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Abstract: A systematic study of annealing behavior of drawn PMMA fibers was performed. Annealing dynamics
were investigated under different environmental conditions by fiber longitudinal shrinkage monitoring. The
shrinkage process was found to follow a stretched exponential decay function revealing the heterogeneous nature
of the underlying molecular dynamics. The complex dependence of the fiber shrinkage on initial degree of
molecular alignment in the fiber, annealing time and temperature was investigated and interpreted. Moreover,
humidity was shown to have a profound effect on the annealing process, which was not recognized previously.
Annealing was also shown to have considerable effect on the fiber mechanical properties associated with the
relaxation of molecular alignment in the fiber. The consequences of fiber annealing for the climatic stability of
certain polymer optical fiber-based sensors are discussed, emphasizing the importance of fiber controlled
pre-annealing with respect to the foreseeable operating conditions.
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1. Introduction

Following the success in short range data transmission applications [1], polymer optical fibers
(POFs) have attracted considerable attention also in the field of optical fiber sensors [2]. Building on well
recognized advantages of silica fiber sensors such as low-weight, compactness or electromagnetic
immunity, POF-based sensors may represent lower cost or superior performance alternatives, in certain
applications. One of the key motivations for using polymer materials relates to their mechanical
properties. Polymer optical fibers can exhibit much higher elasticity, ductility and bending flexibility than
their glass counterparts, which make them attractive especially for strain sensing applications. However,
the polymer fiber mechanical properties are strongly dependent on molecular alignment in the fiber.
The fiber drawing process causes rearrangement of polymer molecules that tend to align along the fiber
axis. Quantification of molecular alignment degree in the fiber is a non-trivial task as it dependents on
various drawing conditions and the thermal history of the fiber preform. Nevertheless, its influence on
the mechanical [3—6] and optical properties [7,8] of drawn polymer fibers has been clearly shown.

Molecular alignment can be also viewed in terms of residual stress frozen in the fiber after the
drawing process. As such, it is subject to thermal relaxation resulting in a change of the fiber mechanical
properties [6]. Moreover, this annealing process is accompanied by the permanent longitudinal
shrinkage and diameter increase of the fiber. Thermal annealing can thus have a detrimental effect on
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various fiber properties, such as the modal character or optical losses [9], that need to be considered
with respect to fiber climatic stability in general. For certain fiber sensing methods, such as fiber Bragg
grating (FBG) or interferometric sensors, fiber longitudinal shrinkage itself might be the most obvious
and severe issue since the sensor reading is directly tied to the longitudinal coordinate in the fiber in
some way (Bragg wavelength, resonator length). The issue was recognized in the sensing community to
some extent. Nowadays, most of the authors perform short term fiber annealing in order to remove
residual stress and avoid the fiber shrinkage later during the sensor operation [10,11]. Annealing does
not need to be necessarily of a detrimental nature. It can be used for controlled post-inscription
down-tuning of FBGs to a desired wavelength or to inscribe wavelength multiplexed FBGs with a single
phase-mask [12]. Even though the basic effects and role of fiber annealing earned a partial recognition,
no deeper study of the annealing process was carried out up to now.

The climatic stability and reliability of POF-based sensors is an important topic for their further
practical implementation. In this work, we therefore present a thorough investigation of the annealing
behavior of drawn polymer fibers revealing complexity of the annealing process. Besides dependence on
the initial molecular alignment in the fiber, temperature and time, also a strong influence of humidity on
the fiber annealing behavior was shown for the first time. Results obtained for various fiber samples and
annealing conditions show an underestimation of annealing dynamics in previous works. In addition,
the annealing study provides a useful insight into the molecular structure of fibers, pinpointing the
heterogeneous nature of molecular dynamics in polymer systems. Finally, the influence of annealing on
the fiber mechanical properties is briefly considered as well.

