stresses around defects. For a more
extensive discussion of this model see the article by Lin and Matthewson in this volume.8

On a molecular level, Michalske and Freiman9 proposed a mechanism for crack growth in fused silica in which water
molecules (H20 or D20) attack the strained bonds at the crack tip to produce two silanol groups, according to the reaction
scheme

-Si-O-Si- + H20 -Si-OH HO-Si-.

White, Freiman, Wiederhom and Coyle10 suggested a second mechanism by which the silicon is attacked by a hydroxide
ion. This mechanism explains the faster crack growth and strength degradation for high silica glasses at high pH.
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Silica fiber fatigue is sensitive to the same parameters as bulk crack-containing silica. Strength or time to failure decrease
with increasing temperature and humidity (e.g. Duncan, France and Craig11) and increasing pH (e.g. Matthewson and
Kurkjian12) reflecting the link with increasing water and hydroxyl activity and availability.

The influence of different ionic species in the environment (other than hydroxide) has been largely ignored, although some
recent work does show a strength dependence on various ionic species. 13,14 This paper presents results for strength and
fatigue measurements in various aqueous hydroxides. It is found that at high pH the nature of the cations significantly
influences the strength.
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Fig. 2. Schematic of the two point bend apparatus for determining fiber strength.

2. EXPERIMENTAL

The two point bend apparatus that has been used to measure the strength of the fiber is shown schematically in Fig. 2.
The fiber is held between two polished face plates that are brought together by a computer controlled stepper motor until
the fiber breaks. An acoustic transducer and amplifier detect the break and halt the stepper motor. Polished face plates are
used because their flat surface allow to test unprotected bare fiber to be tested without damaging the fiber ce15 A
different version of the apparatus, in which the fiber is held between grooved plates, is used for testing coated fiber. 16
The two point bend technique is particularly useful for this kind of experiment because it is simple to use and the face
plates with the fiber can easily be immersed in an environment. Short term dynamic fatigue experiments can be
complimented by long term static fatigue in two point bending using precision bore glass tubes.17

The maximum strain on the fiber, €j' is calculated from the face plate separation at failure, D, using

ef = 2.396 (5)

where r is the fiber radius and d is the overall fiber diameter including any coating. The polymer protective coating was
stripped from the section of fiber to be tested by dipping into hot concentrated sulfuric acid. Therefore, in Eq. 5
2r = d = 125jm. Since this work is concerned with the interaction of the silica with the environment and since the time
scale of the dynamic fatigue experiments is short compared to the diffusion times through the coating, no effects would be
detected by using coated fiber. On the other hand, the results for bare fiber under accelerated testing conditions are
thought to be a good model for polymer coated fiber under long term service conditions, when corrosion of the silica
surface rather than diffusion through the coating is the rate controlling step for fatigue.12 Immediately after stripping, the
fiber was loaded in the two point bend apparatus at a face plate separation of 12mm (1.3% strain) and immersed into the
test solution.
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