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ABSTRACT

The continuous casting process has been widely used for most of the steel
production in the world instead of conventional ingot casting/rolling. Traditionally,
thermocouples are being widely used to monitor the mold temperature in the continuous
casting which has the following drawbacks: large size, low spatial resolution, and single
detection point. On the contrary, fiber optic sensors can be a promising solution to the
continuous casting temperature monitoring owing to its advantage of compact size, high
resolution, high-temperature survivability, etc..

In this thesis, we successfully developed extrinsic Fabry-Perot interferometer
(EFPI) sensor for point temperature sensing, and optical frequency domain reflectometry
(OFDR) system for distributed temperature sensing. We embedded the optical fiber and
fiber optic sensors in the copper slide using electrodeposition for continuous high-
temperature sensing. The sensing principle and the fabrication of EFPI sensors was
discussed. To verify the best method for sensor coating, three different coating methods
were applied to optical fiber sensors before embedding. We observed that the sensitivity of
embedded EFPI sensor with wax coating has been surprisingly enhanced more than 30
times. An experiment designed monitoring the casting process of aluminum was
conducted, showing fast time response of the embedded EFPI sensor. Also the basic
working principle, the nonlinear sweep compensation method and the data processing
procedure of OFDR system. A calibration experiment of OFDR system was also

demonstrated in this thesis. The OFDR system can achieve 1 cm spatial resolution.
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1. INTRODUCTION

1.1. BACKGROUND

The continuous casting process has been widely used for most of the steel
production in the world instead of conventional ingot casting/rolling for the production of
semi-finished steel shape products [1]. Cooling water is circulated in the copper mold,
which cools the molten steel thus forming shell near the mold. Shell breakout is one major
problem in the continuous casting which causes quality problems such as strand surface
appearance, sticker breakout, narrow-face bleed [2]. To avoid shell breakout, heat flux in
the mold should be controlled precisely, which involves strict monitoring of the mold
temperature [3].

Traditionally, thermocouples are being widely used to monitor the mold
temperature in continuous casting [3-5]. The using of thermocouples has the following
drawbacks: large size, low spatial resolution, and single detection point. Typically the
thermocouples are embedded into casting mold by drilling holes which cannot set the
thermocouples very close to the mold surface. Drilling holes also may influence the

integrity of the casting mold, so the number of holes that can be drilled is limited.

1.2. FIBER OPTIC SENSORS FOR TEMPERATURE SENSING

Over past decades fiber optic sensors have been studied because of its unique
advantages such as immunity to electromagnetics, compact size, light weight, low cost,
high accuracy and distributed sensing capability [6]. Fiber optic sensors have been found

in various sensing and measurement applications [7-20].



1.2.1. Single Point Fiber Optic Sensors. Among all the developed single-point
fiber optic sensors, grating and interferometric are the most widely studied topics [21-27].

Fiber optic grating sensors consist of fiber Bragg grating (FBG) sensors, chirped
FBG (CFBG) sensors, tilted FBG (TFBG) sensors, long-period gratings (LPG) sensors and
so on. Typically the fiber optic grating sensors are fabricated by creating a systematic
refractive RI change in a doped optical fiber using ultraviolet (UV) light, which can be
achieved either by an interference pattern between two intense UV light beams or a phase
mask [28]. A fiber optic grating sensors can reflect light with a certain wavelength. The
shift is related to the effective grating period which is sensitive to temperature, strain, etc..
By analyzing the shift in the reflected signal the desired parameters can be calculated [29].
Having all the aforementioned advantages of fiber optic sensors, it has high sensitivity, and
it can be cascaded in one piece of optical fiber to achieve quasi-distributed sensing [22, 23,
30]. Fiber grating sensors have been applied to measure different parameters such as
temperature, strain, and vibration [18, 28, 31].

However, fiber optic grating sensors was merely used in high temperature sensing
applications. The reason is that the stability of the grating will dramatically decrease in
high temperature and the UV-fabricated pattern will be totally erased in 700 °C [28].
Normally the fiber optic grating sensors are used under 200 °C to keep the reflectivity of
the grating. Recently Krasilnikov et al. developed their mold monitoring system by drilling
holes to place twelve optical fibers with cascaded FBG into the shell of casting mold [32].
But the sensors were not positioned very close to the mold-steel surface, and the sensors
worked only around 200 °C. So in practical applications it still cannot work in high

temperature environment.



