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Synopsis

A freely oscillating torsion pendulum has been used to characterize the dynamic mechanical be-
havior of single polymer-coated optical fibers. The dynamical mechanical spectra of the polymer
coatings exhibit a glass transition temperature (T}), a cryogenic glassy-state relaxation (Tse.), and
another cryogenic relaxation that is attributed to water present in the coating (T'y,0). The shear
modulus (G”) of the coating was computed from the shear moduli of the composite specimen and
the core, assuming that the coating and core deform through the same angle on oscillation. The
glassy-state modulus was the same for both thin and thick coatings, although the intensity of the
damping peaks, as measured by the logarithmic decrement, increased with coating thickness.
Comparison of the dynamic mechanical behavior of a coated optical fiber and of a free film cast from
the same reactive components shows that the polymer itself can absorb water at ambient conditions
and display a mechanical relaxation at cryogenic temperatures. The Ty,o and T, relaxations are
coupled with respect to their intensities. Latent chemical reactivity was found in one coating above
its maximum temperature of cure. In this, the temperature of cure determines the glass transition
temperature.

INTRODUCTION

Polymeric coatings on optical telecommunication fibers provide long-term
protection from abrasion and environment which preserves the pristine strength
of the fibers.! Mechanical properties of the coating are also important because
they influence optical attenuation through microbending loss.2 To protect the
fiber from immediate environmental damage and to prevent beading of the fluid
resin, the coating is formed immediately after the silica has been drawn from a
preform rod. The coating is applied by pulling the fiber through a reservoir of
reactive prepolymer fitted with a flexible rubber die.* Hydrodynamic forces
at the tip of the die center the fiber. The formulations used to produce the
coatings studied in this report are UV-curable epoxy diacrylates.

Single optical fibers were employed as the specimens in conventional torsion
pendulum experiments in which freely decaying waves were intermittently ini-
tiated. The sensitivity of a freely decaying torsion pendulum equipped with
a nondrag optical transducer permits examination of the dynamic mechanical
properties of coated and bare single filaments. The simple concentric geometry
of the fiber and coating in a commercial optical fiber allows calculation of the
actual in-phase shear modulus of the polymer coating from the composite
properties, assuming that the coating is well bonded to the core and that the
angular deformations of fiber and coating are the same.%® In situ character-
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ization of optical fiber coatings is attractive because it is difficult to reproduce
the exact radiation doses, curing conditions, and properties when preparing
unsupported film specimens.

This report concerns the dynamic mechanical behavior of optical fiber coatings
and the evaluation of the effects of elevated temperature and water vapor on
them using a torsion pendulum. A preliminary report has been published.’

EXPERIMENTAL

Specimens (5-6 cm) of coated fiber were cut from continuous lengths. They
were examined closely to ensure that fiber and coating were concentric. Coatings
were removed from some segments by soaking in tetrahydrofuran at room tem-
perature for 12 h, and these were then used to obtain the shear modulus of the
bare fiber. The diameters of the coated and bare fibers were measured to within
40.0001 cm with an optical microscope.

Dynamic mechanical spectra (ca. 1 Hz) were obtained using an automated
torsion pendulum,® a schematic diagram of which is shown in Figure 1. The
specimen is mounted in clamps between the supporting and lower extender rods
and lowered into the temperature-controlled chamber. The assembly is then
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Fig. 1. Automated torsion pendulum.
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coupled magnetically to the inertial disk; the latter remains permanently in the
lower section of the instrument (see Fig. 2). The weight supported by the
specimen is about 15 g. The polaroid disk serves as one part of the optical
transducer. A beam of light passes through the oscillating disk and then through
a second stationary polaroid sheet. The attenuated light is converted to an
electrical analog signal by a linearly responding photodetector. The signal is
monitored by an analog computer (6) which computes the period of the oscillation
and the damping coefficient for each wave. Recent publications”® report the
use of digital computers for control and data processing of freely decaying torsion
pendulum experiments. An automated instrument is commercially available
from Plastics Analysis Instruments, Inc., P.O. Box 408, Princeton, NJ 08540.
The specimen is enclosed in a temperature- and humidity-controlled-and-

measured environment of helium. Spectra were obtained between —190 and
115°C.
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Fig. 3. Assumed geometry and deformation in a coated fiber under torsional loading.

