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Review

Stress enhanced environmental corrosion and
lifetime prediction modelling in silica optical
fibres
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Telecom Research Laboratories, Clayton, Victoria, Australia

The glass/water interaction is reviewed from early experimental work in bulk samples to the
current molecular interpretation of bond rupture in that interaction. The significance of that
work to static fatigue in silica optical fibres is discussed. Assumptions concerning the basic
equations used to predict the rate of crack propagation, and hence, the lifetime of silica
optical fibres, are questioned. Issues such as flaw distribution and the true nature of the
crack tip are highlighted along with deficiencies in test methods and data analysis
techniques used to obtain fibre “lifetime’ parameters. These factors have resuited in no
single fibre lifetime model becoming universally accepted with some 15 published lifetime
models currently available. It is suggested that lifetime theory based on large, well-defined
cracks in bulk material is no longer entirely sufficient to explain the static fatigue behaviour
of the nanometre-sized flaws found in current optical fibres. Instead, the literature indicates

a two-stage model consisting of a precursor stage followed by the currently accepted
bond-rupture mechanism, to be more appropriate.

1. Introduction

A primary consideration in the design of any system is
its longevity and this is particularly true for telecom-
munications networks. For such networks, accurate
estimates of system lifetime are needed to avoid the
possibility of high capital expenditure should an un-
foreseen, premature failure occur.

Current telecommunications networks are based
on silica optical fibres which, despite their numerous
advantages, have the potential drawback of reacting
deleteriously with water when subjected to a tensile
stress. This, combined with a number of other factors
associated with optical fibres/cable design, manufac-
turing and operating environment, has resulted in a
designed service lifetime of some 40 years for optical
fibres, with this figure based on current fibre lifetime
models. However, uncertainties, contradictions and
a lack of full understanding of the various processes
involved have cast some doubt on the accuracy and
general applicability of those models.

It is the purpose of this work to present a review of
static fatigue in silica optical fibres, highlighting many
of the factors known to influence that phenomenon
and discussing shortcomings associated with current
lifetime models.

2. The glass/water interaction
Reports that the strength of glass is dependent on the
loading rate used date back to 1899 [1], however the

0022-2461 © 1995 Chapman & Hall

first detailed study on the effect of environment and
composition on the strength of glass was that reported
by R. J. Charles in 1958 [2,3]. Using centreless-
ground rods of soda-lime glass, Charles showed the
time to failure of such rods under 3-point bending was
dependent on temperature with no discernible effect
occurring at — 170°C.

Later work by S. M. Wiederhorn and his colleagues
[4,5]  using double-cantilever-beam specimens of
soda-lime glass, demonstrated that the rate of crack
growth in that glass was dependent on both relative
humidity and applied tensile stress. Those workers
also identified three distinct regions of crack growth
rate behaviour in that glass (Fig. 1).

Crack growth rate (velocity) was reported to require
a critical minimum stress in soda-lime glass and, once
attaining that stress, an increase in crack velocity with
applied load resulted (Region I). Crack velocity was
also found to depend on relative humidity in this
region. In Region II crack velocity was shown to be
independent of applied load but dependent on relative
humidity while in region III, it was again found to
increase with applied load but to be independent of
relative humidity.

Subsequent work has shown many materials other
than glass exhibit the tri-modal crack growth behavi-
our shown in Fig. 1 [6-8]. Much of this behaviour
may be explained in terms of static fatigue, a term
first coined in 1946 as a description of the result of
the interaction between glass and water under the
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Figure 1 Crack growth rate (velocity) versus applied load for soda-
lime glass at different humidities (after [4]). Insert depicts a stylized
version of behaviour at a particular humidity and indicates regions
I, I and IIL.

influence of an applied tensile stress [9]. Static fatigue
theory suggests that crack motion under the condi-
tions described results from a heterogeneous chemical
reaction between the material and environment at the
root of the crack tip {10].

In general, a heterogeneous reaction occurring at
a surface proceeds in five distinct steps with the
slowest step determining the overall rate of the pro-
cess. The successive stages are [117:

1. Transport of the gaseous reactants to the surface

(diffusion)

Adsorption of the gases

. Reaction on the surface

. Desorption of the products and

. Transport of the liberated product from the surface
to the bulk gas phase.

Stages 4 and 5 have been dismissed in the case of static
fatigue since new crack surface is constantly being
exposed as the crack grows leaving behind adsorbed
corrosion products on the walls [4]. Desorption and
transportation of the liberated products away from
the crack tip are therefore not expected to greatly
affect the reaction rate.

Of the three remaining processes only chemisorp-
tion and chemical reaction at the surface would be
expected to depend on both load and relative humid-
ity. In view of this, it was suggested [4] that region
1 behaviour is due to chemisorption or chemical reac-
tion at the crack tip.

Similarly, only a diffusion-type process would be
expected to be stress independent while simulta-
neously exhibiting a strong concentration depend-
ence. Thus, crack growth in region II has been sugges-
ted [4] as being dominated by the rate at which water
can be transported to the crack tip.
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Region IIT behaviour is not well understood with
a number of workers demonstrating that, in some
cases, the position of the curves in that region is
dependent on environment [12, 13] and that electro-
strictive effects aid crack growth [5].

A later, more quantitative explanation of static fa-
tigue indicated crack velocity in region I was control-
led by the chemical potential of the active component
in the environment according to [5]

V. = voas exp(fse + Mg + Ho)/(RT) (1)

where v, incorporates terms for frequency factor,
transmission and activity coefficients and geometric
factors relating to the number of broken bonds; a
relates crack velocity dependence to the amount of
water in the environment; p,, |, and p, = chemical
potential of water in solution, chemical potential of
reactive species and chemical potential of activated
species respectively. The exponential term therefore
contains the crack velocity dependence on stress.
R, T = gas constant and temperature respectively.

Increasing the applied load results in an increase in
the chemical reaction rate at the crack tip and hence,
an increase in crack velocity according to Equation 1.
This continues until a situation is reached where the
crack velocity is so great that water at the crack tip is
used at a rate faster than it can be supplied. At that
point crack velocity will depend on how quickly water
can be supplied to the crack tip (i.e. diffusion rate)
giving rise to region II crack growth behaviour.

