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Abstract: Thizs research article primarily zims to enasble type-1 FEG(fiber Bragg grating) for high-temperature senzing and to
explore the influence of varying concentrations of won fillings i the cetamic on the sensor's sensitivity and response time. A set
of six identical probes were fzbricated, each with 2 different won filling concentration rangmg from 0% to 30%:. Increasing the
won filling concentration from 0% to 30% enhanced the temperature sensitivity of the probe from 14082024 pm/™C to
14672017 pm/°C. To evaluate the response time, the probes were subjected to an 2brupt heating process from 27 *C to 700 °C,
znd the duration was measured. The response time mmproved from 270 seconds to 130 seconds, represemting 2 33.33%
improvement, 2z the iron filling concentration mecreased from 0% to 50%. Beyvond 2 40%: concentration, both the temperature
sensitivity znd response time rezched saturation. The lifetime of the optimized probe with a 40% won filling concentration is
estimated to be 446 vears. During repeated exposures to high temperztures, ne permanent drift m its Bragg wavelength was
chserved, and its repeatability during 2 heating-cooling cycle exhibited hysteresis of less than 1%.
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1. Introduction

Since the discovery of fiber Bragp pratings (FEGs) by K. Hill m 1978, extensive resezrch has besn conducted on their
zpplications m temperature and strzin sensing. FBGs have been successfully utilized to develop temperztore sensors for various
environments, imcluding cryogenic, high temperature. and ultrs-high temperature environments [1-3]. With the mcreasmg
demand for high temperztire sensors m fields such 2s nuclear reactors, serospace, combustors, and trbmes, significant efforts
have been dedicated to exploring the high temperature sensing capabilities of FBGs over the past a few decades [6-9].

Type-I Fiber Brage Gratings (FBGs) are typically manufactured through the partial medulation of the refractive mdex i the
core of zn optical fiber. This modulztion is achieved either by exposimg 2 photosensitive optical fiber to UV or femtosecond (fz)
lazer beams using a phase mask tachnique, or by directly mscribing 2 non-photosensitive optical fiber pomt-by-pomt with f3-
lazers [10-12]. These standard type-1 FBGs are commeoenly stzbilized to mest the specifications required for telecommunications.
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Thiz mcludes ensuring they can operate within 2 temperaturs rangs of -20 *Cto 30 °C with lifespan of approximately 23 years
[13]. However, these gratings exhibit thermal degradation when expesed to high temperatures, leading to the breakage of 5i-54,
Si-Ga, Ge-Ge, 51-0, and Ge-O bonds [14]. Az 2 conssquence, standard type-] FBGs zre limited to temperasture sensing below
200 *C. To enable the FBG sensors in high temperature applications, several mechanisms have been mtroduced, mcluding FBGs
regeneration, metzllic coating, and encapsulation of FBGs. These strategies aim to mitigate thermal degradation and enhance the
sensor's robustmess and longevity m challengme temperature environments [13-17].

