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(Invited Paper)

Abstract—Great progress has been made in the ability to produce
long lengths of strong high-silica lightguide fibers since work first
started in the early 1970’s. Some important advances have also been
made in the protection of the fiber surface from environmental attack
through the development of new polymer coatings and through the de-
velopment of hermetic (metallic) or environmentally stable (inorganic
or carbon) coatings. In addition, substantial insights have been gained
both in terms of simple mechanical behavior (strength) and simple en-
vironmental degradation (aging), as well as the combined behavior (fa-
tigue).

1. INTRODUCTION

T THE TIME work was being started on the me-
chanical properties of oxide glass fibers for light-
guide applications, there was a vast body of experimental
and theoretical work available generally on glass strength
(see [26}, [50], [59], [74]). However, there was not suf-
ficiently detailed understanding of either the size or time
dependence of fiber strength to make any extrapolations
of these properties to the useful engineering lengths or
times required for lightguide applications. In particular,
the longest total length of fiber that had been tested was
of the order of meters [1] and what appeared to be both
intrinsic and extrinsic behavior was noted even in this
case. In terms of time dependence, the slow crack growth
model proposed to explain fatigue in glasses was known
([591) to be inadequate to describe fatigue in high strength
fibers since the fatigue parameters describing fiber fatigue
and slow crack growth were found to be quite different.
Early work in the mid 1970’s on both of these problems
led to rapid practical progress and some theoretical prog-
ress. In this paper, a brief review of this early lightguide
work will be given and a more detailed assessment of the
advances since that time will be attempted. An exhaustive
review will not be undertaken because several fine re-
views are already available [12], [19], [34].

II. STRENGTH
A. Strength Distributions

Bartenev and Izmailova [2], Metcalfe and Schmitz [50],
and Proctor ef al. [59] showed that bimodal strength dis-
tributions were usual (if any reasonable volume or length

Manuscript received Feburary 17, 1989; revised .

C. R. Kurkjian and J. T. Krause are with AT&T Bell Laboratories,
Murry Hill, NJ 07974.

M. J. Matthewson was with AT&T Bell Laboratories, Murray Hill, NJ
07974. He is now with the Fiber Optic Materials Research Program, Rut-
gers University, Piscataway, NJ 08855-0909.

1EEE Log Number 8928068.

£ E
£ BARTENEV Jaco
g . e
52 METCALFE 300 &
= =
7] IRWIN —200 @
Yy ° Y
3 5 100 3
% ANDEREGG g
O i | 1 0
* %001 oot 04 10 o -

LENGTH, meters

Fig. 1. Tensile strengths of E-glass fibers as a function of gage length.
From [2], A : industrial fiber and O: laboratory fiber, A: [50], ®: [30]
and O : [1]. Since the Weibull slope m equals the reciprocal of the slope
of this log o versus log L plot deviations from a straight line indicate
deviations from unimodality.

of fiber were tested) for both E-glass (aluminum-barium-
borosilicate glass) (Fig. 1) and silica glass. In the case of
both glasses, the total fiber length tested was meters. Since
it was hoped that lightguide fibers could be used in single
pieces in at least kilometer lengths, the first questions
asked were':

1) If the lower strength mode in the bimodal distribu-
tion is extrinsic, can it be controlled or eliminated?

2) Physically and analytically, how can the fiber break-
ing problem be handled? In particular, a) is a weak-
est-link model obeyed, and b) what kind of strength
distributions are found?

Both of these problems were answered in the earliest pa-
pers. Maurer [47] showed that the short length (0.6 m)
tests and long length (kilometer) prooftests formed a sin-
gle distribution. Kurkjian e al. [41] showed in rather more
detail that the weakest-link model is appropriate: that is,
the data for three lengths coincide when shifted by In
L2 /L1 (Fig. 2). Schonhorn et al. [70] showed, in general
terms, that by taking steps to improve bulk and surface
glass quality, as well as furnace atmosphere cleanliness,
the frequency and magnitude of the low strength breaks
could be decreased impressively (Fig. 3). In fact, by fire-
polishing a synthetic silica rod and drawing it in a laser
furnace, a 1-km fiber could be produced with a mean
strength of ~35.6 GPa. Kurkjian and Paek [43] showed
that the variance (»,) in apparent strength of fiber of the
type is in the range 1-5 percent (corresponding to a value
of the Weibull modulus, m (1.28/»,) in the range 25-

