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Thermal Stability of Specialty Optical Fibers

Andrei A. Stolov, Debra A. Simoff, and Jie Li

Abstract—Application of silica optical fibers at elevated temper-
atures is limited by the thermal stability of their polymer coatings,
as thermal degradation in most polymer materials occurs at much
lower temperatures than silica, which can result in degradation in
the fiber performance. In this paper, we attempt to clarify the con-
cept of thermal stability of specialty polymer-coated silica optical
fibers and demonstrate a quantitative measurement method using
thermogravimetric analysis (TGA) in combination with methods
for optical and strength measurement of optical fiber. Based on
the results, long-term use temperatures for various specialty op-
tical fibers are estimated.

Index Terms—Attenuation, coating, continuous use temper-
ature, lifetime, optical fiber strength, optical fibers, polymer
degradation, thermal stability, thermogravimetric analysis, upper
use temperature.

1. INTRODUCTION

HE term “specialty optical fibers” is used to distinguish
T those fiber types that are designed or used outside the
high-volume telecommunications realm. Specialty fibers may
be exposed to harsh environments at high temperatures, such as
for down-hole sensing in oil wells, high-power laser delivery,
aerospace, and steam sterilization for medical use. When plan-
ning to use specialty optical fibers or cables at elevated temper-
atures, it is important to know how thermally stable they are.
For silica glass optical fibers, the most vulnerable part is their
polymer coatings. UV-curable dual acrylate coatings, used in
most conventional optical fibers for long-distance communica-
tions, essentially enabled the practical use of silica glass op-
tical fiber [1]—[3]. The soft primary (inner) coating prevents mi-
crobending, while the harder secondary (outer) coating provides
abrasion resistance and mechanical robustness [4]. Advantages
of such coatings include fast cure, avoidance of volatile sol-
vents, ease of mechanical stripping with minimal residue, and
low cost. A perceived shortcoming of such coatings in some spe-
cialty applications is their upper use temperature: conventional
dual acrylate fibers are typically “rated” for 85 °C.

For higher-temperature applications, thermally cured coat-
ings such as RTV silicones or polyimides are more commonly
used. These polymer materials function well at temperatures
up to 200 °C, and polyimides can be used even above 300 °C
for short durations. Thermally cured coatings, although more
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heat resistant, can be more difficult to strip for fiber termina-
tion. Also, their raw materials are more costly and their manu-
facturing processes are more complicated, involving solvent re-
moval or control of limited pot life. They have slower cure rates,
requiring lower fiber draw speeds, which increases cost.

Yet another class of specialty fiber coatings is UV cured
fluoroacrylates. These are used primarily because of their low
refractive index, where the coating also serves as an optical
cladding. Fluoroacrylates tend to have heat resistance that is
intermediate between that of conventional dual acrylates and
polyimides.

As specialty optical fibers are being used in an increasingly
wider variety of applications, clear definition of their thermal
stability becomes necessary. It is not sufficient to merely de-
scribe “operation temperature” or “use temperature” without
specifying the context of actual applications. In this paper, we
analyze various aspects of thermal stability including thermal
response of coatings and their impact on fiber properties and
propose an approach for its quantitative evaluation that allows
us to define the concept more completely. The approach is ap-
plied to specialty optical fibers with several classes of coatings.

II. THERMAL STABILITY

The term “thermal stability” may have a different meaning
depending on the application of a particular polymer, coating
or a product comprising those materials [5], [6]. For op-
tical fibers used within telecommunications, fiber reliability
testing is guided by industry standards such as ITU-T G.652,
IEC60793-2, Telcordia GR-20-CORE and TIA/EIA-492. Dry
heat aging may involve conditioning of fibers for 1 month at
85 °C [7]. However, a rating of 85 °C is not intended to convey
suitability for continuous long-term use at 85 °C; rather, 85 °C
is the short-term test temperature used to accelerate and sim-
ulate decades of exposure in outdoor terrestrial environments,
such as Miami or Arizona, where the maximum operating
temperature may be ~ 45 °C. For specialty fiber in higher-tem-
perature applications, comprehensive industry standards have
yet to be developed.