Cracks in fibres stressed to the point where crack
velocities fall into regions II or 11T would propagate
through a typical 125 pm diameter optical fibre in an
extremely short time. In order to ensure such crack
growth velocities are not achieved in practice, strin-
gent manufacturing and installation procedures have
been adopted for optical fibre cable aimed at keeping
the applied fibre stress (and hence, crack growth velo-
city) confined to region L It is for this reason that the
exact behaviour of glass in region I is of particular
significance in determining the lifetime of silica optical
fibre. Consequently, subsequent discussion will be re-
stricted to region I behaviour although many aspects
are also applicable to the other regions.

At a molecular level, the glass/water interaction has
been described by a three step process as illustrated in
Fig. 2 [14, 15]:

1. A water molecule from the environment reaches the
strained bond at the crack tip and is adsorbed when
an oxygen lone pair on the water interacts with a sil-
icon atom either through Van der Waals forces or
some covalent bonding. A proton forms a hydrogen
bond between the water and the bridging oxygen.

2. Proton transfer to the bridging oxygen atom and
electron transfer from the oxygen atom on the water
molecule to the silicon atom, occurs simultaneously.
This results in the formation of a new Si—O bond and
an O—H bond.

3. Rupture of the (assumed) weak remaining hydro-
gen bond occurs leaving Si—~OH groups on the surface
of the crack and exposing a new Si—O—-Si bond at the
crack tip to water.
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Figure 2 Molecular model of the glass/water interaction. (1) Inter-
action of a water O-H bond with a glass Si~O bond; (2) Si—O bond
and O-H bond formation; (3) rupture of the (assumed) weak O-H
bonds (after {14]).

Implicit in this interpretation is the requirement of
strained Si—-O-Si bonds [16]. Removal of liberated
products from the crack tip is not required for the
process to continue so supporting the reasoning of
earlier workers [4]. Further, the molecular model sug-
gests only those environments having both an electron
and proton donor site are capable of inducing static
fatigue in a strained glass structure and some evidence
for this has been found [17].

The mechanism described above of a reactive spe-
cies interacting with stressed bonds is currently the
most widely accepted explanation of region I behavi-
our. Other mechanisms have been advanced [18-22],
and largely ignored, by researchers in favour of the
3-step model described.

The current view then is that the glass/water inter-
action requires stressed Si—-O bonds in the presence
of water. Owing to the extremely low diffusion rate
of water through fused silica (diffusion coefficient
10712 t0 10713 cm?s ™1, [23]) the process is restricted
to the near surface of the glass or to the tips of cracks
and defects originating from that surface. The growth
rate of cracks responding to this phenomenon then
decreases with decreasing stress, decreasing temper-
ature or decreasing humidity. The conditions for static
fatigue to occur are almost always achieved at the
surface of optical fibres.

2.1. Water at the fibre surface

The amount of water needed for static fatigue to occur
is exceedingly small with the effect having been found
to be significant even in a vacuum of some 10~* Pa
[24]. Since it is the partial pressure of water in the
medium which is important, static fatigue may be
observed even in a liquid which dissolves minute
amounts of water ( < 50 p.p.m.) [25].

Currently, optical fibres in typical urban cables are
encased in a grease-like “filling compound” as well as
a number of polymeric layers, partially in an effort to
inhibit water ingress to the fibre surface and partially

to protect the fibre from mechanical damage. How-
ever, owing to the extremely small amounts of water
involved and the ability of the various cable materials
to absorb and/or allow water permeation, sufficient
water will nearly always be present at the fibre surface
to allow static fatigue to occur. It is for this reason
that the inert strength of fibres (i.e. the “true” strength
without degradation due to static fatigue) is difficult to
measure and is usually done at liquid nitrogen tem-
perature, under very high vacuum or by drying and
rapidly testing the dry fibres.

Reducing humidity via low temperatures or high
vacuum is effective but not practicable to an entire
optical network and so the presence of water at the
fibre surface must be accepted in ordinary cables. In
practice then, minimizing static fatigue in fibres is
achieved by minimizing tensile stresses on the fibres
and so some attention has been focused on determin-
ing the stress below which static fatigue does not occur
(i.e. the fatigue limit). If that stress were found to be
acceptable from an engineering standpoint, fibres
could be installed and manufactured at stresses less
than the fatigue limit thereby eliminating the possib-
ility of static fatigue.

A fatigue limit has been observed in soda-lime glass
[26] and borosilicate glasses {27, 28] fuelling specula-
tion that such a limit also exists for the high purity
fused silica glasses used in the manufacture of optical
fibres. The existence of a fatigue limit in those glasses
has however, not been definitively established al-
though some authors report evidence suggestive of the
fact [16,29-31]. In the absence of a verified fatigue
limit in fused silica glass, a “safe” stress model based
on 1% crack growth in 40 years has been advanced

[32].

2.2. Stress at the fibre surface

Long-term tensile loading of the surface of fibres is
commonly thought of as arising as a result of bending
of fibre following jointing or repair, cable installation
or earth movement following installation. While these
are certainly primary sources of fibre tension, fibre
drawing conditions such as temperature, drawing
force and drawing velocity are also known to greatly
influence the mechanical properties of silica fibres.
Those factors may result in compressive or tensile
“skins” in the outer layer of the fibres [33-38]. Incor-
rect laying or subsequent earth movement may
increase that level of tensile stress, or cancel and over-
whelm compressive stresses, resulting in an increase in
crack growth velocity and reduced fibre lifetime. Ten-
sile stresses as high as some 72 MPa [39] have been
induced 1n fibres as a result of these effects with those
stresses decreasing only negligibly over some 25 years
[40].

Stresses are also known to result from fibre coat-
ings. Owing to the different thermal expansion proper-
ties of the fibres and their polymeric coatings, optical
fibre coatings have been reported as capable of induc-
ing stresses into the fibre surface at both high and low
temperatures with such stresses possibly resulting in
microbending of the fibre [41-43].
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While the macroscopic stress on the surface of the
fibre may be small, that stress may be greatly magni-
fied at the tip of flaws in the structure (c.) according
to [44]

o, = 20.(c/p)"? @)

where p = radius of the tip of the defect. The severity
of a defect then is governed by its shape i.c. its depth (c)
and “sharpness” (p).

