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Abstract 
 
This thesis documents the development of two monitoring systems based on metal-coated Fibre 
Bragg Grating sensors, which are to be validated in two distinct industrial applications within 
harsh environments. One is intended for the naval sector as part of the NEXT-BEARINGS project, 
while the other is designed for the energy sector within the framework of the NEWSOL project. 
 
The objective of the first application, within the NEXT-BEARINGS (Development of a new 
generation of naval components for the ship shaft line) project, was to monitor the degradation 
of antifriction materials in bearings for the naval sector using embedded FBGs with metal coating 
to measure strain and temperature. The second application, within the framework of the 
NEWSOL (New StOrage Latent and sensible concept for highly efficient CSP Plants) project, aimed 
to monitor the performance and operation of novel concrete energy storage components using 
metallically coated FBGs for Concentrated Solar Power (CSP) plants, which operate at 
temperatures of up to 550°C. Despite their differences in industrial settings, both applications 
share similar harsh environments and high temperatures. Therefore, the FOS monitoring 
solutions developed in this work are all based on metal-coated FBGs as strain and temperature 
sensors. 
 
In this thesis, a metallic coating procedure based on a combination of sputtering and 
electroplating deposition techniques was developed to apply metallic coatings of Ni and Cu to 
the FBGs and optical fibres. This procedure allows for the coating of longer lengths of fibre 
(hundreds of meters) and various thicknesses ranging from a few microns to hundreds of 
microns. Furthermore, after coating the sensors, a procedure was developed to embed these 
coated sensors into the antifriction bearing material, which is a tin alloy base, using various 
techniques such as laser cladding and TIG welding.  
 
To verify the research, the metallic coated and embedded FBGs were validated under operational 
conditions for each use-case.  
In the case of the NEXT-BEARINGS project, validation was carried out using two distinct test 
benches adapted to fulfill different technical objectives. On one hand, the response of the 
embedded FOS within the antifriction material was analysed using a dedicated fatigue machine 
developed for this purpose. On the other hand, to validate the embedded FOS response for 
bearing condition monitoring, a test bench designed for testing antifriction bearings in a real 
vessel was used. During these validations, the metallic-coated embedded FBGs were subjected 
to pressures up to 250 bar, rotary speeds up to 667 rpm, and temperatures up to 65°C for more 
than 5500 hours, providing a stable response throughout the tests. 
 
In the case of the NEWSOL project, three different validations at laboratory scale, mid-scale, and 
real scale were conducted. The metallic-coated FBGs were embedded in various thermal storage 
components made using novel high thermal resistant concretes, and they were tested at 
temperatures up to 550°C. The embedded FBGs were capable of monitoring the concrete curing 
process, the operation of the storage components, and the degradation of the concrete. 
 
The research concludes by considering future directions for the work in these and other industry 
sectors. 
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Chapter 1. Introduction. 

 

1.1 Motivation and objectives 
The manufacturing industry is under a digital transformation to achieve the interconnection of 
the entire production chain and make decisions based on the real data obtained. The main value 
from this is the data, which must be available, reliable, accurate, up-to-date and simple. 
Therefore, the correct selection and installation of the sensors to obtain the data is crucial. This 
is not only essential to achieve the objectives of Industry 4.0, but also for Condition Monitoring 
of any component or structure in a non-industrial environment. 
There are many industrial components and structures which are very difficult to monitor in a 
continuous and multipoint way to know their real status in real-time, because factors such as  
high temperature, difficulty due to remote access, and harsh environments (high temperature 
>350oC, corrosion, etc) where they operate, which makes it very expensive and/or difficult, if 
not impossible, to integrate commercial or standard sensors for monitoring. Such industrial 
sectors, including steelmaking, ceramic manufacturing, power plants, fuel combustion 
machinery, oil and gas, aircraft engines, shipbuilding components, etc., still require sensors to 
be developed, integrated and validated for better condition monitoring.  

It is within this framework that the work presented in this thesis was developed, in order to 
develop a monitoring solution for two different applications a in harsh-environment. On the one 
hand, there is a strong need to develop a sensor for monitoring the real-status of antifriction 
material in ship bearings components. On the other hand, a novel monitoring system is required 
to monitor a new energy storage solution provided for a Concentrated Solar Power (CSP) plant. 
The ship bearing monitoring system was developed under the Galician regional project NEXT-
BEARINGS [1]. And the monitoring solution developed for the CSP application was developed 
under the framework of the NEWSOL European project [2]. 
Although, they are totally different applications with different requirements, the proposed and 
developed monitoring system for both, was based on the same technology: Fibre Optic Sensors 
(FOSs).  
 
FOS was the monitoring technology selected because it possesses the key features that are 
required in both applications, for example, their ease of integration into structure/materials and 
their high thermal sustainability.   
 
To address the above challenges arising from two different applications, a FOS network has been 
carefully designed and developed to be integrated and validated in different industrial settings. 
The developments were primarily based on Fibre Bragg Grating (FBG) sensors, although 
distributed Rayleigh and Brillouin technologies were also tested in each case study for multi-
parameter (strain, temperature, vibrations, load, etc) and multi-point (distributed or quasi-
distributed) measurement. 
 
The objectives required to be achieved by the two case studies are defined below. 
 

In the first case study, NEXT-BEARINGS project, the aim is to develop new advanced in-
service monitoring solutions, based on sensors embedded into the antifriction coating 
material of a ship bearing to monitor its degradation and, alert and prevent potential 
failures. The antifriction material is a metal used as a coating in the bearings of the ships, 
to protect the bearing from friction with the axis of the ship during its operation [3]. The 
antifriction material wears over time and has to be repaired or replaced several times 
during its working life. The thickness of the antifriction material is around 3-5mm, and its 
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decrease of a few microns indicates that the material is required to be repaired.  With the 
course of time, cracks and even flakes may appear in the coating. The aim of embedding 
sensors in the antifriction material is to know, in real time, the antifriction material 
condition of the bearing, and detect any defect or failure of the antifriction coating before 
it occurs. Given the limited access to the bearings due to the space constraints in the 
machine room of a ship, their condition is not reviewed very often. Even during the 
inspection period, the antifriction coating material of each bearing can only be inspected 
by dismantling the bearing(s).  

 
In the second case study, NEWSOL project, the main objective of the project is to develop 
advanced materials solutions based on innovative storage media for CSP, from concepts 
to validation in the field, by monitoring their performance in real-time. This was 
supported by an innovative thermal energy storage design based on the combination of 
new functional and advanced materials, like heat thermal fluid, sensible and latent energy 
storage media and insulating materials, into two innovative Hybrid and Thermal Energy 
Storage system architectures: a novel thermocline tank concept for new CSP plants and 
an advanced concrete module for retrofitting existing CSP plants. In order to obtain 
information about these novel storage components and about the behaviour of the 
materials, an integrated monitoring system based on FOS (FBGs and Brillouin distributed 
sensors) was developed to monitor the thermocline and module operation, as well as 
their Structural Health Monitoring (SHM). 

 
The FOS monitoring systems developed for both case studies are based on metallic coated fibres 
and FBGs because in the NEXT-BEARINGs case study, the FOS has to be embedded in the metallic 
antifriction material by welding processes and in the NEWSOL case study, the FOS has to 
withstand high temperatures (up to 550oC) and corrosive environments (CSP molten salts).  
 
The focus of this thesis is on the development of the metallic coating for the FOS, to be applied 
on each case study. The thesis presents the detailed study carried out both to apply the metallic 
coating of different materials on optical fibres and FOS using different coating techniques, and 
to characterise and analyse the performance of coated FOS. Extensive research was also 
undertaken to embed the metallic coated FOS in different housing materials under both 
circumstances before their validation under real operation conditions.  
 
 

1.2 Structure of the thesis 
The work presented in this thesis is divided into seven chapters, starting from a review of the 
state-of-the-art technologies in Chapter 2, to Chapter 7 summarising the contributions made 
within the framework of this work. 
 
This first chapter is an introduction to the thesis, highlighting the motivation and objectives of 
the work and the structure of the thesis. 
 
The second chapter presents a review of state-of-the-art metallic coating techniques used to 
coat optical fibre in general or FOS in particular. Commercially available metal-coated FOS are 
also discussed in this Chapter. In addition, a study of embedding processes for fibre optic sensors 
in metallic structures or components is presented.  
 
The third chapter includes detailed technical developments. In this chapter, several metallic 
coating techniques were tested to apply a metallic coating layer on FOS. Coating techniques, 
such as electroless deposition, Physical Vapor Deposition (PVD), sputtering deposition, metallic-
based paint and electroplating deposition were studied to define the best procedure and select 
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the optimum metallic coating material or combination of materials to coat the FOS which will 
be applied in both case studies. Following the metallic coating procedure, a thermal 
characterization of metallically coated commercial and developed optical fibres and FBGs is 
made and presented. Thermal cycles between room temperature to 1000oC were carried out to 
analyse the sensitivity and performance of the metallic coated FOS developed.  
 
The fourth chapter presents the developments to embed the metallic coated FOS into metallic 
materials. In this chapter, techniques including electroplating deposition were used to embed 
the metallic coated FOS into Cu structures. Also, casting, Laser Cladding and, manual and 
automatic, Tungsten Inert Gas (TIG) welding techniques were studied to embed the metallic 
coated FOS into the antifriction bearing coating materials, defined for the NEXT-BEARING case 
study. Their corresponding thermal and mechanical response of the embedded FOS was 
analysed in detail in the Chapter. This Chapter also includes laser cladding embedding tests, with 
a high melting point material, such as a Ni-Cr alloy, which were carried out to explore the 
potential of the developed metal coated sensors. 
 
The fifth chapter presents the validation of the metallically coated and embedded FOS discussed 
in the previous chapters, through monitoring the antifriction material of vessels/ship bearings. 
The validation was carried out using two different test-benches. On the one hand, in order to 
analyse the response of the embedded FOS front to the antifriction material degradation (e.g. 
appearance of defects, cracks, flakes, erosion, etc), a mechanical fatigue machine was specially 
designed and developed to test steel specimens of 3-5mm antifriction material coating, 
simulating an antifriction bearing section, with accelerated deterioration generated in the 
antifriction material to monitor it and to analyse and characterise the embedded FOS response. 
On the other hand, to validate the embedded FOS for monitoring the bearing condition, a test-
bench to test a real vessel antifriction bearing was used.  
 
The sixth chapter presents the integration and validation of the Ni coated FOS in concrete 
storage components for CSP plants. In this chapter the development of the Ni coated FOS is 
presented from laboratory scale up to prototype scale. Key aspects such as the embedding 
strategy, the durability of the embedded Ni coated FOS front to concrete thermal dilatation tests 
from room temperature to 700oC and the design and integration of the FOS monitoring system 
into the final thermocline tank prototype were covered in the Chapter.  
 
The final chapter, Chapter 7, summarises the key achievements made from Chapters 3 to 6 and 
proposes a future work plan to advance further the research in this field.  
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Chapter 2. Review of metallic coating and embedding of fibre 
optic sensors 

 
Silica fibre optic is a waveguide with a cylindrical symmetry, consisting of a core, with a refractive 
index 𝑛𝑓, surrounded by a concentric cladding with a slightly lower refractive index 𝑛𝑐, which 

causes the light to be guided within the core. Although there are many types of fibre optics, the 
most typically used for long-distance data transmission is the single-mode fibre with a core 
diameter of 8µm and a cladding of 125µm of diameter, which, in turn, is the focus of the work 
presented in this thesis. Figure 2.1 shows the schematic representative and dimensions a typical 
single-mode optical fibre.  

 
Figure 2.1: Representation of a single-mode optical fibre. 

The optical fibre allows light, and therefore data, to be transmitted over long distances with 
minimal losses. The cost per metre is lower than that of traditional copper cable, thus lowering 
the cost of data transmission installations. Moreover, the optical fibre is made of dielectric 
material, silica (SiO2), not metallic, which offers a perfect isolation between transmitter and 
receiver and prevents earth leakage, avoiding interference across lines, minimizing potential for 
eavesdropping or tapping of communications. Despite the fact that optical fibre is fully 
functional without any coating, the coating, however, gives extra protection both mechanically 
and chemically, thus minimising the losses which may occur when they are exposed to the harsh 
conditions. The typical coating materials used to coat and protect the optical fibres are 
polymers, e.g. acrylate or polyimide.  
In addition to data transmission, optical fibres are also used as sensors in which the fibre coating 
materials could play a role in sensing by inducing a modification on the guided light when they 
respond to change, e.g. in the external environment. 
 
A Fibre Optic Sensor (FOS) is a device based on the detection of changes in optical fibre-guided 
light due to external influences. These external influences can be physical, chemical, biomedical, 
etc. Fibre optic sensors possess inherent advantages, such as small size, light weight, ease for 
being embedded into materials/structures, immunity to electromagnetic interferences, 
resistance to corrosion, multiplexing and remote sensing capabilities. All these advantages make 
FOS technology an excellent solution to some real-world problems, e.g. in harsh environments 
and/or for applications where multi-parameter, multi-point measurement is required. They 
offer the possibility of measuring several parameters in a direct or indirectly way: strain, 
temperature, vibration, electric current, leakage, pressure, gas concentration, load, corrosion, 
etc.  
 
FOS can be classified according to a variety of criteria. One of the most commonly used criteria 
is the classification according to the role of the optical fibre. According to this criterion, they are 
classified as extrinsic and intrinsic. Extrinsic sensors are usually defined as those sensors in which 
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the light is guided by the fibre but the interaction between the light and the parameter, to be 
measured, occurs before a rate element outside the fibre. Although, it can be attached to it by 
fusion, bonding or mechanical connections, e.g. fluorescence or reflection sensors. While in the 
intrinsic sensors the interaction takes place inside the fibre, so the fibre is an active part of the 
sensing process, e.g. micro-curvature sensor, Bragg gratings. Figure 2.2 shows a scheme of the 
intrinsic and extrinsic FOS concept.  

 
Figure 2.2: Schedule of an intrinsic (above) and extrinsic (below) FOS [4]. 

The work presented in this thesis is based, principally, on the development of one of the intrinsic 
types of FOS, namely Fibre Bragg Grating (FBG) optical sensors, to develop a real-time and 
multiparametric monitoring system for use in harsh environment applications. 
 

2.1 Fibre Bragg Grating 
Fibre Bragg Grating sensors are the most widely used FOS in the world due to their versatility, 

multiplexing capability and their mechanical and thermal properties. A FBG sensor is 

manufactured by exposing a small segment of optical fibre to a laser light in a periodic pattern, 

using on ultraviolet (UV) excimer laser or infrared (IR) femtosecond laser typically, to induce a 

change of the index of refraction of the fibre core along the longitudinal direction. This alteration 

acts as a filter, reflecting a narrow band of wavelengths guided by the optical fibre and 

transmitting all others, with the peak wavelength of the narrow band, called the Bragg 

wavelength. Figure 2.3 is a representation of the fundaments and operation of a FBG for an 

optical fibre. The reflected light is analysed and monitored because it is dependent on the strain 

and temperature variations, is therefore the one that contains the relevant information.  

 

 
Figure 2.3: Schedule of a Fibre Bragg Grating fundaments and operation. 

The Bragg law of X-ray diffraction, was discovered in 1912, by Sir William Lawrence Bragg, a 
British physicist and X-ray crystallographer. Sir Bragg, together with his father, won the Nobel 
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Prize for Physics in 1915 for an important step in the development of X-ray crystallography [5]. 
The formation of the gratings in an optical fibre to induce the Bragg reflection, was first 
demonstrated by Hill et al. in 1978 at the Canadian Communications Research Centre (CRC), 
Ottawa, Ont., Canada [6][7].  
Bragg discovered that the X-rays scattered by all lattice points in a plane must be in phase by 
the Laue equations (the Max von Laue equations describe the behaviour of waves that are 
diffracted when incident on a crystal lattice), which describe the behaviour of waves that are 
diffracted when incident on a crystal lattice. Furthermore, the scattering from successive planes 
must also be in phase. For a phase difference equal to zero the laws of simple reflection must 
hold for a single plane and the path difference for reflections from successive planes must be an 
integer number of wavelengths [8]. Figure 2.4 shows how an incident beam is diffracted by two 
successive hkl planes with interplanar spacing dhkl. The path difference travelled by the two 
successive plane beams is given by equation (2.1), and hence the condition for maximum 
diffraction derives to the equation (2.2). 
 

 
Figure 2.4: Schedule of beam diffraction in hkl planes. 

 
𝐴𝐵 + 𝐵𝐶 =  2𝑑𝑠𝑖𝑛Ɵ                                                  (2.1) 

 
2𝑑𝑠𝑖𝑛Ɵ =  𝑛𝜆                                                       (2.2) 

 
Where Ɵ is the incident angle, n is the order of reflection, and λ is the wavelength. A diffraction 
pattern is obtained by measuring the intensity of the scattered radiation as a function of the 
angle Ɵ. Whenever the scattered waves satisfy the Bragg condition it is observed a strong 
intensity in the diffraction pattern, known as Bragg peak [5].  
When in the core of an optical fibre where a periodic modification is made, as a grating, Ɵ=90o 
and d is the distance between the strips of the grating, from equation (2.2), λ=2d for n=1 which 
is the approximate wavelength of the reflection peak. The fibre therefore acts as a dichroic 
mirror, reflecting part of the incoming spectrum.  
Equation (2.2), has to be adapted for silica, since the distances travelled by light are affected by 
the index of refraction of the optical fibre.  
 

Ɵ(𝜆) =  𝛽Ʌ =  
2𝜋

𝜆
𝑛𝑒𝑓𝑓Ʌ                                            (2.3) 

 
Where Ʌ is the grating period, which is the distance between the gratings of the core and neff is 
the effective index of the fibre. For Ɵ=90o=π and, combining equation 2.2 and 2.3 results the 
equation (2.4) is the one that governs the behaviour of the FBG sensors. 
 

𝜆𝐵 =  2𝑛𝑒𝑓𝑓Ʌ                                                     (2.4) 

 
The Bragg wavelength (λB) of a FBG, made on a silica monomode fibre, is a function of the 
effective refractive index of the fiber (neff) and the periodicity of the grating (Ʌ) and, therefore a 
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FBG sensor is naturally sensitive to temperature and strain variations on the grating. The 
temperature variations cause the neff variation, hence the Bragg reflection peak variation, and 
the strain sensitivity cause a perturbation on the grating period, Ʌ, which also causes a change 
in the Bragg reflection peak.  
The equation to calculate the dependence and sensitivity of the Bragg wavelength on the 
temperature and strain is expressed in (2.5) and (2.6) respectivel, where T represents time and 
L length. 
 

 
 
Combining both makes it possible to obtain the equation of sensitivity of the Bragg wavelength 
with temperature and strain (2.7): 
 

Where α represents the thermal expansion of silica, η is the thermo-optic coefficient 
(representing the temperature dependence of the refractive index), ρe is the photo-elastic 
coefficient (the variation of the index of refraction with strain) and Ɛz is the longitudinal strain 
of the grating.  
 
One of the principal advantages of the FBGs, and many FOS in general, is that the strain variation 
could be due to different external events: pressure, load, vibration, expansion, contraction, 
corrosion deformation, chemical reaction, etc. This offers the advantage to indirectly monitor 
many other parameters from strain monitoring with these sensors. A major advantage of FBGs, 
is their multiplexing capability. It is possible to obtain several gratings along one optical fibre 
with different Bragg wavelengths reflected, by inscribing gratings with different periods along 
the same fibre, as shown in Figure 2.5.  
 

 
Figure 2.5: Schedule of multiplexed FBGs along one optical fibre. 

Given the cross-sensitivity of a FBG, it is important to decouple the effect induced by 
temperature change from that by strain, for example, by adding a second FBG as a temperature 
reference. The temperature FBGs can be isolated from the strain variations, for example through 
sensor packaging or not being bonded to the medium being monitored.  
 

𝛥𝜆𝐵

𝛥𝑇
= 2𝑛𝑒𝑓𝑓

𝝏Ʌ

𝝏𝑇
+ 2

𝝏𝑛𝑒𝑓𝑓

𝝏𝑇
Ʌ                                               (2.5) 

𝛥𝜆𝐵

𝛥𝐿
= 2𝑛𝑒𝑓𝑓

𝝏Ʌ

𝝏𝐿
+ 2

𝝏𝑛𝑒𝑓𝑓

𝝏𝐿
Ʌ                                                 (2.6) 

𝛥𝜆𝐵

𝜆𝐵
= (𝛼 + 𝜂)𝛥𝑇 + (1 − 𝜌𝑒)Ɛ𝑧                                                  (2.7) 
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To apply FBG sensors in high temperature environment (e.g. >400oC), three main aspects have 
to be considered:  
 

1. How a grating is inscribed into an optical fibre.  
2. What is the coating material of the fibre?. 
3. What is the optimum packaging or embedding process required by the application?. 

 
The grating is made by laser inscription into the core of a fibre. Typically, a UV laser is used to 
induce a semi-permanent change in the refractive index of the fibre core. This grating is named 
Type I and when is exposed to temperatures >450oC for a long time, the grating disappears. To 
use a Type I grating for higher temperatures a re-generation process is needed [9] which 
weakens the fibre. For high temperature applications, gratings inscribed by femtosecond (fs) 
laser or Type II gratings which have a permanent micro-structural change in the fibre core can 
survive up to 1000oC [10]. 
 
Knowing the type of grating that needs to be selected according to the type of application, the 
next step is to choose the most suitable coating or packaging for it. In high temperature and/or 
harsh environments, as is the case in both use cases of this thesis, FBGs are typically either 
metallized or encapsulated to ensure their long-term resistance in such applications. This 
chapter provides a review of existing technologies for coating, packaging or embedding FOS, 
including FBGs, for their use in harsh environments, such as high temperature environments. 
This paves the way for the further developments as detailed in the following chapters.    
 
 

2.2 Review of metallic coating and embedding of fibre optic sensors 
The unique characteristics mentioned of fibre optic sensors, specially of FBGs, drive the concept 
of using metallic coating, different from the typical polymeric coatings (acrylate, polyimide), to 
sense the change in parameters, to which they are not intrinsically sensitive, or, to protect the 
sensors from the environment, to which they are exposed in operation.  
 
Embedding FOS within materials, components or structures adds intelligence and enables real-
time monitoring at some critical locations that are impossible or difficult for retrofitting. Sensors 
hold great promise for increasing the safety of components, but their reliability and that of the 
process itself can reduce maintenance and operating costs. The integration protects the sensor 
from damage and isolates it from environmental disturbances. At the same time, it avoids or 
greatly reduces the visual inspection functions traditionally performed and provides real-time 
information in the event of a failure in the structure or component.  
 
The embedding process can be carried out during the manufacturing of the structure or tool or 
after completion. The packaging material must to maintain the integrity of the sensor, so it is 
often necessary to coat the sensor with a specific material, prior to being embedded, to act as a 
transducer.  
The integration of these sensors is not a trivial task and raises questions as to whether they may 
compromise the integrity of the structure/component. Generally, in the industry, traditional 
sensors should not be embedded in the components or structures, they are usually integrated 
around the target component. However, FOSs, and particularly FBGs, have been embedded into 
the structure or component for monitoring their structural integrity, e.g. in the aviation industry, 
due to their inherent advantages [11]–[13]   .  
 
The process for embedding and/or integrating FOS becomes more complicated when the 
application involves high temperatures (>350oC) or, the structure or the component to be 
monitored, is at high or cryogenic temperature or in a harsh environment (corrosion, difficult 
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access, presence of dirt or oil, etc.). When the typical FOS polymeric coatings do not resist or, it 
is not possible to use glues or adhesives to make the bond because they became degraded. In 
these cases, there is a need to protect the optical fibre with a robust coating or packaging and 
find the most appropriate embedding method for the durability of the FOS monitoring system.  
The FOS developed in this thesis are in this context. Metallic coating FOS monitoring systems 
were developed for being integrated in the two different harsh environment applications 
mentioned in the chapter 1.  
 
In the sections below the state of the art technologies, reported for metallic coating and metallic 
embedding of FOS, are presented.   
 
 
 

2.2.1 Review of metallic coating of fibre optic sensor 
The standard optical fibre coating is a polymeric material (acrylate or polyimide). This material 
acts like as a shock absorber to minimise attenuation caused by possible micro-flections, and  
protect the fibre from mechanical damage and/or moisture ingress (although not totally 
hermetically sealed). This type of coating does not withstand temperatures above 350oC, 
therefore in high temperature environments, the coating is required to be resistant to the 
operation temperatures as well as hermetic to assure the seal of the optical fibre from hydrogen 
penetration [13]. The hydrogen molecules are able to enter the silica of the optical fibre causing 
surface degradation at room temperature, which causes strength degradation of the fibre 
because it generates cracks on the surface. This effect is minimized by the typical polymeric 
coating. Also, at high temperatures, the hydrogen is diffused into the core of the fibre which 
causes faster core degradation, increasing the optical losses up to cause the optical fibre fault. 
For these environments, other resistant coatings are applied, like carbon (C) , metallic or ceramic 
coating or packaging.   
 
Carbon coated optical fibres are made by depositing a thin carbon (C) layer onto the surface of 
the silica during the fibre draw manufacturing process. The final carbon layer is around 20-50 
nm, sufficient for protecting against both water and hydrogen diffusion, without causing micro-
bend losses. However, it is thin and brittle, which cannot protect the fibre from mechanical 
damage such as scratches. For this reason, C coated fibres are always protected by additional 
polymer coatings, which are applied using standard coating applicators located below the 
hermetic coating reactor on the drawing tower [14]. But the polymeric coating makes it non-
resistant to temperatures over 350oC.  
In contrast with the carbon coated optical fibres, another way to obtain a sealed optical fibre to 
avoid their degradation due to hydrogen exposure and to obtain a high resistance at high 
temperatures (>350oC), is to use a metallic coating optical fibre. Metallic coating is hermetic and 
robust enough for protecting the optical fibres mechanically and thermally. They are widely used 
for high temperature environments due to their thermal properties. They have a high thermal 
conductivity and high capacity which favours an effective transfer of thermal energy from the 
coating to the sensor, thus increases the thermal sensitivity and thermal response. 
Optical fibres coated with Cu, Al and Au are commercially available. Some fibres include a carbon 
layer sandwiched between the fibre cladding and the metallic coating to improve their bonding. 
All of them can be used as distributed FOS, with a maximum coating thickness of 25µm (for a 
single-mode fibre) and able to operate at a maximum of 400oC for Al coating, 450oC for Cu 
coating, and 600oC for Au coating, for long-term exposure application. In the case of FBG 
sensors, there are many limitations when it comes to acquiring metal coated FBG sensors. Only 
a few FBG sensor suppliers are capable of providing them, with limitations on the number of 
sensors per fibre and the coated length. These suppliers primarily use two methods to obtain 
metal coated FBG sensors. On one hand, they employ a metal coated fibre into which they 
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inscribe an FBG sensor after removing the metal coating from that specific area. After 
manufacturing the FBG sensor, they reapply a layer of the same metal used in the metal coated 
fibre to cover that section of the fibre. Figure 2.6 shows a Au coated FBG sensor manufactured 
by this procedure. On the other hand, another method they commonly employ is to create FBG 
sensors in an optical fibre covered with a soft polymer coating. They then send this fibre to the 
company that manufactures the metal coated fibre and apply the metal coating to this fibre, 
having previously removed the soft polymer coating from it.  
 

 
Figure 2.6: Au coated FBGs from Technica. Picture of the frontier of the Au original coating of the optical fibre and, 

the re-coated section where the FBG was inscribed. 

The commercially available thickness of the metallic coating of optical fibres and FBGs is in the 
range of a few tens of microns, which does not provide sufficient protection to withstand the 
embedding process and operation conditions in the thermal concrete tank for the Concentrated 
Solar Plant (CSP) or in the antifriction metallic material by welding process, as detailed in the 
following chapters. Furthermore, it is not certain that the gold, with melting point at around  
 1̴064oC, could withstand the high temperature at around 700-1600oC in soldering, depending 
of the technique and material. For these reasons, this thesis has developed a procedure for 
metal coating optical fibre and FBG sensors with a coating metal of Ni and/or Cu with sufficient 
thickness to withstand long term exposure to high temperatures, as well as the metal 
embedding process under laser embedding or Tungsten Inert Gas (TIG) welding techniques. 
 
There are a wide variety of coating techniques reported to apply a metallic coating on an optical 
fibre. The Freezing technique is the most widely used by industrial manufacturers. As shown in 
Figure 2.7, this in-line coating is completed while passing the optical fibre through a molten 
metal in a drawing tower. If the temperature of the melt metallic material is close to the melting 
point of the metal and the temperature of the fibre is relatively lower (but close), a layer of the 
metal can freeze on the surface of the optical fibre. To obtain a stable uniform metal film, the 
duration of the contact of the fibre with the molten metal in the metallizer should be shorter 
than the time of fibre heating to the metal melting point [14]. The thickness of the metallic 
coating layer depends on the optical fibre diameter and its temperature. For a typical single-
mode optical fibre of 125 µm, the maximum thickness obtained with this technique is around 
25µm.  
This technique allows the use of a wide variety of metallic materials with a melting point up to  
 1̴500oC. However, the thickness of the coating layer is limited (tens of microns). Furthermore, 
it is not possible to manufacture a FBGs through the metallic coating and, also, it would be only 
possible to manufacture the FBGs, e.g. by fs laser, previously to the freezing metallic coating for 
metallic materials with a melting point lower than 1000oC, otherwise the sensor and/or the fibre 
would be damaged. 
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Figure 2.7:  Schematic diagram of a typical metal-coating setup: a standard drawing tower equipped with a 

metallizer [14]. 

There are other coating techniques which are reported to apply a metal coating layer on an 
optical fibre, but they do not require such a sophisticated and expensive set-up, nor the metal 
coating being part of the fibre manufacturing process. Most importantly, they allow the use of 
metals with a high melting point and, achieve greater coating thicknesses than those obtained 
with the freezing technique, which is required for the use-cases studied here. These techniques 
are able to be applied at low temperature, so the fibre optic or sensor does not suffer any 
damage during the coating process.  
 
The Electroplating Deposition technique is the most used to obtain a metallic coated optical 
fibre. The metallic coating procedure developed in this thesis is based on this technique 
(combined with sputtering technique), because it perhaps to apply multiple metals with a 
variable thickness, from a few microns to hundreds of microns.  
As shown in Figure 2.8, electroplating process consists of an electric current flowing between 
two electrodes that are immersed in a solution rich in metal salts. The current flowing through 
the anode passes into the solution, causing the ions in the solution to follow the direction of the 
current and adhere to the surface of the cathode. The optical fibre here is used as the cathode 
and the released metal ions will adhere to it, producing metallic coating. This technique allows 
the use of a large amount of metals as coating material, the process is conducted at around 55oC 
which does not represent any danger to the fibre and, it is possible to achieve coating thickness 
from tens of microns to a few mm. Most of the bibliographical references about FOS metallic 
coating focus on the use of electroplating technique to coat the optical fibres, especially for 
coating FBG, Fabry-Perot sensors, or other types of point sensors FOS, due to its simplicity and 
flexibility. However, the section to be coated using this technique requires to be electrically 
conductive so that it can act as a cathode in a closed electrical circuit. FOS is made of silica, which 
is dielectric. Therefore, in order to be able to apply the electroplating process, an electrically 
conductive layer must be applied beforehand.  
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Figure 2.8:  Simplified diagram for electroplating Nickle on a conductive optical fibre. 

It is possible to use metallic coated optical fibres as a cathode. However, there are some other 
techniques which do not require the conductivity of the sections to be coated, such as 
Electroless Deposition, Sputtering Deposition, Physical Vapor Deposition (PVD), Chemical Vapor 
Deposition (CVD), Pulsed Laser Deposition (PLD), etc. But in any of these cases, prior to applying 
a metallic coating over the optical fibres, it is required that their original polymeric coating be 
removed.  
 
Li et al. [15], [16] were the first to report metallic coating using sputtering deposition of 1μm of 
Ti and then 2μm of Ni, on a FOS, which is shown in orange in Figure 2.9.a. This was followed by 
applying electroplating deposition of Ni (green layer) to embed the coated optical fibre in a steel 
substrate (blue sheet) as illustrated in Figure 2.9.a and Figure 2.9.b.  
 

 
Figure 2.9: (a) Schedule of the metallic coating and electroplating bond. (b) Micro picture of the appearance of the 

metallic coated optical fibre after the electroplating process [16]. 

In the following years there have been numerous studies where other coating techniques have 
been developed [17]–[24], among which Li’s approach (as discussed above) dominates due to 
minor variations required, unlike the others which require significant variations to apply the 
conductive layer [25]–[34]. Among these the most widely used approach is to generate the first 
coating layer using Electroless [21], [22], [26], [27], [29] and then Sputtering Deposition 
technique [35], [36].  
 
Electroless deposition is a layer-by-layer coating technique which immerses an optical fibre in a 
chemical solution rich in metallic salts, similar to that of electroplating, but the reaction in this 
case is autocatalytic. To produce the autocatalytic reaction, the optical fibre has to be cleaned 
thoroughly, etched, sensitised and activated by passing through different solutions. This 
technique is of low-cost and can be implemented, at low temperature (<90oC) without specific 
equipment, for coating with many different metals. It is, however, very sensitive to even the 
slightest contamination of the fibre during processing, which can lead to defects in the final 
finish or adhesion. Shen et al. [27] used the electroless deposition technique, before 
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electroplating, to generate a thin film of Ni metallic coating layer on FBGs to improve the thermal 
resistance and sensitivity of the FOS. Figure 2.10.a shows the reported schedule of coating a FBG 
by electroless deposition of Ni and electroplating deposition of Au. In addition to thermal 
protection, metallic coatings made by electroless technique are also used to develop other types 
of sensors, e.g. corrosion sensors. Wright et al. [22] used the electroless coating technique to 
apply a first layer of Ni and a second layer of Fe to develop a distributed FOS for corrosion 
detection, providing real-time monitoring of the mass loss in natural gas transmission pipelines.  
 
As electroless deposition technique presents a great potential for coating optical fibres, the 
many patents have been generated to cover the specific procedures or set-ups for metal coating 
[37]–[42]. Figure 2.10.b shows a schedule of the electroless step-by-step procedure protected 
by the patent [38], where the optical fibre was passed through the different solutions for 
cleaning, sensitisation, activation and final plating. Therefore, the electroless deposition 
technique is an alternative to the Freezing technique. However, this technique requires working 
with uncoated, therefore very fragile, optical fibre, and also, as already mentioned, it 
necessitates passing the fibre through numerous solutions, which may result in fibre breakage 
if the process is not automated, requiring meticulous control to prevent contaminations and to 
adjust the state of each solution for the applied coating to be of high quality. 
 

 
Figure 2.10: (a): Schedule of the FBGs coating developed by SHEN et al. [27]. (b): Schedule of the electroless 

procedure protected for coating an optical fibre by electroless deposition technique [42]. 