For an end user of a specialty optical fiber, it is necessary
to know the highest temperature at which the fiber can function
for a given duration of time, or equivalently, how the fiber’s per-
formance changes as a function of temperature and time. There
are three essential elements in defining thermal stability of a
specialty optical fiber. They are: fiber performance, use temper-
ature, and duration or lifetime. For all practical purposes, we
may define the thermal stability of specialty optical fiber as the
highest temperature at which the optical fiber retains its accept-
able performance level for a specific duration, e.g., 20 years.
The acceptance criteria for fiber performance must be defined
based on the application of particular fibers. However, it is safe
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to say that, for most specialty optical fiber users, thermal sta-
bility of optical and mechanical performance (e.g., attenuation
and strength) of the fibers are most relevant. Thus, it is important
to realize that the thermal stability of a fiber is really the thermal
stability of the most relevant properties of the fiber, although
dictated primarily by the thermal resistance of its polymer coat-
ings.

Once the acceptance criteria are known, there are two ques-
tions that the fiber user should ask: 1) How long can a particular
fiber operate at a certain (known) temperature and 2) What is
the highest temperature at which the fiber can be used during a
certain (known) time?

A similar concept is used by Underwriters Laboratories to
determine the Relative Temperature Index (RTI), the maximum
service temperature for a material where specific properties
are not unacceptably compromised [8]. More than one RTI
may be appropriate for a material depending on the property
requirements for a given application. Different RTI values may
be determined based on, e.g., electrical insulating properties,
mechanical impact, and/or tensile properties.

At elevated temperatures (> 85 °C), when a fiber is ex-
posed to an oxygen-containing environment, the coating de-
grades mostly due to thermooxidation [9], [10]. The oxidation
reaction destroys the crosslinked network of the coating, mainly
via scission of bonds, followed by loss of volatile by-products.
A direct method of studying the material degradation is thermo-
gravimetric analysis (TGA). In this method, the coating weight
is determined as a function of time and temperature. Weight loss
measurements can be performed at various temperatures and/or
heating rates and in different environments (e.g., nitrogen, air,
or oxygen), and only small samples (a few milligrams) are re-
quired. As will be described below, the TGA data obtained in a
certain time-temperature range can be extrapolated to a broader
range of times and temperatures. With the fiber performance
tested separately under similar acceleration conditions, we can
readily establish a link between it and the TGA data. Once the
relationship is established, TGA provides a quantitative method
of evaluating the thermal stability of optical fibers.

Thus, the analysis of thermal stability includes the following
steps. 1) Defining the performance acceptance criteria. 2) Con-
ducting accelerated aging tests of the fiber at elevated temper-
ature(s) up to its failure. 3) Performing TGA analysis of the
coating in an appropriate temperature range. 4) Correlating the
fiber failure with coating weight loss. 5) Estimating the appro-
priate time-temperature range for the fiber application based on
extrapolations of the TGA data.

III. TGA APPROACH

There are two main TGA approaches to lifetime determina-
tion: isothermal and dynamic. In the isothermal method, the
sample is rapidly heated to a preset temperature and then is
maintained at this temperature [11]-[13]. From the obtained
TGA curve, the time of say 5% weight loss can be determined.
Repeating the test at various temperatures, an extrapolation to
other time frames (e.g., 20 years) can be made. In theory, the
isothermal approach should be the most accurate one. However,
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it has two significant shortcomings: long observation time and
inevitable weight loss before reaching the observation temper-
ature [12], [14], [15]. That is why the alternative (dynamic) ap-
proach is typically utilized.

In dynamic TGA, the sample is heated at a constant rate while
its mass is being measured [16]-[22]. The decomposition ki-
netics parameters are then calculated within a framework of a
certain model. All such models are based on the following gen-
eral equation:

da E*
B k)= Aexp (—RT) fl@) o

where 7' is temperature, ¢ is time, « is conversion or fractional
weight loss (i.e., O in the beginning and 1 when all of the de-
composed material is gone), k is the rate constant, A and E*
are the Arrhenius frequency factor and the activation energy, re-
spectively, R is the gas constant and f(«) is a kinetic model
function. Since f(«) is usually unknown, various mathematical
functions are considered based on nucleation, geometrical, dif-
fusion mechanism or reaction order concepts [23]-[27].

