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ABSTRACT

Accurate temperature measurement of rotating components is problematic, particularly for 
parts within a hostile environment. Knowledge of the surface temperature of turbine blades 
within an engine would assist in the analysis and improvement of engine design and 
efficiency. This thesis presents work carried out during an EPSRC Case studentship, in 
collaboration with Rolls-Royce Pic., towards the development of phosphor thermography as 
a remote temperature sensing technique. The sensor is based upon the temperature 
dependence of the rise- and decay-times of the photoluminescent characteristics which are 
emitted by a phosphor when excited by pulsed laser radiation. By applying a phosphor 
coating to the component-under-test, the photoluminescent emission can be collected and 
analysed remotely resulting in the determination of the surface temperature of the 
component. Since no physical contact is required, this technique can be utilised for the 
temperature sensing of both static and rotating components.

This research has concentrated on the characterisation of two phosphors; namely, Europium 
doped Yttrium Oxide (Y20 3:Eu) and Terbium doped Yttrium Aluminium/Gallium Oxide 
(YAGaG:Tb). Both phosphors have been optimised for their intensity emission levels and 
decay constant characteristics through the variation of the dopancy level. The discovery of a 
rise characteristic within the photoluminescent emission has led to a new, low temperature 
dependent characteristic. The modelling of the rise and decay characteristics has been 
performed, based upon the energy level transitions for these phosphors. This rise constant 
characterisation has extended the temperature sensing capabilities of Y20 3:Eu to a range of 
25°C to +1100°C. Previously, this phosphor was useful only between 600°C and +1100°C.

Comparison, between the temperature dependence of the two phosphors, shows both are 
sensitive for the range of 600°C to +1100°C and therefore are suitable for use within the 
field of turbine engines. Y20 3:Eu is more sensitive to temperature variation defined by the 
quenching rate i.e. Y20 3:Eu is lS^mC ' 1 and YAGaG:Tb is 12.0mC'\ Results presented 
show Y20 3:Eu to be a more efficient phosphor. Intensity emission levels of Y20 3:Eu are a 
factor of ten stronger than the emission levels of YAGaG:Tb.

The fabrication of thin film samples of Y20 3:Eu by RF Magnetron Sputtering, have 
provided intensity levels equal to those obtained from thermographic paints. Lifetime 
experimentation has shown thermographic paints to survive for only one hour at 1200°C 
compared with the thin film samples which lasted for up to ten hours. Thus, a robust 
thermographic coating has been demonstrated which exhibits the ability for long term use 
within the hostile environment of a turbine engine to aid in the temperature sensing of 
turbine blades.
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1. Introduction To Phosphor Thermography

1. Introduction To Phosphor Thermography

1.1 Background

Phosphor Thermography is a remote sensing technique being developed for the 

measurement of the temperature of rotating components within hostile environments11,2,31. 

Several technologies, such as turbine engines, combustion engines, motors and generators, 

are currently in great need of an accurate temperature sensing technique to facilitate 

modelling analysis and diagnostic instrumentation14,51. Of specific importance is the 

measurement of temperature within turbine engines16,71 and particularly for the sensing of 

turbine blades. For example, recent tests carried out at Rolls-Royce Pic, have shown 

temperatures to reach in excess of 1200°C. These high temperatures cause strain and stress 

on components leading to structural damage and a reduction in engine efficiency. From a 

safety point of view, the failure of the turbine blades would lead to loss of power and 

eventual shutdown of the engine, with the potential of a mid-flight catastrophy. The cost of 

investigation into the cause is very expensive and time consuming, and results in the aircraft 

being taken out-of-service. However, present techniques for temperature measurement may 

have errors as high as ±50°C. Reduction of this error is vital if engines are to operate with 

higher thrusts. Use of a temperature sensing technique as a diagnostic tool, increases the 

knowledge of the components capabilities with temperature; leading to better design, better 

efficiency, longer lifetime and greater engine thrust.

Measurement of temperature within turbine engines is problematic due to a number of 

factors. Firstly, there is the hostile environment that exists which causes erosion of the 

sensors currently utilised. Secondly, any sensor must have little if any effect on the 

aerodynamics of the system which are vital to the engine’s efficiency. Finally, many 

components that require measurement of temperature within such a system are moving or

1



1. Introduction To Phosphor Thermography

rotating, which causes difficulties in the transfer of information from the sensor to the 

analysing equipment.

In the world of sensing, many methods exist for individual applications, each having its 

own advantage. Discussed below are the current methods utilised within the turbine engine 

industry and the problems they encounter.

1.2 Current Techniques

At present, there are three techniques utilised for temperature sensing within turbine 

engines; thermocouples, pyrometry and thermal paints[8].

(i) Thermocouples are widely used as a temperature sensor, but have several weaknesses 

when utilised in engine environments. For a thermocouple to be used, the junction has to be 

in contact with the area which is being measured. Immediately, technical problems exist 

when moving/rotating components are involved. Conventional surface-mounted 

thermocouples would require the re-design of the components to allow for the detrimental 

effects on the aerodynamic flow due to the thermocouples presence. Development into 

embedding the junction within the component has taken place but problems still exist. Both 

the hostile environments and the large centrifugal/centripetal forces that exist within such a 

system cause erosion of the thermocouple’s junction resulting in the loss of measurement. 

Also, the transfer of information from the sensor to the analysing equipment is problematic. 

Two methods currently utilised are slip rings and telemetry. The use of a slip-ring has 

shown that the high temperatures reached and the fast rotational speeds cause very rapid 

wear of the slip rings, resulting in this method having a very poor lifetime. Telemetry 

requires a transmitter to be associated with each thermocouple and a corresponding receiver 

external to the engine’s environment, to translate the information to the data analysing 

equipment. This method is expensive and the transmitters have poor lifetimes again due to
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the hostile environments. Also, electromagnetic interference exists within the engine; 

inducing a low signal-to-noise ratio, leading to a reduction in accuracy.

(ii) Radiation pyrometry is a remote sensing technique and so by-passes many of the 

problems associated with thermocouples, like bonding to components and electromagnetic 

interference. It relies on the intensity level of blackbody radiation emitted by the blades 

when high temperatures are reached. However, due to the surface emissivity of the blade 

material varying with the operation of the engine, knowledge of the blade’s emissivity 

properties is required prior to installation to allow for the calibration of the sensing 

equipment. Also, existing within such a hostile environment, many other components of 

various temperatures exist; each emitting its own level of blackbody radiation. Many 

pyrometers have the inability to focus, resulting in the collection of blackbody levels from 

several sources within their field of view; so producing low signal-to-noise ratios leading to 

problems in signal analysis. The dirty environment can also lead to a reduction of the 

intensity level and so mis-calculation of actual temperatures.

(iii) The third method is the use of thermal paints. Like phosphor thermography, it too 

utilises the thermal properties of phosphors. A thermal paint will undergo a colour change 

as a result of the temperature it has reached. Unfortunately, although a thermal paint can 

have a wide temperature sensing range of 510 - 1110°C, accuracy is lost due to there being 

only 7-10 colour changes occurring over the complete range. Therefore, the measurement is 

only accurate to approximately ±50°C[8]. Also, the paints will only indicate the maximum 

temperature achieved during the test run, therefore requiring a multitude of test runs for the 

full analysis of a single system. The results are only obtained by visual inspection and 

comparison with calibrated colour charts after the test runs are complete. Therefore, the use 

of thermal paints is not a time resolved solution, and the high cost of disassembly of the
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engine makes this a very expensive method. The main advantage is the ability to provide a 

temperature profile over the complete component’s surface, and so remains a widely used 

method.

To overcome these problems, a new temperature sensing technique is required with

a) The ability to sense temperature without physical contact to the component

b) A high temperature sensing range of from at least 600°C to in excess of 1100°C

c) A higher degree of accuracy ~ ±5°C

d) Time resolved capability

e) Properties are non-detrimental to the aerodynamics and efficiency of the engine

f) The ability to withstand the corrosive environment, therefore extending the 

lifetime of the sensor

g) Immunity to electromagnetic interference

h) Focusability to facilitate the sensing of specific components

The proposed solution investigated here is phosphor thermography, a remote sensing laser- 

induced luminescence method that was first demonstrated by Catest9] in the early 1980’s. 

Utilised are the thermal properties of photoluminescence which are emitted by a phosphor 

when excited by an external source. Optical excitation and collection of the luminescence 

makes this a remote sensing method, without the associated problems mentioned above. 

The next section will describe the process in some detail.
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1.3 Phosphor Thermography

1.3.1 Introduction

Phosphor Thermography (PT) is a remote sensing method for the measurement of the 

temperature of rotating components within hostile environments11’2,3'. The temperature 

dependent properties of laser-induced photoluminescence of phosphors are utilised for this 

sensing method. When a phosphor is excited by an pulsed ultra-violet laser, the intensity of 

the resultant photoluminescence with respect to time will decay usually in a single 

exponential manner. It is the rate of decay that is temperature dependent. Simple application 

of a phosphor coating to the components-under-test, allows the temperature of the 

component to be continuously monitored. A schematic diagram of such a system is shown 

below in Figure 1-1.

Rotating
Components

Specific rotating 
component with 
phosphor coating

Optical fibre to 
transmit excitation 

and collect resulting 
emission

Optical System

D etector

Data Analyser Computer Excitation
Source

Figure 1-1 A Simple Thermographic System
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First, the optical system couples the excitation source into the optical fibre, which transmits 

and focuses the source onto the component-under-test. This component has been coated 

with a pre-calibrated phosphor coating, which will emit luminescence of a specific 

wavelength due to its properties. The resultant emission is collected by the same optical 

fibre and focused onto the detector by a series of lenses. The detector converts the captured 

light into a voltage signal which in-turn is captured by the data analyser. The computer then 

allows for comparison with the pre-calibrated data and results in the determination of the 

temperature of the component.

1.3.2 Comparison With Previous Techniques

In comparison with currently used methods, phosphor thermography has several 

advantages. Firstly, the information from the component is an optical signal, which will be 

unaffected by the electromagnetic interference, compared with the transmission of an 

electrical signal provided by thermocouples. Also the phosphor coating thickness, whether a 

thick paint or a thin film, is minimal in comparison with thermocouples and so is much less 

detrimental to the aerodynamics of the engine. The thickness of the coating also minimises 

the thermal gradient that exists between the surface of the component with that of the 

sensor, so is less prone to error. Because the collection optics are at a distance from the 

components, both static and rotating parts can be monitored.

Compared with pyrometry - also an optical based method - phosphor thermography does not 

have the problem of interference from other bodies. The excitation source is focused onto a 

specific component, and therefore only signals from that component are collected by the 

optics. Unlike pyrometry whose detection is limited to the intensity level of blackbody 

emission, phosphor thermography relies on the temperature dependent properties which are 

intensity independent, hence the technique has the capability of use within dirty 

environments; although , signal-to-noise ratio is still a limiting factor.
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This technique has two strong advantages over thermal paints. Firstly, phosphor 

thermography is time resolved, allowing for real-time capture of data. As a result, full 

analysis of a turbine engine’s environment, conditions and capabilities can be obtained 

during a single test run rather than the multitude required by thermal paints to achieve 

similar knowledge. This dramatically reduces the cost of system, as each test-run costs 

hundreds of thousands of pounds. Secondly, better accuracy is achieved with phosphor 

thermography; ±1°C, compared with the ±50°C of thermal paints.

1.3.3 Previous W ork

Temperature dependence of phosphors was first noticed in the late 1930’s after the 

introduction of the fluorescent lamp*1,105. It was the loss of luminescence output from the 

lamp as temperature increased that was detrimental to its function, and so led to 

investigations into a more temperature stable phosphor. It was first suggested in 1937 by 

Neubert*11* that such properties could be utilised for the measurement of temperature. For 

example, Magnesium Fluorogermanate was developed as a lamp phosphor in 1950’s*10*, but 

it was not until the work of Wickershiem et al in the late 70’s and early 80’s, cited by 

various references*1’3’12,135, that the phosphor was used in early thermometiy based 

measurement systems. This was followed by further investigations into the temperature 

dependence of phosphors leading to the first remote temperature sensing systems using 

thermographic phosphors in the 1980’s developed by Cates*9,145. The experiment involved 

measuring the temperature of the wall of a gas centrifuge. Since then, research into this 

field has expanded with experiments on the remote temperature measurement of magnets 

within an electric generators*155 and electric motors*165; the surface temperature of an 

inductively heated rotating discs*175; and the surface temperature of components within gas 

turbine engines*185. The phosphor is attached to the surface under investigation with the use 

of a binder. The best binder in terms of adhesion properties, to-date, is a ceramic based 

refractory paint. In experiments carried out within the hot section of an engine by Noel et

7



1. Introduction To Phosphor Thermography

alfl8], the temperature measured using phosphor thermography agreed with those determined 

by pyrometry. A problem exists though, with a significant amount of the phosphor coating 

being lost due to the high temperatures reached. Noel et al[18] fabricated thin film 

thermographic phosphors which are harder and smoother than phosphor/binder coatings 

and were found to be more durable. Unfortunately, the thin film layers had the disadvantage 

of a weaker emission intensity than the thick films. Also, the deposition equipment required 

for the application of the thin film is expensive, for example a sputtering or an electron 

beam deposition system.

1.4 Summary O f The Thesis

Research on phosphors for the development of a sensor has been carried out in 

collaboration with Rolls-Royce Commercial Aero Engines Pic, Derby, as an EPSRC CASE 

studentship. The aim is to use of phosphor thermography as a diagnostic tool, for the 

development of the turbine blades within commercial aero-engines. A necessary 

requirement is the need to identify a phosphor for optimum signal-to-noise ratio and of 

equal importance is the provision of strong bonding to the turbine blades. The programme 

for this thesis has been to investigate suitable phosphors and fully characterise these 

materials to identify an optimum phosphor. Also to produce a more robust, longer lasting 

film than currently used by any practitioners of phosphor thermography in aero-engine 

evaluation. Below is a summary of each chapter.

• Chapter 2 Review of Thermographic Phosphors.

This chapter describes the criteria required for the investigation of suitable phosphors, 

commencing with an explanation of the process involved in phosphor thermography, 

followed by a description of the fluorescent properties. The chapter concludes with a 

summary of previous investigations in the field of phosphor thermography, discussing 

the development of the sensor and the phosphors temperature dependent capabilities.
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• Chapter 3 Experimental Detail

A full description of the instrumentation required to fully characterise the phosphors is 

given. Discussed are the problems and the limitation factors encountered along with the 

resolved solutions. Details of the LabVIEW software and data analysis process are 

given, allowing for an automated computer controlled photoluminescent system.

• Chapter 4 Europium Doped Yttrium Oxide

This is one of the most widely investigated phosphors due to its efficiency as a 

luminescent material. Here, will be detailed the variation of this phosphor with 

Europium doping along with its temperature dependent characterisation. Also included 

is the extension of previously unknown temperature sensing capabilities due to the 

discovery of a new novel temperature dependent characteristic, namely the “Rise- 

Constant” of the photoluminescent signal.

• Chapter 5 Terbium Doped Yttrium Aluminium/Gallium Oxide

Similar to Chapter 4, discussed here will be the photoluminescent properties of this 

phosphor. Full characterisation results will be given, along with the optimisation of the 

phosphor in terms of dopancy levels.

• Chapter 6 Comparison of Phosphors

The question to be answered is which of the two phosphor investigated is most suitable 

for use as a thermographic sensor within aero-engine designs. A comparison is made 

between the criteria of intensity emission levels, detectability at extreme temperatures, 

temperature dependent characteristics and lifetime measurements of thick films, 

produced by Rolls-Royce, will be discussed.

9
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• Chapter 7 Thin Film Phosphor Thermography

Chapter 6 concludes that the lifetime measurements of thick films is problematic. 

Investigated was the production of the optimised phosphor grown as a thin film by RF 

magnetron sputtering. Both the growth of such films and the post-growth processes 

required are detailed and improvement in intensity levels are given. Finally, there are 

details of the lifetime tests carried out, providing a way forward for thin film phosphor 

thermography.

• Chapter 8 Conclusion

A summary of the work and achievements obtained during the programme, with 

discussion of the temperature sensing method’s future in industry.
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2. Review of Thermographic Phosphors

2.1 Definition O f A Phosphor

A phosphor 1̂2,131 is a material which exhibits luminescent properties and usually takes the 

form of a ceramic host, such as an oxide or a garnet, with the dopant being a rare-earth ion. 

Luminescence is the term used to describe the emission of visible electromagnetic radiation 

from a material after the absorption of energy. There are many methods of excitation 

utilised for various applications like electroluminescence for display technology1191 and 

cathodoluminescence for televisions^201. For phosphor thermography the excitation process 

is photoluminescence, utilising optical excitation. The remainder of the chapter will 

describe the properties exhibited by the phosphors, the processes taking place and how 

these materials are utilised for the measurement of temperature.

2.1.1 A Brief History of Phosphors

A significant discovery was made in 1866 by Theodore Sidot[211 during an experiment into 

the growth of crystal structure. The investigation involved the growth of ZnS which 

exhibited light emitting properties in the dark, which later became known as 

phosphorescence. During the late 19th century, research into luminescent properties of 

phosphors made extensive progress due to the work of Philip EA Lenard and co-workers in 

Germany. They originated the principle that a phosphor consisted of a host material with 

luminescent centres, produced by firing metallic based impurities into the compound. These 

phosphors are alkaline earth chalcogenides and are now referred to as the Lenard 

phosphors[221. The introduction of the fluorescent lamp in 1938 by GEC, Great Britain1231, 

led to the increase in demand for better lighting for industrial applications. Together with 

the development of the Cathode Ray Tube (CRT), research into the properties and 

mechanisms of the luminescence of phosphors began to increase.

11



2. Review o f  Thermographic Phosphors

Humbolt Leverenz at Radio Corporation of America carried out detailed work on the ZnS 

type phosphors for the development of suitably characterised phosphors for the CRT. His 

work is published in a book entitled “An Introduction to Luminescence of Solids” l24] and is 

still valued today. After the Second World War, solid-state luminescence evolved into one 

of the most widely researched areas. This led to a much greater understanding of the 

mechanisms and properties of lattices and their impurities; especially due to the concept of 

the configurational co-ordinate model of luminescent centres which was introduced pre-war 

by P W Pohl and co-workers in Germany during their study of Ti+ activated alkali halide 

phosphor[12J. Since then, advances in optical spectroscopy have clarified the energy levels 

and transitions based on crystal field theory.

Phosphors can be classified by a variety of ways, but the most widely used method is by the 

application within which they are utilised and is as follows: ( 1) light sources for lighting 

and fluorescent tubes, (2) display devices such as CRTs and electroluminescent displays, 

(3) detector systems like X-Ray screening, and (4) other applications, such as luminescent 

paint and phosphor thermography.

2.1.2 Luminescent Properties

For photoluminescence[12,13’20’251, when a phosphor is excited using a UV light source, the 

phosphor emits a spectrum of emissive light. The emission of light from a luminescent 

material is described as a combination of fluorescence - light emitted during the excitation 

period, and phosphorescence - light that is emitted after excitation has ceased. It is the 

temperature dependent properties of the phosphorescent emission that are utilised within 

phosphor thermography. Within an emission spectrum there are various spectral lines with 

varying intensities due to the multitude of atomic energy levels which exist. Furthermore, 

the intensity of each individual spectral line may vary according to the wavelength of the 

excitation. This may be characterised in terms of an excitation spectrum, where the

12



2. Review o f  Thermographic Phosphors

intensity level of the major peak is monitored while the excitation wavelength is varied, 

resulting in the excitation spectrum for that specific emitted wavelength of that particular 

phosphor.

Figure 2-1 shows the excitation and emission spectra of Y20 3:Eu[26]; one of the phosphors 

under investigation. The major spectral peak occurs at 61 lnm (in the red region of visible 

light). Furthermore, the excitation spectrum provides knowledge of the energy levels to 

which excitation can occur. This can be excitation into the host lattice or energy transfer 

directly into the europium ion. It also indicates the optimum excitation wavelength for the 

maximum intensity of the 61 lnm spectral line.
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Figure 2-1 Emission and Excitation Spectra of Y20 3:Eu

2.1.3 The Mechanism of Luminescence

Luminescence can be described as a two stage process, the excitation of electrons into 

higher energy levels and the relaxation of those electrons back to the stable energy states 

from which they originate. For excitation into the higher energy levels, electrons must
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absorb the required energy to make the energy transition. For photoluminescence, this is 

achieved due to the absorption of light, thus producing the excitation spectrum as 

previously described. The electrons are now sited at an unstable energy level, and will 

release energy through radiative or non-radiative paths back to the zero-energy states. 

Consequently, energy is released thermally (non-radiative path) or by the emission of a 

photon (a radiative path). Therefore, photons of various wavelengths are emitted and thus 

produce the emission spectrum of the material.

2.1.3.1 Luminescent Centres

The introduction of an impurity (also referred to as the dopant ion or activator) within an 

host crystal structure provides the energy levels for the production of luminescence. 

