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Yuce The rap id rise o f glass 
fibers for telecommunications is impressive. To many, 
this use is somewhat surpr is ing, especially because 
childhood experiences teach us that glass is fragile. Bro
ken bottles, windows, and drinking glasses convince us 
that glass must be treated with extreme care. How do we 
reconci le our experiences 
regarding the fragile nature 
of glass with the unparalleled 
success of glass fiber under 
uncompromis ing te lecom
m u n i c a t i o n s f ie ld c o n d i 
tions? 

Strength 
In truth, our early experience 
with the strength of glass is a 
reasonable representation of 
its actual behavior. Whatever 
the intrinsic strength of this 
material, it is clear that sur
face damage is easily 
incurred, and that this dam
age has a devastating effect 
on the real strength of any 
glass article. 

A . A . Gr i f f i th 's work in 
19201 set the stage for most 
of the work that followed for 
at least the next 30 years. He 
concluded that the strength 
of a brittle material, such as 
glass, is controlled by surface 
flaws, and that the severity of 
these flaws is a function of 
the size of the sample. But, 
how are these flaws incurred, 
and what is their effect? A 
recently obtained atomic force microscope ( A F M ) 
image of the surface of a pristine, as-drawn silica fiber is 
shown in Figure 1. A cube-corner t ipped d i a m o n d 

indenter was pressed into the fiber's surface. The first 
obv ious th ing is that even though glass is usual ly 
thought of as the classic example of a brittle material, a 

p e r m a n e n t i m p r e s s i o n is 
f o r m e d , i.e., mater ia l has 
been " r e m o v e d " f r o m the 
region beneath the indenter. 
A l t h o u g h this effect has 
been known for many years, 
it is not completely under
s t o o d . T h e f o r m a t i o n o f 
such a p e r m a n e n t indent 
results in res idua l stress, 
which can then nucleate sur
face cracks. W h i l e this is 
well -known, the reason for 
showing this image is that 
the indent and resulting sur
face cracks—seen emanating 
from its corners—were pro
d u c e d by a l o a d o n the 
indenter of 0.5 g or 1/1000th 
o f a p o u n d . T h u s , cracks 
occur in the surface of silica 
glass at very sma l l loads 
using an indenter sharper 
than the Vickers d i a m o n d 
n o r m a l l y used in test ing. 
T h e indenter used here is 
not unreasonable in shape; it 
is quite possible that hard 
par t ic les w i th a s imi la r 
shape could be encountered 
in nature. 

Before the formation of 
these cracks, the fiber's strength was 5.5 GPa (~800 kpsi, 
corresponding to a load of ~15 lbs. on a 125 -μm diame
ter fiber). The cracks (~1 μ m in length) create a stress 

Figure 2. A glass fiber drawing apparatus: l=main frame, 
2=preform support, 3=optical pyrometer and furnace, 4=diame-
ter monitor, 5=coating applicator, reservoir, and centering mech

anism, 6=coating concentricity monitor, 7=coatlng curing sta
tion, 8=fίber-pulling capstan, 9=fiber take-up synchronizer, 

10=windίng mechanism, and ll=control console. (This figure is 
adapted from Reference 1, F.V. DiMarcello et al.) 

(Left) Figure 1. Atomic force microscope (AFM) image of a lightguide fiber surface dented with a cube-corner 
diamond indenter with a load of 0.5 g. A triangular impression can be seen with cracks extending from its corners. 

(Note that the horizontal axes are in microns, while the vertical axes are in nanometers.) 
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concentration or amplification, reducing the fiber's 
strength by an order of magnitude to 0.7 GPa (< 100 
kpsi or 2 lbs.). This can be seen from the following 
equation. determined by Griffith. 

Where σ is the fiber strength in MPa, K I C is the fracture 
toughness (a material constant; for silica it's 
~0.8 MPa.m 1 / 2 ) , Y is a constant (~1) describing the 
shape of the crack, and c is its length in meters. 

