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Fractographic Analysis of Optical Fibers
J.J. Mecholsky, S . W, Freiman and S.M, Murey
Naval Research Laboratory
Washington, D.,C. 20375
ABSTRACT
The fracture surfaces of over 50 fibers tested at Hughes or ITT
Research Laboratories were examined on the scanning electron micro-
scope(SEM). The sources of failure in these fibers were determined
to be either mechanically induced sharp cracks, cracks resulting
from inclusions or foreign particles, bubbles or inclusions. It
was suggested that many of these sources of failure can be eliminated
by changing production procedures. For example, some larger in-
clusions can be eliminated by using synthetic, high grade silica,
starting material. Another example for eliminating low strength
defects is by using high quality silica tubing in the CVD process.
The fracture surface demarcations known in glass as mirror,

mist, hackle and crack branching were identified and related to

the stress, o, at failure:

LI

or,“ = constant = Ai
where r, is either the mirror-mist, mist-hackle or crack branching
boundary corresponding to a different constant, Ai' In all cases
but one fracture surface analysis agreed with measured stresses
during testing within experimental accuracy. Thus, fractography

can be used to determine the stress and source of unexpected service

failures.
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FRACTOGRAPHIC ANALYSIS OF OPTICAL FIBERS*
J.J. Mecholsky, S.W, Freiman and S.M, Morey

Naval Research Laboratory
Washington, D.C. 20375

INTRODUCTION

There is increasing interest in optical glass fibers as a means
of communication throughout DoD. Many applications, however, require
that the fibers be subjected to stresses in the 100-200,000 psi range
for long periods of time. It is therefore important that the fibers
be as flaw free as possible. Fractographic analysis is an extremely
useful technique for identifying the source of failure as well as for
determining the stresses and/or the time to failure of a particular
fiber,

Several sets of fibers have been sent to the Naval Research
Laboratory from Hughes Research Laboratories, ITT Laboratories and
from ITT through NOSC after testing. As will be shown, in many cases
the failure source can be related to problems in the manufacture of
the preform or in the drawing process itself. Because the low strength
tail in strength distribution is the controlling factor in the strength
of long length fibers, efforts have been concentrated on analyzing
these failures. In addition, because of the lower stresses at which
they failed, the fracture surfaces of these fibers are most amenable
to fractographic analysis, For ease of reporting, the fractography

on the Hughes and ITT fibers will be reported separately.

*
More information concerning these fibers can be obtained in a Naval
Ocean System Center Technical Report: "High Strength Fiber Waveguides."
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THEORETICAL BACKGROUND

Four definitive regions surrounding fracture initiating flaws
in silicate and non-silicate glasses have been observed(Fig. 1::2'3
The mirror (a tlat smooth region) is bounded by the onset of mist
(a region of small radial ridges) which is bounded in turn by hackle
(a region of larger radial ridges) which is bounded by macroscopic
crack branching. It has been extensively demonstrated that the
products of the strength, ¢, and the square root of the distance
from the origin to the onset of: mist (i.e., the mirror radius, Rm)‘

the onset of hackle (R") and of crack branching (Rn) give three constant

values for silicate glasses:

oR.é = A,
i i
where i refers to the mirror-mist, mist-hackle or crack branching boundaries,
1t has been shown that these radii are related to the initial flaw

depth, a, or half width, b, through the combination of fracture

mechanics and fracture surtface analysis:

c > S, 8 2
Pl R AL
i
where ¢ - vhh , Y 1is a constant dependent on location and geometry
of the crack and KIC is the critical stress intensity factor. The

mirror constants Ai and K for silica have been previously determined.

1C

It has been shown that the fracture mirror relationship observed in
bulk glasses is applicable to optical fihers.4 More detail of the
relationships of the initial flaw sizes to the mirror radius and to

3,5,6
fracture analysis is described elsewhere. ' A
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EXPERIMENTAL PROCEDURE

ITT tibers consist of a silica core with silicone coating and an
exterior plastic coating(Hytrel), 1In order to examine the fracture
surtface of these fibers, it 1S sometimes necessary to strip the fiber
of the outer Hytrel plastic coating. This is done manually by in-
serting a razor blade carefully around the fiber and then manually
pulling oft the severed plastic, The Hughes fibers contain a metallic
coa(ing.‘ When 1t 1s necessary to remove this coating the fibers are
placed in an aqua regia solution for 1-2 minutes and then rinsed in
water, Before examination in & scanning electron microscope, both types
of fibers are coated with gold,