Using different approximations, the activation energy, and
sometimes A and f(«), can be determined from the TGA data
obtained at a single or multiple heating rates. The most widely
used approaches were developed by Horowitz and Metzger [28],
Coats and Redfern [29], Broido [30], Ozawa [31], Flynn and
Wall [32], Kissinger [33] and Friedman [34]. Often, conflicting
results are obtained using different approaches [24], [35]-[39].
The main reason for the discrepancy between the methods is
that all of the models assume a single mechanism responsible
for the thermal decomposition in the temperature range under
study (i.e., only one set of A, E* and f(«) in (1)). Generally
speaking, this should not be true for optical fiber coatings, since
their formulations involve different chemical ingredients. In par-
ticular, the single mechanism assumption cannot be completely
valid for dual-coating systems.

As an alternative to the existing methods, we propose a more
straightforward approach for evaluating the coating lifetime. As
was indicated above, the fiber acceptance criteria must be de-
fined. We make an assumption that the failure of fiber perfor-
mance corresponds to a certain weight loss, F'%. As examples,
we consider below the F'% magnitudes of 5, 10, 25, or 50%
coating weight loss. Mild weight loss generally corresponds
to evaporation of volatile components, such as additives, non-
reacted monomers or adsorbed moisture. Greater weight loss
tends to indicate breakdown of the material. While we will dis-
cuss weight change here in terms of weight loss, weight can also
increase somewhat upon heating (i.e., samples heated in air or
oxygen can react with the oxygen in ways that increase their
weight). Both oxygen uptake (weight gain) and weight loss can
occur at the same time. Weight loss tends to be more evident
at high temperatures, where evaporation rate is greater than the
rate of oxygen incorporation.

Next, for assessing the lifetime, we determine the tempera-
tures at two weight losses X% and Y% that are near F'% (see
Fig. 1). Itis preferred that both X % and Y% belong to the range
[0 — F%)], so that the weight loss kinetics within the interval
X% — Y% represent some average over the range [0 — F%].
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Fig. 1. Dynamic TGA thermogram obtained for Coating A in nitrogen at a
heating rate of 0.5 °C/ min. The dashed lines and notations explain the ap-
proach of assessing the material lifetime.

For instance, when F' = 25%, good magnitudes for X% and
Y % would be 10 and 20%, respectively.

For a certain heating rate /3, one can determine the temper-
atures at the weight losses of X% and Y %. We denote these
temperatures as T xo, and Tz yo, (Fig. 1). Note that it is incon-
venient to take X % equal or too close to zero, since at that con-
dition the sample weight changes slowly, so that Tg xo would
be determined with a large uncertainty.

Going from X % to Y %, the sample loses (Y % — X %) of its
weight during the time 7xy

(Tsy% — T, x%)
5 .

This weight loss time corresponds to some average temperature
over the range T3 xo, to T3y

dt
xy & == (Tsy% — Ts,x%) = )

dr

Tsyw +Tpx%
T — (Ts, v ‘ g,xz). 3)

Thus, the time for the weight loss of F'% at a given constant
rate of loss at the average temperature can be calculated using a
simple proportion

F
~Tvy - — . 4
TF R TXy ¥ -x) 4

We assume Arrhenius behavior of 7
InTp =InTpg + 5)

RT,,

where In 7p( is a pre-exponential. We next obtain the E* and
Tro values by plotting In 7 versus 1/Ty,. Then, this plot can
be extrapolated to other time-temperature conditions.

The advantage of the proposed approach is that it enables life-
time prediction in the most direct way, without relying on any
decomposition model. It determines the effective pre-exponen-
tial and the activation energy that correspond to some averaged
magnitudes for all decomposition reactions that occur in the
considered weight loss region. In an ideal case, when thermal
decomposition is governed by a single chemical reaction, our
approach should provide data consistent with the isothermal and
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various dynamic ones [11], [28]—[34] (that is, if the dynamic ap-
proaches use the correct model function).