2. Fiber samples

A variety of large-core multi-mode (MM) POFs from different materials is nowadays available
commercially. On the other hand, there is a general lack of quality single-mode (SM) polymer fibers
required for high-precision sensing applications. Experimental SM POFs are being produced by various
research groups with the vast majority of them relying on a microstructured fiber architecture [13]. The
most common method for preparing microstructured POFs (mPOFs) is by drilling a periodic array of air
holes of desired geometry along the axis of a bulk polymer rod that is subsequently drawn into the fiber.
For simplicity, the work described in this paper was performed with homogeneous fibers without any
microstructure. For the usual 125 pm diameter SM mPOF, the cross-sectional area of the air fraction is
typically lower than 1% of the total area and so the microstructured region is not expected to have
significant influence on the fiber straining or annealing behavior. Our study focusses on fibers drawn
from polymethyl methacrylate (PMMA), as it is the most common material for POF fabrication up to
now. However, it is reasonable to expect that most qualitative findings should be applicable to a wider
range of polymer materials.

All fiber samples were prepared from commercial PLEXIGLASS® XT rod with a diameter of 30
mm from Evonik Industries AG [14]. Here we note that we use the same PMMA rod type only with larger
diameter for fabrication of our standard mPOFs by the preform drilling method [15]. The level of
induced molecular alignment is a complex function of various drawing conditions, where fiber drawing
stress is the key pointer for determining the alignment degree. For the purposes of this work we
prepared three fiber samples drawn under different drawing force with the same target diameter
between 200 um and 250 um. Samples were fabricated from the same preform in a single pull process
by varying the drawing temperature. The not fully optimized drawing process for our experimental SM



mPOFs typically yields fibers with higher diameter fluctuations than the more mature production of
silica fibers or MM POFs. Diameter fluctuations translate also into the degree of molecular alignment in
the fiber and may therefore compromise discrimination between individual samples. In order to
overcome this problem, we decided to prepare only three fibers but with significantly different drawing
conditions. An oven temperature of 215 °C resulted in a rather high drawing force of 0.8 N, while
increasing temperature to 290 °C yielded a drawing force at the detection limit of our load cell. For
labeling purposes in the rest of the work, we will refer to this fiber as drawn under 0 N. In addition, fiber
drawn at an intermediate 0.4 N (240 °C) was added to closer match typical drawing conditions that we
normally use for mPOFs.

3. Annealing procedure

Molecular alignment is a non-equilibrium state frozen in the fiber as it cools down after exiting
the heating oven. It is subject to thermal relaxation when aligned molecules are trying to return to their
equilibrium state of randomly oriented entanglement. This change in molecular organization manifests
itself by change in geometrical, mechanical as well as optical properties. Different fiber parameters can
be thus used to investigate this process, but monitoring of fiber longitudinal shrinkage is the most
straightforward one. Samples of all three fiber types with an initial length of 50 cm were annealed inside
the climate chamber at the same time in order to ensure the same conditions and comparable results.
Samples were freely lying on a thick piece of cardboard to insulate them from a metal grid of the climate
chamber that might act as a heat sink and distort the measurement, especially for short annealing times.
A relatively long length of 50 cm was chosen in order to minimize the uncertainty associated with fiber
length measurement. At the same time, it is short enough, so the fibers can be freely placed into the
climate chamber without interfering with each other, as this might prohibit their shrinkage. Moreover,
annealing of longer samples provides inherent averaging with respect to fiber diameter fluctuations
along the sample.

All annealing experiments were performed utilizing a Votsch VCL 4006 climate chamber enabling
programmable control of temperature and relative humidity (RH). PMMA, along with many other
polymers, exhibit affinity for water. Diffusion of water into polymer fibers is a relatively slow
entropy-driven process dependent on the relative humidity of the environment. At the beginning of
each annealing cycle (Figure 1), fibers are firstly held inside the climate chamber for one hour at initial
temperature Tj, = 21.4 °C and target humidity Ha, in order to allow water diffusion into the fiber.
Temperature is then gradually increased (1 hour ramp) to target value Ta, at which the fibers are held
for certain annealing time interval t,,. Subsequently, fibers are rapidly cooled back to Ti,, where they are
kept for 2 hours to stabilize. The relative humidity value remains the same for the whole annealing cycle.
The fibers are removed from the climate chamber and left for a minimum of 2 hours to stabilize at room
conditions (20-24 °C and 30-40 % RH). The length of all the samples is measured after each cycle and
annealing process is repeated for the same samples with gradually increasing ta, until no further
significant shrinkage of fiber is observed. The fiber annealing dynamics is then evaluated in terms of
temporal evolution of the relative fiber length at given annealing conditions. The whole annealing
procedure is repeated with new samples for the different sets of environmental conditions.
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Figure 1. Schematic diagram of one annealing cycle in the climate chamber.
4. Mechanical testing