 
The second most used technique for generation of an electrically conductive layer, is the 
Magnetron Sputter deposition technique, as reported by Li et al. [15], [16] in 2000. This 
technique uses sputter equipment in which the optical fibre is placed in its vacuum chamber 
where the ions strike the metal target of which atoms are ejected (or sputtered) from the surface 
and adhere to the surface of the optical fibre. As the coating usually covers only one side of the 
fibre that is facing the metal target, it requires sputtering twice in order to coat the whole 
surface (diameter) of the optical fibre. Also, the vacuum chamber is small in size, it is not possible 
to coat long lengths or in a continuous way. Although commercial equipment is needed for 
applying this coating technique, it is widely used due to its relative low-cost (15000-30000 euros) 
compared with techniques as PVD (>60000 euros), relatively fast operation (  2̴0 min.) and 
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flexibility in the use of different metals as target material [17], [26], [32], [35]. Ke and Xu et al 
[17] designed a special tool, as shown in Figure 2.11.a, to coat long lengths of optical fibres using 
the sputtering technique. The optical fibre is roiled up inside and can be moved using a coil 
system during the sputtering process. Subsequent they tested the optical fibre, coated with a 
layer of Ti and of Pd, as shown in Figure 2.11.b for distributed hydrogen sensing.  
 

 
Figure 2.11 (a): special tool designed to continuously coat an optical fibre by sputtering. (b) Cross-section of the Pd 

and Ti optical fibre coated by sputtering [17]. 

The metal coating procedure developed in this thesis is based on a combination of sputtering 
deposition and electroplating deposition techniques, as will be detailed in Chapter 3. After 
studying different coating techniques, these were the most cost-effective and straightforward 
methods found for applying coatings of various metals and with different thicknesses, suitable 
for the requirements of the target applications. 
 
Thin film coating techniques such as Physical Vapor Deposition (PVD), Chemical Vapor 
Deposition (CVD) or Pulsed Laser Deposition (PLD) are also used to coat the optical fibres with a 
thin metallic layer. These techniques, however, require specific and expensive equipment.  
More thin film coating techniques have been reported by the scientific community. For example, 
Hamidreza et al. [19], [20] developed a thin film metallic coating method based on Ag 
nanoparticles sintering deposition by laser-assisted maskless microdeposition (LAMM). 
Figure 2.12.a shows the LAMM set-up for making the Ag deposition and Figure 2.12.b shows the 
appearance of the Ag thin film layer deposited on the fibre.  
 

 
Figure 2.12: View of LAMM workstation with rotational stage for grabbing and turning the FBG [20]. 

 
A type of bi-coating technique has been developed to apply a conductive polymeric or a 
conductive paint layer over the layer coated using the electroplating technique to obtain a final 

a) b) 
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metallic coating. This bi-coating, polymer-metal, is used in laser-applications to dissipate heat 
from the fibre laser [23] or to improve the sensitivity of chemical sensors [18].  
 
Once the optical fibre has an electrically conductive layer, made by any of the above mentioned 
techniques, the electroplating deposition process makes it possible to grow the coating 
thickness up to the required thickness or to generate a bi-metal coating combining different 
metals. It should be noted that when the coating thickness is increased, fibre losses also increase 
due to the micro-bending stresses induced by the metallic coating [14], [43]–[46].  
Another important factor influencing losses and, the strength and durability of metallic coated 
optical fibre is the Coefficient of Thermal Expansion (CTE) of the metals used for coating the 
fibre. On one hand, as the silica CTE is much lower than metals CTE, applying a bi-metal coating 
is better to avoid stress being concentrated at the silica-metal boundary because of the CTE 
differences. On the other, Kirkendall voids appear at the bi-metal boundary after the bimetallic 
structure is exposed to high thermal fatigue (>700oC), causing coating degradation as shown in 
Figure 2.13 [47].  
 

 
Figure 2.13: SEM micrograph of a bimetallic coating after the first heating/cooling cycle between room 

temperature and 800oC: (a) Cu coating thinner than the Ni one; (b) double layer with comparable 
thicknesses. Cu–Ni boundaries are highlighted by a yellow thin dotted line; it represents the region 

where the Cu–Ni alloy was formed [47]. 
 

In conclusion, FOS seem to be a good distributed or quasi-distributed solution for monitoring 
harsh environment applications, a specially in the case of high temperature applications because 
the silica can withstand harsh environments applications due to its intrinsic properties, but also, 
because it is receptive to coating by materials like metals which protects and seals the FOS from 
these environments and makes them more robust or even, sensitive to other parameters. In this 
section, the review of the techniques used to coat the FOS with metals was presented. There 
are many different options for applying a thin coating layer on the fibre and it is possible to apply 
many different metals, but for increasing the thickness of the coating, to protect the fibre front 
to embedding process, principally, there exists unanimity for the use electroplating deposition 
technique.  
 
 

2.2.2 Review of metallic embedding of fibre optic sensors  
Embedding the FOS into a metallic material, component or structure, is challenging because the 
metal is solid and not easily mouldable to integrate FOS. Thus to monitor a metallic structure or 
component the most commonly used approach is to bond or fix a FOS to the metallic surface.  
This, however, is not possible when it is in a harsh environment (e.g. high temperature, high 
corrosion, oily environment, etc), as neither the adhesives nor the fibre coating can withstand 
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the condition in a safe and durable manner, as in the applications outlined in this thesis, such as 
the antifriction bearings and thermal storage components of a solar thermal power plant.  
For high temperature monitoring there are some FOS packaging solutions which are able to 
sustain adhesion under some circumstances, but they have limitations (e.g. up to 700oC). The 
challenge lies in the requirement for monitoring strain in these structures and environments. 
One viable solution is to embed the FOS into a metallic structure to assure good strain 
transmission and durability, generating smart structure. 
 
Many different procedures exist to embed a FOS (a FBG or any intrinsic FOS) into a metallic 
structure [48]. The most in common involves high temperatures (>450oC) and requires melting 
the metal to make the bond. Some of these techniques are: Casting, Spray Coating, Vacuum 
Brazing or Laser processing. In these cases, the polymeric coating of the optical fibres is removed 
and replaced by a heat resistant coating, typically metallic, which protects the optical fibre 
thermally and mechanically during the embedding process. There are methods for embedding 
FOS that do not require high temperatures, such as Electroplating Deposition or Ultrasound-
based techniques.  
 
The work presented in this thesis is based on metallic coating FOS embedded in a novel high 
thermal performance concrete during the concrete setting process. However, for the antifriction 
bearing use-case, embedding procedures were developed using TIG welding and laser cladding 
processes to embed the metallic coated FOS. 
 
In this section a review of the reported techniques that have been carried out for embedding 
FOSs in metals is presented. 
 

2.2.2.1 Casting embedding technique. 
The first publication related with the FOS embedding into a metallic material is from Lee et al. 
in 1989 [49]–[51]. They reported embedding an optical Fabry-Perot interferometer (FFPI) sensor 
into Al by casting. To do so they used an un-coated optical fibre with its ends covered by a steel 
capillary tube, leaving the section of the FFPI sensor exposed to Al, as shown in Figure 2.14a. 
The capillary tube protects the air-metal junction, avoiding damage to it.  
As Figure 2.14.a shows, the fibre optic sensor was placed inside a mould before pouring the 
melted Al material to fill the mould and embed the optical fibre. This marked the first successful 
embedding of an FOS into a metallic material, resulting in a new non-destructive sensor for 
monitoring internal perturbations in a structure as Figure 2.14.b shows. 
 

 
Figure 2.14 (a): Arrangement for casting metal part. (b): Final appearance of the embedded sensor [50]. 

 
The casting technique is a relatively easy and low-cost embedding technique. Nevertheless, it is 
only possible to use with metals with a relative low melting point, like Al, and requires a mould, 
so it is not a flexible process or adaptable to any existing structure. Only a few scientific papers 
reported the use of casting as a method for their sensor embedment. Weraneck et al. [52], [53] 
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embedded a FBG in an Al component by casting to monitor the internal stress during the casting 
solidification process [52], and then, in [53] to investigate the thermal and mechanical load 
response of different types of FBGs embedded in Al. Figure 2.15.a shows the schedule for the 
strain and temperature FBGs to be embedded by casting. Both FBGs are uncoated with the 
temperature sensitive FBG protected using a capillary tube, while strain sensitive FBG being 
unprotected to ensure a good thermal bond with the Al. Figure 2.15.b shows the final 
appearance of the strain FBGs after being embedded and Figure 2.16.a shows the cross-section 
of one of manufactured embedded probes. In this case, the fibre is located along the melt flow 
direction and some pores appear around the fibre. If the fibre is located transversely to the melt 
flow direction, the bond between the Al and the optical fibre is better as Figure 2.16.b shows. 

 
Figure 2.15: (a): Setup for the casting process with an RFBG strain sensor (RFBG(T, )) and an RFBG temperature 

sensor RFBG(T). (b): Picture of one arm of a cast part with the embedded FBG strain sensor after casting and 
machining [53]. 

 

 
Figure 2.16: (a): Cross-sections of a FBG sensor embedding test where the fibre is located along the melt flow 

direction. It is highlighted a non-bonded fibre-Al section (b): Cross-sections of three different probes where the fibre 
is located across the melt flow direction [52]. 

 
In conclusion, the casting embedding technique could be useful for embedding FOS into Al or 
other metals with a low melting point to manufacture small pieces or to monitor the 
solidification casting procedure. This technique was studied to embed the metal coated FBGs in 
the antifriction material bearing, as detailed in Chapter 4, although in this case, a poor bond was 
found. 
 

2.2.2.2 Electroplating deposition technique 
Electroplating deposition is another simple and low-temperature metal embedding technique  
[15], [16], [24], [54]–[56]. This technique allows a metallic coated FOS to be embedded in the 
surface of a metallic structure or component, with almost no restrictions on material, i.e. 
multiple materials can be used as a base or added material to make the bond. This technique 
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was the one used by Li et al. [15], [16] to bond the sputter-coated FBGs to the steel substrate, 
before embedded by Laser (which will be explained below). Following his approach, other 
researchers have used the electroplating deposition technique to embed FOS to components 
such as moulds or other structures. Jakka [24] and Zhuang [54], in their thesis, have presented 
a procedure to embed a fibre optic extrinsic Fabry-Perot interferometer (EFPI) by electroplating 
deposition onto a Cu substrate. Subsequently the embedded EFPI sensor was applied into a steel 
mould to monitor the strain and temperature of an Al casting process. Both researchers have 
evaluated different metallic techniques to coat the EFPI sensor and generate the coating layer: 
electroless Cu; Cu paint by dip coating and with Natural Beeswax before dip coating it with 
copper paint. The latter gave the best results when they were tested up to 700oC. 
By contrast, Wang et al. [56] have developed metal-packaged strain and temperature FBG 
sensors for long-term structural health monitoring in cryogenic environments. They have coated 
FBGs using sputtering and then embedding the metallic coated FBGs into a steel metallic base-
package, by electroplating deposition of Cu, to assure the joint resistance at cryogenic 
temperatures down to 80oK yet with a good and durable response.  
 
This technique was also studied to embed the metallic coated FOS on metallic structures 
(detailed in chapter 4). It is slow and only allows embedding the fibre in relatively thin layers of 
added material, so the sensor remains superficially embedded. In the case of the antifriction 
bearing use-case, it would be necessary to combine this technique with another one such as 
laser cladding, TIG welding, or casting to achieve robust embedding of the sensor in the 
antifriction material layer that needs to be monitored, as if it remains superficially embedded, 
it is likely to degrade or even detach during operation. 
 

2.2.2.3 Thermal spray coating technique. 
Thermal spray coating technique is a technique used for applying a protective coating layer, 
metallic or ceramic, on a (metallic) material, to protect it from corrosion. This technique is to 
deposit a molten, semi-molten or powder material, onto almost any object by spraying to build 
up a thin layer of hard coating. Within this technology, the High velocity oxygen fuel (HVOF) 
spray is the most used for embedding FOS into metal [57]–[64]. In the HVOF technique, oxygen, 
fuel and the raw coating material powders are fed into a combustion chamber and are ignited 
using an electrical arc. The high pressure and high temperature generated in the chamber 
accelerate the particles through a nozzle at a high velocity. Finally, the particles are deposited 
on the substrate to form a physical coating [64]. This technique allows the coating of FOS with a 
wide variety of metal alloys which can operate from comparatively low temperatures to high 
temperatures, depending on the spray material to be applied.  
 
Two different embedding strategies have been agreed in principle by the scientific community. 
The first strategy is based on the work reported by Baldini et al. [57] and Duo et al. [58]. They 
have used commercial metallic coated optical fibres of Au and Al (respectively) to embed them 
by spraying Ti and alumina (respectively). Figure 2.17.a shows a flame spray set-up by Duo et al. 
to apply the aluminium coating over the FOS, and Figure 2.17.b shows a microscopic cross-
section of the metallic coated FOS embedded in aluminium, with which a good bond is shown. 
It is, however, reported that the commercial metallic coated optical fibre could withstand the 
spraying process for a few cms of length, but not for long lengths. To overcome this limitation it 
would be better to increase the metallic coating protection by encapsulating the optical fibre 
within a steel capillary tube or using an sapphire optical fibre for a safe longer length 
embedment.  
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Figure 2.17: (a): Photograph of a flame spray setup. (b): Microscopic observation of the embedded optical fibre using 

the flame spray process [58]. 

 
The second embedding strategy is reported by researchers at North Dakota University. Over the 
last seven years they have published several papers [59]–[62] reporting different ways to embed 
FOS using an arc-spraying technique to monitor the corrosion distribution of steel pipes. They 
encapsulated the FO sensors in a hypodermic tube (the sensor section) and the rest of the optical 
fibre in a steel capillary tube. Then, they applied a high temperature adhesive on the 
encapsulated fibre and fixed it to a steel substrate to protect it from the spraying process. Finally, 
they applied thermal spray coating, of Al-Zn, over the glued and encapsulated fibre. Figure 2.18.a 
shows the FBGs embedded in the steel plates applying an adhesive based on stainless-steel, and 
Figure 2.18.b shows the HVOF thermal spray coating process during the Al-Zn application over 
the steel plates with the embedded FBGs. Sandlin et al. [65] used a similar strategy for 
embedding distributed FOS. They have embedded a commercial Cu coated optic fibre in a steel 
tube by spray coating of Ni20Cr. Before applying the spray, they glued the Cu coated optical 
fibre to the pipe by a ceramic adhesive to protect the fibre during the thermal spray coating 
process. In their work, only a maximum 3m is made possible due to the high attenuation of the 
embedded optical fibre.  
 
In conclusion, this methodology is only valid for single-point FO sensors and could reduce the 
sensitivity of the sensors due to adhesive interference.  
 

 
Figure 2.18: (a) Embedded FBGs in the steel plates by the metallic based adhesive. (b): HVOF thermal spray coating 

application on the steel plates with the embedded FBGs [61]. 

 
Lu et al. [64] recently published their work using a HVOF technique to spray zinc particles to 
embed optical fibres with standard and hard acrylate coatings onto a stainless-steel plate. They 
have demonstrated that it is possible to minimize the damage to the FOS by controlling the 
principal features of the spray process. They have selected pure zinc powders, with a low melting 
temperature of 420oC, to limit the heat energy acquired by the spray particles. The powder is of 
very small size (<30µm, diameter) and can be cooled down quickly before impacting the 
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substrate.  They have also applied a high scan speed for the spray to ensure a low deposition 
rate per area of substrate, allowing for rapid cooling. Figure 2.19.a shows the design of the 
embedded FOS by spray coating on the steel plate and the thermal response of it. Figure 2.19.b 
shows the real appearance of the standard polymeric coated FOS after being embedded by 
HVOF spray coating process.  
 

 
Figure 2.19: (a): Schedule of the FOS embedded by HVOF spray coating and the expected thermal response of the 
embedded FOS. (b): Picture of the polymeric coated FOS embedded in a steel plate by HVOF spray coating [64]. 

In conclusion the spray coating technique is useful for coating FOS with the metallic or ceramic 
materials. This technique is recommended to generate distributed or quasi-distributed 
corrosion monitoring systems for structures exposed to corrosive environments. In the case of 
the antifriction bearing use-case, applying this technique requires further development to 
enable the application of antifriction metal material onto the steel bearings and embedding the 
metal coated FOS during the embedding process. This technique will result in an increase in 
production time compared to the current techniques used (TIG welding, laser cladding, and 
casting), as well as a cost increase. Leaving aside the issue of developing and studying the 
feasibility of applying this technique. 
 

2.2.2.4 Vacuum Brazing embedding technique. 
Vacuum brazing is a joining process to join two or more parts of similar or dissimilar materials 
(metals or ceramics) by melting and flowing a filler material into the gaps between the parts by 
capillary action [66]. The process is carried out in a vacuum furnace with a clean atmosphere. 
The braze filler metal or ceramic must have a lower melting point than the adjoining parts and 
embedding is achieved by heating the joint to a temperature above the liquidus temperature of 
the filler, but below the solidus temperature of the parent materials. A strong joint can be 
achieved using this method. The main advantages of using vacuum brazing include achieving 
high integrity hermetic joints with minimal distortion. 
Sandlin et al. [25], [65], [67], [68] reported to have embedded FBGs into a nickel alloy (Inconel 
600) using vacuum brazing to generate resistant long-term FBGs for monitoring high service 
temperatures. In their earlier work, they placed commercial bare, Ni and Cu coated FBGs in a 
small groove machined in an Inconel piece. Then, they applied a silver-based brazing paste 
material and a nickel-based brazing foil, over the FBGs.  The specimen was brazed using silver 
paste at a temperature of 900°C for 15 minutes and nickel-based foils at a brazing temperature 
of 1050°C for 15 to 25 minutes. After being embedded, the FBGs were subjected to long-term 
stability testing at high temperatures (68 hours at 600°C and six months of cyclic testing at 
550°C). The authors report achieving good results with this method. Figure 2.20 shows the cross-
section of the embedded Ni coated (a), Cu coated (b) and bare FBGs (c), respectively. The bare 
FBGs show cracks and pores around the fibre, this is because of the differences in thermal and 
mechanical properties between the metal and the silica. However, the metallic coated FBGs 
have shown good adherence to the metal brazing material, especially in the case of the FBGs 
coated with Ni. Therefore, the metallic coated FBGs are better to be embedded in a metallic 
structure by vacuum brazing technique. That is why in their work [25] Sandlin et al. have 
developed a new method for metal re-coating a Fabry-Perot FOS using a combination of 

 

 

b) 
 

a) 
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electroless Ag and electroplating of Ni. It was necessary for them to develop this coating 
methodology because the Ni coated optical fibre used in their previous work was purchased 
from a company that does not exist anymore.  
 

 
Figure 2.20: Fibre embedded in a nickel-based brazing alloy with light coming out from the core of the fibres. (a): 

nickel-coated. (b): copper-coated single mode. (c): Bare fibre embedded, the brazing alloy is not in tight contact with 
the fibre. This surface was etched to show the microstructure [65]. 

 
Mathew et al. [67] combine vacuum brazing and SLM (Selective Laser Melting) techniques to 
embed a Fabry-Perot (FP) FOS in a SS316 piece. The FP sensor is packaged in a metallic coated 
capillary tube (with an external diameter of 315µm), then, the capillary tube is positioned in a 
groove made in the SS316 piece. The Ni-Cr-Si-B-Fe filler metal powder is placed on an end-face 
of the capillary tube and vacuum brazing is used to bond the capillary tube to the SS base 
material. Finally, the FP sensor is completely embedded by adding more SS316 material over the 
brazing material using SLM. In this case, the vacuum brazing process is used to improve the 
bond, and avoid the appearance of pores, between the FP-capillary tube and the SS316 material 
deposited by SLM. Figure 2.21.a shows the cross-section of a FP sensor packaged in the coated 
capillary tube, embedded directly using SLM. Figure 2.21.b shows a cross-section of the FP 
sensor packaged in the coated capillary tube, embedded by a combination of vacuum brazing of 
Ni and SLM of SS316. It is clear that the combination of vacuum brazing and SLM gives a better 
bond for embedding the FOS [67]. 
 

 
Figure 2.21: (a): Cross-section of coated capillary embedded in stainless steel test component by SLM. (b) Cross-
section of coated capillary brazed into the stainless steel test component. The capillary is damaged during the 

second SLM process [67]. 

 
In conclusion, this technique offers the possibility to apply multiple metals for embedding the 
FOS, achieving high-quality embeddings. However, on the other hand, this technique requires 
expensive equipment (over €100,000) and has limitations in terms of the size and geometry of 
the components where the FOS will be embedded. In the case of antifriction bearings, this 
technique may only be viable for embedding FOS in small-sized bearings, which results in a 
significant increase in costs. It must also be used in conjunction with existing antifriction material 
deposition techniques to achieve the required antifriction layer thickness. 
 
 

 
a) 
 

b) 
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2.2.2.5 Ultrasonic additive manufacturing embedding technique. 
The ultrasonic additive manufacturing (UAM) embedding technique, together with Laser-based 
embedding techniques, are the most used for embedding FOS in metallic structures. In this 
review it is only possible to include a few of the many reported techniques [51], [69]–[77]. UAM 
is a suitable technique for embedding fibre optics because it allows fibres to be embedded in 
metals without melting and without the use of epoxy. UAM is a three-dimensional (3D) printing 
technology which uses ultrasonic energy to produce metallurgical bonds between layers of 
metal foils near room temperature and enables the FOS integration during the UAM process. 
Despite the fact that the UAM can be used for many metals, such as stainless steel and Ni [77] 
or Cu [70], the most used is the Al, because of their thermal and mechanical properties, for ease 
of consolidation by UAM process [69]–[76], [78]. Fabrisonic [79] has patented a UAM procedure 
to embed FOS in reference [80]. Figure 2.22.a shows the UAM system developed by Fabrisonic 
the ultrasonic consolidation and, Figure 2.22b and Figure 2.22.c shows the two high power 
ultrasonic transducers actuating the weld tooling, commonly called the sonotrode.    
 

 
Figure 2.22:  UAM process: (a) Fabrisonic SonicLayerTM 7200; (b) additive or ultrasonic welding stage of the process; 

(c) subtractive or machining stage of the process [72]. 

 
The procedure to embed FOS using the UAM process is detailed as follows. First, the FOS is 
placed between foils before being consolidated using a sonotrode. Figure 2.23.a shows the UAM 
embedding method used by Kong et al. [78] where the FOS is placed in between the Al foils to 
be bonded, while, Figure 2.23.b shows the method used by Hyer et al. [77], where Al foils were 
consolidated by UAM, leaving a groove for the FOS to be placed and embedded.  

 
Figure 2.23: (a) Schematic diagram of the ultrasonic consolidation of fibre embedded aluminium structures. 
Embedding methods: (a) full load, (b) partial load, and (c) no load, respectively, on fibre [78]. (b): Schematic 

representations of the (a) UAM process and (b) fibre embedding steps (section view), which include building a few 
layers of material on the baseplate, machining a channel, laying the fibre optic in the channel, and layering foils on 

top to embed the fibre [77]. 
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In addition to the strategy for embedding the sensors, the scientific community is divided on 
whether it is better to use metal coated fibre optic sensors [69], [70], [74], [77], [80] or sensors 
with standard polymer coatings [72], [73], [75], [77], [78] for embedding a FOS using the UAM 
technique. Li et al. [70], Hehr et al. [72] and Hyer et al. [77] have included, in their respective 
work, a comparative study between metallic coated and polymeric coated FOS embedded using 
UAM in Al, Cu, SS and Ni. They claim to have obtained better results from the metallic coated 
FOS embedded than the polymeric coated, especially in the case of using embedding metals 
different from Al.  
 

In conclusion the UAM technique shows great potential for embedding FOS into different metal 
structures, generating smart pieces able to be monitored in real time. It is also a suitable 
technique to bond FOS in structures exposed to harsh environments, despite its limitation to 
allow embedding FOS in complex geometries and it has a relatively high cost.  
 

2.2.2.6 Laser-based embedding technique.  
The laser-based technique is probably the most widely used technique for embedding FOS in 
metals. There is a multitude of different laser technologies which can be selected or adapted to 
meeting the requirement, geometry, material, application, etc. Furthermore, laser-based 
technologies allow a high degree of control over the parameters used to melt or deposit the 
bonding material, which minimizes the damage to the fibre. The materials used can be diverse 
and in different formats (powder, wire, etc.). Laser manufacturing enables integrating metallic-
coated FOS during the production of tooling and structural components. The Laser-based 
embedding technique, however, usually requires costly equipment and skilled operators. 

There are three representative research groups, who have developed and matured laser-based 
embedding procedures to embed a FOS in metallic structure.  

The first group used laser technology for embedding FOS as reported by Li et al. [16], [81], [82].  
They were the pioneers not only in the development of a metallic coating for fibre optics, but 
also in embedding FOS using a laser technique. After the completion of metallic coating of the 
optical fibre by sputtering and bonding to a steel substrate by electroplating deposition as 
discussed in section 2.2.1 and shown in Figure 2.9, they used Shape Deposition Manufacturing 
(SDM), based on a Laser Cladding process to embed the FOS in the internal structure of a rotating 
tool, simulating the blades in gas turbine engines, for self-monitoring. Figure 2.24.a shows the 
SDM manufacturing process developed to embed the electroplated and bonded metallic coated 
FBGs in the rotating tool structure. They machined a groove in the first part of a rotating tool for 
easy bonding with the metallic coated FBGs. The rest of the rotating tool is finished by laser 
Cladding to complete the embedding of the FBGs. Figure 2.24.b shows the final appearance of 
the smart rotating tool with the FBGs embedded in it.  

 
Figure 2.24: (a): Shape Deposition Manufacturing cycle for embedding fibre optic sensors.  (b): Rotating part with 

embedded fibre optic sensor [16]. 
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The work from the second group was reported by Alemohammad et al. [19], [20], [83], [84]. In 
addition to the development of a novel metallic coating technique based on the Ag nanoparticles 
sintering deposition by Laser-Assisted Maskless Micro-deposition (LAMM), as explained above, 
the group have developed two techniques based on a combination of Electroplating or Casting 
followed by laser solid freeform fabrication (LSFF) process to deposit layers of tungsten carbide-
cobalt (WC-Co) on a steel base, to develop a smart cutting tool with the FOS (FBGs) embedded. 

The embedding procedure was based on the combination of casting and LSFF.Figure 2.25.a 
shows the step-by-step procedure. First, the optical fibre with FBGs was placed in a block of steel 
within a machined channel. Then an alloy of tin-lead (Sn-Pb, melting point of 185oC) was cast 
around the fibre. To compensate the effect of residual thermal stresses on the optical response 
of the FBG, a constant tensile stress of 80 MPa was applied on the optical fibre during the 
embedding process. Finally, the embedding process was completed by LSFF of WC-Co layers. 
Figure 2.25.b shows the appearance of the final prototype made using the FBGs embedded in 
the metallic structure.  

 
Figure 2.25: (a): Step by step of the casting and LSFF embedding procedure [19]. (b): Final appearance of the 

prototype sample with the FBGs embedded [83]. 

 
The second approach reported by the same group involves a combination of Ni electroplating 
deposition and LAMM. The schedule of the manufacturing process is shown in Figure 2.26.a. The 
Ag coated FOS is placed in a groove machined in a steel base structure, and then the Ag coated 
FBGs is bonded to the steel structure using electroplating of Ni. Before electroplating, the 
recipient surfaces were polished, and the surfaces that did not need nickel plating were covered 
by Kapton tape. The electroplating process takes 14-16h, resulting in a plated nickel layer with 
a thickness of 230 µm. To complete the manufacture of the smart cutting tool with the 
embedded FBGs, a layer of WC-Co material was deposited over the steel part by LSFF process. 
Figure 2.26.b shows the final appearance of the prototype sample with the embedded FBGs. 

 
Figure 2.26: (a): Schematic cross section of the sample with embedded FBGs [84]. (b): Final appearance of the 

prototype sample with the FBGs embedded manufactured by electroplating and LSFF [83]. 
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The work from the third group was reported by Mathew et al. [85]–[91]. They have developed 
a procedure based on Selective Laser Melting (SLM) or a combination of SLM and Laser Metal 
Deposition (LMD) processes, to deposit new materials and to embed FOS to monitor the strain 
and temperature during the laser additive manufacturing processes.  

They used metallic FBGs or in the case of the FP sensors, they encapsulate them in a metallic 
capillary tube [88]. The procedure they used to embed the FBG or FP sensor using SLM 
manufacturing of SS316 is described as follows. As shown in Figure 2.27.a, a metallically coated 
FOS is placed in a machined groove before being embedded by SLM or a combination of SLM 
and LMD  Figure 2.27 shows the SLM embedding procedure as well as the air gaps under the 
embedded FOS. These gaps could cause a loss of strain transmission and possible detachment 
from the bonding material, when the piece is subject to thermal or mechanical fatigue. 
Therefore, they tested different strategies to improve the bond using different geometries of 
grooves, adjusting the size of the groove to the diameter of the fibre or of the encapsulating 
tube, so that no gaps are left. In addition, they have tested different laser embedding directions 
or laser polishing to improve the surface of the piece and the bond of the FOS. They have 
obtained the best result creating ridges on top of the SLM-base part at either side of the U-
groove to prevent brazing material from flowing out of the cavity during brazing process. These 
ridges are cut down to restart the SLM and complete the FOS embedding process.  
 

 
Figure 2.27: Schematic illustration of the embedding process with cross-sectional analyses of the individual steps 

[88]. 

 
In addition to these three research groups, there are other researchers and FOS companies 
working on the FOS embedding into metallic structures using laser technologies for developing 
smart components or structures or for monitoring the laser additive manufacturing process. Zou 
et al. [92] have embedded a metallic coated distributed optical fibre by laser to monitor the 
residual strains of the additive laser manufacturing process. They have used a commercial Cu 
coated optical fibre, to which a Ni coating has been applied by electroplating to increase its 
coating thickness and make it more resistant to the laser process. Then, they have been placed 
in a groove, made during the laser process manufacturing, and finally, the Cu-Ni re-coated 
optical fibre has been embedded into an Inconel power alloy by the Laser Engineered Net 
Shaping (LENS®). The embedded re-coated optical fibre was used as a distributed FOS and 
monitored using Rayleigh scattering Optical Frequency Domain Reflectometer (OFDR) to capture 
the strain and temperature variation during the LENS manufacturing process. The work from 
Hehr et al. [73] is also oriented towards this objective. They have embedded a distributed fibre 
optic sensor in an Al base-plate by UAM, to monitor the Laser-Powder Bed Fusion (L-PBF) 
process made over this Al plate by printing problematic components using AlSi10Mg powder. 

 

a) 
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The embedded FOS provided information on delamination initiation and growth during the L-
PBF print at the lower layers, while external-based indicators showed no defects.  
 
In addition to monitoring the process, the laser embedded FOS are able to generate smart 
components. Kim et al. [93] has demonstrated the manufacturing of a smart mini turbine blade 
by Direct Laser Deposition (DED) with an embedded FBGs for high temperature monitoring. They 
have used of a Cr-Ni re-coated optical fibre manufactured by a combination of sputtering (Cr 
and Ni) and electroplating of Ni processes. Then, they have located the Cr-Ni coated FBGs in a 
groove and apply DED of Inconel 718 to complete the FOS embedding.  
Figure 2.28.a shows the design of the smart miniature blade with the strategy to embed the Cr-
Ni coated FBGs and Figure 2.28.b shows the final appearance of the miniature blade prototype 

manufactured and tested up to 500C.  
 

 
Figure 2.28: (a) Schematic of turbine blade with an embedded Ni-FBG sensor fabricated by DED printing for high-

temperature monitoring. (b): Photograph of a fully DED-printed miniature turbine blade with an embedded Ni-FBG 
sensor for high-temperature monitoring [93]. 

In light of the above, it can be concluded that the laser process offers a multitude of possibilities 
to embed FOS in a myriad of different processes, using a myriad of materials and flexibility when 
working on complex geometries or large workpieces. In addition, its high precision guarantees 
the repeatability of the process and ensures the correct embedding of the FOS. The FOS 
embedding could be used to monitor and feed the process manufacturing modelling, as well as 
to generate smart pieces to be monitored in real-time during operation. Due to these 
advantages, this technique was one of the focuses of the embedding work carried out in this 
thesis. Laser cladding was studied for embedding metallic coated FOS in antifriction bearings, as 
well as for embedding FOS in other metals with a higher melting point, such as Inconel. This 
work is detailed in Chapter 4. 
 
To finalize the FOS embedding review, one last work needs to be mentioned, which uses an 
embedding technique that had not been used previously, Wire and Arc Additive Manufacturing 
(WAAM) or even a combination of WAAM and Atmospheric Plasma Powder Deposition (APPD). 
This technique was used recently by the partners of the MULTI-FUN project [94]. They have 
embedded metallic coated distributed FOS to monitor strain and temperature of critical 
components, providing data for Structural Health Monitoring (SHM). They are looking for a new 
predictive maintenance strategies lowering the safety margins, reducing the part’s weight and 
reducing maintenance costs. 
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2.3 Summary 

In this chapter a comprehensive review of the FOS coating and embedding technologies is 
presented, coupled with their corresponding response in harsh environments, especially for high 
temperatures >350oC. It is clear that the moisture ingress and hydrogen penetration in the silica 
degrade the FOS silica, and the process is accelerated when the fibre is exposed to high 
temperatures. It is therefore necessary to apply a coating on the silica FOSs to make them 
hermetically sealed and avoid the hydrogen penetration. The coatings most used are metallic, 
because of their mechanical and thermal properties, which also makes the FOS more robust for 
use in harsh environments.  
 
In this chapter the most common techniques used to apply a metallic coating layer over the silica 
optical fibre were reviewed and discussed. Among the coating techniques reported, the 
Electroplating Deposition technique stands out as the most widely used. This technique can only 
be applied on electrically conductive substrates, therefore it must be applied after a preliminary 
thin film coating process is completed Electroless and Sputtering deposition are considered to 
be the most widely deployed techniques for metallic coating.  
 
The metallic FOSs can be directly embedded in metallic structures by casting or welding, because 
the metallic coating acts as a protection during the embedding process. In this way, it is possible 
to be able to monitor strain, in addition to temperature, to assess the status of the metallic 
structure. In this chapter, a review of techniques for embedding FOS in metallic structures is 
given. The most used techniques are UAM, specially for Al structures, and laser techniques, for 
high temperature melted materials. However, as outlined in this review each technique has 
advantages and disadvantages in terms of cost, piece size or complex geometry, material 
application, precision, final embedding quality, etc. Therefore, no single technique fits all 
applications. 
 
After conducting this review and taking into account the requirements of each use case defined 
in this thesis, some of the review FOS coating and embedding techniques were selected for 
further study to develop the most suitable metal coating and embedding procedure for each use 
case. For FOS coating, techniques such as PVD, sputtering, electroless, and electroplating, 
among others, were chosen. Meanwhile, for sensor embedding, techniques such as laser 
cladding, TIG welding, or casting, among others, were explored. 
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Chapter 3. Metallic coating of Fibre Optic Sensors and their 
characterization. 

As explained in Chapter 2, opticals fibre have shown high level of resistance to harsh 
environments, but need hermetic protection, e.g. at high temperatures (>350oC), from hydrogen 
penetration or diffusion which weakens the optical fibre even to the point of failure. One of the 
solutions to protect the optical fibre from H2 penetration is to coat the optical fibre with a thin 
metal layer. This also enhances the resistance of the optical fibre to high temperatures and 
increases its thermal sensitivity.  