Typically, the energy transition between the valence and the conduction band of the host 

lattice of an oxide material is of several electron volts (eV). When an impurity exists within 

the host lattice, the discrete energy levels of the impurity may be situated within the 

forbidden energy gap of the host. Figure 2-2 shows a simple energy level diagram of a host 

crystal and a luminescent centre. As shown, absorption of energy leads to a possible 

excitation / re-combination process of an electron resulting in the emission of light.
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Figure 2-2 Energy Level schematic showing electron transitions
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2.1.3.2 The Excitation and Relaxation Process

For photoluminescence, a phosphor can be excited by the radiation of light lying in the 

ultra-violet and visible regions of the spectrum. As explained previously in this chapter, the 

wavelength of the absorbed light can be given in terms of electron volts and therefore 

related to the energy levels. For the radiated wavelength to be absorbed, it must have 

sufficient energy to excite the electrons from the ground state to an upper level. Shown in 

Figure 2.2 are the possible routes an electron may or may not take when excited with 

sufficient energy provided by the radiated wavelength. If the energy is sufficient enough, an 

electron may be excited across the band-gap of the host lattice. This electron will then relax 

back to a lower stable energy level. The route undertaken will consist of a series of energy 

transitions, where the loss of energy by the excited electron is either thermally released or 

emitted as luminescence.

If the energy provided is lower than that required to excite into the conduction band, 

excitation can occur directly within the luminescent centre. Again, the excited electron will 

undergo a relaxation transition which is likely to result in the emission of luminescence. 

Within a luminescent centre, the existence of many energy states produces a multitude of 

both radiative and non-radiative transitions to the lower ground state. Each transition has a 

probability of occurrence, and so produces a variety of intensities for the radiative 

transitions. This is represented by the spectral lines of the phosphor’s emission spectra. As 

a result, the excitation spectra consists of both broad and sharp absorption lines as shown in 

Figure 2-1, a combination of the absorption by the host lattice, yttrium oxide, and by the 

luminescent centre, europium.

2.1.4 Temperature Dependent Properties

For a phosphor to be utilised in the field of temperature sensing, it must exhibit some form 

of temperature dependency. Two forms of temperature dependency are exhibited. The first
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is the variation of spectral line peak intensity with temperature, and the second is the decay 

time or lifetime temperature dependence of the luminescent centre.

As previously stated, when excited all phosphors emit a spectrum of various wavelengths 

and intensities. Some phosphors will emit two wavelengths of strong intensity whose 

emission intensity levels vary independently with temperature. Ideally, the intensity of one 

peak is independent of temperature which then is chosen as a reference, and compared with 

the second peak whose level varies with temperature. The temperature of the phosphor can 

be determined by monitoring the ratio of the two peaks. Figure 2-3 shows the principle of 

this method.
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Figure 2-3. Diagram Showing The Principle of Two-Peak Intensity Method

Within an aero-engine, the dirty environment that exists leads to surface fouling which 

reduces the intensity levels collected by the detector. Assuming the loss of intensity due to 

surface fouling is equivalent at each wavelength, the above figure shows that by utilising 

the ratio between the two peaks, the ratio’s value will not reduce and so measurement of 

temperature is still feasible. As shown, most phosphors have spectral lines whose intensity 

decreases with temperature. This leads to a weakening signal-to-noise ratio at high 

temperatures which increases the error of the measurement. Conversely, work by Goss et
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al[27] and Chyu [28] have illustrated the potential of this method using the phosphor 

Dysprosium doped Yttrium Aluminium Oxide, YAG:Dy, whose spectral line intensity 

increases with temperature.

The second, and potentially preferred method, is the use of the decay time of 

phosphorescence which is light emitted after excitation has ceased. After excitation, the 

number of electrons, N, that have been excited to a discrete energy level will return to a 

lower state. The rate of change of the decreasing excited population is dependent upon the 

probability of the transition1291, P, to the lower state and is defined as

Integrating the above equation and defining N0 as the initial population, the population N at 

any given time, t, is

With an exponential decrease in the number of electrons, the probability of de-excitation 

can be re-written as the decay constant, xd, where :-

For a radiative transition, the energy released by the relaxing electron is emitted as a 

photon. As intensity, I(t), is proportional to the number of generated photons, N(t), 

Equation 2 can be re-written in terms of fluorescent intensity levels as

dt
Equation[l]

N(t) = N 0 exp (-Pt) Equation [2]

Equation[3]

Equation[4]

where I0 is the initial intensity level.
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Figure 2-4 shows how the photoluminescent signal decays and illustrates the decay 

constant, Td, is a function of temperature. This is a characteristic of each individual 

phosphor.

Increasing Temperature
Emission
Intensity

Time (ps)
Decay Constants

Figure 2-4 Illustration of the Decay Constant Principle

However, the temperature dependence of the decay constant only occurs above a specific 

temperature known as the quenching temperature, T q . A s  an example, Figure 2 -5  shows the 

natural log of the decay constant plotted against temperature for a typical phosphor. Beyond 

T q, the decay constant decreases exponentially with temperature. The rate at which the 

decay constant varies with temperature is called the quenching rate, Q, and is a measure of 

the temperature sensitivity of the phosphor. Hence, the characteristic defines the range and 

accuracy of the phosphor as a temperature sensor.
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Figure 2-5 Temperature Dependence Characteristic of the Decay Constant

Within the exponentially decreasing region, the relationship between the decay constant and 

the temperature, T, of the phosphor can usually be represented by[30):-

x d =  t  q exp [-Q(T-Tq)] Equation[5]

where xq is the decay constant at the quenching point. From equation 5, it can be 

determined that Q has the units of inverse temperature.

The mechanism that leads to this characteristic is explained with reference to Figure 2-6, 

which shows a configurational co-ordinate diagram^311 of a two energy level system. Path A- 

to-B represents the absorption process of an inner shell transition from the lower energy 

level to the higher level. This is the absorption of the exciting wavelength, A,ex, for 

photoluminescence. The excited state relaxes to the lowest point, C, with the loss of energy 

being emitted as a phonon (thermal energy). At position C, the excited electron will either 

relax to the lower energy level at point E via emitting a photon, A,em; or will absorb thermal 

energy, a phonon, and be excited to point D. This leads to the electron relaxing to point A 

non-radiatively.
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Figure 2-6 Configurational Co-ordinate Diagram Of A Simple Two Energy Level

System

By denoting the probability of a radiative transition as Wr and a non-radiative transition as 

WIir, the probability P from Equation 2 can be re-defined as the sum of the two possible 

transitions1325

The radiative probability, Wr, is fixed for a specific transition between two energy levels 

and is independent of temperature. It is the non-radiative transition probability, Wnr, which 

is temperature dependent and is governed by thermal relaxation processes. For thermal 

relaxation to occur, the electron must first be thermally excited to the cross-over point of 

the two energy levels (point D in Figure 2-6). The energy required, AE, is known as the

P = W + Wr nr Equation[6]

and Equation 3 is re-written as :

Td = (W ..+ W J-1 Equation[7]
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thermal activation energy. The probability, Wlir, of the electron making the transition C-to- 

D via thermal activation is defined as [22]:

where k is Boltzmann constant, T is the temperature and S is the phonon frequency factor. 

As shown, the non-radiative transition is strongly temperature dependent. This leads to 

thermal quenching, where the emission efficiency decreases and the decay constant of the 

luminescent centre shortens at high temperatures (see equation 7).

Of the two methods of monitoring temperature change, the decay time technique is 

preferable for use within turbine engines for a number of reasons. Firstly, there is a wide 

choice of phosphors available which show decay time variance with temperature. Compared 

with the two peak method, only a limited number of phosphors showing two peak 

temperature dependence exist, and hence limits the thermographic sensor capabilities. 

Secondly, the two peak intensity method requires the use of two detectors, one for each 

wavelength, compared with the decay time which requires only one. This reduces both the 

size and cost of the final instrumentation. Thirdly, and most important, is the sensitivity to 

temperature. Decay time has shown an accuracy of ±0.3°C[161 compared with two-peak 

method quoted with an accuracy of ±9-50°C[27], but varies depending on the temperature 

range under investigation, especially where levels of blackbody radiation are high.

2.2 Phosphor Preparation

The preparation of the phosphor material plays an important role for fluorescent 

properties133,341. The starting materials are mixed in crucibles and fired under controlled 

atmospheric conditions. It is the parameters within the controlled atmosphere which dictate 

the properties of the final material, like the particle size of the material, the stoichiometry of 

the host lattice, and the valence of the dopant (e.g. Europium, Eu2+ or Eu3+)

Equation(8)
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Where the activator and host material are chemically compatible, as is the case with rare- 

earth activated phosphors, the method of coprecipitation is often used. For example, 

Y2C>3:Eu3+ is produced by coprecipitating the oxalates from solution and firing the 

precipitate. The firing of the phosphor is of great importance for the fluorescent efficiency 

of the phosphor material. Once the material has been precipitated, the dopant may or may 

not be positioned correctly within the host lattice. It is the firing of the material which leads 

to the re-positioning of the dopant, making the phosphor much more efficient. This is 

shown later, in the annealing process of thin films to enhance the fluorescent emission 

intensity.

2.3 Phosphors Under Investigation

In the field of phosphor thermography, a wide range of phosphors have been investigated 

for the suitable temperature dependent characteristics due to the numerous applications 

requiring such a temperature sensing technique, see section 1.3.3 . A literature survey was 

carried out in the initial phase of this study to summarise the characteristics of previously 

investigated phosphors. Table 2-1 gives details of the phosphors, their emitted wavelengths, 

the excitation source used and their temperature sensing capabilities.

One of the major contributions to the field of phosphor thermographyt35'42,44,47], has been the 

work carried out by the researchers Allison and Cates of Oak Ridge National Laboratory, 

USA; and Noel and Borella of Los Alamos Research Laboratory, USA. Collaborating 

bodies have included EG & G Energy Measurement Group (Turley and Lewis), Pratt & 

Whitney Aero-engine Manufacturers, University of Virginia (Dowell) and University of 

Tennessee (Bugos). In all cases, the decay time method was utilised with excitation at 

337nm (Nitrogen laser) or 355nm (third harmonic of Nd:YAG laser). Both high and low 

temperature sensitive phosphors were investigated for many applications including walls of 

gas centrifuge[9], combustion engines5411 and turbine blades136,425 within both military and
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commercial Pratt & Whitney engines. Many bonding methods for phosphors have been 

studied to test both adhessiveness within the hostile environments and for long-term 

survivability. As well as the use of epoxy resins for chemical bonding methods, the thin 

film techniques of electron beam deposition and RF sputtering have been investigated. 

Their results show good survivability for the films upto 1000°C[35’36’421, but with weak 

emission compared to chemical bonding methods1351.

Laboratory experimentation has shown temperature measurement capabilities of upto 

1400°C1391 with Y20 3:Eu, YAG:Tb and YAG:Dy. For tests on Pratt & Whitney engines, 

thermal barrier coatings are used to protect the turbine blades from the extreme 

temperatures. Also, a two fibre system was utilised, one to transmit the excitation 

wavelength and one to collect the fluorescence, in order to minimise laser interference with 

the collected signal. Minimisation of blackbody radiation observed by the detector was 

achieved using a mechanical shutter system1391 with promising results. Unfortunately, the 

speed of the shutters was slow, each with a maximum possible speed of 1ms.

Zhang, Grattan and Palmer145,48,491 have utilised phosphor thermography for the production 

of fibre-optic sensors. Their method consists of coating the tip of a two fibre optic system 

with the phosphor, alexandrite145,491 or Nd:YAG[48]. A quartz sheath surrounds the silica 

fibres producing a temperature probe, meeting requirements for temperature measurements 

within plasma deposition systems or microwave heating1481.
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Phosphor
Emitted

Wavelength
(nm)

Temperature
Range

(°C)

Decay
Time
m

Excitation
Wavelength

(nm)
Reference

Y20 3 : Eu 611 450 - 1180 1000-0.05 355 (Nd:YAG) 35
611 600- 1200 300 - 0.4 337 (N2) 36

no data 500- 1200 800 - 0.04 unknown 38
611 540- 1100 1000-0.15 337 (N2) 39
611 650- 1200 1000-0.02 337 (N2) 42
514 7 0 - 170 45 - 1.5 337 (N2) 43
612 550 - 900 800 -2 .0 337 (N2) 44
611 500 - 1050 1000-0.1 266 (Nd:YAG) 46
612 600 - 930 1200-20 337 (N2) 47

Y20 3 : Dy no data 425 - 540 250 - 5.5 355 (Nd:YAG) 35
Y20 3 : Gd blue no data no data 337 (N2) 36
Y20 2S : Eu red 30 -300 no data 337 (N2) 36
Y20 2S : Tb 544 260 - 540 450 -2 .0 337 (N2) 36

545 200 - 550 700- 1.0 337 (N2) 44
Y20 2S : Pr white no data no data 337 (N2) 36
YAG : Dy no data 1055 - 1470 11-6.5 355 (Nd:YAG) 35

461 1 150 - 1480 20 - 5.0 337 (N2) 39
YAG : Tb 543 925 - 1425 45 - 0.04 337 (N2) 39

Y2(Al/Ga)50 12:Tb 544 600- 1100 2000 - 0.8 266 (Nd:YAG) 46
Nd : YAG 1064 700 - 900 257 -235 810 (diode) 48
LuP0 4 : Dy no data 975 - 1225 500- 120 355 (Nd:YAG) 35

no data 900- 1175 500 - 40 unknown 38
LuP0 4 : Eu no data 725 - 1100 2000 - 5.0 355 (Nd:YAG) 35

no data 750- 1100 2000-3 .5 unknown 38
Y P04 : Eu no data 670- 1100 2000- 1.5 unknown 38

Y V 04 : Eu no data 500 - 725 400 - 2.5 355 (Nd:YAG) 35
617 350 - 500 2 9 0 -4 .0 337 (N2) 36
618 450 - 750 400 - 2.0 337 (N2) 42

Y V O ,: Dy no data 3 10-410 130-5.0 355 (Nd:YAG) 35
574 280 - 370 140-20 337 (N2) 36
575 300 - 400 129-5.8 337 (N2) 37

M g^G eC ^M n no data 70 - 700 4000- 1.2 355 (Nd:YAG) 35
664 + 637 435 - 730 3000 - 340 337 (N2) 36

La20 2S : Eu no data -23 - 155 120- 1.0 355 (Nd:YAG) 35
no data 140-240 130-4.5 355 (Nd:YAG) 35
no data 240 - 330 250-4 .8 355 (Nd:YAG) 35

537 -200 - 200 120-20 337 (N2) 36
537 95 - 290 250-0 .8 337 (N2) 41
514 0 -  100 2 5 -0 .8 337 (N2) 44
537 100-210 200- 10 337 (N2) 44

La20 2S : Tb green no data no data 337 (N2) 36
LaP04 : Eu no data 460 - 750 2000 - 2.5 unknown 38
Sc20 3 : Eu red 400- 1200 no data 337 (N2) 36
ScP04 : Eu 597 650- 1200 1336 - 1.0 395 36

BeAl2Q4 : Cr 690 0 -4 0 0 2 -1 0 0 669 45
400 - 700 100-0.8 (diode laser)

no data 20 - 700 300- 1.0 670 (diode) 49

Table 2-1 Temperature Characteristics of Previously Analysed Phosphors from Literature

Survey
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From the data shown in Table 2.1, the decision was made to investigate two phosphors 

systems, namely, Europium doped Yttrium Oxide (Y20 3:Eu - red emitter) and Terbium 

doped Yttrium Aluminium/Gallium Oxide (Y2(Al/Ga)50i2:Tb - green emitter) A third 

phosphor, Gadolinium doped Yttrium Oxide (Y20 3:Gd- blue emitter) was also investigated 

but under excitation of the Nd:YAG laser showed very weak emission levels and so was 

omitted from further investigation. Each phosphor would be characterised as foliows:-

• Dopancy Dependency - High levels of blackbody radiation leads to a reduction in

signal-to-noise ratio at extreme temperatures. Past investigations have been carried out 

on phosphors of single dopant concentration. For this study, the intensity of the 

phosphorescence will be optimised by varying the concentration of the dopant. As well

as the intensity of emission, the temperature dependent characteristics would also vary

due to changes in dopancy levels.

• Excitation Wavelength - The laser system available through Rolls-Royce Pic, was a 

Nd:YAG laser (Spectron 130mW 14ns pulse) with output wavelengths of 355 and 

266nm. Excitation wavelength can affect both the intensity levels and the temperature 

characteristics. Absorption spectra of both phosphors indicate 266nm would induce 

greater intensity emission. Unfortunately, tuning of the laser to the fourth harmonic 

(266nm) leads to a reduction in laser power, and so may not result in better efficiency.

• Temperature Dependence - All phosphors would have their temperature dependence 

characteristics investigated for both excitation wavelengths over the full temperature 

range of interest (25-+l 100°C). Dopancy levels are known to affect the characteristics 

and so would be fully investigated.

• Coating Methods - Initial experimentation would be carried out on powder samples in 

the form of a pressed pellet. Two coating methods would be investigated. Firstly, 

production of a spray paint using epoxy resin as a chemical bonding method, and
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secondly, growth of thin films of the optimum dopant concentration via RF Magnetron 

Sputtering. Past investigations have shown thin films to have a high survival rate, but 

with lower emission levels. Lifetime and intensity comparison would be made on 

samples. Further work into optimisation of thin films would be carried out to maximise 

intensity and minimise the thermal gradient. This would include full investigation into 

the thickness dependency and the post-growth process of annealing.

One of the major problems with all past experimentation is the collection of the emitted 

phosphorescence and the transmittance to the detector system. The optical system must 

maximise the signal received by the detector in order to fully investigate the temperature 

dependent capabilities of the phosphors. A full investigation into the optical system and 

arrangement of equipment was therefore required. This particularly includes the technique 

required to capture the signal from inside the furnace and also focusing of the captured 

signal onto the detector.
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3. Experimental Detail

3.1 Phosphor Specification

As discussed in Chapters 1 and 2, the temperature measurement of turbine blades can be 

achieved via phosphor thermography. The sensory component of this technique is the 

phosphor, the temperature dependent characteristics of which define the sensing capabilities 

of the complete system. To meet the requirements for turbine engine diagnostic equipment, 

the phosphor must have

a) a single wavelength emission with strong intensity levels to overcome the 

background noise of blackbody radiation

b) no wavelength shift due to high temperatures

c) a temperature dependent decay constant

d) the ability to be excited via use of Nd:YAG pulse laser 355 or 266nm

e) a temperature sensing range from 600°C to over 1100°C

f) a decay constant which varies within a specified time window due to rotational 

speed limitations

g) long-term survivability at high temperatures within hostile environments

For the analysis of the phosphors capabilities, the first stage is the characterisation of their 

spectral emission. This is to determine which of their spectral lines is the strongest in terms 

of intensity and therefore can be utilised for the decay constant method. Varying the 

dopancy levels will vary the emission intensity and possibly cause spectral shifts due to 

changes in the crystal field. Once clarification of the major spectral line has been 

determined, intensity comparisons between all dopancy levels are made to achieve full
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optimisation. Also, full decay constant characterisation of each phosphor is measured to 

determine its suitability for use in phosphor thermography.

3.2 Phosphor Preparation

The phosphors were supplied by two sources, Phosphor Technology Ltd and University of 

Greenwich. Several samples of each phosphor were purchased with various dopant 

concentrations. All samples are fully characterised in the form of a powder. Tests include 

emission spectra, intensity comparison and temperature dependence characterisation. A 

selection of optimum powders were sent to Rolls-Royce pic, to be processed into a 

thermographic paint and coated onto test coupons. Full details on the epoxy resin utilised 

and the process undertaken cannot be provided due to confidentiality. These coupons were 

tested for intensity comparison and temperature dependency, checking whether the epoxy 

resin binder had affected the properties of the phosphor. Lifetime tests were carried out on 

the coupons as a measure of their survivability within a hostile environment. Finally, an 

optimum phosphor was chosen for thin film growth by RF magnetron sputtering. Lifetime 

and intensity comparison with the thick film coupons were carried out to determine the 

optimum coating.

3.2.1 Powder

Before characterisation of the phosphor powders could begin, they had to be pressed to 

form a pellet which could be held within the furnace. Illustrated in Figure 3-1 is the die for 

the production of the pellets. A small quantity of the phosphor powder is placed between 

two cylindrical discs. These have been manufactured with precision clearance tolerance to 

allow for sliding movement within the die. Pressure of 30001b/inch2 is then applied using an 

oil hydraulic pump. Checks are made regularly to ensure the pressure remains at 

30001b/inch2. After a period of ten minutes, the pressure is released and a removing block is 

positioned between the two halves of the die. Low pressure is re-applied and the cylindrical
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discs and resultant phosphor pellet are pushed through. The resultant pellets were 5mm in 

diameter and 2mm in thickness.