Early production optical fibres suffered from both

“extrinsic” and “intrinsic” flaws giving rise to a distri-
bution of fibre strengths as shown in plot (a) of Fig. 3.
Extrinsic flaws result from particulate matter such as
dust, furnace insulation or impurities in the polymeric
coating materials either becoming embedded in the
fibre surface or mechanically damaging that surface
[45-48]. Intrinsic flaws result from localized material
response to mechanical or chemical processing vari-
ables and are inherent in virtually all materials at an
atomic level. Such flaws cannot, in general, be avoided
in a normal production environment. With the insti-
gation of clean-room conditions and other improve-
ments in manufacturing techniques, extrinsic flaws
have been virtually eliminated in current production
fibre and the severity of intrinsic flaws greatly reduced.
Some workers have reported the distribution of fibre
tensile strengths to be small and of the order of § to
~6.5 GPa when drawn and have suggested such
fibres are essentially free of extrinsic flaws [49, 50].
Any observed variation in strength has then been
attributed to slight fluctuations in fibre diameter dur-
ing manufacture [50]. With manufacturers currently
attempting to minimize diameter fluctuations [51]
that range should be further reduced. Production
fibres produced today then have a much improved
strength distribution over earlier fibres, as shown by
plot (b) of Fig. 3.
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Figure 3 (a) Strength distribution of early optical fibre (O) showing
regions of “intrinsic” and “extrinsic” flaw behaviour (after [114])
compared with (b) the purely intrinsic behaviour of more recent
production fibre (@) tested in the author’s laboratory. Gauge length
and strain rate in both cases were 0.75m and 0.5 min ~*, respect-
ively.
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Although greatly improved and tending to a single
value, the strength of silica fibres is still considerably
less than the theoretical strength of fused silica
i.e. some 24 GPa [52]. This stems from the presence of
the intrinsic flaws which serve to concentrate applied
stress giving rise to failure stresses considerably less
than the theoretical value. Thus, the tendency towards
a single value of fibre tensile strength is a reflection of
the tendency towards a single flaw size. Since intrinsic
flaws are inherent in real materials, the practical the-
oretical strength of that material must be its strength
when those flaws are taken into account. The theoret-
ical strength of a solid is a value close to one tenth of
its elastic modulus (E) and so the value for fused silica
is of the order of 7GPa (since E ~ 72 GPa). This
agrees well with the approximately 5 to 6.5 GPa ten-
sile strengths reported for today’s high strength fibres
and indicates that current production fibres are ap-
proaching their practical theoretical strength and
hence, the flaw size is approaching a single, limiting
value.

Using the fracture mechanics relationship

Yo,ct (3)

where K, = critical stress intensity factor in pure ten-
sile (mode I) loading (0.75 MPam?/? for fused silica),
Y = geometric term accounting for, amongst other
things, crack shape = 1.26 [53] and o, = the applied
stress (5-6.5 GPa), the intrinsic flaw depth (c) can be
calculated to lie in the range 8—14 nm although values
as small as approximately 1 nm have been reported
[54].

It should be noted that these crack sizes represent
idealized “Griffith flaws” [55], that is, the effective
length (depth) of an ellipsoidal, “equivalent micro-
crack” that would cause failure in a piece of fused
silica glass with a fracture toughness of 0.75 MPam'/?
at the stresses indicated. These “equivalent micro-
cracks” may in no way reflect the true shape of the
flaws.

The intrinsic nature of some flaws ensures the fibre
surface has regions capable of intensifying even the
smallest applied stress making those regions parti-
cularly susceptible to static fatigue.

The silica fibres in standard terrestrial cables oper-
ating under normal conditions then, undergo static
fatigue. This arises since the conditions of stress (ejther
from fibre drawing, cabling, laying or earth movement
and magnified by intrinsic flaws) and water (since
exceedingly small amounts are required and may per-
meate through the cable materials to the fibre surface)
are nearly always met in practice. Recent work has
indicated that the rate of crack growth in fibres is also
influenced by:

(a) pH. High pH is known to reduce fibre lifetime and
low pH to increase it [56, 57]. pH 12 has been meas-
ured in some optical fibre ducts and results from
rainwater seeping through overlaying concrete and
leaching out alkali jons.

(b) Fibre coating. Poorly adhered coatings reduce
fibre lifetime. The degree of coating adherence is deter-
mined by glass/coating bonds. Poorly adhered coatings



have fewer glass/coating bonds than well adhered
coatings and so have more sites available for the
glass/water interaction to occur [58, 59]. Poorly ad-
hered coatings are favoured by some telecommun-
ications organizations since they result in reduced
installation and repair times.

(c) Specific ionic species. Lifetime is reduced in the
presence of sodium, potassium and calcium ions [60].
Calcium is a major constituent of cement and may
be leached out of concrete poured over ducts by rain-
water.

Although the phenomenon of static fatigue has been
known to occur in silica-based glasses for many years,
only recently has work shown that for a more complex
system such as an optical fibre, which consists of both
silica glass and various polymeric layers, the effect can
be influenced by factors other than stress, temperature
and humidity.

Various models have been developed to predict
the time to failure of fibres subjected to a number of
conditions in a variety of environments. None of those
models contain terms for pH, ionic species, coating
type etc, relying instead on experimental re-evaluation
of fibre parameters for the particular test conditions.
Despite those shortcomings, such models are used by
fibre manufacturers to fulfil the requirements of the
various telecommunications authorities world-wide
for a guaranteed fibre lifetime, usually specified as
some 30 to 40 years, and will be discussed in the next
section. The approach adopted here has been phe-
nomenological rather than mathematical since a
generalized discussion of shortcomings common to
a number of lifetime models is undertaken. A more
formalized approach to fibre lifetime modelling may
be found in a number of other articles appearing in the
literature [29, 53, 61, 62].

3. Lifetime modelling
Experimental work on crack growth velocity (V) and
stress intensity factor (K, defined in Equation 3) al-
ways produced a result similar to Fig. 4 in glass and
other brittle materials [6, 7, 63, 64].

