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ABSTRACT 
 
Comparison of high-speed strength data for weak (abraded, contaminated and indented) and pristine fibers was performed. 
It was shown that fatigue behavior of abraded fiber practically coincides with that of the fiber contaminated by zirconia 
powder and is close to that of indented fiber.  The fatigue parameters obtained for strong pristine fiber cannot be used to 
obtain the correct prediction of fiber strength after proof testing. A two-region power law model was used for mathematical 
description of these results and the fatigue parameters for three types of weak fibers were obtained. 
 

1. INTRODUCTION 
 
Lifetime modeling of optical fiber is often based on the results and parameters obtained from strong, “flaw-free” fibers. The 
fatigue parameter n ~ 20 is used for both calculation of the fiber strength after proof testing as well as the evaluation of 
strength degradation during the in-service lifetime.  However, the reliability of optical fibers in most communication 
systems depends on large (~ 1 µm) flaws, which can survive proof testing at ~ 0.7 GPa. Only a few flaws of this kind exist 
on multi-kilometer fiber lengths. In order to study the fatigue of such flaws, weak fibers with narrow strength distributions 
over short lengths must be specially prepared.  Early research on such flaws in fiber were conducted using relatively simple 
fatigue tests over a narrow range of loading speeds and a fatigue parameter n~20 was typically measured.1-4 The latest 
reports from dynamic fatigue measurements conducted over a wide range of stressing rates demonstrate a complicated 
multi-region fatigue behavior at high stressing rates for abraded and indented fibers.5-7 Owing to crack growth during the 
proof testing,8,9 evaluation of the fiber strength after proof testing is very sensitive to the fatigue behavior observed at high 
stressing rates. 5  Thus, a detailed study of the fatigue behavior of weak fibers in as wide a range of stressing rate as possible 
is required for adequate lifetime modeling. Moreover, a comparison of the fatigue behavior of different types of possible 
defects (indented, abraded, and contaminated) should help in understanding the real contribution of both the initial defect 
shape and possible localized residual stresses. Additionally, initial or liquid nitrogen strength of these flaw types should be 
measured to further quantify the fatigue behavior.10  
 
This paper continues the study of the properties of weak fibers, that was started with high-speed testing of abraded5,11 and 
indented7 fibers. New samples of weak fibers with melted-in zirconia particles have been fabricated and tested. A method of 
measuring the liquid nitrogen strength for continuously damaged fibers has been developed. Using the initial strength data, 
results for indented, abraded and contaminated samples are compared, and fatigue parameters for such fibers are calculated. 
 

2. EXPERIMENTAL PROCEDURE 
 
A special apparatus for tensile testing weak fibers over a wide region of stressing rates was already described in detail 
earlier.5,11 In this study, 10 cm coated fiber samples were tensile tested. To avoid premature failure where the fiber is 
gripped, weak fiber ends were glued to pieces of strong fibers by epoxy.  Only failures in the gauge length were accepted. 
25 samples were usually tested at each stressing rate. 
 
Measurements at liquid nitrogen temperature were performed using a small horizontal thermoisolated bath with narrow slots 
for introducing the fiber sample. The fiber’s acrylate coating and the epoxy glue become very hard and brittle at such low 
temperatures. Thus, the polymer coating was removed by hot sulfuric acid from samples to be tested at liquid nitrogen 
temperature and a silicone rubber sealant was used instead of epoxy glue. Too soft for testing at room temperature, this 
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sealant became hard but not brittle in liquid nitrogen. As with the fatigue testing, only failures in the gauge length were 
accepted.  
 
Weak fibers were created by drawing fiber whose surface had been seeded with zirconia powder (~ 1 µm particle size) 
while still in the preform stage.  The particles were melted into the preform surface prior to draw. To make the distribution 
of particles on the preform surface more homogenous, the preform was washed in an alcohol solution containing the 
zirconia powder. The density of particles in the solution was systematically changed to optimize the strength distribution for 
10cm long samples. A Weibull modulus, m, of approximately 20 was obtained.  The strength distributions for each stressing 
rate are shown in Figure 1.  This rather narrow strength distribution enabled us to accurately view the strength variation with 
stressing rate. 
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Figure 1. Zirconia-seeded fiber strength measured at different stressing rates in a laboratory environment. 

 
For comparison purposes, another fiber was abraded by a silica rod situated above the polymer applicator during the 
drawing process. This abrasion process was also optimized to yield a Weibull modulus of 20 on 10-cm long samples. These 
abraded samples were tested under the same conditions (50% RH, 23oC and in liquid nitrogen) as the zirconia seeded fibers. 
 