Powder

Plunger

Cylindrical
Discs

Phosphor
Pellet Removing

Block

Before Pressure is Applied Removal of Phosphor Pellet

Figure 3-1 Cross-Section Diagram of The Pellet Die

3.2.2 Thick Film

To produce thick films of the phosphor, chemical bonding methods are utilised. This 

involves the use of an epoxy resin mixed with the phosphor and is a method currently used 

for the production of luminous thermal paints11,8]. As well as investigating an epoxy’s 

adhesion properties and so the lifetime of the film, consideration must be given to its effect 

on the properties of the phosphor. Firstly, they must be chemically compatible to ensure no 

change of the thermal characteristics of the phosphors. Secondly, the epoxy resin must 

reduce neither the coupling of UV to the phosphor nor the outcoupling of the emitted 

fluorescence. The thick film paint was coated onto test coupons. These were supplied by 

Rolls-Royce Pic and produced to simulate a turbine blade
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Factors which can effect the properties of the paint are given below :

• Milling of the compounds. The milling of a powder reduces the particle size of 

the compound. Reduction in particle size produces a finer mixture of phosphor and 

epoxy resin. This increases the bonding ability of the mixture to the components.

• Epoxy resin ratio. The epoxy resin is a mixture of solvents the ratio of which 

effects the adhesion and lifetime of the resin.

• Epoxy resin to phosphor ratio. This will result is maximum emission intensity 

achievable, while maintaining the adhesion properties to withstand the harsh 

environment.

• Surface treatment. Once the paint has been applied to the components surface, 

heat treatment is undertaken to “bake” the test coupon so creating a strong bond of 

paint to metal.

3.2.3 Thin Film

A robust and longer lasting coating is required for phosphor thermography to be feasible 

within a turbine engine environment. Many methods have been investigated for a variety of 

applications including sputtering150’511, electron beam vapour deposition136,511 , sol-gel 

processing152,531 and laser ablation[54,551, all producing a thin film with promising results. At 

NTU, the display research group currently utilise radio-frequency (RF) magnetron 

sputtering as the method for the production of thin films for LETFEL (laterally emitting 

thin film electroluminescent) devices[56,57,581. Due to the availability of the equipment and 

the years of valuable experience of the group, this technique was utilised for the growth of 

thin films of thermographic phosphors.

Sputtering is a physical vapour deposition method where ions are accelerated by an electric 

field towards the target - the material to be deposited. The target acts as the cathode and the
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substrate can be grounded, biased or left floating. Initially, the system is vacuum pumped to 

a pressure of lxlO'7 bar. An inert gas of 3mTorr is then allowed into the chamber to act as 

the sputter gas. When RF power is applied, the resultant electron emission from the target 

excites the sputter gas creating a plasma, a self-sustaining glow discharge. Within the 

plasma, due to the electrons being more mobile than the positive ions, a greater number of 

electrons are attracted to the target during the positive half of the cycle compared with the 

positive ions during the negative half. Overall, during a complete cycle the target gains 

more negative charge and so is classified as the cathode which attracts the high energy 

positive ions. These ions provide sufficient incident energy to eject the atoms from the 

target. On impact with a surface, the kinetic energy of the ejected atoms is converted into 

heat, resulting in the fusion of the atom to the surface. The substrate requiring the 

deposition of a material is therefore positioned facing the target.

Damage to the thin film can occur due to the bombardment of the electrons from the 

plasma. The solution is to create a magnetic field which confines the plasma around the 

target and away from the substrate. This is achieved with a magnetron electrode, where a 

series of magnets are positioned behind the target. The use of magnets allows both 

magnetron or planar sputtering to occur within the system. As well as reducing the 

possibility of damage to the thin film, the confinement of the plasma increases its ionisation 

efficiency. This in turn, reduces the required pressure to maintain the plasma, thus 

increasing the mean path of ejected atoms to the substrate. Hence, the deposition rate of the 

target increases.

An illustration of the RF Magnetron Sputtering system used is shown in Figure 3-2. The 

substrate is positioned on a rotating holder situated in the centre of the system. This is 

powered by a small DC motor during deposition and leads to uniform growth of the thin 

film. Above the holder is a heater which is moved down prior to deposition. It provides 

temperature control of the substrate which affects the deposition rate. A shield is also
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incorporated to prevent deposition occurring to the back of the substrate or onto the heating 

coils. The system contains three electrodes ( two of which are shown in the illustration). 

This allows deposition of three targets without the requirement of opening up the chamber 

to atmospheric conditions. The shutters are installed to protect the electrodes when not in 

use.

Laser
Detector

Interferometer

Figure 3-2 Illustration of the RF Magnetron Sputtering System

Heater Coils

Shield

Substrate

Shutter

Magnetron
Electrode

Vacuum

/ Deposition 
Chamber

/'/'/ ' / '

Rotating
Substrate

Holder

32



3. Experimental Detail

Intensity

Time (s)

Figure 3-3 Interferometric Thin Film Thickness Monitor Graph

Interferometry is the method used for monitoring the thickness of the thin film during 

deposition. A visible laser (625nm) continuous beam is fired at the substrate and is reflected 

from both the surface of the depositing thin film and that of the substrate. The phase shift of 

the reflected rays differ due to the distance travelled through the thin film. The combination 

of rays result in the intensity of the signal detected by the photodiode varying between a 

maximum and minimum as shown in Figure 3-3. By knowing the refractive index of the 

material, the thickness of the thin film can be determined.

X = 2nmd Equation [9]

where X is the wavelength of the laser, n is the refractive index, m is the number of intensity 

cycles and d is the thickness. Unfortunately, the refractive index of a material can vary due 

to the temperature of the substrate. As a result, this method is used as a guide only during 

deposition and the thickness of the thin film is determined afterwards using a DEKTAK 

profilometer.

3.3 Temperature Control

All experimentation requires the phosphor sample to be positioned within a temperature 

controlled environment. This was achieved through use of a Carbolite furnace (model no.
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CWF 12/5) capable of reaching 1200°C. Several problems that required consideration were 

as follows :

a) The sample-under-test has to be held inside the furnace.

b) The sample required both accurate measurement and control of its temperature.

c) The excitation source had to be focused onto the sample inside the furnace.

d) The resultant emission had to be collected from within the furnace.

Each of the above points are now discussed in subsequent paragraphs.

a) Sample Holder

A simple holder was designed to position the samples under test within the furnace. With 

the samples being tested in three forms, the holder was designed around a test coupon, 

which itself could be modified to hold a powder pellet. A fire-brick block was produced and 

the coupon sat within a slot cut in the middle of the block. The coupons could be positioned 

vertically within the furnace allowing for easy collection of the fluorescence. To 

accommodate the pellets, a blank test coupon had two holes drilled through its centre, a 

4.5mm hole straight through followed by a 5mm hole drilled to a depth of three-quarters of 

the thickness of the coupon. This allowed the pellet to sit against the “resultant lip” within 

the coupon. A small wedge piece was positioned behind to hold the pellet in place.

Figure 3-4 illustrates the holder showing the accommodation of the pellet. The back of the 

pellet was not completely covered to allow the thermocouple to be in contact with the 

phosphor. For tests made on the thick and thin films, the samples were simply placed within 

the slot and wedges positioned behind to hold them vertically.
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Coupon^
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-Wedge

.Fire-brick
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Figure 3-4 Illustration of the Pellet Holder

b) Temperature Control

The furnace was controlled by a Eurotherm temperature controller which sensed the 

temperature of the furnace via a internal K-type thermocouple. To control and monitor the 

temperature of the samples, the internal thermocouple was removed and replaced with an 

external K-type thermocouple which was attached to the sample. RS232 communication 

was available through the temperature controller allowing for remote control via a 

computer.

c) Excitation

To allow a direct path for the excitation beam to reach the sample, the door of the furnace 

was removed. A safety switch which cut-off the power to the heating elements when the 

door is open was therefore disconnected. To maintain the temperature within the furnace, 

blocks of fire-brick were positioned in the doorway. Enough room was left for access to 

move the sample and allow the positioning of the thermocouple to the back of the sample.

d) Collection of the fluorescence

Collection of the fluorescence was problematic. In order to maximise the signal-to-noise 

ratio, the optics required positioning as near to the source as possible. This meant they had
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to withstand the temperatures reached within the furnace. Initial ideas were based on the 

use of a quartz lens with a short focal length positioned as close to the sample as possible. 

Unfortunately, a holder for the lens required materials that also had the capabilities of 

experiencing the extreme temperatures. No satisfactory solution was found, hence this idea 

was abandoned. The solution was to transfer the emitted fluorescence further away from the 

furnace, where a holder could be positioned capable of operating at the temperatures 

reached. This was efficiently achieved by the use of an optical rod as a waveguide. The rod 

was a 200mm quartz rod which has a softening temperature of 1665°C[59\  The complete 

arrangement within the furnace is illustrated in Figure 3-5.

Excitation 
Laser Beam

Quartz 
Optical Rod

Fire-Brick
Blocks

s

Heating
Furnace

K-Type 
Thermocouple Reflected 

Laser Beam

Figure 3-5 Top Cross-Sectional View of Excitation/Collection Set-up Within A High 

Temperature Controlled Environment
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To maximise the transmission efficiency of the optical rod, several simple designs of rods 

were assessed. A two lens system was utilised to capture and project the light into the 

monochromator. For calibration, a light emitting diode (LED) replaced the phosphor sample 

as the light source. Figure 3-6 is an illustration of the optical rod assessment layout.

Optical Rod

LED

Collection
Lens

Projection
Lens

Entrance
Slit

Focal Length 
100mm

Focal Length 
250mm

Figure 3-6 Optical Rod Assessment Layout

A photomultiplier tube is attached to the exit slit of the monochromator, which is tuned to 

the centre wavelength of the LED (590nm). The voltage reading from the detector 

represents the intensity of light transmitted by the optical arrangement. As a baseline test, 

the LED was positioned at the focal length of the collection lens. By positioning various 

optical rods between the LED and the collection lens, the transmission efficiency of each 

optical rod was assessed via direct comparison with the baseline test reading. This 

transmission efficiency is given as a percentage of the baseline test. Results obtained are 

tabulated below in Table 3-1.
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Configuration* ~ Voltage Reading * Transmission 

1 Efficiency

No Rod - baseline test (ideal) (418mV)

Short clear rod with tapered end lOOmV -76%

1 st clear rod- 200mm length

..............  I

170mV -60%

2nd clear rod - 300mm length

i ............... i

150mV -64%

Long tapered rod - 250mm length 65 mV -84%

Table 3-1 Optical Rod Assessment Results

Several tapered rods were assessed in order to maximise the collection of light and 

condense this captured light to a small point source. Unfortunately, a large percentage of 

captured light was lost through the side of the rod. The final solution was an optical quartz 

rod 200mm in length and 12.5mm diameter (the maximum allowed for positioning the rod 

without interference to the excitation beam).

3.4 Emission Spectra

For spectral measurements the excitation source utilised was a steady state Ohmnichrome 

HeCd, 325nm ultra-violet, 12mJ laser. The emission spectra of phosphors under 

investigation are characterised using a SPEX 1702 spectrometer with a 3/4m single grating, 

blazed at 500nm. The basic operation of a spectrometer^60,611 is as follows. The light source 

is coupled into the spectrometer through the entrance slit and is captured by the first 

Czerny-Turner mirror. This is a collimating mirror which focuses the collected light onto 

the diffraction grating. The diffraction grating separates the light source into individual 

wavelength components and, depending upon the angle of the grating, focuses a particular

38



3. Experimental Detail

wavelength onto the second Czerny-Turner mirror. This inturn, focuses the selected 

wavelength through the exit slit. The intensity of the particular wavelength is measured by 

the detector, a photomultiplier tube (PMT), attached to the exit slit.

Several factors effect the resolution of the spectrometer and therefore need to be taken into 

consideration during the set-up of the optics. Firstly, in order to obtain efficient resolution, 

the diffraction grating must be fully irradiated with the light source. In turn, this indicates 

that the light passing into the spectrometer must fully illuminate the first collimating mirror. 

Secondly, the spectral bandpass of the system is a function of the reciprocal linear 

dispersion which depends upon the grating constant, the focal length, the spectral order of 

the grating, and the entrance’s slit width. With the slit’s width being the only variable of the 

four factors, it governs the bandpass of the system. For example, from a table of reciprocal 

linear dispersion values for the SPEX 1702 system, to obtain a bandpass of 0.1 nm the slit’s 

width would be set to 0.1mm. Thirdly, The slit’s height is important as optical ‘overhang’ 

of spectral lines is known to exist at the exit slit. In simple terms, a multitude of spectral 

lines as viewed by the exit slit is illustrated in Figure 3-7. As the height of the entrance slit 

is increased, the ‘overhang’ of one spectral line to the next increases, therefore inducing an 

increase in error.

OverhangNo Overhang

Spectral Lines

Figure 3-7 Illustration of the "Overhang" Characteristic of a Spectrometer

To fully illuminate the first collimating mirror, the solid angle of the projecting lens must 

match that of the mirror. Figure 3-8 illustrates the requirements of the projecting lens. With
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the dimensions of the collimating mirror - height = 100mm and focal length = 750mm - the 

solid angle, a, is calculated as 3.81°. The relationship between the focal length, Fpi, and the 

height, Hpi, for the projecting lens is therefore Fpi = 7.5 x Hpi.

H pi

Projecting Lens Entrance Slit

A

U -  "

Fpi

a

T Collimating Mirror
.. . - 'Y l

Hc

Figure 3-8 Illustration of Projecting Lens Requirements

If a single lens was to be used to collect and project the fluorescence into the spectrometer, 

the lens would require to be positioned at twice the focal length from both the source and 

the entrance slit. This would result in poor collection of fluorescence from the sample. To 

maximise the collected fluorescence, a separate collection lens with short focal length is 

used, therefore creating a two lens system for the transfer of light into the spectrometer. 

Figure 3-9 shows the collection and focusing of light through the spectrometer.

Exit
Slit

Spectrometer

PMT

Quartz Collection 
Rod

Diffraction
Grating

1
Mirror 2

70 ZO-T.....

Collection Projection Entrance;
Lens Lens Slit ■

1  •! IMirrpr 1
A  \

Czerny-Turner
Mirrors

Figure 3-9 Schematic of Emission Spectra Set-up
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The photomultiplier tube (Thorn EMI Electron Tube 9558QB) attached to the exit slit 

converts the light into a current output. This is read as a voltage across a load resistor by the 

Keithley digital voltmeter which is computer controlled. The diffraction grating is 

motorised and controlled by the Compudrive, the control system of the spectrometer. The 

compudrive sets the wavelength range over which measurement is to be made, and the step 

size to be taken. LabVIEW software was written to send the user information to the 

compudrive and take readings remotely from the digital voltmeter. As a result, no manual 

control of the system was required once fully set-up.

To calibrate the spectrometer two light sources of known emission spectra were utilised. 

The first was a mercury lamp, the emission spectra of which consists of two major peaks at 

435.833 and 546.073 nm. This enabled the calibration of two peaks over a wide spectral 

range. The second light source was a sodium vapour lamp which has two peaks very close 

together at 588.995 and 589.592 nm, allowing for accurate calibration of resolution over a 

very short wavelength range.

The calibration results are summarised in Table 3-2. The table specifies the spectral line 

that was under investigation for each test and the step-size of the spectrometer. From these 

parameters, the expected peak could be determined and compared with the measured peak. 

The result was an error value and the diffraction grating was re-tuned accordingly. After a 

multitude of calibration tests, results showed an accuracy of ±0.4 to 0.7A was achievable.
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Test No. Spectral Line 

(nm)

Accuracy

(A)

Expected Peak

(A)

Measured Peak

(A)

Error

(±  A)

Test_014 435.833 5 4360 4360 0

Test_015 546.073 5 5460 5480 + 20

Test_021 435.833 1.5 4357.5 4363.5 + 5.5

Test_022 546.073 1.5 5460.5 5468.0 + 7.5

Test_033 435.833 1 4358 4359 + 1

Test_034 546.073 1 5461 5466 + 5

Test_049 435.833 0.1 4358.3 4359.0 + 0.7

Test_050 546.073 0.1 5460.7 5461.2 + 0.5

Test_051 588.995 0.1 5889.9 5890.4 + 0.4

589.592 0.1 5895.9 5896.4 + 0.5

Table 3-2 Summary of Calibration Measurements of Spectrometer

3.5 Decay Constant Characterisation

Past investigations into the decay constant of phosphors have utilised a monochromator to 

detect the characteristics of a single peak. At high temperatures, due to the losses of the 

optical coupling system and the low signal emission levels from the phosphors, difficulties 

existed in detecting a signal above the noise level. To overcome this problem, by bypassing 

the losses of the monochromator and the optical coupling system, the detector is positioned 

closer to the emitting source, so a higher signal level would be detected. As illustrated in 

Figure 3-10, this was achieved by using a single lens collection and focusing system with
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filters for wavelength range selection situated between the quartz rod and the 

photomultiplier tube (PMT).

Excitation of the phosphor is achieved using a Spectron 130mW Nd:YAG 10-14nS pulse 

laser (355nm or 266nm).The emitted luminescence is collected by a quartz rod and focused 

onto the collection window of a PMT (Electron Tubes Ltd type 9558QB) via a single quartz 

lens. Two filters are positioned between the rod and PMT specific to the emitted 

wavelength being captured, with a bandwidth sufficient to accommodate for any 

wavelength shift that occurs due to increasing temperature. For example, when measuring 

the characteristics of Y20 3:Eu a UV high pass filter (cut-on 520nm) and a narrow band 

filter (CF 610nm, HBW lOnm) are used. The signal output of the PMT is read by a Gould 

4028 DSO (digital storage oscilloscope) which is computer controlled to allow for 

automated data capture. Once again, Lab VIEW software has been written to control all 

equipment, see Section 3.6.

Quartz Collection 
Rod

Thermocouple PMT

on

Phosphor
Sample Focusing 

j /  Lenses Filters

Optical FibreFurnace

Figure 3-10 Schematic showing the Decay Constant Measurement Set-up
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The Spectron Nd:YAG pulse laser was provided by Rolls-Royce Pic as part of the CASE 

Studentship. As shown in Figure 3-11, it is positioned on a test-bed with an optical layout to 

couple the laser into a fibre optic. This allows for the excitation of materials to occur at a 

distance away from Spectron laser, which is temperature sensitive.

Figure 3-11 Photo of The Spectron NdrYAG Pulse Laser System 

3.5.1 Response Time of The Measurement System

At high temperatures, the decay constant will be of the order of sub-micro seconds. As a 

result, the response time of the system must be minimised to achieve accurate measurements 

at these high temperatures. As will be shown, the limiting factor to the system response was 

the interference of the laser pulse.

Laser Pulse Interference

Initial tests were carried out with the Spectron Laser tuned to 355nm. As an example, 

Figure 3-12(a and b) show the typical signal received by the digital oscilloscope. The signal 

consisted of the fluorescent decay pulse and the laser spike interference

For the low temperatures, the interference of the laser spike would be negligible due to the 

strong and long fluorescent signal emitted by the phosphor. Clearly, 3.12b demonstrates that 

unwanted noise associated with the laser lasts for at least 1 microsecond. At higher
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temperatures, when the lifetime of the fluorescent signal is of the same order, the laser 

spike becomes a dominating factor and so leads to a reduction in measurement accuracy. 

Also, when measuring the characteristics of low dopant concentrations of Y2C>3:Eu, the 

detection of the laser spike results in the loss of signal from the rise period of fluorescence, 

hence reducing the effectiveness of this novel low temperature sensing characteristic.

Laser Spike

Fluorescent Decay
0.4 .

V3

c °-2 -

o.o
0.0 1.0 3.0 5.02.0 4.0

4.0 -

3.0

•I? 2-°

1.0

Time (ms)
(a)

/ i Laser Spike Fluorescent Decay

i

o
0.0 1.0 2.0 3.0

Time (gs)
(b)

4.0 5.0

Figure 3-12 Digital Storage Oscilloscope Output (a) complete pulse and (b) closer 

inspection of the laser spike interference

Three factors contribute to the laser interference. Firstly, there is the detection of the 

excitation wavelength within the photomultiplier tube. On reaching the phosphor sample, a 

small percentage of the laser pulse is reflected and captured by the optics. A high-pass filter
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is positioned in front of the detector to reduce the strength of the laser pulse collected by 

the detector. This detection leads to saturation of the detector and therefore a slow response 

time. As a result, the laser pulse detected appears to last for at least 1 ps, even though it only 

has a 14ns pulse width. Unfortunately, due to the strength of the laser in comparison to the 

emitted fluorescence, any additional filters required to further reduce the laser signal would 

also degraded the strength of the fluorescent signal. To compensate for this weaker 

fluorescent signal, the power of the photomultiplier tube would require an increase to 

provide more gain. Inturn, this would make the detector more responsive to laser 

interference, and so decrease the response time of the system even further.

