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Abstract

Infrared transparent optical fibers from the Te—As—Se system (TAS) exhibit a viscoelastic behavior at room temperature. The study of the change
of the radius of curvature of fibers, once the fibers are unrolled from the mandrel onto which they were rolled just after fiber-drawing, allows
the determination of constitutive laws both for the stress relaxation kinetics and for the delayed elasticity process. Whereas, a linear Burger’s
model provides a good modelling of the stress relaxation stage, a stretched exponential function gives a better description for the delayed elasticity
behavior. The room temperature viscosity of the fibers ranges from 3 x 10'® to 2 x 10'” Pas and the time constant of the anelastic strain recovery

process is from 4 to 15 days.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Chalcogenide glasses are of paramount interest for night
visibility devices, for medical applications'™ or for chemi-
cal analyses because of their remarkable transparency in the
3—-12 pm range (second atmospheric window). Within chalco-
genide glasses, those from the tellurium—arsenic—selenium
system (TAS) are very resistant to devitrification and can
be drawn into optical fibers which offer exceptional trans-
parency in the mid infrared range. These fibers are used
as optical sensors to carry out fiber evanescent wave spec-
troscopy (so-called FEWS) to investigate, at molecular scale,
several problems encountered in microbiology, or environmental
protection.*>

The mechanical properties of TAS glasses have been little
studied so far.>® Noteworthy, because of their relatively low
Ty ranges, these glasses exhibit some viscoelastic effects at
room temperature.® Preliminary experiments on TAS fibers have
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shown that, as for Ge-Se glass,’~ indentation creep occurs at
room temperature, hardness is very low (~1.4 GPa), and aging
treatments in air below 7T, induce a dramatic decrease of the ten-
sile strength of the fiber.® In this study, the viscoelastic behavior
of a TAS glass fiber is investigated by means of fiber bending
tests. This kind of test was used by Koide et al.!” to character-
ize mechanical relaxation and recovery in silicate glass fibers
during an annealing below the glass transition temperature (7).
In the case of TAS fibers, both stress relaxation, when the fiber
is on the mandrel, and change of the radius of curvature, once
fibers have been unrolled, occur at room temperature (due to
their low glass transition temperature), within a time scale of
only a few days for strain changes of 107>. The amplitude
and the kinetics of the rise of the radius of curvature were
found to be strongly correlated to the kinetics of the relaxation
process occurring when the fibers were still on the rolling man-
drel. This phenomenon originates from delayed elasticity and
was studied as a function of the time spent on the mandrel as
well as the recovery duration after the fiber was unrolled. A
constitutive law was determined from the analysis of the data
in the light of standard viscoelasticity theory, which further
allowed for the prediction of the fiber deformation under service
conditions.
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Table 1

Main properties of the TAS chalcogenide glass
E (GPa) 16.9
T, (°C) (DSC method) 137
p (kgm™3) 49 %103
a(°Ch —270.7 x 1073
H (GPa) 1.4

Noteworthy, this glass does not crystallise in standard thermal analysis.

2. Materials and experimental procedures

The fibers were produced from a glass with TexAs3Ses
composition. This composition exhibits a wide optical trans-
mission window, from 3 to 12 pm, and an excellent resistance
to devitrification during the drawing process avoiding optical
scattering losses and keeps good thermomechanical properties
(glass transition temperature Ty =137 °C). Raw materials with
99.999 elemental abundance were used for glass preparation as
detailed in a previous paper.!! In order to compensate for the
losses due to the further purification, 0.1% of As and 0.2% of
Se in mass were added. Selenium and arsenic were purified of
remaining oxygen and hydrogen by the volatilization technique
by heating them at 240 and 290 °C, respectively under vacuum
for several hours. Afterwards, the mixture was distilled and then
maintained at 700 °C for 12h in a rocking furnace to ensure
a good homogenization of the liquid. Then the ampoules were
quenched in water and annealed near the glass transition temper-
atures (T) to avoid permanent mechanical stresses on cooling.
In this manner chalcogenide glass rods were obtained in sizes
of about 1 cm diameter and 10 cm length. The as-made compo-
sition of the glass was analysed by SEM (JEOL JSM 6301 F)
with the energy dispersive spectroscopy method (EDS). And its
actual composition after synthesis was (As, Se, and Te) = (29.08,
50.70, and 20.22%), in molar%. The fibers were made from these
rods using a drawing tower. Glass cylinders were heated up to
the softening temperature, and drawn to the appropriate diame-
ter by selecting the best parameter combination of viscosity and
drawing speed. Some physical properties of the studied glasses
are given in Table 1. The present investigation was conducted
on uncoated fibers in order to avoid any possible influence of
the polymer coating on the behavior of the fiber. The diameter
of the fibers is about 400 pwm.
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Fibers were cut in 150 mm long samples which were rolled
on a 100 mm diameter mandrel for a maximum of 32 days, and
then removed and placed on the smooth and plane surface of a
paper grid (see Fig. 1(a)). The change in curvature was continu-
ously monitored by determining the coordinates of three points
selected on the fiber. This method leads to a ~5% relative error.
All the tests were performed at room temperature: 20 £ 0.5 °C.