The technique of rageneration mvolves subjecting seed gratmgs to high-temperaturs processing at temperatires rangimg
from 700 *C to 200 °C. This process completely erases the existing gratings " and leads to the formation of new thermally stable
gratings m the regions expesed to 2 UV laser. These regenerated FEGs (RFEGs) have gamered significant attention for their
potentizl m high and ultra-high temperature sensmg applications [18]. Bizn et 2l [19] demonstrated the production of RFEG m
latpe mode area opticzl fibers, enzbling temperature sensing of the FEG up to 500 °C. Similaly, Yu et al. [20] reported the
creation of RFBG m hydrogen-loaded opticz]l fiber, achieving high temperaturs sensing up to 300 °C with 2 temperaturs
sensitivity of 12 pm/*C. Wang et al. [21] emploved 2 post-znnezling process to produce RFBG, enzbling ultra-high temperatire
zenzing up to 1293 *C with 2 temperature sensitivity of 16 pm/°C. However, the lifetime of their senser was limited to enly 10
minutes. In anether study, Sato et 2l [22] examined the effects of thermz] zging on EFBGs 2t temperatures swrpassing their
regeneration temperamre. Their fmdmgs revesled that the lifespan of EFEGs i3 merely 2 few hours when expossd to
temperatures exceedmg thewr regeneration tempersture. Ceramic znd metallic encapsulated BFBGs have also been explored m the
literature, allowing for high and ultra-high temperstire sensing. These eneapsulated RFEGs exhibited temperature sensitivities
ranging from 9.3 pm/°C to 16 pm/°C, with lifstimes varying from 2 few hours to 2 few years [14, 23], Although RFBGs have
enzbled the sensing of high and ultrs-high temperatures, but they do coms with certain drawbacks. These mclude wezker
mechanical strength due to the bumng of the protective costing du:me; high-temperature processmg, britfleness of the glass,
lower prating iUEﬂEﬂ:l (10-* pratings), and reducad reflectivity [f-SD".:.} [2-1 "'Iﬁ-] The wezker grating strength poses ._ha]lﬁug;ﬂs for
achieving apodization m RFBGs.

The technique of metallic coating mvelves direct zpplication of metals such as gold, silver, nickel, and copper onte FEGs.
Wang ot 2l [27] achieved high temperztire zensmg up to 300 °C by metallic coatngs of the FEGs. He et al. [28] synthesized 2
molybdenum -copper cozted FBG, enabling high temperature sensing up to 300 °C with 2 temperature sensitivity of 13.27 pm/~C.
However, the lifstime of their coated FEG was limited to less than 1 howr. Differsnt methods such as electroplatng, chemical
and physical vapor depesttion, chemiczl sputtermg, znd thermal sprawng are smploved for the metallic coating of FEGs. hMetallic
coating provides an sltemative approzch, slongside regemeration. for utilizng FBGs m high temperature senzing. However,
metzllic coztings have certain drawbacks. They tend to have limited durability, znd the high temperatures encountered can mducs
thermal shocks within the metallic structure, potentilly lezding to the fracture of the costed FEGs. Morsover, due to direct
contact, metallic costings impose thermal stresses on FBGs, necessitatmg thorough stress mmelysis i osuch eeses [29]
Additionally, metallic coating can be costly in terms of the required equipment and materizls. Optical fibers, composed of
msulating materizl (such as silica) and having micron-scale dizmeters, present challenges for achieving 2 uniferm metallic
coating.

Compated to regenerating a ssed FBG and applying 2 metallic coating, encapsulating an FBG offers a2 straightforward, cost-
effective solution that maintzing the desirzble cheracteristics of a standard FBG, such 25 mechanical strength, gratimg strength,
high reflectvity (= 2095), and easy apodization. Encapsulztion of n FEG can be achieved usmg commeoenly availzble materizls
like stzmless steel (35), copper, Inconsl etc. In =n encapsulation optical fiber 13 kept free from one end which mmunes the
encapsulated FBGs from external stresses in the encapsulated structures. Given the frapile nature of an FBEG, itz application
harsh environments requires extra care and attention. However, encapsulation enhances the strength of an FBG, facilitatmg its
conventent handling and enabling itz application i chellengmg conditions.

