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1 |  INTRODUCTION

Silica glass fibers are known to exhibit birefringence which 

increases with applied axial tensile stress, such as during 

fiber drawing.1,2 While some groups have investigated these 

effects in the fiber bulk, birefringence at or near the sur-

face has not yet been explained. Birefringence can appear in 

glass either through residual stress or structural anisotropy. 

One example of the formation of residual stress in the glass 

surface is thermal tempering. Glass is strengthened by the 

formation of a surface compressive stress through rapidly 

cooling the glass from its softening point. Since thermal 

tempering requires the formation of a temperature gradient 

in the glass piece during cooling, it is unlikely to occur in 

glass fibers with a 125 μm diameter since the fiber is too thin 

to produce an adequate temperature distribution.3 Structural 

anisotropy can occur in some organic glasses through align-

ment of chain structures. Among oxide glasses, phosphate 

glass fibers exhibit a high degree of structural birefringence 

through the orientation of chain structures.4 Oxide glasses 

with a phase-separated structure can also exhibit birefrin-

gence when stretched due to elongation of the spherical mi-

crostructure into ellipsoidal shapes in the tensile direction.5 

In order to explain the observed birefringence of silica glass 

fibers, non-Newtonian viscous flow6 and frozen-in visco-

elasticity7 have been proposed previously. These mechanisms 

may produce a uniform birefringence per sample thickness 

throughout a homogeneous silica glass fiber, but the reported 

birefringence per unit thickness in silica glass fibers appears 

to vary radially.2,8,9
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Abstract
The retardance of silica glass fibers was evaluated using photoelastic techniques. 

Here, surface birefringence in glass fibers is shown to be a consequence of surface 

stress relaxation for as-received fibers drawn from Suprasil II. The surface features 

of the birefringent fibers were compared to a model of the residual axial stress pro-

file resulting from a diffusion-controlled surface stress relaxation. Additionally, a 

uniform birefringence in the fiber equivalent to a constant tensile stress was rec-

ognized and attributed to structural anisotropy produced during fiber drawing. The 

contribution of structural anisotropy to the observed birefringence remained constant 

as the surface features were successively etched away. Surface compressive stress 

generation was also observed, as retardance corresponding to a surface compressive 

stress was found to increase with applied tensile stress during short heat treatments. 

Significant features of the retardance profile in as-received silica glass fibers, with a 

thin surface compressive stress layer and compensating interior tensile stress, agreed 

with the residual stress profiles predicted by the surface stress relaxation model after 

correcting for this observed structural anisotropy.
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Recently, a new method was discovered to strengthen 

glass fibers by introducing a residual compressive stress in 

the surface of glass fibers.10 Subjected to a tensile stress for a 

short duration at a temperature far lower than the glass-tran-

sition temperature (Tg) in air, the glass surface undergoes 

rapid stress relaxation. The process is accelerated by small 

amounts of water vapor, and bulk stress relaxation is negligi-

ble at these low temperatures.11,12 When the applied tensile 

stress is removed after cooling, the fiber acquires a surface 

compressive stress with nearly the same magnitude as the ap-

plied tensile stress, compensated by a low tensile stress inside 

the fiber bulk. The strengthening of fibers by this method has 

been demonstrated for silica glass,13 E-glass,14 and soda-lime 

silicate glass.15 Fast surface stress relaxation has also been 

used to explain various mysterious phenomena related to the 

mechanical strength of glass, such as surface degradation of 

compressive stress made by ion-exchange,16 crack arrest,17 

and the static fatigue limit.18

Fast surface stress relaxation would also produce non-uni-

form birefringence in glass fibers due to the resulting stress 

distribution. The existence of the surface residual stress of 

silica glass fibers by fast surface stress relaxation has previ-

ously been confirmed using shifts in the infrared reflection 

peak of strengthened fibers.19 While surface stress relax-

ation and the resulting residual surface compressive stress 

have been demonstrated for silica glass fibers primarily at 

low temperatures (well below Tg) and short times in lab air, 

for example, 200ºC-500ºC in 60 seconds for silica glass, the 

same phenomenon is likely to occur at the higher tempera-

tures in an even shorter time duration during fiber drawing. 