'In fact, the first very important question which had to be solved was
that of providing a mechanically protective polymer coating for the fiber
in-line. See [3] and [4].
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Fig. 2. Weibull probability plot for furnace-drawn polymer coated silica
fiber [41]. Data are taken at gage length O: L =20m, ®: L = 0.04 m
and X: L = 0.75 m, and shifted vertically by In (20/L). The dashed
curve is obtained by shifting a smooth curve through the data at 20 m by
In (1000 /20). The solid curve is the data of [47] shifted by In (20/0.61).

125) and could almost be accounted for by diameter fluc-
tuations. They suggested that this narrow high strength
mode is the intrinsic strength (except for fatigue degra-
dation occurring during measurement) of a ‘‘perfect’’ fi-
ber surface.

B. Procedures for Improving Strength

The rate of occurrence of extrinsic flaws was reduced
by the procedures applied by Schonhorn et al. [70]. How-
ever, it is expected statistically that, as longer lengths are
tested the probability of failure at a given stress will in-
crease. Apparently, as shown by several investigators, the
procedures which must be controlled are understood in a
general way. The quality of the fiber produced then de-
pends not only on how well these parameters are under-
stood and controllable, but also on the quality of the fiber
required since all quality improvements will add some
cost. Thus, four aspects may be considered: 1) initial bulk

glass quality, 2) initial surface quality, 3) cleanliness in
drawing, and 4) suitability of the coating.

1) If the preform rod is of poor quality in the bulk, at
the moment there is no remedy (Fig. 4).

2) If the surface is of poor quality, two procedures are
normally applied. An HF etch is appropriate in order to
remove foreign impurities and an etching rate of ~2-3
pm min~" in 48-percent HF has been found for silica [44].
While etching will also tend to reduce the seriousness of
cracks, it has been found that fire polishing is more effec-
tive for this purpose [11]. Although no quantitative study
of crack healing has been made, Sakaguchi {6] has found
“‘two torch passes at 1900°C’’ reduces the surface rough-
ness from 10 um to 1 um. Since as-received rods might
be expected to have cracks of the order of hundreds of
micrometers long, several passes might be required to heal
such cracks.
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Fig. 3. Weibull probability plot for polymer-coated silica fiber tested in
20-m gage lengths [70]. m: Furnace-drawn from Amersil TO8 road, C:
same using fire-polished TO8 rod, X: furnace-drawn from fire-polished
Amersil suprasil rod, and ®: laser-drawn from fire-polished Amersil su-
prasil rod.

TENSILE STRENGTH {psi)

105 2 3 4 5 61809108
98.9 T T T T T T 17
99 -
95 - A
90 - !
80 |
70 B
—H0
60
50 , = 7 —
W g o ol =
30 g f 11 2
E anm - 4 =
S 2 -
&S § —-2 &
w 0 at o &
=] . H &
3 sh .y o 43 3
32 L3 . <
S
2k * ° 1.4 .
11 oy lsvN o ;2
O Ay [NAT} -5
0.5 oAy (NAT)
4 By (NAT) 1
021 wg, (i)
0.1 = L 1 1 TR N B
1 H 3 4 5 617

TENSILE STRENGTH,6N/m2

Fig. 4. Weibull probability plot for polymer-coated silica fiber tested in
20-m gage lengths [11]. 1-2 km lengths of fiber drawn from several
types of collapsed tubes.