Theory

The shear modulus of a cylindrical specimen can be defined as (see Notation
section):
o g
G =—=
v r(dé/dl)
For a long cylindrical shaft where d6/d! is small and constant along the shaft,
the shear stress is

(1)

=G'r— =
¢ L (2)

The torque per unit length is the summation of the moments of the shear
forces:

G’ 4
T= f or(2wrdr) = — f 2xr3dr = BWR (3)

For a composite shaft with no slip at the interface, the torque can be expressed?®
as (see Fig. 3)

T=T{+T, (fiber = 1, coating = 2)

: R : R
= G 127x'r3 dr+g2—0—2 f 227rr3 dr (4)
L L R1
Assuming equiangular displacement in fiber and coating (6; = 6, = 8),
0 , .
= -7 [GiRY + G3(R{ ~ RY) 5)

This overall torque is related to an overall modulus of the composite (G’) through
eq. (3):
G’ 07rR 011'

o [Gd?4 + Go(R% — RY)] (6)

T=




POLYMER-COATED OPTICAL FIBERS 1305

where G’ of the composite is related to the period (P) of oscillation of the com-
posite through!?

, _8wLI
Gr= R4P2 M
The modulus of the coating can be determined from the period of oscillation of
the composite and the shear modulus of the fiber through egs. (6) and (7):
G, = G’'R}— GiR} _(8«LI/P%) — GiR{ ®)
* Ri-Rf R} - R}
The loss modulus (G”) of a specimen is related to the logarithmic decrement (A)
and the shear modulus (G’) of the specimen by

G’A

™

Gl/ ~

9

where

A=lln(Ai)

n Ai+n

in which 7 is the number of oscillations between the ith and (i + n)th peaks of
a decaying wave, and A; and A;+, are the peak amplitudes of the ith and (i + n)th
oscillations, respectively.

Calibration

Calibration required the determination of the moment of inertia of the inertial
mass of the torsion pendulum using a calibrated wire. An aluminum rod of
measured geometry and mass was used as the inertial mass for calibrating a
chromium-nickel alloy wire. The period of the oscillation was obtained by av-
eraging over a number of oscillations using a stop-watch; the procedure was re-
peated many times to decrease the statistical uncertainty. The shear modulus
of the calibration wire was determined to be 8.612 X 10! dyn/cm? using eq. (7)
and the geometry and mass of the rod and the period of oscillation. The cali-
brated wire was then used as the specimen in the torsion pendulum, and the
moment of inertia of the system was determined to be 31.56 g-cm2. The bare
fiber was then used as the specimen, and its shear modulus (G}) was determined:
G1=1.936 X 1011 dyn/cm2. G was taken to be independent of temperature over
the temperature range in question (—190 to 115°C).

RESULTS AND DISCUSSION

Results were obtained for two specimens having coatings prepared in the same
manner but having different thicknesses. The coating thickness (Rs — R1) was
0.0050 cm for the thin coating and 0.0115 cm for the thick coating. The speci-
mens were conditioned in the apparatus in dry helium at 22°C for 16 h prior to
obtaining thermomechanical data. Plots of the shear modulus of the coating
(G2) calculated from eq. (8) versus temperature for the thin and thick coatings
are presented in Figure 4. Shear modulus data for the two specimens appear
to be similar and within experimental error. Small differences are caused by
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Fig. 4. Calculated in-phase shear modulus (G’) of coating vs. temperature (°C) for two specimens
with different thicknesses of coatings: (0) thin coating, R; = 0.0055 ¢cm, Rs = 0.0105 ¢cm, L = 5.80
cm; (O) thick coatings, Ry = 0.0055 cm, Rz = 0.0170 cm, L = 5.70 cm. Conditioning: 22°C/16 h/dry
helium. Experiment: 22 — =190 — 100°C. AT/At = 1°C/min. Plot shown: —190 — 100°C.

the experimental error in measuring the radii due to the fourth-order dependence
of G5 on the radius.

The values for G, appear to be valid in the glassy region of the spectrum when
the contribution of the polymer coating to overall specimen rigidity is equivalent
to that of the hard core. The modulus of the silica fiber is almost an order of
magnitude higher than that of the glassy coating, but the fourth-power depen-
dence of the modulus on the radius [see eq. (7)] enhances the contribution of the
coating to the overall rigidity.