Given the dramatic decrease in strength due to such 
minute surface defects, how can such a material be used 
in a telecommunications system where fibers are assem
bled into cables wound onto six-foot diameter reels, 
pulled off with loads of 
hundreds of pounds of 
tension, and fed into 
manholes, hung from 
poles, or laid under the 
sea where they are par
ticularly difficult to 
repair and are thus 
expected to be trouble-
free for many years? 
Deployment does seem 
risky. And yet even this is 
not the end of the story. 
A fiber with a 1-μm long 
surface crack will quickly 
fail if a load of two 
pounds is applied. If a 
load of one pound is 
applied, the fiber will 
probably fail in a few 
weeks. The element nec
essary to assure its failure 
is water—either liquid or 
vapor. 

Time dependence of 
the failure load is known 
as fatigue. It is under
stood by considering the 
"Griffith" equation. If a 
crack size is not large enough to satisfy the equation, the 
crack will not grow catastrophically. However, as has 
been repeatedly verified for the type of glass used for 
lightguides (i.e., silicate glasses), if water is present and 
there is a "subcritical load," cracks will grow slowly, or 
"subcritically," until the equation is satisfied, and the 
fiber fails catastrophically. 

Fiber processing 
Figure 2 illustrates the process of transforming the raw 
material—a 5-10 cm diameter "preform rod"—into a 
125-μm diameter fiber, a geometric replica of the pre
form. Softened in a furnace, the glass rod is viscously 
necked-down into a fiber. The fiber's size is detected and 
controlled by a laser positioned just below the furnace. 
The fiber is coated with a liquid polymer, usually UV-
cured, and then wound onto a drum. The primary pur
pose of the coating is to protect the fiber's surface from 

mechanical damage. At this stage, the strength of the 
fiber is assured by "proof-testing," which consists of 
applying a known load to every part of the fiber. Points 
where the strength is below the proof-test value fail and 
are eliminated. 

Data in Figure 3 illustrates the history of the progress 
of lightguide fiber strength. The figure shows that strong 
fibers can be produced in very long lengths if sufficient 
care is taken in the details of the process. At each stage, 
every effort must be made to eliminate possible chemi
cal or mechanical damage to both the preform rod and 
finished fiber. Silica's intrinsic strength is extremely 
high, ~14 GPa (~2 million psi) when measured in the 
absence of fatigue. It is approximated by making 

strength measurements 
at a low temperature (say 
77°K) where both the 
mobility and activity of 
water molecules are 
extremely low. The data 
in Figure 3 was taken at 
room temperature in a 
testing time of ~10 sec. 
Therefore the high-
strength mode is reduced 
by fatigue to ~800 kpsi, 
in accordance with the 
Griffith equation on the 
previous page. 

Normal processing 
flaws result from inclu
sions or abrasive damage 
to the preform rod, or 
from damage to the fiber 
by abrasion or reaction 
with solid or gaseous 
impurities. These reac
tions produce regions of 
different compositions 
and properties. Such 
flaws reduce the strength 
and thus lead to the 
appearance of a second 

strength mode (see Fig. 3) and sometimes cracks. 

Figure 3 also shows the effect of testing different fiber 
lengths. The solid lines depict 20-m gauge lengths; the 
dashed and dotted lines show the result of shifting the 
low-strength mode of curve 5 to gauge lengths of 1 km 
and 20 km, respectively. This is done merely by assum
ing a weakest-link failure model. Griffith's initial pro
posal of higher concentrations of more serious flaws in 
larger samples has been verified for lightguide fibers. To 
produce the high quality fiber characterized by fiber 4 in 
Figure 3, it is critical that all foreign matter be kept away 
from both the preform and fiber, until the fiber is pro
tected by a coating. High quality fiber is achieved by 
maintaining pure bulk glass, and clean glass surfaces, 
furnace atmospheres, and polymer coating application 
processes. 

While these things are easy to see and understand in 
hindsight, they are not so trivial to accomplish in prac-

Figure 3. Weibull probability plot for 20 -m gauge length polymer-coated 
si l ica or lightguide f ibers. Curve 1 is from the first publ ished report on 
long-length fibers in 1 9 7 5 ; 2 in 1 9 8 2 ; 3 in 1 9 8 3 ; and 4 in 1 9 8 5 . (Fiber 
5 has a spec ia l s u r f a c e composi t ion) . The d a s h e d curves marked 1 km 
and 2 0 km are obta ined by extrapolating the low-strength m o d e of curve 

4 to those gauge lengths. (This figure is adapted from Reference 1, 
C .R . Kurkjian et a l . , J . Lightwave Tech. 7) 
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tice. Work continues on ways to improve techniques, so 
that more reliable fiber can be produced, more econom
ically. 