3) Maurer [48] has studied the strength of fibers in
which dust particles have inadvertently contaminated the
surface. Sakaguchi [67] has purposely inserted particles
(0.03-um, 0.3-um, and 1-um Al,Os, and 20-um carbon)
into the draw furnace and found that, within the precision
of the measurement, the well-known fracture mechanics
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equation
_ Kic
Yc 3,/ 2

(1)

(where o is the strength, K¢ the fracture toughness, c, the
critical flaw size, and Y a factor of order unity describing
the flaw geometry) is obeyed if the particle size is taken
to equal the flaw size ¢, (Fig. 5). In Maurer’s case, a min-
imum flaw size of 0.1 um (corresponding to a strength, ¢
~ 800 MPa) was observed, while Sakaguchi found
agreement even with the smallest particle size (0.03 pm).
It is clearly essential to reduce contamination of the fur-
nace from any source whether it be from the outside air
or from flaking and spalling of furnace materials [32].

4) Huff and DiMarcella [29] and Donaghy and Nicol
[14] have studied the strength decrease resulting from sur-
face damage caused by particles mixed into the coating
material. Fig. 6 shows the results of Huff and DiMarcello
who find no strength reduction with particles of 1-3 um
in diameter, but a substantial, continuous strength deg-
radation with particles in the ranges 6-10 pum and 15-20
pm in diameter. Donaghy and Nicol, however, find
strengths of 1.2 and 1.0 GPa when particles of ~0.05 and
0.3 pm are used. Huff and DiMarcello indicated that coat-
ing adhesion is an important parameter in determining
both the mechanism of damage and the extent of damage
that occurs for a given particle size. It is clear then that a
reasonable precaution is the filtering of the coating liquids
prior to application and curing, as suggested by Miller ez
al. [52].

g

C. Long Length Strength, Prooftesting, and Splicing

Fig. 7 shows a cumulative probability plot for long
lengths of some high silica lightguide fibers taken from
the literature. These data span the 12 years since Maurer’s
first data were published, the most recent distribution by
Gulati er al. [22]. The 1965 results of Maurer were taken
in 0.6-m lengths and are combined with 1-km prooftest
data. These data have been transformed to an effective test
length of 40 m and are plotted together with more recent
data, also taken at, or transformed to, an effective length
of 40 m. The high strength portion of these distributions
at ~ 6 GPa has been argued by Kurkjian and Paek [43] to
be intrinsic. At a gage length of 40 m, all except the very
early data (curve 1) show this high/intrinsic strength
mode. It is interesting to note that the newest data [22]
show only this mode at least to 1-percent failure at this
length. Two of the other high strength fibers (curves 2 and
3) show high strength modes for which the strengths are
not quite as high and, more importantly, the variance in
strength ( ~1.28/slope) is much greater. The lower
strength may be rationalized on the basis of somewhat dif-
ferent measurement conditions (e.g., relative humidity
and/or strain rate) or possibly slightly different fiber sur-
face composition (e.g., B,O; doped silica [49]). The val-
ues of strength variances however (10 and 18 percent, re-
spectively), would seem much too large to correspond
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Fig. 5. Strength of lightguide fibers as a function of the size of crack or
size of refractory particle responsible for failure. ® : [48] and O : [68].
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simply to diameter fluctuations (variance (diameter)
variance (strength)/2). It is suggested that these exces-
sively large strength variances are due to combination of
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The low strength mode of curve (4) has been shifted to 1-km and 20-km
gage lengths by In (L/40).

experimental variables. Strengths less than this are col-
lectively described as ‘‘extrinsic’’ for the reasons dis-
cussed above. An enormous improvement in quality has
been made in 12 years. While less than 10 percent of
Maurer’s original fiber had a strength of more than 750
MPa in a 40-m gage length, each of the four newer fibers
shown have a similar failure rate at about 5 GPa. Indeed,
fiber number 5 may have no extrinsic flaws in a 10-km
length.

Although the fiber quality has improved markedly, the
demands have increased even more. For instance, for an
undersea trial [5], it was required that gage lengths of 19
km pass a 1.2-GPa prooftest. With the fiber available at
that time (curve 4), this corresponded to a failure rate of
90 percent, as shown by the dashed curve, Fig. 7. This
very high failure rate may be avoided by joining the proof-
tested lengths, which will have no ‘‘flaws’’ weaker than
1.2 GPa. If these fibers can be fusion spliced at a strength
greater than the prooftest then, although the initial *‘fail-
ure rate’’ will not be changed, the net yield will be 100
percent. It has been shown that splices can be made with
no reduction in strength (i.e., 5.5 GPa) [38], using
H,/0,/Cl, flame fusion or with strengths of 4.8 GPa
using a modified oxy-hydrogen torch [39]. Alternatively,
splice strengths in the 1.5 to 3 GPa range are readily at-
tained by conventional oxy-hydrogen or arc fusion meth-
ods [54]. Fiber handled during splicing is then reproof
tested together with the recoated splice to assure reliabil-
ity of the span.