WVarious types of emcapsulations hawve been reported for type-l FBGs, enzbling them to sense high =znd ultrs-high
temperatures. Kuncha et al. [30] smploved mn encapsulation methed mvelving zn Inconel tube, followsd by a low thermal
conductive ceramic tube, achieving ultra-high temperature sensing i a boder up to 1100°C. This design also imcorporated the
flow of water 23 2 coolant through the encapsulated structurs at 2 specific speed. makimg it complex and less semsitive to
temperatire gradients. Mamidi et 2l [31] encapsulated FEGs in ._apﬂlanﬂs made of silicon carbide, boron silicate, staimless stesl,
coppet, and luminum nitride, successfully achisving temperature sensing up to 00°C. Their Dptlmtz"'d sensor exhibited 2 23%
decrease i reflected power when heated from 20°C to 500°C with sensitivity of 14.03=0.02 pm/~C. Beddy et 2l. [32] created 2
sensor package capable of mezsurmg ultra-high temperatures nsmg 2 type-I FBG as the sensor. The sensor was constructed by
affixing 2 type-1 FBG onte two metallic strips made of stzinless steel and mild steel. It was then enclosed within a rectangular
frame made of stamless steel. They were zble to achieve ultra-high temperature sensing up to 1000 °C with this setup. They
zecomplished this by tzking advantage of the difference m thermal expansions between stamless steel and mild steel. which
mdueed 2 tempersture-dependent strzn on the FBEG. As 2 result, the sensor exhibited 2 non-lmear response with mease m
temperature. The plain concrete i3 susceptible to strength degradation and low thermal conductivity at elevated temperatures.
Huang et 2l [33], reports that iron txiling powder (ITP), 2 was te material from won workshops and steel mills, can improve the
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p&rfﬂrmsmce of ultrz-high-performance concrete (UHPC) subjectzd to high temperatures. They claimed that the addition of ITP
mereases the number of microporss or cracks m concrete. Therefors, the concrste mcorporating 13%: ITP maemtams 33.8% of its
origingl strength at 300°C, unlike the concrste without ITP that mamtems 31.6% of itz origmal strength. Similarly, Dawood and
Dawood et al. [34] mvestigated the strength properties of concrete produced by replacing sand with iron filmpgs and found an
merease m strength of the concrete 25 compared to the refersnce concrete. Jain and Sancheti [35], m thewr experimental
mvestigation 2lso found zn merezse m strength of conerste with addition of won.

In thiz smdy, we explorad the benefits of encapsulating FBG sensors and mcorperating iren fillings into concrste coramic to
develop 2 temperzture sensor probe based en type-1 FBG encapsulation. The probe utlized 2 mixture of concrste ceramic 23 2
filler materizl, with varying concentrations of won fillings (ranging from 0% to 50%%) zdded to enhance #ts properties. The
concentration of won fillings demonstrated 2 significant mflusnce on the sensitivity and response time of the sensmg probes.
Additionally, we mvestigated the permanent wavelength drift or hysteresiz of the probe through repeated exposure to high
temperatures. This analysis is crucial for the practical application of the probe i prolonged high-temperature environments with
potentizl temperature fluctuations. The resultng probe 1s cost-sffactive, sasy to manufacture, and reinforces the strength of FBG
senzors, facilitating robust and straichtforward handling for high-temperature sensing appltuatmns m challenging conditions. To
the best of our Lmu-“lﬂdgﬂ_ ne previeus studies have I"'pl}ﬂ"'d cn the mpact of wen fillings m plzin concrste ceramic on the
temperature sensitivity and response time of FEG temperature sensors.

2. Experimental Methodology

In this experiment, we have fzbricated six distinet temperstire sensing probes, each possessing differsnt concentration of
won fillmgs m the filler. To manufacture these probes, we fost placed 2 10 mm long FBG spliced with a2 single mode fiber into a
55 capillary, which measures 25,5 cm m length, | mm i outer dismeter, and 0.5 mm m mtemal dismeter. One end of the FEG
was mtentionally left free within the capilzry tube to zvoid wmwanted strzm and enable smooth therma] expansion. The 53
._apﬂlm is then inserted inside the center of mother §% tube, which measures 24 cm m length, $ mm i cuter diameter, and 4
mm in mner dizmeter. The 15 mm end of the capillary was left out for extemal capping purposes. The 35 tube iz then uniformly
filled with the cerzmic paste blended with wron fillings follewed by 2 24-hour drying process at 60 °C. After drving, the free end
of the 55 capillary is capped with another 35 tmbe measuring 4.5 em i length, 12 mm outer dizmeter, § mm in mner dizmeter.