Secondly, fluorescence occurs within the fibre system utilised for transferring the pulse 

from the Spectron laser to the sample. This fibre was incorporated into the laser system by 

Rolls-Royce engineers, and utilised when exciting a phosphor coated on a turbine blade 

within an engine. This was determined by a series of tests involving a silicon wafer 

replacing the phosphor sample. The laser beam was directed onto the reverse side of the 

wafer which provided a rough surface for a uniformly scattered reflection. Therefore, only 

the laser reflection and fluorescence external to the phosphor would be detected. 

Observations were made of the detected signal after the removal of individual components 

from within the optical arrangement. It was not until the optical fibre and associated 

coupling optics were removed from the arrangement that the detected signal was reduced. 

Tests were then carried out with the signal being passed through the monochromator before 

reaching the detector. This was to determine the spectral response of the fluorescence from 

within the fibre. At first the signal appeared constant throughout the visible spectrum, apart 

from at 710nm where the second harmonic of the 355nm laser pulse was detected, and 

therefore it appeared that the fluorescence of the fibre had a flat spectral response. This was 

not the case, but was a result of electromagnetic interference contributing to the response of 

the system.
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The electromagnetic interference was due to both the high voltage and the Q-switching 

mechanism for providing the pulsed output from the Spectron laser supply. The coaxial 

cable both to and from the detector would pick-up the interference on its earth shielding. 

Removal of this interference is achieved by wrapping the coaxial cable around 

electromagnetic compatible inductors which absorbed the floating voltages from the 

earthing. Also, the analysis equipment was moved as far as possible away from the 

Spectron power supply to minimise the effect.

Further reduction of the response time was achieved when the laser was re-tuned to 266nm. 

This drastically reduced the laser’s interference mainly from the detection of the laser 

pulse. A glass lens was utilised for focusing the detected signal onto the photomultiplier 

tube and acted as a filter for the laser pulse. Glass has a spectral response which cuts out the 

ultra-violet. Due to the position of the cut-off point, some of the 355nm would be allowed 

to pass compared with all of the 266nm being reflected. As a result, along with the 

electromagnetic consideration, when using 266nm as the excitation wavelength, the 

response of the system was reduced to 0.3 jus - a considerable improvement.

Gating Of The Photomultiplier Tube

Another method for improving the response of the detected signal, is to use a gating system 

where the photomultiplier tube will only detect within a specified time window. This would 

allow the detector to be turned on immediately after the laser pulse has occurred, and so 

would not be detected. Of the photomultiplier tubes available, the most suitable for the 

requirements was the type-9954B from Electron Tubes Ltd. The principles of operation for 

a photomultiplier tube are as follows. The incident light is focused onto the window of the 

tube - the photocathode. This light sensitive region absorbs the energy of the incident 

photons which provides enough energy for the ejection of photoelectrons from the surface 

of the material. This process is referred to as the photoelectric effect[62,63]. These
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photoelectrons are accelerated towards the first dynode and on impact produce secondary 

electrons. In turn, these are accelerated towards the next dynode and the process is repeated. 

At the last dynode, the electrons are collected by the anode, thereby producing a current 

output relative to the intensity of the incident light. The gain of the tube is controlled by the 

voltage applied which is distributed between the series of dynodes by the voltage divider 

board.

During normal operation, the first dynode is held at a potential of 150V relative to the 

photocathode. The gating board switches its potential to -20V, resulting in the electrons 

collecting around the outer ring of the first dynode rather than on the active region. These 

electrons are then conducted away through the voltage divider. The pulse applied to drive 

the gating board is provided by a pulse generator. The specifications of the gating board 

included a gate delay of 2ps and a switch on time of 0.2ps. With the laser being externally 

triggered by the pulse generator with the same delay as above, only the switch on time of 

the photomultiplier tube would result in lost of data. The response time of the system would 

be reduced to 0.2ps. Unfortunately, as shown in Figure 3-13, the above specification could 

not be matched and the fastest switch on time achievable was 1.18jus. Although, this was 

comparable to the current response time of the system, the non linear response of the 

detector when excited with a constant source resulted in the gating board being removed 

from the system.

48



3. Experimental Detail

a> 2 O)

-2

0.0 0.4

Gating Pulse

PMT 
Response

0.8 1.2 
Time (ms) 

(a)

1.6

8 12 
Time (ps) 

(b)

16

2E-3

3,tg
0E+0£<

"5>cQ>

4- -2E-3

2.0

1

j
i
1I1

w* ■ «.

- >

: < -

1.18ps switch on time 

1.88ps gate delay

1E-3

5E-4

0E+0-

-5E-4-

c
-1E-3-

-2E-3

20

Figure 3-13 Gating Board (a) response over complete pulse width (b) initial gate Delay

and switch-on time

Also, the spectral response of the type-9954B was better suited to phosphor thermography 

than that of the type-9558QB and is illustrated in Figure 3-14. The 9558QB had been 

specifically purchased for spectral measurements and so had a wide spectral response, 

allowing for the detection of both the infra-red and the ultra-violet regions of the spectrum. 

Two advantages are gained due to the narrower spectral response of the 9954B. Firstly, at 

high temperatures, the limiting factor to the response of the detector is the level of 

blackbody radiation. This causes drainage of the current output from the photomultiplier, 

therefore reducing its sensitivity. With the 9954B having a lower quantum efficiency in the
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infra-red region of the spectrum, the high levels of blackbody radiation reached within the 

high temperature environment will be less detrimental to its capabilities.

30

Typef9954B

pe-9558QB
20

10

0
300 700 900100 500

W avelength (nm)

Figure 3-14 Spectral Response of Type-9558QB and Type-9954B Photomultiplier 

Tubes, obtained from Electron Tubes Ltd Data Sheets

Secondly, it has already been shown that the detection of the laser pulse reduces the 

response time of the system. Again, the spectral response of the 9954B only becomes 

effective just below 300nm compared with the 9558QB which is sensitive from 150nm. 

With the laser tuned to 266nm, its effect on the response of the detector would be 

drastically reduced when using the 9954B tube. No advantages occurred with the gating, 

hence this method was abandoned in favour of the steady-state method of measurement 

using the 9954B tube.

3.6 Lab VIEW Control Software

All the equipment used for this investigation is computer controlled to allow for ease of use 

and automated data collection. The software is written using National Instruments 

Lab VIEW, a graphical based programming language. The program created is referred to as
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a Virtual Instrument (VI) because it operates as an instrument through a user interface. 

Each VI consists of a graphical representation of control buttons and graphs, therefore 

simulating the front panel of a physical instrument; and a block diagram, pictorially 

showing the options and route taken for the solution. The Vis can be hierarchical and 

modular, so producing a top-level program followed by sub-programs, called sub Vis. Full 

details of the control software can be found in Appendix A.

3.6.1 Communication Requirements

For the two measurement systems combined, Figure 3-15 shows the layout of the equipment 

and the communication links required.

CT

Furnace

Thermocouple 
_

PMT Power 
Supply

:............... i
! PMT ;...............

i...............
............... ; p m t

Spectrometer

Eurotherm PMT Output Signal

Power
SupplyOscilloscope Compudrive

DVM Computer
GPIB

Figure 3-15 Communication Diagram of Measurement Equipment

Both RS232, for the Compudrive and the Eurotherm, and GPIB, for the DVM and the 

oscilloscope, communications links are required. All settings are held within the Lab VIEW 

software. The Spectrometer is powered by the compudrive, which in turn is powered by its 

own power supply. The RS232 communication line is shared between the Eurotherm and
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the Compudrive due to only one serial port being available within the system. This is taken 

into consideration within the software to stop communication conflictions. Also note, two 

PMTs are shown , but again only one is used at any one time.

3.6.2 Emission Spectrum Programme

The emission spectrum programme allows the temperature of the phosphor to be set 

through the temperature controller, and would also control the wavelength being set by the 

compudrive. Before measurement could begin, the default parameters within the 

compudrive are altered to allow for two-way communication. Details of the default 

parameters and the options available can be found in Appendix A. Figure 3-16 shows a 

simplified flow chart of the programme. The main menu provides the user with three 

options

i) Set the temperature of the phosphor

ii) Collect the spectrum

iii) Exit.
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Figure 3-16 Block Flow Diagram of the Emission Spectra Programme
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Setting the temperature

Before the temperature of the phosphor can be set, the user is asked to check that the serial 

port connector is connected to the temperature controller. This was due to the serial port 

available being shared between the temperature controller and the compudrive. If the serial 

port was connected to the compudrive instead of the temperature controller, the programme 

would fail and the system would require re-booting. The temperature controller is then 

initialised and the user enters the temperature controller’s virtual instrument to set the 

required temperature. In parallel, the present temperature is read from the eurotherm. Both 

of these options are within a one second time loop, during which time, the user could reset 

the temperature if required and monitor the present temperature. When the user is satisfied 

with the present temperature, one leaves the temperature controller interface and returns to 

the main menu.

Collect Spectrum

Once again, the user has to check the serial port connector to stop a programme failure. The 

compudrive is initialised and the user is then asked to enter the parameters. These include 

the starting and finishing wavelengths, the number of data points, the measurement period 

for each data point, the name of the operator and the filename. After entering the 

parameters, the file is created and stores the parameters set by the user. The compudrive is 

then set to the starting wavelength. The voltage representing the intensity is read from the 

Keithley Digital Voltmeter. This reading is averaged over the measurement period set by 

the user. The data point is plotted to a screen graph and appended to the user defined file. 

The next wavelength to be measured is then calculated and sent to the compudrive. This 

process is repeated until the full spectrum is completed. Finally, the user can either save the 

file or discard the data and is returned to the main menu.
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3.6.3 Decay Constant Programme

Within the decay constant programme, the four options available for the user are :

i) Set the temperature

ii) Collect and measure the decay constant

iii) Transfer Curve

iv) Exit

Figure 3-17 shows the block flow diagram of the programme.

Setting The Temperature

This subVI of the programme is the same as use within the emission spectrum programme. 

Collect and Measure Decay Constant

Before capturing and measuring the decay constant, the detected signal is averaged on the 

digital storage oscilloscope to minimise noise. For example, by averaging over a 30 second 

period with the frequency of the laser at 20 Hz, the detected signal consists of the average 

of 600 pulses. First, the temperature controller is initialised and has its present temperature 

read and stored. The oscilloscope is then initialised and placed into store mode. This stores 

the averaged signal on the oscilloscope screen. The user enters the filenames for both the 

current decay curve and the overall decay constant versus temperature graph. The data is 

captured from the oscilloscope and written to the user defined file. The captured data 

undergoes a curve fitting routine resulting in the calculation of the decay constant. This 

routine is averaged over ten times. The calculated decay constant value is written to the 

screen and appended to the decay constant versus temperature file. The user is prompted to
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Figure 3-17 Block Flow Diagram of Decay Constant Measurement Programme
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save the files and is returned to the main menu. Figure 3-18 shows the programme in 

operation.

Figure 3-18 Photo of The Decay Constant Measurement Programme in Operation

As shown above, the exponential decay captured on the oscilloscope is plotted as a straight 

line on the virtual instrument created by the software. Referring to equation 4 of Chapter 2, 

the natural log of the decay of phosphorescence is :-

ln(I(t)) = ln(I0) t Equation [10]

A simple linear curve fitting routine is implemented within the programme. The decay 

constant is determined by the gradient of the fitted curve.

Transfer Curve

Similar to the collecting of the decay curve, the transfer curve routine was written to capture 

curves from the oscilloscope without any curve fitting routine. Referring to the block flow 

diagram, the procedure is the same as above, but with the user providing a filename after the 

curve has been captured. This routine was used for collecting the rise-time characteristics 

and the full curves which could be analysed later.
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3.7 Summary

Two measurement system have been designed for the characterisation of thermographic 

phosphors. The first is the emission spectra system, which has been calibrated to an 

accuracy of ± 0.4 to 0.7A across the full visible spectrum; and the second is the decay 

constant measurement system. Both systems involve the use of a furnace allowing for the 

characteristics to be measured with respect to temperature variation. An investigation was 

carried out to maximise the collection of photoluminescence from within the furnace. The 

solution was to use a quartz collection rod which provided a means of transferring the 

photoluminescence signal to outside the furnace. This allowed the detector to be positioned 

at a sufficient distance away from the furnace so as not to be effected by the temperature. 

Also, in order to maximise the signal-to-noise ratio detected, the optics have been optimised 

through use of collection and focusing lenses and a series of filters. Finally, both systems 

are automated through the use of Lab VIEW software. These virtual instruments provide the 

user with computer controlled systems, allowing for ease of use and collection of data for 

further analysis.

With the measurement systems fully calibrated, the complete characterisation of the 

phosphors was undertaken. Each phosphor was characterised in two forms - as a powder 

pellet and as a thick film. This involved the optimisation of each phosphor and a 

comparison between their capabilities for use within the temperature sensing of turbine 

blades. The most suitable phosphor was chosen and grown as a thin film using the process 

of RF magnetron sputtering. The following chapters will discuss the results obtained.
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4. Europium Doped Yttrium Oxide

4,1 Background

During the 1950’s, with the television industry expanding, phosphors were required to 

produce each of the three primary colours required for full colour television. Early 

phosphors provided the necessary colours, but suffered a variety of problems including low 

brightness and instability in maintaining correct colour balance, especially in the red- 

emitting spectrum. In 1955[64], it was proposed that the ideal red-emitting phosphor should 

have “a sharp spectral line at 610nm”, for which the early phosphors failed due to their 

broad band emission in the deep-red spectra, an insensitive region of the human’s eye 

response. Extensive research to discover this ideal phosphor began, with the discovery of 

Europium doped Yttrium Vanadate Oxide, YVO^Eu (618nm), in 1962[65].

During the 1960’s, the ever increasing demand for colour television, resulted in the 

expansion of the rare-earth phosphor industry to produce more efficient and stronger 

emissive phosphors on a larger scale at lower cost. YVO^Eu was replaced in 1967 with 

Europium doped Yttrium Oxysulphide[64], Y20 2S:Eu (626nm), developed by the Radio 

Corporation of America (now the Sarnoff Centre, Princeton). At the same time, the 

alternative Europium doped Yttrium Oxide Y2Os:Eu (611nm) was produced, which had a 

slightly higher luminous efficiency than Y20 2S:Eu.

Since then, Y203 :Eu has become one of the most widely investigated phosphors for both 

cathoduluminescence and photoluminescent thermographic applications. It is the decay 

constant characteristic of this phosphor which has been utilised specifically for the 

measurement of temperature. Previous work[36,38,39,42] has shown that as a thermographic 

phosphor, Y20 3:Eu has a temperature range of 600 to 1200°C, with a decay characteristic of 

1.5ms to sub lps. These measurements were carried out using excitation wavelengths of
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337nm and 355nm, i.e. a nitrogen pulse laser and the third harmonic of a Nd:YAG laser. 

These are the two most widely used wavelengths in the laser industry.

Figure 4-1 shows the excitation spectra of Y20 3:Eu for the 61 lnm emission peak, courtesy 

of Phosphor Technology Ltd. It can be seen that both 337nm and 355nm are not the most 

beneficial excitation wavelengths to utilise for the excitation process. A more significant 

excitation wavelength to utilise would be 266nm. The excitation source available for this 

investigation was a Nd:YAG Spectron 130mW 10-14nS pulsed laser (on loan from the 

collaborating body of Rolls-Royce Pic). The fourth harmonic ofNd:YAG is 266nm.

YaQjrEu ( main emission peak = 61 lnm) 
5nm spectral resolution

266nm
100

Intensity
(au)

337nm 35.5nm

250 300 350 400 450 500
Wavelength (nm)

Figure 4-1 Excitation Spectrum of Y20 3 :Eu , provided by Phosphor Technology Ltd.

Reference to Figure 4-1 indicates that a wavelength of 266nm corresponds to the charge 

transfer band of Y20 3:Eu. For Y20 3:Eu, this is the region where energy is absorbed by the 

oxygen atoms and transferred to the europium atoms1-661. This leads to a much more intense
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emission of the 61 lnm peak. Consequently, for this investigation, both 355 and 266nm 

excitation is studied, in order to examine the increased efficiency that should be produced 

by 266nm excitation, and also to facilitate direct comparison with previously published 

results where 355nm was used as the excitation wavelength.

4.1.1 Crystal Structure

Extensive research into the crystal structure and the optical properties of Y203 :Eu has taken 

place over the past 40 years167'741. The ciystal structure of Y20 3 is of the rare-earth 

sequisoxide C-type with each Y3+ ion being surrounded by six oxygen atoms sited at six 

corners of the cube. Figure 4-2 shows the subsequent cuboidal structures and leaves two 

vacant corners, resulting in two Y3+ sites of symmetiy C2 and C3j (also referred to as the S6 

symmetry site)[37].

Yttrium

•  Oxygen

Vacancy Diagonal

Figure 4-2 Sites of Symmetry of Y20 3:Eu
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Figure 4-3 Energy Level Diagram of Y20 3 :Eu

With Y20 3:Eu, the Eu3+ ions can sit in these sites of symmetry, producing energy levels 

depicted in Figure 4-3. The resultant 61 lnm peak is a transition from 5D0(C2) to 7F2(C2). By 

exciting with a shorter wavelength, it is shown that the excited electrons absorb more 

energy and move into higher, more unstable energy levels. Before emitting at 61 lnm, they 

must reach the 5D0(C2) site. This occurs due to loss of energy through a series of transitions 

between energy levels. Also, electrons which have been excited within the C3i site require 

transferring to the C2 site before the 61 lnm transition can occur. Previous work by Heber et 

a l [70] gives evidence for three potential energy transfer paths between the 5Dj and 5D0 levels 

as shown on Figure 4-3. Emission at 61 lnm is therefore clearly affected by the transition to 

the 5D0(C2) level from the 5Di(C2 and C3i) sites. Energy transitions along paths a and b have 

been observed for Y20 3:Eu powder to be faster than 5 ps 172,73\  however the transition along 

path c (5D i (C3j) to 5D0(C2)) has been observed to be appreciably slower by Hunt and 

Pappalardo[72l  This slower transition results in the rise time component of the fluorescent 

lifetime, and the transition of 5D0 to 7F2 of C2 site produces the decay characteristic, as 

described later.
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4.1.2 Dopant Dependency

Past investigations into the fluorescent properties of phosphors vary the dopancy, defined as 

the ratio of activator to host lattice concentration. Such an example is Y2C>3:Eu where 

studies have been of cathodoluminescence, as shown in Figure 4-4. Here it can be seen that 

the 61 lnm emission intensity varies with the dopancy[75]. Also, two wavelengths of 

excitation were investigated, the shorter of which (254nm) showed an order of magnitude 

greater intensity and a dopancy shift to lower concentrations for maximum emission. For 

thermography, maximisation of emission is very important at extreme temperatures where 

the level of blackbody emission becomes a high noise factor. Hence for this study, the 

dopancy of Y20 3:Eu is characterised over the full range from 0-100 atomic percent(a/o) and 

at both excitation wavelengths, i.e. 355nm and 266nm of the Nd:YAG laser.

l

254nm

10"

Relative
Intensity 365nm

-2
10"

-3
10"

■3 ■2 10"10" 10" 1
Concentration,C - ((Yi.cEu0)2O3)

Figure 4-4 Concentration Dependence Curves of Y20 3:Eu 611nm due to 

Cathoduluminecence Excitation
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4.2 Emission Spectra o f Y?Q.t:Eu

In order to define the strongest spectral line for Y20 3:Eu, the emission spectra was 

examined. Hence, further investigation into the phosphor’s temperature dependent 

properties would concentrate on this wavelength. To determine the spectra, a continuous 

power excitation source, namely a HeCd 325nm laser, was utilised. Two areas of 

importance required investigation. Firstly, what effect does varying the dopant 

concentration have on the emission spectra; i.e. does the wavelength shift and is there any 

broadening or narrowing of the spectral lines? And secondly, does the emission spectra 

differ at elevated temperatures?

4.2.1 Dopant Dependency

For this investigation, the emission spectra of Y20 3:Eu was characterised over a dopant 

concentration range from 0.5 a/o to 25 a/o of Europium. Figure 4-5 shows the spectra 

obtained using the 325nm excitation source. The spectra remains constant for all 

concentrations in terms of spectral line emission with no shifts occurring, but does show an 

increase in intensity of these lines with dopant concentration. The maximisation of intensity 

without emission wavelength shifts occurring is very important for thermography as 

explained earlier.

The spectra of Eu20 3, shown as 100 a/o in Figure 4.5, was also measured and showed no 

spectral shifts. Given that no spectral line shift occurs with the main emission at 61 lnm 

independent of dopant concentration, work concentrated on the variation of intensity level 

of the 61 lnm peak via the decay-constant measurements. Therefore, only a lOnm 

bandwidth centred at 610nm of light would be analysed and utilised for the temperature 

dependent characterisation of the phosphor. The maximisation of signal-to-noise ratio 

remains a high priority. Therefore, calibration of the intensity of the 61 lnm spectral line 

through the lOnm bandpass filter was investigated.
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Figure 4-5 Emission Spectra of Y203:Eu at Various Dopant Concentrations

Results shown in Figure 4-6, indicate that the maximum intensity emission due to dopant 

variance occurs in a region between 25 to 35 a/o. Three methods of comparing the intensity 

were measured and are as follows a) the peak intensity during pulsed excitation with the 

355nm of the Nd:YAG laser, b) the integrated area of the complete pulse emission during 

355nm pulsed excitation, and c) the continuous intensity value using the 325 CW laser. 