Meanwhile, fiber optic interferometric sensors also have attracted a lot of interests
in past decades [33-40]. In a fiber optic interferometric sensor, the sensing is achieved by
analyzing the interference signal formed by two or more light beams. The optical path
difference is arranged to change with the desired external parameters like temperature,
strain, etc. Nowadays fiber optic interferometric sensors consist of four typical structures:
Fabry-Perot (F-P), Michelson, Mach-Zehnder (M-Z) and Sagnac. Among four typical
structures, the Fabry-Perot interferometer (FPI) sensor is a promising candidate for
continuous casting mold owing to the advantage of small size, simple structure and easy
in-line fabrication which allows two different optical paths using same physical path [41].
The core of FPI is the F-P cavity is a pair of parallel reflectors. When the light is traveling
through the F-P cavity, the light will be reflected by both reflectors. And the reflected lights
will interfere each other and generate an interference spectrum. Usually two reflectors will
be separated by less than 1 mm to optimize the interference signal. The FPI sensors can be
classified into two types: intrinsic Fabry-Perot interferometer (IFPI) sensors and extrinsic
Fabry-Perot interferometers. Figure 1.1(a) and (b) shows the schematic diagram of EFPI
sensors and IFPI sensors. Figure 1.1(a) shows an EFPI sensor. The cavity material is air
and it is formed by one piece of cleaved optical fibers and an external reflector supported
by the external structure. For an IFPI sensor, which is shown in Figure 1.1(b), the two
reflectors will be fabricated inside the optical fiber so the cavity material is glass. The
fabrication for EFPI sensors is simple, but EFPI sensors face the challenge of high coupling
loss and careful alignment. On the other hand, IFPI sensors can overcome the disadvantage
of EFPI sensors, but high-cost equipment such as femtosecond laser [38, 39] or chemicals

for etching [37] are required for reflector fabrication. And since the RI difference between



the reflectors and the optical fiber is small, IFPI sensors have a low reflectivity which
decrease the signal-to-noise ratio (SNR) of IFPI. In recent years EFPI sensors have been
developed for temperature [9], strain [36], Rl [11] and displacement sensing [42]. And

several methods is proposed to fabricate the cavity of EFPI [13, 41].

a b o

( ) . ( ) Built-in reflectors
Optical fiber Support material :
—j' External reflector

Figure 1.1. The structure of FPI sensor (a) EFPI (b) IFPI

1.2.2. Distributed Fiber Optic Sensors. Single point fiber optic sensors are
showing great potential in various sensing applications. However, the number of the
sensors that can be used in one system is limited. And an event cannot be detected if it
happens between two adjacent sensors.

On the contrary, distributed fiber optic sensors can continuously monitor the events
along the whole optical fiber, which attract considerable attention in areas such as structural
health monitoring (SMH) and long-distance monitoring [43]. The distributed fiber optic
sensing is achieved by detecting the scattering light along the optical fiber. When the
incident light is traveling along an optical fiber, the light will be scattered. Depending on
the frequency shift of the scattering lights, there exists three kinds of scattering light:

Rayleigh, Brillouin and Raman. The RI or physical length of an optical fiber at a position



X will experience variations if external parameters if the optical fiber in this position is
influenced by changes in temperature, strain, vibration, etc.. These variations will influence
the amplitude and the phase of the backward scattering light. And the distributed sensing
can be achieved by detecting and analyzing the backward scattering light [43, 44]. In recent
years, several distributed fiber optic sensing techniques have been developed using three
kinds of backward scattering [45-50]. Optical time domain reflectometry (OTDR) is the
most typical technique among all the developed distributed fiber optic sensing. A light
pulse will be sent into a piece of optical fiber. When a light pulse is propagating along the
fiber, a small portion of the light will be scattered back and detected. And the location
information can be determined by the time that the signal is received. Depending on the
type of the detected backward scattering light, there exist three types of OTDR sensors:
OTDR sensors, Brillouin OTDR (BOTDR) sensors and Raman OTDR (ROTDR) sensor.
However, the common disadvantage of all the time-domain based distributed fiber
optic sensors is the low spatial resolution. The spatial resolution for OTDR sensors can be

determined by:

c
AL = 1
e (1)