Protective polymer coatings 
Critical steps in fiber processing are the "coating appli
cator" and "curing station" (see Fig. 2). One of the first 
major hurdles that had to be overcome to achieve high 
strengths of long fiber lengths was the development of 
an in-line protective polymer coating procedure. The 
goal was to apply the coating before any abrasive dam
age could occur. The 
development of such a 
suitable coating, as well 
as processes for applying 
it uniformly, without 
damaging the fiber sur
face, proved to be rea
sonably difficult and is 
an interesting story in 
itself, but it will not be 
dealt with here.2 Suffice 
to say that it is now pos
sible to achieve such a 
coating, even at the 
quite high draw speeds 
necessary to make the 
whole process economi
cally viable—up to 20 
m/sec. 

The polymer coating 
must satisfy a number of 
sometimes conflicting 
requirements. The 
application process 
must not abrade the 
fiber and the resultant 
coating must be smooth 
enough not to cause 
microbending losses, yet 
tough enough to protect 
the fiber from mechani
cal damage. Efforts have 
been made to produce a 
coating that is suffi
ciently abrasion-resis
tant, yet adherent, stiff, 
and thin enough to be 
left on the fiber as it is 

connected or spliced. Presently, conventional polymer 
coatings are too thick and soft to allow for satisfactory 
fixturing and are therefore almost always removed. 

Although today's polymers are incredibly versatile, 
meeting all of these needs simultaneously is difficult. 
The polymer's chemistry must be such that the coating 
is applied as a relatively fluid liquid to a fast-moving 
fiber, yet is viscous enough that the surface tension of 
the liquid does not result in beading as the coating is 
being applied. After application, the fluid liquid must be 
rapidly curable—that is, it must be rapidly transformed 
into the solid described above. The chemistry of this 

polymer solid must not react aggressively to the glass 
surface. Developments in the chemistry and processing 
of polymers over the past few years has enabled most, 
but not all, of these criteria to be met. 

Long term mechanical behavior—fatigue and aging 
Since the turn of the century, it has been known that 
oxide glasses exhibit the delayed fracture, or fatigue, de
scribed above. Since that time, a very large number of 
studies have clearly shown that it is the combined action 
of stress and water that is responsible for this effect. 

Although the details are 
still not understood, the 
presence of H 2 O, either 
in liquid or vapor form, 
leads to the formation of 
surface O H groups. The 
resulting Si-OH bonds 
are weaker than the 
original Si-O bonds. 
Their formation leads to 
a reduction in strength 
at a rate controlled by 
the rate of O H forma
tion. It is generally 
found that a plot of 
applied stress versus 
failure time or applied 
stressing rate versus fail
ure stress is a straight 
line on a log-log plot, 
i.e., the relation appears 
to be a power function. 
This is shown by the 
dashed line in Figure 4. 
Since this behavior was 
known to workers in
volved in assuring fiber 
lifetimes, accelerated 
tests were initiated to 
allow long-term predic
tions to be made. A large 
number of such investi
gations resulted in the 
understanding illustrat
ed schematically by the 
other curves in Figure 4. 
In addition to fatigue or 
stress-assisted corrosion, 

a new phenomenon known as zero-stress corrosion, or 
aging, was discovered to occur. While fatigue occurs 
immediately, aging has an apparent temperature depen
dent time delay. The rate of the Si-O-Si + H2O reaction 
is temperature dependent, thus causing time delayed 
aging. Understanding this relationship allows us to pre
dict aging behavior at any temperature.3 As can be seen, 
corresponding degradation at room temperature takes 
1,000 times longer than at 100°C. 