Three types of tested tibers were sent to NRL, These include
delayed failure specimens in which tibers were wrapped around a mandrel
and times to failure in air, or salt water were measured. This involves
merely wrapping fiber around a mandrel of a certain radius. The radius
then is related to the stress induced in the fiber, 1In this case a
fully uniform tensile stress is not achieved, but rather a bending
stress is achieved. The outer portion of the fiber is in tension and
the inner portion of the fiber is in compression, The other types of
tested tfibers were those that were subjected to tensile stresses, i.e,
either prootf tested at a particular load or broken in tension on a
test machine. Normally, prooft testing 1is done by passing the
fiber trom one drum to another at a particular rate of speed with a
drag on one drum and the load from the drag recorded. One would expect
the ftracture surtface observations from bending or tension tests to be

similar,

*
In most cases aluminum,

,
FEEN . A . s ol e it i S b
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Primarily because of the silicone coating holding the fractured
glass pieces together, fracture origins could be found on 50% of the
ITT fibers as contrasted to less than 10% on the Hughes fibers. The
latter low yield is primarily due to the fact that there is no constraint
to the shattered glass, plus the fact that the metal coating often
covers the origin, Etching of the aluminum or tin with an aqua regia
solution removes the metal, but in most cases the fracture origin is
then lost as the metal coating was essentially holding the pieces to-
gether,

Observation of fracture surfaceson brittle materials and in
particular on fibers can be misleading unless one can determine that
the origin is real and is primary, that is, the main cause of failure,
For example, if one observes the top view in Fig. 2 it could be con-
¢luded erroneously that a relatively large somewhat irregular mirror
exists surrounding the origin, However, if care is taken to get
another angle of observation(side view) one sees that in reality
a chip out of the fracture surface is being observed. A true fracture
mirror in most cases would not deviate from the total plane of fracture
as much as indicated in the_figure.

A second pitfall is that there can be more than one fracture

mirror along a fiber length. In general, there is one for each break.

The "primary" break(i.e, the first fracture causing failure) is

identified for us by the research laboratory sending the broken fiber, Y

One would expect the primary break to produce the largest mirror and

hence the smallest stress, This would be reasonable because the

largest flaw(weakest link) would cause failure corresponding to the

lowest stress, However, in the limited cases we were able to

examine, the secondary breaks had larger mirror radii than the
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primary break. The reason for this is not known at this time. The
smallest mirror retlects the true stress at failure. Thus, if one is
not sure whether the break is the primary break, one can only say that
the stress calculated from the fracture mirror measurements is the
least that could have occurred. In the case of low strength fibers,
however, there are usually only one or two fiber breaks and thus it

is fairly obvious which is the primary break.

RESULTS AND DISCUSSION

Initially 25 Hughes and 20 ITT fibers were sent to NRL, All
of these fibers have been examined, and the bulk of this report will
describe these results., \More recently we have received several "weak"
fibers both from ITT and Hughes in order to aid in their production
of fibers by analyzing and/or confirming the cause of the low strengths,
These results will be discussed even though the analysis on some is
not complete,.

Hughes Fibers

Table 1 summarizes the 25 Hughes fibers examined to date., Note
that even when origins could not be determined, fracture markings
pointed back to the area of the origin, indicating whether a surface
or internal origin was the source of failure. An example of this is
shown in Fig, 3 where the origin is covered by aluminum but the mark-
ings clearly indicate that a surface origin was the cause of failure
even though the exact origin, i.e. whether it is a crack or a dust
particle, etc., is not clear. Unfortunately, many of the failure
origins are lost upon fracture due to the large amount of elastic
energy stored in the high-strength fibers. Nevertheless, there are

some important observations and analyses that can be made., All




| origins observed to date on Hughes fibers were from surface defects,
These include a surtace crack(Fig, 4) and a bubble which originated ;

in the preform(Fig. 35). In the latter, the bubbles along the surface

indicate that a large bubble in the preform was drawn out during tiber &

pulling. Even with the large defect (38 um halt-width) it's spherical
shape resulted in approximately 160,000 psi(from mirror measurements)