From such results it was empirically determined
that the crack velocity followed a relationship with
K of the form [7]

V o= AK" (4a)

where A4, is a constant, K is the stress intensity factor
and n is the so-called stress corrosion constant, de-
termined by either statically or dynamically loading
fibres in the environment of interest (see Section 4.3).

Considerations involving, for example, chemical
rate theory and atomistic crack growth models, re-
sulted in a more physically-based relationship of the
form of Equation 1 [65, 66] i.e.

V= A,exp(4;0,) (4b)

where 4, and A; are constants and o, is the applied
stress. The terms in parentheses usually incorporate
both n and K, with K absorbing o, as in Equation 3.
Many of the lifetime models used today are based on
equations having one of these two forms.
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Figure 4 Crack velocity V versus stress intensity factor K in region
1 for a number of glasses (after [81]). Note the deviation from
linearity in soda-lime and borosilicate glasses at low stress inten-
sities, indicative of a fatigue limit. O soda-lime; [ borosilicate;
@ silica; M alumino silicate.

Attempts at validating lifetime models for high
strength fibres based on Equation 4 have met with
mixed success. The general approach has been to
assess the fit of experimentally obtained data to those
models. Some authors report the equations as satis-
factory [29, 67] while others have found some fibres
which exhibit behaviour not predicted by models
based on those equations |68].

It has been suggested that the power law approach
{Equation 4a) is limited in its use owing to its inability
to adequately fit the non-linear static or dynamic
experimental fatigue data exhibited by some fibres.
Accordingly, its usefulness is claimed to be limited to
a finite range of stress histories [69]. Further limita-
tions are that the power law approach, unlike the
exponential, is not based on any actual physical
model, being purely empirical in nature and that life-
time formulae based on it always overestimate lifetime
when compared to predictions from other kinetic
models [70]. These limitations not withstanding, the
power law approach has been deemed suitable for use
in most practical situations [29] and this, combined
with its mathematical simplicity, has made it the most
commonly used approach for lifetime modelling [71].
However, some authors still favour the exponential
dependence of Equation 4b [72, 73] and recent work
has indicated the exponential dependence may be
more applicable to fibres [ 74]. Other authors feel that,
given the uncertainty in crack growth kinetic models
[19] and the error in predictions based on those mod-
els (discussed more fully in Section 4.3) a range
of models must be considered for lifetime predictions
[65].

Regardless of the ultimate form of the lifetime equa-
tions based on Equation 4, a number of assumptions
were made in order to establish the relationship
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presented by that equation, including:

(1) fibres contained pre-existing flaws that behaved
in accordance with fracture mechanics principles both
before and at fracture;

(ii) the extension of those cracks by the glass/water
interaction is the primary mechanism governing fibre
lifetime;

(iii) measured parameters such as n do not change
with time for a specific experimental arrangement; and
(iv) the externally applied stress is the only stress
acting on the fibre surface.

Each of these assumptions will now be discussed.

3.1. Pre-existing flaws that behave in
accordance with fracture mechanics
principles

Equation 4 was determined from data obtained from
bulk specimens. In such specimens long cracks could
be formed and their extension studied under a variety
of conditions. Such cracks had a large, sharp front that
was well-defined in comparison to microstructural
variations in the material and so were amenable to
analysis by fracture mechanics principles (e.g. Equa-
tions 2 and 3). Extension of that crack front by the
mechanism of stress-enhanced environmental cor-
rosion as discussed in Section 2, with its associated
lack of desorbed products and no requirement for
transportation of liberated products from the crack
front, was thus generally accepted as correct.

As discussed in Section 2.2 early production fibres
contained not only considerably more extrinsic and
intrinsic flaws than do modern fibres, but those flaws
were also of greater severity. As a result, early produc-
tion fibres may have contained true surface cracks
which behaved in accordance with the static fatigue
model presented in Section 2.0 and so the use of
Equation 4 may well have been appropriate.

While there is little doubt that the surface of current
production fibres contains some intrinsic defects, cal-
culated to be some 1-14 nm in depth (Section 2.3), the
exact nature of many of those defects is unknown.
Factors such as localized density variations, non-
bridging oxygen atoms, over and under-co-ordinated
species, defect centres [75] and the random arrange-
ment of silicon/oxygen tetrahedra leading to “chan-
nels” reported to extend more than 1.5 nm into the
glass surface [76] may be, or give rise to, intrinsic
defects. It has been reported that drawing stresses
contribute to the formation of some defect centres
which react with water on a local scale [75].

Fibre diameter fluctuations have also been sugges-
ted as possible sites for intrinsic defect formation [53].
In general however, owing to the atomic dimensions
of many of those defects they may be better described
as surface irregularities rather than as true micro-
cracks, although the boundary from surface irregu-
larity to microcrack is ill-defined.

The extremely small size of intrinsic defects in mod-
ern optical fibres has made their direct observation
difficult and as a result both the “crack” depth (c) and
“crack” tip radius (p) of such defects have never been
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observed in fibres. Some work has, however, been
done on the tip geometry of artificially induced cracks
in thin ( <1 pm) sitica glass films [77]. The true struc-
ture of the crack tip of intrinsic defects has been
inferred from measurements made at a relatively large
distance from the tip and so it is doubtful if their
structure is known to a resolution of better than
20 nm. As a result, the extent of the glass/water reac-
tion zone at the crack tip of such defects has not been
directly measured but instead, has been estimated to
be 1-10 nm depending on the type of glass and the
theory used [19].

In the absence of direct measurements, the sharp,
well-defined crack front found in bulk specimens was
imparted to the nanometre-sized intrinsic defects
which were then assumed to behave in the manner
of their large counterparts under static fatigue condi-
tions. That is, the overall behaviour of the moving
crack front is considered to be unaffected by localized
atomic level variations in material density, composi-
tion, stress state etc. This continuum approach has
been shown to be valid for samples containing cracks
of the order of some 2 um [ 78] but there is some doubt
that on the scale of the calculated equivalent micro-
crack size in high strength fibres (1-14 nm) the use of
a continuum approach, and hence Equation 4, is valid
[79, 80]. However, for lack of a better alternative, the
continuum model appears to have been widely ad-
opted. It is of interest to note that whereas earlier
workers using bulk fused silica specimens reported
K data (as in Fig. 4), current authors investigating the
same material but as a fibre, usually report applied
stress or simply load thereby avoiding the difficulties
associated with fibre flaw shape. There is then some
doubt that modern fibres contain pre-existing flaws
(microcracks) which do obey the laws of fracture
mechanics both before, and at, fracture.

