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ABSTRACT

Proof test level flaws in lightguide fibers have
been modeled using radial cracks in flat silica
fibers. These cracks were produced using a
diamond cube corner indenter with loads from
0.2 to 10 grams. Room temperature strengths
(orr) from 150 to 500 MPa with Weibull m-

values of 30-70 were obtained (stress rate S"'F) =
0.12 GPals). It was found that orr ~ P as
predicted theoretically.  The ratio of liquid
nitrogen to room temperature strengths (Oin,/Orr)
was found to be approximately 2. The strengths
of these indented fibers were measured at high
stress rates. In these tests the strength appears
to saturate at approximately the liquid nitrogen
value at approximately 10* GPa/s). The full
strength/stress rate curve can be approximated
by a two-region semi-log plot. This indicates that
the two regionmodel suggested by Glaesemann
et al1‘2, is real.

INTRODUCTION

Most standard telecommunication lightguide
fibers now are proof tested at 700 MPa. This
strength corresponds to a flaw size of ~1 pm.
The high quality fibers produced today rarely
have such flaws and thus it is difficult to study
them in detail. However, since an
understanding of these flaws is important for the
prediction of the lifetime of such fibers,
synthetically produced flaws usually are
employed. Such flaws have been produced
both by abrasion®* and by the fusion of
refractory particles®® onto the fiber surface.
Both techniques show a rather broad distribution
of strengths and therefore they contain a broad
distribution of flaw sizes. While it has been
suggested that real production fibers may in fact
contain a very wide distribution of flaw behavior’,
it is necessary to study simple flaw types
separately in order to understand their behavior
fully. For these reasons, we have chosen to
study a well- characterized proof test level flaw —
one produced by indentation with a diamond

cube corner indenter. Using indenting loads
from 0.2 to 10 grams we are able to span the
range of strengths of interest.

The normal model for the study and prediction of
fiber lifetimes is a single region power law
model. Recently Glaesemann, et al."? have
suggested the existence of a region ll-like
behavior in abraded (~700 MPa) fibers. This
gives rise to two values of n (the stress
corrosion susceptibility factor) and B (the
strength retention factor). It is very important to
verify this finding since it has substantial impact
on the lifetime predictions of such fibers.

EXPERIMENTAL

Fibers with two flat sides were drawn especially
for these experiments in order to simplify the
indentation process. The polymer coating was
removed with hot sulfuric acid from 2-3 cm of the
center of the fiber sample and a single indent
was made. Indentations were made using a
low load indentation instrument® and a diamond
cube corner indenter®. This indenter produces a
triangular-shaped impression with radial cracks
extending from the three corners. The
indentation was made so that one of the radial
cracks was perpendicular to the fiber axis. A
drop of ink on the fiber surface near the indent
enabled one to locate the position of the
indentation. Tensile strength measurements at
moderate stress rates were made with a
commercial tensile tester'® and static fatigue
measurements were made using a set-up as
described by Krause''. The high stress rate
measurements were made with the instrument
described by Glaesemann®'?.

RESULTS

Figure 1 shows a Weibull plot of room
temperature strength ("'3~ 0.12 GPals) for
various indentation loads. Figure 2 is a plot of
strength versus indentation load. As indicated
earlier’, loads which result in a given strength
are two orders of magnitude less with a cube
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corner indenter than with a Vickers indenter. It
can be seen that the theoretically expected" o
~ P relation is obeyed. Figures 3 and 4 show
AFM and SEM images of these indents. Figure
5 is a combined plot of dynamic and static
fatigue at room temperature and approximately
50 % relative humidity. This is a power law (log-
log) plot and indicates that within experimental
error two n-values are required. While it might
be expected that a semi-log (exponential) plot
would give a single straight line, this was found
not to be the case (see Figure 9). Figures 6 and
7 are the data obtained with the high stress rate
equipment described earlier by Glaesemann®'?,
As can be seen, while the log-log plot of these
data seems to require three regions, a semi-log
plot can be satisfactorily fit with two regions. The
fit to an exponential law is in agreement with the
results of Muraoke and Abe”. As indicated
earlier however, they did not find region Il
behavior in tests on 50 um flaws. In Figure 8,
data on fibers with two different strength levels
(1 and 2 gram indents) have been shifted and
are found to coincide. In Figure 9, all of the data
on 1 gram indented fibers have been combined
on a semi-log plot. In this plot, the open circles
and open squares represent the data shown
earlier in Figure 5.