In order to assess the influence of fiber annealing on its mechanical properties, a fiber strain test
was performed for original un-annealed, as well as selected annealed samples. Strain testing was
performed on in-house built tensile testing machine comprising of one static fiber holder with load cell
for measuring the force and one stepper-motor-driven traveling crosshead with a linear displacement
sensor for fiber straining. The ends of 5 cm long fiber samples were glued to the fiber holders yielding an
initial fiber gauge length of approximately 20 mm. Based on an actual gauge length measurement, fiber
straining rate was always adjusted to be in 66-67 %/min range. Sample initial diameter was measured by
micrometer screw gauge at 3 different points along the strained length of the fiber.

5. Results and discussion
5.1 Annealing dynamics and molecular alignment

During our studies, samples with the different degree of initial molecular alignment were
annealed under various environmental conditions. In order to investigate the basic annealing dynamics
and the role of the fiber initial molecular alignment, we used data obtained from experiments at 95 °C
and 40 % RH. This corresponds to the highest annealing temperature allowing simultaneous humidity
control in our climate chamber. At the same time, it is still well below the glass transition temperature
(Tg) of used PMMA, which was measured to be between 105 °C and 115 °C for the bulk isotropic
material. As discussed later, higher temperature is associated with a larger degree of shrinkage, which
makes the illustrated effects more apparent. Nevertheless, general trends that we will describe in this
section hold also at the different annealing conditions. Utilization of longer (50 cm) samples provides a
certain degree of inherent averaging with regard to short-distance fiber properties fluctuations.
Additionally, in this case we annealed three samples from different regions of each fiber type in order to



account also for possible long-distance fluctuations. The presented data are then average from 3
samples for each fiber type.

An attempt has been made to model fiber shrinkage by simple exponential decay [6], which is
typical for the relaxation of many physical systems. In our study, however, we found that fiber shrinkage
follows a stretched exponential decay function rather than simple exponential decay. Figure 2a depicts
the temporal evolution of the relative length L of the fiber drawn under 0.4 N during a 312 hour-long
annealing cycle. For illustration, measured data are fitted by both, stretched and simple exponential
decay functions of the form

—(tHg
L=Lo+Lye @,
where L, represents the limiting fiber length to which fiber shrinkage converges at the certain annealing
temperature, Ly, is the magnitude of the total inducible shrinkage at that temperature, t is the
annealing time, t, is the fundamental decay time and 0 < g < 1 is the stretching parameter. In the case
of simple exponential decay, g = 1. Stretched exponential decay can be interpreted as a superposition
of a group of simple exponential decay functions with a nontrivial distribution of decay times. The
stretching parameter g is associated with the width of the decay time distribution and is a measure of
heterogeneity of the studied system. The lower g gets, the more heterogeneous (broader) is the decay
time distribution [16]. Heterogeneous dynamics are characteristic of disordered systems and have been
a hot topic in the field of supercooled liquids in the last decades [17,18]. The nature and origins of
heterogeneous dynamics in polymers are still not fully understood, but are often attributed to
microscopic heterogeneities in the molecular arrangement of the material. Polymer material can be
imagined as a mass of loosely entangled strings representing polymer molecules. Different microscopic
regions might have different degrees of entanglement, which in turn affects their mobility. Fiber
annealing studies can therefore shed some light on the mechanism of molecule alignment and its
consequences for the material properties, which are not fully understood [19]. To illustrate the
magnitude and importance of heterogeneous dynamics for the fiber annealing process, the fitted
parameters are summarized in Table 1. However, relaxation time analysis from discrete annealing data
is of ill-conditioned nature and thus very sensitive to the precision of experimental data and truncation
effects [20]. We will therefore avoid any rigorous quantitative analysis of the fitted parameters, which
goes beyond the scope of this work. Rather than that, we will use our findings to point out and discuss
the qualitative consequences of the heterogeneous nature of the material on the annealing process and
climatic stability of drawn polymer fibers. Stretched exponential decay fits of experimental data will be
included for eye guidance only.
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Figure 2. (a) Measured relative length evolution of PMMA fiber (drawn at 0.4 N) fitted with simple and stretched
exponential decay functions. (b) Comparison of annealing behavior of fibers drawn under different drawing force.
All presented data is for annealing at 95 °C and 40 % RH.