The coating becomes rubbery above its glass transition temperature (T;) where
its real modulus is expected to drop by at least an order of magnitude. The
contribution of the coating to the composite rigidity above T} is therefore greatly
reduced in comparison with the contribution of the core fiber. The sensitivity
of the technique is therefore poor above the T of the coating. In principle, the
problem can be avoided by forming the polymer on a core support of low modulus.
The values of the glassy shear modulus shown in Figure 4 appear to be in good
agreement with an earlier report of mechanical properties of a free film of UV-
cured epoxy acrylate obtained with a mechanical spectrometer. At —100°C and
1 rad/sec, where G’ is relatively independent of frequency, the reportl! shows
G’ = 2.55 X 1019 dyn/cm2. This compares well with the value of 2.45 X 1010
dyn/cm? obtained by averaging the values obtained herein using the thin (2.60
X 1010 dyn/cm?) and thick (2.31 X 1019 dyn/cm?) specimens.

Figure 5 is a plot of the logarithmic decrement of the composite for both the
thin and thick coatings. Two thermomechanical transitions were found in the
spectra. A glass transition was found slightly above room temperature in each:
25°C for the thin coating and 34°C for the thick coating. A secondary relaxation
(Tsec) associated with epoxy acrylate materials was found at —144°C in both
coatings.

The intensity of the damping peaks increases with the amount of coating in
the composite. The intensity of the damping peak at the glass transition tem-
perature of the coating is plotted against the volume fraction and also against
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Fig. 5. Logarithmic decrement (A) of composite vs. temperature (°C) for two specimens with
different coating thicknesses (same specimens as for Fig. 4): (D) thin coating, T = 25°C (0.27 Hz),
Tsec = —144°C (0.33 Hz); (0) thick coating Tz = 34°C (0.39 Hz), Tsec = —144°C (0.72 Hz).

the volume of coating in Figure 6. The data plotted versus the volume of polymer
coating provide a straight line that extrapolates to the low damping value of the
glass fiber. It is accepted that the logarithmic decrement is proportional to the
volume fraction of dissipative material,12 provided that the geometry is un-

changed.

A free film of coating material was formed and used as a conventional torsion
pendulum specimen after ASTM D-2236.13 The film was a rectangular solid
with dimensions 0.063 cm X 0.254 cm X 5.40 cm. Figure 7 is a plot of the relative
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Fig. 6. Logarithmic decrement (A) of composite at T of polymer coating vs. volume fraction (4)
and volume (®) of coating in the composite.
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Fig. 7. Free film: relative rigidity (1/P2) and logarithmic decrement (A) vs. T (°C). Conditioning:
60°C/1 h/dry helium. Plot: 60 — —190 — 60°C; AT/At = 1°C/min. T, = 40°C (0.52 Hz) (de-
creasing temperature), 41.5°C (0.43 Hz) (increasing temperature). Tu,0 = —71°C (2.53 Hz), Tsec
= -138°C (2.85 Hz).

rigidity (1/P2), which is directly proportional to the shear modulus,®® and log-
arithmic decrement versus temperature. The specimen had been conditioned
1 h in dry helium (ca. 50 parts per million H>0) at 60°C, and its spectrum dis-
played a small but distinct damping peak between the more pronounced sec-
ondary (T..) and glass transition (T, ) damping peaks. The specimen was then
further conditioned for 10 h at 60°C in dry helium, and the spectrum was again
obtained (Fig. 8). The small damping peak was not present, indicating that it
is associated with small amounts of water present in the polymer that are ab-
sorbed at ambient conditions. This relaxation, denoted T'y,0,' was found to
be completely reversible and controllable through the humidity of the condi-
tioning atmosphere. This result on the free film indicates that water relaxations
will generally be present under use conditions of optical fiber coatings of the
epoxy acrylate type when used in the absence of a dry atmosphere.

A final example consists of the dynamic mechanical analysis of a fiber coated
with a different epoxy acrylate formulation from that discussed earlier. The
initial temperature scan (22 — —190 — 100°C) obtained after conditioning in
dry helium at 22°C for 16 h is presented in Figure 9. The spectrum shows a
secondary relaxation (T.), a water relaxation (T'y,0), and a complex glass
transition region. The subsequent scan from 100°C (100 — —190 — 115 —
30°C) showed no water relaxation, an increased intensity for the secondary re-
laxation (it has been reported!4 that the T, and T'y,0 relaxations are coupled),
and a slightly elevated and somewhat narrower glass transition. This latter result
indicates that this coating has latent reactivity at temperatures above its tem-
perature of formation (which was essentially room temperature).
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Fig. 8. Free film: relative rigidity (I/P2) and logarithmic decrement (4A) vs. T (°C) (same specimen
as in Fig. 7). Conditioning: 60°C/11 h/dry helium (see also Fig. 7). Plot: 60 — ~190 — 60°C;
AT/At = 1°C/min. Ty = 41°C (0.41 Hz), T, —134°C (2.80 Hz) (decreasing temperature).
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Fig. 9. Composite: relative rigidity (1/P2) and logarithmic decrement (A) vs. T (°C). Condi-
tioning: 22°C/16 h/dry helium. Plot: 22 — —190 — 100 — —190 — 115 — 30°C; AT/At =
1°C/min. R; = 0.0055 ¢cm, Ry = 0.0155 cm, L = 5.95 cm; T, = 95°C to 103°C, Ty,o = —67°C (0.052
Hz), Tsee = —136°C (0.56 Hz) to —130°C (0.55 Hz).
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CONCLUSIONS