breaking stress in reasonable agreement with the approximately

P ot AN

200,000 psi measured during the test, Other origins were not found,

but the fracture markings leading back to the surtface on a few others

] could readily be observed as in Fig, 3. In fact, the fiber in Fig. 3A

e

was etched in an aqua regia solution to remove the aluminum coating
because 1t obscured the detail ot the origin, Even then, the aluminum 3
appeared coherently connected to the glass indicating that an aluminum E
oxide interface may be present between glass and metal, Delayed
failure specimens 1 through 5 in Table 1 also showed a high degree
of corrosion(Figs. 4 & 6), but the corrosion product has not yet been

identified. As can be seen in Fig. 6 there are many cracks in the

aluminum coating. Many ot these cracks look like they follow the
grain boundaries in the aluminum, This indicates that they could be {

|
occurring during stressing, although 1t 1s not clear that corrosion @

alone would not cause this, Also, it is possible that they are a
result of stress corrosion cracking. One way of determining the cause
of these cracks is to examine the tiber after coating and during
stressing. In addition to the cracks there is evidence of roughly
circular pits. One would suspect that the pits would be elongated if

. | they occurred before or during stressing, and more circular or spherical '

if they occurred after stressing, Thus, one would surmise that these




pits were not preexisting.
Several low strength fibers were sent from Hughes for identification
of fracture origins. Although the analysis is not complete, it is
quite evident that a semi-elliptical ridge on the surface of most of
the fibers examined is consistently the cause of failure(Fig. 7).
Because the ridge along the fiber surface is relatively smooth it
would appear that this defect is being caused in the drawing process
when the fiber is relatively hot., One would expect a rough gouge 1if
some object were pulled across the surface. Further communication
between NRL and Hughes will hopefully trace the exact cause of this

defect and thereby eliminate it,

ITT Fibers
Table I1 summarizes the results of 29 ITT fibers examined to date,
' Of the eighteen identified failure origins, 11 were identified as

surface origins and 7 as internal sources of failure,

: The surface failures were a result of a foreign particle (Fig. 8),
five from cracks or mechanically induced chips (e.g. Fig. 9 and 10),
and 5 "unidentified" sources of failure (e.g. Figs. 11 and 12). It is
suspected that at least four of the last 5 listed are from small crys-
tallite formations, but this has to be determined for certain.

A foreign particle is shown attached to the silica in Figures 8
and 13. The particle was anaiyzed using an electron micyoprobe; the
results indicated the presence of magnesium and iron as well as silica
(Fig. 13). This type of failure can be avoided by filtering (clean

room). This "dust'" particle which attached to the fiber during drawing

e e

caused a small (approximately 1.5 um) crack, most likely upon cooling,

which subsequently lead to failure, The size of this crack (2 gm) is in

B T——




good agreeﬁent with the calculated 3 um from Eq. 2.

Although most fractures were from surface origins, there are
seven cases where internal origins occurred. One internal origin
was an inclusion containing rare earth elements (Nb and La) Fig. 14.
This failure occurred due to a (0.2 um) crack formed between the in-
clusion and bulk Sioz. Failure from inclusions related to natural
forming elements can most likely be eliminated by using synthetic
quartz material rather than the natural quartz. This also applies to
preform manufacture used in the CVD process. If the outer tube or
preform material is natural quartz, then defects such as bubbles and
inclusions will be transferred to the final silica fiber. Closer ex-
amination is planned to determine the source of these internal failures.
Higher magnification is required to determine the source of these
failures because the size of the defect, in most‘cases, is less than
0.2 um, and consequently detailed analysis is difficult.

Several fibers were sent that were known to have low strength
values. Fracture surface analysis determined that the low strength
(approximately 200,000 psi) failures were probably occurring due to a
defect that existed in the preform and was drawn out during the pull-
ing of the fiber. This is concluded because there were several
internal failures in the same general location in the plane of the
fracture (cf Fig. 15a and b).

In addition, a step index fiber was examined and was found to
most likely fail from the interface between the inner and outer core.
This step index fiber is now being studied in more detail.