The process responsible for the aging is apparently 
the inhomogeneous solution of the silica glass surface, 
as shown in Figure 5. The fine-scale roughness that 

Figure 4. Fatigue and aging of lightguide f ibers. The c r o s s e s and 
d i a m o n d s illustrate the aging behavior at 100°C and 25°C, respectively. 
The open circles indicate the "normal" fatigue behavior, while the full cir

c l e s indicate the actual fatigue behavior o b s e r v e d under 
"accelerated condi t ions." 

Figure 5. A F M image of an aged fiber. (Note that the horizontal axes 
are in microns , while the vertical axes are in nanometers . ) 
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Glossary 

Aging: Reduction in strength during environmental exposure at zero stress. 

Atomic force microscope (AFM): Scanning probe microscope for imaging surfaces. A 

laser is used to track the position of, and force exerted on, a fine probe that is traversed 

across the surface. 

Fatigue: Time- or rate-dependence of strength: "stress-assisted corrosion," 

Preform: 5-10 cm diameter rod from which the clad glass fiber is drawn. 

results from this dissolution can be seen in the AFM 
image. The curvature of the roughness gives rise to 
stress concentrations and therefore the applied stress is 
amplified at the root of each pit. It has been shown that 
the development of simi
lar strength reduction in 
a humid atmosphere 
takes 10 times longer 
than in liquid water.4 

The reason for this is 
unclear. It is possible that 
roughening will not 
occur if a liquid is not 
present, i.e., the reaction 
of vapor with the poly
mer may yield a liquid 
that is then responsible 
for the corrosion. Anoth
er possibility is that 
rather than glass dissolv
ing in water, the water 
vapor is dissolved in the 
glass. The resultant "wet 
glass" or "gel" may devel
op inhomogeneously and 
give rise to a similar 
"roughness" in the load-
bearing portion of the 
fiber. 

While Figures 4 and 5 
show the strength degradation that takes place when a 
pristine fiber is aged, an entirely different behavior is 
shown by proof-test level fibers. Figure 6 compares such 
behavior. Here, the weak fibers tend to show some 
improvement in strength after accelerated aging. Vari
ous workers have attributed this to either a blunting of 
the cracks, thus a lowering of the effective stress concen
tration, or to the relaxation of residual stress caused by 
the production of the crack. These differences in behav
ior make lifetime predictions difficult. 

Lifetimes and possible improvements 
Lifetime predictions are very difficult to make with cer
tainty. In principle, what is done is to extrapolate a 
fatigue curve of the sort shown in Figure 4 to the 
desired lifetime and pick the stress level which can be 
sustained, or alternatively draw a horizontal line at the 
applied stress level that is expected over the fiber's life
time and read the predicted lifetime at this stress. There 
are a large number of additional variables involved in 
making truly useful predictions. A major problem 
results from the fact that we are not able to predict, a 

priori, the behavior of a proof-test flaw. The proof-test 
procedure removes flaws larger than those correspond
ing to the desired minimum strength. The remaining 
fiber then has one or more flaws somewhat smaller than 
this, and the question is how do such flaws behave? As 
illustrated in the previous paragraph, high and low 
strength fibers show different aging behaviors. There is 
also evidence that they show different fatigue behavior. 
Although the fibers that are produced today show only a 
small fraction of their total number of failures in the 
low strength mode, in fact, this low strength portion of 
any fiber strength distribution is what will ultimately 
control its lifetime. A detailed understanding of the 

behavior of these low 
strength flaws has yet to 
be developed, partly 
because of the great vari
ety of flaws that can be 
present (see "Details 
about the cover," page 39, 
for two examples). In a 
strange paradox, this is 
partly a result of the great 
success in achieving near
ly flaw-free fiber, which 
makes it difficult to find 
and study these flaws. 

Possible improvements 
in fiber strength and 
reliability 
We can now consider 
what strength and fatigue 
or aging behavior im
provements may be 
expected, resulting in 
major improvements in 
fiber reliability. 

Decrease in proof-test failure rate 
This can obviously be achieved by reducing the frequen
cy of appearance and the size of flaws. While it is pri
marily a function of processing quality, some improve
ment might be achieved by the development of a more 
abrasion-resistant glass or glass surface. This would be 
especially important in terms of strength retention after 
mechanical stripping. 