Another advantage of our approach is that it enables one to
verify the prediction quality by applying equations of regression
analysis [40]. In addition to the linear correlation coefficient,
the extrapolation error can be calculated. We plot the data in the
Arrhenius coordinates, i.e.,

(=al+b 6)

where ( = ln7p, £ = 1/T,a = E*/Rand b = InTpg. At a
certain value of £, the value of ( is determined with a measure of
uncertainty called the “confidence interval.” We calculate 95%
confidence intervals using the following equation:
1/2
(5 B Emean)2
Z (&z - fmean)z

i

1
(=al+bx S to50n—2 E+ @)

where S is a square root of the mean square about the regression
(i.e., standard deviation of the experimental points with respect
to the fit), n is the number of experimental points, t959 ,_o is
the Student coefficient, &; is an ith measured value of £ (i =
1...n) and &;cqn is the mean of the experimental magnitudes
€.

When the experimental points fall well on a straight line, this
leads to a relatively small extrapolation error. In contrast, when
the experimental points do not fall well on a straight line (for
instance if the Arrhenius plot systematically curves, indicating
that the effective activation energy depends on the heating rate),
this leads to an increase of the confidence interval for the ex-
trapolated magnitude of In7p.

IV. EXPERIMENTAL

A. Samples

Three fibers were drawn, having the following structure:

Fiber A has a 50 pm graded-index core and 125 pm diameter
silica cladding. It has a dual acrylate coating (Coating A) with
primary and secondary coating diameters of 190 and 245 pm,
respectively. The numerical aperture for the fiber is 0.2.

Fiber B has a200 pm pure silica core and 225 pm fluoroacry-
late polymer cladding with a numerical aperture of 0.37. The
polymer cladding on this fiber also plays a role of the coating
(Coating B).

Fiber C is a single mode fiber with 125 pm cladding and
155 pm polyimide coating (Coating C). The numerical aperture
of the fiber is 0.11.

B. TGA Testing

All thermogravimetric measurements were performed using
a TA Instruments TGA 2950 thermogravimetric analyzer over a
temperature range from ambient to 800 °C. The samples were
small (< 1 cm) pieces of fiber placed in a platinum pan. Typ-
ical sample weight was in the region 1040 mg. The sample
chamber was purged using nitrogen, oxygen or air at a flow
rate of 60 cm?®/ min. The dynamic TGA experiments were per-
formed at heating rates of 0.5, 1, 2, 5, 10, and 20 °C/ min.
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Fig. 2. Dynamic TGA curve (continuous line) and its temperature derivative
(dashed line) obtained for Coating A in air at a heating rate of 1 °C/ 1uin.
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Fig. 3. Dynamic TGA curve (continuous line) and its temperature derivative
(dashed line) obtained for Coating B in air at a heating rate of 1 °C/ min.
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Fig. 4. Dynamic TGA curve (continuous line) and its temperature derivative
(dashed line) obtained for Coating C in oxygen at a heating rate of 1 °C/ min.

Since only the coating weight was of interest, we have sub-
tracted the weight of the glass from the total weight measured by
TGA. The weight fraction of the glass was determined from the
residual weight of the samples at the highest experimental tem-
perature (800 °C). With the nitrogen purge, the coatings do not
decompose completely even at 800 °C. To avoid this problem,
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we switched the gas to oxygen at 650 °C and then ramped to
800 °C at 20 °C/ min.

C. Fiber Aging

The thermal stability of Fiber A was also investigated using
accelerated aging followed by measurements of coating diam-
eter, fiber strength and optical attenuation. For the accelerated
aging, the fiber was placed in an oven (Isotemp Temperature
Programmable Oven, Model 818F, Fisher Scientific).

In preparation for strength and diameter tests, short
(< 20 cm) straight lengths of fiber were hung vertically
to minimize contact with each other and with other surfaces.
The upper ends of the fibers were affixed to aluminum bars
using Kapton polyimide tape. The oven was set at 300 °C, and
the aging times were 5 and 30 min, and 24, 50, and 72 h. The
oven temperature calibration was checked at both 250 °C and
300 °C and was found to agree within £3 °C of the set point
at most locations within the oven cavity.

D. Fiber Optical Tests

For the attenuation test, a loose fiber coil (1000 m long) was
placed in a 10 x14” aluminum tray and coated with talc be-
fore the aging. The specimen was placed inside an environ-
mental chamber with the connectorized ends exiting through
the chamber porthole and connected to a Rifocs optical trans-
mittance system. The Rifocs system comprises 751R-850 LED
light sources and a 676RE multichannel power meter. Optical
transmittance at 850 nm was monitored throughout the test.