D. Flaw Character

As mentioned, it has been suggested that the normal
high strength mode found in a silica fiber is characteristic
of a perfect, flaw-free surface. Credence is lent to this
interpretation of the statistical behavior if the apparent
crack size is calculated by means of the standard Griffith-
Irwin equation (1). Failure of a sample with a crack of
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size ¢, will occur at liquid nitrogen temperatures when the
applied stress is o, independent of time or stress (or strain)
rate. Failure of a similar sample will occur at room tem-
perature in a water-containing ambient environment if the
time of stress application is of the order of a microsecond.
If the loading time is longer than this, failure will occur
at some lower stress after the crack has grown at a slow,
subcritical velocity and ‘‘fatigue’” is said to have oc-
curred. Then, if K, for silica is 0.81 MPa - m'/? [76]
and ¥ = «, then if ¢ = 14 GPa (the liquid nitrogen
strength of a ‘‘perfect’” fiber), ¢, ~ 1 nm the size of a
few silica tetrahedra. On the other hand, if a similar fiber
is tested under ambient conditions, failure will occur at
~7 GPa in a testing time of ~ 10 s. In this case, the flaw
will have grown from 10 to 35 A for the fiber to fail at
~7 GPa. In the discussions of flaw sizes given here, the
initial flaw size ¢; (calculated from the liquid nitrogen
strength) will be quoted rather than the critical flaw size—
that at which failure actually occurs (at liquid nitrogen
temperatures ¢; = c..). These are plotted in Fig. 8.

An interesting question arises if one considers the de-
tails of one of the apparently continuous strength distri-
butions shown in Fig. 7. We have argued that no flaws
exist in fibers with an ambient environment strength of
~6 GPa. On the other hand, it is quite clear that sharp
cracks do exist and are responsible for failure at the 300
MPa strength level [9]. The correlations of particle size
with crack size down to 0.03 um argue that sharp cracks
also exist to this level, though the correlation is marginal
at the 0.03-um level. In any case, at some sufficiently
small particle size, sharp cracks will cease to be formed,
yet a reduced strength (e.g., less than 6 GPa) will be
observed. Several possibilities exist:

1) The entire fiber surface has a different composition
with a lower intrinsic strength [63].

2) Regions of different composition are formed with re-
sulting residual stresses, thus lowering the apparent
strength.

3) Small impressions resulting from the indents result
in stress concentrations.

None of these possibilities need give rise to cracks though
at some stage of seriousness they may.

JOURNAL OF LIGHTWAVE TECHNOLOGY. VOL. 7, NO. 9, SEPTEMBER 1989

III. THE STRENGTH DEGRADATION
A. High Strength Fiber

The intrinsic strength of silica lightguide fibers is 14
GPa. Under ambient environment conditions (tempera-
ture, T ~ 25°C, and relative humidity, Ry ~ 50 per-
cent), the stress corrosion susceptibility factor n (defined
by the negative reciprocal of the slope of the log 7 versus
log o fatigue curve) of this fiber determined over a time
from 1073 to say 1.5 X 10" s ( ~6 months) is approxi-
mately 20. Given this information, is it possible to quan-
titatively predict the lifetime of a commercially available
silica fiber under conditions expected in normal service?
At the moment, the answer is almost certainly no. To any-
one familiar with the mechanical properties of these fi-
bers, this is not a particularly sensible question. On the
other hand, it is not completely clear, even to so-called
experts in the field, what are the relevant questions to ask.
In this section, we will attempt to describe the problems
associated with predicting the lifetime, or assessing the
reliability of silica-based lightguide fibers, and suggest
what additional information is needed. At the same time,
we will try to provide some guidance to those who must
make predictions, given the incomplete nature of the data
and understanding at the present time.

