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Abstract: The reliability and the expected lifetime of optical fibres used in different structural applications,
including composites are closely related to the chemical environment action on the silica cladding. To ensure the
long-term mechanical strength of the optical fibres, a polymer coating was applied onto the fibre surface during
fabrication. The aging mechanism is assumed to enlarge or to extend the "Griffith flaws" which are spread at the
fibre surface. Systematic experiments have been carried out to assess different reagents’ effect on the fibre
mechanical strength, such as fluorinated vapors, acetylene, ammonia and organic compounds. Different types of
fibres, including hermetically coated ones, have been aged and subjected to mechanical tests under dynamic
conditions. The Weibull statistical study allows to evaluate the flaws’ dispersion along the fibre surface. SEM

observations evidenced several failure mechanisms.
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INTRODUCTION

In numerous structural applications, optical fibre embedded composites based on polymeric matrices with
glass or carbon reinforcements [1, 2] are recommended for structural health monitoring. Monitoring in
real time the structural integrity using optical fibre sensors is linked with the strength transfer at the
interface between the composite structure and the optical fibre [3, 4]. Despite the significant progress in
fabrication technology, reliability of optical fibres for sensors and smart structures still appears as a major
factor [5, 6]. As sensors based on optical fibres developed for working in different environments
(spectroscopic gas sensors, analysis of smells, environmental evaluation, nuclear applications etc.) [7-14],
studying-the mechanical reliability in harsh chemical aging conditions appears relevant. In other
applications, based on optical fibres embedded in composite systems, the optical surface integrity appears
essential due to the potential damage during fabrication or in use.

This experimental investigation is aimed to compare the chemical reliability of silica optical fibres to a
series of aggressive reagents in gaseous and liquid phase, such as fluorinated vapours, acetylene,

ammonia (gaseous reagents) and dimethyl-sulfoxide (liquid reagent). Secondly, the study is aimed to
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assess the effectiveness of the hermetical coating in-line deposition in terms of mechanical and chemical

reliability.

EXPERIMENTAL PROCEDURE

Different types of silica optical fibers (SOF) are used for testing, as given in table 1. The difference lies in
cost and performance. Based on previous experience, Verrillon fibers were used for investigating the
chemical reliability to different reagents, while iX fiber and Alcatel (cheaper fibers) were tested mainly in
order to be embedded in composites (glass fiber and epoxy matrix). The hermetically coated fibers (H
SOF) were fabricated by Verrillon, Boston USA.

Table 1 Tested optical fibres

Fiber Special treatment Cladding diameter; pm  Coating diameter, pm
SOF Verrillon, Boston MA - 125 250 (Fig. 1)
SOF Verrillon, Boston MA carbon in line 125 250
deposition (H SOF)
1X Fiber, Lannion, France - 80 172
- 80 101.8 (Fig. 2)
SOF Alcatel, France - 125 250

The silica cladding of 125 um in diameter is protected with two layer epoxy-acrylate polymer coating of
250 um in diameter (Fig. 1). Other fibers consist of silica cladding of 80 pm in diameter protected with
one layer acrylate polymer of 101.8 pm in diameter (Fig. 2) or two layers of 172 pm in diameter. In order
to protect the sensitive glass surface, the inner layer coating is soft, allowing to glue in some way the
micro-cracks, to inhibit their evolution and to prevent water molecule reaction. In order to protect the
fiber against external aggression, the external coating is hard, thus manipulation for testing or cabling is
facilitated. Despite the balanced ratio of low cost and the good performance, the main limitation of the
epoxy-acrylate coating (Mid-Term Dual Acrylate Enhanced Performance) lies in the high sensitivity to
chemical reagents, including humidity. That’s why for specific applications, hermetic carbon coating (in
our experimental campaign H SOF Verrillon) or inorganic ones may be applied acting as an efficient
barrier against corrosive reagents.

In line with the International Standard [15], dynamic testing was performed in controlled environment at
18°C (+2°C) temperature and 45% (+5%) relative humidity, using two different procedures: two point
bending testing experimental bench (Fig. 3) and tensile testing bench Lloyds LR 50K (Fig. 4). Testing
samples geometry is given in table 2. In both dynamic testing procedures, four different strain rates were
applied and for each testing conditions series of 30 samples were registered. Then the Weibull plots were

traced and, in several cases, the stress corrosion factor ng was calculated, too.
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Table 2 Sample’s length

Two point bending testing Tensile testing

Optical fiber testing length 100 mm Optical fiber free testing length 200 mm
centrally placed between the faceplates

Fiber samples were subjected to harsh chemical environment, as given in table 3, then dynamically tested.
Finally, their behavior was compared based on the mechanical testing results and the SEM investigations.