3.2. Extension of pre-existing cracks by static
fatigue essentially determines lifetime

Some workers suggest that since as-drawn fibres are
essentially crack-free and that true cracks propagate
rapidly according to Equation 4, the lifetime of today’s
high strength fibres is governed more by flaw initia-
tion (nucleation) than by crack propagation [17].

It is well established that the dissolution of glass in
a suitable medium is stress dependent, occurring more
rapidly at higher stress [2, 81]. For that reason it has
been suggested that surface flaws can be envisaged as
hemispherical pits with dissolution of the glass occur-
ring more rapidly at the bottom of the pit (where stress
is highest) than at the top. As a result of the differential
dissolution rates the pit becomes both longer and
sharper giving rise to increased stress amplification at
its tip in accordance with Equation 2 and so a further
increase in dissolution rate. When the growth of the
depth of the pit becomes sufficiently fast, (slow) dis-
solution is replaced by (rapid) bond rupture (discussed
in Section 2) and the pit depth and shape evolve
towards that of a sharp crack. Subsequent growth of
that crack is also by bond rupture and eventually
leads to failure of the fibre [56]. Recent work on the



effects of ionic species on fibre strength and fatigue has
been supportive of this model [60].

An alternative mechanism of crack formation, dis-
cussed more fully in the next section, relies on fibre
diameter fluctuations as precursor sites [53].

It is not clear then if flaws in fibres represent true
cracks or are precursors for such cracks. The method
of flaw growth (dissolution or bond rupture) under
conditions of static fatigue is also uncertain as is their
obeyance of the laws of continuum fracture mechan-
ics. At best then, lifetime modelling-of modern fibres
based on Equation 4 may err only in not incorporat-
ing a term for the precursor crack nucleation stage,
with the bulk of the fibre lifetime determined by sub-
sequent crack extension according to the mechanism
described in Section 2 and obeying the principles of
fracture mechanics. At worst however, the bulk of the
lifetime may be determined by the precursor stage
with its possibly different associated mechanism and
the (comparably) rapid propagation stage contribu-
ting little to lifetime. In that case, the use of Equation
4 as a basis for lifetime modelling is incorrect.

3.3. Measured parameters do not change
during a given test

An investigation involving crack stability and kinetic
considerations has resulted in the proposition that,
when material is removed (by an undisclosed mech-
anism) from the vicinity of sinusoidal fibre diameter
fluctuations a stable crack is formed that will continue
to grow. Variations in fibre diameter by themselves
are not capable of forming such a crack even if dis-
placement of material in the vicinity is allowed. For
the process to continue, an “activation volume” sur-
rounding the crack tip must be involved [53] with that
volume governed by local crack tip stresses. It is
proposed that n (the stress corrosion constant) is
closely related to the activation volume and, as the
shape of the crack tip changes during crack growth, so
too does the activation volume and correspondingly,
the value of n. The stress corrosion constant is there-
fore not considered to be a constant throughout a
particular test in that model.

Some support for this may be found in comparing
measurements of n using bulk specimens of fused silica
containing through-cracks, with similar tests on fibres.
Bulk samples yicld values of around n = 40 [82, 83]
compared with values of around n = 20 reported for
current production fibres [62]. The activation volume
for a defect in a fibre would be expected to differ
significantly from that for a large through-crack in
a bulk specimen, hence explaining the discrepancy in
observed n values [53] between bulk samples of fused
silica and fibres.

Changes in the value of n during testing of optical
fibres has also been reported by a number of workers
[24,56,84,85] while other authors claim such
changes are limited to only certain fibres and environ-
ments [29]. Recently, changes in n during testing have
been attributed to the formation of silicic acid through
the reaction of the glass with environmental water and

the subsequent etching of the fibre surface giving rise
to pits which act as defects [70].

3.4. Externally applied stress is the only
stress acting at the fibre surface

As discussed in Section 2.2, the applied tensile stress
may not be the only stress acting on the fibre surface.
Residual surface stresses from fibre manufacturing can
be high and may result in either an over-estimation
of the apparent applied tensile stress if that residual
stress is compressive, or an under-estimation if it is
tensile.

Fig. 5 shows the effect of residual stress on the stress
corrosion constant (n) for a production, single mode,
u.v.-cured acrylate coated, silica optical fibre. In excess
of 25 fibres were tested in 2-point bend [86] at each of
three faceplate velocities by the author. Open circles
represent values of log, of the (Weibull) median stress
of the load-at-failure data as determined by the
2-point bend equipment at each velocity (uncorrected
data). Closed circles represent that same data correc-
ted for a residual tensile stress of 70 MPa ( =0.969
microstrain). The correction was obtained by adding
0.969 ue to the strain value as determined by the
2-point facility from the faceplate separation at failure
(). That strain was then used to determine the strain-
at-failure according to [87]

E = Eoll + 3.2() + 8.48(e%)] (5)

where the term in parentheses represent first and
second order corrections to the elastic modulus ac-
cording to the applied strain and E, = Young’s
modulus at zero strain (72.2 GPa for pure silica). Fail-
ure stress was then calculated in the standard manner.

As can be seen from Fig. 5, the incorporation of
the residual tensile stress has reduced the value of the
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Figure 5 Effect of a 70 MPa tensile residual stress on the stress
corrosion constant n for a production, single mode, u.v.-cured
acrylate coated, silica optical fibre. In excess of 25 fibres were tested
in 2-point bend at each of the three faceplate velocities. Median
values were obtained using the maximum likelihood method of
Thoman et al. [104]. O uncorrected data n = 17.56; @ corrected
data n = 17.05.
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stress corrosion constant from n = 17.56 (uncorrected)
to n = 17.05 (corrected).