B. Fatigue

As indicated carlier, if a stress is applied to a sample
containing a crack in an atmosphere containing water or
water vapor, the crack will grow. If the crack is of critical
size, that is if the product of the applied stress g,, and the
crack severity (actually Yc'/?) equals the fracture tough-
ness K¢, the crack will grow at its critical velocity (of
the order of the sound wave velocity) and failure will oc-
cur essentially instantaneously. If a stress less than the
critical stress is applied, the crack will grow at a subcrit-
ical velocity. The value of this subcritical velocity de-
pends on the ratio of the applied to the critical stress in-
tensity factor g, Yc'/? /K;c or K; /K. Although the exact
relationship between the subcritical crack velocity v K| is
not known, it is often assumed to be power function [17]:

(2)

v = AK7.

It has been argued above that almost certainly the high
strength ( ~7 GPa) as-drawn fibers have no “‘real”’ flaws
and perhaps other weaker fibers have flaws which are not
sharp. Even so, it has been common practice to describe
and treat the flaws in these fibers as if they were sharp
cracks. The justification for the implications of this will
be discussed later.

As indicated in the introduction, in ‘‘reasonable’’ times
(~6 months) and under ‘‘reasonable’’ environmental
conditions, fatigue of the high strength mode is well-be-
haved (a good power law dependence). Although the de-
tails of the mechanism giving rise to the fatigue of this
mode are not completely understood, it is clearly due to
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a reaction of the following type:

—S:i~O—S:i— + H,0 —Si‘i*OﬁH H—O—lsli—.
Duncan et al. [16] have studied the behavior of the
strength (and fatigue) as a function of both temperature
and humidity. The following equations can be used to
predict the failure strain ¢ (or stress) and fatigue suscep-
tibility (n) as a function of relative humidity (Z ) and ab-
solute temperature (7T):

2400
= 2.28 7 00% —_—
€ exp (3)
2400
- 1=-10/| =0.9 — 0. Z + . (4
" /{ 9~ 0.093 log 2.3RT} 4)

The results are summarized in Figs. 9, 10, and 11.

An improvement in fatigue resistance has recently been
described by Gulati er al. [22]. Instead of consisting of
pure silica, the fiber surface is doped with a small amount
of TiO,. While this results in a 20-percent reduction in
short time strength, the improvement in fatigue resistance
is impressive:

1) the n value for static fatigue is increased from 34.6
for the standard fiber, to 130 for the new ‘‘Titan”’
fiber;

2) the n value for dynamic fatigue shows an increase
(22.5 to 29.5) though not as striking; and

3) the “*knee’’ to be described in the following section,
is not observed after 170 days in 80°C water.

Although these results are not completely understood, they
hold great promise for substantial system improvement.

)

C. Fatigue ‘‘Knee’

The discussion so far has been concerned with ordinary
conditions, at temperatures of 25-50°C in air or water,
and the fatigue or aging tests have been carried out for
reasonable times, say 100 days. Under more severe en-
vironmental conditions, say 90°C distilled water or at
higher values of pH ( >7), a “‘knee’’ in the log o versus
log ¢ plot occurs and a rather precipitous decrease in o
with 7 occurs and the value of n falls from its more usual
value of ~20 to a value around 5. This knee originally
was observed by Wang and Zupko [75] at 32.6°C and 90
percent relative humidity, but under these less severe con-
ditions, the knee appears at much longer times. Several
other investigators have verified this behavior, and shown
that its existence is strongly influenced not only by tem-
perature, relative humidity, and pH, but perhaps even
more so by the presence or absence and type of coating
[6], [36], [46], [64], [71]. Fig. 12 summarizes some of
these results. In those situations where the knee is ob-
served there seems to be some disagreement as to the ef-
fect of temperature [40]. Certainly, the possibility of this
knee occurring must be kept in mind when predicting life-
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times. Also, since it appears to be so strongly influenced
by the chemistry of the coating, it is clear that more work
needs to be done both on understanding the reason for this
major coating effect and in developing a coating material
that removes the knee, or at least postpones it for very
long times.

