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ABSTRACT

For optical fibers used in adverse envi-
ronments, a carbon coating is frequently
deposited on the fiber surface to prevent
water and hydrogen ingression that lead
respectively to strength degradation
through fatigue and hydrogen-induced
attenuation. The deposition of a her-
metic carbon coating onto an optical
fiber during the draw process holds a
particular challenge when thermally-
cured specialty coatings are subse-
quently applied because of the slower
drawing rate. In this paper, we report
on our efforts to improve the low-speed
carbon deposition process by altering
the composition and concentration of
hydrocarbon precursor gases. The
resulting carbon layers have been ana-
lyzed for electrical resistance, Raman
spectra, coating thickness, and surface
roughness, then compared to strength
data and dynamic fatigue behavior.

INTRODUCTION

In applications that demand optical
fibers with high resistance to static
fatigue and hydrogen-induced loss, her-
metic coatings are often used. Although
organic polymeric coatings are usually
applied to glass fibers to provide initial

protection, these coatings cannot ade-
quately prevent the diffusion of water or
hydroxyl ions that lead to mechanical
degradation. This is especially true in
applications where the fiber is subjected
to high temperatures and high pressures
as in a geophysical or geothermal envi-
ronment. For these applications, the
primary function of the hermetic coat-
ing is to block water from reaching the
silica glass surface to prevent the growth
of microcracks and insure long-term
reliability. Research into hermetic coat-
ings are split into two areas: metallic
coatings and inorganic coatings.

Metallic coatings were first investigated
to improve the static fatigue resistance
of optical fibers (Pinnow, et al., 1979).
Although methods for coating optical
fibers with metal include sputtering,
vapor deposition and dip coating, the
only technique known to produce her-
metic metal coatings is known as "freez-
ing", i.e. drawing the fiber through a
metal melt.! Some of the metals tested
have been aluminum, tin, zinc, indium,
silver and gold; as such, fibers coated
with metallic coatings tend to be very
expensive. In addition, the freeze-coat
technique is reportedly difficult to con-
trol and not well understood.> The rela-
tively thick coatings (=20mm)> can lead
to unacceptable microbending losses
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and long lengths of pinhole-free fiber
have proven elusive.*

Inorganic coatings are applied to the
glass fiber during the draw process by
means of chemical vapor deposition.
For carbon coatings specifically, a hydro-
carbon precursor gas is introduced to the
fiber at an elevated temperature (=800-
1000°C) and thermal decomposition
(a.k.a. "cracking") of the gas leads to the
deposition of carbon on the surface of
the glass. The applied carbon layer is
typically thin (<100 nm), opaque, elec-
trically conductive, highly adherent to
the glass surface via chemical bonding,
and amorphous to X-ray diffraction.’
Ultimately, the reactor design, the pre-
cursor gas, and the reaction tempera-
ture, will have a strong influence on the
deposition rate and the characteristics of
the carbon layer.c

It is well-established that the retained
heat of the fiber drives the pyrolysis of
the hydrocarbon to produce the bonded
carbon layer. Thus, carbon deposition is
largely dictated by the position of the
reactor and the draw speed, which
determines the fiber temperature at the
reactor. Huff, et. al., further maintain
that a higher fiber temperature increases
the number of broken Si-O bonds on the
surface of the glass which augments the
Si-C chemical bonding at the glass/car-
bon interface.” Two corollaries that fol-
low are that the fiber reactivity and thus
the carbon deposition will be enhanced
with 1.) higher draw speeds or 2.) appli-
cation of the carbon coating as close to
the neckdown area as possible. Moving
the reactor closer to the pulling furnace
has the added advantage of minimizing
exposure to atmospheric water that may
attach to the glass surface before the car-
bon layer is applied. High draw speeds
(>5m/sec) are typical when drawing
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standard telecommunication fibers with
UV-curable coatings. The retained heat
of the fiber will be sufficient to crack the
hydrocarbon in a reactor below the
pulling furnace; indeed, on most high-
speed towers, cooling tubes are
employed to reduce the fiber tempera-
ture before the liquid coating is applied.
However, the carbon deposition process
takes on a special challenge when fiber
is made at relatively low draw rates.
This may be necessary when working
with thermally-cured coatings that
require a longer time to solidify on the
fiber. Another limiting factor may be
the in-line addition of plastic buffers
(e.g. Tefzel) applied with extrusion
equipment.