From Figure 2a and data in Table 1, it is apparent that assuming simple exponential decay relaxation
may lead to severe underestimation of the degree and evolution of induced shrinkage. Compared to
simple exponential decay, the stretched exponential decay function is characterized by faster initial
decay for t < t, and longer and slower tail for t > t,. The effect gets more pronounced as g decreases.
From the point of view of fiber/sensor climatic stability, this has rather unfavorable consequences.
Firstly, the very rapid initial shrinkage rate makes fibers more prone even to short-term
spikes/fluctuations in climatic conditions. Secondly, the longer tail means it takes much longer until the
fiber can be considered stable at a certain temperature. Several authors perform short-term annealing
of fibers in order to stabilize their geometrical parameters at elevated temperatures. However, our
results show that fiber shrinkage is still apparent even for annealing times longer than 10 days.

Simple exponential decay fit Stretched exponential decay fit
Value Standard error Value Standard error
Ly 0.42 0.02 0.32 0.01
Lan 0.58 0.02 0.68 0.01
ty 6.2 0.9 15 2
g 1 0 0.28 0.01

Table 1. Summary of fitted parameters describing annealing behavior from Figure 2a.

Fiber annealing is essentially a relaxation of molecular alighnment within the fiber. It is therefore
natural to expect that the fiber annealing behavior depends on the initial degree of its molecular
alignment. Figure 2b compares the annealing behavior of all three fiber types drawn under different
conditions. The increase in induced shrinkage with rising drawing force is clearly visible and in
agreement with observations of Ishigure et al. for large-diameter multimode graded-index POFs for data
transmission applications [5]. Fiber drawn under extremely low drawing force possesses almost no
molecular alignment and its properties are similar to those of bulk isotropic material. Since its molecular
arrangement is very close to the equilibrium state, only minimal shrinkage is observed even at
temperatures approaching T,;. On the other hand, fiber drawn at fairly high 0.8 N shrinks almost to half



of its original length after just 6 hours at 95 °C and 40 % RH. Fiber drawing at higher force (stress) values
is associated with a higher degree of alignment. Aligned molecules then hold higher shrinkage potential
as they are trying to return to their original state of random entanglement. Determination of alignment
degree from fiber drawing force is not straightforward because it is sensitive to various drawing
conditions and their fluctuations. The situation can be even more complicated if a multi-step drawing
procedure is employed [13], when a certain level of molecular alignment is introduced already during
the cane drawing. In order to get a more objective measure of the fibers’ initial degree of molecular
alignment, we use the fiber length relaxation ratio R; . It is a ratio of fiber length before and after
complete annealing when full relaxation of the polymer molecules was achieved. After completing a 312
hour annealing cycle at 95 °C and 40 % RH, fiber samples were gradually heated up to 170°C until no
more fiber shrinkage was observed. After cooling, sample lengths were measured again and R; was
calculated to be 1.8 £ 0.1, 12.7 £ 0.2 and 15.1 £ 0.1 for fibers drawn at O N, 0.4 N and 0.8 N, respectively.
The length relaxation ratio can be also viewed as a total shrinkage potential. The calculated R;,
illustrates that the drawing force parameter does not fully characterize the state of the fiber internal
molecular structure after the drawing process. It also explains why the difference between the behavior
of fiber drawn at 0.4 N and 0.8 N is smaller than one would infer from the drawing force values.
Nevertheless, presented results clearly show that fibers prepared at high drawing force are the most
unstable ones exhibiting large shrinkage and their use should be avoided if operation at elevated
temperatures is expected. On the other hand, drawing under extremely low forces seems to be the most
suitable with regard to the fiber climatic stability. However, other factors related to the desired
mechanical properties need to be considered as will be discussed later in the work.