Dynamic mechanical properties of the polymeric coatings of optical fibers have
been measured in situ using an automated torsion pendulum. The shear mod-
ulus of the coating was calculated from the moduli of the composite and core.
The glassy modulus of one coating at —100°C was 2.45 X 1010 dyn/em?, which
is in good agreement with a report on an unsupported film specimen.

Dynamic mechanical spectra of the coatings and free films were sensitive to
water absorbed in the polymer which could be removed by extended periods of
drying. A low-temperature water relaxation was coupled with a low-temperature
relaxation of the dry polymer.

In one polymeric system, with the curing temperature (~RT) well below the
maximum glass transition temperature, the material was incompletely cured.
Heating above the temperature of formation increased T}.

Partial support by the Chemistry Branch of the Office of Naval Research is acknowledged.

NOTATION
1,2 subscripts denoting fiber and coating, respectively
A; peak angular deformation corresponding to cycle number i
G’ in-phase shear modulus (dyn/cm?)
G” out-of-phase shear modulus (dyn/cm?2)

moment of inertia (g-cm?2)
specimen length (cm)
spatial variable in axial direction
period (s)

radius (cm)

variable in radical direction
torque (dyn-cm)

shear strain

logarithmic decrement
shear stress (dyn/cm?)
angular deformation

AR YT Y

References

1. H. Schonhorn, C. R. Kurkjian, R. E. Jeger, H. N. Vazirani, R. V. Albarino, and F. V. DiMarcello,
Appl. Phys. Lett., 29, 712 (1979).

2. D. Gloge, Appl. Opt., 11(11), 2506 (1972).

3. L. L. Blyler, B. R. Eichenbaum, and H. Schonhorn, in Optical Fiber Telecommunications,
S. E. Miller and A. G. Chynoweth, Eds., Academic, New York, 1979, p. 299.

4. L. T. Manzione, Ph.D. thesis, Department of Chemical Engineering, Princeton University,
1979.

5. J. K. Gillham, L.. T. Manzione, C. F. T, and U. C. Paek, Am. Chem. Soc., Organic Coatings
Plast. Chem. Div. Prepr., 41, 357 (1979).

6. J. K. Gillham, A.I.Ch.E.J., 20(6), 1066 (1974); also Polym. Eng. Sci., 19(10), 676 (1979).

7. L. E. Stillwagon and L.T. Manzione, in Proceedings of North American Thermal Analysis
Society, Boston, October 1980, pp. 89-94.

8. J. B. Enns, J. K. Gillham, and M. J. Doyle, Am. Chem. Soc. Organic Coatings Plast. Chem.
Div. Prepr., 43, 669 (1980); also, ibid., 45, 492 (1981).

9. J. C. Grassie, Applied Mechanics for Engineers, Longmans, Green and Co., New York, 1967,
p. 372.

10. L. E. Nielsen, Mechanical Properties of Polymers, Reinhold, New York, 1962.



POLYMER-COATED OPTICAL FIBERS 1311

11. C. R. Taylor, Bell Laboratories, Norcross, GA, unpublished results, March 1979.

12. N. G. McCrum, in Molecular Basis of Transitions and Relaxations, D. J. Meier, Ed., Gordon
and Breach, London, 1978, p. 172.

13. ASTM Standards, Part 35, Plastics—General Test Methods, American Society of Testing
and Materials, Philadelphia, PA, 1974.

14, J. K. Gillham, C. A. Glandt, and C. A. McPherson, in Chemistry and Properties of Crosslinked
Polymers, S. Labana, Ed., Academic, New York, 1977, p. 491.

Received May 20, 1981
Accepted August 25, 1981