Optical fibres are made of silicon oxide (SiO2), which is a dielectric material, and the coating 
techniques used for coating in this investigation are primarily focused on thin metallic films. In 
this chapter, some of the most popular coating techniques, used for optical fibres, are 
furtherstudied to optimise the coating of optical fibre sensors with different metals. This study 
was made to select and modify an existing coating process, previously designed for the 
electroplating deposition (explained below). It is of critical importance not just to consider the 
quality of the final coating film, but also other key factors, such as cost, simplicity of the process, 
coating speed, maximum coating length, preparation of the fibre, material deposition flexibility, 
etc.  

The key objective of this chapter is to develop a standardised procedure, allowing for effective 
coating of an optical fibre (more specifically inscribed with FBGs), using an electroplating 
deposition technique, forming a metallic layer thick enough to withstand harsh environments 
(high temperature, corrosion and embedding processes based on welding techniques). The 
coating procedure will be based on the same principle as represented in Figure 3.1, focused on 
metallic coating of FBGs.  On the one hand, it will be based on FBGs inscribed using a fs laser, 
with a typical polymeric coating, which is to be removed in the FBG section, as Figure 3.1.a 
shows. On the other hand, a metallic coated optical fibre will be cut and the metallic coating will 
be removed from the extremes of the fibre, as depicted Figure 3.1.b. In this figure, the metal 
coated fibre is represented as a Cu coated fibre, because Cu has a high melting point and this 
fibre is relatively affordable in terms of cost. Then, the FBG section (without the polymeric 
coating) is spliced to the Cu coated fibre, and the FBGs section is coated with a metal by one of 
the metallic coating techniques that are presented in the first section of this chapter. The 
optimum technique to coat the FBGs is selected after having evaluated the advantages and 
disadvantages of each of the coating techniques tested. Finally, a Ni or Cu coating layer is 
applied, by electroplating deposition, to strengthen and increase the thickness of the fibre, as 
Figure 3.1.c depicts.  Figure 3.1.d shows the fibre cross-section for each one of the coating steps.  
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Figure 3.1: Diagram of the key objective of this chapter: a procedure for metallic coating FBGs. (a) standard FBGs 
with the polymeric protection removed. (b): metal coated fibre cut and with the metal removed from the extremes. 

(c) FBGs spliced to the metal coated fibre with a metallic coating thin layer on the FBGs section and a metallic 
coating layer on the whole fibre. (d) cross-section of the fibres for each coating step. 

From the state of the art review, it was concluded that the most popular technique to apply 
thicker metallic coating layers with several metals is the electroplating deposition process. It is 
only possible to use this technique for applications on electrically conductive materials. FBGs 
must be coated using the electroplating deposition process to obtain a thick metallic coating, 
able to withstand high temperatures and the embedding process, a primary metallic coating 
layer must be applied on the silica fibre. As there are many different thin coating layer 
techniques to make this, in this chapter, five different coating techniques are studied to 
determine the more suitable one to apply the conductive layer prior to electroplating coating. 
In addition, for each studied technique, a simple characterization was made based on their 
respective microscopic, optical and/or thermal properties.  

 

3.1 Coating techniques for generating a conductive layer  
 

3.1.1 Electroless Ni deposition 
The first thin metallic film coating layer studied was electroless Ni plating. This technique is 
based on an autocatalytic reaction that does not require a specific machine, anodes, electrical 
current or power supply to deposit metallic layers on non-metallic substrates. The process 
consists in several layer by layer steps to achieve a thorough clean, activation and sensitisation 
of the optical fibre surface, and to finally immerse it in an autocatalytic dissolution based on a 
metallic salt to generate a coating thin layer on the optical fibre surface of a few microns. The 
electroless plating deposition process is a relatively simple process but very strict in terms of 
following the defined process step by step. It is also very sensitive to contaminations that may 
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occur during the process and with little tolerance in its application parameters. It is essential to 
adhere to the times of each step, and carefully monitor the required temperature and pH. 

The principal elements for the electroless plating process are a metal source, in this case Ni 
sulphate, a reducing agent that provides the electrons necessary for the reduction of the metal. 
It also requires an energy source (heat), complexing agents that control the free metal available 
for reaction, a buffering agent to withstand pH changes caused by hydrogen generation during 
deposition, an accelerator to increase the speed of the reaction and an  inhibitor to control it 
and other reaction by products [95].  

The purpose of the activation process is to generate a thin catalytic surface on the optical fibre 
surface, to reduce the metal palladium by sensitizing the surface adsorption, thus forming a 
palladium catalytic centre. 

The process used in this section was inspired by the reported work from Shen et al. [27], Shiue  
et al. [21] and Pinto et al. [96]. The methodology and components for each dissolution involved 
are explained below and represented in Figure 3.2. It has the following steps: 

1. Optical fibre cleaning: 
o Removal of the polymer coating.  
o Rinse the optical fibre with deionized water or acetone. 
o Clean and degrease the optical fibre by immersing it in a Sodium hydroxide 

solution (NaOH 15%) dissolved in deionized water for 20 min at 20-25oC. 
o Rinse the optical fibre with deionized water in an ultrasound bath for 10 min at 

20-25oC. 
o Immerse the optical fibre in a solution of V(HF):V(H2O):V(HNO3)=2:1:1, HF 

concentration 40%, for 10 min at 20-25oC. 
o Rinse the optical fibre with deionized water in ultrasound bath for 15 min at 20-

25oC. 
o Dry the optical fibre using compressed air or heat (120oC for 20 min.)  

 
2. Sensitization and activation process: 

o Sensitization: Immerse the optical fibre in a bath composed of 3g/l de SnCl2 and 
deionized water for 30 min. at 20-25oC. 

o Rinse the optical fibre with deionized water. 
o Activation: Immerse the optical fibre in a bath composed of 1g/l de PdCl2 and 

deionized water for 30 min. at 20-25oC. 
o Rinse the optical fibre with deionized water. 

 
3. Electroless plating process: 

The activated optical fibre should be immersed for a few minutes in the Ni plating bath 
(composition described below), which needs to be at 87°C and have a pH of 4.8.  
Ni bath composition: 

6.4 g NiSO4-6H2O 
5 g NaH2PO2-H2O 
2.63 ml lactid acid (85%) 
2.5 g H3BO3 
0.2 g NaF 
Ammonia solution (28% concentration) for adjusting the pH to 4.8.  
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Figure 3.2: Electroless Ni deposition process step by step. 

 

To optimize the Ni electroless deposition process, for the first test, silica slides were used. The 
tests were carried out through combination of optimised parameters and conditions, aiming to 
obtain a high quality Ni coated layer on the slides: homogeneous, bright and with good adhesion.  
Table 3.1 summarises the results obtained from this study. Although the Ni electroless step-by-
step deposition process is well defined, more tests varying immersion time ( from 10s to 1 min.), 
temperature (85 - 90oC) and pH (8.5 - 9) were necessary to obtain the appropriate process 
parameters until the required coating quality and adhesion were achieved. 

 
Table 3.1: Summary of the slides coating tests for the optimization of Ni electroless plating deposition process. 
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It was found that the outcome is largely determined by how well the process is implemented 
and minor variations in the process or in the state of the solutions can cause severe defects in 
the final coating layer.  

The best conditions to obtain the required results are the use of all solution new and fresh, an 
exhaustive clean and dry process, with the Ni bath set at a temperature between 87-89oC with 
a pH of 4.8 (Figure 3.2).  

The metallic coating layer bonding test was made through pulling using a tape, which adheres 
to the thin coated layer surface. If the coating material is not peeled off when the tape is 
removed immediatelly with a sharp jerk its bond is good. 

The Ni electroless deposition process, optimised through the use of glass slides, was 
subsequently applied to (glass) optical fibres (single-mode with a diameter of 125µm) and Figure 
3.3.a shows the experimental set-up. The total length of an optical fibre coated was around 
250mm as this is the maximum length of the measuring cylinder, which was used for the optical 
fibre plating process. The resulting thickness of the Ni coating layer, which depends on the 
immersion time, was between 2µm to 5µm. Figure 3.3.b shows a sample of a Ni coated optical 
fibre by electroless technique with a final diameter of 132µm which represents a Ni coating layer 
of 3.5µm.   

 
Figure 3.3: (a): Electroless Ni deposition set-up for coating optical fibre. (b): Ni coating layer, SEM picture. 

 
Figure 3.4 shows some further SEM images of the Ni coating layer applied on the optical fibres. 
As observed, the final appearance of the coating Ni layer is very variable, despite the fact that, 
they were manufactured under the same procedure, parameters and conditions. Figure 3.4.a 
exhibits the Ni coated fiber with the highest quality coating obtained, as it doesn't present any 
kind of defect, although, some grains appear on the fibre surface.  For the rest of pictures 
presented in Figure 3.4, it is clear that there show some major defects. Figure 3.4.b and Figure 
3.4.d show cracks and adherence faults. Figure 3.4.c shows many accumulations of Ni material 
forming clusters generating a non-uniform coating layer, which is likely to cause major problems 
or defects when a second deposition process would be applied to increase the coating thickness 
on the surface of this fibre. 
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Figure 3.4: SEM images of the Ni coating layer made on the optical fibres by electroless deposition. (a) Ni coating 

fibre with grains on the surface.  (b) Ni coating layer with adherence faults. (c) Ni coating layer with accumulations 
of Ni material forming clusters generating a non-uniform coating layer, (d) Ni coating layer presenting cracks and 

poor adhesion to the fibre. 

After analysing different parameters involved in the electroless process, it was concluded that 
the defects in the Ni coating were mostly due to contamination produced during the tedious 
electroless process. The set-up developed for the electroless process was carried out in a 
common laboratory, not in a cleanroom. In addition, the ultrasonic cleaning and drying 
processes were carried out in another room, so no matter what level of care was undertaken 
with handly and transport of the samples, there exists an increased the likelihood of 
contamination. 

In conclusion, the Ni electroless plating process for coating optical fibre is a low-cost and 
effective process, as long as the process are well controlled and carried out in a cleanroom. 
However, it is not straightforward to achieve a high-quality coating layer, especially over long 
fibre lengths. Therefore, this technique was ruled out for inclusion in the coating procedure that 
was developed, as a preliminary step before electroplating. 

 

3.1.2 Physical Vapor deposition of Ag, Au and Cr 
Physical vapour deposition (PVD) is a vacuum coating processes in which material is physically 
removed from a source by evaporation, transported through a vacuum or partial vacuum by the 
energy of the vapour particles, and condensed as a film on the surfaces of appropriately placed 
parts or substrates.  

Two different cathodic arc deposition machines were used to coat the optical fibres with Ag, Au 
and Cr. One of the PVD machines used was the Balzer BAE 250 system (Figure 3.5.a) and the 
second was in house developed equipment (Figure 3.6.a) developed by the quantum materials 

a) b)

c) d)
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and photonics group of the Universidade de Santiago de Compostela (USC), where these coating 
trials were carried out. The PVD equipment was used to achieve a thickness of approximately 1 
μm for Ag, Au, and Cr, as they were the metals available with good compatibility to bond with 
silica in the case of Ag and Au, and/or due to their high melting points, for Au and Cr. The 
thickness was monitored in real time by means of ultrasonic piezoelectric transducer on the top 
of the vacuum chamber. A shift of the resonance frequency of the piezoelectric transducer is 
directly related with the thickness of silver deposited on substrate [97]. 

An optical fibre was attached at one of its ends on the rotor cover (Figure 3.5.b and Figure 3.6.b); 
meanwhile the other end was free, thus fibre is disposed vertically in the vacuum chamber. The 
rotor applies a rotation during the process assuring homogenous deposition across whole length 
of the fibres. The fibres with sensors were glued to the holder and the rest of the optical fibres 
were rolled on themselves. To ensure a homogeneous coating over the entire surface of the 
fibres which were attached to the lid, once a deposition was finished, the fibre segments were 
flipped over and the process was repeated. Figure 3.5.c and Figure 3.6.c show the final 
appearance of the coated fibres attached to the top of the chamber. 

In the first case (Balzer, Ag coating) several single-mode (SM) optical fibres and some FBGs, 
having had the acrylate coating removed by an mechanical stripper, were fixed to the top cover, 
as shown in Figure 3.5.b.  For the Au and Cr coating trials, the home-made PVD system was used. 
Additionally, some Cu commercial coated optical fibre segments with a FBG sensor spliced in the 
centre of the fibre were also included. 

This process is very sensitive to any contamination or dirt on the optical fibre surface, therefore, 
the surface of all fibres were thoroughly cleaned with acetone prior to coating. 

 
Figure 3.5: (a): PVD Balzer BAE 250 machine. (b): Optical fibres set-up to be coated in the PVD camera. (c): Optical 

fibres after Ag PVD coating. 
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Figure 3.6: (a): PVD home-made machine. (b): Optical fibres before the PVD coating process bonded to the PVD 

machine cover. (c): Optical fibres after Au coating process bonded to the PVD machine cover. 

 
The Ag coating layer obtained exhibited a very good uniform appearance in general (Figure 
3.5.c), although some minor defects were detected as shown in Figure 3.7.b.  It was assumed to 
be caused by the manipulation of the optical fibre after the PVD coating deposition because it 
looks like a scrape. Otherwise, the Ag coating appearance, as shown in Figure 3.7.a, is better 
than that obtained using the Ni plating, described in the previous section. 
 

 
Figure 3.7: SEM images of the Ag coating layer made by PVD process. (a): Ag coated layer without defects, (b) Ag 

coated layer showing a scrape defect. 
 

However, the Au coating layer obtained also, by PVD process, presents a poor quality. It presents 
a non-uniform coating layer (Figure 3.8.a) with many bond defects (Figure 3.8.b). In this case, it 
could be due to a contamination or non-uniform optical fibres distribution in the chamber, but 
also, due to a low-quality Au target used, as it was a recycled scrap gold, which was the material 
available because of the high cost of the gold.  
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Figure 3.8: Microscope images of the Au coating layer made by PVD process. (a) Au coated layer with low gold cover. 

(b) Au layer border showing poor adhesion to the fibre. 

A third coating test was done. In this case, Cr was used as coating metal. This material was 
selected because, in general, it has good adhesion to glass but also has very good thermal and 
mechanical resistance properties. To avoid potential damage caused by the optical fibres 
distribution or attachment in the PVD chamber, fewer fibres were put in for coating each time, 
giving more space between fibres, and the FBGs, spliced to the Cu coated optical fibre, were 
fixed in a holder as shown in Figure 3.9.a. The section of the fibre containing the FBG sensor, 
which has no coating, is exposed to the PVD process, while the rest of the fibre, which already 
has a commercial Cu coating, is rolled on the sides of the holder. The top of the holder was fixed 
to the cover chamber.  
In this case, to ensure a thorough coating of the entire optical fibre, two PVD coating processes 
are required, as only one side of the fibre is exposed to the metal vapor at a time.  
Unfortunately, as Figure 3.9.b shows, the polymeric holder was deformed and peeled off from 
the PVD chamber cover. In addition, a good adhesion between the Cr and the optical fibre 
surface was not obtained. The optical fibres were not coated. 
 

 
Figure 3.9: Holder to fix the FBGs spliced to a Cu coated commercial optical fibre, during the Cr PVD process. (a): 

Before the PVD process. (b): after the PVD process. 

 
Finally, one FBG coated by PVD with 1.4µm of Ag was subjected to a thermal calibration from 
50oC to 550oC to obtain the thermal sensitivity of the Ag coated FBG sensor. The results obtained 
are shown in Figure 3.10 where a good linear fit response (r2 = 0.99) is observed with the thermal 
sensitivity of 0.011nm/oC, which is 10% more than the typical thermal sensitivity of existing 
commercial polymeric coated FBGs (HBM-Fibersensing). The improved sensitivity obtained can 
be attributed to the foot that the FBGs was coated with 1.4µm of an Ag layer.  
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Figure 3.10: Response of the Ag coated FBG sensor for the thermal calibration. 

In conclusion, in the case of the Ag material, the PVD technique studied presented a very high 
quality coating layer for the optical fibres as well as a good thermal response for the FBGs 
coated. The limitation is that the Ag melting point, which is lower than that of the optical fibre 
and of the other metals such as steel, Ni, Cu, etc, may restrict the fibre applications and provide 
limited protection of the fibre in embedding processes, such as welding or casting with molten 
metals with a melting point higher than that of silver. 
 
Furthermore, during the PVD study, it was found that this technique presents many problems 
of adherence, principally associated with difficulties for fixing the optical fibres in the PVD 
conventional chambers, which restrains their manipulation and increases the likelihood of 
defects appearing in the final coated layer. Moreover, this technique requires expensive 
equipment or subcontracting the PVD coating process to a third party. The limited chamber size 
also limits the optical fibre coated length and the process is slow, because a very high vacuum is 
needed which requires 2-5 hours to achieve.  
 
 

3.1.3 Conductive Paint 
Another technique studied was to apply an electrically conductive coating on the optical fibre, 

using a nickel-conductive water-based paint (Super ShieldTM Water Based Nickel Conductive 

Coating 841WB), coated directly on the surface of a non-conductive optical fibre. This paint, 

once dry, provides an electrically conductive film. This technique offers advantages, above all, 

for manufacture of arrays of several FBG sensors (one fibre with several FBG sensors), since the 

fibre hardly needs to be manipulated for painting. Ni was selected as the coating material, 

because of its high thermal and mechanical resistance. 

The use of this metallic paint has no restrictions on the fibre length and allows the assembly and 

preparation of the entire sensor array. Subsequently, the application of the paint in the required 

sections of the optical fibre, including FBGs as non-conductive areas, to be metallised by 

electroplating. 

This is a completely manual application technique. While the previous techniques presented a 

certain repeatability in the results, in terms of the surface finish and the thickness of the final 
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layer, in this case, it is very difficult to maintain repeatability and a completely homogeneous 

surface finish during application. This is the reflected in the electroplating process, where 

irregularities or imperfections are accentuated when the Ni coating is regrown.  

The procedure to paint (coat) the optical fibre with the Ni based-paint is described as follows. 

First, the polymeric coating of the optical fibre is removed using a mechanical stripper and then 

cleaned using acetone. Second, the optical fibre is passed through the paint and finally, it is 

placed upright to dry. Normally, with a single repetition of this procedure, the optical fibre is 

coated and a continuous but non-regular thickness layer is obtained. Figure 3.11 shows 

photographic images of the Ni-paint coated samples. The thickness of the layer varies in the 

range 10-150µm.  

Also, this technique has the problem to know how the Ni-based paint will behave in high 

temperature environments. Probably some organic components of the Ni-based paint will be 

degraded causing defects in the coating layer and potentially the optical fibre itself.  

 
Figure 3.11: Photographic images of optical fibres coated with the Ni-based paint. (a): detail of the border section 

between the not coated and coated fibre. (b): detail of the fibre painted with the Ni based paint. 

 
3.1.4 Industrial technique Cu deposition 

In this section, a partnership in the form of subcontracting the company Inphotech [98] to coat 
and re-coat some FBGs is explained. This company operates in the field of photonics and fibre 
optics, providing tailor-made industrial solutions in cooperation with various companies and 
institutions in the field of research and development. Their commercial product range includes 
Cu-coated fibre optics.  

This collaboration arises from the need to coat arrays of several FBGs along the same optical 
fibre, with a total coated length of 1.5m. These arrays are to be embedded in the antifriction 
material of a bearing by laser or TIG welding embedding processes, in order to monitor their 
Condition Monitoring status and operation (further details are included in Chapter 5). To ensure 
a good embedding process and to avoid any possible problems that may arise, the metallic 
coated optical fibre has to achieve a very good final quality. This means that there can be no 
defects, the thickness must be the same along the entire length of the optical fibre, because 
variations in thickness will affect the TIG process parameters. Additionally, the metallic coating 
materials must have the best possible thermal properties, with a high melting point to protect 
the optical fibre. At the same time, it must have a high thermal conductivity to help dissipate 
the heat generated, thus protecting the fibre from the thermal damage or being brittle. 

As there are no customisable FBG sensors, in length or number of sensors, coated with metal on 
the market (at least at the time when this work was conducted). The easy way to generate a 
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relatively long FBG array was to splice the FBGs on the required sections along a Cu (commercial 
version) coated optical fibre, and then, re-coat the FBG sections to generate an electrically 
conductive layer. This enables the whole length of the optical fibre to be covered, including the 
re-coated FBG sections, with the same metal and thickness by electroplating deposition process 
(explained below).  

Due to the ineffectiveness of in-house coating techniques, which failed to yield the desired 
results and imposed limitations on the total length of fibre to be coated, a decision was made 
to engage a commercial supplier specializing in metal-coated optical fibre to coat these arrays 
using their established industrial methodology, Inphotech was the provider selected.  

Cu was selected as the coating material given the availability of their industrial set-up which can 
provide tailor-made service according to the requirements demanded by AIMEN. Two FBG 
sensors were spliced to a commercial optical fibre coated with Cu, like those used in the PVD 
technique explained above. These two commercial FBG sensors, sourced from Engionic [99], 
were fabricated using a femtosecond laser in a standard single mode optical fibre of 2m  total 
length (i.e. FBG sensor fabricated in the middle of the SM optical fibre) Inphotech were 
responsible for coating the 2 uncoated sections, FBG sensor sections, of the first fibre and the 
2m length of the second fibre, with a thin layer (about 20-60µm) of Cu. The technique used from 
the company to apply the coating is confidential, but it is based on a cold coating technique.  

 Only one of the fibres from each configuration sent was successfully coated. The second 
commercial single FBG sensor fibre, with a total length of 2m, was damaged, and one of the 
sides of the commercial Cu-coated optical fibre attached to the FBG sensor section was also 
damaged. This was because their set-up is not optimized for this tailor-made work, which 
requires more optical fibre manipulation than the system allows. However, the quality of the 
optical fibres coated was very good, as Figure 3.12.a shows. And, the final coating thickness was 
around 60µm, calculated from measured the total diameter of the fibre, as is depicted in Figure 
3.12.b. 

 
Figure 3.12: Cu coated optical fibres by Inphotech. (a) detail of the Cu coating layer surface. (b): detail of the total 

diameter of the Cu coated fibre. 

 
In conclusion, for this technique high quality with good parameter control is obtained for the 
coating layer. Nevertheless, introducing this coating or re-coating process into an industrial 
system is not simple and a special optimization of the set-up must be carried out. In addition, 
this collaboration is expensive, taking time to prepare, deliver, coat and receive back the coated 
optical fibres. Therefore, it is not considered as an ideal coating process to apply the conductive 
layer on the fibres and establish as a step prior to the electroplating process. 
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3.1.5 Sputter deposition of Au technique 
In this section, a sputter deposition technique is described. This process is based on the 
bombardment of a target material (Au wafer in this case), with high velocity positive ions (usually 
inert gas ions), to cause ejection of the surface atoms utilising a momentum transfer process 
between the sputter gas and target atoms. Argon is commonly used as the sputtering gas 
because of its inert properties which ensures an uncontaminated atmosphere. The ejected 
atoms can be made to condense on a substrate at an optimal distance from the target to form 
a film. Apart from the neutral atoms, charged atoms and electrons are also emitted from the 
surface. The sputtering yield ‘S’, i.e. the number of atoms ejected from the target surface per 
incident ion, depends on the target material composition, binding energy, characteristics of the 
incident ion and the experimental geometry. It also depends on the voltage and current (sputter 
power) at which sputtering takes place. 

Figure 3.13 shows a schematic diagram and photographs of a conventional sputter deposition 
machine. As illustrated in Figure 3.13.a, a target is connected to a negative voltage supply 
(cathode) and the substrate holder along with the vacuum chamber is set at a ground potential, 
acting as the anode, and faces the target during sputtering. The plasma is maintained between 
the target and the substrate.  

For this study, the sputter model SC7620, as the showed in Figure 3.13.b, was used.  

 
Figure 3.13: (a): Outline of sputtering process [100], (b): machine of sputtering [101], (c): detail of the sputtering 

process on the fibre with the fibre located in the frame. 

 
The major limitation of this technique is the relative small size of the standard commercial 
equipment chamber. It is usually around 100mm in diameter, but the coated section is even 
smaller to ensure good coating quality to be obtained in the wafer area, which is usually around 
30% of the chamber size. This limitation makes it difficult to coat a long optical fibre (longer than 
50mm) due to the space constraint. In addition, the coating process has to be implemented 
twice to allow both sides of the fibre to be coated with uniform metal layer and thickness.  

However, compared to the other techniques discussed earlier, this technique is more accessible 
and faster. It is because the vacuum needed to make it can be achieved within 10 minutes 
(depending of the equipment), and, different materials can be used as targets. Although it is 
necessary to purchase commercial equipment to perform this task, the cost is not very high 
compared with PVD or apply the metallic coating during the draw tower techniques.  

Given the size limitation in this type of low-cost equipment discussed above, this machine was 
successfully used to coat the FBGs sections spliced to a Cu coated commercial fibre optic. These 
sections have a length between 30-40mm, which is well within 50 mm space limitation. To avoid 
damage on the fibre or on the Au coating layer during the manipulation of the fibre, e.g. when 
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inserting the fibre into the chamber; rotating the fibre inside the chamber and removing it from 
the chamber, an in house designed frame was developed as shown in and Figure 3.14, and Figure 
3.13.c for working on the sputter machine.  

The frame was designed to fix the un-coated section of an optical fibre (FBG section) so that 
there is no need to directly handle the fibre, but only the frame. To coat the whole fibre, two 
sputter coating layers had to be applied, one on each side of the cylindrical side of the fibre. 
Therefore, there are to turn the fibre. With the set-up described here in the frame (with the 
fibre fixed) can be removed from the chamber and turn it before being placed back inside. In the 
cases, where an array of several FBGs spaced along an optical fibre are required to be coated, 
the procedures is repeated for each FBG. First, the FBGs sections are spliced to the Cu coated 
fibre at the defined locations (lengths). Then, the first FBGs is located in the frame and it is 
positioned on the sputter chamber. The rest of the FBGs and fibre are outside of the chamber. 
Then, allowing application of the coating layer on the first FBGs, the frame is moved to the 
second FBGs section and the coating process is repeated and so on with each of the FBGs. Figure 
3.14 described this process.  

 
Figure 3.14: Frame developed to fix the optical fibre on the sputtering chamber. 

 
Other strategies to fix the fibre were also explored. For example, using a 3D-printed special 
chamber, shown in Figure 3.15.a. This chamber has holes on the sides, as Figure 3.15.b shows,  
to enable pulling of the rest of the optical fibre, the Cu coated optical fibre, through it and sealing 
them with sticky tape. This solution served its purpose; however, for longer lengths, passing the 
fiber through the holes and sealing them posed a risk of damaging the fiber and/or sensor. 
 

 
Figure 3.15: (a) 3D printed chamber with holes to allow the optical fibre that is not required to be coated to exit, 

from the sputter machine. (b) detail of the optical fibre coming out form the holes of the chambre, sealed with sticky 
tape. 
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Finally, the control of the fibre-to-target distance is a significant factor to take into account. If 
this distance is not well adjusted, the erosion of the wafer from the target is greater, and hence 
its wear also influences the deposition layer that is obtained on the fibre, which will be thinner 
and more fragile. 

In Figure 3.16 shows the Au coating layer for an optical fibre coated using the sputter deposition 
technique. The quality of the coating layer is good and the adhesion between the Au layer and 
the optical fibre was also good. The thickness of this technique varies between 1-10µm, 
depending on the vacuum level, Au target status, Ar concentration in the chamber and exposure 
time of the fibre. Prior to the deposition, the optical fibre was carefully cleaned using acetone 
to exclude the presence of impurities, dust or other kind of dirt on the fibre surface which could 
cause defects in the coating layer.  

 
Figure 3.16: SEM images of the Au coating layer obtained on the optical fibres made by sputter deposition 

technique. (a) detail of the Au coating layer for x140 magnifier, (b) detail of the Au coating layer for x700 magnifier. 

 
After the study of these five metallic coating techniques discussed above, the principal 
advantages and disadvantages studied are summarized in Table 3.2. Using the characteristics 
studied, the sputter deposition technique is seen to be the best option. Therefore, it has been 
selected as being the most suitable for applying the first conductive layer on the optical fibre, 
prior to the electrodeposition process.  

 
Table 3.2: Comparison table for all the coating techniques studied to generate a conductive layer on the optical fibre. 
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3.2 Electroplating deposition technique.  
The final aim of this work is, on the one hand to generate high temperature (>400-1000oC) and 
corrosion resistant fibre optic sensors, and on the other hand, to develop fibre optic sensors 
that are able to be embedded into metallic structures to monitor their operation and status and, 
detect and avoid potential failures like: cracks, corrosion, erosion, etc. To embed fibre optics in 
this kind of material, a protective coating on the fibre is needed, ideally incorporating a metal 
with a higher melting point than that of the metal piece or to at least withstand the embedding 
process for thermally and mechanically protecting the optical fibre. In this section electroplating 
deposition of Ni and Cu on optic fibres is studied and described as a conductive process. Using 
the electroplating deposition technique it was possible to achieve coating thicknesses from a 
few micrometres to thousands of micrometres. Copper (Cu) and Nickel (Ni) were the materials 
selected for electroplating deposition due to their high melting point and good adhesion with 
the silica.  

In addition, a study of electroplating parameters, e.g. intensity, electrode material, state of 
reduction solution, and their correlation with the coating thickness and roughness has been 
made.  

Figure 3.17.a shows a typical electroplating deposition scheme which consists of two electrodes 
that are immersed in an electrolyte, a conductive, aqueous solution of salts (Ni or Cu salts in this 
case) and other additives that provide ions to facilitate the flow of current between electrodes. 
A power source supplies direct current to the anode, which causes the oxidation of its atoms, 
causing them to dissolve in the electrolyte. At the cathode, the dissolved metal ions are reduced 
at the solution-cathode interface, so that the cathode is coated with a metallic layer. The rate 
of oxidation of the anode is equal to the rate of coating of the cathode, indicating that the 
electrolyte bath is continuously replenished by the anode. An inert, conductive electrode, such 
as graphite, can also be used instead of a metallic electrode of the same metal of the salts to 
avoid impurities on the coating layer. In the case of using an inert cathode, no ions are added to 
the solution, so the electrolyte bath is depleted as the cathode is coated and the solution needs 
to be renewed after some time of use.  
Based on this scheme, Figure 3.17.b shows the experimental set-up to coat an optical fibre with 
Ni (in the case of this picture). A conductive fibre is immersed in a Ni bath solution and connected 
to the negative pole of the current source, acting as the cathode a conductive sheet was fixed 
in front and parallel to the fibre, connected to the positive pole, acting as the anode. Also, a 
heating plate and a temperature probe are used to heat the solution at the required 
temperature and control it. In this case, the electroplating process is made on a small glass 
chemical test tube, which was located in a water bath to better control the temperature.  
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Figure 3.17: (a) Electroplating Deposition scheme, (b) electroplating Ni deposition set-up. 

In this section, Cu and Ni electroplating deposition were studied. The composition of each 
electrolyte bath and the methodology used for applying this technique is described as follows: 
 

1. Making the solution, composed by: 

Electroplating of Copper: 
- 225 [g/l] CuSO4 

- 50 [g/l] H2SO4 

Electroplating Deposition of Nickel: 
- 300 [g/l] NiSO4-6H2O 

- 20 [g/l] NiCl2-6H2O 

- 40 [g/l] H3BO3 

- 0.36 [g/l] Sodium Lauryl Sulphate 

2. Heating the solution up to 55oC 

3. The optical fibre with a previous conductive layer is cleaned by acetone and fixed using 

another tape on a cathode sheet. 

4. When the solution reaches 55oC, the sheets for anode and cathode were placed in 

parallel into the dissolution bath. 

5. Finally, the sheets (anode and cathode) are connected with the electrodes of the 

intensity source. The parameters (intensity and voltage) are pre-selected and the source 

is turned on.  

 

To assure a good deposited coating layer there are to take know the solution status. The main 

indicators of the bath status are: pH, concentration of salts in the bath and density. The pH 

should be around 4.5. The salts concentration is directly related to the density of the bath. If the 

salts concentration is low, the density of the bath is also low, then, new concentrated 

components should be added. Conversely, if the density of the bath is high, deionized water 

should be added to adjust it. Finally, it is very important to maintain effective and continuous 

bath agitation to refresh and unify the solution, but above all, to avoid the generation of air 

bubbles around the substrate to be coated. 

a) b)
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On the other hand, the main parameters involved in the electroplating deposition process are: 

anodes (electrically conductive material), current density (intensity and voltage) and 

temperature. The anodes should be made of the same material as the coating and be as pure as 

possible, so that impurities are not deposited on the substrate. The current density will depend 

on the bath conductivity and the size of the sample to be coated. The temperature should be 

set at 55oC, to maximise the solution conductivity and minimise the probability of burning the 

sample. 

Using the methodology described above, different tests were conducted to study the 

dependence of the thickness coating layer on variations in the parameters or conditions of the 

solution. To make this study, Cu coated commercial optical fibre was used to simplify the 

conductive layer applied on the optical fibre. The Cu coated optical fibre was a standard single 

mode optical fibre with a total diameter of 165µm, with a coating thickness of 40µm, purchased 

from IVG Fiber® [102]. 

 

3.2.1 Characterization of electroplated Cu  
To investigate the correlation between electroplating process parameters and the quality and 
thickness of the resulting Cu-coated layer, as well as to establish parameters for the Cu 
electroplating process, commercial optical fibre samples of identical length were used. These 
samples underwent electroplating with variations in either exposure time or applied intensity, 
specifically, the current density. The bath temperature was maintained at 55°C, graphite sheets 
served as the anode, and the optical fibre length remained consistent at 12 cm. Fresh dissolution 
was employed for each test. 

Table 3.3 and Table 3.4 shows the results obtained for a representative sample of each 
time/intensity combination studied. The thickness of the final coating layer grows with both 
parameters, although the exposure time influences the thickness to a greater extent, than the 
current density because the coating rate is lower for a higher exposure time for the same 
intensity. In addition, the increase of intensity, which is an increase of the current density, affects 
the final quality of the coating, increasing the diameter and coating granules.  
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Table 3.3: Cu re-coated optical fibres by electroplating deposition technique, varying intensity or exposition time. 

Intensity 

(A)

Time 

(min.)
Picture

Final fibre 

diameter 

(µm)

Coating rate 

(µm/min)

Intensity 

(A)
Time (min.) Picture

Final fibre 

diameter 

(µm)

Coating rate 

(µm/min)

649 3.6

135 481 2.3 135 685 3.9

135 480 2.3 135

518 4.7

75 399 3.1 75 502 4.5

406 3.2

0.3

75

3.1

75 676 6.8 135 556 2.9

426 3.5

75 624 6.1 135 586

0.2

75 432 3.6

45 551 8.6 75

0.5

30 335 5.7

0.15

75
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Table 3.4: Cu re-coated optical fibres by electroplating deposition technique, varying intensity and maintaining 

constant time. 

 
3.2.2 Characterization of electroplated Ni 

A similar set-up was created for the characterisation of electroplated Ni by replacing the Cu bath 
dissolution discussed above with Ni.  

In this case, the parametrization dependence study was made in two parts. First, some Ni 
electroplating samples were proposed by varying the intensity but maintaining an exposure time 
of 30 min (Table 3.5). For the second study, the intensity was keeping constant at 0.5A, and the 
exposure time for re-coating the optical fibres was varied (Table 3.6). 