E. Fiber Coating Diameter Measurements

Coated fiber diameters were measured after aging using a
TLAser 222 diameter gage. One ~ 8-cm sample was exam-
ined from each aging condition. Each aged sample was mea-
sured three times, taking readings at its top, middle, and bottom
(granted that the coating was still present). Fibers were centered
in the detector crosshairs before readings to ensure measure-
ment at the same reference point.

F. Fiber Strength Tests

The fiber strength was tested using a two-point bend tech-
nique with a Fiber Sigma 2 Point™ Bend Apparatus at a strain
rate of 4%/min and ambient conditions. Details of the method
can be found elsewhere [41], [42]. For the “as drawn” and aged
fibers 10 specimens were tested per aging condition.

V. RESULTS AND DISCUSSION

A. Thermogravimetric Analysis

Typical dynamic TGA curves obtained for Coatings A, B,
and C in air are given in Figs. 2—4. The dashed curves show the
temperature derivatives (DTG). Each peak on the DTG curve
corresponds to a certain weight loss mechanism. At relatively
low temperatures (< 200 °C), small broad peaks are observed
for Coatings A and B. Those peaks are attributed to removal of
uncrosslinked volatiles from the coating, rather than to network
breakdown. Thermal decomposition predominates at higher
temperatures.
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100 - J b TABLE 1
USE TEMPERATURES (°C) AND ARRHENIUS PARAMETERS FOR COATING A
IN AIR OBTAINED WITH DIFFERENT CRITERIA
80 [ .
3 Use Time Criterion (Weight Loss at Failure)
L 60 | ——20C/min Ay - 5% 10% 5% 50%
g | | 10 C/min ACARY
= | |----- 5 C/min ERARE 20 Years 85 +13/-5 87+9/5 93 +6/-4 107 +6/-4
£ 40 — — 2 C/min RN
S N R 1 C/min AN 1 Year 111 +10/-5 114 +8/4 122+5/-3 139 +5/4
© --—=0.5C/min
20+ 1 Month 135 +8/-5 140 +7/-4 150 +4/-3 170 +4/-3
1 Day 174 +5/4 181 +4/-3 195 +3/-2 221 +3/2
ot | | | 1
100 0 100 200 300 400 500 600 700 | 1Hour 217 +3/2 229+2/2 247 +1/-1 279 +1/-1
Temperature (°C) 1 Minute 288 +4/3 306 +413 3334413 379+413
Fig. 5. Dynamic TGA curves obtained for Coating A in air at different heating E* (kJ/mol) 13349 128+7 124+5 12345
rates.
R 0.9988 0.9992 0.9996 0.9996
. . . . X%-Y% 5% -10% 5% -15% 5% - 25% 10% - 50%
Chemical reactions that occur during thermal decomposition range
are not necessarily known. Among studied coatings, Coating A
represents the most complex case for TGA, since its DTG curve 25 1 | T T
contains two strong peaks (at ~ 280 and ~ 470 °C), and the o Experiment j
former peak also reveals two shoulders (at ~ 250 and 330 °C). 20 - 95%, Upper Limit ’ 7
It follows that the decomposition of Coating A includes at least Lin e;r Fit
. .. . 15 — —|
foulT d.1ffere.nt steps. In contrast, the decgmp0s1t1on of CoatingC ™ [|[____. 95%. Lower Limit
exhibits a single narrow DTG peak, which should represent the =~
easiest case for analysis. E 10
Examples of the dynamic TGA curves obtained at different & 5| |
heating rates for Coating A are shown in Fig. 5. In the coating =
weight range 40—100%, as expected, an increase of the heating 0k a
rate shifts the curves to higher temperatures. At residual
weights below 40%, the heating rate dependence no longer 5 - _
holds, indicating that the material decomposition becomes un-
stable. We utilized the above-described approach for obtaining 10 ! ! | !
lifetime data from the dynamic TGA curves. Since the fiber 0.001 0.0015 0.002 0.0025 0.003 0.0035
failure criterion is unknown, we calculated the lifetimes that 1T (K™Y