The fracture stress of all fibers except three in Table II agreed

with those expected from mirror measurement (i.e. Eq. 2). The first
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two (LTT-3, 1TT-4) have lower stresses than measured from the proof

i
|
stress because these failed betfore the full stress was achieved on ’]

the drum, he ditfteovence tor the thivd (770010-1) is unknown,

LTT-NOSC Fibers

Of all the fibers obsevrved (28 patrs) which were sent from NOSC,

only two origins were found. The low vield is due to the fact that

these fibers all had a relatively high strenpgth since the pretest

proofing at 300 ksi eliminated the weak f(ibevs, hese high strenpths

> 500 ksi mean that ftfracture origin

determination is very difficult,

it not impossibice. However, two of the three tfracture surfaces were

similar in appearance (Fig., 13) to each other but not to any other

fibers observed, cither trom 1ITU or Hughes., 'he larpe semi-elliptical

sections in the interior ot the fibers observed in Fig, 1¢ should

have caused low stronpgth breaks, I'he

3/2 ; : .
MN/mY © (~ 500 ksi), indicating that these

reported streongth is - 3500

fractures are probably

secondary, rather than primary breaks,  However, the question arvises

: A !
of why these large inhomopgeneities did not cause failure at lower |
stresses as the primary break. Peorhaps, because these inhomopgenettios {
are SH)‘ of a slightly ditferent composition than 8Si0,, they were l

not high stress concentrators leading to low strength tfailuare, I'he

composition and itdentity of these anamolies is uanknown but turther

research is being pertformed,
CONCLUSTONS

1. The usefulness of tracture sarface analysis is to identity the

low strength (ov unusual) failures in ovder to correct process-

ing or handling procedures to improve the fiber and get a higher
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yield of "good" fiber.

High quality glass should be used in all phases of the fiber
process because the weakest link theory is applicable to fiber
processing, e.g. a defect or bubble in the tube used in the CVD
process could be transported to the final fiber,

Most of the low strength failures of optical fibers are caused by
defects in the preform (such as bubbles) being drawn through in
the fiber process, foreign particles or "stones'" from naturally
occurring elements, mechanical damage during drawing, or contam-
ination during drawing. One or several of these causes could
occur in any run.

Only a small number of fracture ovigins were identified on Hughes
fibers because of the coatings which tend to obscure the origin,
More origins will probably be found in the future becausce lower
strength breaks will be sent. Other means of stripping the metal
coating will also be studied and could yvield a higher number of
observed origins.

Many fracture origins have been found on ITT fibers, but not
enough fibers of different varieties (tensile tests vs mandrel

vs delayed failure) and low strengths have been sent for statis-
tical meaning to be given to the failure sources,

The stress levels for ITT-NOSC fibers have been too high (proof
tested at ~ 300,000 psi) to expect a large number of observable
origins. However, this problem has been discussed and primarvily

low strength breaks will be sent in the future.

10




FUTURE PLANS 2

X

o

Continue to analyze low strength (< 200 ksi) failures to try and

eliminate their source, !
Attempts to identify whether the observed break in a Weibull
plot of glass fiber failures can be correlated with a change

in the type of fracture origin.

Examine a variety of failures so that, for example, the results

of mandrel and tensile tests can be compared.

Comparison of delayed failure fracture surface analysis with
fracture mechanics predictions of times to failure, i.e. compari-
son of flaw size measurement and prediction,.

Further study of secondary breaks so that primary and secondary
fractures can be distinguished. This will be especially useful
in the future for determining the source of any unexpected in-

service failures.
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Fig. 1. Schematic of fracture origin showing idealized semi-
elliptical surface flaw and surrounding fracture features

known as mirror, mist, and hackle. Crack branching is beyond

the hackle.

15




MV HLIM S30V4YNS HOYHIW
3HNLOVHS 40 IONVEV3ddV TWH3INIO OGNV 3dVHS

Zo_owm
JOHYIN HLOOWS

7 349N11v4
n_ouomaom

NOI93Y LSIW §
NOI93Y I HOVH V=z,,12




Fig. 2. SEM fractograph of a Hughes fiber (770209- H-SS-3) after

removal of metal coating. Top view shows appearances of irregu-
lar "fracture mirror'" around '"origin'" (arrow). Side view shows
this to be really a chip that is missing from the surface (arrow)
giving the false appearance of a fracture mirror. From the
fracture markings beyond this lost area, one can conclude that a
surface defect initiated the fracture. (The silica fiber is

nominally 120 gm in dia.).
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Fig. 3. Matching halves of a SEM fractograph of Hughes fibers f
 ;