At higher temperatures, however, the effect is in concert with 

bulk stress relaxation as well as structural relaxation.12 In the 

present research, the radial distribution of the birefringence 

of silica glass fibers is measured using a polarizing micro-

scope and compared with a theoretical model based upon fast 

surface stress relaxation.

2 |  EXPERIMENTAL PROCEDURE

Silica glass fibers with a 125 μm diameter are widely used for 

optical communications. Most commercial optical fibers con-

sist of a core of about 8 μm in diameter with a slightly higher 

refractive index as well as a surrounding cladding with lower 

refractive index for a total of 125  μm. This core-cladding 

structure can produce residual stress due to the differences in 

glass compositions and properties of the glasses involved.20 

In order to simplify the birefringence observation and analy-

sis, a coreless silica glass fiber with the same diameter as a 

commercial optical fiber made of Suprasil II (Heraeus Quartz 

Inc) was analyzed in the current experiments. The silica glass 

contains 1200wt.  ppm OH, 0.1 wt.  ppm Al, with all other 

impurities less than 0.05 wt. ppm. The glass-transition tem-

perature was estimated to be ~952 -1006ºC.21‒25

Fibers were observed under a polarizing microscope 

(Nikon Eclipse, LV-100 NPOL) with an attached CMOS 

camera. Fibers were immersed in index-matching fluid 

matching the fiber surface index (Cargille immersion oil, 

n = 1.459) and placed with the fiber axis at 45º to both po-

larizer and analyzer in a cross-polarization configuration. 

The index of the immersion oil is accurate at 25ºC, with a 

deviation of −3.7e-4 per degree. The lab environment was 

kept within 2 degrees of this temperature. A conventional 

halogen light source with a 𝜆 = 546 nm interference filter 

(green) was used (see Figure 1A). Functions of the optical 

elements of the microscope are explained briefly in Figure 

F I G U R E  1  A, Schematic of relevant optical elements in the microscope and (B) outgoing light polarization following each component. 

Randomly polarized light is first filtered to 546 nm green light before becoming linearly polarized. This linearly polarized light passes through the 

fiber and is rendered elliptically polarized, with a fast (ordinary) and slow (extraordinary) component related to the retardance. This light is again 

converted back to linearly polarized light at a new angle via quarter wave plate. The angle can be determined as a function of analyzer angle, as 

intensity is minimized when the analyzer is perpendicular to the quarter wave plate output. This minimized intensity is measured via the attached 

camera to calculate the retardance at a given point in the fiber
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1B. With the focal plane positioned in the center of the 

sample, 25 images were captured, and the measured inten-

sity was averaged to mitigate noise. Relative intensity was 

analyzed using the greyscale values of the captured images, 

with an average standard deviation of 0.3% arising from the 

sensitivity of the camera. The fiber intensity profile was 

measured on a line perpendicular to the fiber drawing ten-

sion axis, which was used to define the x axis as perpen-

dicular to the microscope image plane and fiber draw axis. 

Fifty such fiber profiles were averaged from this image 

using 0.17 μm increments (the pixel resolution of the cam-

era, roughly half the spatial resolution of the microscope 

optics) to mitigate the effect of surface dust or other noise. 

A quarter wave plate was used in order to make quantitative 

measurements of retardance via the Sénarmont method.26,27 

This wave plate is paired to the green filter such that the 

retardance within the filter's wavelength is λ/4. The accu-

racy of the wave plate is assumed to be significantly higher 

than the error from the analyzer rotation. The quarter wave 

plate converts the elliptically polarized light resultant from 

the birefringent sample into linearly polarized light. This 

linearly polarized light has a retardance proportional to the 

angle of polarization that exits the wave plate.28 Rotation 

of the analyzer allows for this resultant polarization angle 

to be quantified for the incident light wavelength: when the 

analyzer's polarization is perpendicular to the light exiting 

the quarter wave plate, intensity is minimized.