Because the amorphous carbon layer is
conductive, the applied carbon thickness
can be estimated through electrical
resistance measurements. The formula®
relating the resistance to thickness is:

p

R=——
meDeT

where: R = Electrical resistance
(kQ/cm)
p = Carbon layer resistance
(2°cm)
D = Fiber diameter (pm)
T = Carbon layer thickness (A)

As the electrical resistance of the carbon
layer decreases, either the applied car-
bon resistance is decreasing or the layer
thickness is increasing; either of these
characteristics is desirable for the pur-
poses of improving the static fatigue per-
formance and hydrogen-loss prevention
of the fiber. Nakamura, et. al., analyzed
carbon through electron spin resonance
and found that lower permeability of
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hydrogen correlates to an increased par-
ticle size which is further related to the
extent of graphite-like carbon in the
deposited layer.® Similarly, Sikora, et.
al., stated that the electrical resistance is
a function of crystalline size, orientation
and perfection. The larger the crys-
talline size, the smaller the energy gap
between the valence and conduction
bands, thus a lower resistivity.'

Table 1: Electrical resistance of
carbon

Carbon layer
resistance

Amorphous carbon 60 x 10™* Qecm

Graphite crystal 0.39 x 10™* Qecm

Calculated"" resistance 0f300A 17.6 x 10 Qecm
thick carbon layer on 125um

fiber at 15 kQ/cm

Assuming a constant resistivity, a lower
electrical resistance would indicate a
thicker applied layer. The accepted
model for the applied carbon is that of
disordered platelets (sometimes called
"ribbons"), or small graphitic crystals,
attaching to the glass surface and form-
ing a continuous carbon structure.
However, because of the random orien-
tation of the platelets, microvoids can
form as pathways for water or hydrogen
permeation necessitating a minimum
carbon layer thickness. That is, the car-
bon layer thickness required to insure
hermeticity depends on the carbon
structure. Generally speaking, it is
preferable to have a high graphite con-
tent with the corresponding large crystal
size with the platelets aligned to the sur-
face of the fiber. Because the alignment
of the platelets indicates the continuity
of the carbon layer, the issue of carbon
layer roughness has been explored. For
example, Aikawa, et. al., analyzed car-

bon-coated fibers with similar carbon
thicknesses, but with increasing rough-
ness as measured by AFM. The samples
with a smoother surface exhibited lower
hydrogen-induced loss; the authors con-
cluded that a smaller boundary area
reduces the pathways for hydrogen dif-
fusion.”? In another study, roughness
measured on STM was further related to
resultant fiber strength.”

The strength penalty associated with
carbon-coated fibers as compared to
untreated fibers is well documented.
The reasons for the strength reduction
with carbon are related in part to the
deposition method used and in part with
the carbon layer itself. The thermal
decomposition of the hydrocarbon gas
generates soot particles as a side-product
which can reduce fiber strength and
interfere with the chemical bonding on
the glass surface. If the reactor is hot
enough, spontaneous reaction of the
hydrocarbon may occur leading to soot
in the reactive gas and deposited to the
inside of the reactor. Therefore it is nec-
essary to control the reactor design and
deposition process to minimize soot gen-
eration and interaction with the bare
fiber. The carbon layer itself is as brittle
as the glass and, because it is deposited
at an elevated temperature and has a
different coefficient of thermal expan-
sion than glass, will apply a residual ten-
sile stress to the fiber upon cooling. In
addition, because the carbon layer has a
lower failure strain than pristine silica,
the carbon layer will fail before the fiber.
Several studies have indicated that a
thicker carbon layer will produce a
lower fiber strength but an improved
resistance to fatigue and hydrogen
ingression.'* For applications where a
fiber will be cabled and operated below
the fiber prooftest level, a thicker carbon
layer may be preferable to ensure a min-
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imum thickness is present to exclude
diffusion  pathways  caused by
microvoids. Glaesemann has concluded
that a carbon-coated fiber with a high
fatigue constant (>150) can operate at
up to 80% of the prooftest level as
opposed to silica fiber (with an "n" value
around 20) that should not operate with
a long-term stress above 20-30% the
prooftest level.”” In addition, for fibers
used in harsh environments where
static fatigue may be accelerated
through water or OH permeation,
DiMarcello, et. al., have concluded that
an optical fiber should have a tensile
strength of 500 kpsi or greater and a
minimum fatigue factor of 150.'