Time (min.)
Intensity 

(A)
Picture

Final fibre 

diameter 

(µm)

Time (min.)
Intensity 

(A)
Picture

Final fibre 

diameter 

(µm)

495

1 616

408

442

481

30 30

0.3

355

328

316

0.1

0.2

0.5

0.75

294

308

309

200

255

264

288

214
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Table 3.5: Ni re-coated optical fibres by electroplating deposition technique, varying intensity for 30 min of exposure. 

 
As in the case of the Electroplating Cu deposition, for Ni, the thickness of the coating grows with 
the increasing intensity and exposure time to the electroplating process.  But in this case, the 
quality of the coating layer is better than Cu coating, because the grain size of the Ni coating is 
smaller. The Ni electroplating process, however, requires a higher current density to achieve the 
quality required.  
 
At 0.5A of intensity (Table 3.6), the Ni coated layer presents uniformity without the granulated 
appearance as shown in Table 3.4 for intensities higher than 0.5A. This is an advantage when 
subjecting these fibres to high temperatures or embedding processes.  
Moreover, it is also observed that the deposition rate decreases more with increasing exposure 
time than in the case of Cu. 

Intensity 

(A)

Time 

(min.)
Picture

Final fibre 

diameter 

(µm)

Intensity 

(A)
Time (min.) Picture

Final fibre 

diameter 

(µm)

455

1 400

312

0.5 394

0.75

540

492

0.3

30

0.3

0.15

0.2

288

228

271

242

252

347

237

30

614



Metal coating and embedding fibre optical sensors for industrial applications. 
Chapter 3: Metallic coating of Fibre Optic Sensors and their characterization. 

49 
 

 
Table 3.6: Ni re-coated optical fibres by electroplating deposition technique, varying exposure time at 0.5A of 

intensity. 

Finally, Figure 3.18 shows the cross-section appearance and structure of the Ni coated layer. 
Figure 3.18.a  shows a Cu commercial coated optical fibre re-coated with Ni by electroplating 
deposition technique. The black circle on the centre of the picture is the silica optical fibre, the 
small cream circle around the silica is the Cu commercial layer and the grey bigger circle is the 
Ni re-coating layer. Figure 3.18.b shows the same fibre attacked with acid, revealing the 
polycrystalline structure of the Ni coating layer.  
 

Time (min.)
Intensity 

(A)
Picture

Final fibre 

diameter 

(µm)

Tasa de 

Crecimiento 

[µm/min]

Time (min.)
Intensity 

(A)
Picture

Final fibre 

diameter 

(µm)

Tasa de 

Crecimient

o [µm/min]

778 4.5

0.5

45

0.5

590 7.1

75

615 6.0

596 5.7

30

599

6.6463

6.9475

7.6

135

797 4.7

8.3

507

838 5.0

415

5.8

8.3

8.4

413

10.8

417

12.2

327

551 6.4

348

10.4

60

573 6.8

15

322
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Figure 3.18: Cross-section of a Cu commercial coated optical fibre re-coated with Ni by electroplating deposition 

technique. (a): Cross-section. (b): cross-section attacked with acid to reveal the structure. 

 
3.3 Thermal characterization of metallic optical fibre sensors  

In this section, the spectra, losses and thermal resistance of some Ni and Cu coated fibre optic 
were analysed. It includes both the commercial coated optical fibres and point FBG sensors 
metallized with Ni and/or Cu using the techniques discussed above. 

For the distributed sensors, several coated commercial optical fibres (Au, C and Cu) were 
acquired and while Ni coated optical fibre was obtained using electroplating a Cu coated 
commercial fibre. The metal coated FBGs were manufactured by the methodology shown in 
Figure 3.1. The techniques used were Au sputtering to apply a conductive layer on the FBGs 
section and Ni or Cu electroplating deposition along the entire optical fibre length, and not only 
to the FBGs section.  

3.3.1 Thermal characterisation of coated optical fibres 

Six different optical fibres, with different coatings were chosen for the thermal tests. Their 
technical characteristics and significations are shown in Table 3.7. The optical fibres were placed 
in an oven, where temperature cycles were applied. For each fibre, both ends were spliced to 
connectors outside the oven, so the loss of the fibres for each temperature cycle can be easily 
measured using a laser source (1550nm) and an optical power meter. The optical fibres tested 
are listed below: 

• Au coated commercial optical fibre sourced from AMS technologies with coating 

thickness of 15m on a 125m diameter fibre and operation temperature up to 800oC.  

• Cu coated commercial optical fibre sourced from IVG. The thickness of the Cu layer 

was 20m on a 125m diameter fibre and the fibre can operate up to 600oC, but at 
temperatures higher than 400oC the coating deteriorates by oxidation.  

• Ni coated optical fibre using electroplating 70m longer of Nickel coated on the 
above Cu coated fibre from IVG.  

• Carbon coated commercial optic fibre from IXBlue. The thickness of the Carbon layer 

was  <1µm on a 245m diameter fibre.  

• Cu coated optical fibre with 316 steel capillary of 2 mm outer diameter and 1.5mm 

inner diameter, sourced from IVG. The thickness of the Cu layer is 20m on a 125m 
diameter fibre.  

• Standard single mode optical fibre coated with polyimide with 316-steel capillary with 
0.8mm outer diameter and 0.5mm inner diameter. The thickness of the polyimide 

layer is 62.5m on top of a 125m diameter fibre.  
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Table 3.7: Coated commercial fibre optic specifications. 

The temperature cycles are applied using the following pattern: each cycle consisted of 
increasing the temperature to be within 250oC to 800oC, keeping it constant for 2 hours, before 
dropping it to be between 20oC and 50oC for another 2 hours.  

The losses for each tested fibre were measured before to start, during each step of temperature 
applied and after each cooling after each temperature step applied. Table 3.8 shows the losses 
at each loss measure carried out.  

It was observed that the standard polyimide coated optical fibre with 316 steel housing shows 
significant loss at 400oC, around 38dB. The Ni-Cu coated fibre, at this temperature shows higher 
losses (4dB) than the C and other metallic coated optical fibres which show losses between 0.6 
and 2.2 dB. At 700oC Cu and C coated fibres fail, showing losses over 55dB. Ni coated fibre 
degrades in the cycles of 800oC, triggered by a small defect during fabrication. While, gold coated 
fibre is the most robust, since it has withstand all the temperature cycles showing minor losses. 
Although, this fibre is too expensive for the final applications, then, this study will continue to 
be carried out, including also, re-coated fibres as it had the next best response. 
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Table 3.8: losses of optical fibres during tests at different temperature. 

 
 
 
 
 
 

Temperature 

of test set (oC)

Temperature 

(oC)

Loss in Cu 

coated optical 

fiber with 316 

steel housing 

(dB)

Loss in 

Comercial 

carbon coated 

optical fiber 

(dB)

Loss in 

Comercial Au 

coated optical 

fiber (dB)

Loss in Cu 

coated 

comercial 

optical fiber 

(dB)

Loss in Ni 

coated optical 

fiber (AIMEN) 

(dB)

Loss in 

standard 

optical fiber 

with 316 steel 

housing (dB)

35 0 0 0 0 0 0

25 -1,61 -2,87 -3,62 0,3 1,31 -3,54

250 -2,3 -2,27 -2,77 -0,75 2,54 -6

45 -0,99 -0,83 0,13 0,53 0,81 0,14

250 -1,58 -2,15 -4,37 -0,94 2,37 -2,1

45 -1,55 0 0,54 0,47 1,45 -0,07

28 -0,7 -0,03 0,01 0,33 0,46 -1,15

300 -1,05 -0,48 -0,7 0,85 1,38 -2,04

46 -0,67 -0,03 0,91 1,01 1,5 -0,93

300 -0,96 -0,11 0,1 0,36 2,08 -1,15

45 -0,88 0 0,57 0,98 1,69 -0,76

28 -1,28 -2,23 -2,26 0,12 2,66 -1,59

300 -1,25 -2,23 -2,04 0,36 2,81 -2,41

48 -0,93 -1,96 -0,28 0,21 1,04 -0,59

400 -1,49 -1,42 -1,24 -0,03 2,86 -1,15

26 1,03 -2,58 -1,39 -0,26 0,97 -0,07

400 -0,64 -1,46 -2,26 0,88 3,54 -37,57

50 -0,93 0 -0,01 0,39 1,55 -

400 -1,37 -0,9 -1,33 0,42 4,08 -

27 -1,31 -0,34 0,15 0,33 1,16 -

500 -1,61 -0,93 -1,66 0,03 2,9 -

51 -0,83 -0,13 0,24 -0,39 1,93 -

500 -1,16 -0,78 -2,98 -0,29 3,36 -

25 -1,46 -2,27 -3,11 -0,76 3,12 -

500 0,96 -1,46 -2,61 0,12 4,78 -

51 0,69 -0,75 0,37 0,21 2,53 -

600 -1,07 -0,87 -1,66 0,64 4,2 -

25 -0,88 -2,11 -0,47 -0,39 2,48 -

600 -0,95 -0,84 -1,51 0,39 4,24 -

55 -1,34 0,05 0,23 0,21 2,21 -

600 -0,96 -0,69 -1,21 0,36 3,88 -

25 -2,01 -2,11 -2,98 -2,73 1,43 -

700 -0,44 -58,45 -2,45 -1,52 4,05 -

25 -3,76 - -0,42 -23,72 -6,22 -

700 -55,82 - -3,08 -54,03 2,38 -

50 - - 0,66 - -8,38 -

700 - - -1,58 - -0,55 -

25 - - -1,21 - -10,61 -

800 - - -1,31 - -17,59 -

55 - - 0,25 - -45,95 -
800

200

300

400

500

600

700



Metal coating and embedding fibre optical sensors for industrial applications. 
Chapter 3: Metallic coating of Fibre Optic Sensors and their characterization. 

53 
 

3.3.2 Thermal characterization of metallically coated FBG sensors 
As discussed above, Au commercial coated fibre and Ni re-coated optical fibre were proven to 
withstand prolonged exposure to high temperatures without affecting their response. In this 
section, FBG sensors spliced to Cu or Au commercial optical fibre and Cu and Ni re-coated, were 
also thermally tested to study their thermal behaviour at high temperatures (>400oC).  
The interrogators used to monitor the FBGs were the FS22 from HBM-Fibersensing [103] and 
the s125 from Micron Optics [104]. 
 

3.3.2.1 Thermal characterization of Cu re-coated FBG sensor 
In this section Cu re-coated FBG sensors were tested and calibrated at high temperature. The Cu 
re-coated FBG sensor was re-coated with Cu to reach a total fibre diameter of 711µm: 20µm of 
Cu from the commercial optical fibre and 273µm of Cu by electroplating deposition.  

This sensor was heated in a furnace from room temperature to 1000oC in steps of 200oC, to 
determine its thermal resistance and the thermal sensitivity of the Cu re-coated FBG sensor.  

Figure 3.19.a shows the FBG wavelength shift when temperature changes. At temperatures 
higher than 800oC, the sensor failed, but until then it shows a stable signal. Figure 3.19.b shows 
the quadratic curve fitting of the data collected up to 800oC, showing its thermal sensitivity 
about three times of that of an uncoated sensor. 

After the thermal test, the Cu re-coated layer of the FBG sensor was analysed to determine the 
cause of the FBG sensor failure. Figure 3.20.a and Figure 3.20.b shows the Cu layer appearance 
before and after the thermal calibration test, respectively. A high level of Cu layer coating 
degradation was detected. The Cu of the coating layer has been oxidised which causes cracks 
which are visible on the optical fibre and that resulting in its eventual failure.  

Other thermal tests using Cu re-coated FBG sensors were permited to corroborate this 
behaviour of the Cu and it was found that the Cu coating layer works well for temperatures 
<400oC. For temperatures greater than 400°C, the Cu becomes oxidized, and the optical fibre 
eventually fails due to defects in the coated layer, which accumulate over time. Therefore, the 
Cu coating is not recommended to protect the fibre sensor to high temperature exposure. For 
this reason, no more temperature thermal studies were carried-out, including annealing studies.  

 
Figure 3.19: (a): Cu re-coated FBG sensor response during the thermal calibration. (b): quadratic curve fitting to the 

sensor data for calculation of its the thermal sensitivity. 
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Figure 3.20: Cu re-coated FBG sensor appearance. Left: before the thermal test. Right: after the thermal test. 

 
3.3.2.2 Thermal characterization of Ni re-coated FBG sensor 

 

3.3.2.2.1 Annealing study 
Annealing is a thermal procedure where the fibre is heated to a high temperature and held at 
that temperature for a relatively long time (>10h), and then cooled back to room temperature. 
The heating is usually carried out gradually, as is the cooling, so that the thermal contrast is not 
abrupt and does not cause unwanted defects in the material. After the annealing process, the 
internal structure of the optical fibre and then coated layer change permanently. For this reason, 
the temperature applied in this procedure must always be higher than the operation 
temperature, to which the sensor will be subjected, so that the structure is stable throughout 
the working temperature range and does not undergo variations in the internal structure that 
could affect its response. After the annealing process, the Bragg wavelength is shifted with 
respect to its original Bragg wavelength for a given temperature value [105]–[107].  

For this purpose, three FBGs re-coated with Ni by electroplating were made. The process to re-
coat was the explained in section 3.2. One FBG sensor silica section was spliced to an Au 
commercial coated optical fibre and then coated with Au and Ni. Also, two FBGs were spliced to 
a Cu commercial coated optical fibre and coating them with Au and Ni. The diameter of the silica 
fibre (single mode) was 125 µm. The total diameter of each re-coated FBG sensor was 530 µm 
for the Ni-Au FBG1, 345 µm for FBG2 with Ni-Cu coating, and 630 µm for FBG3 with Ni-Cu 
coating. This allows for the study of the influence of both the coating thickness and the base 
coating material of the fibre. 

The annealing study involves a combination of continuous heating, to study the annealing effect 
on each FBG, and fatigue thermal test, to study the response and repeatability of each FBG. The 
Ni re-coated FBG sensors were located in a tube furnace and subjected to continuous heating 
(annealing) for >48h at temperatures of 250, 450, 650 and 850oC. After annealing (continuous 
heating), the sensor was cooled down to room temperature with the wavelength shift recorded, 
and then, the FBG sensors were subjected to a thermal fatigue test at a temperature close to, 
but lower than the annealing temperature (200, 400, 600 and 800oC) for 7-10 days to reach 
temperature, to study their behaviour and response. This thermal fatigue test was performed 
after the corresponding annealing test, so the fibre structure and coating layers would already 
have been modified during annealing at a higher temperature than the working temperature, 
and the sensor response should be stable. 

In Figure 3.21 the Ni re-coated FBG sensors signal during the annealing and thermal fatigue tests 
is shown. Up to the annealing at 850oC, all the FBG sensors show good repeatability during 
fatigue test. During the annealing processes, the Ni-Cu coated FBG2 sensor is stable, the Ni-Au 
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coated FBG1, also shows a stable signal, except for the 450oC annealing, which could be due to 
a failure to place the sensor inside the oven during this test. However, the Ni-Cu coated FBG3 
sensor is not stable during annealing at temperatures of 650°C and 850°C, even though its 
response remains stable and repeatable throughout all thermal fatigue tests. The Ni-Au coated 
FBG1 sensor also shows a good signal response during the fatigue tests at 800°C, after annealing 
at 850°C. However, the Ni-Cu coated FBG2 sensor signal exhibits some faults during the thermal 
fatigue tests at 800°C (highlighted in Figure 3.21). 

Moreover, it was observed that the final wavelength after each annealing process is the same 
as that obtained at the end of the thermal fatigue test. At temperatures below the annealing 
temperature, the scale of the wavelength shift is related to the coating material and its 
thickness, for example, FBG3 (higher thickness) exhibits higher a wavelength shift than the other 
two FBGs tested.  

Finally, the FBG sensor sing response to the fatigue tests is concluded to be stable after each 
annealing test made. It confirms that an annealing process at equal or higher temperature than 
the maximum operating temperature is needed, to ensure the repeatability of the sensor during 
its operation. In addition, it has been found that thicker coated FBG sensors exhibit greater 
robustness to exposure at high temperatures than the thinner coated FBGs.  

 
Figure 3.21: Ni re-coated FBG sensors wavelength variation during the annealing and thermal fatigue tests. 

 
3.3.2.2.2 Ni re-coated FBG thermal response 

In this section, different coated and non-coated FBG sensors were thermally fatigue tested up 
to 650oC, as well as being calibrated by applying a temperature variation from 50oC up to 650oC 
in steps of 100oC to determine the thermal sensitivity. In addition to the temperature sensors, 
some of the Ni re-coated FBGs were bonded to a steel pipeline to test them as strain sensors. 
To bond the FBG sensors to the steel structure a high resistance silicone (BISAN 1600oC) and 
metal based adhesive (Durabond 7032) were used.  
 
The coated FBG sensors used for this study were follows: 

• FBG1 and FBG2: Commercial standard FBG sensor with acrylate coating, encapsulated 
in stainless steel capillary tube of inner diameter of 2.7mm and external diameter of 
3.2mm. Temperature sensor.  

• FBG3: Ni re-coated FBG sensor. Commercial FBG sensor section spliced to a Cu 
commercial coated optical fibre. The Ni re-coated FBG sensor was made by Au 
sputtering + Ni electroplating and bonded to the steel structure with a Ni-based high 
temperature resistance adhesive. Strain & temperature sensor. 
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• FBG4: Ni re-coated FBG sensor. Commercial FBG sensor spliced to an Au commercial 
coated optical fibre. The Ni re-coated FBG was made by Au sputtering + Ni 
electroplating. Temperature sensor. 

 
The acrylate coating of FBG1 and FBG2 is degraded during the thermal tests, but this test is also 
to study the thermal resistance of the silica optical fibres without any coating, compared to the 
Ni re-coated FBG sensors. FBG3 and FBG4 were coated with a similar coating thickness around 
650µm. 
 
Initially, the thermal fatigue test was performed, in order to stabilise the signal and avoid 
annealing effects during the thermal calibration. The FBG sensors were located in an oven set 

with thermal cycles between 100oC to 650oC with 2 hours heating (100C - 650C), 2 hours 

stabilizing (650C), 10 hours cooling (650C - 100C). Figure 3.22 shows the FBG sensor sing 
response. At the beginning of the fatigue test, the sensors were heated to 650oC during 24h for 
annealing, and then, they were continuously cycled for 20 days.  
In general, the FBG sensors tested show a stable and repeatable signal, although the type of 
coating and adhesive used play a role. The sensor with the highest sensitivity was FBG4 with the 
gold coated fibre bonded to the Ni coated FBGs. The other Ni re-coated FBG (FBG3) sensor 
exhibit a very similar response, the difference is very small and is due to an added strain 
component being bonded to the pipe structure. As expected, the standard FBG sensors (FBG1 
and FBG2) with the polymeric coating exhibit significantly lower thermal sensitivity compared 
to the others. 
Finally, it was observed that the annealing effect, the wavelength shift after the first heating of 
the optical fibre sensor, is higher for the Ni re-coated FBGs than for the acrylate coated FBG 
sensos due to the higher thermal expansion coefficient of the coated metal layer.  
 

 
Figure 3.22: Response for the acrylate coated and encapsulated FBG sensors and, Ni re-coated FBG sensors during 

the thermal fatigue test. 

The thermal sensitivity of each of the FBG sensors tested was calculated from the data obtained 
from the thermal ramp test shown in Figure 3.23. In this case, the temperature was increased 
from 50oC to 650oC in steps of 100oC, for the first cycle and from 250oC to 650oC for the following 
four thermal heating ramps, to accelerate the calibration by not having to wait for cooling down 
to 50oC. 
There is hardly any difference between the response of each of the sensors for each applied 
cycle, the response of the sensors is overlapping, indicating that they are very stable and 
repetitive. Figure 3.24 shows the quadratic adjustment of each of the sensors, based on the data 
from this test and Table 3.9 shows the coefficients for the quadratic fit (y = ax2+bx+c). With this 
adjustment, the characteristic sensitivity of each sensor is obtained.  
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Figure 3.23: FBG sensors response during the thermal calibration. 

FBG1 and FBG2 sensors exhibit very similar linear fit adjustment coefficients, as expected. They 
also show similar thermal sensitivity. The minor differences are attributed to the FBG sensors' 
placement within the oven, which can result in slight temperature variations between the 
setpoint temperature and the actual temperature. Regarding the sensitivity of FBG4 and FBG3, 
FBG4 demonstrates a higher thermal sensitivity than the FBG3 sensor. This is primarily due to 
the use of metallic-coated commercial optical fibre.  
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Figure 3.24: Response of FBG sensors tested front to temperature variation: (a) FBG1, (b) FBG2, (c) FBG3, (d) FBG4. 

 
Table 3.9: Quadratic coefficients and quadratic adjusted coefficient obtained for the quadratic fit of each calibration 

made for each FBGs tested. 

 
After annealing, acrylate-coated FBGs become more fragile and can be easily broken, but Ni re-
coated FBG sensors have shown greater robustness. This is the major reason for developing a 
metallic coating to protect the fibre in these high-temperature environments, making it more 
robust. 
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3.3.2.2.3 Study of degradation of a Ni re-coated FBG sensor under extreme conditions 
Finally, a Ni re-coated FBG sensor (Cu commercial fibre+ Au sputtering +Ni electroplating) was 
tested at extreme conditions, to know its behaviour and durability. The sensor was first annealed 
at 1000oC for 2 days, folowing this, continuous thermal fatigue tests between 650-1000oC were 
applied, as fast as the tube furnace used would allow. After 25 days of testing, the sensor was 
still responding to the cycles, so a new annealing temperature was raised to 1050oC continuously 
(no cycling). Figure 3.25 shows the response of the sensor, which shows a very stable and 
repeatable response during the heating cycles, but once the temperature was increased and 
heated continuously, after two days, it stopped giving a signal. It can be concluded that Ni re-
coated FBG sensors can withstand extreme temperatures but if they are exposed continuously 
end up overheating and failing because of the 1000oC temperature exposure. 

 
Figure 3.25: (a): Response of the Ni re-coated FBG sensor subjected to thermal fatigue between 650-1000oC. (b): 

Detail of the Ni re-coated FBG sensor response at 1050oC continuously. 

 

3.4 Summary 
In this chapter a procedure to coat and re-coat in fibre FBG sensors and connected optical fibre 
was developed. The coating procedure is based on a combination of two techniques, the first is 
to apply a conductive layer on the optical fibre and the second to generate a customized coating 
with flexibility to use different metals as coating material and to reach different thickness 
required by applications. The studied techniques to apply the first conductive layer on the fibre 
were: Electroless, PVD, Ni based-paint, an industrial optical fibre coating process and sputtering 
deposition, with particular attention traying placed on the FBG section. The sputtering technique 
of Au has resulted in the most suitable Au conductive layer of a few microns. The electroplating 
technique was used for a second layer coating as it allows applying a variable thickness using 
several materials, and has the advantage of being scalable to allow coating of long optical fibre 
lengths.  
 
After the completion of this two-layer metal coating procedure, both the metallic fibres and 
metallic FBG sensors were thermally tested (between 650 to 1000oC) obtaining a very stable and 
repeatable response for the Au, Ni-Cu and Ni-Au coated optical fibres was subjected to fatigue 
tests. But for a continuous exposure at extreme temperatures (1050oC) the Ni re-coated FBG 
sensor was overheated, leading to failure. On the case of the Cu re-coated FBG sensors, it was 
found that the Cu layer at temperatures >400oC became oxidized, and it causes the degradation 
and ultimate failure of the optical fibre. 
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Furthermore, a Ni re-coated FBG sensor was bonded to a steel pipeline and tested as a strain 
sensor up to 650oC for more than 20 days, a very satisfactory result has been obtained.  
Annealing plays an important role in ensuring the repeatability of the sensor during its 
operation. In addition, it was determined from the thermal test made that thicker coated FBG 
sensors thicknesses better withstand higher temperatures.  
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Chapter 4. Sensor embedding process and characterization 

Smart structures and materials offer a promising technological solution for online health 
monitoring. They are structures/materials embedded with sensors, which are minimally invasive 
and in many cases micrometrical fiber optic sensors (FOS). Smart composite structures with 
embedded FOSs already set a precedent, proven with extended functionality and reliability 
based on the provided accurate damage and lifecycle predictions. Embedding sensors in a 
composite fabrication process is relatively straightforward because the temperatures reached 
during the process do not damage the FOSs. Also placing and fixing the fibre is feasible: resin or 
concrete are easy to handle while in the liquid phase during infusion. This, however, is not the 
case in metallic structures, which requires welding, casting or other high temperature processes 
to embed the fibre optic into the metallic structure.  
 
The aim of this chapter is to embed the metallic re-coated optical fibres and FBG sensors into 

metallic structures to generate a smart component in order to able to conduct real-time 

condition monitoring and thus have the ability to act preventively before component failures 

occurs. 

To embed fiber optics into metallic materials, a protective coating on the fiber is needed. In 
Chapter 3, a detailed procedure to coat and re-coat the optical fibres, obtaining thicker metallic 
coatings, was explained.  These coatings demonstrated good high temperature resistance and 
protection for the optical fibre sensors. Using electroplating deposition technique it is possible 
to achieve a coating thickness, ranging from a few micrometers to hundreds of micrometers for 
different metals.  
 
For the embedding study described in this chapter, Copper (Cu) and/or Nickel (Ni) were the 
materials selected to from the electroplating deposition coating because of their respective high 
melting point. This property is very important to protect the fiber during the embedding process 
wherein high temperatures were reached (700oC   1̴400oC, depending of the added material 
melting point). 
 
In this chapter, results are included for Ni and Cu re-coated optical fibres and FBG sensors being 
embedded into metallic structures of several materials, such as Sn alloy, Cu and Inconel. 
Different techniques such as electroplating, TIG welding, casting and Laser Cladding were also 
studied to embed the coated optical fibres. 
 

4.1 Embedding process using the electroplating deposition technique  
The first technique studied for embedding Cu re-coated optical fibres was based on 

electroplating deposition. This technique is easy and non-obtrusive for bonding metallic coated 

fibre optic to metallic structures. It offers the possibility to apply different materials which is 

very useful for integrating the optical fibre in the metallic structure surface and protecting the 

sensor in harsh environments applications. 

In this study, some commercial Cu coated optical fibres of diameter of 165µm and a total length 

of 50mm were fixed, at their extremes, on a Cu metal sheet of 40x20x2mm (length x width x 

thickness). The bond was made using adhesive tape (magic tape or insulating tape). Figure 4.1 

shows the two strategies for bonding Cu coated optical fibre to the Cu metal sheet. Figure 4.1.a 

shows the Cu coated optical fibre bonded directly to the Cu metal sheet surface, while in Figure 

4.1.b a small groove was made in the Cu metal sheet to accommodate the Cu coated optical 

fibre prior to bonding. In both cases, the surface of the metal sheet was sanded and cleaned 
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with acetone and the Cu coated optical fibre was also cleaned using acetone. Then, the Cu 

coated fibre and Cu metal sheet were immersed in the electroplating Cu bath and connected to 

the power source, acting as cathode and a Cu metal sheet as the anode.  

 
Figure 4.1: Electroplating bonding strategies studied; (a): Cu re-coated optical fibre located on the surface of a Cu 

metal sheet (b): Cu re-coated optical fibre located in a groove made in the Cu metal sheet. 

For this electroplating fibre-sheet bonding study, different time and intensitty parameters were 
tested, which are summarized in Table 4.1. It was observed that the best bonding was achieved 
when the current intensity was set at 0.25A and in most cases using the groove strategy. For 
these tests 0.25A was the optimum because the current density achieved was the ideal for this 
sample size. The grain of the deposited material was small, but sufficient to bond and embed 
the fibre into the sheet, while at 0.5A, the grain is larger and does not uniformly cover and 
embed the fibre. . Figure 4.2.a shows the result for a test conducted at 0.25A without the groove 
on the Cu metal sheet. It was observed that the Cu coated fibre protrudes above the Cu sheet 
surface. A thicker layer of Cu is required to bridge that bulge and correctly bond the fibre to the 
sheet surface. The deposited Cu is coating the fibre and the metal sheet but, it failed to embed 
the fibre in the deposited copper, so the bond was not good. However, for the second 
embedding strategy, with a groove on the Cu sheet surface as Figure 4.2.b shows a improvent 
compared to Figure 4.1.a. After electroplating deposition, the fibre is completelly bonded to the 
Cu metal sheet and embeded in the deposited Cu, as Figure 4.2.c shows. In this case, the groove 
helps the fibre to be embedded in the deposited material because the Cu deposition completely 
covers it within the groove.  
 

Although electroplating deposition represents a valid, simple, and cost-effective technique for 

both bonding and embedding, it requires proper 'shielding' of the areas that are not to be coated 

during the electroplating process. This becomes a major challenge when a bath deposit is 

required with the size of the component or part into which the optical fibre sensor is to be 

embedded, such as in the use-case of bearings. In this scenario, embedding the fibre in the 

bearing using electroplating deposition would necessitate locating and securing the sensor 

within the anti-friction bearing, while also protecting the conductive parts of the bearing that 

shouldn't be coated before immersion in the electroplating bath. This process leads to a 

significant increase in production time and requires specific training for the workers responsible 

for it.  
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Table 4.1: Main results of electroplating bonding study. 

 

 
Figure 4.2: (a) unbonded Cu coated fibre to the Cu metal sheet after electroplating process. In this case, the metal 
sheet has no groove to locate the Cu coated fibre. (b): Cu coated optical fibre located in a groove made on the Cu 

metal sheet, before applying elelctroplating to embed the Cu fibre in the Cu metal sheet. (c): Cu coated optical fibre 
embedded in the Cu metal sheet after electroplating depositing of Cu. The fibre presented good bond with the Cu 

metal sheet. 

 

4.2 Embedding process by casting 
The second technique studied to embed the Cu or Ni re-coated optical fibres into metallic 

structures, was casting. Casting is a manufacturing process in which a metal is heated in a bath 

up to its melting point, then, the molten metal material is poured into a mold, which contains a 

hollow cavity of the desired shape, to solidify and subsequenly demoulded. To do so it usually 
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requires the re-coated optical fibres to be exposed to a high temperature for a relatively long 

time (<700oC, >2h, depending of the casted material). But in this case, the metal material used 

to embed the optical fibres was an antifriction material based on a tin alloy, so it had a relatively 

low melting point (220oC-250oC), which makes it easier for casting. For ease of embedding the 

re-coated optical fibres, a hole was drilled in a steel piece. The steel piece, without the Cu re-

coated fibre, was then inserted into a molten tin alloy bath (at 440oC), shown in Figure 4.3.a, for 

a few minutes, to temper it and to ensure a good bond between the steel and the tin alloy, 

during the casting process. Subsequnetly the steel piece was removed from the bath for 

insertion of the re-coated fibres through the hole as shown in Figure 4.3.b. Finally, the molten 

tin alloy was poured into the machined hole, where the Cu re-coated fibre was located, until 

completely filled as shown in Figure 4.3.c. Two fibres were casted using this method, one coated 

with Ni (total diameter of 462µm formed by 125µm of silica, 317µm of Ni, 20µm of Cu) and the 

other with Cu (total diameter of 560µm of which 220µm was of Cu). Both fibres survived the 

casting process as illustrated in Figure 4.2.c, where red light was transmitted through the casted 

fibres.  

 
Figure 4.3: (a) Tin alloy molten bath. (b) Cu re-coated optical fibre embedded in the tin alloy by casting. (c) red light 

emerging form the embedded fibre. 

After this validation, a specific specimen of steel, with a machined channel located in the centre 
as shown in Figure 4.4.a, was manufactured in order to embed a Ni re-coated FBG sensor using 
the casting technique. The embedded specimen was subsequently tested using a loading 
machine to analyse the embedding robustness and sensor response. The Ni re-coated FBG 
sensor with a total diameter of 442µm (and coating thickness of 158µm) was manufactured 
using a combination of Au sputtering and Ni electroplating, as detailed in Chapter 3.  
 
The procedure to embed the Ni re-coated FBG sensor was the same as that explained above. 
First the steel specimen and the Ni re-coated FBG sensor were immersed in the melted tin alloy 
bath, it was heated to assure a good bond between steel and antifriction material, and then, the 
Ni re-coated FBG sensor was placed in the channel and the antifriction material was poured. 
Figure 4.4.b shows the Ni re-coated FBGs embedded in the specimen. The FBG sensor survived 
the embedding process. Figure 4.5 shows the near infra-red spectrum of the Ni re-coated FBG 
sensor before and after being embedded. As expected, the spectrum, measured with the 
Yokogawa-AQ6370D, has shown blue shift, confirming that the FBG sensor is contracts when the 
metal solidifies.  
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Figure 4.4: (a): Steel specimen made specifically with a centre groove for casting (b): Steel specimen after the casting 

process with the Ni re-coated FBG sensor embedded. 

 
Figure 4.5: Experimental measured reflection spectrum of the Ni re-coated FBG sensor before and after being 

embedded by casting process. 

Once embedded, this specimen was subjected to tensile tests using the universal testing 
machine shown in Figure 4.6.a. The sample was clamped to the tensile testing machine at both 
ends, where a longitudinal stretching force was gradually applied in steps, from 0 to 80 kN, which 
correspond to strains in the range from 0 µε to 2000 µε. To avoid cross-sensitivity between strain 
and temperature, the laboratory temperature was constant during the tests.  
The tensile force increases until the specimen breaks as shown in Figure 4.6.b. Figure 4.5.c shows 
the broken sample after a higher load than 80kN was applied. It is observed that the Ni re-coated 
FBG survived despite the steel and antifriction material breaking, this exhibiting a higher 
mechanical resistance than the specimen into which it was embedded.  
Figure 4.7.a shows the response of the embedded Ni re-coated FBG sensor for each applied load 
and Figure 4.7.b shows the linear fitting between the wavelength shift of the embedded FBG 
and the applied load. The sign response of the FBG sensor to the applied load is linear during 
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the entire test, although it could be observed a subtle change of tendency after applying 40kN 
of load.  
 

 
Figure 4.6: (a) Tensile test set-up. (b) Ni re-coated FBG sensor embedded in a steel specimen by casting, after the 

tensile test; (c) The specimen is broken, but the Ni re-coated FBG sensor survived. 

 
Figure 4.7: (a) Response of a Ni re-coated FBG sensor embedded by casting to the increase of tensile force applied. 

(b) Linear fitting between wavelength shift of the FBG sensor and the applied load. 

 
Finally, the central part of the specimen, where the FBG sensor was located, was cut and its 
transversal section was analysed to determine the bond status. Figure 4.8 shows the cross-
section of the Ni re-coated FBG sensor embedded in the antifriction material and the frontier 
interface between the steel and the anti-friction material bond.  
The bond between the antifriction material and steel (straight line in Figure 4.8.a) exhibits good 
bond appearance at this section, with no evidence of cracking or voids. Figure 4.8.b, Figure 4.8.c 
and Figure 4.8.d, show the details of the bonding section between the Ni re-coated optical fibre 
and antifriction material surrounding. As shown in Figure 4.8.b and Figure 4.8.c,  the antifriction 
material shows some cracks in the region of the upper area of the fibre and in Figure 4.8c and 
Figure 4.8.d, a minor gap between them (black line) is observed. This gap could have been 
formed during the tensile test or could have occurred during the casting process due to the 
difference in temperature between the materials during the casting process. 
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Figure 4.8: Cross-section of the Ni re-coated FBG sensor embedded in the antifriction material by casting. (a): Ni re-

coated FBG sensor picture of cross-section appearance in the antifriction material and steel base material. (b): Detail 
of the embedded Ni re-coated FBG sensor in contact with the antifriction material. (c) and (d): Cross-section detail 

for the frontiers bond between the antifriction material and the Ni re-coated FBGs. 