This method and equipment are similar to those used 

previously by other groups.29‒32 Retardance, Δ(x), is propor-

tional to the refractive index difference and path length in a 

birefringent material:

where ne is the refractive index of the extraordinary ray, 

no is that of the ordinary ray, and t(x) is the local sample 

thickness along a vertical path at horizontal position, x. This 

index difference, a consequence of the material's response 

to incident polarized light, produces elliptically polarized 

light which varies as a function of x position along the fiber. 

The retardance is related to the stress by the stress-optic law:

where C is the stress-optic coefficient of the material and 𝜎res 

is the residual axial stress. Many glasses including silica glass 

exhibit a positive stress-optical effect (exhibiting ne > no) under 

tensile stress. Thus tensile stress which is defined positive, pro-

duces positive retardance. In literature on glass strengthening by 

residual surface compressive stress, it is customary to plot the 

surface compressive stress in positive y axis. Thus, in this study, 

−∆(x), which corresponds to net axial compressive stress, will 

be plotted on the positive y axis as a function of fiber x position.

The Sénarmont method allows a connection to be made 

between incident wavelength, relative intensity, and the ana-

lyzer angle relative to the fixed polarizer. Intensity measured 

by the camera can be shown to be a function of analyzer angle 

and local retardance of the material.33

where I∕I0 is the relative intensity of the light measured by the 

camera, 𝜃 is the angle of the analyzer (with a range of ±180°) 

relative to its initial position perpendicular to the polarizer, and 𝛿 

is the phase shift, or relative retardation, of the cosine function. 

The retardance, which is essentially a phase shift of the inten-

sity curve given by Equation (3), may be expressed in nanome-

ters instead of degrees of relative retardation by dimensional 

conversion:

where 𝜆 is the wavelength corresponding to the filter and paired 

quarter wave plate.

From Equation (3), 
I

I0

 is minimized when

as shown by Jessop.27 This solution provides the conversion 

factor between analyzer angle and relative retardation. A 

complete derivation for Equation (3) has been performed by 

Mori and Tomita for a cylinder, the fiber geometry.34

(1)Δ (x)= (ne−no) ⋅ t (x) ,

(2)Δ (x)=C ⋅𝜎res (x) ⋅ t (x)

(3)
I (x)

I0

=
1

2
−

1

2
cos (𝛿 (x)−2𝜃) ,

(4)Δ (x)=
𝜆

180
◦
⋅

𝛿 (x)

2
,

(5)𝛿=2𝜃

F I G U R E  2  Schematic of fiber geometry in relation to incoming 

microscope light as described in Equation (3). Coordinates as defined 

here are used throughout the work, including the appendix. I∕I0 is the 

relative intensity of light as measured by the microscope camera, x and 

y are the horizontal and vertical directions in the fiber cross section, r 

is an interior radial position in the fiber, r0 =62.5 μm is the radius of the 

fiber, and z is the characteristic depth of surface stress relaxation
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If a flat plate of glass with a uniform stress were 

 examined in this manner, a single relative retardation value 

of 𝛿 would exist that corresponds to the analyzer angle 𝜃 

at which the measured intensity is minimized. The only 

difference in the case of a fiber is the retardance is now 

affected by the difference in path length (fiber geometry) 

and the change in stress through that path (in this case, 

surface compression and interior tension). Figure 2 shows 

how the radial position of the fiber can affect the measured 

retardation, as each x position produces a corresponding 𝛿 

value, depending on the sum of tensile and compressive 

stresses through the fiber cross section at points of con-

stant x.

The relative intensity profile of the fiber was measured 

from the acquired images using a second-order polynomial 

least squares fit in order to estimate the value of analyzer 

𝜃 to a greater accuracy than the measurement interval of 

0.2 ± 0.05°. The minimum intensity as described in Equation 

(3) was determined at each pixel of the profile as a function 

of 𝜃. Thus the minimum intensity angle could be mapped to 

its x position on the fiber. Relative retardation 𝛿 was calcu-

lated using Equation (3) at every point, then converted to 

retardance using Equation (4). The retardance measurement 

error depends mainly on the accuracy of the analyzer rota-

tion, which is performed by hand using 0.1-degree Vernier 

marks. Error in measurement is conservatively estimated to 

be about half of the increment, corresponding to a retardance 

error of about 0.15 nm based on Equation (4). The measure-

ment error and spatial resolution are used as the error bounds 

for the figures in this work, as will be shown in Figure 7(B), 

the only figure in which the error is noticeably larger than the 

data points.