3. RESULTS AND ANALYSIS 
 
Plots of the median strength of seeded and abraded samples tested in a laboratory environment (50% RH, 23oC) are given in 
Figure 2. Both plots demonstrate a nonlinear strength versus stressing rate behavior when plotted in the usual power-law 
fashion. A direct comparison of the fatigue behavior of the two fibers in Figure 2 is hampered by the difference in initial 
strength between the two fibers. It has been shown in a previous paper10 that (σd  / Si)-(σ′  / Si

3) are universal coordinates for 
presentation of dynamic fatigue data. Here σd is the median strength of a fiber at stressing rate σ′, and Si is the initial (inert) 
strength of the same fiber. Usage of these coordinates helps to compare fatigue data regardless of the initial defect size. The 
strength in liquid nitrogen (Figure 3) was used for the determination Si. The dynamic fatigue data for seeded and abraded 
fibers is shown in universal coordinates in Figure 4. Both fibers exhibit very similar non-linear fatigue behavior despite the 
difference in flaw type and initial strength.   It has been hypothesized that this non-linear fatigue behavior can be attributed 
to the influence of region II crack growth at high speeds or short times to failure.5  The mathematical description of this 
behavior is the joining of two power law equations: 
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Figure 2. Median strength of seeded and abraded samples tested in laboratory environment (50% RH, 23oC) 
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Figure 3. Strength of zirconia-seeded fiber and abraded fiber measured in liquid nitrogen.
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Figure 4. Median strength of seeded and abraded samples tested in laboratory environment (50% RH, 23oC)  

plotted in “universal” coordinates. 
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where KI is the stress intensity factor, KIC is the critical stress intensity factor associated with failure, da/dt is the flaw 
growth rate, v1, v2, n1 and n2 are the parameters of the respective curves. The parameter r and the relation )(

21
12 nnrvv −⋅=  

characterize the point of transition of flaw growth rate from Region I to Region II. 
 
These equations can be rewritten for the case of dynamic fatigue tests in terms of the changing inert strength, S, and applied 
stress σ, using usual relations, KI = Y σ a1/2 and KIC = Y S a1/2, where Y is the geometric factor of the flaw: 
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where Si is the initial strength before loading, Sr and σr are the inert strength and applied stress when KI/KIC= σr /Sr = r, σd is 
the dynamic fatigue strength for stress rate σ’, 1/B2=v2(Y/KIC)2(n2-2)/2 and ( ) ( )2/2 12
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The following substitution 
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enables us to transform Equations (3) and (4) into a system of equations: 
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 where yd<yr<1    (6) 

 
Solution of this system yd(x)= σd /Si(σ’/Si

3) describes the dynamic fatigue behavior of the fiber in the universal coordinates. 
Unfortunately, there is no exact analytical solution for this function. Thus, numerical simulation of this function with 
variation of all the fatigue parameters was performed to achieve the best fit to experimental data.   
 
The result of this simulation for both seeded and abraded fibers is given in Figure 3 as solid line. The corresponding fatigue 
parameters are shown in Table 1. 
 

Table 1. Fatigue parameters for seeded and abraded fibers 
n1  27 
B1   0.7 x 10-7 GPa2s 
r   0.757 
n2   0.5 
B2   -1.9 x 10-3 GPa2s* 

 
4. DISCUSSION 

 
The results of testing abraded and contaminated fibers are compared with the results for indented and pristine fibers 
obtained in earlier studies7,10 in Figure 5. Unfortunately, measuring the liquid nitrogen strength of strong pristine fiber was 
problematic owing to problems with the glue.  Thus, previously published values of 12 GPa and 14 GPa were used.12,13  
 
Comparison with high strength fiber is limited due to testing difficulties of pristine fibers at high speeds, but at slower 
speeds there is a clear discrepancy between high strength and low strength results.  Numerical approximation gives fatigue 
parameters for the indented and pristine fibers shown in Table 2. 
 

Table 2. Fatigue parameters for indented and pristine fibers 
Parameter Indented fiber Pristine fiber 
n1 31 20 
B1 0.4 x 10-9 GPa2s 3.1 x 10-6 GPa2s (Si = 12 GPa) 

1.6 x 10-7 GPa2s (Si = 14 GPa) 
r 0.70 not available 
n2 3.0 not available 
B2 2.5 x 10-4 GPa2s not available 

 
 
The shape of the fatigue curve generated by the indented samples in Figure 5 is close to that of the abraded and 
contaminated fibers.  This suggests that fatigue of flaws in silica is independent of the flaw introduction mechanism and that 
the form of the crack velocity function for surface flaws in silica-clad optical fiber is independent of flaw type.  This is 
important since it simplifies reliability modeling of the multiple flaw populations known to exist in optical fiber.  One does 
not have to have a separate model for each flaw type. 

                                                           
* B2-value is negative because n2 < 2. 
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Figure 5. Joint plot of dynamic fatigue results obtained for different types of weak fibers and pristine fiber. 