This knee behavior has only been observed in high
strength fibers. A possible explanation suggested by [10]
is that the knee is the result of crack ‘‘pop-in.”’ However,
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Matthewson and Kurkjian [46] show that extrapolation of
pop-in data [57] gives times to pop-in of ~ 10'% s under
conditions that show a knee at ~ 10° s. Further, they ar-
gue that there would need to be unreasonably large num-
ber of flaws of the type that lead to pop-in in order to
produce the knee observed for their bend-test specimens
which only have an effective tested length of tens of mi-
crometers.

D. Low Strength Fiber: ¢ < 300 MPa

At the other end of the strength distribution, at least
where the short-time room temperature strength of
““fresh’” cracks is 300 MPa or less, the fatigue is probably
once again well behaved, but this time n ~ 35-40 [10],
[67]. Again, these data are taken under moderate time and
environmental conditions. The reason for the n = 20 and
n = 35 for the high and low strength modes, respectively,
presumably has to do with the absence or presence of real
stress-concentrating cracks in the two cases.

E. Intermediate Strengths: 300 MPa < o < 1.5 GPa

While it seems relatively clear that samples having
strengths less than 300 MPa contain true cracks (e.g.,
post-threshold flaws in the Dabbs and Lawn nomencla-
ture), apparently, one reason for strengths of the order of
600 MPa is the presence of stress-concentrating indents
without the presence of true cracks. This is shown by the
data of [10] and also presumably is the reason for a value
of n ~ 20 measured in [8].

The literature contains many n values estimated from
various kinds of strength test, both static and dynamic, on
various kinds of silica fibers and rods as well as from sub-
critical crack velocity measurements on macroscopic frac-
ture mechanics samples. Tabulations of this sort have been
given in [20], [25], [42], [49], and [62]. In both [53] and
[33] it is argued that there should be, and is, a relationship
between o (or A in equation (2)) and n. Thus, the avail-
able data on silica have been plotted in this way in Fig.
13 and listed in Table I. It can be seen that although the
high strength data are reasonably well behaved (except for

0 1 1 1 ! 1 ] i
0O 10 15 20 25 30 35 40 45
n

Fig. 13. Strength fatigue susceptibility (n) plots. Data and references in
Table 1.

the knee which is not included), n values for samples with
strengths less than about 2 GPa result in a scatter plot:
Thus, if n = f (o), it is not a single-valued function. A
review of Section II-A on flaw sizes may provide a pos-
sible explanation. We suggest that a variety of flaw sizes
and shapes, as well as a variation in residual stresses and
inert strength (due to impurity inhomogeneities), results
in a similar variability in fatigue behavior.

