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Tilted fiber Bragg grating (TFBG) sensors were demonstrated to simultaneously measure the material
thermomechanical and refractometric state in which they are embedded. In this work, for the first time, TFBGs
are investigated for three-parameter monitoring of space-qualified NuSil® CV16-2500 silicone operating during
high-vacuum ultraviolet (UV) exposure. The first part of the work is focused on the ultraviolet effect on the TFBG
spectrum when the sensor is 1) directly exposed to the radiation, 2) covered by a thin cover glass, and with a Kapton
layer on top. Successively, the silicone is used as an adhesive in a sandwich structure in which the TFBGs are
embedded and exposed under high vacuum to various UV/vacuum UV intensity radiations and durations. The
sensors’ spectra were acquired and demodulated to detect the silicone strain—temperature-refractive index variations
and correlate the silicone refractometric changes with the equivalent exposure solar hours. The second part of the
paper is on silicone degradation state evaluation using the same sensor but during a direct exposure of the adhesive to
the radiation. This allowed the UV effects on the silicone to be enhanced but needed a method to compensate for the
damaging effect of UV radiation on the TFBG spectrum.

Nomenclature
A = noncompensated area value
Apew = compensated envelope area
Ayar = variation of the envelope area
a = coefficient of the linear parameter
b = known coefficient of the linear fitting
K = global thermomechanical sensitivity matrix
kTBmgg = thermal sensitivity coefficient of the Bragg peak,
pm /oc—l
Tapom = thermal sensitivity coefficient of the ghost peak,
pm /oC—l
e = strain sensitivity coefficient of the Bragg peak,
pm/ue”!
o = strain sensitivity coefficient of the ghost peak,
° pm/pue™!
P = percentage of the NuSil transmission, %
Parea = unitary envelope area decay
P, = compensated unitary envelope area variation

Received 25 July 2022; revision received 25 October 2022; accepted for
publication 6 November 2022; published online 30 January 2023. Copyright
© 2022 by the American Institute of Aeronautics and Astronautics, Inc. All
rights reserved. All requests for copying and permission to reprint should
be submitted to CCC at www.copyright.com; employ the eISSN 1533-6794
to initiate your request. See also AIAA Rights and Permissions www.aiaa.
org/randp.

*Ph.D. Researcher, Aerospace Structures and Materials Department, Aero-
space Non-Destructive Testing Laboratory, Structural Integrity and Compo-
sites Group, Faculty of Aerospace Engineering; also Visiting Researcher,
ESA, European Space Research and Technology Center, Technology, Engi-
neering and Quality—Quality Evaluation Engineering (TEC-QEE), Kepler-
laan 1, 2200 AZ Noordwijk, The Netherlands.

Materials Engineer, European Space Research and Technology Center,
TEC-QEE, Keplerlaan 1.

*Materials and Process Engineer, European Space Research and Technol-
ogy Center, TEC-QEE, Keplerlaan 1.

SHead of TEC-QEE Section, European Space Research and Technology
Center, TEC-QEE, Keplerlaan 1.

YAssociate Professor, Aerospace Structures and Materials Department;
Head of the Aerospace Non-Destructive Testing Laboratory, Structural Integ-
rity and Composites Group, Faculty of Aerospace Engineering.

740

Peom = compensated unitary decay of the envelope area

P = decay variation of the NuSil transmission

t = time, h

AT = variation of the temperature, °C

Ae = variation of the mechanical deformation, ue

AlBrage variation of the wavelength of the Bragg peak, nm
Aghost variation of the wavelength of the ghost peak, nm

[ = tilt angle of the tilted fiber Bragg grating, deg

1. Introduction

N ONE of our previous works [1], the effects of thermal cycles in

high vacuum on NuSil CV16-2500 were studied by embedding a
special three-parameter optical fiber (OF) sensor called a tilted fiber
Bragg grating (TFBG) in the silicone adhesive of a cover glass
sandwich sample. The aim was to detect the thermomechanical and
possibly chemical evolutions in the elastomer via the simultaneous
strain—temperature-refractive-index measurements performed by the
single TFBG sensor when the material was exposed to a simulated
space environment characterized by high-vacuum thermal cycles. In
this work, the harsh space environment was simulated by creating a
high vacuum and exposing several samples to ultraviolet (UV) radia-
tion at different intensities (expressed in number as solar constants) and
for several exposure times. Hence, the silicone samples underwent not
only vacuum and high temperatures but also to UV radiation. Indeed,
although space-qualified silicones have been studied and developed
for many years to be resistant to the harsh space working conditions,
they must coexist with ultra-high-vacuum, ultraviolet, and ionizing
radiations; extreme thermal ranges and cycles; thermal shock; micro-
gravity; atomic oxygen (ATOX); high accelerations; vibrations; and
space debris for their entire functional lives. The combination of these
effects may cause severe damage and decreasing mechanical perfor-
mance, changing of the original material properties, and even prema-
ture failure of the components [2].