Even though we avoid any direct quantitative analysis of fitted parameters, it is worth noting
that a consistent trend was observed over the collected data, with tpand g decreasing with growing
drawing force (molecular alignment). One might then speculate that the drawing process increases the
heterogeneity of molecular arrangement in the fiber. This would be in agreement with the description
offered by Buckley et al. [4], where two competing mechanisms take place during the drawing process.
The fiber drawing process can be imagined as a stretching of a mass of loosely tangled strings. As a
result of this longitudinal pulling, a large portion of the molecules is getting preferentially aligned along
the stretching direction. At the same time, there are also regions where molecules are becoming even
more tightly entangled as the different parts of the same molecules are being pulled away into the
aligned regions. With respect to the fiber annealing process, molecules within aligned regions can slide
past each other relatively easily, giving rise to faster relaxation and shorter annealing decay times. On
the other side of the decay time spectra are highly entangled regions. Polymer chains in highly
entangled regions can barely slide past each other, thus restraining movement of involved molecules
associated with longer decay times. Increase in the fiber drawing force is then associated not only with
the rising shrinkage potential, but also with the faster shrinkage rate and more heterogeneous nature.
Besides affecting the annealing behavior, increased heterogeneity may influence fiber optical properties
as well. The microscopic heterogeneities in the molecular structure might act as scattering centers
increasing fiber optical losses. However, deeper study into the topic would be required in order to
confirm the hypothesis.

5.2 Temperature and humidity

Molecular alignment can be viewed in terms of residual stress frozen in the fiber after rapid
cooling during the manufacturing process. Even the fibers with the high degree of alignment, far from



the equilibrium state, are considered stable at room temperatures, since the molecular movement is
prohibited at temperatures well below the T, of PMMA. Heat supplied to the fiber at elevated
temperatures might be viewed as a sort of activation energy enabling molecular movement. Since
aligned molecules are generally less intertwined and can slide past each other more easily, lower
energies (temperatures) are sufficient to activate their movement. Figure 3a shows the evolution of
relative length of the 0.4 N fiber during the 156 hour annealing process for different annealing
temperatures. Even moderately elevated temperatures are sufficient to activate the relative movement
of highly aligned molecules. This movement is associated with the fiber shrinkage as the molecules are
trying to restore their equilibrium state of random entanglement. The degree of molecular
entanglement gradually increases during the annealing process, eventually reaching the point when the
supplied thermal energy is not sufficient enough to sustain further molecular movement and the fiber
shrinkage saturates. However, fiber may still possess a considerable degree of molecular alignment and
further shrinkage can be induced at higher temperatures. In practice it means, that even when the fiber
was pre-annealed for sufficiently long time, it can be considered stable only at temperatures up to the
utilized annealing one. One has to be even more careful, when only short-term annealing is performed.
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Figure 3. (a) Relative length evolution of fiber drawn at 0.4 N during 156 hour annealing procedure performed at
various temperatures. (b) Temperature dependence of fiber shrinkage induced after 156 hour annealing cycle for
all investigated fiber types. Relative humidity was fixed at 40 % for all presented measurements.

Figure 3b depicts the induced shrinkage as a function of annealing temperature for all three types of
studied fibers and illustrates the superior stability of fibers drawn at lower force values. The fiber drawn
under 0 N can be considered stable at temperatures up to 90 °C, where shrinkage of only about 1 % was
observed after 156 hours. On the other hand, fiber drawn at 0.8 N exhibits significant shrinkage reaching
10 % already at 70 °C. Moreover, induced shrinkage increases rapidly with rising temperature making
the highly aligned fibers even more prone to the annealing effects. The degree of longitudinal shrinkage
reaches 70 % at 95 °C for the sample drawn at 0.8 N. At the same time, even the sample drawn at O N
displays a significant length reduction at this temperature, despite possessing only minimal molecular
alignment. This indicates that temperatures between 90 °C and 95 °C can be considered as a more
general limit for PMMA drawn fibers with regard to their geometrical stability. Such high temperatures
are to be avoided anyway, as they are approaching the Ty value for bulk isotropic PMMA.