Increased fatigue resistance 
Variations in the rate of fatigue have been observed 
from fiber to fiber; this appears to be the result of 
variations in fiber coating properties. The most 
obvious reason for this would seem to be differ
ences in the chemistry at the fiber coating interface. 
But differences in fatigue rate have also been 
ascribed to differences in water permeation through 
and to general differences in the hydrophobic char
acter of the coating. While more work needs to be 
done to completely understand this phenomenon, it 
seems that this is an area where improvements 
could be made. 

Figure 6. C o m p a r i s o n of acce lera ted aging behavior of high- and low-
strength and si l ica f ibers. The low-strength data were taken on abraded 

f ibers. All da ta , except curve 3 (fatigue), is for aging. 
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Increased aging resistance 
The model commonly used to describe strength degra
dation of the high-strength, pristine surface of as-drawn 
glass is the result of inhomogeneous dissolution of the 
glass surface. For this to occur, it would seem to be nec
essary for the polymer coating to be separated from the 
glass surface. Some of the improvements in aging resis
tance that have been achieved appear to be the result of 
better and longer-lasting polymer—glass surface adhe
sion. Further improvements may be expected in this 
area. 

By controlling the chemistry imposed on the fiber 
from the environment, as well as that imposed by the 
coating itself, improvements in both fatigue and aging 
resistance should be possible. However, there are so 
many demands on the coating formulation already, it is 
not clear if further chemistry changes are feasible. An 
example of a technique that improves aging and fatigue 
resistance involves loading the polymer with a silica 
compound, i.e., a high-surface-area silica powder.5 This 
shifts the appearance of fatigue and aging "knees" (i.e., 
the break in these curves) to longer times, presumably 
as a result of a reduction in the water activity at the glass 
surface. Alternatively, several types of hermetic coatings 
have been developed that effectively isolate the glass sur
face from water.1 (Kurkjian et al., J. Lightwave Tech 7) With such 

coatings, the rate of strength reduction from either 
fatigue or aging is essentially zero. Metal coatings, pro
duced by drawing the fiber through liquid metal, are 
very effective in this regard. However, they produce sub
stantial optical loss, precluding their use in long lengths; 
as pig-tails or in other short-length applications, they 
can be useful. 

Another approach is to coat the fiber in-line with a 
micro-crystalline or amorphous layer of carbon. While 
this essentially eliminates both aging and fatigue, the 
original strength of this type of fiber is lower than a 
polymer-coated fiber. This appears to be due to the low
er intrinsic strength of the carbon, and to the fact that 
the carbon is deposited with a thermally induced tensile 
stress. On the other hand, such carbon coatings do not 
cause increased optical losses. At the present time, fibers 
with carbon coatings are used only in very special cir
cumstances, presumably due to their somewhat higher 
cost, as well as to the requirement for changes in han
dling procedures. 

Future of lightguide fibers 
Many thousands of kilometers of lightguide fibers have 
been installed in the past 20 years and have survived 
well when they have not been inadvertently disturbed by 
cable dig-ups, storms, or other environmental mishaps. 
While their brittle behavior requires special considera
tion in handling and deployment, overall the quality of 
the fiber and cable produced, as well as the procedures 
developed for handling them, have proven adequate. For 
fiber to be more readily used in consumer-connection 
situations, it is desirable to develop more robust, easier 
to handle, and less "fussy," i.e., more "user-friendly," 
fibers. Efforts in this direction continue. 
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SEM image of 
one of the 
fracture sur
faces of a 
lightguide fiber 
that failed dur
ing proof-test
ing. The fail

ure resulted from the scratch 
that is visible along the fiber 
surface. This scratch led to 
the formation of a sub-surface 
crack that reduced the 
strength according to the Grif
fith equation. Fracture mark

ings such as the smooth (mirror) region and the rougher (hackle) region give 
added insight into the fracture processes and mechanisms. 

A similar fracture surface. The 
light-colored region is an insol
uble foreign particle (ZrO2 zir
conium oxide), which has 
adhered to the hot, soft, silica 
fiber. The reaction with the 
fiber, and the difference in 
thermal expansion of the two 

materials, results 
in the develop
ment of a stress 
and possibly a 
crack, which 
reduces the 
strength of the 
fiber. 
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