(o]

where no is the RI of the fiber, 1 is the width of the light pulse, and c is the speed of light.
For conventional OTDR sensors, the spatial resolution is several meters, which is limited
by the width of light pulse used for sensing (typically larger than 10 ns). For some
applications (e.g., the continuous casting mold temperature monitoring) that require high
resolution to precisely monitor the location of events, conventional OTDR is not a suitable
solution. To overcome this drawback, Rayleigh backward scattering-based optical

frequency domain reflectometry (OFRD) technique has been proposed. Comparing with



conventional OTDR sensors, the OFDR sensors use a tunable laser instead of the laser
pulse as the light source. An OFDR sensor can be considered as a series of cascaded FBGs
with low reflectivity [17]. When the external parameters change the effective Rl or the
physical length of optical fiber, the reflection wavelength will shift, and by monitoring the
frequency shift, the distributed sensing can be achieved. OFDR provides a promising
distributed sensing solution for where high resolution and accuracy are required. With the
rapid growth telecommunication industry, high resolution (0.1 pm) and fast tunable lasers
(> 10 kHz) and sensitive avalanche photodetectors have become widely available, which
fuel the recent surge of distributed fiber sensing using Rayleigh scattering technique. In
past decades, OFDR sensors have been studied and proposed in applications like

temperature [51], strain [52], vibration [53], RI [17], etc..

1.3. RESEARCH OBJECTIVE

From the discussion above, the main objective of this thesis is to design the sensors
that can survive at high temperature and the embedding process.

1. Develop the point optical fiber sensor (EFPI) and the distributed optical fiber
sensor (OFDR) that can survive in high temperature.

2. Develop the electrodeposition based embedding method that can embed the EFPI
sensors and the normal single-mode optical fiber into the copper slides and protect the
optical fiber from copper.

3. Test both EFPI sensor and the OFDR system in high-temperature environment
to verify if the sensors can survive in high temperature and compare their temperature

response with unembedded sensors.



1.4. THESIS OVERVIEW

The project aims to develop the point optical fiber sensor and distributed optical
fiber sensor that can survive the high temperature in steel casting and to develop the
embedding technologies that can seamlessly embed the optical fiber sensors inside the
copper mold. Two groups co-operated this project. The embedding method is developed
by Dr. Lianyi Chen’s group. And this thesis will mainly focus on the optical fiber sensor
development and the measurement result analysis.

Section 2 focused on the fabrication and the sensing principles of EFPI sensors.
The influence of the thermal expansion effect to the sensitivity of the EFPI sensor was
discussed.

Section 3 focused the sensing principle and the system structure of OFDR system.
The method to compensate the nonlinearity of the tunable laser was discussed. The signal
processing method was also introduced.

Section 4 described the embedding process and the test result for optical fiber
sensors. The sensitivities of the EFPI sensors with different coating was discussed.

Section 5 summarized the conclusion and future work.



2. EFPI FABRICATION AND MEASUREMENT PRINCIPLE

2.1. EFPI FABRICATION

The schematic diagram of the EFP1 used in the experiment is shown in Figure 2.1.
The EFPI sensor consists of two pieces of single-mode fibers (SMFs) and a small section
of silica capillary tube. The tube serves as the cavity of EFPI with the interface between
tube and the two pieces of fibers as reflectors. The fabrication of EFPI follows several
steps. First, the ends of a piece of SMF (Corning SMF-28) and silica capillary tube are both
cleaved by the fiber cleaver (Sumitomo FC-6S fiber cleaver) and spliced together using the
optical fiber fusion splicer (Sumitomo type-36 fusion splicer). The outer diameter and inner
diameter of the capillary tube are 125 microns and 55.1 microns, respectively. Then by the
help of a microscope, the capillary tube is cleaved that only tens of microns tube are left
on the end of SMF. At last another piece of SMF is cleaved and spliced with the capillary
tube. It should be noted that the end of the SMF needs to be broken by hand to reduce the
reflection from the end of the fiber. The microscope image of EFPI sensor is shown in

Figure.2.2.

Capillary tube

Figure 2.1. The schematic diagram of EFPI sensor



Figure 2.2. The microscope image of EFPI sensor

2.2. EFPI MEASUREMENT PRINCIPLE
The two reflected beams will interfere each other, and the magnitude of the
interference spectrum can be determined by:
1(2)=1,(2)(R +R, +2{RR, cosp) )
where 1 is the wavelength, lo(Z) is the power distribution of the incident light, R1 and R
are the reflectivity of two reflectors, respectively, ¢ is the phase difference between two

reflected beams, which is given by:
p=— 3)

where L is the length of the capillary tube. When ¢ is a multiple of 2w, the constructive

interference is achieved, and the condition can be expressed as:
1:%,k=o,1,2... (4)