 
In conclusion, machining the steel specimen to generate a groove, for embedding sensors by 
casting, may have affected its mechanical strength, which contributes to its failure, as the anti-
friction material has lower mechanical strength than steel. This embedding technique, however, 
could be useful for embedding fibre optic sensors in structures where high mechanical 
requirements are not required, and where the melting point of the molten metal is relatively 
low (<800oC) to avoid affecting the optical fibre integrity.  
On the other hand, the embedded FBG sensor has withstood the applied load with a linear 
response demonstrating its resilience. 
 

4.3 Embedding process by Laser welding techniques 
In this section, a laser cladding process is studied for embedding metallic re-coated fibre optic 
sensors. The laser cladding technology is a special welding technique in which the laser is the 
heat source of the welding process. Figure 4.9 shows the laser cladding set-up used for this 
study, comprising the laser head used and the main laser cell components. The aim of this 
process is to fuse and distribute the added material between the pieces to bond, without melting 
them. It is possible for the added material to be deposited layer-by-layer, generating an Additive 
Manufacturing (AM) process. The added material can be in either powder or wire format.  
The laser cladding technology discussed offers several advantages over other welding 
techniques in terms of embedding FBG sensors, achieving both high accuracy and high efficiency 
as well as good repeatability and reproducibility. It is possible to control and adjust the key 
parameters, even during the embedding process, to achieve the highest bonding quality. 
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Figure 4.9: Laser cladding set-up. 

In this section two different studies applying two different added materials to embed the re-
coated fibre optic sensors is explained. In the first case, the added material was the same tin 
alloy, antifriction material, as those discussed in the previous section and the optical fibres were 
embedded into a steel piece with a tin coating layer of 3 mm thickness, simulating the same 
material composition of the antifriction material bearing (NEXT-BEARING use-case), which are 
the final intended product for FOS integration. 
In the second laser embedding study, the re-coated fibre optic sensors were embedded into a 
Ni-Cr alloy, using Laser Cladding as an AM process. In this way, the potential of the laser process 
for embedding the re-coated fibre optic sensors in materials with high and low melting points is 
studied. 
 

4.3.1 Laser embedding of sensors into tin alloy 
In this first laser embedding study, Ni and Cu re-coated optical fibres and FBGs, with diameters 
between 200-900µm (starting from silica fibres of 125µm of diameter), were embedded using 
the Laser Cladding process. Two tin alloy wires of diameter of 1.6mm and 2.4 mm, respectively, 
were used as added material. The embedding tests were made on a steel specimen with a layer 
of antifriction material deposited by laser. To apply the antifriction material directly on the steel 
substrate with a good bond, a higher laser power was needed, because the steel has a higher 
thermal resistance than the antifriction material. This was followed by embedding the re-coated 
optical fibres into a steel substrate with a layer of a few millimeters (3mm) of anti-friction 
material, considered as a precursor research prior to the latter sensor being embedded into a 
bearing antifriction layer for long-term bearing condition monitoring.  

In this study, a cross-comparison was made by using a laser with less power but using more 
added material or the other way around, i.e. with higher power but less added material. The 
laser used was the Laserline LDF 6000-40VGP diode laser with 6KW maximum optical power 
coupled to 0.4mm diameter optical fibre, and the parameters of the laser were: power between 
1.2-2.1kW, head speed of the laser 50 mm/s and speed range of the wire 2.5-3.5 m/min.  
 
To embed the Ni and Cu re-coated optical fibers, the following strategies are deployed as 
illustrated in Figure 4.10, aiming to identity the most suitable approach with the least heat 
generated during the embedding process. 
 

1. Overlapping the recharge lines of tin deposition, transverse to the re-coated fibre. (a 

typical method to apply laser cladding) 

2. Overlapping the recharge lines of tin deposition, longitudinal to the re-coated fibre. (a 

typical method to apply laser cladding) 

3. Interlayer recharge lines, transverse to the re-coated fibre, aiming to minimize the 

thermal damage. 
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Figure 4.10: Embedding strategies studied to embed the Ni and Cu re-coated optical fibres by Laser Cladding process. 

(1): Embedding strategy based on the overlapping the recharge lines of tin deposition, transversal to the coating 
fibre. (2): Embedding strategy based on the overlapping the recharge lines of tin deposition, longitudinal to the re-

coated fibre. (3): Embedding strategy based on the interlayer recharge lines, transversals to the re-coated fibre. 

 
4.3.1.1 Results from the tin alloy with a diameter of 1.6 mm  

In this case, only Ni re-coated optical fibres were tested. They were located on a steel specimen 
with an antifriction material (tin alloy based) surface. The fibre was of a total length around 
250mm with both ends fixed to the antifriction layer using an Al tape, to prevent it from moving 
during the embedding process. After this, the laser line was programmed to embed the fibre 
using one of the strategies explained above and the laser power applied was the only 
configurable parameter changed during the tests. It is possible to determine the fibre 
survivability, either by using a red laser light transmission inside the embedded fibre or 
measuring the losses generated by the embedding process. 
 
Using the above method, Table 4.2 (left columns) presents those unsuccessfully embedded Ni-
recoated optical fibres while Table 4.2 (right columns) the successfully embedded sensor. The 
losses of N37 and N23 were measured and the N23 fibre which was embedded using the 3rd 
embedding strategy, shows minimal losses. Among the ‘survival’ fibres shown in Table 4.3, N23 
has the minimal coating thickness with diameter of 507µm.  
However, the cross-sections of all the successfully embedded fibres exhibits different degrees 
of thermal damage and surface degradation. This is, because the temperature can peak up to 
700oC during the laser embedding process and, although, nickel has a higher melting point, with 
a very thin coating layer (<80µm), it can be thermally affected at lower temperatures. 
 
Another issue detected, during the 1.6mm diameter tin alloy wire deposition tests, was that any 
defects or impurities intrinsic to the wire generated a defect in the bead of deposited material. 
Whereas with the 2.4mm wire, as shown in section 4.3.1.2, such impurities were not generated, 
since, having a larger diameter, the melted material of the wire itself was capable of absorbing 
the impurity without generating damage and making the embedding process safe and stable. 
 

(1) (3) 

(2) 
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Table 4.2: Left: Ni coating fibres embedded unsuccessfully by Laser brazing using 1.6mm of diameter tin-alloy wire. 

Right: Ni coating fibres embedded successfully by Laser brazing using 1.6mm of diameter tin-alloy wire. 

 
4.3.1.2 Results from the tin alloy with a diameter of 2.4 mm  

In this subsection, laser cladding embedding of Ni and Cu re-coated optical fibres were done 
using a tin-alloy wire with a diameter of 2.4mm. Similar to the above, the 3rd embedding 
strategy was used, so do steel-antifriction coated specimens (with or without grooves of 
1.5x1.5mm), into which the re-coated optical fibres were embedded. Figure 4.11 shows the final 
appearance of the antifriction coated steel-base sample, where the embedding re-coated fibres 
trials were carried out, without machined grooves. A length between 5-8cm of each tested fibre 
was embedded, weld seams show a good appearance without pores or non-uniformities.  
   

 
Figure 4.11: Steel-antifriction material sample appearance after the re-coated optical fibres laser cladding 

embedding tests. 

Table 4.3 summarises the laser cladding results obtained from embedding Ni and Cu re-coated 
optical fibres in the specimens without any groove. Cu re-coated fibres with a diameter around 
400µm and Ni re-coated fibres between 250-500µm were tested. In addition, laser powers of 
1500W, 1800W and 2000W were applied to analyze the differences caused by the change in the 
laser power, coating material and coating thickness over the laser cladding process. The laser 
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power of 2000W, compared to 1500-1800W, is observed to be too strong as it melts the coating 
material of the fibre.  
Regarding the coating material and coating thickness, lower losses were obtained from the 
embedded re-coated fibres of larger diameters (caused by the thicker coating), but the coating 
material, Cu or Ni, did not make any difference.  
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Table 4.3: Results for laser brazing with the tin-alloy wire of 2.4mm diameter. 

1st step: 7,7

2nd step: 7,3

1500 7.8Ni 495 6.37 6.93 0.56

6.7Ni 455 20.63 39.33 18.7 2000

1800 6.3Ni 413 4.98 6.02 1.04

4.8Ni 400 14.67 17.25 2.58 1800

2000 7.2Ni 348 3.92 5.58 1.66

4.1Ni 347 2.54 3.44 0.9 1500

1500 5.7Ni 271 2.41 23.9 21.49

5.6Ni 252 2.65 broken - 2000
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In summary, from this Laser embedding study desmostrated better results for the tests made 
using a tin-alloy welding wire of 2.4mm of diameter because it was possible successfully to 
embed Cu and Ni re-coated fibres with a lower thickness of coated layer than that required for 
the tests made with the 1.6mm of welding wire diameter. Although the losses measured were 
higher for the tests made with the 2.4mm of welding wire diameter.  
 
The following laser embedding cladding tests were made on the specimen with the machined 
grooves. Figure 4.12.a shows the strategy used to embed the Ni and Cu re-coated optical fibres 
into a specimen with groove and Figure 4.12.b the final appearance of the specimen Ni or Cu re-
coated optical fibres were placed in the groove with both ends fixed with Al tape. Then, the laser 
beam was delivered to the corner groove rather than directly onto the fibre, causing the molten 
material to drip onto it. As in the case of the tests carried out on the test piece without grooves, 
in this case a laser deposited track was applied on one side of the groove, and after this, a second 
track was applied on the other side of the groove, in order to embed the fibre indirectly, without 
passing the laser directly on the fibre. After the second laser track, the fibre was almost 
completely embedded. Finally, a last laser track was applied above the fibre to complete its 
embedding. These tests were carried out at 1500W as result of the previous trials show that the 
fibre was well embedded at this power.  
Following these tests, optical fibre lengths between 4-9cm were embedded using different 
parameters of current and speed, and most have a good finish and embedding quality (Figure 
4.12.b).  
 

 
Figure 4.12: (a): embedding strategy with a groove in the specimen. (b): Final steel-antifriction coated specimen 

appearance at the end of the laser cladding embedding tests. 

Table 4.4 shows the cross sections of the Ni and Cu re-coated optical fibres embedded using 
laser cladding into sample grooves. The first point noted is that the whole groove cavity is filled, 
meaning that the embedded optical fibre is well bonded to the antifriction material. The 
measured losses were lower compared to those without a groove. In addition, the Cu coated 
sensor with a minimum diameter of 375µm and Ni coating of 236µm were successfully 
embedded, which is comparable to the case without grooves. The Cu re-coated optical fibres 
with a diameter smaller than 600µm exhibit some thermal damage (i.e. pores from the molten 
material), but Ni fibres present a better appearance for all the coating thickness tested. It can 
therefore be concluded that this embedding strategy with groove, generates less thermal stress 
on the fibre, especially for the fibres coated with Ni. 
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Table 4.4: Cross-sections of the embedded Ni and Cu re-coated optical fibres into sample grooves. 

In conclusion, it is possible to embed metal-coated optical fiber into the antifriction material 
using laser cladding. It is observed that, using this technique, the re-coated layer of the optical 
fibre suffers some thermal damage, especially for the Cu coating layer. The minimum diameter 
of a coated fiber for embedding is 236 µm using a 2.4mm wire diameter of added material and 
507 µm using 1.6mm of added material, and the best results obtained were using the embedding 
strategy number 3. Regarding the laser parameters, the best embedding results were obtained 
using a power between 1500-1800W, with a laser speed of 50 mm/s and the wire speed of 3 
m/min.  
 

4.3.1.3 FBG sensors embedding by laser cladding and characterization  
Following the feasibility study to embed re-coated optical fibres using laser cladding as discussed 
above, some Ni and Cu re-coated FBGs were subsequently manufactured and embedded using 
the same procedure. They were then mechanically and thermally tested to analyse their 
response and sensitivity. 
Two metal re-coated FBG sensors were embedded by laser cladding, into a specimen of steel 
with an antifriction material coating of 3mm of thickness. The specimens had a specific 
geometry, shown in the Figure 4.13, for ease of tensile testing using the stressing machine 
described earlier (section 4.2). 
One of the embedded FBGs was re-coated with Ni providing a total diameter of 398µm (Figure 
4.13) and the second FBG was re-coated with Cu with a total diameter of 508µm. The tin alloy 
wire diameter used for these tests was 2.4mm and the laser power was set to 1800W. 
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Figure 4.13: Ni re-coated FBG sensor embedded by laser cladding into antifriction material. 

The thermal sign response of the embedded FBGs was recorded when both specimens were 
subjected to step temperature changes was in the range 50oC to 200oC in steps of 50oC. The 
maximum temperature reached was 200oC because the antifriction material melting point is 
around 250oC. 
Figure 4.14 shows the thermal sign response and linear fit for each embedded FBG sensor tested. 
The embedded FBG sensors show a stable and repeatable response over all the thermal 
repetitions made. Using linear fitting, the thermal sensitivity of 0.23nm/oC is obtained for the 
embedded FBGs with Ni re-coating and 0.29nm/oC for the Cu due to its higher thermal 
coefficient. In both cases, little change in the thermal sensitivity is observed before and after 
embedding.  

 
Figure 4.14: Re-coated FBG embedded sensors response during the thermal tests. (a): Ni re-coated FBG sensor 

response and linear fit. (b): Cu re-coated FBG sensor response and linear fit. 

 
After the temperature calibration was completed, several repetitive tensile tests were carried 
out on the specimens. The first tensile test was undertaken by increasing the tension from 0 to 
20kN, in steps of 2kN for the Cu embedded sensor (Figure 4.15.a) and in steps of 5kN for Ni 
(Figure 4.15.b). For these tests, conventional strain gauges were glued on the surface of each 
specimen (close to where the FBG was embedded) to allow for a direct comparison of their 
respective responses. 
Figure 4.15 illustrates the regular ‘steps’ with the application of a load step changes over the 
total duration of the test (1600 seconds for Cu-recoated and 3500 seconds for Ni-recoated).  It 
should be noted that the sensitivity to loading for both sensors is different. This arises from the 
different geometries of the samples, as the locations where the sensors where embedded were 
different and thus each cross-section was different as well. 

 Ni coated FBG

Ni coated FBG
embedded

Steel 
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The results of the investigation show that the response of both FBG sensors embedded is linear 
with the load and repeatable (as can be seen from Figure 4.16). The measured sensitivity of the 
sensors (determined from the slopes of the graphs) was shown to vary between 0.9pm/µɛ and 
1pm/µɛ, which is in accordance with the strain sensitivity measured for conventional, non-
embedded FBG-based strain sensors. The graphs illustrated show three measurements for the 
strain increasing (Up 1 to Up 3, load increasing), followed by the strain decreasing (Down 1 to 
Down 3, load applied decreasing) for both Cu embedding (Figure 4.15.b) and Ni embedding 
(Figure 4.15.a) (it should be noted that the Down 1 steps for Cu coated FBG sensor was discarded 
because the response of the gauge was not linear). In both cases (Figure 4.16) the result from 
the first application of the strain (Up 1) varies most from the other calibrations because of the 
initial residual strain from relief at the beginning of the calibration process – it can be seen from 
the subsequent strain applications that this effect settles, for the Ni embedded fibre, as is seen 
in the other graphs (Figure 4.16.a), while in the case of the Cu embedded fibre, the wavelength 
for zero load shows a minor shift for each load cycle carried-out, which could be related with 
the strain relief.  
 

 
Figure 4.15: (a): Ni re-coated FBG sensor embedded response during the tensile tests. (b): Cu re-coated FBG sensor 

embedded response during the tensile tests 
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Figure 4.16: (a): Strain characterization for embedded Ni coated fibre optic sensors. The sensitivities of each linear fit 
are: Up1: 0.0011 nm/µɛ, Up2: 0.0010 nm/µɛ, Up3: 0.0010 nm/µɛ, Down1: 0.0010 nm/µɛ, Down2: 0.0010 nm/µɛ and 

Down3: 0.0010 nm/µɛ. (b): Strain characterization for embedded Cu coated fibre optic sensors. The sensitivities of 
each linear fit are: Up1: 0.0007 nm/µɛ, Up2: 0.0009 nm/µɛ, Up3: 0.0009 nm/µɛ, Down2: 0.0010 nm/µɛ and Down3: 

0.0010 nm/µɛ. 

Finally, after their thermal and mechanical characterization, the specimens were cut for 
analysing the embedding quality and the cross-section of each one. Figure 4.17.(a) shows the 
cross-section of the Ni re-coated FBG embedded and Figure 4.17.(b) the Cu re-coated FBGs 
embedded. The Ni coating layer presents some melted material in a small top section, due to 
the high temperatures reached during the embedding process. However, the rest of the fibre 
coating presents a very good bond to the antifriction material. For Cu embedded fibre, the cross-
section presents some diffusion material, due to the fast thermal transfer of Cu, and more 
inhomogeneity geometry of the fibre. The inhomogeneity comes from Cu coating electroplating 
process, in which a higher roughness, than for NI coating, is generated. 
In both cases, despite these minor details, a high embedding quality with a good bond, has been 
achieved. 

 
Figure 4.17: Cross-section of embedded FBG sensors after thermal and mechanical characterization. (a): Ni re-coated 

FBGs. (b): Cu re-coated FBGs. 

In conclusion of the global laser cladding technique as embedding process study, the results 

obtained and the analysis carried out have shown the success of the laser cladding welding 

technology used, demonstrating its being successfully used for embedding FBG-based fibre optic 

sensors into metallic structures.  The work done has shown that it is possible to embed Cu and 

Ni re-coated fibre optics containing sensors over 300µm of diameter with low losses, of between 

  
a) b)
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0 and 1.5 dB and yet still enabling satisfactory strain and temperature measurement results.  In 

the research carried out, both Ni and Cu re-coated FBG-based embedded fibre optic sensors give 

a similar mechanical and thermal response to similar non-embedded sensors and give good 

cross-comparison with the response of the conventional gauge used for that purpose. 

 

4.3.2 Laser embedding using Ni-Cr alloy as embedded material   
The tin alloy used, in the previous section, as added material to embed the Ni and Cu re-coated 
optical fibres and FBG sensors, has a relatively low melting point (250oC), although during the 
laser embedding higher peak temperatures were achieved (700oC). In this section, the laser 
embedding process is studied to embed Ni re-coated optical fibres into a Cr-Ni alloy, in powder 
form (not-wire), which has a melting point higher than 1300oC.  
The laser technique used here is based on Additive Manufacturing (AM) by Laser. Figure 4.18 
shows the laser cell set-up used. This technique is similar to the cladding process explained in 
the previous section, but in this case the laser head used is a little different and the laser AM 
process is close-loop controlled in real-time, using a technology developed by AIMEN named 
CLAMIR [110]. This technology is based on image monitoring in real-time linked to artificial 
intelligence algorithms.  The monitoring system measures and maintains the melt pool geometry 
through a closed-loop control of the laser power using a 1000 image per second MWIR camera.  
 

 
Figure 4.18: Laser Additive Manufacturing embedding set-up. 

For this study, only Ni re-coated optical fibres were used, because of the material compatibility 
with the powder material alloy added and its higher melting point (>1400oC) compared to 
copper (1000oC). The diameter of the Ni re-coated optical fibres used here was around 900µm, 
which means 20µm of Cu (commercial coated optical fibre) and around 370 µm of Ni layer. 
Stainless steel was used as the base material of the specimen substrate used to deposit the Cr-
Ni alloy. A layer of Cr-Ni alloy was deposited over the stainless steel using Laser AM, generating 
a groove (1x1mm) to match the diameter of the Ni re-coated fibre. Then, the Ni re-coated optical 
fibres were located on the groove and the Cr-Ni alloy was added by Laser AM on either sides of 
the groove. Finally, a third recharge line was added on the top of the Ni re-coated fibre to 
complete the embedding process. The embedding strategy used and shown in Figure 4.19, was 
the one that gave the best results as discussed in previous sections: Figure 4.19.a shows the Ni 
re-coated fibre located in the AM made groove, Figure 4.19.b shows the Ni re-coated fibre 
partially embedded and Figure 4.19.c shows the Ni re-coated fibre totally embedded in the Cr-
Ni alloy. 
 



Metal coating and embedding fibre optical sensors for industrial applications. 
Chapter 4: Sensor embedding process and characterization. 

 

79 
 

 
Figure 4.19: Methodology for embedding Ni re-coated optical fibre by Laser AM process into a Cr-Ni alloy. (a): Ni re-
coated fibre located in the AM made groove. (b): Ni re-coated fibre partially embedded. (c): Ni re-coated fibre totally 

embedded. 

Two of the three tested fibres were able to transmit the red laser light launched from one end 
of the fibre, confirming that the Ni re-coated optical fibre withstands the AM laser embedding 
process. Nevertheless, the cross-section of all optical fibres embedded show a hole between the 
base material and the embedded Ni coated optical fibre, as shown in Figure 4.20.a. This is 
because the groove made to match the Ni coated fibre was larger than the fibre diameter and 
the molten material (Cr-Ni alloy) during the laser deposition was not sufficient to cover these 
grooves. This could be a problem when measuring strain with these embedded fibres, because 
they are not fully bonded to the metallic structure. There may therefore be a lack of structural 
information from the sensor signal. However, the Ni re-coated optical fibre part which is well 
embedded with the Cr-Ni alloy, top part, is very well bonded and no pores or other defects were 
detected.  
In addition, it was observed that the Cu layer (between silica and Ni layer) has melted during the 
laser embedding process and it was mixed with the Ni coating material. Therefor it is expected 
in Figure 4.20.b that a reddish ring (Cu layer) should be visible, around the fibre (black circle). 
But this layer is not visible in this, nor in the cross-sections of the other embedded fibres. Instead 
it is shown in Figure 4.20.c, the picture of the embedded fibre after acid attack, which reveals 
the embedded optical fibre borders.  
The melted material mix could be good, because some scientific publications say that if a bimetal 
material is subjected to thermal fatigue at high temperatures, pores are generated at the 
frontier between the two materials [49]. Then, if the Cu and Ni are mixed due to the high 
temperatures reached during the AM laser process, these pores should not appear.  
 

 
Figure 4.20: Cross-section detail for some of the Ni re-coated optical fibres embedded into Cr-Ni alloy by AM laser 

process. (a): Cross-section detail for a Ni re-coated optical fibre embedded into Cr-alloy structure. (b): detail of the Ni 
coating layer after being embedded. (c): Cross-section of a Ni re-coated optical fibre embedded into Cr-alloy 

structure, acid attacked to reveal the material composition and structure. 

a) b) c)
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This work in still on-going and more work needs to be done to optimize the embedding process. 
It involves adjusting the groove size to the dimensions of the metal re-coated optical fibre 
dimensions, preparing new Ni re-coated optical fibres with different thicknesses to optimize the 
laser AM process and embedding metallic coated FBG sensors to study its response after being 
embedded.  
Despite all the work that remains to be done, this small feasibility study proves that it is possible 
to embed re-coated optical fibres in high melting point materials using the laser embedding 
process. 
 
 

4.4 Embedding process by TIG welding 
It is clear that more cost-effective and simpler embedded techniques, better suited to use 
eventually in a production environment are required. In this last section of the chapter on 
embedding fibre optic sensors in metals, two processes based on Tungsten Inert Gas (TIG) 
welding are studied: manual TIG and automatic TIG welding processes.  

TIG welding is an electric arc welding process, involving the use of a shielding gas and a non-
consumable tungsten electrode. The arc is established between electrode and the piece to be 
welded, and filler metal can be added independently. Two different TIG welding variants were 
studied in this work to evaluate which is the most effective, these automatic and manual 
welding. Automatic and manual TIG welding set-ups used in this study are shown respectively in 
Figure 4.21.a and Figure 4.21.b. 
In the case of the automatic TIG welding process, the parameters involved in the process were 
selected prior to the use of the welding process. By contrast, in the TIG manual process, it is only 
the current which is a priori defined, with all the other parameters for the welding conditions 
usually depending on the skills and experience of the technician undertaking the weld. 
Repeatable and high accuracy automatic TIG welding techniques are available, as is the less 
repeatable, yet highly-adaptable and portable manual TIG welding technique.  Both techniques 
are low-cost in comparison to the other techniques used for FOS embedding and have the 
advantage of being familiar, being used in many industries in the metal-mechanic sectors, this 
being especially true of the widely-used manual TIG approach.   
 

 
Figure 4.21: (a): Automatic TIG welding set-up. (b): Manual TIG welding set-up. 

A tin-alloy wire of 2.4mm of diameter was used as welding filler material which is the same 
antifriction material discussed in the previous sections of this chapter. The samples on which 
the embedding tests were carried out were based on stainless steel with a thin tin-alloy layer as 
that previously used.  
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As in the studies explained above, in a first step, metal re-coated optical fibres of different 
thicknesses were produced and embedding tests were carried out, using the two TIG welding 
techniques, to optimise the process. Then, specific specimens and re-coated FBG sensors were 
manufactured, embedded, and thermal and mechanical tests were performed for fulling 
characterisation. 

 

4.4.1 Embedding process by manual TIG welding 
For the manual TIG welding, specific Ni and Cu re-coated optical fibres with a diameter between 
165μm to 1200μm were manufactured (using the procedure developed and explained in 
Chapter 3) and tested using the manual TIG welding process. First, the manual TIG welding 
current was optimized for embedding the optical fibres by varying the current between 50A and 
80A. It was observed that currents over 60A damaged the re-coated optical fibre and fibres with 
coatings under 500μm (diameter of the coated fibre) could barely withstand the welding. Also, 
currents below 50A would results in poor welding quality. Therefore, coatings near 500μm and 
currents of 60A were chosen as the best parameters to embed the optical fibres. It should be 
noted that the training acquired by the worker essential for successful embedding. For example, 
it was important not to apply the arc directly on the coated fibre, but offset to one side. Cu re-
coated fibres were also far more fragile than Ni re-coated, due to the lower melting point of Cu 
compared to Ni, and its high thermal transmission coefficient, which causes a rapid heat transfer 
to the fibre, which may damage it. Figure 4.22.a shows the Cu and Ni re-coated optical fibres 
located and fixed on the steel-base before being embedded. Figure 4.22.b shows the final 
sample appearance after embedding trials. Optical fibre lengths are around 5 cm were 
embedded. Upon inspection the weld seams looked good, continuous and without pores.  

 
Figure 4.22: (a) Ni and Cu re-coated optical fibres on the tin-alloy steel substrate before being embedded. (b): Ni and 

Cu re-coated optical fibres after being embedded by manual TIG process. 

 
Table 4.5 shows the results for Ni and Cu re-coated optical fibres embedded using manual TIG 
welding. Ni and Cu re-coated optical fibres with a diameter between 500-800µm were tested. 
In general Ni coating fibers were well embedded in the antifriction material and show less re-
coating material fusion or pores than Cu coating. Also, some of the embedded Ni re-coated 
optical fibres show material fusion, mixing of Ni and tin alloy, which appears when the tin-alloy 
wire was too close to the coating fiber and the arc damages the coating of the fiber. This means 
that this process depends heavily on the experience of the person who performs the welding. In 
addition, copper embedded fibres show losses around 3dB, while Ni losses for the embedded 
fibres were around 2dB, which means Ni fibres are more resistant to the embedding process.  
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Table 4.5: Ni and Cu optical fibres embedded by manual TIG welding and their cross-section details. 

 
Similar to the laser cladding embedding study, embedding tests on samples including grooves 
were performed on Ni re-coated optical fibres, because of their superior thermal resistance and 
bond with the antifriction material. The sample tested had a base material of steel and 5mm of 
antifriction material, with several grooves of different sizes as shown in Figure 4.23.a. It is 
designed to study the best for embedding the re-coated optical fibres in terms of protection and 
adhesion to the antifriction material. Grooves with a V shape of 3.5x2mm (depth x width) and 
3.5x1.5mm and, grooves with a U shape of 3.5x2mm and 1.5x1.5mm, were machined. The 
sample length was around 350mm and the re-coated optical fibres tested had a total diameter 
around 600-700µm of Ni. The TIG process current applied was between 40-50A, because it was 
the coating with which the best results were achieved in the previous tests. 
All the Ni re-coated optical fibres were successfully embedded, the fresulting optical losses of 
the embedded fibres were around 0.1-0.3 dB and the minor losses were obtained for the Ni_002 
fibre, which was embedded in the 3.5x2mm groove using only one weld seam. After embedding 
the re-coated FBGs, the weld seams were machined to even out the sample surface and study if 
any pore or defect appears in the embedded optical fibres sections. Figure 4.23.b shows the 
appearance of the sample after the TIG welding process and Figure 4.23.c shows a section 
sample after having been machined, which shows a very good appearance without any 
important defect on the surface of the embedded fibre optic regions. 
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Figure 4.23: (a): design of the machined grooves for the embedding tests.  (b): picture of the sample during the 

embedding trials. (c): Sample with the optical fibres embedded after being machined to equalise the surface of the 
sample. 

Figure 4.24 shows the cross-section of each of the embedded Ni re-coated optical fibres on the 
grooves. The observed best bonds were obtained from Ni_002 (Figure 4.24.c) and Ni_003 (Figure 
4.24.d) references, which were embedded on the 3.5x2mm and 1.5x1.5mm U shaped groove. 
The V shapes grooves, Figure 4.24.a and Figure 4.24.b, presents some gaps between the 
embedded fibre and the antifriction material. Furthermore, no melted coating material 
problems were observed in these tests, from which it can be concluded that the groove 
thermally protects the fibre during the manual TIG welding process. 
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Figure 4.24: Cross-section of the re-coated optical fibres embedded in the groove sample. (a): Ni_004, (b): Ni_001. 

(c): Ni_002. (d): Ni_003. 

Considering the optimization phase of the completed embedding process, Cu and Ni re-coated 
FBG sensors were manufactured and embedded using manual TIG welding. The specimens used 
to embed the FBG sensos were the same as those in the Laser Cladding embedding 
characterization.  
One of the re-coated FBG sensors was coated with Ni up to a 526µm of diameter (20µm of Cu 
and 180µm of Ni thickness) and the other with Cu with a total diameter of 738µm (306µm of Cu 
thickness). This difference in thickness between the sensors is due to the fact that copper is a 
material with a higher thermal conduction coefficient than Ni and therefore, during the manual 
TIG process it was necessary to protect the fibre with a greater thickness, since part of this 
coating melts during the embedding process. Figure 4.25.a shows the appearance of the Ni re-
coated FBG sensors embedded in the specimens using manual TIG welding process and Figure 
4.25.b shows the Cu re-coated embedded FBG sensor. The manual TIG process is much more 
hostile towards the sensors than any other automatic process, since, being a slower process, the 
temperatures reached are much higher. This is the reason why, in the cross section (Figure 4.25.c 
and Figure 4.25.d), it can be seen that the Ni and Cu layer of the embedded sensors has been 
damaged by melting after embedding, although the Cu coating layer exhibits a larger amount of 
melted material. 
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Figure 4.25: (a): Appearance of the Ni coated sensor after manual TIG welding embedding process. (b): Appearance 

of the Cu coated sensor after manual TIG welding embedding process. (c): Ni re-coated FBG sensor cross-section 
after embedding. (d): Cu re-coated FBG sensor cross-section after embedding. 

The method used to initially evaluate the quality of the process of embedding of the FBG sensors 
was to analyse and compare the spectrum of the sensors before and after having been 
embedded. In Figure 4.25, the Bragg peak spectrum for the coated FBG sensors before and after 
being embedded by manual TIG welding process are shown. The wavelength peak variation for 
the Ni re-coated FBG sensor, after being embedded (Figure 4.26.a), is lower than that observed 
in the Cu re-coated FBG sensor (Figure 4.26.b). Also, the peak shape for the Cu re-coated FBG 
sensor, after the embedding process, was broader, which means that it has been deformed as 
it was subjected to a non-uniform strain, which is in accordance with the cross-section melting 
material appearance. In addition, in both cases, the signal amplitude of the FBGs changed, 
confirming that these sensors were thermally and mechanically affected. It is also possible to 
conclude that the Cu re-coated FBG sensor, embedded by using manual TIG welding, has a poor 
adhesion to the base-substrate and the added material or the coating layer.   
 

 
Figure 4.26: FBG sensors spectrum before and after being embedded. (a): Ni re-coated FBG sensor. (b) Cu re-coated 

FBG sensor. 

The above was followed by laser embedding study, thermal heating and tensile tests. For the 
thermal characterization, these FBG sensors were subjected to three repetitions of a 
temperature up between 50-200oC in steps of 30oC. Regarding the tensile tests, they were 
subjected to a load between 0-30kN in steps of 5kN, where an additional strain gauge (Yokogawa 
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KFGS-5-120-C1-11 L1M2R) was attached to the specimen, allowing calibration of the response 
of the FBG sensors into strain. 
Figure 4.27.a and Figure 4.27.c show the thermal response of Ni coated embedded FBGs and Cu 
coated embedded FBGs, respectively. Both embedded FBGs show a repeatable and stable 
thermal response. The Cu embedded FBGs exhibits a higher wavelength variation than that of 
the Ni embedded FBGs because of the greater coating layer thickness and the higher thermal 
coefficient of the copper material.  
Figure 4.27.b and Figure 4.27.d show the linear fit of the embedded Ni and Cu FBG sensors 
thermal response, respectively.  Even in the case of the Cu FBG sensor, which had a slightly 
deformed spectrum, because of the Cu melted material around the embedded fibre, the thermal 
response is linear. In the case of the Cu re-coated FBG sensor, the sensitivity is slightly higher 
(0.028nm/oC) than that of the Ni re-coated FBG sensor (0.025nm/oC), as expected.  
 

 
Figure 4.27: (a): Ni FBG sensor embedded, thermal response. (b): Linear fit for the Ni FBG sensor embedded thermal 
sensitivity. (c): Cu FBG sensor embedded, thermal response. (d): Linear fit for the Cu FBG sensor embedded thermal 

sensitivity. 

 
Finally, tensile tests, from 0-30kN in steps of 5kN, performed in order to made to characterize 
the mechanical response of the embedded FBG sensors. Strain gauges (Yokogawa KFGS-5-120-
C1-11 L1M2R) were also glued on the specimen surface, next to the FBG embedded sensors, to 
compare both responses. Figure 4.28 shows the response of the Ni (Figure 4.28.a) and Cu (Figure 
4.28.b) re-coated FBG sensors embedded using manual TIG, subjected to tensile tests. In the 
case of the Cu re-coated and embedded FBG sensor shows a high noise rate and the wavelength 
variation for the loads applied is half of that for the Ni re-coated and embedded FBG sensor. This 
is because of the peak deformation of this sensor and poor quality of embedding resulting from 
the manual TIG welding process. However, the Ni re-coated embedded FBG sensor shows a 
stable and repeatable response except for the first load. Even, the wavelength at 0 after the first 
tensile test up to 30kN is different from the initial, due to the release of residual stresses in the 
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embedding material and the sensor, generated in the process manual TIG welding process. In 
the tests performed, it can also be seen that there is slippage of the specimen in the tensile test 
machine, since the strain gauge also shows a settling effect.  