correspond to several weight losses, F'%: 5, 10, 25 and 50%.
1) Selection of Weight Loss Range: To apply (2)—(5), one
must select the magnitudes of X% and Y% from the experi-
mental weight loss curve (see Fig. 1). The selection is some-
what arbitrary as long as the selected range represents suffi-
cient weight loss and the derivation of the corresponding tem-
peratures is reliable. For example, for ' = 25% one may use,
say, X = 10% and Y = 20% or X = 5% and Y = 25%.
We recommend not to use X < 5%. At0 < X < 5%, the
weight changes slowly, leading to a larger uncertainty in the de-
termined value of T3 x¢,. For a given failure criterion F'%, we
compared results using different magnitudes of X% and Y %.
Thus, for FF = 25%, we used a “narrower” range, X = 10%
and Y = 20%, and a “broader” one, X = 5% and Y = 25%.
Both X% — Y% sets provided very similar predictions for the
coating use temperature. Thus, the activation energies obtained
for Coating A are 123 £ 5 and 124 + 5 kJ/mol, for the nar-
rower and broader ranges, respectively. For the same sets of
X% and Y%, the 20-year use temperatures were 94 + 6/—4
and 93 + 6/—4 °C, respectively. We see that the thermal de-
composition of Coating A in air follows the same or similar
dynamics through both of the X% — Y % ranges. In general,

Fig. 6. Arrhenius plot for Coating A in air in coordinates of (5) for F' = 25%.
The continuous line shows linear fit; the dashed and dotted lines show the lower
and upper 95% confidence limits for the extrapolated values of In7y.

it seems most reasonable to select a broader X% — Y % range
since it better represents the target weight loss range, i.e., from
0 to F'%. For consistency, we utilized the broader X% — Y%
range for F' = 25% with all coating-gas systems. The X %—Y %
ranges used for F' = 5, 10, and 50% are listed at the bottom of
Table 1.

2) Determination of Lifetime at Different Temperatures: An
example of the Arrhenius plots is shown in Fig. 6. This plot is
obtained for Coating A in air, assuming a 25% coating weight
loss criterion. As can be seen, the experimental points fall well
on a straight line with a correlation coefficient of 0.9996. Table I
presents the lifetime-temperature data obtained using different
weight loss criteria. It is obvious from Table I that the “lifetime”
is a function of two variables: the failure weight loss and the use
temperature. Thus, if we assume that Fiber A fails to perform
optically and mechanically at 25% coating weight loss, such
fiber can sustain 20 years at 93 °C. It can also be used at higher
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Fig. 7. Effects of the environment on thermal decomposition of Coating A. All
three curves are obtained at a heating rate of 0.5 °C/ min.

temperatures, but for shorter times. For example, this fiber will
sustain 1 year at 122 °C and 1 month at 150 °C, again based on
the 25% weight loss criterion.

If the fiber fails at a different weight loss level, say 10%
weight loss, then the use temperatures will shift to lower mag-
nitudes: 20 years at 87 °C, 1 year at 114 °C and 1 month at
140 °C. In contrast, if the fiber is known to fail at 50% coating
weight loss, the use temperatures will be: 20 years at 107 °C,
1 year at 139 °C and 1 month at 170 °C.

Similar activation energies were obtained for the different
weight loss ranges, despite the complicated shape of the DTG
curves. It follows that the most critical decomposition steps that
occur at residual weights above 50% have similar activation en-
ergies. However, this should not necessarily be true for other
coating types.

3) Environmental Effects: Fig. 7 compares dynamic TGA
curves obtained with different purge gases. As expected,
thermal stability decreases in the following order: nitrogen >
air > oxygen. Table II summarizes the lifetime-temperature
data for Coating A in different environments assuming the 25%
weight loss criterion. In nitrogen and oxygen, the Arrhenius
data exhibited somewhat lower correlation coefficients and,
as a consequence, the lifetime temperatures were obtained
with larger uncertainties. Lower correlation coefficients may
be a consequence of the associated chemical reactions having
different activation energies. Experimental uncertainties may
also contribute to the magnitude of the correlation coefficient.