Based upon this body of information,
we here present our efforts to extend
and improve the hermetic carbon depo-
sition process within the confines of the
low-speed draw process.

DATA AND DISCUSSION

Carbon deposition process

Fiber samples were drawn to a 125pm
glass diameter and coated with a carbon
layer then a thermally-cured polyimide
coating to a size of 130pm. The electri-
cal resistance of the carbon layer was
measured with an ohm-meter after the
draw speed had stabilized and before the
polyimide coating was applied. By con-
trolling the final draw speed, the pyrol-
ysis temperature of the precursor
hydrocarbon gases at the reactor was
held close to a standard for each test.
Two hydrocarbon precursor gases were
used and two mixtures of gases in differ-
ent concentrations: hydrocarbon "B"
(OFS’s current standard or "base"
hydrocarbon), hydrocarbon "A" (desig-
nated as "additive"), an 8:1 mixture of
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B:A by volume, and a 2:1 mixture of
B:A by volume. To isolate the test fiber,
short lengths were drawn to avoid dep-
osition fluctuations caused by draw
speed changes. The electrical resistance
of the fiber was rechecked after drawing
by stripping off the polyimide coating
and measuring at varying points and
lengths along the fiber.

To determine the effect of the different
gas treatments on the applied carbon
layer, samples were tested with Raman
spectroscopy at Sandia National Labora-
tories. The samples were excited at a
514nm wavelength and the relative
intensities of the Raman shift were
measured. Pyrolytic graphite shows
strong characteristic peaks at =1360 cm!
and =1580 cm which are referred to as
the "D" and "G" peaks, respectfully
denoting the graphite disorder induced
mode and the graphite E»> modes in the
carbon structure.”” Because the Raman
shift is expressed as a relative intensity,
the ratio of the "D" to the "G" peaks is
often used to compare carbon phase
structures. As Figure 1 indicates, the
symmetries between the Raman curves
and a comparison of the G/D ratios sug-
gest the carbon structures of the differ-
ent samples are very similar.
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Since the pyrolytic carbon composition
is similar from sample to sample, we can
infer that the carbon layer resistance is
near-equal when used in the layer
thickness equation. Based on previous
Spectran research's, we use the 16 kQ-
cm resistance / 300A carbon thickness as
a basis for comparison to test fibers.
Thus, using the equation above, the car-
bon layer thicknesses were calculated:

Table 2: Estimated carbon layer

thickness
Average Estimated
Resistance Thickness
Hydrocarbon "B" | 16.0 kQ/cm 300A
Hydrocarbon "A" | 45.5 kQ/cm 105A
8:1 B:A mix 11.4 kQ/cm 424A
2:1 B:A mix 5.9 kQ/cm 812A
Electrical and carbon layer
80 800
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Figure 2

The addition of hydrocarbon "A" to the
standard "B" has a marked effect on the
carbon deposition process. This may be
explained in part due to the fact that "A"
is exothermic upon decomposition. It is
proposed that the exothermic decompo-
sition of hydrocarbon "A" enhances the
cracking of the "base" hydrocarbon "B".
Thus, an 12.5% addition of "A" leads to

a 41% carbon layer thickness increase
for an 8:1 mixture as measured by elec-
trical resistance. The 2:1 mixture (50%
addition of "A") yields a thickness
increase of 270%. The addition of the
exothermic hydrocarbon is critical for
the low-speed draw process since the
reaction zone is usually much smaller
than for a high speed process. By mix-
ing the hydrocarbon gases, the reaction
zone for decomposition is extended and
a thicker carbon layer can be deposited.