Taking the lifetime model proposed by Evans
& Wiederhorn as an example [88]

tr = BSI 25" ©)

and using B=13x10"8GPa?s and §; = 122 GPa
as representative values for a wv.-cured acrylate
coated, single mode silica optical fibre [89] and taking
o, = 27 MPa as a reasonable installation stress, gives

36.6 x 1035s forn = 1756  (7)

t &
and

1.6 x 103%s forn =

e~ 17.05 (8)

a reduction in predicted lifetime of some 22 times.

As can be seen, ignoring residual stresses affects
the measurement of n only marginally but can lead to
significant variations in predicted lifetime.

Even in fibres having no macro-residual stresses,
localized residual stresses may form on a micro-scale
along the fibre surface as a result of either mechanical
or chemical interaction of the preform/fibre surface
with a gas or solid impurity. Such interactions may
not generate sufficient stress to nucleate a crack and
so leave the affected region in a state of localized
stress [49]. Considerable scatter in time-to-failure
data would therefore be expected from such fibres.

It appears then that many of the fundamental issues
related to understanding the true nature of the
glass/water interaction in current production fibres
are currently somewhat contentious. There is little
evidence to suggest flaws in these fibres obey the
principles of continuum fracture mechanics or even
that the growth of such flaws is the dominant mech-
anism governing fibre lifetime. Three other issues have
further added to the confusion surrounding lifetime
modelling: flaw distribution, the nature of the crack
tip and the techniques used to obtain and analyse data
from fibres for use in lifetime models, and these will be
the focus of the next section.

4. Other issues

4.1. Flaw distribution

The above discussion has been based on findings
which suggest current production fibres have a nar-
row (essentially single valued) flaw size. Such findings
result from tests on lengths of fibre ranging from
microns to a number of metres. However, there is
some evidence to indicate the flaw distribution deter-
mined from tests on such short fibre lengths is not
truly indicative of the distribution found in a multi-
kilometre network. It has been demonstrated that
large flaws (of the order of 1 to 3 pm) exist in multi-
kilometre fibre lengths but are not common [90]. As
a result, short sections of fibre are unlikely to contain
those flaws and so results based on short length tests
are likely to give an erroneous view of the true flaw
distribution. It has further been suggested that it is the
fatigue behaviour of those large flaws which is prim-
arily responsible for the lifetime of current production
optical fibres [91]. Other authors feel that both short
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(0.6 m) length tests and long length (kilometre) proof-
tests formed a single distribution [92] and, provided
that data was collinear, could be used for lifetime
calculations [29].

4.2. The nature of the crack tip

Recent work has raised the possibility that the shape
of the crack tip plays a vital role in its environmental
fatigue behaviour. That work was based on surface
force considerations by Barenblatt [93] which sug-
gested a crack tip under finite stress is cusp-shaped
(Fig. 6(b)) owing to interactions between atoms on
either side of the crack at its tip, rather than ellipsoidal
as proposed by Griffith (Fig. 6(a)) and as usually as-
sumed in lifetime models. As well as the exact position
of the crack tip therefore being ill-defined, the further
implications of this work are that at low stress, water
molecules are simply too big to reach the crack tip,
becoming trapped some distance from the tip by
the interaction of crack wall surface forces [21]. Water
molecules then reach the tip by diffusion through the
surrounding material [20], a process requiring a sig-
nificant amount of time owing to the low diffusion rate
of water through silica glass. At higher stresses, the
shape of the tip tends more towards that proposed by
Griffith [557 and water molecules can reach the tip

(a)
Atomic forces
interaction zone
| ———— |
(b)

Figure 6 Comparison of (a) Griffith and (b) Barenblatt crack pro-
files (after [93]).



unhindered, presumably extending the crack in the
manner described in Section 2. Thus, this model pro-
poses a diffusion stage prior to crack extension by
bond rupture, in contrast to one of the models pro-
posed in Section 3.2 which suggested a dissolution
stage prior to crack extension by bond rupture. It is of
interest to note that, while some workers report an
increase in strength of cracked samples left in air or
heated in water (attributed to blunting of the crack tip
by static fatigue [94]), other workers have reported no
such increase in strength and attribute that to the
inability of water to reach the crack tip, thereby sup-
porting the above model [20].

The use of Equation 4 as a basis for lifetime model-
ling makes the implicit assumption that the crack tip
radius (p) remains constant throughout the crack
growth process and that changes in the stress intensity
factor (K) result only from changes in applied load
and crack length (o, and ¢ respectively, in Equation 3).
Thermodynamic considerations of the fracture
process have, however, been used to suggest that
a minimum tip radius equal to approximately 10
interatomic spacings must be achieved for fracture to
occur. For smaller radii cracks subjected to a tensile
stress, crack tip atoms rearrange themselves to achieve
that minimum radius [95]. That is, the shape of the
crack tip may change with load, alternating between
“blunt” (p > 10 interatomic spacings) and “sharp”
(p < 10 interatomic spacings) as crack extension
continues.

The suggestion that the shape of the crack tip does
not remain constant throughout the static fatigue pro-
cess has been supported by a study of abraded high-
silica glass rods immersed in hot water. That work
indicated that sharp crack tips could become blunted
by a dissolution and reprecipitation process neces-
sitating the formation of a sharp crack before crack
extension by bond rupture could commence at low
loads. It was further postulated that the formation of
such a crack could take a longer time than its growth
to a critical length by the bond rupture mechanism
[96].

In Section 2.2 it was noted that the assumed shape
of the equivalent microcrack may bear no real resem-
blance to the actual shape of the flaw in the material.
The true flaw shape will affect both ¢ and Y in Equa-
tion 3 and hence, K in Equation 4. The preceding
discussions, in conjunction with the “dissolution”
model of Section 3.2 and the “activation volume”
model of Section 3.3, indicate that the crack tip pro-
cesses are not well understood and that assumptions
concerning the direct ingress of water to the crack tip,
and the unchanging shape of that tip, may not be
valid. The shape of the flaws in silica optical fibres
may well change as the static fatigue process begins
and progresses so affecting the actual mechanism of
fatigue [78]. Differences in fatigue behaviour between
intrinsic and extrinsic flaws might therefore be ex-
pected and have indeed been reported [91, 97].

