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Fracture Surface Analysis of

Optical Fibers
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OPTICAL FIBERS are used in many
advanced technological applications such as
telecommunications, photocopy machines,
local military communication systems, sen-
sors, and many more. In these uses, many of
the fibers undergo severe loading conditions
which require them to be very high in strength.
It is therefore very important for them to be
as flaw-free as possible. Fractographic anal-
ysis is an extremely useful technique for
identifying the source(s) of failure and thus
help eliminate it (them) during production or
fabrication procedures. In addition, fractog-
raphy can be used to determine the strength
and stress state at failure and the time under
load before failure.

It is the purpose of this article to demon-
strate through examples, how the principles
of fracture surface analysis can be applied to
research, fabrication, and production prob-
lems for strong optical fibers. Although the
examples will principally be directed towards
optical fibers, the techniques and analyses are
valid for most other fibers in different appli-
cations, for example, brittle fibers in com-
posites, infrared fibers in various applications
and brittle polymer fibers in lighting appli-
cations. The fibers that will be presented in
this article, in most cases, were intentionally
selected for their failure at low loads because
the low-strength tail in the strength distribu-
tion is the controlling factor in production of
long length, strong fibers. It will be shown
how observations of the fracture surface can:

9 Determine the failure stress f

® Identify the size, shape, and type of frac-
ture origin

® Aid in identifying modifications to pro-
duction procedures to mitigate the flaw
severity

® Estimate the time under load

Theoretical Background

Four definitive regions surrounding frac-
ture-initiating flaws in silicate and non-sili-
Cate glasses have been observed (Fig 1) (Ref
1-3). The mirror (a flat, smooth region) is
bounded by the onset of mist (a region of small
radial ridges) which is bounded in turn by
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Fig 1 Schematic of fracture origin showing idealized semielliptical surface flaw and surrounding fracture features
ig known as mirror, mist, and hackle. Crack branching is beyond the hackle.
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Fia 2 Fracture stress versus inner (mirror-mist) fracture mirror radius for optical fibers and bulk silica. The solid
ig data were obtained from Ref 6 assuming Eq 1 is valid. The bulk silica data are from Ref 3. The other
data are from Ref 10. The solid line is a finear least square fit with a slope of —0.5. A, = 2.1 MPaVVm.
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Scanning electron microscope (SEM) fractographs of a metal-coated fiber showing fracture demarcations
surrounding the fracture origin (most likely a sharp crack—not visible on the surface)

Fig 3

RACTURE STRESS

350 MN/m? -

Fig 4 SEM fractographs of a fiber that failed from a sharp crack at the surface (dotted line in lower right
ig fractograph). This fiber failed well below the proof stress of 1400 MPa (200 ksi) indicating failure on
the edge of the drum before full stress was achieved.

hackle (a region of larger radial ridges) which
is bounded by macroscopic crack branching.
In a uniform stress field, these boundaries are

circular arcs about the fracture origin. It has
been extensively demonstrated that the prod-
ucts of the strength, o, and the square roots

of the distances from the origin to the ons
of mist (ry), the onset of hackle (rw), and ¢
onset of crack branching (rp) give three ¢g
stant values for silicate glasses:

or/? = A, (Eq

where j refers to the mirror-mist, mist-hae
le, or crack-branching boundaries. It has be.
shown that these radii are related to the init;
flaw depth, a, and half-width, b, through ¢;
combination of fracture mechanics and fra
ture surface analysis (Ref 3, 4):

[

~=K{Y'/2A} (Eq.
7
where ¢ = Vab, Y is a factor which depenc

on the location and geometry of the crack

= 1.12 for a semicircular surface crack), ar

K. is the fracture toughness (0.73 MPa\/5

or 0.66 ksiV/in., for fused silica glass) (R«
3). In circumstances where the flaw cannc

be measured directly, its size can be inferre

by that relationship (Ref 5). Even when origir

are not macroscopically obvious, fractur
markings point back to the area of the origir
indicating whether a surface or internal origi

was the source of failure. Figure 2 is a grap

of fracture stress versus inner mirror/mis
boundary radius for fused silica obtained j-
various studies. The graph shows the validit:
of Eq 1 over a wide range of stress and mirrc
radius values. It also indicates that the mirre
constant (Ay = 2.1 MPaVm, or 1.
ksi\/ﬁ) is the same for bulk fused silica an.
fused silica fiber. The outer (mist-hackle
mirror_constant, Ay, is 2.4 MPaVm (2..
ksiV/in.).

An analytical approach to the measuremen
of the fracture mirror boundaries was intro
duced by Kirchner and Kirchner (Ref 7) and
further developed by Kirchner and Conway
(Ref 8). This approach assumes that the
boundaries of the mirror-mist, mist-hackle
and crack branching each occur at a constant
stress intensity value, that is, a different
branching stress intensity for each boundary.
For glasses and polycrystalline ceramics, then.