 
Figure 4.28: (a) Load response of the Ni re-coated FBG sensor embedded by manual TIG welding process. (b) Load 

response of the Cu re-coated FBG sensor embedded by manual TIG welding process 

Other than that, the response of the embedded Ni re-coated FBG sensor is linear with load and 
strain for up and down tests, as can be seen in Figure 4.29, where the calibration of the Ni (Figure 
4.29.a) and Cu (Figure 4.29.b) embedded FBG sensors, compared to that from a conventional 
strain gauges, have been performed. The sensitivities obtained from each embedded FBG sensor 
is detailed in  Table 4.6. The Ni embedded FBG sensor shows a 0.0010 nm/µƐ, which is in good 
agreement with the original FBG sensitivities i.e. those obtained before coating and embedding.  
In the case of the Cu re-coated FBG embedded by using the manual TIG method, the sensitivity 
is resulting low at 0.0003nm/µƐ, because of some damage generated during the embedding 
process. 
 

 
Figure 4.29: Results of the calibration after the tensile tests on embedded FBGs for manual TIG. (a): Ni re-coated 

FBG. (b): Cu re-coated FBG. Up 1, 2 and 3 are for the cases where the strain is rising while Down 1, 2 and 3 are for 
the cases where the strain is falling. 

 
Table 4.6: Linear fit parameters from the tensile test of the Ni and Cu re-coated FBG sensor TIG embedded by 

manual TIG welding process. 

The manual TIG welding process for embedding re-coated FBG sensors is therefore a difficult 
process to optimise because the success of the process depends largely on the operator's 
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judgement, experience and skill. In addition, it is a relatively slow process which results in the 
fibres being exposed to high temperatures for relatively long periods of time, and this affects 
the embedding result, and therefore, better results were obtained for the Ni coated sensors, 
because this material resists the high temperature better than the Cu. Furthermore, the 
embedding strategy using a groove (1x1mm) seems to reduce thermal damage to the fibre 
during the embedding process. 

 

4.4.2 Embedding process using automatic TIG welding 
This section describes the results of a new FBG sensors embedding technique, Automatic TIG 
welding. For this purpose, metal-coated optical fibres with different thicknesses have been 
embedded and the losses generated during the process have been measured to determine the 
minimum thickness that can be successfully embedded. Following this, the temperature and 
strain response of these embedded FBG sensors was calibrated, as in the case of the previous 
embedding techniques. 

In this case, the TIG welding embedding process was carried out automatically using the Fronius 
Multi-Welding (FMW) system production cell, which is equipped with the Magic Wave 5000 
welding machine. For the embedding of re-coated fibres, the same antifriction (tin-alloy based) 
metal wire was used as a filler material. The wire diameter was 1.6 mm, a lanthanum electrode 
(EWLa-1 according to American Welding Society (AWS)) with a diameter of 1.6 mm, argon as 
shielding gas and pulsed direct current with electrode to the negative were used to carry out 
the tests. Adjustment tests were performed to determine the optimal parameters, which were: 
current intensity (35-40A), displacement speed 0.4 m/min, wire feed speed 1.5 m/min and torch 
position relative to the optical fibre (1.5-2mm) as shown in Figure 4.30. 

  
Figure 4.30: Detail of the relative position of the torch to the fibre. 

Similar to the previous embedding studies, preliminary tests were carried out on Ni and Cu re-
coated fibres with different thicknesses, to check the applicability of the automatic TIG for 
embedding in the antifriction material and to parameterise the process. After preliminary tests, 
it was found that it was feasible to embed both nickel and copper re-coated optical fibres using 
automatic TIG. Therefore, adjustment was made to optimise the embedding parameters and 
determine the minimum coating thickness necessary to avoid fibre breakage during the 
embedding process, from which it was found that it is possible to successfully embed fibres with 
Ni coatings ≥240µm and Cu coatings ≥280µm, which are smaller thicknesses than in previous 
embedding techniques. The embedding strategy used in these tests was the same as that used 
in the previous embedding techniques. Furthermore, embedding tests on samples with and 
without grooves on the antifriction coating layer were performed.   

Figure 4.31.a shows the appearance of the antifriction steel-based sample after the re-coated 
optical fibres embedding trials. Figure 4.31.b shows a Ni re-coated optical fibre embedded in a 
sample with a groove.  
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Figure 4.31: (a): appearance of the antifriction steel-based sample after embedding trials. (b): detail for one of the Ni 

re-coated optical fibres embedded by automatic TIG in a sample with a groove. 

 
Table 4.7 presents the results obtained from some of the Ni and Cu re-coated optical fibres 

embedded by automatic TIG welding process in samples with and without grooves. Cu re-coated 

optical fibres present a large amount of Cu molten material, as well as large pores around the 

embedded optical fibres. While, for almost all, Ni coating fibres result in better bonding and 

lower thermal damage. The same TIG welding parameters were applicable for embedding the 

re-coated optical fibres in samples with groove or without, the only difference was in the torch 

programming, which could be closer to the fibre and thus ensure embedding in fewer passes. 

The measured losses were small for both types of coating materials which is a great advantage 

of using the automatic TIG welding method compared with the manual counterpart.  

The best results were obtained for 2mm of distance from the torch of the TIG to the fibre for Cu 
and 1.5mm for the Ni re-coated fibres.  
 

 

Table 4.7: Cross-section detail of Ni and Cu optical fibres embedded by automatic TIG welding. 

Coating

Distance 

between torch 

and fibre (mm)

Fibre 

diameter 

(µm)

Losses (dB) Cross-section Coating

Distance 

between 

torch and 

Fibre 

diameter 

(µm)

Losses (dB) Cross-section

Ni

Cu 2.00

2.00

2 Cu

Ni 337

Ni 305

2.00

1.50 0.23

Cu 2.00 279 -

-

Ni 2.00 236

550 44

408Cu

381

29

0.17

1.50 --

-435
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After these tests, the next step was to embed two FBG sensors in tensile specimens and then 
calibrate them thermally and mechanically. One of the embedded sensors was re-coated with 
Ni, shown in Figure 4.32.a, and the other with Cu, shown in Figure 4.32.b. The total thickness of 
the Ni re-coated FBG sensor was of 464µm diameter and in the case of the Cu re-coated FBG 
sensor, it was 592µm. The embedding was carried out without a groove, positioning the fibre on 
the surface of the specimen, which had been coated with a layer of anti-friction material (1-
2mm) of a around 30mm.  
 

 
Figure 4.32: FBG sensors embedded by automatic TIG welding process. a): Ni re-coated FBG sensor, b): Cu re-coated 

FBG sensor. 

As a first step, in order to determine the quality of the FBGs embedding and bond, it was possible 
to compare the spectrum obtained before and after being embedded. Figure 4.33.a shows the 
Ni re-coated FBG sensor spectrum before and after being embedded. A blue wavelength shift of 
2nm was observed and this is due to the contraction of the FBGs after being embedded. Also, a 
slightly increased power loss intensity was observed. For the embedded Cu re-coated FBG 
sensor the power is similar before and after being embedded, a blue wavelength shift of 2nm 
resulted, as shown in Figure 4.33.b. In this case, the embedded FBGs show no distortion in their 
spectra shape after being embedded, which means that the automatic TIG welding process 
makes a homogeneous embedding process along the fibre. On conclusion, from the spectrum 
analysis it is possible to say that both re-coated FBGs were well embedded in the sample.  

 
Figure 4.33: FBG sensors spectrum before and after being embedded. (a): Ni re-coated FBG sensor. (b): Cu re-coated 

FBG sensor. 

To demonstrate empirically the conclusions drawn from the analysis of FBG spectra. Cross-
section cuts and micro analysis were made. Figure 4.34.a and Figure 4.34.b show the Ni and Cu 
embedded cross-sections. These results show good agreement with the spectral analysis, and 
hence show a high quality bond to the antifriction material with no melted material or pores 
being observed.  
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Figure 4.34: Cross-section of the re-coated FBG sensors embedded by automatic TIG welding process. (a): Ni re-

coated FBG sensor. (b): Cu re-coated FBG sensor. 

 
Before cutting the specimens, thermal and tensile tests were carried out. First, a temperature 
calibration of the embedded FBG sensors was made by placing the specimens in an oven and 
applying step temperature variations from 50oC to 200oC in steps of 25oC. Figure 4.35.a and 
Figure 4.35.c show the response of each embedded FBG sensor and, Figure 4.35.b and Figure 
4.35.d show their respective linear fitting to obtain their corresponding thermal sensitivity. The 
response of the embedded FBG sensors is stable and repeatable for each thermal tests 
conducted. The sensitivity is very close for both embedded FBGs. For the Ni re-coated FBGs the 
value is 0.029nm/oC and for the Cu re-coated FBGs it is 0.027nm/oC. In this case, the Cu FBG 
sensor shows a lower thermal sensitivity than that of the Ni, which is unexpected as the Cu layer 
was thicker than the Ni. However, this could be caused by the amount of antifriction material, 
which is in greater volume are used the Ni FBG sensor than on the Cu embedded FBG sensor. 
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Figure 4.35: (a): Ni FBG sensor embedded, thermal response. (b): Linear fit for the Ni FBG sensor embedded thermal 
sensitivity. (c): Cu FBG sensor embedded, thermal response. (d): Linear fit for the Cu FBG sensor embedded thermal 

sensitivity. 

The strain calibration of the embedded FBG sensors was carried out by performing tensile tests 
on the specimens, applying loads between 0-30kN in steps of 5kN. In this way, the specimen is 
deformed and the FBG sensor provides a response to this deformation. Strain gauges 
(Yokogawa, KFGS-5-120-C1-11 L1M2R) were also mounted on the specimens to compare the 
responses from both sensors during the strain tests. Figure 4.36.a and Figure 4.36.b show the 
response of the Ni and Cu embedded FBGs, respectively, for the tensile tests, compared with 
the glued gauges. The response of the embedded FBGs is equal to the strain gauges, in trend, 
but not in absolute values. In both cases, it was observed that for the first ramp-up, the 
sensitivity is different from the following ones, where the sensitivity is more repetitive and the 
response of the FBG sensor is faster and more stable. This is due to the residual stresses that are 
produced during the embedding process and that are eliminated in the first ramp up.  
 

 

a) b) 

c) d) 
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Figure 4.36: Left: Ni embedded FBGs response for the tensile test. Right: Cu embedded FBGs response for the tensile 

test. 

Figure 4.37.a and Figure 4.37.b show the linear fitting between the wavelength shift of Ni/Cu 
embedded FBG and the strain gauge response for calculation of the strain sensitivity of each 
embedded FBG sensor. The sensitivity of the Ni embedded FBG sensor is around 0.0012nm/µƐ, 
while for the Cu embedded FBG sensor 0.001nm/µƐ, with more details shown in Table 4.8. The 
sensitivities obtained for each FBG is slightly different for Ni and Cu FBGs. This may be due to 
the mechanical behaviour of each material or because of a small misalignment of the strain 
gauges. 
 

 
Figure 4.37: Linear fitting of the calibration after the tensile tests on embedded FBGs using automatic TIG. (a): Ni re-
coated FBG. (b): Cu re-coated FBG. Up 1, 2 and 3 are for the cases where the strain is increasing while Down 1, 2 and 

3 are for the cases where the strain is decreasing. 

 
Table 4.8: Linear fitting parameters from the tensile test of the Ni and Cu re-coated FBG sensor embedded by 

automatic TIG welding process. 

After the trials and analyses carried out for automatic TIG welding, it can be concluded that this 
automatic process can be performed faster and therefore the fibre is potentially subject to less 
thermal damage. Also, it is a relative low-cost process and with greater access in the industrial 
sector to implement it. But above all, it has been found that the embedded FBG sensors have a 
high quality response to thermal and mechanical variations, showing their 
measurement/monitoring potential.  
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4.5 Summary 
In this chapter, a number of techniques for embedding metallic coated optical fibres into 
metallic structures were studied. Ni and Cu re-coated optical fibres and FBG sensors were 
embedded into metallic materials, such as Cu, Sn alloy and Inconel (Ni-Cr alloy). Different 
techniques, such as electroplating, casting, Laser Cladding, Laser Additive Manufacturing and, 
manual and automatic TIG welding were studied to embed the re-coated optical fibres. 

In general, for all techniques studied, the objective of embedding the fibres in the metallic 
material was achieved. However, each of them has advantages and limitations that must be 
taken into account depending on the final application.      

The electroplating deposition process is relatively easy, cheap and simple to embed the re-
coated FOS but, it presents many limitations regarding the thickness of the final embedding layer 
and the robustness of the bond. This method is recommended for applications with simple 
geometry, small size components and for FOS surface embedding.  

Casting was successful in embedding sensors with a good bond, but this process requires the 
embedding material to be molten and its careful handling, so it would only be possible in cases 
where the metal does not have a melting point above 800oC, in order not to damage the optical 
fibre. Another constraint is the pre-preparation of the specimen prior to the use of this 
technique which is not possible in all applications.  

Both laser cladding and laser AM techniques have successfully been used to embed FOS and 
FBG-based fiber optic sensors into metallic structures with a low or high melting point. The work 
done has shown that it is possible to embed Cu and Ni coated FOS with overall diameters greater 
than 300µm with low losses, and yet still enabling satisfactory strain and temperature 
measurement results.  In the research carried out, both Ni and Cu coated FBG-based fibre optic 
sensors were embedded successfully and shown to give a similar mechanical and thermal 
response to those non-embedded sensors and give good cross-comparison with the response of 
the conventional gauge sensor used for that purpose. 

The potential of both manual and automatic TIG welding, as effective production techniques for 
the metal-embedding of FOS, has been successfully demonstrated for both nickel-and copper-
coated FBGs. With both techniques and the coating materials considered, the sensitivity of the 
embedded FBGs is linear with temperature and strain and the sensors and fibre withstand the 
coating process. The Ni re-coated FBG sensor, embedded using the automatic TIG process, 
shows the best performance since the spectrum appearance before and after embedding 
remains unchanged and the original sensitivity remains constant with strain and temperature 
and the cross-section metallography undertaken shows no damage to the coating. Cu re-coated 
FBG sensors show more damage in the metallography results reported, especially in the case of 
the use of the manual TIG technique. The cross-section metallography results, in the latter case 
have shown how the coating is severely damaged with the use of this technique. This effect is 
also observed in the spectral analysis of this sensor after it has been embedded.  This damage 
translates to a poorer performance of the sensor, as temperature and strain sensitivities are 
altered when compared with the original sensitivities of the coated sensors before embedding. 
It can therefore be concluded that Ni re-coated FBGs withstand the process better than Cu re-
coated FBGs.  Overall, although both techniques have been successful, the manual TIG process 
is more hostile to the sensor than the automatic TIG approach, there being a trade-off between 
the cost of the technique (lower for manual TIG welding) and the performance of the sensors 
(better for automatic TIG welding).  Thus, with TIG welding being a widely available technique, 
inexpensive when compared to other high-power laser-based FOS metal embedding techniques, 
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the results presented are important in choosing the best methods to use to ensure the 
widespread of the use of embedded FOS in metals for a diverse range of sensing applications. 

The results are therefore encouraging for the use of sensors of this type being incorporated to 
create metallic smart structures given the similarity of the performance of the sensors to those 
used in the conventional way (i.e. not metal embedded) and through the significant 
improvement to the durability of the sensors seen through the use of this technique.  FBGs can 
be written into fibres which sustain high temperatures so there is considerable potential for 
further increasing the operational temperature with the use of suitable materials.  
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     Chapter 5. Experimental validation of FOSs embedded into 
metallic components 

In this chapter, the metallic coated and embedded FOSs (Fibre Optic Sensor), developed in the 
previous chapters, were validated by monitoring the antifriction material of bearings on ships. 
This work has been developed under the framework of the NEXT-BEARINGS project, which aims 
to develop a monitoring system, based on FOS, for monitoring the bearing operation and 
antifriction material degradation, to prevent maintenance actions and, alarm and prevent if 
unexpected events are detected.  
 
The validation was carried out using two different test-benches adapted to meet different 
technical aims. On one hand, the response of the embedded FOS front to the antifriction 
material degradation (e.g. defects, cracks, flakes, erosion, etc) was analysed, and a mechanical 
fatigue machine was especially designed and developed to test steel specimens with 3-20mm 
coating thickness of antifriction material coating, simulating an antifriction bearing section. It is 
also able to generate accelerated deterioration in the antifriction material which is monitored 
by the embedded FOS with data being analysed for material characterisation. In this case, only 
FBGs were embedded in the antifriction material coating layer of the specimen. On the other 
hand, to validate the embedded FOS response to the bearing condition monitoring, a test-bench 
to test antifriction bearing in a real vessel was used. In this case, FBGs and Rayleigh distributed 
FOS were embedded in the antifriction material coating layer of the steel bearing.  
 
In this chapter, each validation made using each specific test-bench, is presented, and analysed 
in detail. 
 

5.1 Introduction 
An antifriction bearing is a component consisting of one or two concentric rings, on which the 
shaft of a machine is supported and rotates. Its function is to support rotating components, such 
as shafts or half shafts that are part of mechanical systems, in their correct position and transfer 
axial and radial loads to the supporting structure. Their role is to reduce wear between the shaft 
and other parts with a low coefficient of frictional wear that support high loads and can reach 
high speeds by sliding, separated from a lubricant film, without the aid of balls or bearings. They 
are used extensively in blowers, electric motors, compression ignition engines, turbines, steam 
engines, etc. The work presented here was carried out for monitoring antifriction bearings from 
the naval sector, but the developments could be further expanded to other sectors with similar 
issues and/or components. Figure 5.1.a shows the bearing housing and Figure 5.2.b shows the 
specific antifriction bearings on which, the work presented in this chapter, was developed. 
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Figure 5.1: Typical hydrodynamic bearing for marine sector. (a) Bearing housing and (b) detail of the antifriction 

bearing located in the inner part of the bearing housing [3]. 

Figure 5.2 shows the bearing house (a) and antifriction bearing shells (b) and (c) on a ship shaft 
(d) and (e).  
As shown in the Figure 5.2, an antifriction bearing usually consists of a metal base material (e.g. 
crude steel, steel or bronze) coated with an antifriction material layer, with around 3-20mm of 
thickness, of a white material alloy (e.g. Sn, Pb). The antifriction material could be deposited on 
the base-material bearing by different techniques, such as centrifugal casting, welding, thermal 
spraying or casting by gravity; depending on the bearing size and material (base-antifriction) 
composition.   
 

 
Figure 5.2:  a) Bearing housing, b) and c) bearing shell, d) bearing on the shaft, e) antifriction bearing appearance on 

the shaft [3]. 

 
These bearing components, normally, have a limited life because they work under harsh 
operation conditions (loads, temperatures, lubricant, friction, etc.). The main factors which 
affect the lifetime of an antifriction bearing are as follows [108], [109]: 

1. The operation conditions: loads, speed and temperature. 
2. The quality of the bearing lubrication: oil quality, oil quantity and, specially, 

uncontaminated oil. 
3. Assurance of a good bearing installation: no misalignments, distortions or damages.  
4. No manufacturing defects.  

 
The most typical defects that appear in the antifriction bearings during their normal operations 
are shown in Figure 5.3: wear, pitting, erosion, cracks and flakes. These defects could cause the 
bearing failure and consequently the entire machine or element failure (in motor, turbine, ship, 
etc.).  
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Figure 5.3: Some of the typical antifriction bearings defects due to particles: (a) inlay steel parts due to 

contamination of oil, (b) flakes due to wear and (c) tear [110]. 

Moreover, antifriction bearings components are usually installed in locations that are either 
remote or difficult to access, making their in-situ inspection and maintenance difficult or 
impossible. However, failures in bearings can result in irreversible damage, continuous 
operation with an undetected bearing failure may cause excessive heating, possibly damaging 
the shaft and bearing housing.  
The conventional approach for antifriction bearings diagnosis is based on visual inspection, 
ultrasound and penetrating fluids inspections during the maintenance shutdowns and bearings 
are usually required to be dismantled. The process is time-consuming and involves a high cost 
which is not recommended. Under normal maintenance checks, only the parts of the bearing 
that are visible are inspected, as well as the alignment of the bearing, with respect to the shaft 
and the bearing house. Hence, it is often not possible to fully know or analyse the condition of 
the antifriction material, to detect and repair defects and calculate its remained service life. New 
monitoring techniques, such as vibrations or acoustic emissions and lubricant analysis were 
studied and introduced for bearings diagnosis [111] including fibre optic sensors, for detection 
or prediction of failures in bearings [112]–[114]. The most relevant development based on FOS 
is the “SKF Load Sensing Bearings – for pumps and compressors” [109], [115] monitoring system, 
based on FBGs, to monitor vibration, load, speed and temperature to determine the condition 
monitoring of rolling bearings.  
In above mentioned studies, glued FBGs or commercial sensors are integrated in the bearing 
house or external part of the bearing to monitor their vibration and predict maintenance actions 
required. But no system is able to directly monitor the state of the antifriction material which 
usually deteriorates first and is the origin of the other failures.  
 
In this chapter, a monitoring system based on FOS was developed and embedded in the 
antifriction bearing material to monitor, in real-time, the antifriction material status and the 
bearing operation and, additionally to be able to predict maintenance actions required to 
prevent catastrophic failures. As a result a Digital-Twin can be created through the 
establishment of a behaviour model, which leads to the NEXT-BEARINGs project, which is 
beyond the scope of this thesis. Taking into account these two purposes, the validation was 
made by two different test-benches as described above.  

 
5.2 Validation of the FOS monitoring system for antifriction material degradation 

The service life of antifriction bearings is difficult to estimate using standard fatigue testing 
carried out on a specific test-bench able to simulate the bearing operation. In this type of test, 
the specimens are subjected to tensile-compression cycles. However, the dynamic stress 
exerted on an antifriction bearing is characterized by a pulsating compression stress on the 
sliding surface to simulate the rotating shaft effect during operation. This does not involve metal 
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contact, but the stress is transmitted through the lubricant film. Therefore, the antifriction 
bearing is mainly subjected to fatigue loads, which cause coating flakes, cracks, wear, etc. For 
this reason, it is necessary to design test benches where the operating conditions are simulated 
in order to be able to know the service behaviour of the bearing. For the antifriction material 
degradation study, an ad-hoc test-bench was designed. The design of the test-bench was not 
based on any reference standards, since it does not exist, rather it was based on the experience 
of the manufacturer of bearings involved in this work and in the conditions of real service.  

n the prototype test bench developed, the tests will be carried out under conditions as close as 
possible to those encountered in real operation. The small-scale specimen would be evaluated 
using a non-destructive testing (NDT) method to correlate recorded signals with the 
deterioration of the specimen. The test bench applies a high number of operating cycles on the 
specimen tested to simulate the antifriction coating behaviour e.g. forming flakes, cracks, wear 
and tear as shown in Figure 5.3, along with the output signals of the embedded FOS. The key 
components of the test-bench prototype are shown in Figure 5.4.a, which include a fatigue 
machine where the specimen was tested as shown in Figure 5.4.b; a hydraulic module was used 
to lubricate the specimen; a pressure pump to apply different levels of load on the specimen 
and a control cabinet to configure the operation parameters (e.g. rotational speed) and visualize 
the signals generated from commercial sensors (such as oil and motor temperature, pressure 
and rotational speed). 

The booth was filled with a specific lubricant oil, on which an antifriction coated test specimen 
was mounted. The test specimen simulates the sliding surface of the antifriction bearing 
(section). For each test, system-specific parameters were monitored to control working 
conditions (motor torque, engine temperature, pressure exerted on the specimen, lubricant 
temperature...) and measures derived from the test (deformation and temperature supported 
by the antifriction coating) to correlate them with the test effect on the specimen. 
A rotation shaft is located inside the booth of the bench, in which a support with 3 pins is 
mounted to simulate the shaft of a vessel. The 3 pins exert the pulsating load supported by the 
bearings, on the test specimen and, rotate emulating the rotating movement of the shaft. The 
vertical force (load on the test specimen) was generated using a toroidal-shaped hydraulic 
cylinder, activated by a manual pressure pump. The shaft on which the pins WERE mounted is 
operated by an electric servo motor which provides the rotational motion. Figure 5.5.a shows 
the location of the antifriction specimen and the hydraulic pins which were responsible for 
generating the pressure and friction to the specimen, through the lubricant oil. Figure 5.5.b 
shows an antifriction specimen, mounted on top of the booth bench. The specimen consists in 
a steel “donut” with the antifriction (tin alloy) material coating of a 5mm of thickness, in one of 
its surfaces. The antifriction material coating layer was applied using laser deposition by 
Wärtsilla (project partner). 
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Figure 5.4: (a) Components of the fatigue prototype test bench. (b): Detail of the fatigue machine structure. 

 

 
Figure 5.5: (a): Detail of the pistons inside the fatigue machine to apply the pressure on the specimen through the 

lubricant oil. (b): antifriction specimen where the FOS was embedded. 

 
The test-bench allows the application of accurately controlled pressures on the specimen 
surface, using the manual pump as well as the possibility of monitoring its value. Also, the test-
bench has some PT100 sensors to control the oil immersion booth temperature, oil output 
temperature and motor temperature. Furthermore, it is possible to select the rotating operation 
speed. The data from all these parameters was recorded to allow comparison with the FOS 
output.  

 
5.2.1 Sensorised antifriction specimens fatigue test 

The specimen tested and discussed in this section was instrumented with two Ni and two Cu 
coated FBG sensors using welding techniques as presented in Chapter 4.  

Figure 5.6 shows the procedure to embed the metallic coated FBGs in the antifriction material 
specimen. Figure 5.6.a shows the metallic coated fibre located in a groove (1x1mm) made on 
the specimen antifriction material coating layer. To prevent the misalignment of the fibre during 
the embedding process, it was fixed to the groove using tin spot welding. The coated fibre was 
welded using an automatic TIG technique, adding the same antifriction tin alloy material of the 
coating layer. Figure 5.6.b shows the four metallic coated fibres embedded in the four grooves. 
Three of them had embedded FBGs and the fourth a Ni coated fibre. Figure 5.6.c shows the 
surface of the specimen machined to obtain a homogenous and good quality surface for testing. 
During the embedding process a Cu coated FBG was broken and during the post-processing, a 
Ni coated FBG was also damaged. Finally, a Cu coated FBGs survived the entire process. This FBG 
was re-coated with Cu and it had 550µm of total diameter (212µm of Cu thickness). 
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On the surface of the specimen there are four holes not filled during the welding process to 
protect the outlet of the fibre. The holes are at the end of the groove, where the fibre is located 
and allows smooth passage of the fibre away from the specimen. 

 
Figure 5.6: Procedure to embed the metallic coated FBGs in the antifriction material specimens. Left: Detail of the 

metallic coated FBG located in the antifriction material groove and fixed by two tin weld spots points. Centre: 
Appearance of the specimen after having embedding the FBGs by automatic TIG welding. Right: Appearance of the 

specimen, with the embedded FBGs, after being machined to unify the specimen antifriction material surface. 

 
Figure 5.7 shows the sensorised specimen assembly procedure. Figure 5.7.a shows the specimen 
with the FBGs embedded. Figure 5.7.b shows the step where the sensorised specimen  
assembled in the fatigue test-machine top and the FOS connection exit. Figure 5.7.c shows the 
final appearance of the sensorised specimen assembled on the test-bench.  
 

 
Figure 5.7 (a): Specimen with the FBGs embedded. (b): Detail of the specimen assembly on the test-bench machine 

top. (c): the sensorised specimen assembled. 

 
The fatigue tests performed with this type of sensorised specimens include subjecting the 

specimen to mechanical fatigue tests using a combination of different pressures and different 

rotation speeds of the pins, causing friction against the antifriction specimen surface. The 

objective of these tests was to generate the antifriction coating layer degradation, to analyse 

the response of the embedded FBG sensor and to generate a database to be used to develop 

the prediction model, with which to estimate the state of the antifriction material and the 

process parameters. During each fatigue test carried out, the following data was recorded: FBGs 

response, lubrication oil temperature, motor temperature, pressure applied, pin rotation speed 

and motor torque. The FBGs response was then correlated with the other process parameters. 

The mechanical fatigue tests were carried out by applying rotational speed between 33-667 rpm 
and pressures between 5-74 bar, for a total of 31 mechanical tests of total duration 5500h and 
applying a total of 143 million cycles over the same sensorised specimen. Table 5.1 shows the 
parameters and the time duration of each test carried out.  
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Table 5.1: Summary of the mechanical tests carried out and the parameters applied in each one. 

 
Figure 5.8 shows the wavelength variation of the Cu embedded FBGs during the tests: test 1, 
test 14 and test 26. The sign response of the FBGs is in comparison with some of the parameters 
monitored and applied for each test (pressure, rotational speed and oil temperature). It was 
observed in all the tests that the embedded FBGs varies with changing oil temperature, 
rotational speed and applied pressure on the antifriction specimen. This is due to the cross-
sensitivity of the grating itself. The sinusoidal shape of the FBG sensor signal is due to the oil 
temperature changes during the test. It changes between 50-55oC. During all tests conducted, 
the embedded FBGs showed a response with a good signal-to-noise ratio.  
In addition to the relatively rapid observed temperature fluctuation referred to above (in Figure 
5.8) there is a significantly higher frequency component embedded in the signal that cannot be 
resolved over the timescale used in Figure 5.8. Therefore, Figure 5.9 represents a zoomed-in 
version of Figure 5.8 (test 14) over the entire interval of 1 second time frame, around the time 
of 167 hours (highlighted in Figure 5.8), when it was subjected to 37 bars of pressure and 667 
rpm. The FBGs signal shows some equi-spaced peaks, which are a result of the pins' effect each 
time they pass through the sensorized specimen zone just above the sensor. This is because the 
pressure at this zone changes momentarily due to the pin's pressure effect on the specimen. 
One of the peaks produces a higher pressure on the FBGs than the others. This could be due to 
differences in thickness between them.From FBG signal is possible to determine the rotational 
speed because there are 11 peaks in 1s, which means that the speed is 667rpm. The peak 
amplitude depends on the applied pressure. For higher pressures the wavelength amplitude is 
higher. 
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Figure 5.8: Response of the Cu coated FBGs embedded in the antifriction coated specimen during some of the fatigue 

tests done. a) test 1, b) Test 14, c) Test 26. 
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Figure 5.9: Detail of the embedded FBG response for 1s of time at 667rpm and 35bar of pressure. 

It is also possible to extract other information, such as the rotational speed of the fatigue 
machine, from the FBG signal using a Fast Fourier Transform (FFT). Figure 5.10 shows frequency 
peaks corresponding to rotation speeds of 667rpm (Figure 5.10.a), 167rpm and 83rpm (Figure 
5.10.b and Figure 5.10.c) respectively based upon the FFT data analysis. They correspond to the 
principal frequencies of 33Hz, 8.3Hz and 4.16Hz which are a multiple of the rotational speed and 
are not influenced by the applied pressure.  
 
In summary, the embedded FBG response does reflect variations in the oil temperature, 
pressure and rotational speed. It is possible to use this approach, coupled with other channels 
of information, to obtain real-time information of the operational condition of bearings that the 
specimen simulates.   
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Figure 5.10: FFT of the embedded FBGs signal for some of the rotational speeds applied in the Tests done. a) FFFT 

comparative for 9 different tests done at 667rpm. b) comparison for the Test 20, made at 167 rpm applying different 
pressures. c) FFT made for Test 19, where the rotational speed was 83 rpm applying different pressures. 

Following 20 tests (3800h) no change was observed in the FBG sensor signal. This is indicative of 
no degradation in the antifriction material. To verify this, an inspection on the antifriction 
material of the sensorised specimen was made using both visual inspection as well as using 
penetrating liquids and eddy-current techniques. Figure 5.11.a shows the appearance of the 
sensorised antifriction material specimen before its test using the mechanical fatigue machine. 
Figure 5.11.b shows the appearance of the sensorised antifriction material specimen after 3800h 
of fatigue tests. Some wear was observed in the area where the pins slide, but nothing 
significant, being only superficial damage.  
 

 
Figure 5.11: a) Appearance of the sensorised specimen before to be tested. b) Appearance of the sensorised 

specimen after 20 fatigue tests. 

Figure 5.12 shows the results obtained using the penetrating liquids technique analysis. The 
liquids do not show any significant defects, just some light scratches along the central part of 
the specimen, due to the effect of the pins. The holes through which the fibre optic sensor cables 
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are pulled out were deliberately left uncovered to protect the optical fibre from the welding 
process.  
 

 
Figure 5.12: Appearance of the sensorised antifriction material specimen after 20 mechanical fatigue tests, 

inspected by penetrating liquids technique. 

Finally, a wear measurement of the specimen surface, using an eddy current technique, was 
carried out in different areas of the specimen to find out how much of the antifriction material 
layer had worn away. Master samples of antifriction material coating between 2.2mm - 3mm of 
coating thickness were prepared for the calibration of the eddy-current equipment, as shown in 
Figure 5.13.a. The equipment was calibrated against these samples and the surface of the tested 
specimen was analysed, as Figure 5.13.b shows. The measured wear on the entire specimen was 
<0.1mm, so it was determined that the specimen was in good condition, with no defects, and 
that fatigue testing could continue. 

 
Figure 5.13: (a): Eddy current equipment and antifriction material samples with different thickness to calibrate the 

equipment. (b): Inspection of the sensorised antifriction material specimen by eddy current technique. 
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The specimen was then re-assembled in the fatigue machine and the tests continued by applying 
a higher pressure and using a lower rotational speed, with the aim of  accelerating the 
degradation process of the specimen. After nine further tests, there was no observable change 
in the embedded FBG sensor signal which confirms that no degradation of the antifriction 
material was achieved. 
 
Following test 29, a re-inspection of the status of the specimen was indertaken. As the specimen 
showed no further defects or any wear and tear, some artificial defects were deliberately 
created inside the material in order to ‘see’ the response from the embedded FBGs. Figure 
5.14.a shows the appearance of the sensorised specimen with some defects: two cracks and one 
wear of around 30mm of length made in the vicinity of where the FBG sensor was embedded. 
Figure 5.14.b shows the appearance of the specimen after the test 31.  
 

 
Figure 5.14: (a): Appearance of the sensorised antifriction specimen after 29 tests and detail of the artificial defects 

made: wear and two cracks. (b): Appearance of the specimen after the test 31. 

Figure 5.15 shows the sensor response after the mechanical test 31 with the artificially induced 
defects on the sensorised specimen.  The detailed analysis in Figure 5.16 shows that it is possible 
to detect some irregularities (noise) in the FBG signal and some double peaks when the pins 
passed through the embedded FBGs. However, it was difficult to obtain a clear frequency 
response due to the presence of the defects.  
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Figure 5.15: Response of the Cu coated FBGs embedded in the antifriction coated specimen during the fatigue tests 

31, carried out after the defects made on the specimen. 

 
Figure 5.16: Detail of the embedded FBGs response for two different rotational speed and pressures applied on the 

sensorised specimen during the test 31. 

 
Based on results obtained, it was concluded the fatigue machine cannot generate damage to 
the anti-friction material of the sensorised specimen, although these tests do serve the useful 
purpose to train the response of the embedded FBG sensor for potential modelling of its 
behaviour in operation and predict the working conditions of the bearing. It was demonstrated 
that the embedded FBGs in the antifriction material produce reliable signals for more than 
5500h under fatigue and respond to the change in temperature, pressure and rotational speed. 
Finally, the embedded FBGs change its response in presence of defects which was one of the 
principal aims of the development. 
 