It should be noted that when hydrocar-
bon "A" is used by itself in a low-speed
draw run, the deposition process
appears to be hindered by the inordinate
amount of soot generated. During test
runs, soot emerging from the reactor
had to be directed from the fiber and
there were difficulties tuning in the dep-
osition process. The soot generated
using this particular hydrocarbon pre-
cursor alone would clearly impart a
detrimental effect on the fiber strength.
The resulting carbon layer was calcu-
lated at only 105A and appeared much
lighter in appearance than the standard
fiber.

Fiber strength

Fiber strength was determined by per-
forming two-point bend tests; 40 sam-
ples of each fiber were tested at a
4% /minute strain rate. A fiber sample
without carbon was also tested to deter-
mine the strength penalty associated
with the low-speed carbon deposition
process.
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Failure probability - 4% strain 2-pt bend test

100.00% -
wen| L | [ ] ‘
||  Medianstrength: | ¢
2% 1 No carbon=888 kpsi
g 70.00% 1 (6.1 GPa)
3 soun || B =823 kpsi (4.3 GPa) ——No carbon
3 [1 A=617 kpsi (4.3 GPa) -8
£ oo H 8:1= 581 kpsi (4.0 GPa) ~A
2:1 = 656 kpsi (3.8 GPa) 81 BA
40.00% 1
——2:1 BA
E 30.00% i
20007 :
i
10.00% - |
0.00% — '; ‘
L 100 200 300 400 500 600 700 800 200 1000
Strength (kpsi)
Figure 3

Although the data indicates a tight dis-
tribution, the strength penalty associ-
ated with carbon is >250 kpsi (1.7 GPa).
Tensile strength tests (4%/min strain)
comparing the standard carbon fiber
("B") with a polyimide coating to poly-
imide fiber without carbon indicates a
median strength drop of =170 kpsi (1.2
GPa); a similar shift is apparent in the
dynamic fatigue test data shown below
(figure 5). In addition, although hydro-
carbon "A" exhibits a high intrinsic
strength associated with the bonding of
the carbon to the glass fiber surface, the
soot generated during the deposition
process likely caused the two low-
strength measurements that dramati-
cally altered the calculated Weibull slope
(figure 4).

2
2:1 B: A= 78.364x - 495.64
' 8:1 B: A= 54.447x - 346.97 }
"B" = 69.167x - 445.33
"A' = 3.2818x - 21.532
No carbon = 54.094x - 367.68

.

Ingn(1/(:F)

-4 Ta(FaTure sTress, (Kpsi))

Figure 4: Weibull distribution
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Dynamic fatigue

To gauge the effect of carbon on the
dynamic fatigue characteristics of the
fiber, fibers were strained at different
rates to determine dynamic strength and
fatigue parameters as dictated under
FOTP-28. In this test, 125um/155um
glass/polyimide fiber samples were
strained at 25%/min, 2.5%/min,
0.25%/min and 0.025%/min; the
resulting break stresses were used to cal-
culate the stress corrosion factor (n).
The samples tested were two non-car-
bon and two carbon-coated fibers, the
latter using the standard "base" hydro-
carbon.