4) Results for Coatings B and C: Table III shows the data
obtained for Coatings B and C using the 25% weight loss crite-
rion. Fig. 8 provides time-temperature diagrams for all studied
coatings in air, using the same criterion. The error bars corre-
spond to the uncertainties in evaluating the magnitudes of T and
In 7. With a diagram such as shown in Fig. 8, one can easily
estimate the highest operation temperature (when the use time
is known) or the “lifetime” of the fiber at the known use tem-
perature. Both Table III and Fig. 8 clearly indicate that thermal
stabilities of the coatings increase in the following sequence:
Coating A (dual acrylate) < Coating B (fluoroacrylate polymer
cladding) < Coating C (polyimide).
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TABLE II
USE TEMPERATURES (°C) AND ARRHENIUS PARAMETERS FOR COATING A IN
NITROGEN, AIR AND OXYGEN OBTAINED AT 25% WEIGHT LOSS CRITERION

Use Time Gas Environment

Nitrogen Air Oxygen
20 Years 112 +27/-7 93 +6/-4 89 +12/-5
1 Year 141 +20/-7 122 +5/-3 117 +10/-5
1 Month 168 +15/-7 150 +4/-3 144 +8/-5
1 Day 213 +8/-5 195 +3/-2 188 +5/-4
1 Hour 264 +3/-3 247 +1/-1 238 +2/-2
1 Minute 348 +11/-8 333 +4/-3 321 +6/-4
E* (kJ/mol) 136 £ 15 1245 125+8
R 0.9970 0.9996 0.9989
X%-Y% range 5% -25% 5% - 25% 5% -25%

TABLE III

USE TEMPERATURES (°C) AND ARRHENIUS PARAMETERS FOR COATINGS B
AND C IN NITROGEN, AIR AND OXYGEN OBTAINED
AT 25% WEIGHT LOSS CRITERION

Use Time Coating B Coating C

Nitrogen Air Oxygen Nitrogen Air Oxygen
20 Years | 201+5/-3 | 124+5/-3 | 100+11/-5 | 375+9/-5 | 251+28/-9 | 222+7/-5
1 Year 230+4/-3 | 153+45/-3 | 127+9/-5 410+7/-5 | 296 +22/-9 | 265 +6/-5
1 Month 256 +4/-3 | 180+4/-3 | 153 +7/-4 443 +6/-4 | 340 +18/-9 | 307 +6/-4
1 Day 297 +2/-2 | 224+43/-2 | 194+5/-3 493 +3/-3 | 412+11/-8 | 376 +4/-3
1 Hour 342 +1/-1 | 274+1/-1 | 240+2/-2 546 +1/-1 496 +4/-4 457 +2/-2
1 Minute | 410+2/-2 | 355+3/-2 | 314+4/-3 626 +4/-3 | 640+12/-9 | 597 +4/-3
E* 208+7 144 +5 138 +9 311+15 165+ 14 154+5
(kJ/mol)
R 0.9997 0.9995 0.9990 0.9992 0.9982 0.9997
X%-Y% 10%-25% | 5%-25% 5%-25% 5%-25% 5%-25% 5%-25%
range

B. Correlation With Optical Fiber Properties

To use the TGA data in lifetime predictions for specialty
optical fibers, it is important to correlate the results of thermal
analysis with the fiber performance. For instance, Cusanello
et al. [43] reported in their investigation into similar poly-
imide-coated optical fibers that fiber strength dropped sharply
in the time/temperature regime where we observe 25% wt. loss.
Armed with the knowledge of the correlation, one can readily
predict fiber performance using TGA data.

Comparison of Fiber Diameter Reduction With TGA Weight
Loss:

In this paper, we investigated thermal aging effects on the
coating diameter and strength of the fiber with Coating A. Dry
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Fig.9. Residual Coating A volume for a fiber aged at 300 °C in air. Solid curve
is based on extrapolations of the TGA data.

aging of fibers was performed using an oven at 300 °C, where
the aging times were 5 and 30 min, and 24, 50, and 72 h. From
the measured coating diameter and the glass diameter (125 pm),
the residual coating volume was calculated. These magnitudes
(expressed in percent of the “as drawn” coating volume) are
shown in Fig. 9.