K; = 20/(m)*[or}") (Eq3)

where o and r; are defined as before and K
is a critical value of the stress intensity, that
is,j=0,1,2,3; forj= 0, K, = K. and ry is
the critical crack size (in mode I loading). The
J = 0 case is equivalent to the generally
accepted fracture mechanics equation for a
semicircular surface crack. The value Q is the
value necessary to correct K, for an internal
penny shaped crack to obtain the stress inten-
sity factor, Kj, for a semicircular surface crack.
Tables are available for these values (Ref 7)-
The cases of j = 1, 2, and 3 correspond to
the formation of the mirror-mist, mist-hack-
le, and crack-branching boundaries. The set
of equations can relate all of the fracture
demarcations that we have discussed. Notice
that these sets of equations are, in principle,
not any different than the previous set pre-
sented (Eq 1); however, the above equations
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Fi 6 SEM fractographs of a fiber failed from the surface. The nature of the rough area surrounding the origin

9 (arrow in B, C, and D) indicates a high stress (~2700 MPa, or 390 ksi). The exact nature of the fracture
origin is unknown, but could be due fo a thermal expansion mismatch between two phases (that is, glassy SiO, and
crystalline Si0,, or crystalline metal, or crystalline alumina).

Fi g 5 Fiber failure due to a foreign parficle..(A)

SEM fractograph of a polymer-coated fiber
that failed in proof test at 1400 MPa (200 ksi). (B) Real
image of A as given by microprobe unit. (C and D)
Microprobe electron images showing relative concentra-
tions of Fe and Mg, respectively. Arrows indicate frac-
ture origin (crack between foreign “dust” particle and
bulk SiO,) for reference. The mirror-size measurements
indicate a failure stress of ~315 MPa (~45 ksi). This
means that this fiber most likely failed before the full
proof-stress was achieved, that is, around the edge of
the drum.

are based on well-formulated elasticity equa-
tions whereas the previous equations are
empirical and only valid along the tensile sur-
face. Also notice that the mirror-to-flaw size
ratio naturally evolves from these equations,
that is

r/ro = r/c = (K,/Ki.)* = constant (Eq4)

For the sake of completeness, it should be
mentioned that Kirchner later modified his
approach by requiring a constant strain inten-
sity criterion (Ref 9):

K;/E = constant (EqS)

where E is the elastic modulus. This will make
a difference if single crystals are being ana-
lyzed. However, for our purposes there is no
difference between Eq 5 and 3.

Experimenial Procedure

The polymer-coated fibers used in this study
consisted of a silica core with silicone coat-
ing and an exterior plastic coating (Hytrel).
In order to examine the fractured surface of
these fibers, it was sometimes necessary to
strip the fiber of the outer Hytrel plastic coat-
ing. This was done manually by inserting a
razor blade carefully around the fiber and then
manually pulling off the severed plastic. The
metal-coated fibers contained a metallic (alu-
minum) coating. When it was necessary to
remove this coating, the fibers were placed
in an aqua regia solution for 1 to 2 min and
then rinsed in water. Before examination in
a scanning electron microscope, both types of
fibers were coated with gold or platinum.

Three conditions of previously tested fibers
were examined. These include delayed fail-
ure specimens in which fibers were wrapped
around a mandrel and times to failure in air
or salt water were measured. This involved
merely wrapping fiber around a mandrel of a
certain radius. The stress induced in the fiber
is related to the mandrel radius. In this case,
a fully uniform tensile stress was not achieved,
but rather the outer portion of the fiber was
in tension and the inner portion of the fiber
was in compression. The other conditions of
tested fibers were those that were subjected
to uniaxial tensile stresses, that is, either proof
tested at a particular load or broken in tension
on a test machine. Normally, proof testing is
done by passing the fiber from one drum to
another at a particular rate of speed with a
drag on one drum and the load from the drag
recorded. Fracture surface observations from
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- FRACTURE  STRESS ~ 1400 MN/m2

-+ (200ksi)

Fig 7 SEM fractographs of a polymer-coated fiber showing failure from a crack at the interface between a
g9 rare earth (Nd and La) inclusion and the bulk SiO, fiber. The size of the fracture “mirror” region sur-
raunding the origin agrees with the 1400 MPa (200 ksi) proof-stress.

bending or tension tests will be similar and
obey Eq 1 to 4 as long as stress-gradient effects
are taken into account.