When the EFPI sensor is heated, due to the thermal expansion effect, the length of

the capillary tube will change which results in the shift of the position of the peaks and the
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valleys of the spectrum. It can be found in Equation (3) that the change in cavity length AL
is proportional to the change in the constructive wavelength 44, which is given by:

ALl AL
L ©)
where Lo and Ao are the initial length for capillary tube and initial wavelength of
constructive interference, respectively. The interference spectrum of an EFPI sensor is
shown in Figure 2.3. Figure 2.3(a) shows the original spectrum of an EFPI sensor which
has a periodic pattern according to Equation (2). And Figure 2.3(b) shows the spectra of
EFPI before (blue curve) and after cavity length (red curve). A wavelength shift between

two interference spectra can be clearly observed in Figure 2.3(b). By measuring the

wavelength shift 44, the cavity length change then can be calculated according to Equation

(5).
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Figure 2.3. The interference spectrum of an EFPI sensor (a) Original spectrum (b) Before
and after cavity length change
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Without embedding, only the thermal expansion effect dominants the sensitivity of
EFPI sensor. The typical coefficient of thermal expansion for fused silica is 5.5x107 /°C
so the sensitivity for EFPI sensor is about 10 pm/°C. Considering that the OSA used in the
experiment only has a 0.01nm spatial resolution, the sensitivity for EFPI sensor is about
10 °C, which can be claimed as insensitive to temperature. But after embedding, the EFPI
sensor can be squeezed or stretched by copper due to the mismatch between the thermal
expansion effect of copper (typical value is 1.5x107°/°C) and fused silica, which can result
in extra tube length change. In conclusion, the temperature sensitivity for EFPI sensor can

be enhanced after embedding.
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3. OFDR MEASUREMENT PRINCIPLE

3.1. BASIC PRINCIPLE OF OFDR

The basic system structure of OFDR is shown in Figure 3.1. A highly coherent
tunable laser (TLS) continuously sweep linearly as a function of time. The light from TLS
is sent into an optical coupler with 50:50 split ratio and was divided into two arms: test arm
and reference arm. The optical signals travel through both arms and the reflections from
Rayleigh backscattering signals (RBS) from both arms will be coupled together and mix at
the photodetector. The RBS signals will generate a beat signal, and the distributed sensing
will be achieved by analyzing the beat spectrum converted from the detected beat signal

via Fourier transform.

Reference arm

I Yi
A Tunable laser

Photodetector

Mirror

50:50 coupler

Test arm

Figure 3.1. The basic principle of OFDR system

Every moment, the RBS signals generated from each position of test arm will have
a beat signal with the RBS signals generated from the reference arm. Since the laser is
continuously sweeping with time, the frequencies vary with the reflection location.

Considering the location x of the test fiber, assuming that the length difference between
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location x and the far end of reference arm to coupler is D, then the relationship between

D and the beat frequency f» can be determined as [54]:

C
D=, ©)

where vy is the frequency scanning speed of the tunable laser. Here we assume that the
frequency scanning speed is a constant value. It can be found that a beating signal uniquely
determined by the location x at the testing arm. The magnitude and the phase information
of the beating signals can be used to gauge the change of local Rayleigh scattering, which
can be related to RI changes or the physical length change of optical fiber. It is worth
noticing that the length difference D cannot exceed the coherence length of the tunable
laser.

The theoretical spatial resolution of OFDR system can be determined as:

¢ (7)

" 2n.AF

where AF is the sweeping range of TLS (unit: GHz). For example, if the wavelength of
TLS scans from 1530 nm to 1550 nm, AF'is calculated to be 2500 GHz, and 4Z is calculated

to be 40 um according to Equation (6).

3.2. NONLINEAR SWEPT

To reach a high update rate and a high spatial resolution for distributed temperature
measurement, a fast TLS is highly needed. The calculation in Section 3.1 is based on the
assumption that the frequency scanning speed of TLS is a constant. However, a fast TLS
always have an unstable frequency sweep which increases the difficulty of detecting the

weak Rayleigh scattering signals in the beat frequency domain of OFDR system. A
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common method to solve the nonlinearity issue is to introduce an auxiliary interferometer
to suppress the nonlinear frequency sweep of a coherent light source in an OFDR with fast
tuning speed [55]. As shown in Figure 3.2 if the interference signal in the main
interferometer is acquired in equal time difference, then it can be found in Equation (5) that
the location information is not only related to the beat frequency. But with the auxiliary
Mach-Zehnder interferometer (AZMI), the data acquisition card (DAQ) can sample the
beat signal with same optical frequency difference instead of same time difference because
the trigger signal generated by AZMI has same optical frequency difference. As a result,

the usage of AZMI can greatly decrease the nonlinearity of the OFDR system.