The decrease of the coating volume is related to the thermal
decomposition of the coatings. At the longest exposure, only
10.5% of the initial volume is retained by Coating A. Upon
aging, the fiber color became progressively darker, from yel-
lowish (after 5 min) to brown to black (after 30 min). No cracks
or other defects were evident at the coating surface at least up
to 30 min. After 24 h (and > 75% volume loss), we observed
about 1 crack per 5 cm.

It is of interest to compare these data with predictions from
our TGA approach. Based on the TGA data, we calculated the
times needed for Coating A to lose 5, 10, 25, 50, and 60% of its
initial weight. We were not able to calculate the times for higher
weight losses because of the inconsistency of the dynamic TGA
curves in that weight loss range (see Fig. 5). For simplicity, we
assume that the coating density does not change significantly
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magnitudes determined at each condition.

upon its decomposition, so the weight loss percentage is equiv-
alent to the volume change percentage. The TGA-based predic-
tion is compared with the experimental data in Fig. 9. Indeed,
good agreement is observed.

1) Coating Degradation and Fiber Strength: Fiber A as
drawn and aged at 300 °C, as described above, was tested for
strength using the two-point bend test method. Fig. 10 shows
some of the obtained failure probability distributions. For most
of the aged fibers, the observed distributions are relatively
narrow, exhibiting Weibull slopes in the range between 20 and
60. The median failure stress and the ranges of the obtained
magnitudes are shown in Fig. 11. It can be seen that the fibers
become stronger upon thermal aging, at least up to aging time of
50 h. Such trend is counter-intuitive, especially keeping in mind
that the coatings lose up to 90% of their volume (see Fig. 9).
A subtle median strength decrease seemed to be observed after
72 hours. At this point, the coating had not only developed a
few cracks, but it had visibly flaked off in several spots.

It follows that the fiber strength (at least measured for rela-
tively small pieces of fiber, aged under static zero-stress condi-
tions), is not an early indicator of failure at high temperatures. It
is believed, however, that if the aging is prolonged, then below
a certain coating thickness the fiber strength would degrade.
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Fig. 12. Effects of thermal exposure on attenuation of Fiber A at 850 nm.

2) Coating Color: Our observations indicate that it is not
always obvious how to define the fiber failure criterion. If, for
instance, it is important for Fiber A to preserve its color, then a
5 min exposure to 300 °C might be considered as failure, which
corresponds to ~ 25% weight loss. However, if fiber strength is
considered the key factor, then the failure criterion might corre-
spond to a weight loss above 90%.

3) Strip Force and Modulus: One previous study on a dif-
ferent acrylate coating system has shown that weight loss of
< 5% can correspond to significant changes in primary coating
strip force and modulus [10]. An increased modulus, in turn,
tends to increase optical attenuation at low temperatures.

4) Fiber Attenuation: We have studied thermal aging effects
on optical attenuation for the fiber with Coating A. Two identical
1-km fiber coils (samples 1 and 2) were subjected to thermal
aging with continuous optical monitoring (850 nm) at 175 °C as
follows (Fig. 12). First, the fiber was conditioned at room tem-
perature, then cycled to —55 °C to assess baseline attenuation
with unaged coating. The fiber was then ramped to 175 °C and
held for 1 week. The effect on low-temperature attenuation was
checked by an excursion to —55 °C, followed by a 2nd week
at 175 °C. Finally, the fiber was allowed to cool slowly to room
temperature, and the —55 °C attenuation was again checked.

As can be seen, fiber with Coating A experienced less than
0.2 dB/km increase in attenuation throughout the test. For most
specialty fiber applications, this attenuation is acceptable. The
changes in coating weights corresponding to 2 weeks at 175 °C
were estimated from the TGA data to be in the range 34-38
wt%. It follows that even a significant coating weight loss does
not necessarily hinder optical transmission.

VI. CONCLUSIONS

The concept of “thermal stability” as applied to specialty op-
tical fibers includes three important aspects: performance accep-
tance criteria, continuous use time and upper use temperature.
Only two of these three aspects are independent; e.g., knowing

the failure criterion and the continuous use time one should be
able to deduce the upper use temperature. The fiber failure crite-
rion fully depends on the application requirements. A relation-
ship between the use time and the temperature can be obtained
from dynamic thermogravimetric analysis of the fiber coating.
Extrapolation of TGA data enables one to anticipate the fiber
failure at various time/elevated temperature conditions.
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