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1 | INTRODUCTION

Thomas W. Hawkins?’ | John Ballato?

Abstract

Recently developed methods for high resolution birefringence measurement
have been applied to distinguish between the surface and interior birefringence
of silica glass fibers as a function of drawing temperature and initial surface
condition for two types of silica glass with different water contents. Fibers were
drawn in a water-free argon environment using graphite heating elements. It was
found that fibers drawn at lower temperatures resulted in greater, interior bire-
fringence, in agreement with previous reports. Additionally, it was found that in
the case of low-water silica glass, flame polishing via oxygen-hydrogen mixture
and drawn into fibers at lower temperature resulted in significant surface com-
pressive stress upon drawing. This compressive stress may be the result of surface
stress relaxation in silica glass that occurs in the presence of water during fiber
drawing. In silica glass that contains greater internal hydroxyl impurity concen-
trations, the interior birefringence as well as the surface stress relaxation was
significantly reduced under the same fiber drawing conditions. Characterization
of such stress responses provides insight into the effects of common process-
ing techniques as well as impresses the significance of preform processing for

consistent fiber production.
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resultsindicating that lower temperatures and higher draw
rates have a similar effect of increasing birefringence.”:2

Glass structure is highly dependent on processing tem-
perature, cooling rate, and atmospheric water content.!*
Drawn glass fibers, in particular, undergo very dramatic
temperature changes over short time scales, resulting in a
high degree of such sensitivity.”'° Fibers have been pre-
viously characterized using birefringence measurements
as a function of draw temperature and draw rate, with

© 2023 The American Ceramic Society and Wiley Periodicals LLC.

Fibers produced for this work were 125 um in diameter, the
same diameter as the commercial optical fibers but had
no core with different compositions. Therefore, stresses
due to temperature gradient'® and different compositions
of core/cladding'*'® are absent. Birefringence in glass is
related to residual stress or a result of structural anisotropy.
The residual stress is linear with applied strain, and
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TABLE 1 Fiber samples employed in this work along with selected properties and process conditions
Draw temperature Flame OH Cl
Sample  Material Manufacture process (°C) polished T, (°C) (wt. ppm) (wt. ppm)
A F300 Flame hydrolysis 1875 Yes 1150 <1 800-2000
B No
C 1950 Yes
D No
E TO8 Fusion 1875 Yes 1155 180 ~0
F 1950 Yes

Note: Data from preform manufacturer were available. In the case of T08, the glass transition temperature and water content have been measured, and no Cl has

been detected.*

birefringence is often discussed in terms of stress, o (in
MPa), via the stress-optic relation:

A

o= cy D
where A is the retardance (in nm), C is the stress-optic
coefficient (in Brewsters, MPa~!), and y is the path length
of the material being measured (in mm). Retardance is
measured using polarized light microscopy via various
methods. In this work, as detailed later, the Sénarmont
method is employed as it represents a common method for
measuring small values of retardance.'’~%!

2 | PROCEDURE

2.1 | Materials and fiber drawing

Two silica glass preforms were selected for this work:
Heraeus F300 and Heraeus T08. The most significant dif-
ference between the selected silica glass preforms is the
OH impurity content. F300 silica is produced through a
vapor deposition process resulting in less than .1 wt. ppm
of OH impurity, whereas T08, a silica glass made from the
fusion of natural quartz, is known to contain 180 wt. ppm
OH.* Despite the vast difference in OH impurity, the glass
transition temperatures for the two silica glasses are nearly
equivalent due to the high Cl impurity within F300 reduc-
ing the glass transition temperature, Ty, toa similar degree
(Table 1).

Flame polishing of some silica glass preforms was car-
ried out using an oxygen-hydrogen torch. An even applica-
tion was assured using an SG Controls modified chemical
vapor deposition lathe, equivalent to those convention-
ally used for optical fiber preform fabrication (Clemson
University, Clemson, SC, USA). The lathe applied the
flame evenly via rotation of the silica glass rod during pol-
ishing. This is a common technique to mitigate surface
irregularities upon the preform but has also been known

to introduce significant OH content into the preform
surface.”

Optical fibers were drawn using a Heathway draw tower
(Clemson University, Clemson, SC, USA) from the two
types of silica glass rods (Heraeus F300 and Heraeus T08)
to the same diameter of 125 um (conventional diameter
used for commercial optical fibers) to compare the effects
of water impurity concentration and drawing parame-
ters on as-drawn fiber retardance (Table 1). Fiber drawing
was performed in an argon environment using a graphite
resistance heating element. Two draw temperatures were
chosen and employed for both types of glass rods: 1875 and
1950°C. Thus, a greater draw tension was applied during
the lower temperature draw to achieve the same target
diameter of 125 um while maintaining a constant draw
rate. Following drawing, the fibers were coated in a con-
ventional optical fiber polymer coating (Desotech DSM
3471-3-14), which was subsequently removed before retar-
dance measurement by soaking in acetone for 60 s to
induce swelling, followed by mechanical stripping. This
method avoids unnecessary further heating of the fiber.