Table 3 Testing conditions

Reagent Exposure conditions Tested
(HF, NH4F) hot vapors (55°C) 20, 27,48, 68, 96, 120, 144, 164,
340 hours
(C,H,) acetylene vapors 1 bar ; 48, 168 hours
After 2 days in lab

(NH;) ammonia vapors 1 bar ; 168 hours

(DMSO-C,H¢SO) dimethyl- 40 min, 2, 6, 18 hours
sulfoxide liquid

RESULTS and DISCUSSION

Statistical analysis

Previous experiments [16] have revealed the polymer coating permeability and the subsequent aging

sensitivity of the silica optical fibre. In order avoid hydrogen diffusion through the silica cladding surface,

in the fabrication process, a thin layer of few hundred A in thickness of diamond like carbon may be in-

line deposited, followed by the subsequent polymer coating rapidly performed UV-polymerisation. The

hermetical coating allows fibre reliability improvement.

The two point bending testing doesn’t replace the tensile testing as fiber strength measurement ; due to

the small length fiber sample (10 cm) placed between the grooved faceplates (Fig. 3 detail A) and the

short time necessary for testing manipulations, too, valuable information has been provided to compare

defect size distribution and micro-cracks evolution [17].

The stress to fracture o (in GPa) was calculated from the distance separating the faceplates at the fracture

moment, using the Proctor and Mallinder relation, improved by Griffoen [18], as follows:
o=E.e(1+ag/2) (1)

where £ (=72 GPa) the silica Young modulus, a (=4.75) non-linearity elastic parameter, € the strain in the

fibre depending on the optical fibre geometry, given by the relation [18]:
e=1198dg/(gd, +2d,) )
where d; the fibre diameter (=250 um), d, the cladding diameter (=125 pm), d the distance between the

faceplates at the fracture moment measured by the sensor, d, the grooves depth (=0.2 mm).



The failure stress was registered for each sample, and then the results were statistically treated. In the case
of brittle materials, such as silica optical fibers, the mechanical strength, determined from the fracture of
the most critical flaw on fiber’s surface, presents a significant scattering. The statistical Weibull treatment
is considered relevant [19, 20]. The Weibull law gives a relationship between the cumulative probability
Fy (%) of fibre failure and the corresponding applied stress. The Weibull plot is given by the evolution of
the logarithmic function of probability

ln[ 1/« n(1- FK)] (€))
where L is the sample length, according to the logarithmic function of the fracture stress

In[stress, MPa] 4)
For each series of experiments (30 samples), the fracture stress is registered, the cumulative probability to
fracture is calculated and the Weibull plot is traced. Interpolating the testing results, the linear distribution
slope allows to evaluate the flaws size dispersion. Depending on these slopes, one or more defect
populations are present. Usually, at low strain rates bi or multi modal Weibull distribution may be
noticed, meaning that both extrinsic and intrinsic micro-cracks characterize the fiber failure. At high
strain rates, usually a mono-modal distribution is expected, with a high slope, meaning that a single defect
population initiated failure, respectively the intrinsic micro-cracks. Dust in fiber drawing tower or foreign

particles in the coating material may be the origin of these intrinsic micro-flaws.

Effect of hermetic deposition

Presenting on the same graph the Weibull diagrams for Verrillon standard optical fibers (SOF) as
compared to the Verrillon fiber with the hermetic in-line deposition (H SOF) (Fig. 5), following the
improved fabrication technology, one may notice the similar behavior in terms of flaw size dispersion
(Weibull plots with the similar slope), but a significant decrease of the mean stress. The results dispersion
is broader for the extreme strain rates (100 and 800 um/s) and slightly steeper for the median ones (200
and 400 pm/s). The median failure stress (the stress corresponding to the 50% failure probability F)
varied between 6 and 7 GPa for the standard SOF. In the case of non-aged (as-received) hermetical coated
H SOF, the median failure stress decreased to 3.6 and 4.1 GPa.

The aging treatment in fluorinated vapors has revealed significant improvement following the carbon
coating onto the silica surface. Two series of samples were prepared simultaneously. In a cylinder
disposal, the samples were placed parallel to the cylinder height. The series placed in the disposal far
from the vapor release were noted f and the second ones, placed close, were noted ¢. The exposure
duration of vapor release varied from 20 hours to 14 days.

The fluorinated environment is very aggressive for silica. The Weibull diagrams for the standard silica

optical fibers reveal the significant decrease of the fiber strength, losing up to % of the as-received
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strength (Fig. 6) together with a broader distribution (as compared to the as-received fibers), indicating
the extension of extrinsic flaws. The standard SOF damaged extensively after 12 days of exposure with a
difference of about 1 GPa between the two series, depending on the fibers’ position (f, ¢) in the cylinder
disposal during the chemical aging.

