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ABSTRACT

The strength of optical fiber at low temperature is an important parameter since it approximates the inert strength, i.e. the
starting strength of the material before degradation by fatigue. Published data suggest that the fatigue may abruptly slow
below some temperature. However, published data are limited to strength vs temperature or fatigue in liquid nitrogen. We
report strength and fatigue data for both bare (stripped) and metal coated fused silica optical fiber at temperatures down to
77 K. While fatigue slows as the temperature is reduced (i.e. the stress corrosion parameter increases with falling
temperature) fatigue is still measurable at 77 K. This is the case even for hermetic metal coated fiber with extremely low
water activity at the glass surface. The results confirm that fused silica exhibits “intrinsic” fatigue, i.e. fatigue in the absence
of moisture.
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1. INTRODUCTION

When the strength of fused silica optical fiber is measured under ambient conditions, moisture causes fatigue so that the
measured strength is the initial, inert or starting strength of the material (i.e. the strength that would be measured in the
absence of moisture) minus the loss in strength due to subcritical stress corrosion cracking during testing. The inert strength
is important since it is a key parameter in models for mechanical reliability, plus it is needed to properly assess the measured
strength — a weak specimen may be weak either because it contained a large flaw or because it fatigued rapidly. The most
convenient way to estimate the inert strength is to measure the strength in liquid nitrogen, at which temperature the fatigue
process (a chemical reaction between environmental moisture and strained bonds in the region of stress amplifying surface
defects) is greatly slowed. However, in early work on fused silica fiber strength, Proctor et al.! measured the strength of
bare, hand-drawn fibers in tension and found that the strength in boiling helium (4.2 K) is higher than in boiling nitrogen
(77 K) indicating that perhaps fatigue is not stopped at 77 K.23 Assuming that the fatigue process is a thermally activated
chemical reaction, one expects the strength to roughly follow Arrhenius behavior.4 Fig. 1 shows an Arrhenius plot of the
data of Proctor et al.! (triangles). Apart from the point with the arrow which corresponds to a temperature of 4.2 K, the data
roughly form a straight line suggesting that fatigue still proceeds at low temperature. Duncan et al.5 measured the strength of
silicone coated optical fibers in two-point bending. Their data are also shown in Fig. 1 (squares). Their data also form a
straight line on the Arrhenius plot, except that the measurement in boiling nitrogen is much lower than projected from the
higher temperature data. This suggests a break in the behavior around 125 K (1/7= 8 x 1073 K~!); below this temperature
fatigue is very much slower. However, this result may be an artifact of the silicone coating. At sufficiently low temperature
the coating will embrittle and so could cause premature failure of the glass. Fortunati and Matthewson® measured the
strength of bare (i.e. acid stripped) fibers in two-point bending. Their experiments had poor temperature control so that
measurements could not be averaged at a particular temperature. Their results (individual tests, circles in Fig. 1) show
considerable scatter but do not show any evidence of a break in the linear behavior down to 77 K. Nonlinear behavior of
strength on the Arrhenius plot has been found for a borosilicate glass,> a soda-lime silica glass’ and E-glass.®
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Figure 1. Arrhenius plot of strength (characterized by the strain to failure) vs. reciprocal temperature. The data are
from several studies but all measurements are in environments essentially saturated with moisture.

These studies have not elucidated the low temperature fatigue behavior in detail. In particular, it is not clear if the behavior is
simple Arrhenius or whether there is a change of mechanism at low temperature leading to a reduced rate of fatigue.
Interpretation of the low temperature results is complicated since as the strength approaches the inert strength, the apparent
stress corrosion parameter increases because the dynamic fatigue curve levels off at very high loading rates. This can cause
the strength as a function of temperature also to level off at low temperature, even though the fatigue process is still active.

This paper presents experimental results on both bare and metal coated fibers which address some of these issues. We
present results for the strength of bare fibers as a function of temperature. In addition, results for the strength and fatigue of
metal hermetic coated fiber are presented which elucidate the fatigue behavior at low temperature and low water activity.