F. Fatigue Limit

It has been proposed by several workers that a fatigue
limit should exist [7], [51], [55]. It is suggested that no
degradation occurs below this level of stress, and in fact
strengthening should be possible. While in soda-lime glass
there is reasonable evidence for such a limit [51], such is
not the case for silica. Although there is some suggestion
of strengthening of low strength samples, it is not clear if
this is associated with crack healing or blunting or if it
reflects a relaxation of residual stress. While the existence
of this is of considerable scientific interest, it is not clear
if it is practically important. In Fig. 14, we have sketched
the behavior of fibers fatiguing with n = 20 orn = 40. It
has been suggested that the fatigue limit might be ex-
pected at a stress in the neighborhood of 1 — 1 of the
intrinsic strength [56]. In Table II we have listed the lig-
uid nitrogen strength oy, (calculated at t = 1077 s), the
ambient environment strength ogr, taken on a 10-s time
scale, the fatigue limit strength o, taken as 1 of the in-
trinsic or liquid nitrogen strength, and the 20-year strength
O20yr» AL 6 X 10% s. With fatigue occurring with n = 20,
the fatigue limit strength of is reached at t;; = 107 s
( ~ 100 days). These values are within 20 percent of the
20-year strengths. With fatigue occurring at n = 40, on
the other hand, the 20-year strengths are twice as great as
the fatigue limit strengths which are not shown in the fig-
ure since they occur at f = ~ 10 s ( ~ 10" years). Thus
the discussion as to the existence of a fatigue limit seems
as though it may be irrelevant since it may only be reached
at quite long times. It is also of interest to note that the
20 year strength is 40 percent of the room temperature
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TABLE I
Strength
Reference Level ng ng Remarks
GPa ksi
[ 8) 0.35 50 21.5 Abraded, Al,05 slurry
[21] 0.55 - 0.85 80-120 36.8
(67] 0.2 30 35.6 42.6 Abraded with Emery paper
[61]) 0.05 - 0.1 7.5-15.8 37.8 Abraded rods
[14] 0.5 - 0.6 70-85 A1203 particles in coating
[25]) 3.5 300 17 Commercial fiber
2.1 37.6
[72) 8-1 110-150 ~25 13% 3903
[31) 0.55 115 12.5
1.4 200 33.6
[15] 3.85 550 18.9
2.45 350 28
(24] 2.1 300 15 Natural Flaws -
3.5 500 19 Probably borosilicate jacket
[16,59) 5-6.3 700-900 20 20 High strength fiber
(65,67,76] ~40 ~40 Crack velocity
20 TABLE 11
108 100d YEARS
14 2x10®
& Curve # sy, ORT 9FL 20y,
GPa (Ksi) GPa (ksi) GPa (ksi) GPa (ksi)
. 1 ixt08 n=20 1 14(2000) 5.6 (800) 2.8 (400) 2.3 (330)
. 151 =107s 2 5.6 (800) 35(500)  112(160) 0.1 (130)
: 08 = 100days 3 3.5 (500) 1.4 (200) 0.7(100) 056 (80)
N o6 0= 40 4 2.1 (300) 14(200)  0.42(60) 0875 (125)
e Jos & tpy = 10225 s 1.05 (150) 0.7 (100) 0.21 (30) 0.455 (65)
[} loa e = 1014 years
g2 ~J°% 3
I 403 «
= 2 I
w (2]
02 . . . .
° one hand, or which gives different values for » for static
! o and dynamic fatigue on the other, are similar although
08 . .
NG they attempt to explain different trends. They postulate
08 ' . .
L L 008 that aging and crack growth occur simultaneously but at

™
-7 -6-5-4-3-2-4 0 1 2 8
TIME, secs

Fig. 14. Schematic stress versus time plot for two values of fatigue sus-
ceptibility, solid line n = 20, dashed line n = 40. Data and references
in Table II.

strength for n = 20 and 65 percent for n = 40. The as-
sumptions involved in these calculations are, of course,
that the strength at liquid nitrogen temperatures can be
estimated by extrapolating to ¢ = 107’ s and that the fa-
tigue is a power function from 1077 to 10° s. This is
clearly not the case if a knee appears. This calculation has
been used only to illustrate certain factors and is sug-
gested as a valuable exercise, along with other calcula-
tions, in trying to evaluate lifetimes.

G. Aging and Fatigue

The models suggested by both [18] and [25] to account
for a fatigue curve which is not a power function on the

different rates. However, while crack growth, as shown
by measurements of subthreshold crack growth, can be
adequately represented by a power function, perhaps ag-
ing may not obey a power function, and may, for in-
stance, show a linear relation. However, Krause [37] and
Matthewson and Kurkjian [46] have shown that aging and
fatigue show similar behavior, though perhaps the fatigue
is shifted to shorter times due to the effect of stress en-
hancement. Thus considering them as separate phenom-
ena seems inappropriate and aging should perhaps be con-
sidered as the limit of fatigue as the applied stress
approaches zero.

H. Hermetic Coatings

It has been pointed out above that not only does strength
degradation occur at a relatively rapid rate due to inter-
action with water, but more importantly, its exact behav-
ior is uncertain and unpredictable. Because of this it is
extremely important that coatings be developed which
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TABLE 111
HERMATIC COATINGS

Coating Ave. Strength n Reference

Material Ambient, GPa (ksi)

Al 6.3 (900) © [58}

In 3.5 (500) 32 [69]

SiON 2.8 (400) 100 [27)

up? 3.9 550 dynamic 500 (28]

unspecified 45 static

$i,0,C, - 47.256 [23]

SixoyNzc(l—x+y+z) 40.330 A range of composition
in patent. No strength
values quoted.