Table 3: Fatigue parameters for
test fibers

ng
Carbon "B"/polyimide sample #1 206
Carbon "B"/polyimide sample #2 205
No Carbon/polyimide sample #1 22
No Carbon/polyimide sample #1 21

Considering that the samples were pro-
duced from different runs, there is good
agreement both in terms of median
strengths and calculated fatigue parame-
ters suggesting a stable process.
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Dynamic fatigue plot: carbon vs. non-carbon fiber
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Samples of the test carbon fibers were
strained at 25%, 2.5%, and .25%/min
using two-point bend testing. Twenty
samples were broken at each strain rate
along with a non-carbon fiber sample.
As with the standard FOTP procedure,
the dynamic fatigue parameter was cal-
culated based on the slope of the failure
strength/strain rate slope. The stress
corrosion factor as calculated were as
follows:

Table 4: Fatigue parameters from
2-pt. bend test

ng4 (2-point)
Carbon "B" > 300
Carbon "A" 25
Carbon 8:1 B:A > 300
Carbon 2:1 B:A > 300
No Carbon 17

Dynamic fatigue plot using two-point bend data
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Figure 6

As with the fiber strength data, it is evi-
dent that the non-carbon fiber has a
higher overall strength. However, the
dynamic fatigue factor is an order of
magnitude lower than the carbon-
coated samples which show little degra-
dation in strength at lower strain rates.
The exception for hydrocarbon "A" is
also consistent with the strength data.
Since the "A" carbon is very thin, it pro-
vides minimum protection from fatigue.
Thus, the slope for the "A" carbon fiber
is similar to the fiber with no carbon
coating.

Carbon layer effect on strength

The carbon fiber samples were analyzed
by atomic force microscopy (AFM) at
Sandia National Laboratories. The mean
roughness was calculated from meas-
urements in a discrete area of 4mm?2 or
below to minimize variability caused by
the curvature of the fiber and isolate the
coating from extraneous contamination
on the carbon surface. The mean
roughness are noted here along with the
estimated carbon layer thickness:
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Table 5: Carbon roughness and
thickness data

Roughness Thickness
Carbon"B" 16.6A 300A
Carbon"A" 15.8A 105A
Carbon "8:1" 38.7A 424A
Carbon "2:1" 24.6A 8124

As the data suggests, the roughness of
the carbon surface does not appear to be
directly related to the thickness of the
applied layer. However, while a hetero-
geneous mixture of hydrocarbon gases
may lead to an overall thicker applied
layer, it may be postulated that a
rougher morphology is based on the dif-
ferent reactions of the precursor hydro-
carbons. That is, carbon platelets of a
varied size are evolving at different tem-
peratures both as a result of the mixed
hydrocarbons and of the extended reac-
tion zone.

The effect of carbon layer roughness and

thickness on fiber strength may be seen
here in Figures 7 and 8:

Carbon layer roughness vs. fiber strength
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While there is some correlation with
fiber strength versus carbon roughness,
a stronger correlation of coating thick-
ness is apparent. As noted, this may be
attributed to the presence of pre-reacted
carbon soot impacting the fiber during
the deposition process. The "A" hydro-
carbon alone was very sooty and the
increasing concentration ratio may indi-
cate the addition of the exothermic gas
will lead to lower strength because of
soot. The symmetry of the thickness
trend to the median strength makes a
strong case for thickness as the determi-
nant of overall fiber strength. As noted,
the thicker layer may be more suscepti-
ble to cracking due to the added residual
stress on the carbon layer. In addition, if
the deposited platelets are of varying
sizes and phases, the alignment and
bonding of the disparate platelets may
lead to a weaker carbon layer due to
additional microvoids in the structure.

CONCLUSIONS

In our efforts to improve and extend the
low-speed carbon deposition process,
we have shown the pyrolysis of a pre-
cursor hydrocarbon gas can be aug-
mented with the addition of a
hydrocarbon gas that is exothermic
upon decomposition. The gas mixture
produces a carbon layer with an
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increased surface roughness, but a
deposited layer that is significantly
thicker than when using a single precur-
sor gas. The thicker carbon layer results
in a fiber strength penalty, but has no
appreciable effect on the stress corrosion
factor when calculated using two-point
bend testing. Based on the thickness
data (as measured by electrical resist-
ance), the strength and dynamic fatigue
data of the test fibers, it is theorized the
carbon layers deposited using the gas
mixture will provide better protection
from water and hydrogen ingression
than the current base standard. Work to
show the effect of the new carbon layer
on water and hydrogen ingression is in
progress.
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