Young’s modulus, E, and Poisson’s ratio, v, of the glass were
determined on a 10 mm thick, 10 mm diameter disk of the glass
used for the fiber pre-form, by means of an ultrasonic echog-
raphy method, from the measurement of the longitudinal (V})
and transversal (V;) wave velocities using 10 MHz piezoelectric
transducers. E and v were calculated from the classical elasticity
relationships'?:

2 2
Spslihils (1
V]Z/VtZ -1
3VE —4v2
= 2

po VAV
2AVE - VD)

where p is the density of the material which was measured at
20°C by the Archimedean displacement technique using CCly
with a relative error of +0.5%. E and v are characterized with
a better than 0.5 GPa and 0.01 accuracy (due to experimental
error), respectively.

Raman scattering spectrometry was performed on a HR 800
Raman spectrometer using a 632.82 nm wavelength, 13 mW
He—Ne laser. The excitation light was focused onto a 1 pm diam-
eter disk region. The scan duration was 60 s with a resolution of
600 lines/mm. The slot thickness was 125 wm, and the confocal
hole diameter was 1100 wm. A density filter OD2 was used to
divide the power of the laser beam by 100 in order to restrict the
temperature rise of the sample.

The viscosity of the glass was measured, above the glass tran-
sition temperature, in the range 140-310 °C, by a Rheotronic®
parallel plate viscometer (Theta industries, viscosity measure-
ment range: 10% to 10'! Pas). The specimen was a 8 mm
diameter, 6 mm thick disk of the glass used for the fiber pre-
form. The solver tool of Microsoft® Excel 2000 software was
used to fit the experimental curves.

10 mm
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Fig. 1. (a) Chronology of the test: at 7=0, a straight fiber is rolled on the mandrel; at r=t,, the fiber is unrolled and the evolution of its radius of curvature, R(?), is
measured. (b) Photography of different fibers at the end of the test. Noteworthy, longer the relaxation time, smaller the radius of curvature at the end of the recovery.
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Fig. 2. Time dependence of the curvature radius for different relaxation times
t1 (~5% relative error). The curvature radius just after the instantaneous elastic
recovery is represented by the dashed curve.

3. Experimental results and discussion

The change of the radius of curvature of the fibers after
unrolling as a function of time is plotted in Fig. 2. The x-
coordinate of the first point of each recovery curve corresponds
to the time the fiber spent on the mandrel (relaxation time). For
sake of simplicity and for further use in constitutive laws, we
converted the radius of curvature in terms of an apparent strain.
The maximum tensile strain in a bent fiber is located on the most
external line with respect to the center of curvature (the points
for which y =r according to Fig. 3) and is given by &(¢) = r/R(?),
where R(7) is the curvature radius and r the radius of the fiber.!3
The evolution of &(f) during the recovery period is plotted in
Fig. 4. It is noteworthy that longer the fiber stays on the man-
drel, smaller (Fig. 1(b)) and slower the delayed recovery is and
smaller the instantaneous elastic recovery is.

The fiber experiences a time-dependent stress, o(f), which is
maximum at =0 (o =0y), i.e., just after being rolled on the man-
drel. Asillustrated in Fig. 5, while the fiber is around the mandrel,
subjected to a constant strain, the associated stress decreases
according to a relaxation decay, which could be described by the
material relaxation function ¢(?) as: o(t) = oge(?) for t € [0,¢1].
During the delayed elastic recovery of the strain, i.e., after the
fiber is unrolled, the fiber curvature radius increases and the

Fig. 3. If the Bernoulli’s assumptions are admitted, the maximum value of the
tensile strain &(f) in one section S of the rolled fiber is reached at the top of the
fiber, i.e., at the point M, where r is the radius of the fiber and R its curvature
radius.
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Fig. 4. Time dependence of the maximum strain in the fiber for different
relaxation times #; (~5% relative error). The maximum strain just after the
instantaneous elastic recovery is represented by the dash curve.
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Fig. 5. The time dependence of strain and stress in the fiber during the whole
bending test.

corresponding strain is expressed as:
&(t) = €9 + ea(t1) + €a(r)  for t €11, oc],

where g¢(#1) = o(1)/E is the instantaneous elasticity component
and g4 is the delayed elasticity component (anelastic recovery)
of the creep compliance (see Fig. 6). Note that £(¢) tends toward
an asymptotic limit, e, at large time.