The temperature dependence of the annealing process is rather intuitive. However, the
situation is further complicated by other climatic factors, particularly relative humidity, which has not
been realized in the POF community before. Figure 4a shows the annealing behavior of the fiber drawn
at 0.4 N during three separate annealing procedures performed at the same annealing temperature of
90 °C, but under the different level of relative humidity. The results reveal a dramatic influence of RH on
the fiber annealing process. Humidity effect on the total fiber shrinkage induced after 156 hour
annealing cycle is further depicted in Figure 4b for all three studied fiber types prepared under the
different drawing force. The degree of induced shrinkage seems to be rising with the growing RH value.
For the fiber drawn at 0.8 N, changing the relative humidity level from 10 % to 70 % results in more than
twofold increase of the induced fiber shrinkage, from roughly 20 % to over 70 %. Even for the fiber
drawn at 0 N, for which only minimal shrinkage (< 1 %) was measured at 10 % RH, significant length
decrease reaching 10 % was observed upon RH increase to 70 %. The observed behavior can be
attributed to the plasticizing effect of water molecules on the polymer structure. PMMA, along with
many other polymers, exhibits affinity for water, absorbing up to 2 % water content at 23 °C [21]. Water
molecules absorbed into the polymer structure of the fiber act as a plasticizer lowering its T, value [22].
This effectively increases the mobility of polymer molecules and the fiber experiences larger shrinkage
analogically to when the annealing temperature is raised.
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Figure 4. (a) Relative length evolution of fiber drawn at 0.4 N during 156 hour annealing procedures performed at
various RH levels. (b) Humidity dependence of total fiber shrinkage after 156 hour annealing cycle for all
investigated fiber types. Annealing temperature was fixed at 90 °C for all presented measurements.

Furthermore, the shrinkage promoting effect of humidity seems to extend down to the room
temperatures, where the fiber parameters are otherwise considered stable. Table 2 summarizes the
relative length change AL of the all three fiber types induced solely by the water absorption. In this case,
eight samples of each fiber type with an initial length of 2 m were coiled and left in a container filled
with distilled water for a period of 24 hours. The sample length was measured again immediately after
they were taken out of the water bath and briefly dried with a paper towel. Since water absorption into
polymers is accompanied by material swelling, fibers were left for another 24 hours in order to stabilize
back at the original room conditions (22-24 °C, 44-48 % RH) and their length was measured again. Subtle
but significant difference in the responses of the different fibers was observed. In case of the fiber
drawn at O N, a length increase of 0.28 + 0.01 % was recorder right after the 24 hour soaking period.



Upon drying at the room conditions the fiber returned to its initial length. Such behavior is associated
with simple swelling of polymer by absorption of water molecules without any permanent change in the
fiber molecular structure. Contrary to that, no significant swelling is observed for the fiber drawn at

0.8 N right after the water bath. After desorption of excess water from the fiber at the room conditions,
permanent shrinkage of -0.13 + 0.02 % was recorded. This indicates that presence of water molecules in
the polymer structure is sufficient to induce relaxation of highly aligned molecules even at room
temperatures. Even though the effect may appear fairly low when only fiber length change is
considered, it represents considerable change of the measured values in the case of POF-based sensors.
For an FBG written at 1550nm in PMMA fiber, shrinkage of -0.13 % amounts to a 2.015 nm down-shift of
the FBG wavelength considering only the geometrical change of the grating period. This wavelength shift
is equivalent to a fairly high strain drop of approximately 1.44 me or a temperature increase in excess of
72 °C, considering 1.4 pm/ue strain and 28 pm/ °C temperature sensitivity, respectively [23]. This means
one needs to consider suitable pre-annealing of the fiber not only for operation at elevated
temperatures but also when operation in high-humidity or water environments is foreseeable. We
would also like to note that the results indicate a difference in the humidity response of the fibers. If the
length of the dry fiber 24 hours after removal from the water bath is considered as a new stable state
(after relaxation), then the length of the wet fiber immediately after the water bath represents the state
of saturated water absorption into the fiber. From the relative difference between these states, one can
see that water induced swelling appears to be smaller for fibers with a higher degree of molecular
alignment. This might be of interest for applications where polymer optical fiber Bragg gratings are
exploited for water (humidity) sensing.

AL [%)]
ON 0.4N 0.8N
wet  0.28+0.01 0.09 £ 0.03 0.00 £ 0.02
dry  0.01+0.02 -0.09 +0.02 -0.13 +0.02

Table 2. Relative length change of the fibers prepared at different drawing force immediately after 24 hour water
bath (wet) and after additional 24 hour drying period (dry).