UV radiation is particularly dangerous for polymers (silicones
included) because the organic chemical composition is photochemi-
cally susceptible to degradation at light wavelengths between 200
and 400 nm [3]. Indeed, organic molecules absorb UV light, initiating
photochemical reactions that cause the rupture of the original bonds.
The radical reactions released due to the cleavage of homolytic bonds
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induce discoloration of the transparent silicones, with the unwanted
consequence of producing a much stronger solar absorbance capabil-
ity. This effect is especially high when volatiles are released and
nonsaturated bonds are present in the remaining material, or even if
there are impurities contained in the polymer. All these effects will
increase the absorption of UVs contributing to the photochemical
reactions [4—6]. Apart from the discoloration/coloration, this degra-
dation process changes the original thermo-optical properties and
efficiency, as well as decreases the silicone mechanical performance
and durability. Even worse consequences may occur when UV effects
are combined concurrently with other space phenomena: in particu-
lar, microcracking, severe degradation, and premature failures [2—6].
In addition, ultrahigh vacuum can affect the original dimensional
stability and composition of the polymer because it induces silicone
outgassing of additives and low-molecular-weight residues. In this
way, contaminant layers may deposit on nearby cold surfaces; and
their interaction with UV or ionizing radiation, thermal cycles, and
ATOX can induce their fixation. This might compromise quality or
efficiency, or even cause severe issues [7].

Therefore, taking into account these harsh operational conditions
and the consequences of their combined actions on the materials, the
materials and the components for space flight undergo strict develop-
ment, qualification, acceptance, and protoflight-test campaigns to
verify and certify their suitability for space applications, to evaluate
their degradation state after the space environment exposure, and to
minimize the risk of premature failure [§]. However, testing cam-
paigns are very time consuming and expensive in terms of resources,
equipment, apparatuses, and personnel; so, intermediate verification
methods are necessary to estimate the sample condition. Hence, with
the evolution of the space industry, several nondestructive evaluation
techniques have been developed to monitor the health state of the
materials during ground testing and in service [9-14]. However,
although many technologies might be used for in situ evaluation/
remote/real-time monitoring [15], the sensors and the support appa-
ratus must match the space compatibility [16] and embedding
requirements [17]. Another issue is in regard to the need to perform
multiparameter measurements to evaluate the overall state of a
material or for simple cross-sensitivity compensation of some sensors
to a determined parameter (as in the case of temperature for strain
gauges). This involves the integration of more sensors inside the
materials and apparatuses in the spacecraft, with a consequent
increase of the weight and complexity of the overall system, costs,
and reduction of the volume available for the payload.

TFBG sensors address these issues by being minimally intrusive
and able to simultaneously measure many parameters such as strain—
temperature and refractive index (RI) variations [18]. In the previous
work by Fazzi et al., the TFBG sensor was demonstrated to be
compatible with vacuum applications. In this new work, some
TFBGs were preliminary tested under high-vacuum UV exposure
to investigate possible material degradation. Then, the TFBGs were
embedded inside the silicone adhesive of the cover glass sandwiches
to evaluate the thermomechanical and refractometric states of the
elastomer. Specifically, the TFBG was embedded inside the silicone
elastomer, which acted as an adhesive layer between two glass plates,
in a sandwichlike structure where the core was made of silicone and
the faces were glass plates. Of particular interest is the RI trend as the
equivalent solar hours (ESHs) of exposure to the UV light are
increased. Therefore, in summary, the TFBG sensor has already been
demonstrated as a potential sensor for space applications that can
perform reliable and multiparameter measurements, which provide
important information on the material state and will be investigated
further in this paper.

II. TFBG Sensing Theory

The special features of TFBG sensors allow the use of their differ-
ent peaks in the transmitted spectrum to be used for simultaneous
strain—temperature variation detection and refractometric measure-
ments. A TFBG sensor is obtained by imposing a permanent modu-
lation of the RI inside the core of a single-mode optical fiber [19].
However, unlike a standard fiber Bragg grating (FBG), the modula-

tion is tilted at a certain angle (called the tilt angle &) with respect to
the optical axis of the fiber. The slanted Bragg gratings enhance the
coupling between the modes, propagating in the cladding layer and
backreflected into the core of the OF. Especially for a weakly tilted
FBG (0 < 10 deg), this coupling system supports three kinds of
resonance peaks in the transmission spectrum, which are called the
Bragg, ghost, and cladding peaks [19]; see Fig. 1.