The discrepancy in the stress corrosion constant
for bulk silica glass and silica fibre mentioned in
Section 3.3 may be a further manifestation of the
crack tip/fatigue mechanism interaction. If this is in-

deed found to be the case, the relationship between
crack velocity (V) and K could assume values which
no longer give rise to equations of the form of Equa-
tion 4 for all stages in the static fatigue process.

While the model of crack extension suggested by
Michalske and Freiman (Section 2) is generally accep-
ted as correct for stress enhanced environmental crack
growth in glass, the size and shape of flaws to which it
is applicable in that material is somewhat contentious.
Indications are that a precursor stage exists in which
the crack forms and/or grows (by some mechanism) to
a critical size/shape which is then conducive to the
Michalske-Freiman model. It has been suggested that
this precursor stage contributes significantly to fibre
lifetime and appears to have been ignored in current
lifetime models.

4.3. Fibre data acquisition and analysis

Lifetime models presented in the literature are based
on obtaining certain fibre parameters with one of the
most common being the stress corrosion constant (n).
Many proposed lifetime models are heavily dependent
on n since that value is often the power to which some
terms in the lifetime equation are raised (e.g. Equation
4(a)). For that reason the bulk of the following dis-
cussion will be restricted to » although many aspects
are also applicable to other fibre parameters required
for use in lifetime models. There are essentially two
approaches for determining the stress corrosion con-
stant, the dynamic approach and the static approach.

Since the mechanism of static fatigue is thought to
involve water at the crack tip, it might be expected
that for a fibre loaded slowly, water has more time to
interact with the glass. As a consequence cracks in
such a fibre are likely to extend resulting in a reduced
fibre failure load when compared with the same fibre
loaded at a faster rate. This is observed in practice and
forms the basis of the dynamic method of determining
the stress corrosion constant.

In the dynamic method, a number of fibres undergo
tensile loading to failure at a number of different
loading rates and the failure loads noted. A 2-para-
meter Weibull probability density function [98] is
then fitted to that data from which the median (for
example) failure stress (probability of failure = 0.5)
for each rate is obtained [29]. A plot of log, (median
failure stress) against log, (applied stress rate) is then
constructed and the line of best fit to that data deter-
mined. The (dynamic) stress corrosion constant is then
obtained from the slope of that line [62].

The static method involves loading lengths of fibre
to a particular stress and determining the time-to-
failure of those fibres. Since static fatigue is known
to involve both water and stress, the higher the load
(stress) the shorter is the expected time-to-failure.
Data can be obtained in a number of ways including,
for example, winding a number of fibres around
a mandrel of known radius [86], dead-weight loading
or by bending fibres to a known radius using a special
fixture [297]. The time and date of failure of all fibres
tested at each stress are recorded and that time-
to-failure data fitted to a 2-parameter Weibull
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probability density function from which the median
(for example) time-to-failure at each stress is obtained.
A plot of log, (median time-to-failure) against log,
{applied stress) is then constructed and the line of best
fit to that data determined. The stress corrosion con-
stant is the negative slope of that line.

Regardless of the technique used for determining
the stress corrosion constant, statistical analysis of the
experimental data is required. Although a number of
approaches have been suggested {99, 100] the most
widely adopted method of analysis has been to apply
Weibull statistics to obtain the median (or alterna-
tively, the mean) value of the data as described above
[29, 62]. However, some authors suggest the use of the
mean or median value leads to large uncertainties in
fatigue parameters owing to the inefficient use of the
data [100]. Others feel that there are no theoretical
considerations favouring the use of the Weibull distri-
bution over the normal distribution [101], with its
widespread use being attributable to mathematical
convenience [95].

The use of the 2-parameter Weibull distribution
necessitates the evaluation of the Weibull shape (m)
and the scale (1) parameters. As with any statistical
approach to data analysis a prime requirement is that
a sufficient number of samples be tested to ensure
a suitably accurate result. In the case of the 2-para-
meter Weibull distribution, the accuracy in m in-
creases with sample size tested and it has been shown
that m is within 10% of the true value for a sample size
in excess of approximately 30 [102]. The accuracy in
A is dependent on both the sample size tested and the
accuracy in m [103]. A number of techniques exist for
evaluating m and A [104, 105] and these techniques
yield values of differing accuracy [106, 107]. Further,
the accuracy in determining A, n and other lifetime
constants depends, for both static and dynamic
methods, in a complex and interrelated manner on m,
n, number of samples tested and the range of stresses
applied and, for dynamic tests, also on the number of
stressing rates used [105, 108]. Some variation in the
calculated values of the Weibull parameters and the
stress corrosion constant is therefore inevitable, result-
ing in an unavoidable variation in predicted lifetime.

It has been suggested that estimates for the uncer-
tainty in minimum lifetime predictions can be made
provided the coefficient of variation of the experi-
mentally derived parameters (including n) is less
than approximately 10% [109] and the statistical
reproducibility of parameters such as n is known as
a function of sample size [108]. Analyses for deter-
mining the statistical reproducibility of # and the un-
certainty in lifetime predictions have been presented
[105, 109, 110]. Those analyses used linear regression
to fit data and the finding that the Weibull parameters
were normally distributed. They also relied on the law
of propagation of errors [108].

Recent work indicates that maximum likelihood
methods are more accurate in obtaining Weibull
parameters than linear regression and that those para-
meters follow an asymmetric, slightly skewed distribu-
tion [107]. Further, the law of propagation of errors
approach is thought to be unsuitable for fibres having
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a broad strength distribution and small slope, such as
hermetically jacketed fibres [111].

As a consequence of the complex interdependence
of the various statistical and lifetime parameters,
combined with uncertainty in the most appropriate
methods for obtaining data (static or dynamic) and of
analysing that data once obtained, there is currently
no universally accepted method for determining the
lifetime of silica optical fibres. Some local standards
have, however, been advanced [112].