2.2 | Retardance profiles

To characterize the compressive stress observed in the
low-temperature, flame-polished F300 fiber (sample A),
the retardance profile was fit to a model of surface stress
relaxation, based on the complimentary error function
(Figure 1)%°:

Fo—X
2z

rD
2 Fo—X
—E/erf( o >-xdx +k, (2
0

where 7,,5(x, z) is the residual stress at position x along
the fiber cross section with a characteristic surface layer

Ores(X,2) = Oapplied erf
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104 method allow for calculation of retardance, A, through the

/ \‘. following relation:

10 — Applied Stress \ S Bpmi
” ':' ---- Stl;i)ss Following Relaxation '.' A=2- % (3)
3 ' -----Residual Stress (equation 2) "

b§ 0.0 e bdedndndbednddeddeddndddbddu ~ where A is the wavelength of light used during measure-
© ! k ment (546 nm in this work), § is the relative retardation
! b in degrees, and 360 is the conversion factor from degrees
-0.5 4 " ‘\ to wavelength necessary for retardance. Comparisons of
; : the measured profiles were made by the measurement of
; : the average interior birefringence k. This was necessary
107 in the case of fibers demonstrating only birefringence as

T T T T T

T T T T
-1.00 -0.75 -0.50 -0.25 000 025 050 075 1.00

t/t,

FIGURE 1 Example of the curve produced by Equation (2)
where x ranges from zero to a theoretical radius of r, and with a
relaxation depth of z = .05r,. The offset constant k is zero but can
visualize as a vertical shift of the entire curve.

relaxation depth of z, at which point the error function
magnitude reaches 50%. 0 piicq is the assumed-constant
applied stress during relaxation, r, is the fiber radius,
and k is the remaining, interior birefringence which is
not accounted for by a balance of elastic forces, usually
positive.?’

Fiber retardance profiles were measured using the Sen-
armont method, in which the retardance is calculated from
the degree of rotation of polarized light passing through the
diameter fiber (Figure 2). Measurements obtained by this

(A) Halogen Source

Green Filter  Vertical
Polarizer

(B) S

FIGURE 2

Fiber Qu arter

a result of tensile deformation. The force balance that was
assumed in the development of Equation (2) for use in an
analysis of relaxation and elastic response of surface stress
relaxation does not describe the retardance found in such
fibers.

3 | RESULTS

Fibers containing higher impurity OH (sample E and F)
were found to demonstrate significantly lower, interior,
retardance, whereas fibers drawn at the lower tempera-
ture of 1875°C demonstrated greater retardance compared
to the fibers which were drawn at the higher temperature
(Figure 3). Sample A demonstrated a negative retardance
near the fiber surface, corresponding to a compressive
strain. This sharp surface compressive stress was observed
only in sample A (Figure 4).

Camera

Analyzer
Wave Plate

(A) Schematic of the microscope configuration used for the Sénarmont method. The sample is placed at a 45° angle between

crossed polarizers along with a quarter wave plate which is paired with a light filter of appropriate wavelength (546 nm via interference filter).

(B) Polarization state of light as it passes through the microscope. The light is elliptically polarized as it passes through the sample. Elliptically

polarized light is then converted to linearly polarized light of a new rotation angle 6,,;,, which is inferred via rotation of the analyzer.
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FIGURE 3 Average interior or “central” birefringence of fibers

as a function of draw temperature, normalized by T,. Values are
obtained by calculating the average birefringence of the measured
retardance profiles. Error in y direction is smaller than the size of
the data point (+1 nm/cm).
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FIGURE 4 Retardance profile of F300 fibers, samples A and
C, which were flame-polished with an oxy-hydrogen torch before
drawing. A surface compressive stress is evident in sample A, which
was drawn at 1875°C.

Parameters of analogous applied stress, relaxation
depth, and bulk nonelastic birefringence were found by
least squares fitting of Equation (2) and are listed in Table 2.
In order to convert the stress relaxation model parameters
into afit of retardance, an additional integration is required
to account for the circular cross section of the fiber, which
results in a path length, y in Equation (1), that varies with

TABLE 2 Fit parameters for Equation (4), as shown in Figure 5
Gupplicd (GPa) 7632 + .2
k (nm/mm) 1.571 + .06
z (um) 223 +.05

Note: Intervals are 95% confidence intervals for the fitted parameters.

measurement position, x:

C- Ores (x: Z) dy (4)

— 2
‘min=—" ro—x2

Ymax=14/rg—x?
2 = [
¥

Plots of retardance shown here place negative retar-
dance values on the positive y axis (corresponding to
compressive stress) in order to match the convention used
in the characterization of tempering and ion exchange
stress profiles, where compressive stress is expected
(Figure 5).