To make the sensing probes distmetive, both the 55 tube end 35 cap of ezch probe were filled with the paste blended with
tron fillings, rangmg from (% to 0% followed by a 24-hour drymg process. Subsequently, the probes underwent mnesling at
200 *C for 1 hour to elimimate residual water and stsbilize the ceramic structure within them. After the mmnezling process, the
probes were allowed to cool for two howrs before bemg equipped with Teflon holders, ensuring convenient hm:tdlmz Figure 1
displays 2 generic representation of the probe’s schematic.

Figure 1
Schematic of the designed probes. Geometry of the designed probes is kept same while concentration ofiron
fillings is varied from 004 to 5004

Screw
. S5 End Ca
Tefon W o SSCapllary = ° -
Holder [/ :
SMF e
Teflon End Cap Ceramic and Iron Fillings

Experimental setip of the experiment consists of a breadband light source (BES) (L band: 1330 — 1600 nm) (EXFO Elsctre
Optical Engmeermg Inc), zn optical spectrum analyzer (OSA) (C+L band, 1250-1650 nm), (EXFO Electro Opticzl Engmeermg
Inc), a2 high-spesd power meter (300-1700 nm) (InGaAs, EXFO Electro Opticzl Engmeering Inc., Canada), a box fumace
(maximum temperature range 1100 °C) (L31E, Nzbertherm, Germany), zn optical circulztor (Shenzhen Optics, Chinz), 2 general
purpese interface bus (GPIE) and single mode optical fiber (SMMF), six FEGs (Length=10mm, Bandwith = 0.3 nm, Reflectivity =
3075, Coatmg=pelyimids). Schematic of the expermental setup s shown m Figure 2. EES lmunches 2 broadband spectrum of
light in the SMF which iz directed towards the sensing probe with the help of the three port circulator. The sensing probe reflects

3



lournal of Optics and Photonics Research Vol XX Iss. XX yywy

2 particular wavelength termed 23 Bragg wavelength (Ap). The Bragg Wavelength iz dependent to grating peried () and effective
refractive mdex (neq) of the FEG. Mathematically [3]:

=2t (1}

Probes zre mserted in the fmace one by one and temperzture is varied from 27 °C to 700 °C at the rate of 12 °C per minute and
respective change i Bragg wavelength is monitored by using the O5A mterfaced with a laptop by using the GPIB. For each
probe, the experiment is repeated thres times and averzge shift m Bragg wavelength iz caleulated.

Figure 2
Schematic representation of the experimental setup used for experimental analysis of the designed FEG
temperature sensors
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3. Results and Discussions

To zszess the impact of encapsulation on the reflection spectra of encapsulated FBGs, firstly, Bragg spectrum of 2 bare FEG
is recorded at 27 °C 23 shown in Figure 3(z). To ensure the stability of the FBGs encapsulated within the probes even at elevated
temperatures (00 *C), Bragg spectra of the encapsulzted FBEGs m the developed probes were recorded and displayed m Figure
3(k). Remarkably, the Brage spectrz of all the probes were found to be identical to those of the bare FBG at 27 *C, providmg
clear evidence of thewr consistent znd thermally stzble performance under high-temperature conditions and chirping-free response
after encapsulation further supports their stable behavier. The rezson that 2 type- Fiber Brage Gratimg (FEG) can sense high
temperatures up to J00°C without vanishing when encapsulated m an wron-ceramic peckage lies m the thermaz]l msulztion
provided by the encapsulation. The encapsulation package scales down the temperature that reaches the FBG, allowing heat to
reach the FBG mdirectly. This mdirect heat transfer ensures that the FBG can sense high temperatures without compromising its
thermal stability. While the chirping-free response is likely attributed to the freedom of the FEGs end within the intemal
capillaries of the probes which effectivel y protects the FEGs from external stresses durmg the encapsulation process.