C 8

c 4.2-4.6  (600-650) 23-25 [60]

SiON 1.4-1.75 (200-250) 90

C-SiON 2.1-2.8  (300-240) 70

SicC 2.8-3.5  (400-500) 90-95

TiC 2.5-3.2 ( 90-100) 90-100

C-TiC 3.2-3.5 (450-500) 90

c 3.5 (500) 110 [45]

C 4.2 (600) 200 [13]

isolate the fiber surface from the environment. Several of
these so-called ‘‘hermetic’’ coatings have been described
in the literature. These, as far as their compositions are
known, are listed in Table III. Although details of the
manner in which these coatings affect the fiber strength
and fatigue properties are not known, the following
models may be proposed.

In the case of metal-coated fibers, or at least aluminum,
a real hermetic seal is probably formed. In general, the
strengths of these fibers are somewhat less than those of
polymer-coated fiber presumably because of coating re-
actions with the silica surface.

Inorganic coatings (SiON, SIC, TiC, etc.) are desira-
ble since they are stable toward most environments—HF
as well as most common acids and bases, steam, etc.. A
disadvantage, however, is that in every case known to the
authors substantial lowering of the measured strength is
observed—levels of 2.5-3.5 GPa are normal. On the other
hand, quite reasonably high values are quoted for n,
though the validity of some of the quoted values may be
questioned. In particular Hiskes et al. [28] have shown
data for an unspecified coating (probably SiC) in which
the n value measured by static fatigue is 45 while the n
value under dynamic fatigue is 500. The failure mode of
fibers coated with these materials is not known. It might
be supposed that they are brittle, have higher moduli and
are physically less perfect than silica and are impermeable
to water. Because of this, it might be expected that the
coatings will experience brittle failure before the silica
fiber. Any failure of the coating can cause failure to prop-
agate through the fiber since a fracture in the coating will
concentrate stress at the silica surface. The extent of this
concentration is determined by the size of the fracture in
the coating which is limited to the coating thickness, thin-
ner coatings therefore produce less severe stress concen-
trations than thicker ones, though the thinness may com-
promise the coating’s hermeticity. Alternatively, if the

interface is weak then a fracture in the coating may prop-
agate along the interface rather than through the fiber.
Kendall [35] considers the energy involved in crack prop-
agation both across and along an interface between two
similar materials and finds a transition from cohesive to
adhesive failure when the interfacial strength falls below
some critical fraction of the cohesive strength. Clearly a
weak interface promotes interfacial failure which reduces
the stress concentrations at the fiber surface, however, any
such interfacial failure could lead to exposure of large
areas of the fiber surface to the environment, again com-
promising hermeticity. Therefore the design of a coating
in terms of its thickness and adhesion is a compromise
between strength and hermetic properties. The optimum
design is yet to be established.

Recently, hermetic carbon coatings have been devel-
oped at AT&T Bell Laboratories [13] as well as at Corn-
ing Glass [45]. These coatings appear to have the desir-
able qualities of the inorganic coatings while not suffering
such severe initial strength reduction. A possible reason
for this is that the carbon coating probably has a lower
modulus and thus experiences a smaller stress than the
silica fiber at the same strain.

There hermetic coatings hold great promise for provid-
ing adequate strength under severe environmental condi-
tions. However, as far as the authors are aware, a simple
in-line proof testing procedure for hermeticity has not yet
been developed. Since even the presence of the smallest
defect in the hermetic coating can have a profound effect
on long-term strength, a proof test would seem to be of
considerable importance to the general acceptance of these
coatings.

IV. SUMMARY

Enormous progress has been made in the development
of long-length high-strength fibers. The development of
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high strength fusion splicing techniques essentially allows
any strength level to be chosen.

Fatigue and aging occur as a result of the reaction of
silica with water. The details of the time dependence are
not known and firm extrapolations are not possible.

A promising development is the appearance of several
“*hermetic’’ coatings, although detailed data are lacking.
The development of a simple on-line prooftesting proce-
dure for hermeticity is desirable.
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