 
In universal coordinates the indented strength is somewhat lower than that of the contaminated and abraded specimens.  
There are several possible factors that could contribute to this difference.  The three factors discussed here represent areas of 
further investigation.  First, the role of the contact-induced residual stress of the indented specimens was not taken into 
account in determining the failure stress.  The residual stress is known to promote subcritical crack growth in fatigue 
environments, and therefore, yield a lower fatigue strength.  The mechanics have been developed for such 
determinations,14,15,16 but accurate quantification of residual stress levels is lacking.  It should be noted that the partially 
submerged zirconia particles on the contaminated fiber create significant residual stresses in the host silica.17 The residual 
stress associated with zirconia particulate dissipates much quicker than that associated with indents as one moves away from 
the flaw tip.  Crack growth mechanics that incorporates the influence of residual stresses associated with contaminants has 
yet to be developed.  Note that the flaws associated with the sliding contact of draw-abrasion lack any appreciable contact 
residual stress.  The second explanation for the lower universal fatigue strength for the indented specimens is crack 
geometry. An indirect method for assessing the role crack geometry would be to perform the same tests using cube corner 
indents.7  The flaws associated with cube corner indentation are on the order of 1 µm in size with virtually no residual 
stress.  Thirdly, the indented specimens are not covered with polymer coating.  The local environment for the coated flaws 
would certainly be different than that of uncoated flaws.  Even if the local environment of a coated flaw were known, the 
influence of this environment on crack growth kinetics is unresolved.  An experimental approach would at least yield 
empirical understanding of the coating influence for the data presented here. 
 
Abrasions and melted-in particles are the most common flaws on the fiber surface. Proof testing of these flaws is usually 
performed under ambient conditions and so the fatigue parameters obtained for abraded and contaminated fibers at 50%RH 
and 23oC can be directly used for prediction of the inert strength after proof testing and, importantly, the minimum 
surviving strength. Owing to the growth of flaws under stress during proof testing the minimum surviving strength can be 
close to the proof test stress, σp, or be significantly less than that level depending on whether unloading is “fast” or 
“slow”5,9. The requirement for the case of “fast” unloading is simply:9  

( )
2

22 2

p
cu

Bntt
σ

⋅−=< ,      (7) 

where tu is the time of unloading. Using the parameters obtained for abraded and contaminated fibers and σp =0.7 GPa, one 
obtains  tc = 5.8 x 10-3 s. The same parameter for indented fiber is 0.51 x 10-3 s. These values are more achievable than the 
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0.58 x 10-5 s calculated in the case of single-region model and fatigue parameters obtained for strong fiber. Based on the 
results and analyses of this study the actual minimum surviving strength after proof testing is closer to the proof stress level 
than what one would predict using the single region power law and data obtained from high strength fiber. 
 
This study was primarily focused on the behavior of weak fibers in the high stressing rates region.  It should be emphasized 
that parameters of “Region I” obtained in this work cannot be simply used for the next step; namely, prediction of the long-
term degradation of the fiber strength at low static stress during service. There are several papers where the fatigue 
parameter n is reported to be about 20 for the weak fibers in the region of slow stressing rates or at long-term static fatigue 
tests1-4,7,10. The most common explanation of n-value reduction at lower stressing rates is that the flaw growth should be 
described not by power function but by an exponential one.18 In this case, parameter n1 is not a constant. Its value is 
expected to decrease with decreasing stressing rate.19  However, there is little experimental evidence to support a decreasing 
n value over time for flaws near the proof stress level. From a field performance point of view, optical fiber design rules 
derived from the power law ( pa σσ 51= ) have been robust in that few, if any, field failure can be attributed to the fatigue 
of flaws passing the proof stress. For improved lifetime predictions, the behavior of weak fibers at low stressing rates and 
low static loads should be investigated.  This necessitates the use of abraded fiber with an extremely high Weibull modulus, 
m. In contrast with high-speed testing, it is important to perform such an investigation in various environments for 
simulating in-service conditions. Influence of polymer coating, defect shape and residual stresses will continue to be key 
factors. A question about possible crack pop-in effect due to residual stresses is also open.  In the meantime, it is 
recommended that an n value of 20 be used for proof test level flaws placed in long-term service. 
 

5. CONCLUSION 
 
Comparison of high-speed testing data for weak (abraded, contaminated and indented) and pristine fibers was performed. It 
was found that fatigue behavior of abraded fiber practically coincides with that of the fiber contaminated by zirconia powder 
and is close to that of indented fiber.  This suggests that the fatigue behavior of flaws in optical fiber is relatively 
independent of origin.  Based on this and previous studies, the fatigue parameters obtained for strong pristine fiber using the 
single-region power law should not be used for modeling proof testing. A two-region power law model was used for 
mathematical description of the low strength flaws. The resulting fatigue parameters are believed to provide a more accurate 
prediction of post-proof strength needed in reliability predictions. 
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