This procedure can produce retardance measurements at 

every point captured by the microscope, allowing for both x 

position profiles as well as full two-dimensional retardance 

plots (see Figure 3). The resulting retardance profiles were 

then fit to the proposed model for retardance from surface 

stress relaxation (see Appendix).

In order to confirm the trend of increasing surface stress 

with increasing applied load during strengthening by sur-

face stress relaxation at low temperatures, fibers were 

heated to 200ºC for 60 seconds in air while under a tensile 

load ranging from 0 to 2.0 GPa. Fibers annealed at 1200ºC 

for 1 hour then furnace cooled were found to have negligi-

ble retardance. Additionally, some as-received fibers were 

progressively etched by immersion in a 48% HF solution. 

Etching took place over various lengths of time (20 seconds 

to 6 minutes) to remove between 0.5 and 4.0 μm of the sur-

face layer. The retardance of the processed fibers were then 

compared to the as-received fibers, which consisted of eval-

uating the values of the effective depth, z, and the estimated 

compressive stress at the fiber surface via the developed 

model.

3 |  RESULTS

The average measured retardance for as-received silica glass 

fibers was obtained (see Figure 3). Both the birefringence 

photograph and the measured retardance profile are shown.

The measured retardance was compared with the curves 

generated from the surface stress relaxation model shown in 

Figure A1 and Equation (A11) in the Appendix. In Figure 

A1, residual stress profiles produced by surface stress re-

laxation are shown using the applied tensile stress, σapplied, 

and the surface relaxed layer thickness, z, as parameters. The 

measured retardation profile shown in Figure 3 was com-

pared with the best fit theoretical model. By fitting the pro-

posed model to the measured data and the applied stress, and 

using a literature value for the stress optic coefficient C (3.19 

Brewster, 
[
10−6 MPa−1

]
),35 estimates of this z value (μm) and 

σapplied were selected to obtain the best fit, especially in the 

fiber surface region. The resultant curve was compared to the 

measured data as shown in Figure 4.

The general features of the measured retardance of these 

fibers agreed with the predicted values using the surface 

stress relaxation model, both exhibiting high compressive 

stresses on the surface of the fibers with the shallower ten-

sile stress zone observed in the middle part of the fibers. 

However, the details of the measured and predicted curves 

showed some systematic difference in the interior of the fiber. 

The balance of forces within the fiber predicts that the sum 

of the retardation from residual stresses of the fiber should be 

zero, with the total integrated compressive stress (area above 

the zero retardance line) cancelling the total integrated tensile 

stress (area below the zero line). The measurement, however, 

appears to have a greater contribution of “tensile stress” near 

the center of the fiber (below the zero retardance line) equiv-

alent to ~16-20 MPa. The effect is consistent across samples. 

The extra retardance greatly surpasses the error of the mea-

surement (±0.15 nm) near the center of the fiber, while it ap-

proaches the error range near the surface. This extra “tensile 

stress” appears to be related to an anisotropic structure due to 

previous uniaxial stress application.36,37 The model param-

eters were first fit to estimate the surface stress relaxation 

contribution followed by a correction factor k for the bulk 

anisotropy:

Equation (7) is thus a modification of Equation (A11) to 

include uniform structural anisotropy. The correction factor 

is within the integral, rendering it proportional to the fiber 

path length.

In order to quantitatively isolate this additional com-

ponent of structural anisotropy, the retardance of the silica 

(7)Δ (x)=∫
ymax=

√
r2

0
−x2

ymin=−
√

r2
0
−x2

C ⋅{𝜎res (x,y)+k}dy.
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glass fiber based upon the surface stress relaxation model 

was subtracted from the measured retardance. First, the mea-

sured retardance of the fiber surface was fit to the theory by 

adjusting the value of z and the applied stress, σapplied. The 

residual stress is determined primarily by the applied tensile 

stress at the treatment temperature (see Equation (A8)). The 

model prediction of the retardance due to the residual stress 

caused by the surface stress relaxation can thus be obtained. 