Graphs b) and c) show maximum intensity to occur between 25 to 35a/o; whereas, graph a) 

shows maximum intensity at 75a/o.
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Figure 4-6 Intensity Graphs of Y20 3:Eu Over Full Dopant Concentrations
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Relating this to decay constant measurements, intensity increases with dopant concentration 

as more photons are emitted due to the increase in dopant concentration. Overall intensity 

reaches a maximum when the phosphor has reached a quenching point; the point at which 

the higher energy levels are saturated with excited electrons. Beyond this point, the peak 

intensity increases due to the increase in the decay rate; the rate at which electrons return to 

the ground state. This leads to photons being released quicker, and so the intensity is 

stronger within a fixed time frame. Compared with the overall intensity, a decrease in 

intensity levels occurs after this quenching point due to an increase in the probability of 

non-radiative transitions. This results in the phosphor becoming less efficient in the 

photoluminescent process These intensity measurements are taken at room temperature, but 

peak intensity emission is very important at higher temperatures when the signal-to-noise 

ratio becomes the dominating factor.

4.2.2 Temperature Dependency

The intensity emission at high temperatures is very important in order to have a high 

enough signal-to-noise ratio within the complete measurement system. Furthermore, it is 

vital to determine if any wavelength shift occurs. For a single dopant concentration, the 

spectra were measured at four temperatures. Figure 4-7 shows the Y20 3:Eu 3.4a/o spectral 

variation against temperature and indicates once again, that no spectral shift occurs, 

whereas intensity changes. This is typical of other phosphors with different doping levels.
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Figure 4-7 Emission Spectra of Y20 3:Eu 3.4a/o

As a further measurement, the intensity of the 61 lnm peak was collected and compared over 

the full temperature range. Figure 4-8 shows the peak intensity of four dopant 

concentrations upto a temperature o f+1100°C. Results show even though intensity does vary 

considerably, the relationship between dopancy and intensity remains constant over the full 

temperature range. Therefore, maximisation of intensity at room temperature by varying 

dopancy, will lead to maximisation at high temperature.
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4.3 Decay and Rise Constant Characterisation

As previously described in chapter 2, there are two temperature dependent characteristics 

within photoluminescence that can be utilised for the measurement of temperature. Previous

temperature range 600 to 1200°C. The results presented here show two important new 

effects. Firstly, there is the demonstration by the author of a new temperature dependent 

rise constant characteristic which may be used for thermography. Specifically, for low 

dopant concentrations of Y20 3:Eu, the emission after pulsed excitation includes a rise 

period in intensity. Further investigation into this characteristic has shown low temperature 

dependency, therefore extending the temperature sensing range of the phosphor. And 

secondly, the temperature dependent characteristics of both decay and rise constants vary 

due to the dopant concentration.

4.3.1 Derivation of Formulae

As explained in section 2.1.4, when a phosphor is excited using a UV pulse, the 

photoluminescent emission intensity decays exponentially with time and the rate of decay 

can be defined by the following equation

where I(t) = Intensity at time=t, I0 = Intensity at time=0 and t  = radiative decay-constant. 

Relating this back to the energy diagram given in section 4.1.1, Equation 11 can be re­

written in terms of the number of electrons excited to a specific energy level as:-

investigations1,[36 , 3 8 , 3 9 . 4 0 ] into Y20 3:Eu have shown a decay characteristic suitable for the

Equation[ll]

»d (t) = n Q(t)exp ( t  - U Equation[12]
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where nd(t) = the no. of electrons that have decayed to 7F2 (C2); n0(t) = the total no. of 

electrons at 5D0 (C2); t0 = time delay due to triggering of oscilloscope and Td = decay 

constant of electrons from 5D0 to 7F2 (C2).

However, n0(t) is not fixed, but is the consequence of electrons excited directly into the 5Do 

(C2) level together with those proceeding into this level from the slower transition from the 

5Dj (C3j) site. Assuming a single exponential decay process, n0(t) is then described as :

where nc2 = the no. of electrons directly excited to 5D0 (C2); nc3i = the no. electrons excited 

to 5Dj (C3i) and xr = decay constant of electrons from 5Di (C3j) to 5D0 (C2). Hence the 

equation describing the entire process is as follows

Shown schematically on Figure 4-9 are representations of the variation with time of both nc2 

and nc3j as described by this equation.

r

Equation[13]

Equation [14]

611 nm r

t

V
*

Figure 4-9 Schematic of electron detrapment within Y20 3:Eu
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Since luminescence is proportional to the number of electrons undergoing thermal 

detrapment, the above equation is used to calculate the observed rise- and decay- constants. 

Examples of such curve fits are shown in Figure 4-10, the emission observed from Y2C>3:Eu 

3.4a/o at various temperatures.
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Figure 4-10 Observed Emission from Y20 3:Eu 3.4 a/o and the Resultant Curve Fits

For the examples in Figure 4-10, the curve fits obtained are shown as solid lines. The 

resultant parameters for each of the fits are summarised within Table 4-1.

Temperature nc2 Hc3i Decay Constant Rise Constant Time Delay

Td Tr to
(°C) (s) (s) (s)

81 6.24E-03 8.80E-03 1.06E-03 1.55E-04 1.23E-04

228 4.74E-3 4.22E-03 1.03E-05 4.03E-05 1.09E-04

460 4.20E-03 3.22E-03 1.00E-03 2.02E-05 1.03E-04

Table 4-1 Calculated Parameters for the observed emission of Y20 3:Eu 3.4 a/o

Temperature = 8 1°C

Temperature = 228°C

Temperature = 460°C
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It should be noted that the values provided for the number of electrons at each site is not an 

absolute value but is representative of the intensity which is proportional to the number of 

electrons undergoing the transitions. The rise and decay constants calculated from the 

observed emission show dependencies upon both temperature and dopancy.

4.3.2 Temperature Dependency

As previously mentioned, a phosphor has its temperature dependent range defined by the 

quenching temperature and quenching rate. Past results for Y20 3:Eu state the range extends 

from 600°C to 1200oCl35’36’38,39,42]. For this investigation, each sample was characterised at 

two available excitation wavelengths of 355nm and 266nm. Below Figure 4-11 shows the 

decay and rise constant characteristics of the low dopant concentration of Y20 3 :Eu 3.4 a/o. 

Results obtained indicate that a change in excitation wavelength does not vary the 

temperature dependent characteristics, with a quenching temperature of 575°C and a 

quenching rate of 17mC'! for the decay characteristics. (As will be shown later, the 

characteristics vary with dopant concentration).

More importantly, the rise constant characteristics show two differences from the decay 

constant. Firstly, there is the temperature range, 25°C to 850°C, over which the rise constant 

characteristics are variable. In contrast, the decay constant is invariable until the quenching 

temperature of 575°C is reached. Other thermographic phosphors with decay constant 

characteristics are currently utilised for lower temperature ranges. Secondly, the rise 

constant is an order of magnitude faster than that of the decay. This allows for much faster 

rotating systems to be analysed where the collection window is too small for the enough 

data to be collected for utilising the decay constant.
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Figure 4-11 Rise and Decay Characteristics of Y20 3:Eu 3.4 a/o

In some applications, both decay and rise constants can be utilised for the measurement of

temperature, with rise-constant measurements used for 25°C to 800°C and decay constant

for the range 600°C to 1200°C. This allows for a wider temperature sensing range to be 

investigated while utilising the properties of a single phosphor.

4.3.3 Dopant Dependency

Earlier in this chapter, the importance of maximisation of intensity was discussed and it was 

shown that this can be achieved via the optimisation of dopancy. At the same time, 

temperature dependent characteristics must be maintained. Hence, full characterisation of 

Y20 3:Eu was carried out over the dopant concentration range of 0.5 - 75 a/o.

Firstly, for decay constant characterisation, Figure 4-12 show the decay-constant 

characteristics of Y2C>3:Eu at both excitation wavelengths with varying dopancy. Results 

indicate that the consistency is maintained upto a dopancy of 25a/o, with a quenching

73



De
ca

y 
C

on
st

an
t 

(s
) 

De
ca

y 
C

on
st

an
t 

(s
)

4. Europium Doped Yttrium Oxide

temperature at 575°C and the quenching rate of nm C '1. Above this dopancy level, the 

quenching temperature decreases with an increasing dopancy.
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Figure 4-12 Decay Constant Characteristics of Y20 3:Eu 

a) 355nm excitation, and b) 266nm excitation
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Due to an increasing dopancy, the crystal structure becomes more and more populated with 

pure Eu20 3> and less and less with C2 and C3j sites. Therefore, the Eu atoms are becoming 

dominant over the yttrium atoms, and so become closer together. This causes changes in the 

energy levels, and the probability of non-radiative decay from those levels. The result is a 

decrease in the decay constant.

With rise constant characteristics the dependency on dopant concentration is immediate. 

The temperature range over which the rise characteristic exists is 25°C to 800°C. However, 

results show a decrease in the rise constant as dopancy increases. This continues upto a 

concentration 15a/o, beyond which no detectable rise in emission is observed, even at room 

temperature.

As with the variance of the decay characteristics due to the increase in the dopancy of 

europium, the physical distance between the neighbouring sites of symmetry becomes 

shorter. Therefore, the probability of the C3; to C2 transition increases, resulting in a 

reduction of the rise constant. Eventually, when the dopancy of europium reaches a high 

level, the distance has been reduced to such an extent that the transition between the sites of 

symmetry becomes undetectable. Hence, at dopancy levels of 15a/o, no rise time 

characteristic were detected.
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4. Europium Doped Yttrium Oxide
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Figure 4-13 Rise Constant Characteristics of Y20 3:Eu

(a) 355nm excitation, and (b) 266nm excitation
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As shown, the rise constant, xr, decreases with increasing temperature and can be described 

by a single exponential as follows:-

'C r (T) = x 0r ex p (“ r)  Equation[15]

where x0r = Initial Rise Constant at temp OK, AE = activation energy of the transition, k  = 

Boltzmann’s Constant and T = ambient temperature. By plotting the natural log of xr(T) 

against 1/T, the resultant straight line obtained has a gradient of AE/k, and so we can 

calculate the energy difference of the transition which provides the rise constant 

characteristic. Figure 4-14 shows the calculated energy difference of the rise characteristic 

and its variance due to dopancy. Past work by Heber et al1?01, have indicated that the energy 

difference between the 5Dj (C3* site) and the 5D0 (C2 site) is 0.228eV. These were results 

obtained from a single dopant concentration of 5.0 mol% Eu.

0.4
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0.2

0.1

0
0 4 8 1612
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Figure 4-14 Energy Difference Calculations for the 5Di(C3i) to 5D0(C2) Transition

The relationship between the calculated energy difference and the dopancy level of 

europium is a result of the physical distance between the neighbouring sites. Crystal field
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effects on the energy levels of the atoms will vary depending on the proximity of the 

neighbouring atoms. The closer together two atoms become, the greater the effect each will 

have on the other’s energy levels. It therefore follows, as shown within Figure 4-14, as the 

dopancy level of europium is increased, the energy difference between the C3j and C2 sites 

of symmetry will decrease.

4.4 Summary

Complete characterisation of Y20 3:Eu has been examined. The findings of this investigation 

are summarised in terms of emission spectra characterisation, temperature dependent 

characterisation, discovery of a new temperature dependent characteristic and dopancy 

dependency of these characteristics.

The emission spectra of Y20 3:Eu has shown the peak emission wavelength of 61 lnm, is 

independent on both temperature and the dopancy of europium. Spectra at temperatures 

upto 750°C were measured, with results indicating a variance in emission intensity levels 

but without the occurrence of a shift in peak wavelength. This facilitates for the removal of 

the spectrometer from the detection system, which is replaced with the use of filters specific 

to the wavelength. The resultant advantage is that the detector is positioned closer to the 

source thereby reducing loss of the signal. Intensity comparison of the detected 61 lnm peak 

wavelength at both excitation wavelengths show maximum intensity to occur at a dopancy 

of 25 a/o for 355nm and 10 to 15a/o for 266nm.

The conventional temperature dependent characteristic of the decay constant was 

investigated, producing results which consolidated with previous work. The additional 

information provided by this investigation is the variation of the characteristic with respect 

to the dopancy of europium. The decay constant characteristics remain constant upto 

dopancy levels of 25a/o, from which point there is a decrease. These characteristics are 

independent of the excitation wavelengths investigated.
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The discovery of the new rise constant temperature characteristic provided a innovative 

aspect within this investigation. The initial rise in intensity with respect to time has 

provided a low temperature variant, ranging from room temperature upto 800°C, and was 

found to be dependent upon dopancy levels upto 10 a/o. This characteristic is due to the 

transition from C3; to C2 sites of symmetry and is confirmed by the calculation of the energy 

difference between the two sites.

It is concluded, Y20 3:Eu has the ability to be utilised as a thermographic phosphor whose 

temperature sensing capabilities range from 25°C to 1100°C via use of both rise and decay 

constant characteristics. The dopancy dependency of these characteristics allows for 

optimisation of emission intensity levels and sensitivity to temperature changes for specific 

field requirements. Importantly, the phosphor has shown the potential for use as a 

thermographic phosphor within the field of temperature sensing of turbine blades.
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5. Terbium Doped Yttrium Aluminium/Gallium Oxide

5.1 Background

Due to the expansion of the television industry, the improvement in efficiency for green 

emitting phosphors has been continuously under investigation. For example, to produce the 

high illumination levels on the screen for projection CRTs, a much higher current density is 

required. This leads to high temperatures being reached on the screens which reduces the 

phosphor efficiency. Therefore, a number of green emitting phosphors of oxide based were 

investigated including Y3Al5Oi2:Tb (YAG:Tb), InB03:Tb, Y2Si05:Tb, LaOBr:Tb and 

Gd20 2S:Tb[76]. Of these phosphors, YAG:Tb remained the most efficient at high 

temperatures. Sulphide based phosphors have also been investigated, but show a much 

greater reduction in intensity compared to the oxide based phosphors as a result of the 

temperature increase.

To improve the brightness and resolution of projection CRTs in order to meet customer 

requirements, the efficiency of the phosphor required improvement. Ohne and Abe[77] 

reported that Citchley and Lunt increased the brightness of YAG:Tb phosphor by replacing 

a proportion of the Aluminium with Gallium, thus producing the phosphor Yttrium 

Aluminium/Gallium Oxide (Y3(Al/Ga)5Oi2 -YAGaG). Ohne and Abe extended this study 

further by investigating the properties of this phosphor while varying the Al-to-Ga ratio[7?1. 

Results showed that the brightness was highest between ratios of three-to-two and two-to- 

three at several Tb concentrations.

As discussed in section 2.3, YAG:Tb showed suitable characteristics for potential use as a 

thermographic phosphor within gas turbine engines. At extreme temperatures, a high signal- 

to-noise ratio is required; therefore, the intensity emission of the phosphor must be 

maximised. Due to the improvement of emission intensity reported by Ohne and Abe[77J, 

Terbium doped Yttrium Aluminium/Gallium Oxide (YAGaG:Tb) was investigated by the
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author as a potential thermographic phosphor. These phosphor samples were provided by 

Greenwich University, who had investigated the cathodoluminescent properties of the 

phosphor with maximum intensity being achieved at a ratio of 1:1 (Aluminium : Gallium). 

As before, dopancy dependency was investigated with the terbium concentration varying 

from 1 to 50 atomic percent (a/o).

5.1.1 Crystal Structure

As with Yttrium Oxide, Yttrium Aluminium Garnet (Y3AI5O12 - YAG), is a cubic material 

which has the garnet structure^78’791. In the host YAGaG, the gallium atom replaces a 

percentage of the aluminium atoms. To produce the green emitting phosphor, the host is 

doped with terbium, which replaces the yttrium atoms. Shown in Figure 5-1 is the excitation 

spectra of YAGaG:Tb[80], provided by Rolls-Royce Pic, which exhibits two broad excitation 

regions centred at 325nm and 260nm. This would imply that a greater intensity emission is 

achievable by utilising the 266nm rather than the 355nm emission of the Nd:YAG pulse 

laser.

0.5-

0.0
250 450

Wavelength nm

Figure 5-1 Excitation Spectrum of YAGaG:Tb
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5.2 Emission Spectra

Before the full temperature dependence characteristics were investigated, the emission 

spectra was measured to determine the fluorescent spectral response of the phosphor. 

Previous investigations’46,771 have shown YAGaG:Tb to have a major spectral line at 544nm 

within the green region of the visible spectrum. Hence, the intensity of this spectral line was 

investigated for both dopant concentration and temperature dependency.

5.2.1 Dopant Intensity Dependency

Figure 5-2 shows the measured emission spectra of YAGaG:Tb for the full range of dopant 

concentrations investigated taken at room temperature. Results show that the major spectral 

line of 544nm does not shift with dopant concentration and remains dominant over the 

weaker lines. Maximisation of the intensity of the 544nm line is achieved with a dopancy 

level of 20 to 30a/o.
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Figure 5-2 Room Temperature Emission Spectra of YAGaG:Tb
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These spectra were obtained using the HeCd 325nm CW iaser and a spectrometer. Results 

show a group of spectral lines exist between 540-560nm, which is referred to as a spectral 

group and is due to the Stark effect1811. The Tb ion’s discrete energy levels are split into 

groups of finely spaced energy levels due to the crystal field effect of the host lattice. The 

spectral group shown is a result of electron transitions occurring between the discrete levels 

of 5D4 and 7Fs levels of the Tb ion. Figure 5-3 shows the energy levels of an isolated Tb ion 

and the Stark Splitting effect of discrete energy levels 5D4 and 7F5t811.
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Figure 5-3 Schematic of Energy Levels of Tb Ion showing the Stark Splitting of 5D4

and F5 Energy Levels

As shown in the energy diagram, the maximum and minimum energy difference attainable 

is -18600 and 17900 cm'1 respectively. The 5D4 energy level splits into seven sub-levels, 

and the 7F5 consists of eleven. Therefore, there are seventy-seven possible transitions 

between these subsequent sub-levels. In terms of wavelength, this represents a spectrum 

spread from 538-557 nm. In the presented experiments, emission spectra was measured with 

a resolution of lnm and so these individual spectral lines are indistinguishable.
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5.2.2 Temperature Dependency

The emission spectra were measured at various temperatures. Results shown in Figure 5-4 

indicate that no spectral shifts occur due to increasing temperature. More importantly, the 

intensity of the 544nm peak shows a steady decrease with rising temperature. This reduction 

of intensity will be problematic at high temperatures, leading to a lower signal-to-noise ratio 

and so a higher measurement error.
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Figure 5-4 Emission Spectra of YAGaG:Tb 20a/o At Various Temperatures

As discussed in the previous chapter, maximisation of the intensity is vital for the phosphor 

to be successful at extreme temperatures. Further examination of intensity with respect to 

the excitation wavelength and the dopancy was required to achieve this maximisation. 

These tests were carried out along with the other phosphor samples under investigation, and 

so results are presented later in section 6.2. Flere, both phosphors are compared for 

maximisation of intensity at both excitation wavelengths available from the Nd:YAG laser.
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5,3 Temperature Dependence Characterisation

A previous investigation1461 into the temperature dependence of YAGaG:Tb presented data 

for the decay constant characteristics with a temperature range of 660°C to 1100°C using a 

single exponential fitting routine. Terbium emits a peak wavelength at 544nm as shown in 

section 5.2, and the decay constant characteristics were measured at this wavelength. The 

filters used within the measurement system were a cut-on filter at 520nm and a narrow 

bandpass filter centred at 545nm with a lOnm bandwidth. Both filters were purchased from 

Ealing Optics. As detailed in Chapter 3, all measurements were carried out on powder pellet 

samples. Calculation of the decay constant was initially made using the single exponential 

equation within the LabVIEW software.

And compared with Y20 3 :Eu, two differences exist with the temperature dependent 

characteristics. Firstly, at high temperatures the single exponential curve fitting routine was 

no longer providing accurate fits (see section 5.4), leading to unstable decay characteristics. 

Further examination of the photoluminescence decay characteristics was necessary and the 

results indicated these characteristics were actually of a double exponential nature. And 

secondly, a rise characteristic only existed for low dopant concentrations at 266nm 

excitation. Therefore, both the rise and decay characterisation of YAGaG:Tb required all 

data to be investigated using both single and double exponential curve fitting routines. The 

software utilised for this characterisation of data was Jandel Scientific TableCurve.