The Bragg peak is generated by the coupling between the forward-
and backward-propagating core modes, whereas the ghost mode
comes from a congregation of multiple peaks placed at (approxi-
mately) the same wavelength, which are confined and interacting at
the interface of the internal OF layers [19]. The Bragg and ghost
peaks are selected here to perform the measurements of the strain and
temperature variations inside the silicone adhesive. The demodula-
tion technique is based on a sensing matrix composed of the thermo-
mechanical sensitivity coefficients of the selected peaks that, when
multiplied by the wavelength shift variations of the selected peaks,
returns the variations of the strain Ae and temperature A7. The
procedure is represented in [20]

Ae k, kT -1 A}LB 2 A)LB 4
— | "enrge Brage ragg | _ g1 ragg 1
|: AT ] |: ksghm kTghos‘ ] A/Ighosl [ ] A/Ighosl ( )

where &,

Erage” ké.ghm[, kTBmgg’ and kTghosl are, respectively, the strain and

thermal sensitivity coefficients of the Bragg and ghost peaks;
whereas Adpr,,, and Adgyoy are their wavelength shifts due to the
positive or negative thermomechanical perturbations. The sensitivity
coefficients can be obtained by calibration as reported in Ref. [20].
The nonsusceptibility of the Bragg and ghost peaks to the external RI
variations allows three-parameter measurements with a single TFBG
[19,21]. For the TFBGs used in this work, the following sensitivity
coefficients were determined using the method described in Ref. [20]:
ke, ~=1.225+0.004 pm/ue, k., = 1.225=+0.006 pm/ue,

€Bragg ‘ghost
Ky =8:9594£0.223pm/°C, and kr, =9.235+0.275pm/°C.
The thermal resolution (TR) is approximately 7°C.

The cladding resonance peaks in the spectrum shown in Fig. 1 can
be used to evaluate the RI of the medium surrounding the sensor. This
measurement is achieved by first performing a preliminary calibra-
tion of the TFBG by immersing it in liquids that have a well-defined
RI (accuracy £0.0002). At each immersion, an envelope of the upper
and lower cladding peaks is made so that the envelope area can be
calculated and later normalized with respect to a reference area. The
reference area is an arbitrary envelope area among those obtained
during the RI calibration; in this case, it was selected as the maximum
area (corresponding to the immersion in 1.33 RI liquid). The
envelope area calculation can be performed with different techniques;
however, here, we apply a recently developed technique based on
Delaunay triangulation (D-T) [19]. All the details regarding the
calibration setup, procedure, specifications, and the D-T demodula-
tion technique can be consulted in the same reference [19]. Once the
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Fig.1 Transmission spectrum of a 3 deg TFBG.
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refractometric calibration curve has been obtained, a fitting function
is extracted based on the RI working range. From this point, the
TFBG is able to measure the external RI because the fitting function
can be solved with respect to the envelope area value obtained from
the spectrum of the immersed sensor. A more detailed analysis of a
refractometric performance of the TFBG has been reported in
Ref. [21]. Once the thermomechanical and refractometric calibra-
tions are completed, the TFBG is ready to be embedded in the
polymer.

To achieve a proper and complete investigation of the UV effects
on the silicone adhesive through the three-parameter measurements
performed by the embedded TFBGs, the experimental campaign has
been divided into three different parts. First of all, the TFBG is tested
under UV light to investigate the effects of the radiation on the
spectrum of the sensor. In the second part, samples composed of
cover glasses and silicone adhesives are prepared with embedded
TFBGs and a K-type thermocouple (TC). The third experiment
investigates the aging in the silicone due to UV exposure when the
cover glass is not blocking the radiation.

III. Samples

The first group of samples includes bare TFBGs where the OF
coating has been removed in the region of the sensor. The bare TFBGs
were 1) tested under direct exposure to UV light, 2) covered by a thin
cover glass, and 3) covered by a thin Kapton® layer. The aim of these
measurements is to prove that the sensor works as intended and to
confirm its reliability in the specified working conditions. These
samples were tested in high vacuum with increasing ESH values of
UV exposure. TFBG spectra were recorded to investigate the thermo-
mechanical and refractometric states of the silicone adhesive, and a

ks

Fig. 2

compensation procedure was performed on the TFBG spectrum to
obtain the real RI value of the aged silicone.

Descriptions of the samples used during the testing campaigns are
presented in this section. For this experiment, three TFBGs were
used. The first one was directly exposed to the UV radiation (Fig. 2,
point a), the second was covered by a layer of cerium doped micro-
sheets of cover glass (30 X 20 X 0.05 mm) (Fig. 2, point b), and the
third was exposed but protected by a layer (~200 pm) of Kapton foil
(Fig. 2, point c¢). All the TFBGs had a TC placed as close as possible.

The second type of sample includes the cover glass sandwiches
sensorized with TFBGs and TCs. Each sample is composed of two
layers of cerium doped microsheets of cover glass (30 X 20
x0.05 mm) bonded together with the silicone adhesive NuSil
CV16-2500 in which a bare TFBG sensor and a TC are embedded.
The dimensions of the samples and the embedding distances of the
sensors are reported in Fig. 3.

The last sample is composed of similar components of the second
experiment but the cover glass on one of the sides is removed to
directly expose the silicone to the UV radiation. The details of this
sample are reported in Fig. 4.