By subtracting the model retardance from the experimental 

retardance (difference of two lines in Figure 4, the remain-

ing experimental retardance due to structural anisotropy is 

shown in Figure 5(B), together with the color map of the cor-

responding fiber (Figure 5(A)). The surface residual stress 

due to surface stress relaxation can be eliminated at a tem-

perature far lower than the glass transition temperature, while 

the birefringence due to structural anisotropy requires much 

higher temperature. The heat-treatment at 650  for 10 min-

utes in air is appropriate to eliminate the former while leaving 

the latter intact.

These analyses were conducted for all the measured retar-

dance profiles of glass fibers, including those given low-tem-

perature tensile stress treatment. In this case, applied stress 

parameter, σapplied, was the stress employed in the tensile 

stress treatment. All the parameters generated through this 

analysis are shown in Table 1. When these two contributions 

to the birefringence were combined, the results agreed with 

the measured retardance as shown in Figure 6.

Thus, the discrepancy between the experimental retar-

dance and the model based upon surface stress relaxation can 

be attributed to structural anisotropy, which corresponds to 

“tensile stress.” The constant k, introduced to represent uni-

form structural anisotropies, is listed in Table 1 alongside the 

other fitting parameters as well as estimates of the surface 

residual stress. Stress units were used for the anisotropy to 

show what magnitude of tensile stress would produce a com-

parable retardance. The same table lists the fitting parame-

ters for the measured retardance of fibers given strengthening 

treatment at a low temperature, 200ºC, for 60 seconds in air 

under various tensile stresses as well as zero stress.

Figure 7A shows the collective change of birefringence 

profiles of silica glass fibers by the low-temperature strength-

ening treatment and Figure 7B shows, in magnified scales, a 

part of Figure A1 indicating the detailed change of surface 

F I G U R E  3  A, Map of as-received fiber retardance created using the same process as the profile measurement extended to the full microscope 

field of view. B, measured retardance profile of as-received fiber, with fiber surface x position and the zero point of retardance indicated in 

vertical and horizontal guidelines, respectively. Points are the measured data while the line is a guide to the eye

F I G U R E  4  Model fit of as-received fiber retardance 

measurement, showing excess of internal “tensile stress.”
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compressive stress profiles. These results show that surface 

stress profiles are sensitive to low temperature (200ºC) ten-

sile stress treatment conducted for a short time (60 seconds in 

air), supporting that the observed surface stress is originated 

from the surface stress relaxation. The surface compressive 

stress decreased under low tensile stress, while it increases 

under higher tensile stress. This is reasonable since the sur-

face compressive residual stress produced is nearly equal to 

the applied tensile stress.10,11 The change of the depth z of 

the surface residual stress due to surface stress relaxation is 

known to increase with the square root of the treatment time. 

There is an apparent trend of decreasing relaxation depth 

with increasing applied stress. Despite being near the resolu-

tion limitations of the measurement, the fitting error for this 

trend (about 10%) is lower than the trend itself. This may 

merit further investigation involving longer heat treat times to 

determine if the same trend is also observed for larger values 

of z.

The compressive stress peaks present in the as-re-

ceived fiber must be the result of a surface stress relaxation 

phenomenon, as the peaks are significantly decreased propor-

tional to progressive etching (see Figure 8), while the retar-

dance in the interior of the fiber was affected much less so. 

This surface etching of the sample accentuates the imbalance 

between the surface compressive stress and the interior ten-

sile stress and demonstrate the presence of interior structural 

anisotropy. With the removal of surface compression, much 

of the interior structural anisotropy-originated “tension” 

 remains. Here the observed fluctuation of the retardance 

curves in Figure 8B may be due to the magnified scale of re-

tardance with the corresponding magnification of error range. 

Since this fluctuation appears to be symmetric with respect 

to the central fiber axis, there may be a small fluctuation of 

structural anisotropy.