The SEM indicated numerous crystal deposits along the fiber independent of the sample position in the
disposal (Fig. 7). The chemical analysis of crystal deposition revealed fluoride presence, but silicon too,
concluding that silicon diffused from silica cladding and segregated in a solid phase generated from Si,F.
Contrary to the lower mechanical strength of the as-received H SOF compared to the SOF; the hermetic
deposition leads to an improved behaviour to the fluorinated environment, with'a steady state until 12
days of exposure and starting to decrease from 14 days (Fig. 8). Even in these conditions the decrease is
less than 10% of the initial strength, so as the hermetic deposition leads to resistance to chemical reagents.
In Fig. 9, the Weibull diagrams are compared for the four strain rates corresponding to H SOF as-aged for
long duration (14 days). One may suppose that the environment is saturated as the fiber’s mechanical
behavior does not depend on the vapor release position. Unfortunately, the silica end exhibited
catastrophic damage (Fig. 10) attributed to continuous etching. Once the process is initiated, the silica
structure has been continuously destroyed. The carbon protection appears quite effective at the interface
silica cladding — polymer coating, but if the reagent reaches the unprotected silica, the process appears

irreversible and highly reactive.

Influence of chemical reagents

As-aged standard SOF behavior was investigated subjecting the fiber to gaseous reagents (C,H,,
respectively NH;, both at-1 bar pressure); other series subjected the fiber soaking in liquid reagent
C,HSO, known as DMSO.

The aged samples were dynamically tensile tested, the stress to fracture was registered and Weibull plots
were produced as previously discussed (Fig. 11).

Comparing the results distribution of the reference fiber (as-received) with the as-aged ones in different
reagents, the effect appears obvious with a transition from steeper (as received) to broader (as-aged)
aspect; the mechanical strength decreases, too.

Exposure to ammonia reagent led to the strength decrease, the Weibull plot presenting a mono-modal
distribution, similar to the reference (non-aged SOF). A similar distribution was registered following
exposure to acetylene for the same duration (7 days), but the decrease was less severe. The most
aggressive reagent was DMSO in liquid phase, an organo-sulphur compound and universal solvent
capable to stabilize cell membranes under rapidly changing conditions. The broader scattering, attributed

to multimodal distribution, and the significant loss in mechanical resistance were noticed for an exposure



of 18 hours. For short exposure duration (40 min), the effect was less obvious in terms of strength
decrease and extrinsic flaws broadening, too.

In acetylene an interesting opposite effect was identified. For short exposure duration (48 hours), the
acetylene affects progressively leading to the strength decrease and broader distribution. For long
exposure duration (7 days), the strength decrease was less severe. This interesting behavior appears
similar to the structural relaxation phenomenon, noticed in humid environment [16], so a similar
hypothesis may be considered. It might be supposed that partial polymerization at the interface level is
responsible for the less severe decrease of the mechanical strength and less broad distribution of extrinsic
flaws.

Finally, relevant samples of etched fibres were investigated by scanning electron microscopy (SEM) and
subjected to chemical analysis using a JEOL JSM-6301F scanning microscope. The polymer coating
appears detached from the silica subsequent aging in DMSO (Fig. 12-a and 13-a) and acetylene (Fig. 14-
a). The silica core appears peeled-off, while the two layer polymer coating may be seen from the diameter
difference. Filaments of the soft inner layer (Fig. 12-a) exhibit the structure difference. The chemical
analysis was performed pointing the layers similar to that presented in Figures 12 — 14 (b). As noticed in
the chemical analysis, the silica cladding is indicated by Si and O peaks.

Considering these observations, in applications highly demanding chemical reliability, hermetical coated
optical fibres might be advisable [21], realising a balance of cost and required performance.

In particular structures, with SOF embedded in composite systems, detailed testing of SOF to components
reactivity is needed. As previously presented [22] better coherence and adhesion at the OF/composite
interface has been reported for the single polymer layer SOF 80/101.8. The polymer may be fractured
(Fig. 15), but internal stresses seem more significant due to the polymerisation cycle of the composite
resin in the case of the standard epoxy-acrylate SOF. The soft polymer layer appeared retracted or in other
cases the silica cladding was stripped (Fig. 15-a); that’s why the single layer optical fibre (Fig. 15-b)

appear more-adapted in these applications.

Conclusion

Silica optical fibers extend their use for sensing and structures monitoring in real time. The selection is
given by the balance between performance and cost. Based on previous experimental studies, polymeric
coatings appear effective in reducing surface flaws at the silica cladding.