(A-770725-37b; B-770725-37a). These show that fracture features x
"point'" back to the origin (arrows) at the surfaceeven though ?
¥

the exact cause is unknown.
}
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H Fig. 4. SEM fractograph of a Hughes fiber (770209 - H-SS-2) showing
fracture demarcations surrounding the fracture origin (most

likely a sharp crack-not visible on the surface).
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i Fig. 5. SEM fractograph of a Hughes fiber (770209 - H-S§8-5) after
|

|
removal of the metal coating. Source of failure (arrow) is

from an elliptical defect, most likely from a bubble in the

preform that was drawn out with the fiber,
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Fig. 6. SEM micrograph of the corroded surface of metal and fiber
H as a result of failure in salt water. (Hughes fiber 770209-

f H-SS-1). Notice the cracks in the metal tend to follow grain

boundaries (C and D).







Fig. 7.

T

|
SEM fractograph of four Hughes fibers failed in proof test

at relatively low strengths. Notice that all fibers indicate

surface failure from an elliptical cut with ridge. The smooth-

ness of the depression in B and C would indicate this occurred

while the fiber was soft. Also, most likely the metal is de-

bonded from the fiber in the area around the defect in B and C.
(770725-: A=4a; B=2a; C=la; D=3)
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Fig. 8. SEM fractograph of an ITT fiber (761221-4) that failed in
a proof test (200 ksi). The source of failure (crack between
foreign particle and bulk 8102. as shown in lower right) is
shown surrounded by the fracture demarcations (lower left). The
foreign particle is identified as containing Mg, Fe, and Si
(cf Fig. 13). The 'mirror' size measurements indicate a failure

stress of ~ 315 HN/n2 (~ 45 k31). This means that ‘his fiber

most likely failed before the full proof stress was achieved,

i.e. around the edge of the drum. ’
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Fig. 9. SEM fractograph of an ITT fiber (761221-3) that failed from
a sharp crack at the surface (dotted line in lower right). As
in Fig. 8, this fiber failed well below the proof stress of
1400 MN/m2 indicating failure on the edge of the drum before full

stress was achieved.
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Fig. 10, SEM fractograph of an ITT fiber (761221-5) that failed

from a mechanically induced crack. Although the crack is rela-

tively large, it is probably not sharp, and thus, this fiber

L most likely achieved the 1400 MN/m2 proof stress.







Fig. 11. SEM of an ITT fiber (770209-A) failing from the surface.
The nature of the fracture origin and surrounding area (rough

surface) indicates a high stress (> 2100 MN/mz), The exact

source of failure is unknown.
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Fig.

12. SEM of an ITT fiber (770209-1) failed from the surface.
The nature of the rough area surrounding the origin (arrow in
B, C, and D) indicates a high stress (~ 2070 MN/m2). The exact
nature of the fracture origin is unknown, but could be due to
a thermal expansion mismatch between two phases (i.e. glassy
8102 and crystalline 8102 or crystalline metal or crystalline

alumina) .
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Fig.

13. A)SEM fractograph of Fig. 8 for reference. B) Real image

of A as given by microprobe unit.

C and D) Microprobe electron

images showing relative concentrations of Fe and Mg, respectively.

Arrows indicate fracture origin for reference.
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Fig. 14. SEM fractograph of an ITT fiber (761221-2) showing failure
from a crack at the interface between a rare earth (Nb and La)
inclusion and the bulk 8102 fiber. The size of the fracture
"mirror" region surrounding the origin agrees with the 1400 MN/m2

: proof stress recorded.
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Fig. 15, SEM fractographs of three ITT fibers failing from internal
sources, (A=770708-4; B=770708-3; C and D=770510-9.) The
location of the origin in A & B and the other fibers of this
set (Table II) indicate that the same type of source is
probably causing failure. Although not certain, the white dot

evident in D could be a small microcrystallite of silica.
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Fig.

16. SEM fractograph of an ITT fiber tested (at 3500 HN/nz) at
NOSC. A and B = 4-8; C and D= 2-6. These very large defects
are unidentified, but would be expected to cause low strength
(< 700 lN/nz) fractures. One would suspect, then, that these
are probably secondary failures and do not reflect the primary

break, or that the inhomogeneity is not a high stress concen-

tration.
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