5.3 Validation of the FOS monitoring system for antifriction bearing operation 
Further to the above experimental simulation tests, a (real) antifriction bearing was sensorised 
by FOS and tested in a test-bench under real operation conditions. To monitor the antifriction 
bearing, two arrays of three FBGs together with two distributed Rayleigh-scattering-based FOSs, 
monitored using an ODISI interrogator (LUNA), were used.  
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Initially the FOS location and distribution in the antifriction bearing were determined. Figure 
5.17.a shows the antifriction bearing with 5mm of coating thickness to be sensorised. Figure 
5.17.b shows a schematic diagram showing the location of the location of two grooves, of 
1.5x1.5mm and 280mm of length, where the FOSs are to be embedded. For each half shell of 
the bearing, one is for the FBGs array and the other is for the distributed FOS. As the antifriction 
bearing is symmetric, two holes at each bearing extreme were made for each groove, in order 
to have two connection fibres for each embedded FOS, to be connected by any of the two exits, 
just in case one of the exists was damaged during the assembly process. Furthermore, in the 
case of the Rayleigh distributed FOS, the second exit was used to splice the coreless fibre, as this 
part was not Ni coated and therefore it was not possible to embed it. 

 
Figure 5.17: (a) Antifriction coated bearing to be sensorised. (b): Machining drawing, for the integration of FBG and 

distributed fibre optic sensors. 

Then, the FBGs arrays and distributed FOS were designed and manufactured. Figure 5.18 shows 
the axial layout of the FBG arrays and distributed FOS that would be embedded in the antifriction 
coating material of the bearing. Both optical fibres, FBG array and distributed FOS, would have 
the same metallic coating. The central part, which was embedded in the antifriction layer of the 
bearing has a total diameter of 800µm, which corresponds to a metallic coating of 338µm 
thickness, in in order to assure the protection of the optical fibre during the TIG embedding 
process. The rest of the optical fibre had a total diameter around 400µm (138µm of metallic 
coating thickness). The embedding technique was manual TIG welding as the embedding was 
performed by the operators of the partner company of the NEXT-BEARINGS project. The metallic 
coating material applied in these FOS was Ni, because it was the coating material with which the 
best results were achieved in the embedding tests by manual TIG welding, explained in Chapter 
4.  
For the FBGs arrays, the FBGs location was also defined, one of the FBGs wass located in the 
centre of the bearing shell and the other at 20mm from the borders of the bearing.  
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Figure 5.18: Design of the metallic re-coated FOS to be embedded in the antifriction material coating of the bearing. 

After the bearing was machined, the sensors were manufactured and integrated into the 
bearing. To do this, the sensors were placed in the grooves, the FBG arrays in one of the grooves 
(from each half shell) and the distributed sensors in the other parallel to it, before being 
embedded by manual TIG welding using the same adding material as the antifriction material 
(tin alloy). Finally, the weld seams applied to embed the sensors were machined to obtain an 
uniform antifriction coating surface throughout the bearing. All embedded sensors survived the 
embedding process without any damage. Figure 5.19 shows photographs from each step done 
during the embedding process and the final appearance of the antifriction bearing with the FOS 
embedded. Figure 5.19.a shows one of the antifriction bearing shells with the machined grooves 
ready to be sensorised. Figure 5.19.b shows one of the grooves with a Ni metallic coated 
distributed FOS located in the groove to be embedded. Figure 5.19.c shows the distributed FOS 
embedded and FBGs array located and the process of embedding being initiated by manual TIG 
welding. Figure 5.19.d shows the manual TIG welding embedding process of one of the metallic 
coated FBGs array. Finally, Figure 5.19.e shows the final appearance of the two sensorised half 
antifriction bearing shells after the manual TIG embedding process. 

 
Figure 5.19: Embedding FOS procedure and final antifriction bearing appearance. a) Antifriction bearing shell with 
the machined grooves, b) detail of the groove with one Ni metallic coated distributed FOS located in the groove, c) 
distributed FOS embedded and FBGs array located and started to be embedded by manual TIG welding, d) image 

during the manual TIG welding embedding process of one of the metallic coated FBGs array, e) two half shells after 
the manual TIG embedding process. 
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All the Ni-coated FOSs (two FBG arrays and two distributed FOSs) survived the manual TIG 
welding process, exhibiting good output signal throughout the process. Figure 5.20.a shows the 
appearance of the two sensorised antifriction bearing shells after the machining of the surface. 
Figure 5.20.b shows the optical fibres connection exit from the sensorised bearing.  
 

 
Figure 5.20: (a): Sensorised antifriction bearing shells appearance after the surface machined. (b): FOS exit. 

Finally, the sensorised antifriction bearing was installed in the test-bench, as shown in Figure 
5.21, for testing. The sensorised antifriction bearing had one array of three equi-spaced FBGs 
located on the central zone of each bearing shell, three equi-spaced FBGs in the central area of 
the half bottom of the bearing, and other three equi-spaced FBGs in the central area of the 
upper half of the bearing. The distributed Rayleigh FOS were parallel to the FBGs, offset by a few 
cm. During the assembly of the sensorised bearing in the test-bench, the Rayleigh distributed 
FOS extremity, from the coreless fibre (end section of sibre sensor) had to be bent with a small 
radius due to the very narrow access area. This resulted in the Rayleigh FOS signal being not fully 
readable either with noise or no signal for some sections of the fibres. 
 
On this test-bench it is possible to simulate the real operation conditions of a bearing in service 
and even apply real limit conditions, in order to analyse its response under potential extreme 
circumstances.  
 

 
Figure 5.21: Final appearance of the FOS sensorised antifriction bearing installed in the test-bench. 
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A total of eleven tests were performed in the test-bench and a summary of the conditions 
applied in each test is shown in Table 5.2.  
 

 
Table 5.2: Summary of the tests made in the test-bench. 

Figure 5.22 shows the final appearance of the two shells of the sensorised bearing after the 
eleven tests made in the test-bench. Also, it shows the detail of the FBGs location. The 
antifriction coating does not show any noticable defect or wear on its surface, only some minor 
and normal scratches in the lower shell (Figure 5.22.a), while the upper part does not show any 
defect or mark (Figure 5.22.b).  
 

 
Figure 5.22: Appearance of the two half shells of the sensorised bearing after the eleven tests made. (a): below part. 

(b): above part. 

 

5.3.1  Results from the embedded FBGs 
Figure 5.23 shows the results from a randomly selected set of tests (test 2, test 6, test 7 and test 
11) carried out in the test-bench. Figure 5.24 shows the response of the FBGs embedded in the 
two half-shells of the antifriction material bearing, plotted in dark blue from the lower part and 
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light blue from the upper part of the bearing. The layout of 3 the FBGs within one fibre is similar 
to that shown in Figure 5.18.  
In addition, lubricating oil temperature and rotational speed are represented in magenta and 
red, respectively.  
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Figure 5.23: Response of the Ni re-coated FBGs embedded in the antifriction bearing during some of the tests carried 

out in the test-bench. a) test 2, b) test 6, c) test 7, d) test 11. 
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Figure 5.23.a corresponds to the test 2 where first three static pressure ramps were applied in 
static mode (without any rotational speed applied), to analyse the FBGs sensitivity and response. 
Three repetitions of pressures between 80bar to 250bar in steps of 40bars were applied. Then, 
the bearing rotation was turned on, the oil was heated, a rotational speed of 250rpm (on the 
shaft) and a pressure of 80bar (on the bottom of the bearing) were also applied. When the oil 
temperature was around 50oC, the minimum operation temperature for the lubricant oil, the 
pressure was increased in steps of 40bar up to 250bar. Then, the rotational speed was changed 
to 200rpm and the pressure was varied from 250 to 80 bar in steps of 40bar. This was repeated 
for each rotational speed applied. Figure 5.23.b and Figure 5.23.c shows the results obtained 
from tests 6 and 7, which were similar to test 2 but include more repetitions for each 
combination of rotational speed and pressure applied in order to analyse the FBGs repeatability. 
Finally,  Figure 5.23.d show the results from the final test, test 11. In this case, the pressure was 
maintained constant, while the rotational speed was changed from 25rpm to 250rpm (for each 
pressure applied). 
 
The pressure variation data was saved manually and measured using the conventional strain 
gauges glued on the outside and underside of the bearing structure. In the signal of the FBGs 
embedded in the lower part of the bearing, some step-shaped changes in sensor response were 
observed as shown in Figure 5.24. These step-changes are due to the pressure variations applied 
from 80 to 250 bar.  

 

Figure 5.24: Detail of the embedded FBGs response for the test 6, front to: (a): pressure variations in static (no 
rotational speed applied), and (b): rotational speed and pressure variations. 

Figure 5.25.a shows the response of the conventional strain gauges glued on the outer bearing 
structure for test 2. Figure 5.25.b shows the detail of the conventional strain gauges during the 
static pressure variation test. In general, they show a noisy signal, due to the vibrations during 
the bearing operation and a low sensitivity to the pressure variations. Only the conventional 
strain gauge 3 shows a higher sensitivity during the static pressure variations.    
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Figure 5.25: (a): Conventional strain gauges response for the test 2. (b): Detail for the static pressure variation. 

From the data of Figure 5.24 and Figure 5.25 it is concluded that all the embedded FBGs have 
exhibited a stable signal response along all the tests done, both FBGs arrays are sensitive to 
temperature variations. In addition, the FBGs embedded in the below part of the bearing are 
more sensitive to pressure variations. This was expected as the pressure was applied directly 
lower this area. FFT were performed for each embedded FBGs in order to determine the 
rotational speed. Figure 5.26 shows a representative sample of some FFT responses for the 
embedded FBGs. Figure 5.26.a shows a FFT response comparison for 3 FBGs embedded in the 
lower half shell of the bearing during test 6, applying 250bar of pressure and 250rpm of 
rotational speed. All the embedded FBGs have the same frequency peaks at 250rpm (3.12Hz). 
In addition, despite the fact that the sensors embedded in the above half shell bearing have 
shown to be less sensitive to pressure variations, they are sensitive to rotational speed 
variations. Figure 5.26.b shows a comparison of the FFT response of FBG1 embedded above, 
applying 250bar and three different speeds (250rpm, 200rpm and 150rpm), during test 2. Each 
FFT made for each rotational speed, shows a principal frequency peak equi-spaced between 
them, characteristics of each applied rotational speed: around 1.8Hz for 150rpm, 2.5Hz for 
200rpm and around 3.1Hz for 250rpm, the same frequency as that obtained for the embedded 
sensors of the lower section for 250rpm (Figure 5.26.a). Finally, a characteristic frequency 
dependency with the applied pressure was studied. For this, a comparison of FFT for 250rpm 
and pressures from 80 to 250bars was made for one of the embedded FBGs, FBG2 embedded in 
the lower part of the bearing. Figure 5.26.c shows this FFT comparison, all the FFTs, 
independently of the pressure applied, showed the same frequency peaks.  

In conclusion, all the embedded FBGs are able to detect variations in the applied rotational 
speed. The characteristic frequencies obtained from the FFT are the same for all the embedded 
FBGs and independents of the applied pressure. Therefore, it is possible to determine the 
operation rotational speed by making a FFT for any of the embedded FBGs. Also, is possible to 
determine the operation temperature from all the embedded FBGs (below or above). However, 
in the case of the applied pressure, it is better to record the information from the FBGs 
embedded in the lower part of the bearing, where the pressure is directly applied and the 
pressure signal is stronger. 
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Figure 5.26: FFT response for some of the embedded FBGs. a) FFT response for the FBGs embedded in the below half 
shell bearing. Test 6 applying 250rpm and 250bar. b)  FFT response for the FBG 1 embedded in the above half shell 
bearing, during the test 2 applying 250bar and different pressures (150rpm, 200rpm and 250rpm). c) FFT response 

for the FBGs embedded in the below half shell bearing during the test 2 applying 250rpm and several pressures 
between 250bar to 80 bar. 

 

5.4 Summary 
In this chapter results have been presented for Ni and Cu metallic coated FBG and distributed 
FOS were embedded in an antifriction metallic material and validated experimentally both in 
laboratory and on test-benches. Their response under different operation conditions was 
analysed in face of antifriction coating degradation.  

FBGs were embedded in antifriction material specimens to monitor their degradation using a 
fatigue machine, specifically designed and developed to apply mechanical fatigue and thus 
accelerating the antifriction material degradation and to characterise and analyse the response 
of the FBGs under this degradation. This machine was able to apply friction on the antifriction 
material specimen coating at different pressures and rotational speeds, applying a lubricant oil 
film between the pins and the specimen surface. 
Three of the Cu and Ni coated FBGs manufactured, were embedded in the specific antifriction 
coated specimens using the automatic TIG technique. Although, in the end only one of them 
could be tested in the fatigue machine because of the problems encountered during the 
sensorised specimen assembly. The embedded FBGs were tested for more than 5500h obtaining 
a stable response against all externally applied conditions tested. From the embedded FBGs it 
was possible to determine the pressure, rotational speed and temperature of operation. After 
more than 5200h of fatigue tests, the specimen did not show any significant sign of wear or 
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defects in the antifriction coating layer.  Subsequently, it was necessary to impose artificial 
damage on the surface of the antifriction coating layer to analyse the embedded FBGs response. 
It was observed that some changes in the FBGs response are related directly to the defects 
introduced. 
 
The metallic coated FOS were also embedded in a commercial/real antifriction bearing and 
tested in a test-bench under real operation conditions. In this case, FBGs and Rayleigh 
distributed FOS were embedded in the antifriction material coating layer of the steel bearing, 
but unfortunately the distributed FOS was partially damaged.   
In this validation, all the embedded FOS were able to monitor the temperature variations. In 
addition, the embedded FBGs were able to monitor the rotational speed and in particular, the 
FBGs embedded in the lower part of the bearing were also able to monitor the pressure 
variations.  
 
In general, in this chapter the metallic coated FOS developed in the previous chapters were 
embedded and tested successfully in a metallic component using two different welding 
techniques. They were also under real operation conditions, obtaining a stable response from 
long-term tests. The embedded FOS has shown its response to the whole operation conditions, 
with changes in temperature, pressure and rotational speed. Finally, it was also demonstrated 
that the embedded FOSs have the potential for efficiently detecting damage or defects in real 
time, thus to inform required preventive actions.  
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Chapter 6. Metal coated FOSs for monitoring Concentrated Solar 
Power Plants (CSP). 

In this chapter, the metallic coated Fibre Optic Sensors (FOS) were designed to monitor new 
concrete storage solutions for Concentrated Solar Power plants (CSP), under the framework of 
the NEWSOL (New StOrage Latent and sensible concept for a highly efficient CSP Plants) 
European project [2]. The NEWSOL project has developed a new strategy for high efficient 
thermal energy harvesting in CSP systems by combining novel functional and advanced materials 
into a dual solid/liquid media. It consists of two new Hybrid and Thermal Energy Storage system 
architectures: a novel thermocline tank concept for new CSP plants and an advanced concrete 
module for retrofitting existing CSP plants. The most promising materials to be developed 
include: 1) Two sensitive heat storage concretes with high thermal stability, high specific heat 
storage capacity and enhanced thermal conductivity; 2) Novel heat transfer fluids (molten salts), 
which also act as sensitive heat storage liquid materials, that allow higher operating 
temperatures than thermal oil fluid with improved heat capacities; 3) Low cost rock filler 
materials (e.g. waste) to enhance sensitive heat storage capacity at the expense of less use of 
molten salts; 4) enhanced storage sustainability through minimisation of heat storage losses 
using two novel insulation cover materials solutions. Furthermore, to obtain information about 
these novel materials behaviour, a novel and integrated monitoring system based on FOS (FBGs 
and distributed) has been developed to monitor the thermocline and module operation, as well 
as their Structural Health Monitoring (SHM). 
This chapter includes the development, integration and validation of the monitoring system 
based on FOS, through the process of FOS laboratory characterization, mid-scale validation and 
full-scale design and integration. 
 

6.1 Introduction 
NEWSOL’s main objective is to implement an innovative thermal energy storage design based 
on the combination of new functional and advanced materials, such as solid (concrete and filler), 
liquid (salts) sensitive heat storage media, latent heat storage media (e.g. PCMs (Phase Change 
Materials)) and heat insulating materials. All these components can be used to build two 
innovative system architectures: a single concrete thermocline molten salt tank and a concrete 
module. In addition, in order to assess their degradation and performance, including stability, 
thermal performance, yield and conversion efficiency, it is essential for NEWSOL to rely on 
advanced monitoring technologies (up to 550oC) for both architectures. The deployment of 
novel molten salts and the high operating temperatures imply working in harsh environments 
(high temperatures up to 550oC and corrosive environment) that many technologies do not 
withstand. Therefore, monitoring systems for Thermal Energy Storage (TES) have traditionally 
relied upon a few thermocouples located in specific positions, a monitoring technology which is 
limited and does not offer enough information to assess the structural degradation and concrete 
performance. FOSs are a promising alternative, in particular Fibre Bragg Gratings (FBG) and 
Brillouin distributed sensors (BDS), which are the technologies selected for NEWSOL. Their 
electro-magnetic immunity, light weight, small size, multiplexing possibilities and capability of 
operating in harsh environments (near 1000oC) make them well suited for NEWSOL’s particular 
application. Furthermore, they offer quasi-distributed (by FBG) and fully distributed (by BDS) 
measurements, reducing blind spots and allowing continuous health monitoring of the 
structure. Thus, in NEWSOL a monitoring system based on strain and temperature FOS was 
developed, integrated and validated to monitor, on the novel thermocline and storage module, 
their operation and durability. In this chapter the FOS monitoring system, based on FBGs will be 
explained, with a particular focus on the design, development, integration and validation of the 
FBGs based monitoring system from lab-scale to full-scale (prototype).  
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The most widely employed conventional transducers for SHM include thermocouples for 
temperature monitoring, strain gauges for strain monitoring and embedded or surface-bonded 
piezoelectric sensors for vibrations or acoustic emission (AE). However, these technologies 
posses serious drawbacks for monitoring large structures at high temperature or corrosive 
environments (molten-salts exposition). Thermocouples and strain gauges are hard to multiplex 
and are subject to electric and magnetic disturbances. In the case of piezoelectric sensors, they 
lose the piezoelectric effect above the Curie temperature (300oC) and exhibit degradation due 
to repeated thermal cycling. Furthermore, they do not offer very good multiplexing capacities, 
and resistance to corrosion. For all these reasons, fibre optic sensors were selected to be 
integrated in the NEWSOL structures, due to their technical advantages as discussed extensively 
in this thesis.  

However, fibre optic sensors are elements characterised by small size but are fragile. Direct 
installation of these devices during the building process could break the fibre optic sensors, 
and/or affect their durability and/or their response. To avoid this, some protective 
encapsulations have been developed [116], [117] to ensure both the protection of the fibre 
sensor(s) and their correct measurement. There are two principal ways to integrate the sensor 
into a structure: gluing to the surface or embedding into the structure. The latter was the 
approach used in this project.  
The design of the NEWSOL concrete prototypes is shown in Figure 6.1. Figure 6.1.a shows the 
drawing of the thermocline tank prototype and Figure 6.1.b of the energy storage module 
prototype. The FOSs have been embedded in different concrete layers of the module and 
thermocline tank, as well as, in the molten salts (located inside the thermocline tank). The 
embedded sensors into the structural materials give smartness to the structures and allow the 
monitoring of critical points (in real-time) which the other conventional sensors cannot provide. 
The sensors were embedded during the building process of the NEWSOL prototypes.  

 
Figure 6.1: NEWSOL concrete prototypes final design. a) Thermocline tank, b) energy storage module. 

Due to the delay caused by covid, there is little information extracted from the installed Brillouin 
distributed sensors so this chapter focuses only on the development carried out for the 
construction of a strain and temperature monitoring system based on FBGs, in order to integrate 
them in the NEWSOL project prototypes. 
 

6.2 FOS coating and packaging development 
As highlighted above, it is important to develop an FOS that can not only withstand high 
temperatures but also a corrosive environment. In this project, metallic coated and 
encapsulated FOS were developed and embedded both in the concrete and in the molten salts 
to monitor temperature and strain of the structures/materials. 
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The metallic coating was based on Ni, following the manufacturing process explained in Chapter 
three, both for FBGs and for distributed sensors. While the packaging sensors were based on 
encapsulating coated Ni or commercial polyimide coated FBGs in a stainless-steel capillary tube 
of 3.2mm of external diameter and 2.7mm of internal diameter. 
 

6.3 Validation on a laboratory scale 
The objective in this part of the investigation was to build samples to characterize the embedded 
sensors when they are subject to conditions similar to those required at the final stage of 
NEWSOL. The manufactured samples with embedded strain and temperature FBGs were 
subjected to temperature cycling once cured. The strain FBGs with a diameter of around 500-
600µm were coated with Ni. They were encapsulated from the connector extreme to a few 
centimetres before the FBGs position to protect them during integration and subsequent 
testing. The temperature FBG sensors were, also, coated with Ni (with a diameter of around 
500-600µm) as well as being encapsulated in a 316L stainless steel with an external diameter of 
3.2mm, which makes it strain-free.  
Two concrete specimens (mini-modules, Figure 6.2) were developed in order to investigate the 
sensor response e.g. to temperature, strain but also to asses their capability of withstanding the 
harsh environment encountered during curing. These mini-modules, were also used to analyse 
the performance of the novel concretes developed for the final NEWSOL prototypes. This 
chapter includes only the results from one representative mini-module, designed as mini-
module 1. Figure 6.2 shows the design of the mini-module 1 manufactured in a laboratory scale, 
made using some of the novel concretes developed for the thermocline and module as final 
prototypes.  
The specimen was made up of two different components, the core and the insulating layer. Each 
one of them was formed by a different type of concrete. The first was made with high thermal 
performance concrete (core) and the other with foam concrete (insulating concrete). The 
dimension of the core is 150x200x300mm, and the insulating layer 300x300x300mm, which 
surrounds the core. Moreover, 4 steel tubes (400mm long and 33mm diameter) were embedded 
along the core, simulating the pipes employed to propagate the heat of the fluid through the 
structure.  

 
Figure 6.2: Design of the mini-modules developed at laboratory scale. 

In this study, the most relevant information is provided by monitoring the behaviour of the high 
thermal performance concrete, and according to this, most of the embedded sensors are in the 
core of the specimen, as shown in Figure 6.3. The location of sensors was selected to maximize 
the relevance of the measured data when the thermal cycles were performed. The purpose of 
the selected points was to monitor the temperature profile of the concrete and also, the 
temperature changes at the interface between the different layers. In total 14 different locations 
were monitored, with 10 points for the core and 4 for the insulating. 
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Figure 6.3: FBGs location for the mini-module 1. 

To monitor the mini-module 1 specimen, different configurations of FBGs were employed. The 
strain Ni coated FBGs were directly embedded in contact with the concrete, while the 
temperature FBGs were encapsulated in a SS316L capillary tube. Strain sensors depend on both 
temperature and strain, therefore the temperature references are required to compensate the 
temperature effect. Therefore, some monitoring locations of the specimen have sensor arrays 
formed by 2 or 3 FBGs equally spaced on the same fibre, while the others only have one FBG, 
such as that in the centre of the long axis of the core. The total number of embedded sensors 
was 22 at 14 different locations of the specimen, 11 of these sensors were employed to monitor 
temperature and the other 11 to monitor strain. The temperature sensors have a double 
purpose, to determine the temperature of the concrete, and to eliminate the temperature 
variations that the strain sensors suffer, allowing the strain calculation. This is the reason why 
the locations are in pairs which are located in close proximity. 
 
The mini-module 1 was manufactured in two steps: first the core was cast together with the 
tubes and its corresponding sensors, and after 24 hours curing, the insulating layer of foam and 
the remaining sensors were added. During the casting, the sensor at position F was found to be  
broken, and thus the final number of monitoring sensors was 21. Figure 6.4 shows the 
manufacturing process. First, the core concrete layer mould and the FBGs were located at their 
defined positions (Figure 6.4.a), then, the high thermal performance core concrete was poured 
to fill the formwork and embed the FBGs (Figure 6.4,b). One day later, the core concrete 
formwork was removed and a new mould was added to pour the insulating concrete (Figure 
6.4.c), the FBGs defined for this layer were located (Figure 6.4.d) and finally, the insulating 
concrete was poured (Figure 6.4.e). The completed mini-module specimen is shown in Figure 
6.4.f. 
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Figure 6.4: Mini-module sample manufacturing process. a)  preparation of the core formwork and placement of the 
core FBGs, b) core concrete filled, c) insulating concrete formwork preparation, d) integration of the FBGs located in 
the insulating concrete, e) insulated concrete filled, f) final appearance of the mini-module concrete sample with the 

embedded FBGs. 

 
The above concrete curing process, which takes 28 days, was monitored by recording the data 
from all the strain FBGs embedded and some of the temperature sensors. Figure 6.5 shows the 
measured temporal response from, the strain and temperature FBG sensors, during the first 28 
days after the insulating concrete layer of the specimen had been cast. During the few hours 
after the concrete was poured into the mould, the FBGs detect relatively large variations in strain 
and temperature due to the concrete hydration and hardening. The temperature evolution was 
not completely monitored, it started after some hours when the temperature was already 
decreasing slowly to reach ambient (room) temperature. Figure 6.5.b shows the response of 
some sensors embedded in the insulating layer in wavelength values and Figure 6.5.c shows the 
temporal response of these FBGs for strain and temperature having removed the temperature 
dependence from the strain sensors signal. Regarding the strain sensors, it was observed that 
the strain FBGs at position A suffers more strain variation than the other at position D, which is 
close to the border of the two different layers. A sensor is embedded at the centre of the surface 
of the piece. In both cases, the greater strain variation was registered over the first 10 days. 
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Figure 6.5: a) FBGs location in the insulating concrete layer. b) Response of the A, C and D FBGs embedded in the 

insulating layer, in wavelength shift values during the 28 days after filling the insulating layer. c) Response of these 
strain and temperature FBG sensors in strain and temperature values after decoupling temperature from strain. 

Figure 6.6 and Figure 6.7, show the data obtained from temperature and strain sensors 
embedded in the core concrete layer of the specimen, over the first 28 days. The data is with 
the temperature component removed from the embedded strain sensors. During the first hours, 
when the concrete is settling, the temperature and the strain change more quickly, showing a 
variation around 6-9oC during the hydration of the core concrete. After the exothermic process 
(highlighted in figures) is completed, the temperature of the concrete returns to room 
temperature. After 24 hours, there is another temperature peak captured by the sensors. This 
is due to the manufacturing of the insulating layer, which was built 24h later around the core. 
The increase was around 10oC, which means that the exothermic reaction for the insulating 
concrete during the hydration process is higher than that for the core concrete. The FBGs 
embedded in the core concrete detects both the exothermic reaction and hardening of the 
insulating concrete. Due to the limited availability of interrogators, it was only possible to 
register the temperature of two temperature FBGs during the 28 days. 

To have a better resolution of the temperature gradient, some of the temperature FBG sensors 
were multiplexed, e.g. the G and L sensors. They have two and three FBG sensors, respectively, 
multiplexed in the same fibre forming two array sensors, longitudinally to the module and pipes. 
In Figure 6.6, it is noticable that the temperature measured by one sensor of each array differs 
from the others by around 3oC, this is because they are located along the longitudinal axis of the 
core, and the sensor close to the surface of the concrete is influenced more by the room 
temperature. This means that the temperature and consequently the strain around this small 
specimen is not homogeneous, which could possibly cause cracks or failures in service. The lower 
frequency wave-shape fluctuations recorded for the first 48 hours are due to the temperature 
variation between day and night. 
The response of the H strain FBG sensor is showed in Figure 6.7.b. Due to the interrogator 
channels availability it was only possible to register this sensor response during the 28 days of 
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hardening process, which is corresponding with the G temperature FBG sensor. The H1 and H2 
strain response during the hardening process varies around 100µƐ, but while H1 FBGs varies in 
negative (contracts), H2 FBGs varies in positive (expanded). 

 
Figure 6.6: a) Temperature FBGs location. b) Response from the temperature FBG sensors embedded in the core 

concrete of the specimen along the 28 days. 

 
Figure 6.7: Strain H FBGs location. b) Response from the strain H FBG sensors embedded in the core concrete of the 

mini-module specimen, for the 28 days after the core concrete filled. 
 

After the mini-module was fully cured, some heating cycles were carried out. The cycle 
commenced with a slow heating cycle from room temperature to 700oC to ‘dehydrate’ the 
concrete and avoid the collapse of the piece during the following fatigue cycle tests. Taking 
advantage of the metal tubes embedded in the core, the specimen was heated by the Joule 
effect by connecting both ends of a tube to a current source. Figure 6.8.a shows the set-up used 
to make these tests and Figure 6.8.b and c show the detail of the electrical connection through 
the right bottom pipe of the mini-module. To avoid thermal losses, during the heating process, 
the mini-module specimen was wrapped with rockwool.  
This approach was chosen to simulate real applications. For example, the energy storage module 
will be heated by the pipes, through which the molten salts will pass and, in the case of the 
thermocline tank, it will be heated by conduction by heat transfer from the molten salts stored 
inside it.  
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Figure 6.8: Experimental set-up for heating the mini-module: a) Machine to apply the heat through Joule’s effect 

connected to the mini-module specimen. d) mini-module connected to the electrical connection cable through the 
both extremes of the steel pipe remarked in the c) picture. 

The first heating cycle was very slow due to the water that could be remaining inside the 
specimen (dehydration), and it had to be gradually evaporated to avoid the possibility that 
cracks could appear or even the collapse of the sample. Moreover, a slow heating cycle ensured 
that the shrinkage of the concrete would be minimized. The following thermal heating 
procedure was applied to the specimen: increasing from 20oC to 80oC in 12 hours; maintaining 
constant for 6 hours, raising to 110oC over another  6 hours; raising to 290oC in 12 hours; keeping 
stable for 6 hours and finally 12 more hours to reach the desired temperature of 500oC. After 
this, the temperature was progressively increased up to reach near 700oC at which point the 
process was stopped. Due to limitations on the programming of the machine employed to heat 
the tube, the total time needed to finish this first heating cycle was 170h. The temperature 
control of the heating cycles was achieved using thermocouples located inside the heated tube 
and connected to the controlling machine.  
Figure 6.9 shows the response of the temperature and strain FBG embedded in the mini-module 
specimen during the first heating cycle to dehydrate the concrete material. The embedded FBGs 
were not annealed before they were embedded, and therefore this first heating process was 
also used as annealing for them. Figure 6.9.b shows the response in wavelength variation for the 
temperature FBGs embedded in the mini-module. The wavelength variation is higher for the 
FBGs located in the centre of the module and lower for the FBGs located in the insulating layer, 
which means that in the middle of the module higher temperatures are reached and the 
insulating layer works well to prevent the heat from escaping to the outside.  
The strain FBGs output variation with time is shown in Figure 6.9.c. The sensors with a higher 
wavelength variation were also the sensors located in the centre of the core concrete, while the 
FBG sensors A and D, located in the insulating layer show a negative variation, which could be 
related with the growth, during the heating cycle, of a small crack detected in the top face of 
the insulating concrete located close to the FBGs location.  
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Figure 6.9: a) FBGs location for the mini-module 1. b)  FBG response during first heating for temperature sensors, c) 

FBG response during first heating for strain sensors. 

After the dehydration process was completed, some thermal fatigue tests were undertaken. It 
includes three different stages, represented in Figure 6.10, all of which sets a maximum 
temperature of 500oC (on the pipes) to simulate the real operation conditions on the module 
(prototype), where the molten salts pass at this temperature through the pipes. The molten salts 
worked in a temperature regimen between 200-500oC. The aim of these tests was to study the 
novel concrete module operation and durability, under accelerated lifetime testing, simulating 
the day/night heating/cooling operation regime of a Concentrated Solar Power (CSP) plant. For 
this reason, the mini-module was tested at the maximum temperature of operation.  
  
The three temperature cycling stages were as dollows: 

• At the first stage the heated steel pipe of the mini-module (right-down Figure 6.8.c) was 
heated from 20oC to 500oC and then cooled from 500oC to 290oC. At this point, five 
consecutive cycles of heating and cooling are scheduled from 290oC to 500oC. The 
heating time required to reach 500oC was between 5-6 hours. After 5 cycles, the module 
was cooled down to room temperature.  

• The second stage involved one cycle from 20oC to 500oC and then return to room 
temperature. And after this, the module was continuously cycled from 290oC to 500oC 
during 10 days. Finally, the module was returned again to room temperature.   

• The third and final stage, involves three cycles from 100oC temperature to 500oC in steps 
of 120oC. 
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Figure 6.10: Diagram representing the three different stages applied to carried out the heating test of the mini-

module. 

The temperature applied by the current source to heat the tube, was monitored by a 
thermocouple located inside it. In addition, three other thermocouples were installed to 
monitor the temperature on the other points. Figure 6.11 shows the location of the 
thermocouples. A total of four thermocouples (T1,T2,T3 and T4) were located in the mini-
module specimen. Two on the heated pipe, one inside and the second welded to the beginning 
of the tube. The third and fourth thermocouple were located inside the upper tubes of the 
specimen.  
 

 
Figure 6.11: Thermocouple distribution for the mini-module heating test. 

Figure 6.12 shows the temporal response of the thermocouples for all the heating cycles carried 
out. The thermocouples signal was recorded using the heating machine, because it needs the 
thermocouple to control the temperature and switch the current source on or off. Therefore, 
the machine was only active when the current is applied (when heat is required), for this reason, 
the thermocouples signal is only visible when the machine was applying heat.   
In the thermocouples signal showed that the temperature measured in the middle of the pipe 
heated, is higher, more than double, than those measured in the rest of the tubes monitored. 
The core concrete shows a better thermal conductivity than the traditional concretes.  

 
Figure 6.12: Thermocouples response during the thermal cycles. 
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Figure 6.13.a shows the location representation of the thermocouples and temperature FBGs 
located in the mini-module. Figure 6.13.b shows the response of the temperature FBGs during 
the thermal cycles. The temperature profiles measured with the temperature FBGs show the 
same temperature variation trend as that applied to the specimen. The maximum temperature 
reached is around 420oC, 120oC lower than the value measured by the thermocouple T1 (540oC), 
as Figure 6.13.c shows. This can be attributed to the heat absorbed by the concrete, where the 
FBGs are embedded. 
The difference in temperatures measured by sensors is an important feature of these 
measurements.  As expected, the L sensor which is closer to the heating tube shows the highest 
value of around 400oC. The E and M sensors, located in the borders of the concrete measured a 
similar temperature. Those embedded into the insulating layer show temperatures between 
100-200oC, when their location is further away from the heating tube, confirming the concrete 
works properly as an insulated layer.  
 

 
Figure 6.13: a) Temperature FBG and thermocouple sensors location b) Temperature FBGs response during the 

thermal fatigue tests. c) Comparison between E. L and M temperature FBGs and the thermocouples. 

Figure 6.14.a shows the location of the strain sensors, Figure 6.14.b shows the wavelength 
variation of the strain FBGs with time and, Figure 6.14.c illustrates the time response of the 
sensors in strain values after compensating for temperature variation. The H2 FBG sensor barely 
detects any strain, which could be attributed to a poor embedding or a defect (pore) in that 
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area. On the other hand, the H1 sensor exhibits a higher strain variation, it suffered a jump in 
the signal after the first heating, which could also be consistent with a defect in that area. 
Sensors I1, I2 and K show a similar response, which is consistent with their similar location in the 
mini-module. Finally, sensor A, located in the insulating layer, shows a lower strain variation, 
than the sensors in the core because of the different composition of each material.  
The strain 'peaks' observed at the end of each heating or cooling ramp are attributed to a 
minimal mismatch in response time between each pair of decoupled sensors and a slight 
temperature difference between them at that particular moment. 
 