IV. Equipment

All the TFBG sensors used in this work were manufactured by
FORC-Photonics in Fibercore PS 1250/1500 OF by using the rotated
phase-mask technique. All the sensors have a 3 deg tilt angle and are
4 mm long. The sensors are uncoated for approximately 20 mm of
length, and the remaining OF is coated by a layer of UV-cured acrylate.
The TFBGs were certified by the manufacturer to operate in a temper-
ature range between —40 and 250°C without degradation of the
spectrum for long exposure times (more than 720 h). The K-type

Photographs of bare TFBG (point a), TFBG with cover glass (point b), and Kapton layer (point c).
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Fig.3 Schematic of the sensorized cover glass sandwich samples.
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Fig.4 Schematic of the sensorized assembly of cover glass and silicone adhesive.

TCs used have a diameter of ~200 ym and 31°C of accuracy. Before
embedding of the sensors, a preliminary thermomechanical and refrac-
tometric calibration was performed on the TFBGs in order to obtain the
sensitivity coefficients of Eq. (1) as well as the fitting correlation
function between the envelope area and the surrounding RI. The
TFBGs were calibrated before testing, as introduced in Sec. II. During
the entire calibration and testing stage, the TFBG spectra were always
acquired by using the National Instruments PXI-4844 interrogator
(scanning wavelength resolution = 4 pm, scanning accuracy =
+1 pm, and minimum power detection = 6.103 x 10~* dB - m).
The sensing system apparatus was provided by the Aerospace Non-
Destructive Testing Laboratory of Delft University of Technology,
whereas the high-vacuum UV radiation tests were performed using
the MCross facility at the Materials and Electrical Components Labo-
ratory of the ESA’s European Space Research and Technology Center.

The MCross (Fig. 5a) is a vacuum chamber provided with an
Agilent scroll pump and a Pfeiffer turbomolecular vacuum pump
with a TC360 electronic drive unit (vacuum better than 10~ mbar),
two vacuum UV (VUV) deuteria, and two high-pressure discharge
UV lamps (reaching a maximum of six solar constants). Inside the
test chamber, a metallic sample plate (Fig. 5b) was placed on top of a
resistance heating plate (Thermocoax), which was mounted on a
liquid nitrogen coolable plate. The chamber was also equipped with
Kapton-coated K-type TCs, which could be attached to the sample or
the plate for temperature monitoring. In order to acquire the spectra of
the OF sensors, the facility was also upgraded with two hermetic

REFLECTORS

UV CASE
UV LAMPS

VUV LAMPS

OF

~\

HEATING
PLATE

OF FEEDTHROUGH

SAMPLE PLATE

\ PUMPS

a) b)

polarization-maintaining fiber optic feedthroughs manufactured by
SQS, each of which had two input/output FC/APC connectors,
externally connected with two optical circulators, and hence to the
interrogator system. Before each test, the UV intensity (in solar
constant) was measured at different sample positions. The solar
constant is an internationally recognized unit used to unequivocally
quantify the intensity of electromagnetic radiation that falls on a unit
area of surface normal to the line from the sun at 1 astronomical unit
(AU), outside the atmosphere, per unit time [22]. Specifically, the
solar flux mean value at 1 AU is defined as 1366.1 W/ m?, which
corresponds to one solar constant. This value can be measured on the
surface of the support plate in correspondence with the sample
positions through a UVpad spectral radiometer (Opsytec Dr. Grobel),
which measures the radiation intensity in the UVA (315-400 nm),
UVB (280-315 nm), and UVC (100-280 nm) wavelengths. These
values are converted to solar constants [22]. This value is then
multiplied by the exposure time to obtain the ESH, which is the
acceleration factor.

V. UV Effects on the TFBG Sensors

In this section, the effects of the UV radiation on the TFBG
spectrum are treated. Indeed, because the TFBGs are made by
inducing a modulation of the core RI with UV light interference,
an external UV radiation incident on the photosensitive silica layers
of the not-recoated OF may modity the RI profile imposed during the

THERMOCOAX
CABLES q¥—
~__p LIQUID NITROGEN
_W  PIPELINES
SUPPORT
W PLATE

COOLING
—W PLATE

Fig. 5 Schematics of the a) MCross and b) sample plate.
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manufacturing. In fact, usually for photosensitive OFs such as the one
used here (boron-germanium doped Fibercore PS 1250/1500), the
RI core is modulated during FBG production using an UV excimer
laser with wavelengths between 193 and 296 nm [23,24]. Hence,
considering that the UV radiation from the MCross includes these
wavelengths, this may influence or modity the original modulation
of the RI core. This would bring unexpected changes in the spectrum
of the TFBG during the test, which could lead to erroneous
measurements.