The Burger’s viscoelastic model, composed of a series com-
bination of Maxwell and Kelvin cells (Fig. 7) provides a simple
modelling of the behavior. Four material parameters are intro-
duced, namely: E, the instantaneous elasticity modulus; 7, the
uniaxial viscosity coefficient; Eq and ng the parameters of the
delayed elasticity part. The simple constitutive equations asso-
ciated with this model are given in appendix. The instantaneous
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Fig. 6. Different stages of the variation of the strain vs. time. (A-B) Instanta-
neous elastic strain; (B—C) constant strain; (C—D) instantaneous elastic recovery;
(D-E) recovery of the delayed elasticity. Once the test finished, the values of
&el» &d, and &, = excat time # can be directly measured on the curve.
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Fig. 7. Uniaxial viscoelastic Burger’s model. E is the instantaneous elasticity
modulus, 1 the unrecoverable uniaxial viscosity, Eq and nq the parameters of
the delayed elasticity part, where subscript ‘d’ stands for delayed elasticity.
Note that E is Young’s modulus of the glass and 7 is the viscosity coefficient
corresponding to an uniaxial loading (1 & 2(1 + V)7shear)-

elastic strain just before the unrolling, &¢(#1 ), can be easily mea-
sured from the experimental data and is given by: (see schematic
drawing Fig. 6)

r r

- 3
R(t1)  Ro ©)

gel(t) = &(t)) — &0 =

where Ry is the mandrel radius.

£4(t1) and &,(¢1) may be evaluated provided the experiment
is long enough (aging duration) for an asymptotic limit to
show up. Moreover, o(¢1) can be estimated from Hooke’s law,
o(t1) = Eege(t1). Since fiber specimens were unloaded from the
mandrel at different times 71, it is possible to draw relaxation
curves from all these data for a 32 days duration, and particu-
larly for o() (Fig. 8) and ¢,)(?) (Fig. 9). Besides, according to the
Burger’s model, the time dependence of the stress o(¢) is given
by (see Appendix A):

E E
o(t)= aa_oﬂ [(a — le) exp(—at) — (,3 — ’7:11> exp(—ﬂt)]

“
With « and g being the roots of the equation:
E E E EE
x2—<++d)x+d=0 )
n Nd 7d nnd

The E value was measured on a bulk glass specimen (fiber pre-
form). The best curve fitting between the experimental relaxation
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Fig. 8. Time dependence of the stress when the fiber is rolled on the mandrel
for the TAS glass (~5% relative error).
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Fig. 9. Time dependence of the dash pot strain during relaxation for the TAS
glass (~5% relative error).

curves o(f) and Eq. (4) is obtained with:
{(E, 1, Eq, na} = {16.9GPa, 1.39 x 107 Pas,
5.51GPa, 6.40 x 10" Pas)}

The discrepancy between experiment and theory is less than
2% (mean relative error). Moreover, the previously estimated
values of o(?) and &,(¢) allow to estimate an experimental value
of 1, Nexp, according to the relationship:

n(r) = ﬂ? ©)

Resuglgs presented in Fig. 10 show that the mean value of nexp
is about 10'7 Pa's which is close to the value evaluated with the
model, supporting the suitability of the Burger’s model for the
description of the stress relaxation stage (z<#;). Note that this
value would correspond to a time constant, T = /E, of about 95
days.