Dynamic and static approaches have their advant-
ages and limitations [62]. Dynamic tests are carried
out in seconds or hours in ambient or inert environ-
ments and allow for the relatively quick accumulation
of data. Static testing, by contrast, is usually carried
out over longer periods (days to years), often in a hos-
tile environment. Both static and dynamic testing can
be undertaken on long lengths of fibre with the trend
today being towards dynamically testing fibre in 2-
point bend [86, 89]. This technique samples a section
of the fibre surface equivalent to a length under pure
tensile loading of some 10 to 1000 pm [86] whereas
static testing involving mandrel bending or dead
weight loading allows considerably more, or all, of the
fibre surface to be sampled. It is therefore more likely
to encounter a large flaw of the type discussed in
Section 4.1 which may well allow ready access of
water to the crack tip and behave in accordance with
the principles of fracture mechanics. Typically how-
ever, in excess of 20 fibres ranging in length from a few
centimetres to some tens of metres, are tested at each
loading rate or at each applied stress and so the
likelihood of encountering more than one of those
large flaws is not high. As a consequence, the presence
of such a flaw is likely to have only a minimal effect on
the (median) value determined from the Weibull func-
tion. Although minimal, this raises the possibility that
the test method employed has a bearing on the value
of the stress corrosion constant.

While both forms of testing should, in principle,
yield the same value for n for the same environment
the literature indicates some confusion on this point.
Some authors report little difference, either by aver-
aging published data over a range of fibres [30, 95]
e.g. average dynamic == 22.4 and average static = 22.1
[30] or by comparing results from the same fibre e.g.
dynamic = 15.9 while static = 14.3 [67]. While other
workers claim substantial differences when comparing
results from the same fibre e.g. dynamic = 17.0,
static = 37.6 [113].

As illustrated in Section 3.4 and by other workers
[62], even small variations in »n can lead to large
variations in calculated lifetime. Thus, while numerical
differences in the stress corrosion constant obtained
using static or dynamic techniques may be small,
the practical significance of such variations to lifetime
predictions is immense. It is therefore essential that
experimentally determined parameters for lifetime
predictions be as accurate as possible and that a
standard technique for obtaining them be developed.
Currently, no such method has been accepted by
the general scientific community or adopted inter-
nationally.



5. Conclusions

Certain facts are known about the stress enhanced
environmental corrosion of silica optical fibres. They
are known to exhibit reduced strength when stressed
in the presence of water, liquids of high pH and certain
ions and the rate of that degradation is known to
increase as temperature increases in the range to
about 90 °C. On these facts most researchers agree. On
many of the fundamental issues related to these facts
however, there is little agreement.

A basic model for the environmental fatigue process
in glass has been advanced, based on preferred rupture
of stressed bonds in the presence of water and is widely
accepted as correct for bulk glass. An expression based
on experimental work on bulk glass has been for-

A

mulated and forms the basis of many current lifetime
models. Both the mechanism of environmental fatigue
and the expression have been assumed to apply to the
more complex, flaw-free silica glass/polymeric coating
systems found in optical fibres. This assumption is
now being questioned in light of work on crack shape
and crack-tip forces.

Other processes which act as precursors to crack
extension by bond rupture are now being proposed
and have been suggested as playing a greater part in
determining the lifetime of current production fibres
than crack extension by bond rupture. Similarly,
evidence exists to indicate that various assumptions
involving the fracture mechanics framework on which
current lifetime theory is built — originally adopted for
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Figure 7 Summary of the current state of fibre lifetime work. The heavily outlined box represents the generally accepted approaches to fibre
lifetime modelling. Boxes A and B above this indicate recent findings which cast some doubt on the applicability of early experimental work to
current fibres (A) as well as the existence of the bond rupture mechanism as the primary contributor to fibre lifetime (B). Remaining boxes
indicate shortcomings at various points in the current approaches. Note that none of these shortcomings or recent findings are usually
addressed within the realm of current approaches, V' = crack growth rate (velocity), K = stress intensity factor, n = stress corrosion constant,

A, and A, are constants and o = applied stress.
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analysis involving large cracks in bulk samples — may
not be applicable to the nanometre-sized intrinsic
surface irregularities found in current fibre.

It is suggested that the early model is applicable to
the relatively large, abundant, well-defined extrinsic
flaws found in early production fibres and to the
occasional large flaw found in long lengths of current
production fibre, but is no longer applicable to the
bulk of that fibre. Instead, the literature indicates that
a two-stage model consisting of a precursor non-con-
tinuum stage possibly involving diffusion/and or dis-
solution processes, followed by the bond rupture/
continuum fracture mechanics approach may be more
suited to the small, ill-defined, abundant intrinsic
flaws found in current production fibre,

Controversy also arises in the fundamental form of
current lifetime models with some authors preferring
the power law model while others support the ex-
ponential law approach. The methods used in obtain-
ing various fibre lifetime parameters — such as the
stress corrosion constant (n) — for use in those equa-
tions are also contentious with issues such as test
technique (static or dynamic), the use of the 2-para-
meter Weibull distribution and the accuracy in ana-
lysis techniques (and hence fibre lifetime parameters)
also being questioned. These factors lead to an uncer-
tainty in calculated lifetime parameters (such as n) and
that uncertainty, combined with the extreme sensit-
ivity of many lifetime equations to those parameters,
casts some doubt on the usefulness of such equations
to any but those fibres exhibiting exceptional lon-
gevity. The error in predicted lifetime for other
fibres could be more than their calculated lifetime.
This raises the possibility of over-engineered fibres
with their associated higher costs. More fundamental
concerns of the constancy, relevance and interpreta-
tion of lifetime parameters have also been raised. As
a consequence, there are currently no internationally
accepted standards for determining the stress cor-
rosion constant or any other fibre lifetime parameters,
although some local standards have been advanced
f112].

These issues are summarised in Fig. 7, which repres-
ents the current state of fibre lifetime work.

It is not surprising then that fibre lifetime modelling
is presently in a state of flux, as evidenced by the more
than 15 different lifetime equations appearing in the
literature [e.g. 53, 65, 71, 72, 73]. Much effort is being
expended world-wide to resolve many of the issues
raised here and to develop a standard, reliable method
of accurately predicting the lifetime of silica fibres in
a real network. Currently however, no such method
exists and so estimates of fibre lifetime based on the
present state of knowledge and existing models must
be viewed with scepticism.
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