7’
7
7’
7’

‘ Nonlinear sweep

Time

Figure 3.2. The nonlinear swept of the tunable laser

The frequency of the trigger signal generated by auxiliary interferometer can be

described as:

fo=7= (8)
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where vy is the sweeping speed of the tunable laser (unit: GHz/s); z is the path difference
between two arms of the auxiliary interferometer. Since the sweeping time of one cycle is
determined by the sweeping speed and the sweeping range, the data points of the
interference signal in the main interferometer acquired by data acquisition system can be
described as:

N = faﬁz n,zAF 9)
14 c

So the maximum length of FUT can be calculated as:

LNz _:
2 4

(10)

It should be noted that the factor of 2 in Equation (9) is due to the Nyquist sampling
theorem. It can be found in Equation (9) that to achieve the desired measurement range of
OFDR system with an AZMI, the path difference between two arms of AZMI must be at

least 4 times the measurement range.

3.3. DATA PROCESSING PROCEDURE

The temperature variation will change the optical path difference between test arm
and a reference arm, which will cause some modification in the local Rayleigh
backscattering. As a result, a shift in RBS will be generated. An effective method to
determine the RBS introduced by temperature is cross-correlation. The signal processing
procedure for temperature sensing in detail is as follows:

Step 1: Acquire the beat signal for the first time and save it as the reference signal.
The points of the acquired data can be less than the calculation result in Equation (9).

Step 2: Continuously acquire the beat signal as the measurement signal, convert

both signals into beat spectra via fast Fourier transform (FFT).



16

Step 3: Use a sliding window (with a width AX) in both beat spectra to select the
signal with same beat frequencies, and convert the selected data back via inverse fast
Fourier transform (IFFT). Zero-padding can be applied to increase the frequency resolution
in the process of IFFT.

Step 4: Apply the cross-correlation between two signals. By monitoring the cross-
correlation peak shift, the temperature change can be determined.

By using cross-correlation method to get the RBS shift caused by temperature, the
real spatial resolution of the OFDR system is determined by:

AZ, = AZAX (11)
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4. EMBEDDING PROCESS AND MEASUREMENT RESULT

4.1. EMBEDDING PROCESS

Electrodeposition was carried out to embed the optical fiber sensors. Copper sulfate
solution was used as an electrolyte with Sulfuric acid. Optical fibers were non-conductive
which should be made conductive to use electrodeposition to embed them into copper. The
composition of the electrolyte used for electrodeposition is 41.5 gm of anhydrous copper
sulfate, 7.5 mL of sulfuric acid (98%) in 345 mL De-ionized water. The electrodes used
were: Superconductive copper from McMaster-Carr as cathode and Phosphor-Copper from
Caswell as an anode. The surface preparation of the electrodes was done by grinding them
from 60 to 1200 grade sandpapers.

The interface between the fiber and the copper was one of the important factors in
sensing temperature. The interface was altered by changing the porosity at the fiber-copper
interface. Three approaches were designed and implemented. First being the chemically
plated fiber, a layer of copper was obtained on the fiber using electro-less/chemical plating
process [60]. The fiber was hydroxylated before chemical plating by placing it in 98%
sulfuric acid for 2 minutes. The chemical plating process was carried out by using three
solutions, namely activating solution, sensitizing solution, and chemical plating solution.
The second one was the copper painted fiber; the fiber was coated with copper paint using
dip coating. Finally, for the wax interface, the fiber was coated with Natural Beeswax from
McMaster-Carr before dip coating it with copper paint. After obtaining conductive layer

using the previous three methods, the electrodeposition was carried out using Agilent
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UB031A DC power supply with a constant current of 0.5A. The photo of the copper slide

with embedded optical fiber sensor is illustrated in Figure 4.1.