5.3.1 Single Exponential Method

Decay Constant Characterisation

Using the single exponential function as described in section 2.1.3.2, the temperature 

dependent decay constant characteristics at both excitation wavelengths, 355nm and 

266nm, were measured and the results are presented in Figure 5-5.
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Figure 5-5 Decay Constant Characterisation of YAGaG:Tb Using a Single 

Exponential Curve Fit at (a) 355nm and (b) 266nm Excitation
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For 355nm excitation, the decay constant characteristics show that low dopancy levels have 

a quenching temperature of 700°C with a decay constant of 1.33ms and a quenching rate of 

D ^m C '1. This is consistent upto a dopancy level of 20-30 a/o. At dopancy levels of 40 and 

50 a/o the decay constant varies from room temperature, but with a significant change 

occurring at 400°C. For 266nm excitation, at dopancy levels below 30a/o the quenching 

temperature is 650°C and has a quenching rate of 12.1 mC'1, both of which are slightly lower 

than the characteristics obtained with 355nm excitation. Above a dopancy level of 30a/o, 

the quenching temperature starts to decrease. The decay constant remains independent to 

temperature upto this point followed by a steady exponential decrease with temperature. 

Comparison between the 355nm and 266nm characterisation shows that 266nm excitation 

produces a decay constant whose characteristics are more stable and consistent with 

dopancy.

Rise Constant Characterisation

The rise characteristic of YAGaG:Tb differed from that of Y203:Eu, in that it only occurred 

at an excitation wavelength of 266nm and for low dopancy levels. It is assumed that the 

characteristic is a result of a transition between two energy levels internally within a single 

atom rather than a transition between neighbouring sites of symmetry, as with Y20 3:Eu. 

Figure 5-6 shows the possible undergoing transitions and energy levels for such a 

mechanism. For this explanation, the higher energy level from which the resultant rise 

characteristic occurs is referred to as State B, and the 544nm emission is a result of the 

electron transition from State A to the lower stable energy level. When excited with 266nm, 

a percentage of the electrons are excited into the higher State B. These electrons will relax 

to State A exponentially, therefore increasing the number of electrons at this energy level. 

Electrons from State A are also undergoing the exponential relaxation process, resulting in 

the emission at 544nm.
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Figure 5-6 Schematic of a Single Site Energy Level Diagram to Illustrate the Rise 

Time Mechanism of the Terbium Atom

Assuming each of these transitions occur at a single exponential rate, the emission of 

544nm is a combination of the two processes. It should be noted that the resultant equation 

is the same as that derived for the rise characteristic of Y20 3:Eu, but the difference is that 

the energy levels involved are both from the same terbium atom and not from neighbouring 

sites of symmetry. The resultant equation in terms of the number of electrons undergoing 

the process is

where ntot(t) is the total number of electrons undergoing the 544nm transition as a function 

of time, na is the number directly excited into State A, nb is the number of electrons directly 

excited into State B, Td is decay constant of electrons from State A to the lower stable state, 

xr is the decay constant of electrons from State B to State A, and t0 is the trigger delay of the 

oscilloscope.

As the number of electrons undergoing the transitions is directly proportional to the number 

of photons released, the above equation can be used to represent the fluorescent signal.

n w(t) = n aeXP -----  + n b 1 ■ exPX. Id V
Equation[16]
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Figure 5-7 shows the rise constant characteristics of YAGaG:Tb. For a dopancy level of 

la/o, the rise characteristic remains constant upto a quenching temperature of 450°C, from 

which point it decreases exponentially with a quenching rate of n .dm C '1 . Also, dopancy 

dependence is shown with the rise constant decreasing with an increasing dopancy level 

upto lOa/o, where no rise characteristics exist.
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Figure 5-7 Rise Constant Characteristics of YAGaG:Tb at 266nm Excitation

5.3.2 Double Exponential Characteristics 

Decay Constant Characterisation

For YAGaG:Tb, the single exponential curve fits were not as accurate as those obtained for 

the calculation of Y203 :Eu characteristics, especially at high temperatures. Figure 5-8 is the 

photoluminescent emission of YAGaG:Tb 5a/o at a temperature of 855°C. This clearly 

illustrates a single exponential fit is not suitable for the characteristics of YAGaG:Tb. As 

the temperature was increased, it became more apparent that the photoluminescent decay 

was of a double exponential nature. Therefore, the captured data required re-assessing, but 

with a double exponential curve fitting routine.
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Figure 5-8 Illustration of a Single Exponential Fit of the Photoluminescent from 

YAGaG:Tb at a Temperature of 855°C

The reason for the double exponential characteristic is due to the addition of gallium to the 

compound. As discussed in the Crystal Structure section of this chapter, the gallium atom 

replaces the aluminium atom in YAGaG systems. As an example, with the terbium atom 

replacing the yttrium atom, its neighbouring cation will be either an aluminium or a gallium 

atom. As a result, the energy levels and probability of permissible transitions within the 

terbium atom are externally effected by these neighbouring atoms. This produces two 

possibilities of the resultant 544nm emission, whose probabilities of occurrence are 

independent of each other.
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Figure 5-9 An Illustration of the 544nm Transitions of Isolated Terbium Atoms

Figure 5-9 is a representation of the two possibilities of the 544nm emission from the 

terbium atoms. As the detector will collect both emissions, the resultant double exponential 

characterisation is a simple addition of both transitions. The equation utilised for the 

calculation of both decay constants is:

where Itot(t) is the total emission as a function of time, Ia is the intensity due to the transition 

within site A, Tad is the decay constant of site A, Ib is the intensity due to the transition

oscilloscope, and N is background noise level. This results in two decay constants, which 

both show temperature dependence as presented in Figure 5-10 and Figure 5-11.

Equation[17]

within site B, Tbd is the decay constant of site B, t0 is the triggering delay of the
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Figure 5-10 Double Exponential Characterisation of YAGaG:Tb Using 355nm

Excitation
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Unfortunately, the characteristics measured show the dominance of one decay constant over 

the other. At low temperatures, the dominant decay constant masks the characteristic of the 

minor constant. This results in the miscalculation of the minor decay constant, as illustrated 

in Figure 5-8 and 5-9, with both figures showing the minor constant to have a value 

equalling that of the dominant constant. As the temperature increases, the double 

exponential characteristic of the photoluminescence becomes more apparent. Eventually, 

sufficient data to represent the minor constant is detected, allowing for its calculation. This 

occurs at 250°C for 355nm excitation and 600°C for 266nm excitation.

In terms of their temperature characteristics, the dominant constant has a quenching 

temperature of 700°C with a quenching rate of ll^m C "1 for 355nm excitation. At 266nm, 

the quenching temperature has reduced to 600°C with a quenching rate of 12.0mC_i. For the 

weaker decay constant, although the quenching temperature is 750°C for both 355nm and 

266nm excitation, the quenching rates are H.SmC'1 and 13.9mC‘* respectively.

Rise Constant Characterisation

As presented with the decay constant, it appears a double exponential characteristic exists 

due to the influence of either a neighbouring aluminium or gallium atom on the terbium 

atom’s energy levels and transition probabilities. Therefore, to calculate the rise constant 

characteristics of YAGaG:Tb using 266nm excitation, it is necessary to reformulate the rise 

constant equation to account for this double exponential characteristic. Continuing with the 

assumption that each site is independent from the other, a double exponential rise constant 

equation is derived from the addition of two individual single exponential rise equations. 

Referring back to Figure 5-6, the electrons which are excited directly into State B were 

described as undergoing a two stage relaxation process and were those which contributed to 

the rise in the photoluminescent signal. By reference to equation 16 - the single exponential 

rise constant equation - and by noting that intensity is proportional to the number of
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electrons undergoing the transitions; the resultant formula due to the combination of the 

relaxation processes within two isolated terbium atoms ( previously referred to as Site A 

and Site B) is-:

i(t) = I,i E x p (‘-0 + 1.d  1 a2 1 - E x p
x „ r

+ I ^ E x p ^ —t '-  +  I koI  1 - E x p  ——~bl d ' b2Xu
E x p

Equation[18]

where I(t) is fluorescent signal as a function of time, Iaj is the intensity due to electrons at 

Site A undergoing only the 544nm transition, Ia2 is the intensity due to electrons at Site A 

which undergo the two stage relaxation process, Tad is the decay constant of Site A, xar is the 

rise constant of Site A, Ibj is the intensity due to electrons at Site B undergoing only the 

544nm transition, Ib2 is the intensity due to electrons at Site B which undergo the two stage 

relaxation process, xbd is the decay constant of Site B, xbr is the rise constant of Site B, and 

t0 is the trigger delay of the oscilloscope. Figure 5-12 illustrates the resultant curve fits.

0.012

0.008 -
3
&

~  0.004

f v

1 ___

Temperature

.....  .............1.......... ......  —■

= 552° i !

1
A

x Temp

a> a /

srature = 401°

^  Temperature =

i
i

108°

f f  ^1

o

)Q
B O -rn j- ,

0.002 0.004 

Time ( s )
0.006 0.008

Figure 5-12 Illustration of The Double Exponential Rise Characteristic of YAGaGrTb

la/o and The Resultant Curve Fits

95



5. Terbium Doped Ytttrium Aluminium/Gallium Oxide

rtoO<o
&

IE-3

IE-4

IE-5

IE-6

IE-7

lE-£

o
1 g> 0  [

" ----- -----

1 0 □

__
__

__
! o

< 
« 1

O o o
. °  D O

:_____ o
X X  x < * ' *  >*< X 

" “ -  “ .  *
i -  X  □

1  1

!i

i  :
i  ■i
i  j 

--------------------- 1 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 1-------------------- . . . . . . . . 1

□ la/o

200

Dominant Constants 
a  2a/o

400 600
Temperature ( °C )

5a/o ia/o
Minor Constants 

v 2a/0

800

.  5a/o

Figure 5-13 Double Exponential Rise Constant Characterisation of YAGaG:Tb at

266nm Excitation

The above figure shows the resultant double exponential rise constant characterisation. As 

with the decay characterisation, one constant is an order of magnitude faster than the other, 

and has a higher quenching temperature. The dominant constant has a magnitude of 0.15ms 

and a quenching temperature of 400°C, compared with the minor constant with a value of 

9jlis  and a quenching temperature of 500°C. Upto a temperature of 700°C the rise constant is 

measurable, from which point the rise characteristic is saturated by the intensity of photon 

emission straight from the State A levels of both sites. These characteristics only exist for 

the lower dopancy levels upto and including 5a/o. At the higher dopant concentrations, 

intensity saturation of the rise characteristic occurs due to the increase in the amount of 

excited states.
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5.4 Comparison of Single and Double Exponential Characterisation

From a temperature sensing point of view, a comparison between the use of a double 

exponential fit or a single exponential fit requires assessment. Figure 5-14 illustrates the 

advantages and disadvantages of both methods.
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Figure 5-14 Comparison of Exponential Fits for YAGaG:Tb 5a/o 

where (a) is a single exponential at 55°C, (b) is a single exponential at 855°C, (c) is a 

double exponential at 55°C, and (d) is a double exponential at 855°C.

At low temperatures, the domination of one constant over the other is clearly visible, with 

graph (b) showing that a single exponential fit is as accurate as a double exponential fit. 

Therefore, the double exponential fit derives two constants of equal value. At the higher 

temperatures the second constant becomes detectable, and so a double exponential equation
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is a more accurate fit than the single exponential. Values derived by the single exponential 

fit are those relating to the dominant constant as shown in Table 5-1. The resultant 

temperature dependent characteristics derived maintain their accuracy to enable its use as a 

temperature sensing method.

Temperature °C Single Exponential Double Exponential 

Dominant Constant

Double Exponential 

Minor Constant

20 3.17e-3 3.18e-3 3.16e-3

154 3.15e-3 3.15e-3 3.15e-3

305 2.33e-3 3.37e-3 3.28e-5

746 5.72e-4 8.55e-4 8.42e-5

1020 1.16e-5 1.54e-5 9.94e-7

Table 5-1 Comparison Table of Calculated Decay Constants For YAGaG:Tb 5a/o

When excitation is at 266nm, further masking of the minor constant occurs due to the 

existence of the rise characteristic. This leads to derivation difficulties with obscure values 

being calculated. This is shown in Figure 5-10 to Figure 5-13 which indicates unstable 

characteristics, which can lead to inaccuracies in temperature measurement.

Single Exponential Characteristics

Tq Q Range

Decay at 355nm 700 °C 1.33 ms 13.2 mC’1 700 to +1100 °C
Decay at 266nm 650 °C 1.65 ms 12.1 mC'1 650 to +1100 °C
Rise at 266nm 450 °C 86.0 ps 13.6 mC'1 450 to 715 °C

Double Exponential Characteristics

Decay at 355nm Dominant 700 °C 1.29 ms 11.9 mC*1 700 to +1100 °C
Minor 750 °C 73.0 ps 14.8 mC'1 750 to +1100 °C

Decay at 266nm Dominant 600 °C 2.31 ms 12.0 mC'1 600 to +1100 °C
Minor 750 °C 92.7 ps 13.9 mC'1 750 to +1100 °C

Rise at 266nm Dominant 450 °C 149.0 ps 9.4 mC'1 450 to 700 °C

Minor 500 °C 8.47 ps 8.8 mC'1 500 to 650 °C

Table 5-2 Comparison Between The Single and Double Exponential Temperature 

Dependent Characteristics of YAGaGrTb
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Table 5-2 shows the calculated constants of YAGaG:Tb for the single and double 

exponential characterisation at both excitation wavelengths. The values shown indicate that 

the single exponential fits provide characteristics which are temperature dependent over the 

same range and with a similar quenching rate as those obtained for the double exponential. 

Results presented have shown that a single exponential provides better stability in the 

characteristics than the double exponential, even though the curve fits are not as accurate.

5.5 Summary

As with Y203 :Eu, the complete characterisation of YAGaG:Tb has been examined. Results 

presented show YAGaG:Tb has a suitable major emission line which is independent of both 

temperature and dopancy; and has temperature dependent characteristics which have the 

ability to be utilised within phosphor thermography.

The emission spectra of YAGaG:Tb has a major emission line of 544nm. This 544nm 

emission line has shown consistency with respect to both dopancy concentration and 

temperature. With no shift in wavelength occurring, the phosphor shows the ideal 

characteristic for use within phosphor thermography and allows the spectrometer to be 

removed from the detection system. As with Y20 3 :Eu, the detector can be positioned closer 

to the collection optics and so provided a stronger signal to enable the temperature 

dependent characteristics of the phosphor to be investigated.

Previous investigations into the temperature dependence of the 544nm emission of 

YAGaG:Tb had utilised a single exponential decay to characterise the phosphor. Results 

presented here, clearly show the existence of a double exponential especially at the high 

temperatures. This has been shown to be related to the addition of gallium, which previous 

work had shown to improve the intensity emission of the 544nm spectral line. The use of a 

double exponential curve fitting routine produces two decay constants which both show 

temperature dependence. The dominant decay constant masks the characteristics of the
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minor constant at the lower temperatures, but both show dependency at higher 

temperatures. Also, utilisation of 266nm excitation results in a rise characteristic for low 

dopant levels of terbium, and has a temperature dependent range of 450°C to 715°C.

Concluding, YAGaG:Tb shows characteristics which can be utilised within temperature 

sensing of turbine blades. The 544mn emission is within the green region of the visible 

spectrum and so is less effected by blackbody radiation at high temperature levels. These 

characteristics show dependency over the temperature range of 450°C to 1050°C, but do 

show instability due the existence of a double exponential decay of photoluminescence. 

This instability is removed when characterised with a single exponential curve fitting 

routine, but the error in the calculation of the constant is increased which would lead to 

decrepancy within the sensing of temperature.
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6. Comparison of Phosphors

6.1 Introduction

The choice of phosphor to be used for a particular application clearly depends upon the 

temperature measurement range to be encountered. Past experimental test-runs on turbine 

engines using sensors such as embedded thermocouples, pyrometers and thermographic 

paints, have shown temperatures to reach as high as 1200°Cfl’6,82’831. As shown in Chapters 4 

and 5, both the phosphors under investigation meet the temperature range specification, but 

the question of ‘which is the best’ still remains unanswered. Several factors which need 

considering are:

• Intensity Levels. Within a harsh turbine environment, the temperatures reached 

leads to high levels of blackbody radiation. This decreases the signal-to-noise ratio 

of the collected luminescence - a reduction in the sensing capability of the system.

• Rotational Speed. Phosphor thermography is being developed for the 

measurement of turbine blades, which have rotating speeds of 30-45,000 rpm. The 

probe is to be positioned at an angle to the rotating blades with a limited field of 

view. Sufficient data must be collected within the period of time the blade is within 

the specified field of view, otherwise inaccurate measurement of the decay constant 

will lead to decrepancies of the temperature reading.

• Bonding Ability. The phosphor must have good adhesion to the components 

under test to withstand the hostile conditions. Currently utilised methods employ 

the use of a bonding agent, referred to in this chapter as the binder. Firstly, the 

phosphor must have no chemical reaction with the binder which induces changes in 

its thermal properties. And secondly, the correct binder must be developed for a
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specific phosphor. Results shown here indicate that a correct binder for one 

phosphor may not necessarily be the best for another.

• Lifetime. Survivability within the turbine engine is of great importance in order 

to maintain sensing capability. Turbine engines are continuously being taken 

through thermal cycles leading to wide changes in temperatures. Also, the existence 

of hot gases and particles leads to high erosion of the phosphor film - an additional 

factor to its reduction in lifetime.

The following chapter makes a comparison between the two phosphors investigated with 

respect to the above mentioned points.

6.2 Intensity Comparison

For optical detection, noise level in a high temperature environment is problematic due to 

the emission of blackbody radiation. All materials absorb and radiate electromagnetic 

energy and a blackbody source is one which radiates at all wavelengths. The radiated power 

of a specific wavelength is directly related to the temperature of the material, and is defined 

by Planck’s Radiation Lawt84,85J as :

2 nhc2
W , =  

x X5

where W*. is the spectral radiant emittance (W m"2), X is the wavelength (m), h is Planck’s 

Constant (J s), k is Boltzmann’s Constant (J K"1), c is the speed of light (m s'1), and T is the 

temperature (K).

By calculating the spectral distribution of blackbody radiation at the temperature range of 

interest, the relative noise level of a specific wavelength can be deduced. Figure 6-1 shows 

blackbody radiation spectra at several temperatures and its relation to the wavelengths of 

the phosphors.

exp(/zc /  XkT) - 1
Equation [19]
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Figure 6-1 Blackbody Radiance Of The Visible Spectrum At Various Temperatures

At a temperature of 1200°C, the level of blackbody radiation at a wavelength of 544nm is a 

factor of 3.8 less than that at 61 Inm. Clearly, this indicates that YAGaG:Tb emission would 

be easier to detect due to the lower noise level. By the data presented in this thesis, the 

efficiency of YAGaG:Tb is much less than Y20 3:Eu which leads to lower emission levels. 

The strong intensity emission from Y20 3:Eu provides a clear signal above the high levels of 

blackbody radiation, and therefore remains the preferred phosphor for utilisation within 

phosphor thermography.

This point is clearly shown in Figure 6-2, an intensity comparison between both phosphors 

at all dopancies levels and between both excitation wavelengths. The intensity value has 

been obtained by integrating the phosphorescent pulse after excitation has ceased. Three 

important points are illustrated. Firstly, excitation at 266nm induces an order of magnitude 

greater phosphorescence for both phosphors compared with 355nm excitation. Secondly, 

again for both phosphors, the change from 355nm to 266nm excitation induces an optimum 

dopancy shift to lower concentrations. At 355nm excitation, Y20 3:Eu and YAGaG:Tb have 

optimum dopancy levels of 25a/o and 30aJo respectively. Compared with 266nm excitation,
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the optimum dopancy levels are lower at 10-15a/o for Y20 3:Eu, and 10-20a/o for 

YAGaGiTb.
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Figure 6-2 Intensity Comparison of Y20 3:Eu and YAGaG:Tb at Room Temperature

And thirdly, Y20 3:Eu is shown to be stronger than YAGaGiTb at both excitation 

wavelengths by over an order of magnitude. This order of magnitude out-weighs the 

advantage YAGaGiTb had in terms of blackbody noise level. But a question still remains; is 

this the case at the high temperatures ?

To overcome the blackbody noise level, it is not the overall intensity that is important, but 

the peak intensity. The stronger the peak intensity value, the greater the difference over 

blackbody, and so the easier it will be to detect. Figure 6-3 shows how the peak intensity of 

the phosphors vary with temperature. For the full temperature range, Y20 3:Eu maintains a 

much higher peak intensity level over YAGaGiTb. This is an order of magnitude greater
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and is maintained upto around 800°C, from which point the intensity ratio of the phosphors 

drops slightly. It is at 800°C, that blackbody radiation starts to effect the noise level of the 

system. It should be noted though, that these measurement have been made at the high 

temperatures where the noise level is increasing and so degrading the signal-to-noise ratio. 

