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ABSTRACT

The two-point bending technique has been used to measure the strength of both polymer coated and bare fibers in
liquid nitrogen after the fibers were first aged in an aggressive environment followed by a drying process. The
results show that some strength recovery occurs upon drying of polymer coated samples while continuing
degradation was seen when drying bare samples. The healing process observed for coated fiber is thought to be
caused by condensation of the hydrated surface layer formed during aging.
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1. INTRODUCTION

In order to ensure reliability of silica fiberoptic based systems, it is necessary to avoid both defects in the
surface of the glass fiber and strength loss after prolonged exposure to moist environments. While few failures have
been reported due to strength loss ofthe fiber itself,1 the associated economic risk is appreciable because ofthe high
cost of fiber repair or replacement.

The fatigue exhibited by oxide glasses containing micro-cracks is now well understood and is attributed to
the combined action of stress and an environmental reactant which is usually water. The reaction, proposed by
Michaiske and Freiman,2 causes the local crack front to advance by one bond length as each siloxane bond is
ruptured; the force supported by the broken bond is transferred to an adjacent bond and the process continues until
the stress at the crack tip exceeds the strength of the material and catastrophic failure occurs.

Kurkjian and Paek3 showed that the strength of pristine fiber is essentially single valued, and under inert
conditions is close to the theoretical strength of the material. Such fibers do fail by fracture and the failure process
therefore includes nucleation as well as propagation of the crack. The details of this fatigue process are not clearly
understood but reasonable reliability predictions can be made if an appropriate crack growth kinetics model is used
to extrapolate to field conditions.4

However, anomalies in the fatigue behavior and strength degradation under zero-stress aging are not
accounted for by the above model. It is now known that these phenomena are caused by surface corrosion of the
silica glass leads to the formation of surface roughness or 'pits' which then act as a new source of stress
concentrating defects. While it was originally thought that the pits are formed by surface dissolution, recently it has
been shown that aging produces a surface layer on the fiber, presumably of hydrated silica, that is removed by
immersion in hot sulfuric acid, but which is too weak to contribute to the fiber strength.5 The surface layer also
forms on fibers aged bare. These results show that surface corrosion does not remove silica but does break up the
glass network by hydrolysis of a surface layer. This suggests the possibility that the hydrated silica gel can be
dehydrated to regain some of the original strength. This article investigates the effect of drying on the post-aging
strength of fused silica optical fiber.

t This work was performed while on sabbatical at Rutgers University.
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2. EXPERIMENTAL

Three fused silica optical fibers (designated A, B and C) were aged for 5 days in 85°C pH 7 buffer and then
placed in a desiccator over Drierite at room temperature for various periods of time. The specimens were then
broken in liquid nitrogen using the two-point bending technique. Two-point bending determines the failure strain,
c1; the failure stress, 5 calculated using:

where P20 = 72.2 GPa is the zero strain elastic modulus and a 2. 125 is a factor that accounts for both the strain
dependence of the modulus and the resulting shift in the position in the centroid when bending the fiber.6 In
addition to testing all three fibers coated, the same experiments was performed on fiber C after its polymer coating
had been removed by immersion in hot sulfuric acid. Fibers A and B have commercial dual polymer coatings while
fiber C has a single coating of a formulation typical of commercial coatings Ca. 1983.

The fiber strengths were determined after drying by measurement in liquid nitrogen in order to establish the
intrinsic or inert strength. This is necessary because drying alone will cause the strength measured in non-inert
conditions to increase simply because drying removes moisture from the fiber's environment; it is necessary to
distinguish between apparent strengthening due to changes in moisture content of the environment, and true
increases in the intrinsic strength. The fibers aged coated were tested coated in liquid nitrogen. Normally fibers
tested in liquid nitrogen are stripped of their coating since the polymer embrittles at low temperature and can cause
premature failure of the fiber. In these experiments, however, it was necessary to avoid stripping the coating since
the stripping process might disturb or remove the silica gel layer that we are trying to strengthen by drying. Coating
embrittlement does lead to unusually large scatter in the results for higher strength fiber (� 12 GPa) so that these
results may somewhat reflect the mechanical state of the coating rather than the fiber. Two-point bending was used
throughout for the strength measurement since it is the only convenient strength measurement technique that can test
bare fiber and can break fiber immersed in liquid nitrogen.7