Figure 4.1. The photo of copper slide with embedded optical fiber sensor

4.2. EFPI MEASUREMENT

After embedding the sensors into the copper substrate, the samples were tested. The
experiment setup is shown in Figure 4.2. The system consists of a light source, a 50/50
optical fiber coupler, an optical spectrum analyzer (OSA), a tube furnace and a sensor head.
The light launched by a broadband light source (BBS, Thorlabs ASE-FL7002-C4
broadband ASE light source, 1530-1610nm) was injected into one 50% arm of the coupler
and then propagates towards EFPI sensor from 1-arm. A small portion of the incident light
would be reflected by the first cleaved end of SMF, while the rest of light would travel
through the capillary tube and be reflected by the second interface. The reflected beams

would be coupled into the coupler again and be detected by an OSA (Ando AQ6317B
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optical spectrum analyzer) through another 50% arm. The OSA was connected to a laptop
and controlled by MATLAB to record the reflection spectrums. For the parameters of OSA,
the number of points was set to 2001; the recorded wavelength range was set from 1530

nm to 1600 nm, and the resolution of OSA was set to 0.5 nm.
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Figure 4.2. The schematic diagram of the setup of EFPI sensor calibration experiment

Figure 4.3 shows the results of EFPI temperature measurement for different cases.
The measured temperature range was from 100 °C to 700 °C. And the reflection spectrum
of EFPI was recorded every 50 °C to analyze the spectrum shift. Table 4.1 summarizes the
sensitivities of EFPI sensors with different embedding method against temperature. For the
EFPI sensor without embedding, the measurement result shows the spectral shift changes
linearly with the temperature, which matches the theoretical calculation in Equation (5).
The sensitivity for EFPI sensor is 10 pm/°C. For embedded EFPI sensors with copper paint,
the sensitivity of the sensor is 13 pm/ °C from 100 °C to 350 °C, which in the range of the

sensitivity of EFPI sensor without embedding. From 350 °C to 700 °C, the sensitivity of
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sensor dramatically increases to 44.8 pm/°C. For EFPI sensor with chemically plating, the
sensitivity from 100 °C to 200 °C is 50.7 pm/°C. From 200 °C to 350 °C, the spectrum
shifts in the opposite direction, and the sensitivity is —40.6 nm/°C. And from 350 °C, the
sensitivity of the sensor is 50.4 pm/°C which is similar to the EFPI sensor with copper
paint. After 650 °C the reflection spectrum of EFPI sensor is deformed, and the power of
the reflection power greatly decreases. The change is irreversible, and the spectrum shift
cannot be read in this case. For embedded EFPI sensor with a wax coating, the relationship
between temperature and spectrum shift from 100 °C to 700 °C is always linear. The

sensitivity of the sample is 60 pm/°C.
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Figure 4.3. The spectral shift of EFPI sensors with different coating as a function of
temperature



21

Table 4.1. EFPI sensitivity with different coating in different temperature

Interface Sensitivity (pm/°C)
RT — 250°C 250 — 350°C 350- 700°C
Bare fiber 1 1 1
Chemical plated 1.3 1.3 44.8
Copper paint 57.4 -40.6 50.4
Wax 60 60 60

As mentioned in Section 2.2, due to the mismatch of the CTE of fused silica and
copper, the optical fiber could be squeezed by copper, and the sensitivity of EFPI can be
greatly enhanced. However, the optical fiber cannot survive too much strain (normally 1%).
For embedded EFPI sensor with copper paint, when the temperature was low, the gap
between copper and optical fiber remained so the EFPI sensor was not squeezed. When the
temperature increased, the gap became smaller and finally EFPI sensor was squeezed, and
the sensitivity was enhanced. For the embedded EFPI sensor with chemical plating, the
sensor shows high sensitivity at low temperature, which indicates that the sensor had been
squeezed after embedding. But from 200 °C to 350 °C, the spectrum shifts in opposite
direction, so the sensitivity becomes negative. One reason was that the coating material
vaporized during the experiment which results in the de-bonding between the optical fiber

and the copper. After 350 °C due to the thermal expansion the optical fiber was squeezed
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again and the sensitivity increases. After 600 °C, the spectrum is deformed because the
cavity of EFPI sensor was broken due to the strain introduced by copper. For embedded
EFPI sensor with wax, the purpose of using wax sample was to create a gap between EFPI
sensor and copper, but the sensitivity of the sensor was surprisingly enhanced, and good
linearity between temperature and spectrum shift was achieved. The EFPI experiment
shows that coating a thin layer of wax before embedding can protect the embedded sensor
from large strain as well as improve the performance of the sensor.