2. EXPERIMENTAL

The strength and fatigue measurements were all made using two-point bending.® In this method a fiber is held bent between
two faceplates; one stationary and the other attached to a stepper motor driven translation stage. This is the simplest method
for testing over a broad range of temperature since the faceplates can be inserted into the test environment without having to
expose the rest of the apparatus to that environment. However, changes in temperature of the faceplates, their mounts and the
components of the translation stage can cause variations in the relative position of the faceplates. The strengths measured at
low temperature are very high and so the faceplates separation at failure is small meaning that any variation in faceplate
alignment can cause significant error. To overcome this, the faceplates were brought into contact after every fiber was
broken while still in the test environment in order to correct for any drift in the zero position. During the course of an
experiment the faceplate zero separation position varied by up to 20 um making this zero correction procedure essential for
obtaining accurate results.

Bare fiber was prepared for testing by immersing UV-acrylate coated fiber in methylene chloride. The polymer swells and is

easily removed by hand leaving a clean surface. The bare fiber is then carefully balanced between polished faceplates in
order to avoid scratching the fiber surface on the sides of the grooves that are used to hold coated fiber.?
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The temperature of the test environments was maintained using a substance at its equilibrium transformation temperature,
namely boiling water at 373 K, subliming CO, in acetone at 195 K and boiling nitrogen at 77 K. Measurements at room
temperature used a temperature controlled water bath. Measurements on metal coated fiber at 473 K used a temperature
controlled oil bath. At all these temperatures except 473 K, the water has essentially unit activity because measurements
were in liquid water above 273 K, while below 273 K the test environments were below the dew point of the laboratory air
and so can be considered saturated with moisture.

The fatigue data were analyzed using a computer program that can fit an arbitrary kinetics model for fatigue to experimental
data without making any unnecessary assumptions.!0 In particular, when the crack growth equations are integrated from zero
time to the failure time, the resulting equations are usually simplified by making the approximation that the measured
strength of the fiber is significantly smaller than the inert strength. This assumption will not be valid at low temperatures and
for this reason the computer program does not make this approximation.

3. RESULTS

3.1 Bare Fiber

Fig. 1 shows the results for the strength measurements on bare fiber (solid circles) compared to the data from the earlier
work.1:5:6  Although the data are not very extensive, they are more accurate then the earlier work (the error bars are 95%
confidence intervals). As for some of the earlier work, the boiling nitrogen measurement is perhaps lower than would be
extrapolated from the higher temperature measurements. As discussed above, this could be a change in mechanism or it
could simply be that the strength is leveling off, not because of slowing fatigue, but because the strength is approaching the
inert strength. To determine which of these mechanisms is operative, the simplest approach would be to measure the fatigue
at each test temperature. However, bare fibers must be broken one at a time so working at low temperature is extremely
tedious and time consuming. Making fatigue measurements on bare fiber was therefore beyond the scope of this study.
Polymer coated fiber can not be used since embrittlement at low temperatures causes premature failure of the glass.

Glaesemann and Helfinstine!! measured the strength over a range of temperatures down to ~100 K of fiber that had been
deliberately weakened by abrasion. Their results are shown in Fig. 2 together with all the data for high strength fiber from
Fig. 1. The general trends of the data have similar slopes suggesting that the temperature dependence of strength is the same
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Figure 2. Data of Fig. 1 compared to results of Glaesemann and Helfinstine!! for deliberately weakened fiber.
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for both weak and high strength fiber. If more detailed measurements show that this scaling similarity holds in detail, it
would make it straightforward to incorporate the effect of temperature into reliability models.

3.2 Metal hermetic coated fiber

Metal coated fiber is of particular interest in this study. Firstly, we find here that it can be successfully broken at low
temperature without the coating damaging the glass. Secondly, because the coating is hermetic and excludes moisture the
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Figure 3. Results for the dynamic fatigue in two-point bending of tin coated fiber.
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Figure 4. Power law stress corrosion parameter, n, calculated from the data of Fig. 3 (omitting the 0.5 pm/s, 473 K
anomalous measurement).
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strength of the fiber is already close to the inert value. Finally, being coated, the fibers do not interfere with each other when
they break so that several may be broken simultaneously using multi-grooved faceplates. This makes collecting data in
statistically significant quantities relatively easy.