3. RESULTS AND DISCUSSION

Fig. 1 shows measurements of the liquid nitrogen strength of coated fibers A and B. The error bars
represent a 95% confidence interval on the mean strength and each point is an average for 1 5 specimens. The tests
were performed after aging for 5 days in 85°C pH 7 buffer, and after different periods of time in the desiccator. For
reference, the unaged strength and the strength immediately after the aging process are also shown. We see that the
aging causes a modest strength degradation of 5%. However, after one day in the desiccator the strength recovers
to slightly over the original strength. The
apparent increase in strength to more than the 16 I I I

original strength is surprising but may be an
artifact caused by testing with the coating still on
the fiber. It is possible that the aged coating is
somewhat less brittle than the unaged material
(its Tz may be lower due to hydrolysis of
crosslinks) thus having a smaller influence on the
measured strength.

Fig. 2 shows the results for fiber C that
had been aged and dried both coated and after
removal of the coating using sulfuric acid at
—18O°C. First, it is noted that the coated fiber has
been degraded in strength much more severely by ___________________________________
the aging than the bare fiber. This effect has

.

been observed before8 and is thought due to
differences in the surface roughening kinetics;

Fig. 1. Liquid nitrogen bending strength of fibers A and B
before and after aging, and after drying.
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measured the strength of silica fibers over a wide
range of temperatures and found that the fibers
were slightly stronger in liquid helium (4 K) than
in liquid nitrogen (77 K). One possible
interpretation of this result is that there is still
some fatigue in liquid nitrogen and that such
conditions are not truly inert. If this were the
case, then any strengthening (measured in liquid
nitrogen) observed upon drying might be, at least
partially, caused by removal of moisture rather
than a real increase in inert strength. Such an
effect is unlikely to be large enough to explain
the substantial strength recovery shown in Fig. 2.
However, in order to demonstrate this, the liquid
nitrogen strength of unaged fiber C has been
determined as a function of drying time and the
results are shown in Fig. 3. No increase in
strength with drying is observed, although the
scatter in the results is large indicating that
coating embrittlement is taking place. While

I 5 . . bare fiber corrodes over its whole surface while
coated fiber corrodes only at points of weak

14 adhesion of the coating.9 Since surface
roughening is caused by differential corrosion
rates from point to point on the surface, the

13 coated fiber with patchy adhesion can produce
the faster degradation.10

12

Drying of coated fiber C produces
11 substantial strength recovery, 80% of the

strength loss produced by aging is recovered
I0 after only one day drying. These results are not

caused by coating effects; the scatter in the
( I I I I I I strengths of the aged fiber (whether dried or not)

9 —cI
2 3 4 5 much lower than the unaged fiber and is

. - typical of the scatter observed for fiber tested at
Drying Time (days) . .

nigher temperatures. Since the scatter in the
Fig. 2 Liquid nitrogen bending strength of fiber C before and unaged fiber strength is large, it is likely that the
after aging, and after drying. Results are shown for the fiber coating is failing at 13 to 14 GPa and so
aged, dried and then tested both coated and after removal of causing some premature failure. However, the
the polymer coating in hot sulfuric acid. aged strength of 9.5 GPa is much less than any

strength observed before aging and so must be a
good measure of the fiber strength, irrespective

ofthe coating. Given that, most, ifnot all, ofthe strength recovery observed in this fiber is real and is not an artifact
of the coating. These results therefore provide more unequivocal evidence for strength recovery than the data of
Fig. 1.

In contrast to coated fiber, the bare fiber behavior shown in Fig. 2 shows no strength recovery upon drying
and perhaps shows slight continued degradation. It should be noted that the surface gel layer formed upon aging is
also observed for fiber aged bare.5 Therefore, bare fiber should also have the potential for strength recovery but this
is not observed. The reason for the difference in behavior of bare and coated fiber is not clear.
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Fig. 3 . Liquid nitrogen bending strength of unaged fiber C as
a function of drying time.
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embrittlement might mask any increase in strength with drying, it is unlikely that it could completely mask a 40%
strength increase similar to that observed in Fig. 2.