Even though this is occurring, the peak intensity signal of the Y20 3:Eu is still strong enough 

to be detected, thus proving that a higher signal-to-noise ratio is achieved with Y20 3:Eu 

rather than YAGaGiTb at high temperatures.
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Figure 6-3 Peak Intensity Comparison of Y20 3 :Eu and YAGaG:Tb Over Full 

Temperature Range at 266nm Excitation

Phosphor Efficiency

A measurement of the quantum efficiency, Q.E.%, of the phosphors would provide a clear 

indication of their potential at high temperatures. For photoluminescence, quantum 

efficiency is defined as :-

Q.E.% No. o f Emission Photons
No. o f Absorbed Photons

Equation [20]
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To calculate the number of absorbed photons, three measurements are required; the number 

of incident photons, the number of reflected photons and the number of transmitted 

photons. The number of incident photons can be calculated from the energy of the laser 

pulse. Unfortunately, use of the Spectralon integrating sphere led to experimental 

difficulties with the measurement of the reflected and transmitted photons. Firstly, the 

reflected photons would be scattered off the rough surface of the phosphor under test in all 

directions. Therefore, it would be difficult to collect and measure all of these reflected 

photons. Secondly, to measure the number of transmitted photons, a detector would have to 

be positioned directly behind the phosphor to capture those incident photons which directly 

pass through. At the same time, the emission photons require capture and measurement.

Another method of determining a phosphor’s efficiency is the measurement of the ratio of 

incident photons to emission photons. This is known as coupling efficiency and accounts 

for the loss of incident photons and the internal absorption efficiency within the phosphor. 

The experimentation involved the use of an integrating sphere purchased from Labsphere. 

The 4 inch diameter sphere is machined from a cube of Spectralon - a material with high 

reflective properties over the wavelength range of 250 to 2500nm. There are two 1 inch 

ports (an input port and an auxiliary port) and a 1/2 inch detector port. Light enters the 

sphere and is reflected many times off the Spectralon surface, therefore producing an even 

distribution of light within the sphere. The detector port collects a small percentage of light 

from within the sphere. The silicon detector provided is a SDA-050-U, whose response 

covers the range 200 to llOOnm. The Labsphere control system has been calibrated to both 

the detector and the Spectralon, therefore converting the detected signal into an overall 

value of light within the sphere. This value can be given in terms of luminous flux (lumens), 

luminance (foot lamberts), radiance (watts per m2), or power (watts).

Unfortunately, the SDA-050-U silicon detector was not suitable to measure the power 

levels of the laser pulse, nor was it able to integrate or capture the emitted pulse with
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respect to time. As a result, a photomultiplier tube was used to capture the phosphorescent 

pulse and was calibrated against a Newport silicon power detector, specifically purchased 

for the power measurement of the Nd:YAG laser. Figure 6-4 shows the arrangement for the 

calibration between the two detectors.

Labsphere

Narrow
Bandpass

Filter Auxilliary PortLight ^ource

Input Port Baffles

Detector Port

Detector

Figure 6-4 Labsphere Arrangement for the Measurement of Quantum Efficiency

For calibration purposes, an OSRAM decostar 12V, 50W lamp was used as the light source. 

The photomultiplier tube required calibration of power at the phosphor emission 

wavelengths, 61 lnm and 544nm. The narrow bandpass filters, which were utilised for the 

collection of the phosphorescence for the decay constant measurement system, were 

positioned at the input port and so only allowed the wavelength of interest to enter the 

sphere. The baffles stop direct light being detected from either of the two ports. By varying 

the voltage of the lamp, a variety of intensity levels were achieved. The calibrated power 

meter was tuned to the wavelength of interest and the power reading was compared with the 

voltage produced when replaced with the photomultiplier tube. From the resultant 

calibration data, presented in Table 6-1, the voltage-to-power conversion factors were 

derived. Thus, by integrating the phosphorescent emission pulse obtained by the
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photomulitplier tube, the resultant area can be converted into the power emitted by the 

phosphor. By measuring the power of the laser source prior to excitation, the coupling 

efficiency could be calculated.
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2.32 1.40 3.85 10.2 25.0 60.0 2.23 1.61 4.50 12.6 32.9 69.3

1.77 1.23 3.15 8.00 18.6 45.5 1.77 1.33 3.71 9.87 24.9 60.2

1.21 0.87 1.75 4.40 10.2 23.0 1.18 0.84 2.31 6.40 15.1 36.4

0.85 0.35 1.19 3.00 6.80 14.5 0.81 0.56 1.64 4.40 10.3 23.3

Table 6-1 Calibration Data of the Photomultiplier Tube 9954B

To capture the phosphorescent emission pulse, pellet samples of Y20 3:Eu were positioned 

on the tip of the auxiliary port. The excitation laser was then fired through the entrance port 

and directly onto the pellet. The photomultiplier tube was positioned at the detector port 

with two filters, a highpass filter with cut-on at 580nm and a narrow bandpass centred at 

610nm. The 61 lnm phosphorescent emission was then collected at various supply voltage 

settings for each phosphor sample.

Before integrating the pulse and calculating the coupling efficiency, several factors required 

consideration. Firstly, there is the transmission percentage of each filter at the 

phosphorescent wavelength. These were 53% for the narrow bandpass filter and 82.5% for 

the highpass filter. Secondly, the integrating sphere evenly distributes the light throughout 

the sphere and the detector will only collect a small percentage of that light. This 

percentage is defined as the throughput, T%, and is as follows :
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T% = pf= Equation [21]

where p is the reflectance of the sphere wall at the wavelength of interest, fe is the fraction 

of the sphere wall being detected, fj is the fraction of the sphere where no reflectance 

occurs. Hence,

e _  a re a  o f  d e te c to r  p o r t  v  _  a re a  o f  a ll p o r ts
ig  — ---------------------------------------  a n d  i  j —--------------------------------

a re a  o f  sp h e re  a re a  o f  sp h e re

Accounting for these factors, the power of the phosphorescent emission is measured. After 

converting the power into energy, the number of photons at the wavelength can be derived, 

and subsequently the coupling efficiency of the phosphor can be calculated. Tests were 

carried out on all the Y20 3:Eu samples at both 355nm and 266nm excitation. Figure 6-5 

shows the measured coupling efficiency obtained.
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Figure 6-5 Relative Coupling Efficiency Measurement of Y20 3:Eu

Initially, measurements were made at both wavelengths with the photomultiplier tube at a 

supply voltage of 600V. Results indicated that the coupling efficiency at 266nm was three
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orders of magnitude greater than that at 355nm, which was vastly different to the intensity 

comparison. Also, a flat response occurred around the optimum concentration. Both 

characteristics were due to saturation of the photomultiplier tube. Subsequently, 

measurements were repeated at 266nm excitation for a variety of photomultiplier supply 

voltages. The results presented in Figure 6-5, show consistency and indicate that 266nm 

excitation is over an order of magnitude more efficient than excitation at 355nm, agreeing 

with results obtained for the intensity comparison. References to the excitation spectra of 

Y20 3:Eu presented in Figure 4-1 confirms these relative efficiency measurements. 

Unfortunately, the experimentation could not be repeated for the YAGaG:Tb samples due 

to a coating of the Y20 3:Eu being deposited on the wall of the sphere, by laser ablation of 

the samples.

6.3 Temperature Dependency Comparison

Presented in Chapters 4 and 5, the temperature dependent characteristics of both phosphors 

showed suitability for use as a themographic sensor. The sensing range of particular interest 

for the temperature measurement of gas turbine blades is from 700°C to +1100°C. Both 

phosphors are temperature dependent within this range, but results demonstrate that 

Y20 3:Eu has several advantages over YAGaG:Tb.

Firstly, there is the difference of the curve fitting routines. Considering decay 

characterisation only, YAGaG:Tb required a double exponential routine compared with 

Y20 3:Eu needing only a single exponential fit. As shown in Figure 5-10, the resultant 

calibration graph showed instability due to the dominance of one constant over the other. 

When fitted with a single exponential, stability of the dominant constant was achieved, but 

with the consequence of poor fits at high temperatures. Either way, instability and poor fits 

leads to loss of accuracy as a temperature sensor. Compared with Y20 3:Eu, a single 

exponential fit maintains accuracy and stability over the full temperature range, and
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consequently provides a stable temperature calibration graph. Shown in Figure 6-6 is a 

comparison between the single exponential characterisation of Y20 3;Eu and YAGaG:Tb at 

both excitation wavelengths.
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Figure 6-6 Comparison of Decay Constant Characterisation (a) at355nm and (b)

266nm excitation

As previously stated, both the position of the probe and the speed of the engine will limit 

the capture time window a specific blade is viewed by the sensor. This capture time
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window limitation has been calculated by Rolls-Royce. Through the use of thermographic 

paints during previous turbine engine test runs, the temperature at known engine speeds has 

been determined. Assuming a capture period of twice the lifetime would provide sufficient 

data to accurately complete the curve fitting routine. The specification of the required decay 

constant at these temperatures are

Speed of engine at 70% max rpm = 900°C = decay constant of lOps

Speed of engine at 100% rpm = 1200°C = decay constant of 1 ps

Reference to Figure 6-6 shows YAGaG:Tb to be outside and Y2C>3:Eu to be within this 

specification.

As well as a more stable characteristic, Y2C>3:Eu has a higher quenching rate and a wider 

sensing range. The higher quenching rate indicates that Y20 3 :Eu is more sensitive to 

temperature variation than YAGaG:Tb. These characteristics are summarised in Table 6-2, 

a comparison of the calibration curves shown in Figure 6-6.

266nm Excitation 355nm Excitation

Temperature

Range

°C

Decay

Constant

ps

Tq

°C

Q

mC'1

Temperature

Range

°C

Decay

Constant

ps

Tq

°C

Q

mC'1

Y203 :Eu 550-+l 100 1010-0.6 550 15.4 550-+l 100 1000-0.3 550 15.7

YAGaG:Tb 650-+l 100 1650-4.8 650 12.1 700-+l 100 1330-9.5 700 13.2

Table 6-2 Comparison of Single Exponential Calibration Details

The accuracy of the phosphors can be determined from the above calibration data. For 

Y20 3:Eu, all captured data was fitted to a confidence limit of 99%. This confidence limit 

was extended to 95% for YAGaG:Tb due to the reduction in the accuracy of the single
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exponential fits. Referring back to equation 5 in Chapter 2, a relationship is defined 

between the temperature and the decay constant. By inducing the confidence limits on the 

data, the error of the temperature determination can be calculated. For Y203:Eu, as a 99% 

confidence limit was maintained throughout the captured data, it has a temperature accuracy 

of ±0.65°C. The accuracy of YAGaG:Tb is ±4.2°C, due to the reduction of the confidence 

limits and the lower quenching rate. Y20 3:Eu is clearly shown to have a superior accuracy 

for use in the determination of temperature.

Another advantage for Y20 3:Eu is the existence of the rise characteristic at both excitation 

wavelengths. This extends the sensing capability of the phosphor, with the rise constant 

vaiying from lOOps to lOps over the temperature range of 25-800°C. Although the rise 

constant exists at 266nm for YAGaG:Tb, it is insensitive to variation in temperature until 

400°C from which point the constant decreases from 200ps to lOps at 700°C. For 

YAGaG:Tb the rise characteristic exists upto a dopancy level of 5aJo, compared with 

Y20 3:Eu which exists upto lOa/o. Further comparison of the intensity levels at these dopant 

concentrations shows the Y20 3:Eu to be 98% of its optimum, compared with YAGaG:Tb 

which is 79% the strength of its optimum concentration. Thus, enabling the use of rise 

constant characterisation of Y20 3:Eu with very little loss in signal-to-noise ratio at the high 

temperatures.

6.4 Lifetime Comparison (Thick Film Only)

For phosphor thermography to be utilised, the phosphor must adhere to the components- 

under-test. Due to the high temperature and hostile environment that exists, survivability of 

the phosphor is one of the most technically demanding aspects involved in the development 

of phosphor thermography. As discussed in Chapter 2, several methods have previously 

been investigated with vaiying success. Initially, experimentation involved the 

characterisation of thick film coatings produced using a chemical bonding method. They
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were produced in-house at Rolls-Royce pic, who had perfected the method through the 

production of thermographic paints.

Thermographic paints of Y20 3 :Eu and YAGaG:Tb were produced and administered onto 

test coupons - a one inch square of turbine blade material. The thickness of the paint 

applied is important for several reasons. Firstly, the intensity emitted improves with 

thickness due to the increase in the volume of phosphor. The optimum thickness would 

occur where the intensity no longer increased with thickness. Against this though is the 

bonding ability of the paint, which decreases with thickness and so shortens the life 

expectancy of the films. Also, thermal gradients exist between the top (excited with the 

laser) and the bottom (in contact with the blade) surfaces of the paint. The thermal gradient 

has to be accounted for in order to correctly determine the temperature of the blade. A 

thicker film will result in a greater thermal gradient and so a higher probability of error in 

the measurement of the temperature.

Coupons simulating turbine blades with various thicknesses (7 to 43 jam) of phosphor paints 

were produced to investigate the above. The thinnest film produced was 7jam in thickness 

but resulted in a very weak emission level due to the lack of phosphor. Although the thick 

films showed an intensity increase with thickness, the strength of the fluorescent signal 

varied across each film due to two reasons. Firstly, poor mixing of the phosphor with the 

epoxy resin leads to an uneven distribution of the phosphor. This creates what is termed as 

“hot-spots”, densely phosphor populated areas of film, therefore producing a higher 

fluorescent signal. And secondly, difficulty exists in controlling the thickness of applied 

paint through use of a spray air-gun. This causes an uneven coating of the thermographic 

paint across the coupon.
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Figure 6-7 Intensity of Thermographic Paints

Unfortunately, at the time of this experimentation, the use of the 266nm Nd:YAG was 

unavailable. Figure 6-7 shows the intensity measurement of the films using the 325nm CW 

HeCd laser. Results show YAGaG:Tb coatings to have a higher intensity than those of 

Y20 3:Eu. Referring back to excitation spectra of the phosphors, Figure 4-1 and Figure 5-1, 

it can be seen that this is because the efficiency of YAGaG:Tb is higher than Y20 3:Eu at 

this excitation wavelength. Also, upto thicknesses of 43pm the intensity of both phosphors 

is still increasing, so optimum thickness had yet to be achieved. Unfortunately, attempts to 

produce thicker samples failed with the thermographic paints failing to adhere to the 

coupons.

To investigate the thick films survivability, lifetime tests were carried out on five samples 

of various thicknesses of each phosphor. The furnace was set to a temperature of 1200°C 

and the samples were held for periods of 1, 2, 5, and 10 Hrs at this temperature. After each
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period, the samples were removed and allowed to rapidly cool to room temperature. This 

accounted for the samples undergoing the harshest possible temperature variation and was 

aimed at imitating the cyclic behaviour of a turbine engine due to changes in the speed of 

rotation. Due to the temperatures reached, chemical reactions between the phosphor and the 

binder may have occurred and altered the thermal properties of the film. As a result, if the 

films survived they were then tested for decay constant calibration between 500°C to 

1000°C.

All the samples tested showed poor survivability. As expected, samples of 43pm thickness 

immediately failed when held at 1200°C due to the poor binding properties of the thicker 

samples. All other samples began to lose their coating at various stages of the experiment. 

For both phosphors, none survived even these static tests for a period of more than five 

hours. As well as the loss of material, a darkening of the film occurs. Both these factors 

reduce the intensity emission of the phosphor, therefore reducing the signal-to-noise ratio.

Although the lifetime experimentation has shown a poor survivability of the thick films, a 

positive point is the decay constant measurements obtained. Figure 6-8 shows the decay 

constant characterisation of the samples. Both phosphors at all thickness show consistent 

characteristic upto to the five hour period for which they survived. This clearly indicates 

that the thermographic properties of the phosphors are unaffected by neither the binder nor 

due to any reaction occurring at the high temperatures for long periods of time.
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Figure 6-8 Lifetime Measurement of Thick Film Samples
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6.5 Recommended Phosphor For Future Development

Measurements obtained from both pellet and thick film samples of the phosphors, conclude 

that Y20 3:Eu is the recommended phosphor for future development within the field of 

thermographic sensing of turbine blades. As shown, even though the blackbody noise level 

is higher for 61 Inm than for 544nm at high temperatures, it was still easier to distinguish 

the Y20 3:Eu phosphorescent pulse than that of the YAGaG:Tb. This was also shown in the 

intensity measurements, with Y20 3:Eu maintaining a greater intensity level over the 

YAGaG:Tb , even with the existence of the blackbody radiation at the high temperatures.

Phosphor efficiency experimentation produced results for Y20 3:Eu to have an efficiency of 

5% at optimum dopancy and with excitation at 266nm. Previous measurement made of the 

quantum efficiency of phosphors, have claimed Y20 3:Eu to be one of the most efficient 

phosphors with values of over 70%[86,87]. Direct comparison between the values cannot be 

made due to several differences. Firstly, these quoted values are given as quantum 

efficiency, whereas the efficiency measurement presented here are as coupling efficiency. 

Secondly, measurements were carried out at 266nm and 355nm excitation, which are shown 

within the phosphor’s absorption spectrum not to be optimum.

Indirect comparison can be made between the intensity levels of the two phosphors. 

Consistent results have shown Y20 3:Eu to be over an order of magnitude greater than 

YAGaG:Tb at both excitation wavelengths. Also, 266nm produces intensity levels which 

are an order of magnitude greater than those achieved utilising 355nm excitation for both 

phosphors. This observation also existed for the efficiency measurements of Y20 3:Eu at 

355nm and 266nm excitation wavelengths. As intensity is directly proportional to the 

efficiency of the phosphor, the coupling efficiency measurements clarity that Y20 3:Eu 

should be used over YAGaG:Tb.
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Stability of the temperature characteristics provides Y203 :Eu with another advantage over 

YAGaG:Tb. Due to a single exponential characteristics rather than the double exponential 

of YAGaG:Tb, the characteristics are stable and a higher level of accuracy is maintained 

throughout the curve fits at all temperatures. Also the existence of the rise characteristic 

varying from 25°C to 800°C extends its temperature sensing capabilities. With this 

characteristic existing upto a dopancy of lOa/o, a lower dopancy can be utilised within the 

sensor without the result of a dramatic reduction in its intensity emission level. Also, a 

higher accuracy is achieved with Y2C>3:Eu, ±0.65°C, compared with YAGaG:Tb, ±4.2°C.

Unfortunately, lifetime tests carried out on thick films samples have proved unsuccessful. 

Neither phosphors survived for a period of more than five hours, and all showed reduction 

in intensity levels due to loss of material and the darkening of the coating. Positively 

though, both showed consistent decay constant characteristic. The solution is to produce a 

longer lasting and more robust form of the phosphor which can survive the hostile 

environment without a reduction in intensity. The method utilised was RF Magnetron 

sputtering to produce a thin film of Y20 3:Eu and is discussed in the following chapter.
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7. Thin Film Phosphor Thermography

7.1 Introduction

As discussed in Chapter 1, the phosphor adhesion to the turbine blades plays an important 

role in the lifetime of the sensor. Although thick films of thermographic paint have proved 

the capabilities of phosphor thermography, results presented in the previous chapter show 

poor lifetimes for thick films. The solution needs the production of a more robust coating 

while maintaining the thermal characteristics. During the feasibility study carried out at the 

University of Bradford in 1992t30], thin films of Y202S:Eu were produced for turbine engine 

test runs on the compressor blades. These experience hostile conditions with the 

temperature reaching in excess of 750°C. Although measurement of the thermographic 

properties of the films were unattainable due to weak emission levels, results did show a 

higher percentage of coating remained for thin films whereas the thermographic paints 

disappeared. Furthermore, post engine run tests showed the thin films had retained their 

room temperature photoluminescent characteristics.

Having established Y20 3:Eu to be the preferential phosphor for use on the turbine blades, 

thin films of the phosphor required characterisation and lifetime tests. Samples were grown 

by the author via the RF magnetron sputtering process with argon as the carrier gas. The 

films were examined using the following criteria :

• Thickness Dependency. The thickness of the phosphor coating has been shown 

to be important for two reasons. Firstly, results for thick films have shown 

emission intensity to increase with thickness. Due to high intensity levels being 

of great importance for distinction from blackbody noise levels, and with thin 

films previously1301 showing low emission levels, the intensity variation due to 

thickness requires calibration. Consideration must also be given for the 

existence of a thermal gradient across the thermographic phosphor. The thicker
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the film, the larger the thermal gradient will be between the top surface of the 

phosphor coating and the surface of the blade. As a result, the requirement is 

for a phosphor coating of minimal thickness and maximum emission intensity.

• Thermal Annealing. Once a thin film has been grown, the post-growth process 

of annealing is required to activate the phosphor. The sputtering process 

involves the breaking down of the phosphor into its individual atoms and 

molecules while depositing them on the substrate to reform the crystal 

structure. Unfortunately, due to the deposition mechanism, mis-alignment of 

neighbouring atoms results in an inefficient energy transfer mechanism within 

the film and leads to weak emission levels. Post-growth thermal treatment 

assists in ensuring luminescent centres to occupy the appropriate sites, 

therefore increasing the efficiency of the phosphor. Thin films of Y20 3:Eu have 

not been grown previously at the university and so characterisation of the 

thermal annealing process is required.