Figure 3
Reflection spectra of (a) bare FBEGof Bragg wavelength of 1549.955 nm at 27°C and (b) FBGs encapsulated in the
probes with 0% to 50% ironfilling concentration at 700°C
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Fustly, 2 bare FBG was mserted mto the fumace, and the shift m its Bragg wavelength (Adhy) was recorded over 2
temperature range from 27°C to 200°C, 23 illustrated i Figure 4(z). The bare FEG exhibited 2 linear red shift i itz Bragg
wavelength with merezsing temperature. The temperatire sensitivity of the bare FBG was determined to be 16.3320.13 pm~C.
Figure 4(b-g) dllustrate the zverage shift m Brapg wavelength of FEGs encapsulated i the probes with varying won filling
concentrations (0%, 10%%, 200%, 30%:, 40%, and 30%%), respectively 23 the temperature mereases from 27 °C to 700 °C. A lmear
mersasmg trend is observed m the shift of Brage wavelengths with a coefficient of regression exceedmg 099, mdicatmg
exeellent linearity i their responszes. The temperasture sensitivities of the probes. corresponding to the differsnt iron fillmg
concentrations, are 23 follows: 14.08=0.24 pm~C, 1420=020 pm/°C, 14.40=030 pm~C, 14512021 pm/°C, 14.63=021 pm/°C,
and 14.67=0.17 pm~C. Compared to the bare FEG, all the probes were found to have lower sensitivities. Encapsulating an FEG
reduces the amount of heat reaching the FBG, which results m lower sensitrvity. However, this has 2 pesttive zspect: by reducmg
the hezt reaching the FEG, the encepsulation allows the FEG to mamtzm thermal stability i high-tempetature environments.

Figure 4
(a) shift in Bragg wavelength of bare FBEG with increase in temperature from 27°C to 200°C, (b-g) Shift in Bragg
wavelength withinerease in temperature from 27°C to 700°C of encapsulated FEGsin probes with iron fillings
concentration (004, 1004, 2004, 3004, 4005 and 5004), respectively. Solid lines represent linear fit to the
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Consequently, inecreasze m the won filling concentration from 0% to 30% m the probes lezds to zn enhancement
temperature sensitivity from 14.08=0.24 pm~C to 14.67=0.17 pm/°C, representing 2 ~4 2% improvement m sensitivity.

Figure 5 depicts the variztion i temperatre sensitivity of the probes with increzsing wron filling concentration. It revesls 2
linear trend m the merease of temperatre sensitivity from 025 to 40°%% won concentration. However, beyond 4094, the temperature
sensitivity only slightly mcreases from 14.63=021 pm/™C to 14.67=0.17 pm/°C, which falls within the mezsurement uncertainty
of the probe with 40% iron concentration.
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Fesponse time of 2 sensor is 2 key factor m determining performance of the sensor. Besponse times of the sensing probes
are estimated by kespimg the probes mside the slready heated fumace at 700 °C and shift m Bragg wavelength is recorded with
tima by using the OSA For 2ach probe the experiment i3 repected three times and averape shift m Bragg wavelength is ealeulated,
2z shown m Figure 6(z). With imcrease m iron fillings concentration from 0% to 40 % response time iz found to be linearly
enhanced from 270 seconds to 180 seconds which 15 33.3% mprovement i their response times as shown m Figure §(B). With
307 won filling concentration time response i3 zlso found to be 130 seconds. Hence, response tme samrates after 40 %6 won
fillings concentration. The improvemsnt m temperatire sensitivities and response times of the sensers i3 due to better thermal
conductivity of won-ceramic blend structure than the plain ceramic. Observing that the temperzature sensitivity and response time
of the sensing probes reached szturation after zdding 40%% won fillings, we optimized the probe with 40%: ron fillmgs for further
anzlysis.