An experiment was conducted for monitoring the temperature change of the mold
during casting of aluminum to verify if the sensor can response to the fast temperature
change. The photos of the casting mold are illustrated in Figure 4.4(a) and Figure 4.4(b).
The copper slide with the embedded EFPI sensor was inserted to the side of the mold. To
protect the lead-in optical fiber, the ceramic paste was used to stick the optical fiber to a
steel rod. A thermocouple was also placed inside the mold near the copper slide as a
reference. Since the temperature change rate in casting experiment was expected to be
faster than in calibration experiment, several parameters of OSA was adjusted to increase
the scanning speed. The number of points and the wavelength span of OSA was decreased
to 501 and 15 nm, respectively. During the aluminum casting experiment, the melted
aluminum was poured into the mold, and the spectrum of OSA and the temperature data of
thermocouple were both recorded every second. The total measurement time was 700

seconds.
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Figure 4.4. The photo of the casting mold (a) Before experiment (b) After aluminum
casting experiment

The recorded temperature change of thermocouple and the calculated temperature
change of EFPI sensor as a function of time are illustrated in Figure 4.5. It is shown in
Figure 4.5 that the temperature of the mold was increased very fast in a few seconds after
the melted aluminum was poured into the mold, and then the temperature was decreased
following an exponential decay. The temperature change of the thermocouple and the EFPI
sensor shows a similar trend, indicating that the embedded EFPI sensor can achieve fast
response time. It can also be found in Figure 4.5 that the highest temperature recorded by
thermocouple was much higher than temperature recorded by EFPI sensor (about 250 °C
higher). The reason for the difference is that the melted aluminum did not fill the whole
mold. In Figure 4.4(b) several gaps between the aluminum and mold can be observed. As
a result, the thermocouple and the EFPI sensor may not survive with the same temperature.
But with the calibration experiment result, it still can be proved that the embedded EFPI

sensor can survive at least 600 °C with fast response.
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Figure 4.5. The temperature response of the EFPI sensor and thermocouple as a function
of time

4.3. OFDR MEASUREMENT

After EFPI experiment, 4 cm optical fiber was embedded into the copper slide, and
the embedded optical fiber was connect to the OFDR experiment setup for temperature
sensing. The experimental setup of OFDR system and the measurement apparatus are
illustrated in Figure 4.6. The light from TLS (Agilent 8164A Lightwave Measurement
System) was split into two paths by a coupler. One path led to the AZMI to generate the
trigger signal for DAQ. The other path led to the main interferometer. The main
interferometer was also an M-Z interferometer and the light was divided into reference arm
and test arm. For the reference arm, a polarization controller was set in the reference arm
of the main interferometer to optimize the interference signal. For the test arm, the optical
signal will pass through a circulator into the fiber under test (FUT). And the RBS signal
will travel back through FUT to the circulator again. The signal of the reference arm and

the RBS signal will be coupled by another coupler and interfere. Then the interference
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signal will be detected and recorded. The balanced photodetectors are both used in the main
interferometer and AZMI to reduce the common-mode noise. The embedded fiber is put
into the middle of the tube furnace. The tuning speed of TLS was set to 40 nm/s and the
tuning range of TLS was set to 20 nm (1520 nm-1540 nm). During the data processing, the

size of the window was set to 250, corresponding to the spatial resolution of 1 cm.
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Figure 4.6. The schematic diagram of the OFDR system and the measurement setup

First, the copper slide with embedded optical fiber was annealed at 500 °C. The
RBS spectral shift curves of the optical fiber during the heating process at 12 different
temperature are shown in Figure 4.7. The frequency shift along whole FUT was recorded.
Here, only the RBS shift data from 4.85 m to 5.35 m of FUT is presented in Figure 4.6
because only this part of FUT was placed into the tube furnace. The RBS spectral shift of
embedded optical fiber is demonstrated between two dash lines. Since the temperature in

the center of tube furnace was much higher than the temperature on both sides, Figure 4.7
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shows that optical fiber in the middle of tube furnace has higher RBS spectral shift. It is
worth noticing that at the beginning of the heating process, the RBS spectral shift was
decreasing from the optical fiber without embedding to embedded optical fiber. The reason
is that the copper slide was placed into a glass tube. As a result the lead-in optical fiber
near the copper slide was hung in the air. After 450 °C, the RBS shift of embedded optical
fiber increased faster than before and at 500 °C the embedded optical had larger RBS shift
than optical fiber without embedding. This indicates that the copper slides squeezed the
embedded optical fiber at high temperature.Figure 4.8(a) and 4.8(b) shows the relationship
between temperature and RBS shift points of embedded and normal optical fiber. Figure
4.8(a) shows that for normal optical fiber, the relationship the relationship between
temperature and RBS shift points had good linearity. The slope of curve fitting result of
Figure 4.7(a) is 17.3 points/°C, and R-square is 0.9997. While in Figure 4.8(b), the slope
of the curve increased at 450 °C. The results matched the EFPI experimental result that the

optical fiber would be squeezed in high temperature after embedding.
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Figure 4.8. The RBS shift points of the optical fiber as a function of temperature during
heating of annealing process (a) Unembedded optical fiber (b) Embedded optical fiber