For tested fibre length and testing time economy reasons, dynamic testing appears more effective. The
standard silica optical fiber with double epoxy-acrylate coating, tested in accordance with the

International standard [15], has good mechanical strength ranging up to 7 GPa, as given by the Weibull



statistical analysis (Fig. 5). These optical fibers present aging sensitivity to chemical reagents due to
polymer permeability and cladding-polymer interface reactivity.

In order to improve the fibre reliability, hydrogen diffusion through the silica cladding surface should be
avoided. In-line deposition of a thin layer of diamond like carbon, followed by the subsequent polymer
coating polymerisation, may improve the fabrication process. The hermetic coated fibres present lower
mechanical strength ranging between 3.6 to 4.1 GPa (Fig. 5), but subjected to fluorinated vapours, known
as critical for silica [7], the carbon protection appeared quite effective. Extensive exposure (12 days) of
the hermetic coated fibres leads to a decrease of less than 10 % of the initial strength (Fig. 8).

Comparing other reactive reagents effect, such as organic compound (dimethyl-sulfoxide), acetylene and
ammonia, the harshest action is attributed to the organic reagent DMSO (liquid reagent); in this case, the
polymer coating detached rapidly through peeling-off after 40 min of soaking. SEM (a) and chemical
analysis (b) confirmed the mechanical testing investigation (Fig. 12-14). The silica cladding is indicated
by Si and O peaks, while the polymer coating layers (evidenced, but not included) are indicated by C
(majority) and few O.

In ammonia exposure (vapour reagent), the polymer coating fractured, but in acetylene (vapour reagent)
an opposite effect was noticed with less aggressive influence for longer exposure. The effect may be
similar to the structural relaxation phenomenon‘evidenced in long term aging in humid environment [16].
Less severe decrease of the mechanical strength in certain conditions of exposure to acetylene may be
explained by partial polymerization at the interface level that may be responsible for less broad
distribution of extrinsic flaws.

In order to improve chemical reliability, the hermetic deposition may be applied, but the ends should be
carefully protected, too. The relaxation phenomenon, with a benefit effect at interface level, may be
initiated in certain conditions to be experimentally determined and controlled.

When embedding silica optical fibers in epoxy glass composite, the interface coherence at silica cladding
/ polymer coating appears critical. Previous testing [22] revealed that silica optical fibers with single layer
polymer coating (80/101.8) exhibited better interfacial adhesion strength than classical double coating
SOF. The inner soft polymer layer detached from the cladding, affecting the interface coherence.

For dedicated applications with embedded optical fibres, a controlled selection of the optical fibres
geometry and manufacturing technology, linked to the cost, should be carefully considered. In this
selection, the chemical reactivity to different components should be in advance investigated, as each
factor (such as chemical reactivity, temperature, exposure time, applied stress) may influence differently
with certain potential mutual compensation. Partial polymerization at interface level may be benefit, as
identified in humid environment, too, but parameters to control the process should be again

experimentally determined.
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L Figure 1. SEM of 125/250 silica optical fibre (cladding 125
| um, two layer epoxy-acrylate coating 250 pm)

coating

Figure 2. SEM of 80/101.8 silica optical fibre (cladding 80
um, single layer coating 101.8 pum)
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Figure 3. Two point bend test setup
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Figure 4. Dynamic tensile test setup
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Figure 5. The effect of the hermetical (H) in-line deposition on the mechanical strength of as-received
SOF for different strain rates (in wm/s)
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Verrillon SOF: as aged at 55°C (strain rate 200 pm/s)
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Figure 6. Fibre strength decrease following exposure to fluorinated reagents (in legend the aging duration,

in hours; f far from vapours release, ¢ close to vapours release)
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Verrillon hermetically coated SOF: as-aged
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Figure 8. Influence of hermetical protection of silica cladding in aging conditions in fluorinated
environment at 55°C

Verrillon hermetically coated SOF: aged 14 days
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Figure 9. Weibull plots of H SOF aged in harsh conditions
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Figure 10. Harsh etching of unprotected end of silica
cladding in fluorinated environment (H SOF)
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Figure 11. Effect of reagents on SOF mechanical strength
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Figure 12. SEM (a) and chemical analysis (b) of DMSO aged SOF for 40 minutes: polymer coating
peeling-off
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Figure 13. SEM (a) and chemical analysis (b) of DMSO aged SOF for 18 hours: polymer coating
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Figure 14. SEM (a) and chemical analysis (b) of SOF aged in acetylene for 48 hours: polymer coating

peeling-off

16




Bl =2 TRY

Figure 15. Optical fibre embedded in epoxy glass unidirectional composite system: polymer damage (a —
double polymer coating; b- single polymer coating)
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