Analysis

More than 100 fibers were analyzed. There
are basically two types of fibers that were
examined. One type was an aluminum-coated
silica-based fiber and the second was a sili-
cone-coated, silica-based glass fiber with an
outer organic coating (Hytrel). Since the
purpose of this article is to illustrate the
usefulness of fractographic analysis and its
applications to fiber research, development,
and production, only those fibers that illus-
trate a point will be presented. Further details
can be obtained elsewhere (Ref 10).

Stress Analysis. Figure 3 shows a metal-
coated fiber that demonstrated the classic
mirror, mist, and hackle region schematically
represented in Fig 1. The fracture origin in
this fiber was most likely a sharp crack that
could not be observed; however, by mea-
surement of the mirror-mist boundary, Eq 1
was used to determine the stress (1100 MPa,
or 160 ksi) which agreed with that recorded
by a load cell. The critical defect size was
estimated from Eq 2 to be 0.3 wm. The fiber
shown in Fig 4 was fractured in a drum-to-
drum proof stress at 1400 MPa (200 ksi). The
failure stress inferred from the drag load

between the drums and the fiber dimension
was 1400 MPa (200 ksi). However, the frac-
ture surface measurements indicate a failure
stress of 350 MPa (50 ksi). The difference is
apparently due to the fact that failure occurred
while that point of the fiber was still in con-
tact with the drum, that is, before it had expe-
rienced the full drag load. Without fracture
surface examination, it could only be con-
cluded that a stress of 1400 MPa (200 ksi) or
less was achieved on fibers failing during proof
testing. The main point is that, regardless of
the source of loading (mechanical or ther-
mal), in most cases Eq 1 or 3 can be used to
determine the stress at failure from the frac-
ture surface.

Flaw Identification. Most of the fracture
origins that could be identified (approxi-
mately 50) were surface failures. One of the
surface failures was a result of a foreign par-
ticle (Fig 5A); the remainder resulted from
cracks or mechanically induced chips (Fig 4)
and “unidentified” sources of failure (Fig 6).
It was suspected that at least four of the five
fracture origins listed are from small crystal-
lite formations, but this was not determined
for certain. The handling or mechanically
induced cracks were generally easy to iden-
tify and measure (Fig 4). There was generally
good correlation between observation and that
expected from Eq 1 and 2 (Ref 10).

However, other sources of failure were not
as easily analyzed and necessitated other

techniques and deductive reasoning. F
example, a foreign particle is shown attache
to the silica fiber in Fig 5. The flaw severit
was not so easy to determine for this attache.
foreign particle. The particle, which probab}
attached to the fiber during drawing, cause,
a small (~2 pm) crack, most likely upo;
cooling, which subsequently led to failure
The size of this crack is in good agreemer,
with the calculated 3 um from Eq 2. Chem,
ical analysis by electron microprobe was take;
to determine the origin of the particle. Tha
analysis shows the presence of magnesium anc
iron as well as silica (Fig 5C and D) whic}
implies a dust particle. This type of defec:
can be avoided by drawing the fibers in a clear
room.

Although most fractures were from surface
origins, there were seven cases with interna
origins. One internal origin was an inclusion
containing rare earth elements (neodymiurr
and lanthanum) (Fig 7). This failure occurred
due to a (0.2 pm) crack formed between the
inclusion and bulk SiO,. Failure from inclu-
sions related to natural-forming elements can
most likely be eliminated by using synthetic
quartz material rather than natural quartz. This
also applies to preform manufacture used in
the chemical vapor deposition (CVD) pro-
cess. 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. Higher magnification was required
to determine the source of these failures
because the size of the defect, in most cases,
was less than 0.2 um, and, consequently,
detailed analysis was difficult.

Research and Production Aids. In addi-
tion to the last two examples given above (Fig
5 and 7), there are two other examples which
point out the usefulness of fractography in
developing strong optical fibers. One of these
cases involves identification of fracture origins
in several low-strength fibers. A semiellipti-
cal trough on the surface of most of the fibers
examined was consistently the location of the
failure (Fig 8). Because the ridge along the
fiber surface was relatively smooth, it would
appear that this defect was produced in the
drawing process when the fiber was relatively
hot. If the fiber were cool, one would expect
a rough gouge if some object were pulled
across the surface. Further communications
between the failure analysis laboratory and
the supplier determined that most probably a
ZrO; particle adhered to the fiber drawing die
orifice and scribed a trough on the hot silica
fiber during drawing. The supplier eliminated
this type of problem by removing the ZrO:
tube from the drawing process.