After annealing for 15 minutes, the copper slide was cooled down. And Figure 4.9
shows the RBS spectral shift during the cooling process. It is obvious that at the beginning
of the cooling process the embedded optical fiber had larger RBS spectral shift. And when
the temperature was continuously decreasing, the rate of the spectral shift was also
decreasing. Figure 4.9 shows the relationship between temperature and RBS spectral shift
point. Figure 4.9 shows that for normal optical fiber, the relationship the relationship
between temperature and RBS shift point still kept good linearity. Meanwhile, the rate of
RBS shift for embedded optical fiber was around 2 times larger than normal optical fiber
because the thermo-optic effect of the optical fiber (6.1x10-6 /°C) and thermal expansion
effect of copper both contributed to the RBS shift. The rate of RBS shift decreased in low
temperature, which indicated that de-bonding between the copper slide and optical fiber

happened during the cooling process.
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Figure 4.9. The RBS shifts along the optical fiber inside the furnace in different
temperature during cooling of annealing process

The embedded optical fiber was tested again after cooling process. In this
experiment, the embedded optical fiber was heated to 700 °C. Figure 4.10 shows that
optical fiber in the middle of tube furnace had higher RBS spectral shift. Comparing with
the heating process of annealing, the rate of RBS spectral shift also changed with
temperature, and this change followed the similar trend of the heating process of annealing.
Figure 4.11(a) and 4.11(b) shows the relationship between temperature and RBS spectral
shift point. For normal optical fiber, the relationship between temperature and RBS shift
point still kept good linearity. For the embedded optical fiber, the RBS shift was still
smaller than unembedded optical fiber, and with the temperature increasing, the RBS shift

increased at a faster rate compared with unembedded optical fiber.
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The RBS shift of optical fiber when the optical fiber was cooled down from 700 °C
is shown in Figure 4.12. The RBS shift of embedded optical fiber sensors was still larger

than the unembedded optical fiber, which is similar to the result during the cooling process



30

of annealing. In Figure 4.13(a) and (b), compared with the slope of the linear fitting results
of the optical fiber with and without embedding, it can be found that the embedded optical
fiber has higher temperature sensitivity than unembedded optical fiber. And in high
temperature where the de-bonding would not happen, the RBS shift of embedded optical
fiber showed good linearity. The optical fiber was broken during the experiment because
in high temperature the polymer coating of optical fiber would be burnt off, and also the

mechanical strength of fused silica would decrease after it was heated in high temperature.
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5. CONCLUSION AND FUTURE WORK

In this thesis, we successfully developed optical fiber point sensor (EFPI) and
optical fiber distributed sensor (OFDR) and embedded them inside the copper slides using
electrodeposition for high-temperature sensing. The fabrication and the working principle
of EFPI sensor were introduced in this thesis. To investigate the best method to create a
gap between optical fiber sensor and the copper slide, three coating methods were applied
to coat the EFPI sensors before embedding. And the EFPI sensors with different coating
method were calibrated separately in the high-temperature experiments. Among them, the
EFPI sensor with wax coating not only could survive in high temperature, but also its
sensitivity was surprisingly enhanced for more than 30 times. An aluminum casting
experiment was also conducted to verify the time response of the EFPI sensor, which
showed the practicability of EFPI sensor. The system structure and the sensing principle of
OFDR system were also introduced in this thesis. And a preliminary calibration experiment
of OFDR system with embedded optical fiber was achieved, showing the optical fiber can
survive in 700 °C and the optical fiber distributed sensing can be achieved.

During the project, the repeatability of optical fiber sensors was not good. The main
reason for the problem is that the polymer coating of the optical fiber will be burned off in
high temperature during the test, and also the mechanical strength of the optical fiber will
decrease after several heating and cooling cycles. As a result, the lead-in optical fiber was
always broken at the boundary of the lead-in optical fiber and the copper slide. So a better
way to protect the lead-in optical fiber needs to be developed. And although wax coating

can enhance the sensitivity of EFPI sensor with linear response, in OFDR calibration test
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the sensitivity was not constant. The interaction between the optical fiber sensors and
copper still need to be investigated. And finally, we will develop a mold with embedded

optical fiber sensors that can measure the temperature distribution of the whole mold.
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