Regarding the strain-recovery process, £+ and &| being
experimentally available (cf. Fig. 5), the strain evolution after #;
was modelled with the previously introduced Burger’s model.
When the parameters of the Burger’s model are those deter-
mined from the stress relaxation stage, significant differences are
observed between the experimental and the theoretical recovery
curves (Fig. 11). Indeed, in the beginning of the recovery stage,
all the simulated strains rise faster and reach the asymptotic
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Fig. 10. Viscosity calculated from experimental results vs. time during relax-
ation for the TAS glass. The mean value after the first days is about 10'7 Pass.
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Fig. 11. Comparison of the measured and simulated recovery curves for four
different relaxation times.

value sooner than the experimental ones. It means that the char-
acteristic time constant tq of the Kelvin cell (the only cell active
during the recovery process), defined by: tq=Eq/ng, is much
lower (tq=1.2 days) than the one of the glass fiber. A single
Burger’s model is hence unable to predict both the relaxation and
the recovery regimes of the fiber. In order to simulate the strain
recovery, the Kelvin cell that minimises the gap between all the
experimental and calculated values has been determined. This
cell is characterized by a time constant: T4’ =9.5 days. Fig. 11
shows a relatively good agreement between this model and the
experimental data, except for the beginning. Most materials,
including inorganic glasses, relax faster than would be expected
at the beginning of the relaxation process. De Bast and Gilard'*
and Scherer! have shown that the Kohlraush-Williams—Watt
(KWW) equation gives a better description in the latter case.
This non-linear stretched exponential function (Eq. (6)) shows
a very fast kinetics in the beginning.

N
e(t) = €00 EXP <— (rKWW> > ™

where b is the stretching parameter ranging from 0O (instanta-
neous elasticity) to 1, note that for b=1, Eq. (7) reduces to a
Kelvin cell equation. The constant time tww is the time needed
for the system to reach 66% of its final state.

It is noteworthy that Kurkjian'® or Gy et al.!” proposed a
generalised Maxwell model, composed of Maxwell cells linked
in parallel (six cells for the window glass for example), which
proved efficient to model the rheological behavior of a standard
float glass at the beginning of the recovery stage. However, this
model, which does not reflect more about the physics of the
deformation process, introduces many adjustable parameters,
and was thus not found attractive in the present case.

Optimisation of b and Txww by curve fitting to the recovery
curves leads to: »=0.57 and Txww =6.6 days, but as seen in
Fig. 11, this couple of values does not involve a suitable simu-
lation after a long relaxation. It highlights that a simple KWW
function is not sufficient. Using the same optimisation proce-
dure for every recovery curve (a couple of (txww, b) for each
curve) provides a very good description of the recovery behavior
whatever the relaxation duration. Indeed, experimental and theo-
retical curves are almost overlapping (Fig. 11, the relative gap is
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Fig. 12. Tkww and b parameters of KWW function as a function of time spent
on the mandrel.

less than 2%). Moreover, Fig. 12 shows that b and txww values
are low for short times spent on the mandrel, which is consistent
with the high kinetics observed at the beginning of the recovery
part. Further, for long relaxation durations, the slow kinetics of
the recovery is nicely modelled by high values of b and tgxww.
Noteworthy, after 15 days relaxation, the value of b is close
to 1, meaning that the recovery behavior is nearly the same as
that for a single relaxation time viscoelastic model (i.e. Kelvin
cell). Finally, the best description for the recovery stage is a
KWW function with the changing parameters defined in Fig. 12.
Although many authors already used the stretched exponential
function to describe the behavior of inorganic glasses, only few
studies tried to find a physical understanding for this partic-
ular behavior.'8-20 Moreover, these theories have never been
experimentally verified. Since we have not enough information
about the TAS glass structure to relate the KWW parameters to
physical phenomena, we attempted to investigate the material
structure.

These results clearly show that the amplitude and the kinetics
of the decrease in the strain are strongly correlated to the dura-
tion of the relaxation process occurring when the fiber was still
on the rolling mandrel. This phenomenon could be explained by
a rearrangement of the atomic structure of the glass during the
relaxation stage which would modify the behavior of the fiber
once it is unrolled. In order to prove such a structural change,
Raman scattering spectrometry was used both on an as drawn
fiber and on a 6 months relaxed fiber, but the spectra obtained
did not show any difference between the two analysed structures.
TAS glass is not totally transparent to the red light of the laser
(wavelength of 632.82 nm), consequently, a part of the energy
is absorbed by the material that leads to a local rise of the tem-
perature. The reached temperature may be high enough to allow
the structure to relax locally, i.e., the analysed volume element
may have lost its initial structure. Wang et al.?! investigated the
structure of a Se—Ge glass by Raman scattering spectrometry
with the same type of laser. The authors kept the temperature rise
to under only 3 °C by focusing the laser light onto a large rectan-
gular region (2 mm x 0.2 mm). The power density obtained was
3 W/cm?. In this study the power density, in spite of the OD2
filter, is about 16 kW/cm?2. As a consequence, the measurements
did not characterize the structure of the fibers but the structure of
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Fig. 13. Viscosity with respect to temperature, and the VFT equation approxi-
mation based on high temperature measurements.

the material relaxed by heating. Raman scattering spectrometry
with a higher wavelength value or a larger focused region would
be more reliable to analyse the structure of TAS glasses.