 
Figure 6.14: a) Strain FBGs location, b) Response of the strain embedded FBGs during the thermal cycles in 

wavelength variation. b) Response of the strain embedded FBGs during the thermal cycles in strain. 

The test was finished following completion of 18 thermal cycles. Figure 6.15 shows the final 
appearance of the specimen which had been thermally tested. The insulating concrete was 
broken and was easily separated from the core concrete. It seems the insulating concrete was 
never well bonded with the core concrete, because the surface of the core concrete has a 
smooth surface. Meanwhile, the core concrete shows a good appearance without major cracks 
and with only minor cracks in the surface of the core concrete. 
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Figure 6.15: Pictures of the Mini-Module 1 after the thermal cycles test. 

 
 

6.4 Validation on a medium scale 
Following the above investigation, it was decided to manufacture prototypes of a medium scale 
both to analyse the scalability of the demonstrator designs and the behaviour of novel concrete 
in large quantities and volumes, and to optimise the FOS’s integration at each defined location. 
In this investigation, the mid-scale prototypes were thermally tested and monitored to obtain 
the behaviour of the novel concrete with longer dimension than those tested in section 6.3.  
 
Figure 6.16 show the design (a) and final appearance (b) of the mid-scale module manufactured 
tested in this part and, Figure 6.17 show the mid-scale tank design (a) and its final appearance 
(b).  
As shown in Figure 6.16.a, the core of the mid-scale module was made of a high performance 
concrete with a total of 14 stainless steel tubes embedded. An external insulating concrete 
longer was added to retain the heat of the pipes inside the core concrete, designed to keep the 
molten salts above their solidification temperature. The overall dimension is 800x800x1200mm 
(high x width x length) and the core concrete is of 400x400x1200 mm with 200 mm extra in each 
dimension for an insulation layer. 
 

 
Figure 6.16: a) Mid-scale module design, b) final appearance of the mid-scale module. 

The mid-scale thermocline tank was designed to evaluate the heat performance of the novel 
concrete. It requires the assessment of its warming-up during the concrete hydration phase and 
the duration curing and hardening in a safe and efficient way. The outcome will help to define 
the final thermocline tank design where the volume would be much larger. As shown in Figure 
6.17.a, the mid-scale tank was a concrete structure of 1000x500x300mm (high x length x width) 
with a steel liner of a few centimetres thick, through which the concrete is heated, simulating a 
section of the final prototype, where the molten salts will be contained in a steel liner which will 
be separated a few centimetres from the high performance concrete layer.  

 

a) b) 
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The high performance concrete materials for the core module and for the first concrete layer of 
the thermocline are different, and manufactured by different NEWSOL partners.   
 

 
Figure 6.17: a) Mid-scale first concrete layer tank section design, b) final appearance of the mid-scale first concrete 

layer tank section. 
 

6.4.1 Manufacturing and validation of the mid-scale module 
The mid-scale module was manufactured by a partner in three steps and the complete 
construction took several months. First, the insulating concrete base was made. Secondly, the 
core concrete with the embedded steel pipes were made and finally the insulating concrete 
layer manufacturing was completed. To improve the bond between the steel pipes and the core 
concrete, spiral-shaped marks were etched in the surface of the embedded pipes. The 
manufacturing process took almost six months because it had to wait at least one month 
between each manufacturing stop, which is the time taken for the concrete curing in order to 
assure the mechanical resistance of each manufactured layer, before adding the next layer. Each 
described phase, in turn, took several days, for the moulds to be designed, cut, assembled with 
sensors integrated. Finally, the concrete was mixed and poured into the moulds and in 
sequence.  
 
A total of 30 FBGs (22 for temperature and 8 for strain measurements) and 16 thermocouples 
were integrated in the mid-scale module. Figure 6.18 shows the FBG and thermocouples 
locations in the mid-scale module: 
- 10 temperature FBGs and 4 thermocouples in the insulating concrete. 
- 12 temperature FBGs and 12 thermocouples in the core and pipes. 
- 3 strain FBGs in the pipes. 
- 5 strain FBGs in the core concrete. 
 
Figure 6.19 shows in detail the exact locations of FBG and thermocouples through six dissections 
of the module. The strain FBGs were not embedded in the insulating concrete layer as the focus 
of this mid-scale test was on the core concrete performance, for the insulating concrete, only 
temperature monitoring was required.  
The temperature FBG sensors were formed using polyimide coated FBGs encapsulated in 316L 
stainless steel capillary tubes and the strain FBG sensors were coated with Ni forming up to 
550µm of diameter. In this case, the polyimide coated FBGs were selected for the temperature 
sensors because there was no time for manufacturing 22 arrays of Ni coated FBGs, and 
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furthermore, in the laboratory test (previous section), no temperatures above 350oC were 
detected, which is within the operating range of polyimide coated fibres. 
 

 
Figure 6.18: FBG and thermocouples sensors distribution in the Mid-scale Module prototype. 

The distribution of the sensors was arranged in order to provide an evaluation of the essential 
constituents of the system, insulation concrete, storage concrete (core) and piping.  
The thermocouples placed in the insulation concrete wee designated “I”, in the storage concrete 
(core) “CB” and those placed next to the piping “C”. FBG temperature sensors were labelled “A” 
and strain sensors “S” as shown in the tables in Figure 6.18. Each temperature sensor array 
embedded in the insulating concrete base and in the core concrete layer included three FBG 
sensors, except array 8 (A8) which has four sensors. They are positioned at different heights to 
obtain a spatial temperature distribution. On the top of the insulating concrete layer, there was 
only one FBG per fiber. The same was for the strain sensors. 
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Figure 6.19: FBG and thermocouples sensors position in the prototype along the mid-scale module prototype. Only 

FBGs reference is included. 

Figure 6.20 shows the time resolved variation from temperature FBG sensors due to the core 
concrete and insulating concrete manufacturing. The first heating peak of the graphs was 
because of the exothermic reaction during the first hour of the concrete hardening. The second 
peak is because of the exothermic reaction of the insulating concrete manufacturing step.  
Figure 6.20.a shows the layout of the FBG temperature sensors embedded in the core concrete 
layers. The time response of the sensors located at heights of around 300mm, 400mm and 
550mm are shown respectively in Figure 6.20.b, Figure 6.20.c and Figure 6.20.d. The data shows 
that the temperature reached at different heights is similar, although in the middle height it is a 
little higher. This means that the hydration of the core is homogeneous along the core concrete 
layer. In addition, it is observed that the core concrete exothermic reaction reached is smaller 
than that for the insulating concrete. As expected, the temperature closer to the insulating layer 
is higher than the locations further away.  
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Figure 6.20: a) Mid-scale module representation with the temperature FBGs embedded in the core layer. Graphs 
representing the temperature FBG sensors response during the core and insulating layers hardening and curing 

process: b) comparison for the temperature FBGs embedded at 300mm of height, c) comparison for the temperature 
FBGs embedded at 400mm of height, d) comparison for the temperature FBGs embedded at 550mm of height. 

Figure 6.21 shows the temperature response from the sensors embedded in the insulating 
(lateral and top) layer. The A13 sensor was broken during the manufacturing process. A10 and 
A11 show a similar response but higher than that from A8 as the latter were located nearer to 
surface of the insulating concrete layer.  
 

 
Figure 6.21: Representation of the FBG sensors for the insulating (top) concrete and their response after the third 

step manufacturing: insulating layers hardening and curing process. 
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Figure 6.22 shows a comparison between temperature and strain responses from some of the 
sensors embedded in the core concrete layer.  
The strain was monitored by a total of five embedded FBGs: strain1_5 and strain1_9 located 
between the pipes and the core concrete at different locations, and strain1_4, strain1_13 and 
strain1_14 located at different locations inside the core concrete layer. To calculate the strain 
values for each strain FBGs, the temperature signal was subtracted using as reference the 
nearest temperature FBGs to each strain FBGs monitored. Figure 6.22 from b to d shows the 
time response of each of the strain FBGs monitored and directly compared with the proximal 
temperature FBGs, during the hardening and curing of the mid-scale module manufacturing. A 
higher compression strain was detected by the sensor 1_4, at the lower end of the module. 
 

 
Figure 6.22: a) Mid-scale module representation with the strain FBGs embedded in the core layer. Graphs 

representing the response of some strain FBG sensors vs. temperature FBGs embedded in the core concrete layer 
during the core and insulating layers hardening and curing process: a) design of the strain FBGs embedded in the 

core concrete, b) comparison between the FBG strain1_13 and the temperature FBGs A4_1, c) comparison between 
the FBG strain1_4 and the temperature FBGs A2_1, d)  comparison between the FBG strain1_9 and the temperature 

FBGs A5_1. 

After the curing process, the mid-scale module was thermally tested at the facilities of a NEWSOL 
partner (SECIL). For safe operation, it was agreed to divide the tests into three stages to minimize 
the risk of crack formation. Instead of using molten salts, electrical resistances were used to heat 
the system coupled with a methodology applied to minimise impacts caused by sudden 
temperature rises.  
The 3-stage heating process is shown in Figure 6.23. The aim was to dehydrate the concrete mid-
scale module with data obtained for optimisation of the final prototype, which required heating 
to 500oC for a complete dehydration of the material. Figure 6.23 shows the 3-stage heating 
platform. The first was to heat the mid-scale prototype up to 150oC (in the resistances) very 
slowly. Then, it was cooled down to room temperature. The second phase includes heating up 
to 190oC, stopping the heating to assess the thermal storage power of the module for some 
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hours and then heating the module up to 290oC. Finally, the third phase includes heating from 
200oC to 500oC in steps of 100oC, allowing a few hours of cooling down between heating steps. 
The module was heated during the working hours and it was cooled during the rest of the day 
(from 6pm to 8am).    
The FBGs temperature signal was recorded for the second and third heating phases. It was not 
possible to monitor the first because of problems that occured with the interrogator connection. 

 
Figure 6.23: Schematic of the heating process stages. 

Figure 6.24 shows the response of the temperature FBG sensors embedded in the insulating 
concrete layer during the heating tests monitored (2nd and 3rd phases). There is a big 
temperature difference between the temperature array A1 and the others, because it was 
located closer to the core concrete layer. FBGs A1_3 reach the higher temperature because they 
were located in the middle of the module. This means that this insulating concrete exhibits 
excellent thermal insulating behaviour.  
The FBGs located in the insulating concrete layer but further away from the core detect lower 
temperatures. For example, the insulating concrete surface temperature, at the maximum 
heating cycle, was measured to be 100oC lower than that at the core. 

 
Figure 6.24: Temperature response for the temperature FBGs located in the insulating layer (top and bottom) for 2nd 

and 3rd heating phases. 

Figure 6.25 shows the temperature variations recorded by the temperature FBGs embedded in 
the core concrete. The signal of these FBGs located at different heights, with reference to the 
bottom of the insulating layer, is shown respectively in Figure 6.25.a at 45-55cm, Figure 6.25.b 
39-43cm and, Figure 6.25.c 29-33cm.  
FBG A5 was placed next to a pipe so its temperature was always higher than the rest of the FBGs 
located at the same height. The thermocouples close to this point has the same temperature 
response. The higher temperatures were detected in the central part of the core concrete 
module, where the AX_2 was located, compared to the upper part (AX_1).  
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Figure 6.25: Temperature response for the temperature FBGs located in the core concrete. a) Represents the 

response for the FBGs located at a height between 45-55cm, b) represents the response for the FBGs located at a 
height between 39-43cm and c) represents the response for the FBGs located at a height between 29-33cm. 

Figure 6.26 shows the response of the strain sensors in wavelength variation (a) and strain 
variation (b) for the FBGs embedded in the core concrete material. The sensors S1.5 and S1.9 
were located between a pipe and the concrete. The strain FBG S1.5 shows a jump in the signal 
which is suspected to be due to the debonding between the concrete and the pipe or a defect 
in the fibre or concrete. Therefore, it is possible to that on error could be made in the calculation 
of the strain values because the thermal coefficient has changed from its original value. All the 
strain sensors show a compression variation when the concrete is heated, which could be 
because of the effect of the expansion of the steel pipes on the concrete. Also, S1.9 located 
attached to a pipe shows a strain behaviour different from the others embedded directly on the 
core concrete. 
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Similarly to the mini-module, we observe strain 'peaks' following the completion of each heating 
or cooling ramp. However, it has proven challenging to refine these results due to a minimal 
mismatch between the response times of each pair of decoupled sensors and a slight 
temperature difference between them at that moment. 
 

 
Figure 6.26: Response oof the strain FBGs embedded in the core concrete material. 

 

6.4.2 Manufacturing and validation of the mid-scale thermocline tank 
A mid-scale analysis was carried out for a section of the prototype tank, with the main objective 
of studying the thermal performance of the new concrete developed, to ensure the safe 
operation of the final prototype tank. The mid-scale tank section was manufactured with 
dimensions 1000 x 500 x 300mm (high x length x width) and with a steel plate assembled to one 
side of the mid-scale tank and a few cm of gap between them. The structure is shown in Figure 
6.17. The tank was heated using thermal blankets located over the steel plate. The entire 
specimen was covered by rockwool insulation to minimise thermal losses.   

The construction of the mid- scale tank was carried out by Acciona (NEWSOl partner). It had 
three main aims: i) to demonstrate the suitability of the up-scaled concrete mix, ii) to simulate 
the high thermal operating conditions and to evaluate the thermal performance at large scale 
with all of the prototype layers and iii) this test will also allow the optimum location of the 
sensors to be identified in order to achieve an effective monitoring of the thermocline tank, and 
to validate the FOS sensors data. The aim was to evaluate how heat flows through the concrete 
and determine the temperature profile that will arrive at the external boundary of the concrete 
structure. Focusing on this aim, the evolution of heat flow was recorded across all the layers 
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from the steel plate. For that purpose, the concrete layer was integrated with fibre optic sensors 
and conventional thermocouples (from an other NEWSOL partner, CSIC), which are record 
temperature and strain. FBGs were embedded at different locations and depths of the concrete 
to measure both temperature and strain variations. Seven different fibre sensor arrays were 
embedded, each one of them formed by 3 FBGs. Accordingly, a total of 21 pilyimide coated FBGs 
were employed to monitor the temperature variations inside the concrete sample. The 
temperature sensors were embedded using 316 stainless steel capillaries. Furtthermore, five 
more FBGs, coated with Ni up to 600µm of total diameter, were embedded to monitor the strain 
of the concrete.  

The concrete specimen was manufactured in one day. Initially, the thermocouples and FBGs 
were located at the defined positions, fixing them to the framework and the concrete mix was 
subsequently poured. Figure 6.27 shows the position of the FBGs and their distribution on the 
concrete specimen. 

 
Figure 6.27: Table with the locations of the FBGs embedded and design of the mid-scale tank section. 

As in the case of the previous concrete specimens manufactured, the hydration and hardening 
concrete process were monitored by the strain and temperature embedded FBGs. Figure 6.28 
shows the response of the embedded temperature FBGs during the first few days of the 
concrete curing. Each graph shows the temperature FBGs located at different heights Figure 
6.28.a refers to the FBGs located at 250mm of height,  Figure 6.28.b at 500mm, and Figure 6.28.c 
750 mm. 
The temperature obtained from the temperature FBG sensors is very similar along the locations 
monitored, varying from 80-110oC. It was observed that the temperature at the center of the 
mid-scale tank (500mm in height) was higher than elsewhere. The temperature values obtained 
using the FBGs were in good agreement with the data obtained using the thermocouples. It was 
notified that this concrete has a high exothermic reaction during the hydration process, which 
has to be taken into consideration for the optimisation of the thermocline tank demonstrator. 



Metal coating and embedding fibre optical sensors for industrial applications. 

Chapter 6: Metal coated FOSs for monitoring Concentrated Solar Power Plants. 

 

141 
 

 
Figure 6.28: Temperature FBG sensors response during the hydration and the first hours of hardening process for the 

FBGs located at: a) 250mm of height, b) 500mm of height, c) 750 mm of height. 

 
Figure 6.29 shows the strain response of the Ni coated embedded FBGs during the curing process 
in terms of wavelength variation (a) and in strain values (b, after temperature decoupling). The 
S2 strain sensor was the sensor which suffers a higher contraction because it was close to one 
surface of the mini-tank, and in contrast, the S4 strain sensor suffers a higher expansion during 
the hydration phase and a smaller contraction at the end of the hardening process, because it 
was contained in the middle of the tank. 
Between day 5 and day 15, there was no recorded signal due to a connection failure. The 
interrogator was accidentally disconnected from the power source. 
 

 
Figure 6.29: Strain FBG sensors response during the whole curing concrete process. a) Raw data in wavelength 

variation. d) response in strain values after temperature decoupling. 

 
After a few months from the manufacturing of the mid-scale tank section, it was thermally 
tested. For this, two thermal blankets were located on the steel plate surface to heat it, 
simulating the heat of the molten salts. First, a heating cycle for dehydrating the concrete was 
carried out. The concrete tank section was heated through the thermal blankets, from room 
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temperature to 500oC, in four steps (120oC, 290oC, 350oC and 500oC) with a duration of 24h for 
each step. It was not possible to monitor the first heating cycle using the embedded FBGs 
because of a problem that occurred with the polymeric connectors of the sensors which were 
damaged outside the concrete piece. Subsequent, reconnection enabled reactivation of most of 
the temperature sensors, except array E and FBG F2. Strain sensors have also been affected by 
the connection failure, but S4, located at the centre of the tank specimen survived.  

After the first heating to dehydrate the concrete, a thermal fatigue test was carried out. Figure 
6.30.a shows a thermal cycle applied by turning on and off of thermal blankets to simulate the 
charge and discharge processes during the final thermocline tank prototype operation. Figure 
6.30.b shows the thermal cycle applied to the mid-scale tank section, according with the 
simulation process. The temperature was maintained for 4 hours so as to achieve one daily cycle. 
The first heating up to the maximum temperature (500°C) was made in order to achieve 300°C 
in the air gap. After that, the cycles were programmed to occur between 200 to 500°C simulating 
the operating conditions of the tank. The availability of the workshop for doing the fatigue test 
was 5 days, so the number of repetitive cycles was limited to 3. 
The steel plate and thermal blankets were located on the side of temperature arrays D and E. 
 

 
Figure 6.30: a) Charge and discharge processes and program of the heating source and b) thermal cycle applied. 

 
The following figures represent a comparison for the temperature FBGs during the thermal tests. 
Figure 6.31 shows the comparison of the FBGs located at the same height and Figure 6.32 shows 
the comparison between the FBGs located at a similar location (X,Y) of the mid-scale tank.  
Figure 6.31.a shows the temporal response of the temperature FBGs located at 750mm of height 
(close to the top of the tank), Figure 6.31.b shows the response of the temperature FBGs located 
at 500mm height from the bare and, Figure 6.31.c shows the response of the temperature FBGs 
located at 250mm of height (close to the bottom of the tank). Figure 6.31 clearly shows that the 
sensors at the higher position reach a higher temperature than the others, as expected, because 
of the thermal transfer. It is also because the thermal blanket located in the upper half of the 
mid-scale tank was heating continuously, while the one located in the lower half, was turned on 
and off to simulate the discharge and charge operation. The temperature gradient for the three 
FBGs of the same array was observed to be between 30-50oC, depending on the sensor location 
relative to the heat source.  
In addition, it was also observed that despite the fact that 500oC was applied on the steel plate, 
due to the gap, a maximum of only 300oC was detected in the most proximal zone of the mid-
scale tank.  
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Figure 6.31: Detail of the temperature measured by the temperature FBGs at different heights: a) comparison for the 

FBGs located at 750mm of height; c) comparison for the FBGs located at 500mm of height; c) comparison for the 
FBGs located at 250mm of height. 

 
Figure 6.32 represents another way to compare the temperature FBGs response. This methos 
involves a study of the thermal gradients obtained along a section of the mid-scale tank. Figure 
6.32.a shows a comparison for the FBGs B,D and G located in the left section of the mid-scale 
tank, Figure 6.32.b shows a comparison for the FBGs C located in the central part  of the mid-
scale tank, Figure 6.32.c shows a comparison for the FBGs A and F located in the right section of 
the mid-scale tank.  
For the FBGs located in the right part of the concrete tank (seeing the tank from the cold side), 
it is noticeable that the F sensors reached higher temperatures, but also faster than the A ones 
due to their proximity to the heating source. The temperature reached has similar to that from 
arrays G and B located in the left part of the tank, although array D recorded a higher 
temperature because it was located closer to the heating source. The temperatures registered 
in the central part of the tank, by array C, are relative higher than those from left and right parts 
of the tank but at the same relative position. This means that the concrete concentrates the 
temperature in the central part.   

 
Figure 6.32: Detail of the temperature measured by the temperature FBGs at different locations: a) comparison for 

the FBGs located in the left section of the mid-scale tank, FBG sensors B,D and G; b) comparison for the FBGs located 
in the central part  of the mid-scale tank, FBG sensors C; c) comparison for the FBGs located in the right section of 

the mid-scale tank, sensors A and F. 

 
Using the temperature data recorded with the FBG sensors at different locations and heights of 
the mid-scale tank, some interpolations of the data were calculated, obtaining images of the 
temperature distribution in all the concrete specimen. Figure 6.33 represents the interpolated 
temperature in two different layers of the mini tank at a specific time of the thermal cycle. The 
black points of the images represent the location of the FBG sensors embedded into the mid-
scale tank. Figure 6.33.a was obtained using the data of sensors in positions B, G, and D, 
meanwhile, Figure 6.33.b was generated with the temperature data from sensors G, C and F. 
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Figure 6.33: Representation of the temperature distribution in the concrete layers through the interpolation of the 

measured data. a) representation of the temperature gradient for the left side, sensors D, G and B. b) representation 
of the gradient temperature along the central part of the concrete, sensors G,C and F. 

 

Finally, Figure 6.34 shows the comparison between the temperature FBGs C2, and the strain S4 
FBG during the thermal test. S4 sensor shows a positive strain variation, which means that the 
FBG detected an expansion, due to the concrete dilatation. In this case the concrete expanded.  

 
Figure 6.34: Comparison for the strain FBGs S4 and temperature C2 FBGs. 

 

6.5 NEWSOL prototype design and integration 
The study of medium-scale demonstrators has made it possible to design the manufacturing 
procedure for the final NEWSOL module and thermocline tank demonstrators. FOS integration 
is considered as an integral part of the manufacturing process to allow the critical points of the 
whole demonstrator being closely monitored.  
To monitor the Thermocline Tank (TT) demo operation, a FOS network was designed, 
manufactured and integrated (by AIMEN) into different layers of the TT. This network was 
composed of FOSs (FBGs) and distributed FOS (Brillouin, BOTDR and BOTDA) to validate both 
technologies and compare them for selection to be integrated in the future installations of TT.  
 

 
 

 

a) b)
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The FBGs network is composed of a total of 180 FBG sensors and, the distributed network is 
composed of 32 optical fibres. Table 6.1 shows the FOS distribution on the TT layers1.   
 

 
Table 6.1: Distribution of FOS sensors in the TT. 

 
For each layer of the TT a different FOS design was prepared, in response to the request from 
designers and operators partners. For example, for the CAC (Calcium Aluminate Cement) 
concrete layer, each optical fibre was inscribed with 3 FBGs, separated 50cm apart, and the total 
length of the fibre (array) was around 7m. Each distributed FOS designed to be installed in the 
CAC layer was around 15m. 
 
The strain FOSs (FBG and distributed) were coated with Ni up to a total thickness of 550µm. The 
temperature sensors (FBGs coated with polyimide and distributed) were encapsulated in a 316L 
stainless steel capillary tube of 3.17mm external diameter. 
Figure 6.35 shows the distribution of FOSs at different layers of the TT. Figure 6.35.a shows the 
FOS distribution to monitor the temperature of the molten salts (inside the tank), Figure 6.35.b 
shows the FOS distribution to monitor the temperature on the air gap, between the molten salts 
and the concrete, Figure 6.35.c shows the  design of the FOS distribution to monitor temperature 
and strain in the high performance concrete (CAC concrete) layer, Figure 6.35.d shows the design 
of the FOS distribution to monitor the temperature on the rockwool layer and, Figure 6.35.e 
shows the design of the FOS distribution to monitor temperature on the foundations layer. 
The aim of the FOS monitoring system is to monitor the temperature and strain gradient of the 
TT demo during the construction and its validation, simulating the real operation of the tank.  

 
1 layers are refer to: layer 1 = high thermal performance concrete (CAC concrete), layer 2 = rock wool, layer 3 = 
structural concrete, layer 4 = foundations, layer 5 = molten salts and baskets. 
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Figure 6.35: Design of the FOS distribution in the different layers of the TT tank. a) Design of the FOS distribution to 

monitor the temperature of the molten salts (inside the tank), b) design of the FOS distribution to monitor the 
temperature on the air gap, between the molten salts and the concrete, c) design of the FOS distribution to monitor 
the temperature and the strain in the high performance concrete, d) Design of the FOS distribution to monitor the 

temperature on the rockwool layer, e) Design of the FOS distribution to monitor the temperature on the foundations 
layer. 
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The manufacturing of the TT was undertaken in different steps and its construction took more 
than 1 year. The foundations layer was first manufactured, followed by the high thermal 
performance concrete layer (CAC) and the rockwool layer. After the completion of the structural 
concrete layer, all the components were placed inside the tank before placing the cover on the 
top of the tank.  
At each layer, the required FOSs were integrated, before the concrete was poured or during the 
integration of rockwool and (inside) components. Each FOS integration took 2-3 days. Figure 
6.36 shows the FOS installation in the CAC concrete layer. The FOS sensors were located in the 
walls of the formwork before pouring CAC.  
 

 
Figure 6.36: TT demo CAC formwork and FOS integration before pouring the CAC. 

The CAC concrete was poured in four times, originally three. Each time it was poured to reach 
around 1.5m, but the third pouring was of 1m and the whole process was completed following 
a 4th pour time. After the FOS integration, the FBG sensors were connected to the interrogator 
and the response of these sensors during the pouring, hardening and curing of the CAC was 
recorded. The FBG sensors were embedded on both sides of the CAC layer at a height of 0.75m, 
1.25m, 1.75m, 2.25m, 2.75m and 3.32m as shown in Figure 6.37. The TT has a spherical 
geometry, in which four outlets were designed to take-out the connections of the FOS sensors, 
one for each tank quarter, equidistant from each other. For the FOS integrated in the CAC 
concrete layer, two opposite exits, S1 and S3, were used as depicted in Figure 6.37. 
 

 
Figure 6.37: Representation of the CAC pouring and FBG sensors embedding. 

S1

S3

First pouring Second pouring Third pouring Fourth pouring

First pouring Second pouring Third pouring Fourth pouring
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Figure 6.38 shows the temperature recorded using the FBG sensors during the CAC pouring, 
hardening and curing2. Figure 6.38.a shows the response of the temperature FBGs located on 
the internal side of the CAC close to exit S3 and the air gap. Figure 6.38.b shows the response of 
the temperature FBGs located on the other internal side close to exit SI and the air gap. Figure 
6.38.c shows the response of the FBGs located on the external side of CAC, close to exit S3, and 
the rockwool layer. Figure 6.38.d shows the response of the FBGs located on the external side 
of CAC, close to exit S1 and the rockwool layer.  
It was not possible to monitor for some days including the second pouring, because there was a 
technical problem with the interrogator and the other construction works around the tank.  
As illustrated in Figure 6.38, each pouring process induces a heat peak because of the 
exothermic reaction of the concrete during the hydration process. The temperature registered 
for each pouring was similar and the maximum temperature detected during the hardening of 
the CAC concrete was around 120oC. This temperature is similar to that reached in the mid-scale 
tank, although in this case it was slightly higher because of the hot weather and the larger CAC 
mass. The measured temperature is homogeneous through the whole CAC layer. 
 

 
Figure 6.38: Response of the temperature FBG sensors embedded in the CAC layer, after the first CAC pouring. a) 

shows the response of the temperature FBGs placed in the side of the TT exit S3, at the internal side of the CAC, close 
to the air gap. b) shows the response of the temperature FBGs located in the side of the TT exit SI, at the internal side 

of the CAC, close to the air gap. c) shows the response of the FBGs located in the side of the TT exit S3, at the 
external side of the CAC, close to the rockwool layer. d) shows the response of the FBGs located in the side of the TT 

exit S1, at the external side of the CAC, close to the rockwool layer. 

Figure 6.39 shows the time response of the strain FBG sensors embedded in the CAC concrete 
for the curing process. The strain recorded at the end of the curing process was seen to be similar 

 
2 The references of the sensors showed in the graphs means: MX = reference for the temperature FBG 
sensor. S1XX or S3XX means the side of the TT demo which the FOS were embedded. XX = IX ó EX, I means 
internal side of the CAC layer and E means external side of the CAC layer. XX = XA or XB, A means Above 
(sensors at 3.25m, 2.75m, 2.25m); B means Below (sensors located at 0.75m, 1.25m, 1.75m). 
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to that for the mid-scale tank tested in the previous section. There are some anomalies, such as 
a much larger strain obtained from the FBG sensor embedded at 0.75m height in the SIEB 
position. This could be caused by the poor quality in the sensor integration in the CAC. The strain 
FBG embedded at 1.75m S3IB shows a higher strain than the rest because it was embedded 
between two pouring stages and at this point the CAC shows some defects.   
 

 
Figure 6.39: Response of the strain FBG sensors embedded in the CAC layer, after the first CAC pouring. a) shows the 
response of the strain FBGs placed in the side of the TT exit S3, at the internal side of the CAC, close to the air gap. b) 
shows the response of the strain FBGs located in the side of the TT exit SI, at the internal side of the CAC, close to the 
air gap. c) shows the response of the FBGs located in the side of the TT exit S3, at the external side of the CAC, close 
to the rockwool layer. d) shows the response of the FBGs located in the side of the TT exit S1, at the external side of 

the CAC, close to the rockwool layer. 

 
6.6 Summary 

In this chapter a new application for the Ni coated FOS was developed and validated. The Ni 
coated FOS were successfully embedded to monitor the thermal performance of novel high 
performance concretes, for Concentrated Solar Power plants. The FOS monitoring system was 
designed, developed and validated on different scales, from lab to real operation, with good and 
consistent results having been obtained. 
On laboratory and middle scales the embedded FBGs were subjected to thermal tests up to more 
than 700oC, for which other sensors, including commercial FBGs, have not been able to 
withstand for a long test period. Finally, FBG and distributed FOSs were manufactured and 
integrated in the TT demo successfully, and the CAC pouring process was monitored. To have a 
complete knowledge about the technologies and the potential for this kind of industrial 
installations, a complete validation phase must be done to draw clear conclusions. So far FOS 
monitoring system has shown great potential for the condition monitoring of the Solar Power 
Plants components.  
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Chapter 7. Conclusions and future work 

 

7.1 Conclusions of the work carried out 
 
The extensive work carried out in this thesis opens up the real possibility of integrating optical 
fibre sensors into industrial applications subjected to harsh environments. Considering the 
specific requirements of each application, optical fibre sensors, including point technologies like 
FBGs and distributed technologies like Brillouin or Rayleigh, can be adapted. 
This thesis addressed the development of a monitoring system based on optical fibre sensors 
for two entirely different use cases within the framework of the NEXT-BEARINGs and NEWSOL 
projects. A procedure was developed to coat optical fibre sensors, primarily FBGs but also 
distributed sensors, with metal. This procedure involved a combination of gold sputtering and 
electroplating deposition of Ni or Cu for FBG sensors, and only electroplating deposition for 
distributed sensors. It yielded a flexible and modular process that allows for uniform coating of 
meters (up to tens of meters) of optical fibre with layer thicknesses ranging from 20µm to 700µm 
(or even more). 
The Ni coated sensors developed can withstand exposure to temperatures of up to 1000°C for 
short periods and resist temperatures between 700°C and 800°C for extended durations. These 
sensors can also monitor strain in environments up to 650°C, where they were tested for over 
20 days.  
Once coated with metal, these sensors were shown to withstand embedding processes using 
various techniques, including casting and TIG or laser cladding. Successful embedding was 
achieved in tin-based alloys and Ni-Cr (Inconel) alloys using these embedding techniques. The 
minimum thickness of metallic coating layer required to support embedding was around 140µm, 
depending on the embedding technique, strategy, and the material's melting point in which they 
were embedded. 
 
To verify the research, the metallic coated and embedded FBGs were validated under 
operational conditions for each use-case. 
 
In the case of the NEXT-BEARINGs project, Ni and Cu-coated FBGs were embedded in antifriction 
specimens using automatic TIG welding. These sensors were fatigue tested for over 5500 hours, 
with varying pressures (up to 74 bar), rotary friction speed (up to 667rpm), and temperatures 
(50-55oC), simulating accelerated degradation of the antifriction material. The embedded FBGs 
demonstrated a stable and sensible signal to variations in speed, temperature, and pressure. 
They also responded to defects introduced into the antifriction coating layer. 
In a separate experiment, two different arrays of 3 Ni coated FBGs, were embedded in the top 
and the bottom of an antifriction bearing and tested under real operational conditions, including 
temperature (  5̴0oC), pressure (up to 250bar), and rotational speed variations (up to 250rpm). 
All the embedded sensors were sensible to temperature and rotary speed variations, while the 
sensors at the bottom of the bearing could also monitor pressure changes.  
In summary, for NEXT-BEARINGS use-case, the monitoring system based on embedded Ni coated 
FOS responded to all operational conditions and had the potential to detect damages or defects, 
facilitating preventive actions. 
 
In the validation carried out under the NEWSOL project, second use-case, Ni-coated FBGs were 
designed, developed, and validated at the laboratory, mid-scale, and full-scale levels to monitor 
new concrete storage solutions for Concentrated Solar Power (CSP) plants. The Ni coated FBGs 
were directly embedded in the concrete structures during the concrete pouring, enabling not 
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only the monitoring of their subsequent operation but also the structure manufacturing process, 
as well as the concrete curing process. Across all three scale validations, the embedded FBGs 
were capable of tracking the applied thermal cycle (up to 500-700°C), monitoring strain and 
temperature, and even detecting some defects that emerged. This highlights the potential of 
the FOS monitoring system for the condition monitoring of solar power plant components. 
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7.2 Future work 
 

The future work will be oriented in this direction: 

• Complete the validation for the NEWSOL thermocline tank to know the FOS 

performance in real scale. 

 

• Study the response and durability of different bi-metallic coating behaviour under high 

temperatures exposition.  

 

• Study new coating techniques, for example plasma coating or thermal spray coating. 

 

• Develop a comprehensive model to know the behaviour and relations between the 

metallic coated FOS when they are embedded.  

 

• Embed metallic coated in metals with higher melting points by TIG and Laser procedures 

to introduce them in other applications for condition monitoring or process monitoring, 

such as monitoring metallurgical furnace components degradation or 

thermoconforming processes.  

 

• Try to licence the knowhow or IP generated from research to FOS developers or 

potential users for wider industrial acceptance.   

 

• Test the metallic coated FOS under harsher conditions to further explore their real 

potential. 
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