DISCUSSION

As can be seen from the above data, the use of
a cube corner indenter gives strengths which
correspond roughly to the proof test levels
currently employed. The fit of the data to a
single 0 ~ P line indicates that all of these
indentation loads produce post-threshold flaws.
Flaws resulting in inert strengths of
approximately 700 MPa require a load of
approximately 0.5 grams, while the development
of room temperature strengths of this order
requires loads of only approximately 0.06 grams.
With these latter loads it is likely to be difficult to
get good uniformity in the indentation process.
In addition, modifications to the present tensile
testing technique may be needed to maintain the
mounting damage below that of the indentation
damage. In this case, bending techniques as
used by Lin and Matthewson" might be used.
As pointed out earlier, the development of ‘proof
test’ level flaws at such low indentation loads
also emphasizes the need for extreme care in
the handling of bare silica fibers.

In the regime of ‘ordinary’ times to failure, 1 to
100,000 seconds for fibers with strengths
approximately 200 — 300 MPa, it was found that

two n-values (44 and 21) are required to fit the
data within experimental error (a bend also was
present in an exponential plot). At this strength
level, the transition from one n-value to another
occurs at t ~ 50 seconds, but will be found to
shift to shorter (longer) times for stronger
(weaker) fibers. This may at least partly explain
the variability found in the n-values for ‘low
strength’ fibers'®'"'®.  Since the indents that
produced the cracks studied here result from
irreversible deformation, there are residual
stresses associated with these cracks.
Ordinarily this is expected to affect the
magnitude of the n-value observed'®?. It is not
clear whether such an effect is influencing the
results observed here. While the exact
representation of the moderate stress rate range
are somewhat in doubt, the appearance of a
second regime, a so-called ‘region Il — like’
behavior, seems to be definitely confirmed.

Thus, in addition to the illustration of the
advantages of such indentation techniques, this
work reinforces the findings of Glaesemann, et
al."?, that a second region appears in the
strength-stress rate curves at a stress rate of ~
1 to 10 GPa/s for fibers having strengths of ~
200 to 700 MPa. While these data actually
appear to indicate a third region at intermediate
stress rates (*'3~ 10" GPals), on an exponential
plot this region is eliminated.

CONCLUSIONS

We have shown that by using a cube corner
indenter, strengths of the order of normal proof
test levels can be obtained, with tight
distributions (Weibull m ~ 30-70). The fatigue
behavior of such indented fibers (o ~ 300 MPa)
indicates a transition in behavior at moderate
stress rates (failure times ~ 50 seconds) and
may partially explain the apparent variability in
the reported n-values for such low strength
fibers.

High stress rate experiments show an apparent
‘region II' behavior and a saturation of the
strength at ~ 90% o, for a stress rate of ~ 10*
GPal/s. This indicates that the ‘two-region’
model of Glaesemann, et al."* must be
considered in evaluating proof test parameters.
Additional studies are required in order to fully
predict long time behavior .
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Figure 1. Strength of indented fibers at different
indentation loads. Stress rate ~ 0.12 GPa/s;
relative humidity ~ 50%.
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Figure 2. Dependence of median strength of
indented fibers on indentation load.
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Figure 3. AFM image of 1 gram indent.
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Figure 4. SEM image of fiber indented with 10
gram load.
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Figure 5. Combined plot of dynamic and static
fatigue of 1 gram indented fiber at room
temperature and ~ 50% RH (e - dynamic fatigue;
o - static fatigue).

0.9 0
A A

0.8

0.7

0.6

0.5

0.4

strength at RT / strength in IN;

ul ul ul ul ul ul d ul ul ul ul

10° 10° 10° 10° 10° 10 10 1¢ 10 10 10
testing speed, GPa/s

5

10

Figure 6. Median strength of indented fibers with
high speed tester. (log-log plot).
o - 1gram indent; A - 2 gram indent.
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Figure 7. Median strength of indented fibers with
high speed tester (semi-log plot).
o - 1 gram indent; A - 2 gram indent.
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Figure 8. Median strength of indented fiber with
high speed tester (semi-log plot). o - 1 gram
indent; A - 2 gram indent (recalculated).
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Figure 9. Combined plot of dynamic and static
fatigue and high speed testing for 1 gram
indented fiber. m - high speed; o - dynamic
fatigue; o - static fatigue; - - - - n = 21.
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