The viscosity of the TAS glass was measured above T,
(140-310°C) by a parallel plate viscometer. The results are
shown in Fig. 13 and compared with the viscosity measured
through the means of the fiber bending test at room tempera-
ture. The variation of the viscosity in the vicinity of Ty was
approximated by a Vogel-Fulcher—-Tamman (VFT) law?? which
is usually used to describe the temperature dependence of glass
viscosity: log(n) =0.146 + 1039/(T — 44)). The units of the con-
stants are respectively: log(Pas™!), log(Pas~!)°C~! and °C.
This VFT equation approximation was extrapolated down to
room temperature and the large gap between this curve and the
experimental value measured at 20 °C, illustrated on Fig. 13,
highlights a deviation, below T}, between the real viscosity vari-
ation and the VFT law based on measurements made above
glass transition range. This trend, already observed for differ-
ent kinds of inorganic glasses, can be explained as resulting
from the change, with temperature, of the physical mechanisms
involved in viscous flow.??

4. Conclusion

The viscoelastic behavior of TAS glass fibers has been investi-
gated. Fibers have been rolled during several days on a mandrel
and their radius of curvature has been measured continuously
after unrolling. It was observed that both amplitude and kinetics
of the delayed elastic recovery decrease when relaxation time
increases. Optimisation of a Burger’s cell leads to a good simu-
lation of the relaxation stage of the fiber. Moreover, the uniaxial
viscosity calculated (n =~ 10'7 Pas) is consistent with the one
drawn from the measurements. The recovery period cannot be
simulated by a linear viscoelastic model because, on the one
hand, it is too fast in kinetics at the beginning and, on the other
hand, it is too dependent on the previous relaxation duration
time. So, a KWW function in which the b and tgww coefficients
change as a function of the relaxation time #; has been found to
be a good means to predict the recovery behavior. The Raman
scattering spectrometry we used did not characterize a hypo-

thetic structural rearrangement occurring during relaxation, but
a Raman spectrometry with an infrared laser or a larger focused
region would bring more reliable information about the atomic
scale changes. Finally, viscosity values measured at room tem-
perature using the fiber bending test and those measured above
Ty are in agreement with those reported in previous studies
concerning other inorganic glasses.
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Appendix A

Calculation of the evolution of the stress in a Burger’s cell dur-
ing relaxation stage. The constitutive laws of the simple elements
composing Burger’s cell are:

oel = Eégel (A1)
op = néy (A2)
od = Eqeq + ndéd (A.3)

Moreover, the way these cells are linked leads to the following
relationships:

E=¢t+&+é&d (A4)

0 =0¢ =0, =0g (A.5)

All these notations are defined in Fig. 7.
Differentiating Eq. (A.4) and using Eqs. (A.1)—(A.3), it leads
to:

.1 n 1 n LY. ma.
¢=—-0o -+ —]o— —¢&
n E  Eq Eq ¢
€4 can be expressed by differentiating twice both Eqgs. (A.1)
and (A.2), and injecting them in the Eq. (A.4):

(A.6)

1
E=—64 —6 484 (A7)

n E
1 1

fg=E— 60— —§

- (A.8)

The constitutive law of the Burger’s model is obtained by
substituting &4, given by Eq. (A.8) in Eq. (A.6):

d [na 1 11 1nd nd
—|=ét+te|l=—0+|-+—+—F |6+ (A9
dt {Ed } n [E Eq  nEq EEq4 (A9

During the relaxation stage, & remains constant, so Eq. (A.9)
becomes:

1o I I
%'4{++%]d+0=0

—G (A.10)
EEy E Eq n Eq n
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The solution of this second order differential equation is the
following equation:

- [(a - Ed) exp(—a) — <ﬁ = Ed) eXp(—ﬁt)}
a—p nd nd

(A.11)

o(t)=

where o =¢oE, and « and B are the solutions of the subsequent
equation:

2 E E Eq EEy
X=—{—-—F+—+— ) x+— =
n o na 7Nd nnd
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