Figure 5
Variation in temperature sensitivity of FBGs encapsulated in the probes with increase in concentration of iron
fillings
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Figure &
(a) Temporal response of FEGs encapsulated in the probes with sudden increase in temperature from 25°C to
700°C. Inset figure represents zoom in view when variation in Bragg wavelength of the FBGs is 9004
(b) Variationin heating time response of the probes with increase in iron filling concentration
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Ensuring the longevity of 2 high-temperature sensor is crucizl to validate its effective use over an extended pericd. In order
to zmzlyze the semsor's lifespen, the sensmg probe contzming 40%¢ won fillmgs was subjected to 2 one-hour exposure m 2
preheated fumace at 700 °C. The variation i reflection power of the FEG was measured using the high speed power meter.
Figure 7 illustrates the changes i optica] powsr of the FEG enclosed within the optimized prebe. During the constant annezling
process lastimg one hour, the optical power of the FEG decrezsed from 47 pW (92%2) to 41 p™W (75%2). To conduct the lifespan
anzlysizs, 2 method based on the normalized mteprated couplmg coefficient (NICC) was employed. The NICC value was
calculated as part of the analysis as [36):
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Tanh &,
n= Tanh -x'ﬁ: 2

where, v represents NICC, B is the mitial reflected powser of the optimized probe which is 92% and i is the reflected
power of the probe after time °t after being constant heating at 700 °C. Variztion m NICC with constant hezting 2t 700 °C for 1
hour 1z shown m Figure 3.

Wariation i NICC with time iz fitted with power law [36]:

_ 1
n= L4at/of (3)

Table 1
Temperature sensitivities and temporal responses of the sensors withiron fillings concentration varying from
095 to 5004
No. Iron Filling Temperature Temporal
Concentration Sensitivity Response
(%) (pm/C) (s)
1 0 14.08+0.24 270
2. 10 14.20+0.20 254
3. 20 14.40+0.30 225
4, 30 14.51+0.21 208
3 40 14.63+0.21 180
6. 50 14.67+0.17 180
Figure 7

Variation in reflected power of an FBG with time at 700°C temperature
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where, t; iz time interval of 1 mimute while o is power law factor znd B is powser law decay coefficient. From Equation (2)
znd Equation (3) reflectivity of the probe after time t1is:

R’ @)
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Figure @ presents the simulated outcomes for the reflectivity znd normalized mtegrated coupling cosfficient (NICC) of the
optimized probe. The probe’s reflectivity remains at 5% even after zn estimated lifespan of 4.46 vears, with 2 residual NICC of
12.37%.

In order to investigate any permanent wavelength drift or hysteresis in the FBG enclosed within the sensing probe at high
temperatures, the repeatability of the thermal response of the optimized probe is 2ssessed. The results are llustrated m Figure 10,
showeasing the behavior durmg multiple high-temperature cycles.

Figure 8
Variation in NICC with time at 700°C temperature wherer in the fitted equation represents NICC
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The repeatability analysis i conducted over three high-temperztore cycles. Ininzlly, the probe iz heated from reom
temperature to 700 °C withm 30 mmutes. It i3 then mamtamed at 700 °C for the subsequent 20 mimutes before bemg cooled down
to 800 °C mmd kept 2t that temperamre for mmother 20 mimut=s. The second cycle follows the szme process as the first one
However, during the third cycle, the probe iz mzintzined zt 700 °C for 13 minutes and then cooled to 430 °C. It can also be
chserved that the FBG iz found to be following the response of the k-type thermocouple of the standard box fumace which
certifies non-degradation and good repeatshility of the optimized probe due to repeated high temperature exposures. Moreover,
there iz ne permanent drift observed m the wavelength of the encapsulated FEG. The probe shows consistent responses at each
point during the thermal cycles, mdicating stzble and relisble performance even at high temperatures.

Figure 9
Simulated variation in reflectivity and NICC of the optimized probe with time
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The repestability analysis of the optimized probe iz further exemined i an sdditional cycle, where the probe iz heated from
room temperaturs to 700 °C and then coeled back from 700 °C to room temperzture 23 shown in Figure 11, During the cocling
process, 3 meximum hysterssis of less than 1%% (=5 °C) iz observed at certam pomts. This level of hysteresis iz considersd
negligible for 2 temperstie sensor opersting at elsvated temperatres. Thersfore, the response of the probe m both high-
temperature variation cycles and heating-cocling cycle confums the good repeatability of the probe.