4 |  DISCUSSION

The measured retardance of as-received silica glass fibers 

agrees with the surface stress relaxation model well, except 

F I G U R E  5  A, A map generated from a heat-treated fiber (650°C, 10 min at rest in lab air), revealing structural anisotropy in the fiber 

interior. B, Corresponding retardance profile

Fiber Condition z [𝛍m]
𝝈applied[GPa]

(tensile)
k [MPa]
(tensile)

𝝈res,surface[GPa]

(compressive)

As-Received (Figure 

3)

0.68 ± 0.07 0.45 ± 0.4* 16.5 ± 0.2 0.43 ± 0.02

Heat Treat, 0 GPa 0.71 ± 0.09 0.29 ± 0.15* 17.0 ± 0.2 0.27 ± 0.02

0.5 GPa 0.47 ± 0.07 0.5 19.6 ± 0.2 0.47 ± 0.02

1.0 GPa 0.29 ± 0.02 1.0 17.9 ± 0.2 0.97 ± 0.02

1.5 GPa 0.18 ± 0.01 1.5 18.3 ± 0.2 1.47 ± 0.02

2 GPa 0.22 ± 0.01 2.0 16.3 ± 0.2 1.97 ± 0.02

*Value estimate from fit; applied stress unknown or negligible during treatment 

T A B L E  1  Estimated model 

parameters, ±95% confidence bounds, and 

surface residual stress estimate as defined 

in the Appendix.
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for a finite deviation from the theory which appears to be a 

nearly uniform structural anisotropy in the fiber. This devia-

tion in the interior of fibers likely resulted from structural an-

isotropy created at high temperature, as the low-temperature 

tensile stress treatment at 200ºC for 60 seconds in air appears 

to have little effect. This is seen in the magnitude of the cor-

rection factor k in Table 1, which seems to be constant and 

independent of the low-temperature strengthening treatment, 

approximately 17.6 ± 1.3 MPa. This excess retardance cor-

responding to “tensile stress” cannot be a result of residual 

stress, as there is no corresponding compressive stress to 

balance the forces. Because this interior retardance is nearly 

constant throughout the low-temperature strengthening heat 

treatments, the retardance is a result of bulk structural ani-

sotropy, which requires higher temperatures or longer heat-

treatment times to be significantly affected and is clearly 

separate from the surface stress relaxation mechanism.2 

Although the anisotropy can be fit alongside the compres-

sive and tensile stresses within the fiber using the same stress 

optic coefficient, as is done in Equation (7), this does not 

imply the stress optic coefficient is necessarily identical for 

both contributions. More work would be necessary to deter-

mine if the stress optic coefficient itself is sensitive to the 

fiber drawing conditions, although this is unlikely. Others 

have found that in as-received single-mode fibers containing 

a core with a doped surface layer, the stress optic coefficient 

appears constant through the cross section.36

The obtained k values in Table 1 are nearly constant, in-

dependent of the low-temperature strengthening process, in-

dicating that the structural anisotropy represented by k was 

unaffected by the change of residual stress. This constant 

value of k supports the notion that structural anisotropy is 

a bulk phenomenon which was produced during the fiber 

drawing process at higher temperatures. The 200ºC heat 

treatments are unable to affect the structural anisotropy in 

60 seconds since they take place so far below Tg, where bulk 

structural relaxation occurs readily.

Similarly, progressive etching results in a decrease and ul-

timately a removal of surface compressive stress. The interior 

“tensile stress” retardance decreases to a lesser degree by the 

etching process but does not vanish with the disappearance 

in surface compression. This also seems to suggest a bulk re-

tardance resulting from structural alignment due to the fiber 

drawing process and not simply a compensating tensile stress 

for the surface compression.

A similar structural anisotropy was observed in silica glass 

subjected to uniaxial stresses, both compressive stress and tensile 

F I G U R E  6  Resultant fit between the combined retardance 

of residual stress due to surface stress relaxation and structural 

anisotropy and the measurement

F I G U R E  7  A, Strengthening via surface stress relaxation using 

various applied stresses and (B) an enlarged region of interest as 

indicated in (A), with error bars on the highest curve representative of 

those on each curve. Note that the peak height increases systematically 

with increasing applied stress during heat treatment
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stress.37,38 Sato et al.37 observed a shift of first sharp diffraction 

peak (FSDP) position of X-rays, a measure of the intermediate 

order in glass corresponding to the arrangement of tetrahedral 

units, in silica glass subjected to uniaxial compressive stress. 