5.3 Mechanical properties

As mentioned earlier, fiber geometrical stability is not the only factor that needs to be
considered during the optimization of fiber drawing conditions. After all, one of the main motivation
factors for utilization of POFs are their advantageous mechanical properties, such as increased elasticity
or lower stiffness. Strong dependence of virtually all basic fiber mechanical properties on drawing
conditions has been clearly shown in the different studies [3—6]. The drawing stress (tension) associated
with the drawing force and the fiber final diameter turns out to be the most decisive parameter. The
general trend for the majority of basic parameters such as yield stress and strain, Young’s modulus and
tensile strength is that they grow monotonically with increasing drawing stress. The situation regarding
the fiber ultimate strain is a bit more peculiar. An initial increase of maximal achievable elongation is
followed by the gradual decrease after a certain threshold of used drawing stress is reached. Once again,
the explanation for the observed behavior can be found on the structural level in the competitive
molecular reorganization mechanisms described before. With increasing drawing stress, the tensile
related properties of the fiber are being defined by an increasing proportion of aligned molecules with
high strength and stiffness. Aligned molecules can move past each other more easily which accounts for



the initial growth of the fiber ultimate strain when the fiber drawing stress is increased. However, after a
certain point, movement of these molecules becomes prohibited by an increasing number of highly
entangled regions and the fiber ultimate strain starts to drop again. This is crudely illustrated in

Figure 5a depicting typical stress-strain curves of our three fiber types manufactured under different
drawing force. Fiber drawn at 0 N possesses only minimal degree of molecular alignment and exhibits
brittle straining behavior similar to the bulk isotropic material. It has a fairly low ultimate strain limit and
in general breaks very easily. Fiber drawn at 0.4 N has a more advantageous, higher ultimate strain limit
reaching 25 %. However, increasing drawing force further to 0.8 N already leads to the decrease of the
maximal applicable strain. The fiber exhibits more brittle characteristics, but with higher strength. Fibers
drawn at extremely low tensions might be more attractive from the point of view of climatic stability,
but need not be the most suitable ones with regard to the broader practical requirements.

Achieving advantageous mechanical properties desired for many sensing applications requires
introduction of a certain degree of molecular alignment. In this case, a relaxation induced change of the
fiber mechanical parameters ought to be considered with respect to the foreseeable operating
conditions of the sensor as well. Figure 5b illustrates the effects of the fiber annealing on its straining
behavior. In this context, thermal annealing can be viewed as an inverse process to the fiber drawing,
leading to the relaxation, as opposed to the introduction, of molecular alignment. Compared to an
increase of the fiber drawing stress, an analogous but opposite effect can be observed with the
increasing degree of induced relaxation. For the fiber drawn at 0.8 N, steady decrease of fiber strength
and Young’s modulus was observed up to the maximal annealing temperature used (95 °C). While fiber
ultimate strain increases up to the annealing temperature of 90 °C, further increase to 95 °C already
induces a significant drop of maximal strain values and the fiber becomes more brittle. The
annealing-induced change of the mechanical properties is not likely to severely limit fiber usability in the
sensing applications. Considering that most of the sensing methods are limited to the elastic region,
there is a broad range of molecular alignment degree that is sufficient to ensure superior elasticity of
POFs. Only subjecting the fiber to rather extreme conditions might lead to more serious deterioration of
the fiber mechanical performance. However, changes of the fiber straining behavior in the elastic
region, in particular decrease of Young’s modulus, might be relevant for sensor reliability in stress-based
sensing schemes.
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Figure 5. Typical stress-strain curves of un-annealed fibers prepared under different drawing stress (a) and for fiber
drawn at 0.8 N annealed at different temperatures and 40 % RH for 156 hours (b).



6. Conclusions

Molecular alignment in drawn polymer fibers and its relaxation was investigated with respect to
the climatic stability of polymer optical fibers for sensing applications. Heterogeneous dynamics of the
annealing process was revealed and its rather unfavorable consequences for the fiber/sensor stability
were discussed. Annealing-induced fiber shrinkage was shown to be strongly dependent on the initial
degree of molecular alignment in the fiber and climatic conditions. Besides the expected temperature
dependence, also strong humidity dependence of the annealing process was demonstrated. The results
strongly suggest that fibers with a low degree of molecular alignment should be used if sensor operation
at elevated temperature or humidity is expected. On the other hand, a certain degree of molecular
alignment is required to maintain the advantageous mechanical properties of polymer optical fibers. In
this case, suitable controlled pre-annealing should be performed with respect to the foreseeable
operating conditions. However, special attention needs to be paid when choosing the suitable
pre-annealing conditions due to the heterogeneous nature and complexity of the annealing process,
especially with regard to sensor long-term stability.
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