Another example of fracture due to pro-
duction procedures is shown in Fig 9. Failure
is seen to originate at a “bubble” which is
one of many along the surface of the fiber.
The bubbles along the surface indicate that a
large bubble in the preform was drawn out
during fiber pulling. The large defect size at
the origin (38 pm half width), resulted in
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approximately 1100 MPa (160 ksi) (from
mirror-measurements) breaking stress in rea-
sonable agreement with the approximately
1400 MPa (200 ksi) measured during the test.
This emphasizes the need for good-quality
preforms, if good-quality fibers are to be
obtained.

Fractographic Analysis of Subcritical
Crack Growth. Many fibers are subjected to
subcritical stresses, that is, stresses which do
not cause instantaneous failure for a period
of time depending on the stress level, initial
flaw size, ¢;, and time under load, r. These
may fail after some extended time under load.
This delayed failure results from subcritical
crack growth which will subsequently alter
the appearance of the fracture surface shown
in Fig 1 when failure occurs. The fracture
surface produced in delayed failure will show
evidence of that subcritical crack growth (Fig
10) where the initial flaw (solid curve)
increases until it reaches the critical size
(dashed curve) determined by the stress state
and fracture toughness, at which time cata-
strophic fracture commences. The boundaries
of the mirror, mist, hackle, and crack-
branching regions occur just as they do in
catastrophic failure. Thus, the ratio of the ini-
tial flaw size to the radius at which the mir-

Fig 8 SEM fractographs of four metal-coated fibers failed in a proof fest at relatively low strengths. Notice ror-mist or mist-hackle boundaries form is
ig that ol fibers indicate surface failure from an elliptical groove with ridge. The smoothness of the depres-  gmaller for a longer time under load. It has
sion in B and C would indicate this occurred while the fiber was soft. Also, most likely, the metal is debonded from
the fiber in the area around the defect in B and C.

been shown for bulk glasses that this was
indeed the case both experimentally and the-
oretically (Ref 11). Only the results will be
given here. The time under load and the ini-
tial flaw size are related by:

- [(1.2@”2]‘“ (r,/cy"?
& A'A(l — n/2)

where n and A are experimentally determined
constants which describe subcritical crack
propagation velocity (Ref 12) and ¢ is the time
under constant stress; r; and A, are defined in
Eq 1; ¢ is an elliptical integral of the second
kind and is a function of the geometry of the
crack (¢ = 1.0 for a semicircular crack).
Equation 6 demonstrates that, to a reason-
able approximation, the mirror radius to ini-
tial flaw size ratio should be a function of
time under load. In addition, Eq 6 shows that
the time to failure can be estimated through
fracture surface analysis. A, n, and A; are
constants for a given material, loading, and
environment so that measurement of the frac-
ture mirror and initial flaw size can result in
a calculation of the time under load.
Obviously, this analysis can only be per-
formed after the sample is broken, and thus
cannot be used for time-to-failure predic-
tions. However, for in-service failures, given
no other information, this is a way to esti-
mate the total time the fiber was subjected to
load. An implied assumption is that the stress
on the flaw is constant for this period of time.
As yet, this analysis has not been tested on

Fig 9 SEM fractographs of a fiber after removal of the metal coating. Source of failure (arrow) is from an fibers, but has been shown valid for bulk glass
9 elliptical defect, most likely from o bubble in the preform that was drawn out with the fiber. (Ref 11).

FRACTURE ‘STRESS ~ {100 MN/m* (160 KS1) (Eq6)

Cy
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Schematic of fracture surface of a brittle material subjected to a constant subcritical load, o. The solid
semielliptical curve at the center represents the initial flaw size and the dashed curve represents the
outline of the critical flaw size before catastrophic failure.

The inner, r,, outer, r,, and crack branching, r,,, mirror

radii are shown in the figure with subscripts 1 and 2 to indicate that there may be unsymmetric mirrors.

Although much research has been devoted
to the study of stress corrosion in optical fibers,
there are still many questions that remain
unanswered, the greatest of which is: Can we
predict the service life of fibers in a given
environment? Fracture analysis can greatly aid
in analyzing long-term results for comparison
with theory (Ref 11). Use of fractography
where possible in analyzing delayed failure
and strain rate experimental results will be
invaluable.

Conclusions

Based on the fractographic analysis
described in this case history, the following
conclusions were drawn:

® TFracture surface analysis can be used to
identify sources for the low-strength (or
unusual) failures. This knowledge can be
used to correct processing or handling
procedures to improve the fiber and get a
higher yield of “good” fiber

® High-quality glass should be used in all
phases of the fiber process

® Most of the low-strength failures of opti-
cal fibers are caused by mechanical dam-
age during drawing or defects in the
preform (such as bubbles) being drawn
through in the fiber process, foreign par-
ticle or “stones” from naturally occurring
elements or contamination during draw-
ing. One or several of these causes could
occur in any run '

® The time-to-failure under constant stress
may be estimated by observation of the
fracture surface
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