This shift remained after the compressive stress was removed. 

Furthermore, the position of the FSDP was a function of the 

sample orientation with respect to the uniaxial stress, meaning 

that the shift was not a result of simple uniform densification, but 

was in fact anisotropic.

Earlier, Murach and Bruckner1 observed frozen-in birefrin-

gence in fine silica fibers with diameters ranging from ~10-

60 μm of three different silica glasses drawn at high temperatures 

~2350ºC-2430ºC. They measured the magnitude of birefrin-

gence of the bundle of these fibers and found a greater birefrin-

gence in the fiber when the silica glass fibers were drawn under 

a higher stress or when the fibers had a higher water content.1

Observed birefringence in fibers is often attributed to fro-

zen-in viscoelasticity.39 It is known that the delayed elastic 

component in a viscoelastic material is absent when a glass 

has only one relaxation time at a given temperature or equiv-

alently when the KWW exponent, β, of relaxation is unity.40 

High-purity silica glasses, including silica glass containing 

Cl, have a single relaxation time as can be seen from the 

absence of  the memory effect.41,42 For these glasses, there 

can be no frozen viscoelasticity. When silica glasses contain 

increasing impurity contents of water or fluorine, glasses 

exhibited greater memory effect, and thus a widening distri-

bution of relaxation times.41 This distribution of relaxation 

times is thought to correspond to local compositional fluctua-

tions, which could align under stress to produce the observed 

structural anisotropy.43

Glasses containing water impurities exhibited large inter-

nal friction or viscoelasticity: on a per mole basis, in both 

phosphate44 and silicate glasses45, water in glass exhibited an 

internal friction loss peak which is greater in magnitude than 

those of alkali or alkaline ions in the same glass by a factor of 

100. The previously mentioned increased birefringence with 

increased OH content by Murach and Bruckner1 suggests 

greater frozen viscoelasticity (or internal friction peak) due 

to OH impurity for silica glass as well. In the method of bire-

fringence measurement employed by Murach and Bruckner1, 

who analyzed a bundle of several fibers to produce an av-

erage value, residual stress contribution from surface stress 

relaxation would not be detected due to the cancellation of 

compressive stress with tensile stress. Furthermore, their bi-

refringence data do not extrapolate to zero when the water 

impurity content was extrapolated to zero. This is probably 

due to the entry of the additional water impurity into silica 

glass fibers during the fiber drawing process, since they 

used a hydrogen-oxygen burner.46,47

It is thus suggested that the observed structural anisotropy 

in the fibers employed in the present study, Suprasil II, which 

contains 1200 ppm OH, can be attributed to the water impu-

rity. The large effect of small water content in silica glasses 

has been attributed to concentration fluctuation of SiO2-H2O 

system.43

5 |  CONCLUSION

Birefringence observed at the surface of silica glass fibers can 

be explained by surface stress relaxation. The fiber undergoes 

fast surface stress relaxation enhanced by water vapor in air dur-

ing the fiber drawing process. Similar retardance profiles can be 

observed in fibers undergoing low-temperature heat treatments 

in air under tension, resulting in retardance proportional to the 

applied tensile load. Removal of the fiber surface via etching 

results in a decrease in the observed retardance, by removal 

F I G U R E  8  Progressive surface etching, with retardance zero point and fiber surface indicated with thin guidelines. A, Surface compression 

peaks drop with etching, leaving a slightly smaller remnant retardance. B, Further etching past 1.5 μm results in little change to bulk retardance, 

implying a physical origin connected to fiber geometry. Note that the scale of y axis of (B) is magnified by about three times compared with (A)
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of the surface compressive stress. Remaining retardance after 

etching is likely the result of structural alignment from the fiber 

drawing process, produced by viscoelastic alignment of regions 

with small compositional fluctuations.
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APPENDIX 
BIREFRINGENCE DUE TO SURFACE 
STRESS RELAXATION
A uniform uniaxial tensile stress is imposed on the fiber ei-

ther during the manufacturing process or in the lab via uni-

form applied stress, which is correlated with a uniform strain 

in the material:

Due to the surface stress relaxation, the originally uni-

form applied tensile stress, σapplied, changes to a relaxed 

stress, σrelax, with a thin surface layer of thickness z losing 

the stress by a diffusion-controlled process, promoted by 

moisture in the atmosphere:

where r0 is fiber radius, r is radial position within the fiber, 

and z is the characteristic relaxation depth (see Figure 2). 