To avoid these drawbacks, the TFBGs have been preliminarily tested
under UV light to verify their compatibility with the determined opera-
tional conditions. As mentioned previously, three kinds of samples
were tested: 1) a directly exposed TFBG (Fig. 2, point a), 2) a TFBG
covered with a cover glass sheet (Fig. 2, point b), and 3) a TFBG
shielded by a Kapton layer (Fig. 2, point c). All the exposures were
performed in high vacuum (1.6 X 10~% mbar, accuracy of the MKS
pressure sensor declared by the manufacturer as £0.5%) and with a
solar constant of ~3. While the lamps were emitting the UV radiation,
the TFBGs were connected to the external interrogation system via

Normalized envelope area
(=4
o
[

feedthroughs to acquire and record TFBG transmission spectra during
the test. Once the test had been completed, the spectra were processed
and analyzed by considering the envelope area of the upper and lower
cladding resonance peaks. Hence, the degradation of the TFBG was
measured by considering the trend of the envelope area. For this reason,
the acquired spectra were demodulated by using the D-T technique that
returned the envelope area values, which were normalized with respect
to the original area value before the experiment (Figs. 6-8).

The trend of the envelope area in Fig. 6, referred to as the TFBG
directly exposed to the UV light, clearly shows a decrease of the
envelope area with exposure time. Specifically, at the end of the test,
all the resonances in the spectrum of the sensor, analyzed via the
envelope area, have resulted in a smaller amplitude than the one at the
beginning. If no influence was induced by the UV radiation, they
could be expected to have the same area at the end of the test. This
means the RI core modulation has undergone a modification due to
determined wavelengths of the incident radiation. In particular,
because the envelope area (and the spectrum) were reduced (Fig. 9),
apossible explanation is that the UV beams are reducing the depth of

T T T

] 60
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Fig. 6 Normalized envelope area obtained from the directly exposed TFBG.
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Fig.7 Normalized envelope area obtained from the TFBG exposed to UV through a cover glass layer.
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Fig.8 Normalized envelope area obtained from the TFBG exposed to UV and shielded by the Kapton layer.
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Fig. 9 Comparison between the TFBG transmission spectrum before and after for the bare UV exposure test.

the RI modulation in the OF core created during the TFBG manu-
facturing. Indeed, this parameter is fundamental to obtain a consistent
amplitude of the resonance peaks in the spectrum [25]. Furthermore,
as shown in Fig. 9, the comparison between the original and the
spectrum after the exposure raises another consequence: all the
resonance peaks of the spectrum after the exposure are red-shifted,
even while at the same temperature. This could maybe be explained
by considering a tensile force induced by the tapes used to hold the
OFs; however, because the comparison was made in the absence of
external supports (as, for example, clamps), this shift is probably
more likely to be due to a change of the original RI core modulation
caused by UV radiation.

In the case of the TFBGs shielded by the cover glass (Fig. 7) or the
Kapton layer (Fig. 8), the reactions of both sensors to the UV radiation
str different from the previous one. In fact, in both cases, the envelope
area returns to the original value (or almost, due to the temperature
effect [21]) and the original spectra are identical after the UV exposure.
This means that the TFBGs were not influenced by the shielding of the

layers between themselves and the UV radiation. The reason for this
result can be discovered by investigating the wavelengths of the light
allowed to pass through the media. Each material possesses an absorp-
tion power of light based on its wavelength. Therefore, an Agilent Cary
5000 UV/visible/near-infrared spectrophotometer was used to obtain
the percentage of light, along the wavelength range, transmitted
through the shielding layers; see Fig. 10.

Figure 10 shows the transmission spectra as a function of the
wavelengths. In the case without a shielding layer, the curve referred
to is that for the quartz glass that divides the vacuum chamber from
the UV case, which transmits all the wavelengths associated with the
UV radiation by greater than 90%. Different situations are presented
for the case of the cover glass and the Kapton foil. They block the
light starting from, respectively, ~340 nm and ~490 nm. In this way,
the TFBG internal structure cannot be modified because it is not
sensitive to the transmitted wavelengths.

The reason why the Kapton foil was tested with regard to the initial
hypothesis to protect the TFBG sensor with a narrow (~150 pm)
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Fig. 10 Transmission percentages of the light through different materi-
als in the range of 200-600 nm.

piece of this material: in case the cover glass was not able to shield the
sensor from the radiation. However, because the cover glass protects
the TFBG sensor, the sensorized sandwich was realized with the
cover glass, as shown in Fig. 11.

VI. UV Effects on Silicone Adhesive Monitored via
TFBG Sensor

Once the TFBGs were ready to be embedded, the cover glass
sandwich samples were made with the embedded TFBG and TC,
as Fig. 3 shows. In this section, the results and discussion are about
the effects of UV radiation in vacuum on the silicone adhesive as
detected through the simultaneous thermomechanical-refractometric
TFBG measurements. Eight samples were tested under the UV
lamps, each with increasing ESHs. This value was obtained by
multiplying the solar constant by the number of hours of exposure.
The TFBG spectra were acquired and then demodulated to calculate
the strain—temperature variations and the silicone RI.