Fig. 3 shows that dynamic fatigue data for tin coated fiber taken at five different faceplate velocities spanning four decades in
rate with 15 strength measurements made per rate. All the data show well-defined fatigue behavior, except for the slowest
rate at 473 K. This temperature is close to the melting point of the tin coating, 505 K, so it is suspected that the coating crept
over the course of the slowest experiments and this somehow damaged to fiber surface, or perhaps the tin grains separated to
expose the fiber surface to moisture. Fig. 4 shows the power law fatigue parameter, n, as a function of reciprocal
temperature, calculated from the data of Fig. 3 using the computer program described above. As might be expected, the
values for n are considerably higher than the accepted value of ~20 for fiber in ambient conditions. In particular, the room
temperature measurement is consistent with the n measured in static fatigue for a similar tin coated fiber.!2 For high values
of n the strength is relatively insensitive to loading rate; as a result the 95% confidence error bars for # are large, with an error
of about +25%.13 If fatigue were completely suppressed, the value of n would be effectively infinity, or 1/n would be
indistinguishable from zero within experimental error. However, even at 77 K, the fatigue is clearly measurable and 7 is not
infinite.

What is causing fatigue under these very dry and cold conditions? It is possible that small amounts of moisture trapped under
the metal coating during its application could be causing the fatigue.!4 However, we have found similar results for fiber
coated with aluminum at a significantly higher temperature which reduces the amount of moisture that can be trapped, plus
any such moisture would react with the aluminum so becoming chemically fixed. Therefore, it is likely that the fatigue
observed here is occurring in the absence of moisture. Zhurkhov? proposes a “thermofluctuation” model that predicts that
strained bonds will fatigue on their own due to random thermal fluctuations occasionally taking the bonds past their breaking
point. The activation energies involved are large so that the process is extremely sensitive to the stress, i.e. n is large.!2
However, the value of n should vary with temperature. The generalized chemical kinetics model for fatigue developed
elsewhere in this volume in the paper by Matthewson predicts that n should vary with temperature according to:

n=lH 1S (1)

RT R

where n,, and ng are parameters that quantify how the activation barrier for fatigue is reduced through enthalpic and entropic
effects, respectively. This model does not have to assume the presence of an attacking environmental species, but only
assumes some chemical process that is thermally activated with an activation barrier which is reduced by the local stress. It
is therefore equally applicable to fatigue in the absence of moisture, i.e. so-called “intrinsic” fatigue.2-3-12:15-18 |t should be
noted that Matthewson derives Eq. 1 as a general result for any reasonable form of the crack growth kinetics; this same
behavior is expected whether a power law or an exponential form is assumed. Analysis of the data in Fig. 3 using
exponential forms yields values for » which are again approximately linear with reciprocal temperature. Whichever kinetics
form is used, the term in ng in Eq. 1 is significant which means entropic effects are important. Entropic contributions are
more important if exponential forms are assumed. The importance of activation entropy has also been demonstrated for
fatigue in the presence of moisture.!?

4. CONCLUSIONS

Data for the strength of bare fiber as a function of temperature have not unequivocally shown a change in fatigue mechanism
at low temperatures. Dynamic fatigue measurements on metal coated fibers show measurable fatigue down to 77 K. The
results are consistent with a chemical kinetics model for fatigue, even though there is no little or no moisture available. The
results therefore suggest that “intrinsic” fatigue is taking place which does not require the presence of an attacking
environmental species. This means that strength is a time dependent quantity even in boiling nitrogen, though the time
dependence is weak and is probably of little practical significance. These results confirm that the true “inert strength” can
only be encountered at absolute zero temperature.
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