Figure 10
Response of the optimized probe in high temperature exposure cycles
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Figure 11
Heating and cooling cycle of the optimized probe comprises of heating from room temperature to 700°C and then
cooling from 700°C to room temperature. Solid lines represent linear fitting to the experimental data
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Consequently, the developed probe filled with mixture of the cerzmic and 40%: wron fillings was optmized for high
temperature sensing of type-l FEGs. The optmized probe exhibited thermzl stability at elevated tempersture 700 °C.
Temperature sensitivity, response time and lifespan of the encapsulated FEG wete found to be 14.6520.21 pm/°C, 180 s response
time and 4.46 vears, respectively and linearity m response exceeding 99%. Comparison of these findings of the optmized probe
with ealier smdies zre listed in tzble 2. Additionzlly, the optimized probe didn’t exhibit any permanent shift i its Bragg
wavelength during repeated high temperatmre exposure cycles and exhibited less than 195 hysteresis m hest-cooling cyele. This
detai] znalysis certifies the developed probes filled with mixture of the ceramic and won fillmgs for practical robust applications
of high temperature sensing in 2 harsh environment for an extended peried of time.

Table 2
Comparison of the optimized developed FBG high temperature sensor with earlier reported FEGhigh
temperature sensors

Maximum Sensitivity

Mo. Technique Temperature (“C) (pm/°C) Life-Span Linearity [24) Reference

1. RFEG in deuterium-loaded 1000 15 500 hours MNon-linear [37]
optical fiber

2. RFEG in hydrogen-loaded 200 11.85 _ 99 [2a]
optical fiber

3. RFEG by post annealing 1100 16.3 10 min _ [21]

4. Packaged RFEG 00 13.72 4 years MNon-linear [14]

5. chromium nitride coated 650 14 _ 99 [38]

FBG

& molybdenum-copper 200 1527 1 hour _ [28]
coated FEG

7 aluminum nitride 500 14.03 _ 99 [31]
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encapsulated FEG

8. 55 assembly encapsulated 1000 ~ 2.0 _ MNon-linear [32]
FBG
9. FBG Encapsulation with 700 1467 4,46 Years o9 Present
Ceramic-Iron Synergy Work

Note: *Calculated fromFigure 4 [25], in temperature range 0-800°C

4. Conclusions

Type-1 FEG high t=mperature sensors using 55 encapsulation mnd mixtre of plain cement ceramic and iron fillings have
been developed and experimentally tested for high temperature sensing up to 700 °C. Six different corzmic filled sensing probes
with 0% to 50% concentrations of won fillings added plain concrete blend wete developed. The addition of 40% iron fillings
resulted i zn enhancement of temperatire sensitivity, mersasing from 14.08=024 pm~C to 14632021 pm/C, representing 2
~4 2% improvement m sensitivity with ron fillings. Furthermors, 2 lmezr improvement m the responss time was observed with
won fillings, reduemg it from 270 5 to 180 5. This corresponds to 2 33.3% mprovement i response time 23 the won fillings
concentration mcrezsed from 0% to 40%. However, beyvond 40% iron fillings_ both temperature sensitivity and response time
reached satiration and probe with 40°5 won fillings was optimized for further analyses. The estimated life-span of the optimized
probe, determined usimg the normalized mtegrated coupling coefficient method was estimated to be 4.46 vears. Importantly, the
cptimized probe exhibited ne permanent drift i itz Bragg wavelength. The hysteresis obsetved during 2 hesting-cooling cyele
was found to be within =6 “C, which iz less than 1% of the temperature sensing range of the probe. Considering these
characteristics, the FBG sensing probe with 40% won fillings can be confidently recommended for robust, efficient and reliable
high-temperature sensing zpplications in harsh environments over an extended perieds of time.
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