In Fig. 12, the strain and temperature variations are reported for a
TFBG embedded in a cover glass sandwich and exposed for 808.18
ESHs. Although the TFBGs offer a TR that is much coarser that the

Fig. 11 Configurations of sensorized cover glass sandwich samples.
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Fig. 12 Thermomechanical measurements performed with the single TFBG and TC temperature trend.
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TC, the temperature trend measured by the OF sensor is close to the
variation measured by the TC. The maximum difference between the
two trends is achieved during the radiation at a constant lamp power.
This is due to the TFBG TR, which does not allow small temperature
oscillations to be read; however, the maximum difference is ~2°C,
which corresponds to a strain variation of 15 pe. At the beginning of
the test, the TFBG measures a significant level of negative strain
(reaching to more than -850 ue) due to the slow cooling down caused
by the liquid nitrogen cooling plate. Once the lamps are switched
on, the strain variation starts to increase, and then the compressive
deformation is recovered until reaching a stable value of ~ + 130 ue
in 358th min. From this point, because the TFBG is not able to detect
thermal oscillations lower than its resolution, the strain calculation is
performed by considering isothermal conditions.

From Fig. 12, it is possible to note some spikes, such as at ~950th,
13,000th, and 16,500th min and oscillations of the strain levels,
which follow the temperature changes detected by the TC. Unfortu-
nately, the TFBG cannot take into account these thermal fluctuations
due to its resolution; indeed, the temperature trend measured by the
OF sensor is flat. This means the strain measured in this condition is
overestimated because part of the wavelength shift that is used to
calculate the strain should be compensating thermal variation. The
exposure was performed for around 330 h; at the end of the test, once
the lamps were switched off, the TFBG measured a final negative
deformation of ~160 ue at 24.2°C. This means that the UV radiation
in high vacuum caused a compressive state inside the silicone adhe-
sive. Thermomechanical measurements can be performed by using
this technique on all the samples and in real time; in this way, the state
of the material can be detected in any moment of the test.

Simultaneously to the strain—temperature measurements, the
refractometric state of the silicone was also evaluated with the
embedded TFBG. In particular, the RI depended on many material
factors such as the thermal, physical (density), and chemical compo-
sitions. Hence, the monitoring of this parameter can provide a global
indication of the state of the material. Therefore, the spectra are
demodulated to obtain the normalized envelope area, as explained
in Sec. II, and the RI is calculated from the fitting correlation
function. In Fig. 13, the silicone adhesive RI trend is reported from
the spectra of the TFBG previously used for the thermomechanical
evaluation.

At the beginning of the experiment, the RI of the silicone adhesive
measured by the TFBG was at a value of 1.42506195 (the TFBGs
used here have a resolution of ~1073). This started to increase when
the cover glass sandwich was cooled down by the cooling plate due to
the increasing of the elastomer density generated by the negative

1.44 7 T T T T

temperature variation. When the UV lamps were switched on, the
temperature increased and the material underwent a positive defor-
mation, which corresponded to a decrease in its density, and con-
sequently a reduction of the RI. However, when a stable range of
exposure was achieved, the RI slowly increased during the hours of
exposure: the consequence of which could be observed at the end of
the exposure. Indeed, when the lamps were switched off, the temper-
ature was redirected with the help of the cooling plate, toward values
that were close to the initial values. The silicone RI then decreased;
and at the same initial temperature (24.2°C), an RI value of
1.42606481 was determined, which means an RI variation of more
than 1 x 103 RI with 808.18 ESHs of UV exposure. These mea-
surements were performed on all eight tested samples, which were
exposed to the UV radiation with increasing ESHs. Specifically, it
was noted that the silicone RI variation was greater the higher the
ESH. Therefore, the RI variations of all the cover glass sandwich
samples are reported in Fig. 14 with the corresponding ESH values,
whereas the values related to the refractometric measurements are
reported in Table 1.

In Table 1, the temperatures reported are those recorded at the
initial and final refractometric measurements. From Fig. 14, an
increase of the RI variation can be observed when increasing the
ESHs, and this trend seems to have a good fitting with a linear
regression because the resulting square error R?> of the fitting is
0.92 with a standard deviation of 9.76 x 107>. The RI grows from
the initial value with increasing ESHs, which means that a longer
exposure and/or higher solar constant produces a different physical
and/or chemical condition of the material after the radiation and at the
same temperature. Specifically, as noted in Ref. [1], the shrinking of
the silicone due to the environmental conditions can cause an increase
of the RI as the compressive stress compacts the material and
increases its density. However, here, the effect of the UV must be
taken into account because, although the cover glass can shield part of
the UV (Fig. 10), the silicone elastomer absorbs and is photochemi-
cally sensitive to the wavelengths of the light passing through [3,5].
For this reason, some chemical reactions may occur inside the
silicone due to photoexcitation, which is generated by the radiation.
The reactions are favored by the high temperature. The consequences
on the adhesive are easily visible and recognizable as the sample
undergoes an amber discoloration (Fig. 15), which is more intense
the higher the ESH values. Furthermore, this is the main reason for
the silicone RI variation that, at this point, may be used as a parameter
to detect and evaluate the degradation state of the elastomer during
or after the high-vacuum UV exposure. Indeed, a greater RI variation
indicates a bigger deviation of the material from its original
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Fig. 13 Silicone RI measurements (blue curve) performed with the embedded TFBG during UV exposure.
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Fig. 14 RI variation of the silicone adhesive of the eight samples tested with increasing ESHs.