Strength degradation occurs on the time scale of hours or more in 100°C water but takes decades or more at
25°C; the effective activation energy for this process is '90 kJ.mo11.12 In contrast, we observe strength recovery
upon drying at room temperature in less than a day. It is perhaps surprising that the reverse degradation reaction
occurs much more rapidly than the forward degradation reaction. The mechanism we propose here for the strength
recovery is condensation or polymerization of silica gel to reform load-bearing solid silica. From the literature on
silica gel, it is known that the condensation reaction is very sensitive to pH and to the nature of any ionic species
present. Activation energies for polymerization in the range of 35 to 65 kJ.mol1 have been observed;13 these
relatively low values explain why the strengthening can occur rapidly at room temperature. However, the overall
kinetics of degradation dominate under wet conditions and this must be due to the relatively high concentration of
both reactants, namely water and surface siloxane bonds.

4. CONCLUSIONS

Some of the strength loss of polymer coated fibers caused by zero-stress aging in harsh environments can be
recovered by exposure to a very dry environment. This phenomenon is thought to be due to reconstitution of solid
silica from the hydrated gel layer formed during the aging process. Bare fiber did not exhibit strength recovery with
similar treatment.

5. ACKNOWLEDGMENTS

This work was supported in part by the Research National Council —CNPq, MEC, Brazil.

6. REFERENCES

1. H. H. Yuce, A. DeVito, C. J. Wieczorek, W. T. Anderson and J. P. Varachi, Jr. "Post-mortem failure analysis of
optical fiber cables," Proc. 38th mt. Wire & Cable Symp., 61 1-622 1989.

2. T. A. Michaiske and S. W. Freiman, "A molecular mechanism for stress corrosion in vitreous silica," I Am.
Ceram. Soc., 66 [4] 284-288 1983.

3. C. R. Kurkjian and U. C. Paek, "Single-valued strength of 'perfect' silica fibers," Appl. Phys. Lett., 42 [3] 251-
253 1983.

4. G. M. Bubel and M. J. Matthewson, "Optical fiber reliability implications of uncertainty in the fatigue crack
growth model," Optical Eng., 30 [6] 737-745 1991.

5 . V. V. Rondinella and M. J. Matthewson, "Effect of chemical stripping on the strength and surface morphology
offused silica optical fiber," Proc. Soc. Photo-Opt. Instrum. Eng, 2074 52-58 1993.

6. W. Griffloen, "Effect of nonlinear elasticity on measured fatigue data and lifetime estimations of optical
fibers," ,J Am. (]eram. Soc., 75 [10] 2692-2696 1992.

7. M. J. Matthewson, C. R. Kurkjian and S. T. Gulati, "Strength measurement of optical fibers by bending," J.
Am. Ceram. Soc., 69 [11] 815-821 1986.

8. M. J. Matthewson and C. R. Kurkjian, "Environmental effects on the static fatigue of silica optical fiber," J.
Am. Ceram. Soc., 71 [3] 177-183 1988.

9. M. J. Matthewson and H. H. Yuce, "Kinetics of degradation during fatigue and aging of fused silica optical
fiber," Proc. Soc. Photo-Opt. Instrum. Eng., 2290 204-210 1994.

10. M. J. Matthewson, "Optical fiber reliability models," Proc. Soc. Photo-Opt. Instrum. Eng. critical reviews,
CR503-31 1994.

11. B. A. Proctor, I. Whitney and J. W. Johnson, "The strength of fused silica," Proc. Roy. Soc. Lond., 297A 534-
557 1967.

12. C. R. Kurkjian, H. H. Yuce and M. J. Matthewson, "Room temperature strength degradation in optical fibers,"
this volume.

13. R. K. Iler, The chemistry of silica, Wiley, New York, 1979.

48/SPIE Vol. 2611