Note this model assumes that z≪ r0 in order to approximate 

a planar diffusion at the fiber surface using the error func-

tion.13 This depth can be related to the effective diffusivity 

(A1)𝜎applied =E ⋅𝜀applied.

(A2′)𝜎relax (r,z)=𝜎applied ⋅

[
1−erfc

(
r0−r

2z

)]
,

(A2″)𝜎relax (r,z)=𝜎applied ⋅erf

(
r0−r

2z

)
,

F I G U R E  A 1  A, Plot of retardance with variations in parameter 

z with 𝜎applied fixed at 1.0 GPa (B) as well as variations in parameter 

𝜎applied with z fixed at 0.75 μm. The plots shown use the stress 

optic coefficient of Suprasil II35
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of surface stress relaxation, D, and the time of the heat treat-

ment, t :

With this relaxation, when the imposed axial strain is subse-

quently released, strain will spring back by some uniform Δ𝜀sb 

resulting in a residual axial stress 𝜎res as 𝜎relax (r) is reduced by 

Δ𝜎sb =EΔ𝜀sb:

This balance is radially symmetrical about the cross sec-

tion of the fiber, and must also radially integrate to zero, 

∫ 𝜎resdA=0:

Considering the radial cross section:

Solving for Δ𝜎sb and substituting into Equation (A4), re-

sidual axial stress becomes a function of radial position:

The integral has a closed-form solution resulting in the fol-

lowing residual stress profile:

Birefringence (and thus retardance) is linearly proportional 

to stress, and can be expressed as follows:

where C is the stress optic coefficient dy is a differential form of 

the path length. Thus, referring to the coordinates of Figure 1A, 

for any x position along the fiber profile:

where Δ is retardance and dy gives the orientation of the path 

length parameter, which is expressed in the integral limits as 

a function of x position. 𝜎res (r) can be converted to rectangu-

lar coordinates. The r term in Equation (A8) is simply replaced 

with 
√

x2+y2:

This result produces a retardance profile comparable to 

those expected from surface stress relaxation.10 Figure A1 

illustrates the result of this equation using different z and 

𝜎applied values.

(A3)z=
√

Dt.

(A4)𝜎res (r,z)=𝜎relax (r,z)−Δ𝜎sb

(A5)∫ (𝜎applied ⋅erf

(
ro−r

2z

)
−Δ𝜎sb)dA=0.

(A6)𝜎applied ⋅

ro∫
0

erf

(
ro−r

2z

)
2𝜋rdr−Δ𝜎sb𝜋r2

o
=0.

(A7)𝜎res (r,z)=𝜎applied

{
erf

(
ro−r

2z

)
−

2

r2
o

ro∫
0

erf

(
ro−r

2z

)
⋅rdr

}
.

(A8)
𝜎res (r,z)=𝜎applied ⋅

⎧⎪⎨⎪⎩
erf

(
ro−r

2z

)
−

⎛⎜⎜⎜⎝
2roz ⋅e

−
r2
o

4z2 +
√
𝜋 ⋅

(
r2

o
+4z2

)
⋅erf

(
ro

2z

)
−4roz√

𝜋r2
0

⎞⎟⎟⎟⎠
⎫⎪⎬⎪⎭

.

(A9)dΔ=C ⋅𝜎res (r,z) dy,

(A10)Δ (x)=
ymax(x)∫
ymin(x)

C ⋅𝜎res (r,z) dy,

(A11)Δ (x)=∫
ymax=

√
r2

0
−x2

ymin=−
√

r2
0
−x2

C ⋅𝜎res (x,y) dy.