Table 1 Values regarding the refractometric measurements

ESHs Temperature, °C  Initial RI Final R ARI(x107%)

2809.75 253 1.42439906 1.42701765 2.61859
2213.46 254 1.42447117 1.42675870 2.28754
2165.21 24.4 142482412  1.42708795 2.26383
2068.16 27.1 1.42383392  1.42577389 1.93997
1874.21 24.5 1.42490283  1.42650266 1.59983
1864.3 24.8 1.42448586 1.42602337 1.53752
808.18 242 1.42506195 1.42606481 1.00286
673.89 243 1.42479304 1.42574317 0.95013

condition; hence, it may be used as a degradation/aging index of the
silicone adhesive.

VII. Sensorized Silicone Adhesive Directly Exposed to
UV Radiation

In this section, the results and the discussion regarding the high-
vacuum UV exposure of the sample reported in Fig. 4 are described.
In this case, one single sample was tested in which the silicone, with
an embedded TFBG, was directly exposed to the UV radiation

Fig. 16 Sample of silicone directly exposed to the UV radiation on the
test plate.

(Fig. 16). The aim of this experiment was to enhance the degradation
effects on the silicone adhesive due to the UV radiation, especially
regarding the RI variation. The high-vacuum UV exposure was
performed for 601.72 h at 5.11 solar constants, which means
3074.79 ESHs of exposure.
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Fig. 15 Inspection of the samples at original state (point a), after 808.18 ESHs (point b), and 2068.16 ESHs of UV exposure (point c).
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Fig. 18 Silicone sample a) before and b) after UV exposure.

The silicone RI trend measured by the TEBG is reported in Fig. 17.
As previously, the RI changes with the temperature and is higher at
the end of the test. This RIincreases very higher than the RI variations
detected in the previous samples because the lack of the cover glass
on top of the sample causes the silicone to absorb a larger wavelength
range and amount of UV radiation. A visible consequence of this fact
is a stronger discoloration of the sample at the end of the test, as
shown in Fig. 18. A comparison between Figs. 18b and point b or
point c of Fig. 15 makes evident the stronger effect of the UV on the
silicone.

However, although the RI measurements in Fig. 17 performed with
the TFBG may seem reliable and reasonable when considering the
conditions of samples after the test (Fig. 18b), after a check of the
spectra, adegradation of these was noted during the test. The reason is
that the silicone adhesive was not able to effectively shield the TFBG
as in the case of the cover glass. This was further investigated by
performing a UV/visible/near-infrared (NIR) spectroscopy with an
Agilent Cary 5000 spectrophotometer on a sample of nonexposed
pure silicone adhesive of the same thickness. The transmission
spectra are reported in Fig. 19.

From Fig. 19, it is clear that the tested silicone lets a broader
bandwidth of UV light pass in comparison to the cover glass and
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Fig. 19 Transmission light spectrum through NuSil CV16-2500 with
those of cover glass and Kapton.
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Kapton foil. These wavelengths may influence the RI core modulation
inside the OF, and this is clearly detected in the TFBG spectra: the
consequences of which are similar to those reported in Fig. 9. This
makes the TFBG measurements not reliable at this stage.

However, the TFBG spectra can be exploited by performing a
compensation of the TFBG spectra using the decay trend of the bare
TFBG under UV light (Fig. 6) and the transmission light spectrum of
the silicone adhesive sample tested in the spectrophotometer before
and after the UV exposure (Fig. 20). Specifically, from the ratio of the
areas obtained by performing the integral of the transmission curves
in Fig. 20, the transmission decay percentage trend of the silicone
adhesive can be calculated at the end of the experiment in the wave-
length range of 200-400 nm with respect to its initial condition.
Considering the starting transmission to be 100%, this results in
decay to 20.92% at the end of the exposure. At this point, by
supposing a linear decay rate of the silicone transmission and taking
into account the linear decrease of the envelope area due to UV in air
along the exposure time (Fig. 6), a compensation can be applied on
this latter trend by considering the decreasing silicone transmission
of the UV light at each moment of the exposure. The linear trend of
the percentage of the NuSil transmission is described from the
following equation:
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Fig. 20 Transmission light spectrum through the silicone adhesive
sample (Fig. 18) before and after UV exposure.

P(ESH) = at + b (2)

where coefficients a and b depend on the linear fitting. The decay
percentage P depends on the equivalent solar hour (ESH) minute at
which it is calculated and can be written respect to this unit. In the
same way, the linear trend of the envelope area can be obtained, and
hence its percentage of decay along the exposure time.