The model assumes that water interaction is neces-
sary for relaxation to occur. As the fiber is drawn in a
water-free environment, only internal water present due
to the flame polishing may contribute. F300 fibers pro-
duced without flame polishing did not exhibit surface
compression (Figures 4 and 6) but instead demonstrated a
greater degree of tensile deformation. TO8 fibers exhibited
markedly lower retardance overall, with the 1875°C drawn
fiber having slightly greater retardance than the 1950°C
fiber (Figure 6). Many fibers only demonstrated retardance
corresponding to tensile stress. Equation (2) was unable
to describe such measured profiles. Instead, a fit of a sin-
gle birefringence value was chosen to compare between
fibers. Birefringence is proportional to retardance per unit
path length of material. It is thus possible to estimate a

5 6
o ® A 9
E 44 model fit
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Q
e
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FIGURE 5 Fitof Equation (4) to sample A, fit to the proposed

model for surface stress relaxation in the presence of water
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FIGURE 6
which were not flame-polished before drawing. Also included are

Retardance profile of F300 fiber, samples B and D,

curves of constant birefringence illustrating the deviation observed
in the F300 fibers.
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FIGURE 7 Retardance profile of TO8 fiber, samples E and F,
including a fit of constant birefringence

best fit for samples where only tensile stress was observed.
This is indicated in Figures 6 and 7 as lines of constant
birefringence.

4 | DISCUSSION

Significant decrease in retardance with increasing fiber
draw temperature (Figure 3) is likely a result of the
decreased viscosity allowing for more rapid relaxation

SCIENCE

of the fiber. The 50° increase in draw temperature
chosen for this work corresponds to roughly a fac-
tor of 5 decrease in viscosity for silica.>?*** Tempera-
ture dependance in as-drawn fiber retardance has been
observed previously and has been attributed to the
anisotropy of network motifs aligning during the drawing
process.®’

4.1 | Different fiber interior anisotropies
form in the fibers of F300 (Figures 4-6)
versus TO8 (Figure 7)

Fibers of F300 exhibited wavy anisotropy profiles inte-
rior of the fiber, whereas TO8 exhibited smooth circular
anisotropy profiles with the value of k nearly constant.
The difference can be attributed to the difference of man-
ufacturing processes of the silica glasses. The form of the
anisotropy profile of the F300 fiber indicates the diminish-
ing value of the anisotropy at the fiber center. It is known
that silica glass preform for waveguides has frequently
been produced using the outside vapor deposition (OVD)
technique, having in a hollow in the center.”” The preforms
chosen for this work were presumably collapsed into solid
rods from existing OVD preform with a hollow center. This
may account for a silica glass rod with a slightly different
structure in the center of the F300 preform due to fictive
temperature differences, which can lead to the difference
in curvature observed in the center of such F300 samples.

4.2 | Effect of flame polish on surface
compressive stress of fibers prepared at
different temperatures

Only fibers made of F300 at lower temperature after flame
polishing exhibited surface compressive stress, which is
due to surface stress relaxation, whereas other silica glass
fibers did not.

Flame polishing with oxy-hydrogen can result in
increased water (OH) content at the fiber preform
surface.”” Ref. [22] demonstrates a diffusion depth of 50~
100 pm at a concentration of 600-900 wt. ppm. Such a
degree of OH impurity is in the same order as is found
throughout T08 and likely influences the surface of the
F300 fiber to relax accordingly. Because the fiber draw-
ing is a relatively fast process, however, it is not limited
by this depth but instead by the relaxation rate (result-
ing in the low value of z found for Equation 2). This is
likely to enable surface stress relaxation during fiber draw-
ing of the flame-polished F300 fiber, and thus producing
the observed compressive stress.”®?” However, when silica
glass with high CI content is heat-treated, Cl can evaporate
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and its surface viscosity increases and cause the slower sur-
face structural relaxation.”® Similarly, water evaporation
from silica glass via dehydration reaction can take place
when water-containing silica glass was heated causing the
glass viscosity to increase. This evaporation may be the rea-
son why surface stress relaxation was not observed for most
silica glass fibers containing a high concentration of OH or
chlorine in the preform.

This is further confirmed by the ability to fit the flame-
polished sample stress profile with some success to the
surface stress relaxation model. The fact that the higher
bulk water content glass, T08, exhibits significantly lower
surface compressive stress even having applied the same
flame polishing procedure suggests that in the case of a
uniformly high OH impurity glass, relaxation may occur
throughout the material more readily due to the decreased
viscosity caused by the OH impurity. Despite the decreased
magnitude of birefringence in T08, the fact that a compres-
sive stress is still observed in TO8 at the lower temperature
in addition to the significant decrease in overall birefrin-
gence suggests that flame polishing does impart greater
surface water impurity than initially present in the glass
overall.

5 | CONCLUSION

It has been demonstrated that fiber draw temperature and
fiber preform processing can greatly influence the strain
present in a drawn silica fiber. In the case of preforms
treated via oxy-hydrogen flame polishing, significant sur-
face stress relaxation can occur especially at lower draw
temperatures. This is likely due to surface stress relax-
ation caused by water present in the preform surface. The
features observed in the F300 fiber indicate that interior
tensile deformation is likely a result of the fiber preform
production process.
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