The NusSil decay variation is then obtained as P, = 1— P.
Hence, the shielding effect of the silicone can be introduced on the
envelope area trend and a new linear fitting function describing the
degradation of the envelope area due to the UV radiation but partially
protected by the silicone adhesive can be found. This process is made
by calculating the compensated decay of the envelope area:

Pcomp: P areaXPrar 3

where P 4, is the unitary envelope area decay obtain at each moment
of the exposure from the linear fitting between the initial area and the
final area after the exposure over the testing time. Hence, succes-
sively, the compensated unitary envelope area variation is obtained:

Paz Pvar - Pcomp (4)
for which value is used to calculate the variation of the envelope area:
A= AXP, &)

Therefore, at the end, the compensated area A, value by using the
noncompensated area value A added with the variation A,,, from the
compensation.

At this point, the envelope areas from the spectra of the sample
used for the refractometric measurements of the silicone sample
(Fig. 17), are corrected and a new RI trend for the silicone is
calculated, and this is reported in Fig. 21.

The compensation of the RI measurements allowed the degrada-
tion effects on the cladding envelope area to be isolated and removed
from those caused by the RI variation of the surrounding environ-
ment. Although the compensation reduced the positive RI variation
measured by the TFBG, it is still possible to detect a consistent
variation with respect to the initial value, as Fig. 21 shows. In
particular, at 24.2°C, an initial RI of ~1.424 was measured, corre-
sponding to the sample in Fig. 18a; whereas after the UV exposure,
the final Rl measured was ~1.440 at the same temperature, which is a
variation of 1.6 X 1072 (around one order bigger than the RI variation
reported in Table 1). This underlines that the TFBG refractometric
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Fig. 21 Silicone RI measurements performed with the TFBG spectra with compensated UV degradation.
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measurements can detect the operational conditions of the material
and the evolution of its degradation during harsh working environ-
mental conditions.

VIII. Conclusions

In this work, TFBG sensors have been demonstrated to be able to
detect the thermomechanical and refractometric states of a silicone
adhesive, which is used to bound two thin cover glasses, during a
simulated space environmental test characterized by high vacuum
and UV exposure. First of all, the TFBGs were tested under UV light
to prove their performance in working under the testing conditions. It
was necessary to shield the OF sensors with at least a cover glass to
avoid the degradation of the spectrum during the measurements. This
condition perfectly fit the subsequent test methodology where each
TFBG was embedded in the silicone between the cover glasses.

Then, several cover glass sandwiches were exposed in high vac-
uum and under UV radiation for different times; in the meantime, the
spectra of each TFBG were acquired. Through the demodulation of
the spectra, the thermomechanical variations and the RI of the
material were measured along the entire testing time. Specifically,
a substantial level of negative deformation (~160 ue) after the test
was found, which means a shrinking of the material due to the
outgassing and radiation. The RI measurements also reported inter-
esting information on the material state. Indeed, the D-T demodula-
tion allowed the silicone RI value of all the samples during the test
time to be obtained. In particular, an increasing RI variation was
calculated with an increase of the ESH value, which means with the
harshness of the testing conditions (solar constant and/or exposure
time). This proved the ability of the TFBG to monitor and detect the
state of the material based on its operational conditions. Specifically,
the detected silicone RI variations were from ~0.95 x 103 RI for
673.89 ESHs until ~2.62 x 1073 RI at 2809.75 ESHs, following a
linear line.

A further experiment was performed on a sample of TFBG sen-
sorized silicone adhesive directly exposed to the UV radiation with-
out the shielding of the top cover glass. This experiment aimed at
enhancing the effects of the radiation on the silicone to investigate the
reaction of the TFBG to more severe damage. The consequence was
the necessity to perform a compensation of the TFBG spectrum to
remove the sensor degradation due to the UV beams from its spec-
trum and to obtain the RI values. This compensation was achieved by
exploiting the light transmission percentages obtained with the UV/
visible/NIR spectrophotometer testing on the silicone sample before
and after the UV exposure, as well as by finding the linear degradation
trend of the cladding envelope area in the TFBG spectrum. In this
way, a reliable RI variation of 1.6 x 1072 RI was found along ~3074
ESHs of exposure. The substantial A RI difference of one order of
magnitude between the longest tested cover glass sandwich sample
and the directly exposed silicone sample (with similar exposure time)
demonstrates two aspects: the shielding effect of the cover glass, and
the ability of the TFBG to detect the degradation state of the material.

In conclusion, the TFBG sensors were demonstrated to be a
potential valid solution for in situ sensing of space-qualified poly-
mers, as in the case of the silicone adhesive used in the solar arrays.
These sensors are minimally intrusive, compatible with operating in a
space environment, and provide reliable measurements useful for the
monitoring of the thermomechanical and refractometric states of the
material during its operations in a space environment.

Future research might be focused on the correlation between the RI
variation occurring in the silicone during the UV exposure and the
thermal optical properties of the silicone adhesive.
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