• Angular Measurement. Within the final diagnostic equipment, the probe will be 

positioned at an angle with respect to the turbine blades. Therefore, both the 

excitation and collection angle will not be perpendicular to the surface of the 

blade. An investigation into the angular distribution of intensity will determine 

the maximum permissible angle for which the probe can be positioned in order 

to obtain the optimum intensity. Results shown later demonstrate that 

comparison between thick and thin films have proved advantageous for thin 

films ofY 20 3:Eu.

• Roughness Measurement. Measurement of surface roughness will provide an 

indication of the detrimental effects a coating will have on the aerodynamics of 

the turbine engine. Of the thick films provided, although they started as very
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smooth in appearance, after long periods at high temperatures, the roughness 

increased. This would lead to a higher loss of material within a running engine 

due to the centripetal/centrifugal effects and air-flow forces. A thin film should 

provide a smoother surface finish and so be less detrimental.

• Lifetime Measurement. The experimentation for the lifetime of the phosphor 

coatings was repeated for thin films with some thick film samples being 

re-tested for comparison. Again, results proved advantageous for thin films 

over thick films. As well as surviving for upto ten hours at 1200°C, the thin 

films showed very little loss in terms of material and intensity compared with 

the thick film samples.

7.2 Growth of Y?Ch:Eu Thin Films

As described in Chapter 3, the system utilised for the growth of the thin films was an RF 

Magnetron Sputtering vacuum deposition system[88,89j. Unfortunately, due to limited 

availability of the sputtering system, thin films of only one dopant concentration could be 

grown at various thicknesses. As a result, the decision was taken to grow thin films which 

would provide maximum intensity levels and without the interference of the rise 

characteristic. Of the samples available, there was only a sufficient quantity of Y20 3 doped 

with 35a/o of europium to produce a sputtering target. The films were grown onto 4"silicon 

wafers which were held a distance of 15cm away from the target on a rotating arm in a 

cluster magnetron system. The rotating arm assists in the production of an even thickness 

across the full wafer.

The system was initially pumped down to a base pressure of 10"7 mTorr. The inert gas of 

Argon was fed into the system and RF power of 100W at 13.56MHz is supplied to form the 

plasma. Once formed the plasma pressure is reduced to 3mTorr. A low pressure is 

preferable to minimise the collision between sputtered atoms and those of the plasma. The
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reduction in the number of collision results in a higher deposition rate. All samples were 

grown at room temperature. For the samples grown, the equivalent thickness for one 

complete cycle of the interferometer averaged 1560A at a deposition rate of 580±10A/Hr. 

Photographs of the grown samples are presented in Figure 7-1 and show a very even growth 

across the wafer. This is indicated by the consistent colour. It works on the same principle 

as the interferometer, where the phase difference between reflected light from the top 

surface of the grown film and that from the surface of the silicon wafer produces the 

colours seen. A thickness colour chart can be produced via the calibration of a multitude of 

samples and then be used to estimate the thickness of a grown film. The thickness colour 

chart for Y2C>3:Eu is given in Table 7-1. The refractive index for Y20 3 :Eu has been 

calculated as 2.15, referencing equation 9 from Chapter 3.

Colour Y20 3:Eu Thickness ( A )
Silicon 0-190
Brown 190-370

Golden Brown 370-510
Red 510-680

Deep Blue 680-700
1st Blue 700-840

Pale Blue 840-910
Very Pale Blue 910-1050

Silicon 1050-1120
Light Yellow 1120-1190

Yellow 1190-1400
Orange-Red 1400-1675

1 st Red 1675-1745
Dark Red 1745-1955
2nd Blue 1955-2165

Blue-Green 2165-2300
Light Green 2300-2585

Orange-Yellow 2585-2790
2nd Red 2790-3070

Table 7-1 Thickness Colour Chart for Y2C>3:Eii Thin Film 

Grown onto Silicon Substrate
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1000 A 3000 A

7000 A 10 000 A

30 000 A

Figure 7-1 Photographs of the Y20 3 :Eu samples of various thickness grown by RF

Magnetron Sputtering
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Due to the numerous experiments to be carried out on the samples for the optimisation of 

annealing criteria the wafers were cut into 1cm squares. Intensity measurements of the 

samples were then obtained using the continuous 325nm HeNe laser, as shown in Figure 7- 

2. The intensity of non-annealed samples was very weak but did show thickness 

dependency. Unfortunately, discrepancy exists with the 7000A sample. Later tests carried 

out after annealing indicated it was due to the mis-alignment of the europium atoms within 

the crystal structure of Y20 3.

1
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Figure 7-2 Intensity Comparison of Non-Annealed Y20 3:Eu 35a/o Thin Films

To confirm the thickness of the films, a dry etching process was performed to define a step 

between the film and the silicon wafer. The height of the step is then measured using a 

Sloan Dektak IIA profilometer. Results matched those obtained through the in-situ 

interferometer by ± 100A.

7.3 Post Growth Annealing Process

After deposition, the dopant atoms are situated in a variety of positions and rotations within 

the crystal structure of the host material. As a result, these atoms experience a variety of 

crystal field effects, leading to a phosphor with low efficiency. The post-growth process of
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annealing enables the dopant ions to re-position within the host structure and therefore 

restore the crystalline quality. In turn, this results in the improvement of coupling of 

excitation energy to the electrons, and therefore enhances the intensity of the phosphor 

emission levels.

The process of annealing performed was the commonly utilised method of thermal 

annealing. Other techniques exist including laser annealing1901 and rapid thermal 

annealing[911. For thermal annealing, the sample is heated to a sufficient temperature for 

thermal energy to be absorbed into the host material and is held at this temperature for a 

period of time. As long as the temperature is non-detrimental to the component functions 

and properties, thermal annealing remains the more common method due to lower costs.

7.3.1 Thermal Annealing Experimentation

As discussed in section 7.2, the thin film samples were grown onto 4” silicon wafers at five 

thicknesses. These wafers were then cut into 20mm square samples. This provided 15 

samples of each thickness to undergo a series of annealing and lifetime experimentation. 

Four samples were assigned for lifetime measurement. This allowed eleven to be utilised in 

a series of annealing experiments to determine optimum annealing temperature and period.
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Figure 7-3 Annealed Samples of Y20 3:Eu 35a/o for Various Temperatures and Periods

of Time
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Figure 7-3 are photos of the samples after annealing. After each annealing test, the samples 

were excited with the HeCd 325nm laser and a comparison was made of the emission 

intensity. Initially, samples were annealed at 900°C for periods of 1, 2, 5 and 10 Hrs. 

Although the intensity improved, results indicated an even longer period of time was 

required to achieve maximum emission. Therefore, the samples which had been annealed 

for periods of 5 and 10 Hrs were returned to the furnace and annealed for a further 10 

hours. The intensity improvement achieved is illustrated in Figure 7-4.
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Figure 7-4 Intensity Measurement of Annealed Thin Film Samples at 900°C

The results obtained from the 900°C annealed samples are inconclusive. Although the 

intensity improvement is achieved, the values varied depending on the excited region of the 

sample. This effect is due to not arriving at the optimum annealing conditions with some 

areas of the film are annealed, to some extent, and other regions not.

As a result, the annealing temperature was increased to 1100°C and samples were annealed 

for periods of 0.5, 1, 1.5 and 2 Hrs. From the photo in Figure 7-3, the thin films appear to 

have an evenly annealed area with less colour variation across each sample. This
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consistency is backed up by the intensity measurement as shown in Figure 7-5. 

Measurement was consistent for 0.7 to 3pm thickness, indicating an optimum thickness of 

0.7pm. The samples of 0.3 and 0.1pm have also shown intensity improvement due to the 

increase in annealing temperature, but are still weaker than the thicker samples. The results 

also indicated a shorter annealing period is required at a higher temperature. Comparison 

with the intensity of a powder sample shows the maximum permitted intensity of Y20 3:Eu 

35a/o has yet to be met and further annealing experimentation was required.
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Figure 7-5 Intensity Measurement After Annealing at 1100°C

The final set of samples were annealed at a temperature of 1200°C, shown in Figure 7-6. 

Again, results have shown consistency in the annealing of the 0.7 to 3 pm samples with very 

little difference in intensity value. There is slight decrepancy with the 0.3 pm sample 

annealed for a period of 15mins. This showed constant intensity across the complete sample 

and had an intensity equivalent to that of the thicker samples. Although, the samples 

annealed for longer periods of time present weaker intensity values, the high intensity of the 

15 mins annealed sample should not be dismissed.
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Figure 7-6 Intensity Measurement After Annealing at 1200°C

In Figure 7-7, a comparison is shown between the annealed thin film samples, thick film 

samples and powder samples of Y20 3:Eu 35aJo. Firstly, it can be concluded that the 

optimum annealing conditions investigated are 15 mins at 1200°C. It is shown that as 

annealing temperature increases, the necessary annealing period decreases. Unfortunately, 

the capabilities of the furnace did not allow for the investigation at higher annealing 

temperatures. Secondly, comparison with thick film samples indicates an intensity of equal 

magnitude has been achieved with the annealed thin film samples. Prior to this 

investigation, the intensity magnitude emitted by a thin film had been its downfall for long 

term use within phosphor thermography; being lower than that of thick films. Thirdly, 

optimum thickness for a thin film is between 0.3 to 0.7jam. This is significantly less than the 

thickness required for a thick film to achieve the equivalent intensity levels. For a thin film, 

the excitation source will only penetrate to a particular depth which is dependent upon the 

wavelength and the material. As the thick film contains both the phosphor and the binder, 

the excitation source penetrates to a greater depth before optimum emission is achieved. As 

a result, the thermal gradient for a thin film will be less than that of a thick film and so will 

be a much closer representation of the temperature of the turbine blade.
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Figure 7-7 Comparison of the Annealing Conditions Investigated

With equivalent intensity levels being achieved for the thin films compared with the thick 

film samples, the next stage was to investigate the lifetime capabilities of the thin films.

7.4 Lifetime Experimentation

During this experimentation, thick films were also be tested for comparison purposes and 

therefore subjected to the exact same hostile environment and conditions. The thin film 

samples were annealed for a period of one hour at 1200°C prior to lifetime measurements. 

All samples were then left for periods of 1, 2, 5 and 10 Hrs at a temperature of 1200°C. As 

with the tests carried out previously on the thick films, after the set period of time the 

samples were removed directly from within the furnace and allowed to rapidly cool to room 

temperature - simulating the thermal cycles of a turbine engine.

Before and after each lifetime period, the intensity of the films were measured as an 

indication of degradation due to the hostile environment. Figure 7-8 shows that the intensity 

levels of the thin film samples remained unaffected compared with the thick films, whose 

intensity levels degraded after only one hour.
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Figure 7-8 Intensity Measurement of Thin and Thick Film Samples During Lifetime

Experimentation

A further lifetime test was carried out on the remaining samples available. These were left 

for a period of 12 hours at 1200°C. The photograph (a) shown in Figure 7-9 indicates that 

loss of material occurs for the thicker samples, but it is noted a thin film still strongly 

adheres beneath. This still shows strong emission and represents no loss of intensity levels. 

PL intensity measurement showed no difference to the levels experienced during the 

annealing experimentation at 1200°C. Also shown in Figure 7-9 are close photographs of 

both thick, (b), and thin, (c), films that have been subjected to 1200°C for a long period of 

time. Clearly shown is the breakdown of the thick film with cracks occurring throughout. 

This had been visually noted during the lifetime experimentation of the thick films and 

eventually led to the loss of material and reduction in intensity emission levels. The thin 

film, after 12 hours at 1200°C, does not show any defects occurring within the film, proving 

its long term survivability.
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Figure 7-9 Photographs of Lifetime Experimentation.

(a) represents the thin films subjected to 1200°C for a period of 12 hours, (b) is a 

magnified shot of the physical defects of a thick film, and (c) magnified shot of a thin 

film 1pm.

Lifetime measurements have clearly indicated a thin film’s survivability advantage over the 

thick films. With very little degradation in both physical appearance and intensity emission 

levels, thin films are advantageous over thick films.
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7.5 Angular Measurement

An aspect of the photoluminescent emission which requires consideration is the angular 

distribution. For the diagnostic equipment at Rolls-Royce, a probe has been designed to 

transmit the pulsed excitation wavelength and collect the resultant emission. Due to the lack 

of available space within a turbine engine, technical consideration has been given to the 

size and positioning of the probe to maximise the collection time, area and angle of the 

probe in relation to the rotating turbine blades. Full technical details cannot be provide due 

to confidentiality, but it is known the probe will be at an angle of between 30 to 60 degrees 

to the blade and will be positioned at a distance of approximately 120mm.

Therefore, the excitation and collection will occur at this angle. Up until this point in the 

investigation, the pulse laser has been fired at an angle of approximately 20 degrees and the 

photoluminescent emission collected perpendicular to the surface of the excited source. An 

angular system was designed to investigate the distribution of emitted light from both thick 

and thin films. The photograph in Figure 7-10 shows the system. It consisted of two 

aluminium arcs at 90 degrees to each other which stopped at an angle of 65 degrees to the 

centre. This allowed holes to be drilled at 10 degree separation within which optical fibres 

were sited. A simple ‘L’ shaped holder was produced to hold the samples at the focal point 

of the angular system. For measurement of the photoluminescent intensity, the CW HeCd 

325nm laser was utilised and could be fired through any of the holes of the system. 

Therefore, the laser could be fired at an angle of 0 to 60 degrees to the surface of the 

sample and the subsequent emission detected via the optical fibres at other angles. To 

extend the angular capability of the system, a further slot was set at 30 degrees to the 

central hole, i.e. the sample could be positioned perpendicular to the 30 degree hole. This 

enabled collection upto an angle of 90 degrees to the surface of the sample.
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Figure 7-10 Photograph Of The Angular Distribution Measurement System

To measure the intensity emitted, the optical fibres were positioned directly infront of the 

detector and two filters, specific to the wavelength being capture, were attached. Initial tests 

involved firing the laser perpendicular to the sample and measuring the angular intensity 

upto 60 degrees to the surface of the sample. The graph shown in Figure 7-11, shows that 

thin films have a more directional outcoupling of light than the thick film samples. In terms 

of phosphor thermography, this indicates that a stronger intensity level can be detected from 

a thin film compared to the signal strength of a thick film at a specific angle.
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Figure 7-11 Comparison of Angular Distribution between Thick and Thin Films

Although the results do show that thin films distribute better than thick films, they do not 

indicate even “side-lobes” . This was due to multiple fibres being utilised and each one 

having a slightly different transmission efficiency. Therefore, a second series of 

measurements were made with the samples positioned within the 30 degree slot. The laser 

was fired through the 30 degree hole, allowing for full angular distribution to be measured 

from 0 to 90 degrees. Also, a single optical fibre was utilised so that the same efficiency 

would be achieved for all measurements.
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Figure 7-12 Comparison of the Emission Angular Distribution of Thin and Thick

Films

The above figure shows the variance in angular distribution as a thin film goes through its 

annealing process. The samples tested were the 7000A films annealed at 1200°C. The thin 

film sample annealed for 15 minutes was examined twice as only partial annealing had 

occurred, indicated by ‘hot’ and ‘weak’ spots of intensity across the film. Results show that 

as a thin film is annealed, the intensity dramatically increases and the angular distribution 

of the light emitted becomes less directional. In otherwords, the surface of the thin film is 

tending towards a perfect scattering source - equal emission intensity in all directions - and 

would be shown within Figure 7-12 as a straight line. Compared with the thick film, its
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angular distribution follows a Lambertian distribution - shown as the solid line - and is 

defined as equal intensity per unit of projected area[92,93l

A second series of experiments involved firing the laser at various angles to investigate 

whether or not the angle of excitation varied the angular distribution of the light emitted. 

With the samples sited perpendicular to the centre of the angular measurement system, the 

laser was fired at angles of 0 to 60 degrees and the intensity at the remaining angles were 

measured. Unfortunately at the time of the experimentation, the stability of the laser output 

was questionable with absolute values for the measured intensity varying from test to test. 

Although this was the case, when the measurements were normalised, consistency was 

shown in the profiles of the angular distribution and so are presented in this fashion. Figure 

7-13 shows the angular distribution of the light emitted is independent of the angle of the 

excitation source for both thick and thin films.
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Figure 7-13 Angular Distribution of Emitted light with Laser fired at Various Angles

The above results show consistent angular distributions of emitted light for both thick and 

thin films. Relating this to the diagnostic equipment for phosphor thermography, if the
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probe is to be positioned at an angle of 45° to the surface of the turbine blade, the signal 

strength from a thin film is 80% compared to 65% of a thick film from perpendicular to the 

surface. More specifically, the probe was specified as being positioned between an angle of 

30 to 60 degrees, indicating the signal strength of a thin film will be between 12.5 to 45 % 

stronger than a thick film.

By referencing back to intensity comparison measurements made when the laser power 

output was stable, further conclusions can be drawn. During the annealing experimentation, 

it was shown that the thin films were emitting a signal strength equal to that emitted by a 

thick film. These measurements were made using the quartz rod collection system which is 

positioned perpendicular to the emitting surface. Therefore, it can be concluded that the 

signal detected by the probe will be stronger for a thin film.

From these measurements, it can be concluded that a thin film is much more efficient than a 

thick film. It is known that the quartz collection rod has a diameter of 12.5mm and is 

positioned at a distance of 30mm from the surface of the film. Assuming the surface of the 

film under test is acting as a point source, it can be calculated that the rod was collecting the 

light emitted at angles ± 10 degrees. Through integrating the angular distribution graphs, we 

can see that this represents 19.6% of the total light emitted by a thick film compared to 

15.5% of a thin film. Given that previous measurements showed a thin film to have equal 

intensity to that of a thick film when collecting at normal to the surface, we can now 

deduced that from the angular measurements it represented only a small percentage of total 

light emitted and that a thin film is 25% more efficient in the photoluminescent process 

than a thick film.
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7.6 Roughness Measurement

The surface roughness of the thermographic coating utilised for phosphor thermography 

must be non-detrimental to the aerodynamics of the engine. Prior to all tests carried out, the 

surface roughness of the thick film is smooth in appearance. Unfortunately, due to the harsh 

environmental conditions the film has to survive within, high loss of material leads to an 

increase in surface roughness. As well as the detrimental effects on the engine’s efficiency 

due to the disruption of air-flow around the turbine blades, both the forces of the air-flow 

and the centrifugal forces of the rotating blades leads to an increase in the loss of material. 

This is a further contribution to the reduction of lifetime for the thermographic coating. 

Also, a measurement of the surface roughness of the coatings provides an indication of the 

even thickness of coating achievable for both methods of application, thick film or thin 

film.

To investigate the surface roughness of the films, a Sloan Ha DEKTAK profilometer was 

used to measure the variance of the roughness across a thermographic coating. Each sample 

was measured over a profile of 1mm in length and was averaged over five areas of the 

coating. The film sample is placed on the base plate of the equipment which is controlled by 

X-Y motion. With the needle of the Dektak making contact with the film sample at a set 

pressure, a scan of the film is undertaken, and the subsequent movement in the needle is 

plotted as the films profile.

The profilometer provides two pieces of information concerning the surface texture^941. 

Firstly, the maximum peak-to-valley height within the sampling length (R,nax) and is a 

measure of how even is the profile. In the case of the thermographic coatings, it is 

representative of the variation of thickness across the films. And secondly, the roughness 

average (R.A.) of the film. This is calculated as the averaged amplitude difference from the 

mean, where n is the number of sampling points:-
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R.A. = -----------  Equation [22]
n

Î max-

7000 A Thin Film Samples Thick Film

Non-Annealed 15mins@1200°C 30mins@1200°C

500 A 1200 A 2000 A 45,000 A

R.A. 78 A 163 A 354 A 8,895 A

Table 7-2 Roughness measurements of both thin and thick films of Y20 3:Eu

The results presented in Table 7-2 shows that a thick film is over 100 times rougher than the 

annealed thin films. These values provide clear information of how much smoother a thin 

film is compared to a thick film, and therefore gives an indication of how much less a thin 

film would be detrimental compared to a thick film for the aero-dynamics and performance 

of the engine. Clearly, this requires verification through actual test-engine runs.

Also, the roughness measurements may provide information on the angular distribution of 

emitted light. It is assumed that a luminescent centre acts as an isotropic light emitter, i.e. it 

emits equally in all directions. Following the laws of reflection and refraction only a 

percentage of total light created within the luminescent centre will be outcoupled. This 

percentage can be increased via roughening the surface of the film to act as a scattering 

source. Comparison between the roughness measurements given in Table 7-2 and the 

angular distribution comparison graph in Figure 7-12, indicate the annealing process 

improves the outcoupling of light due to the roughening of the surface. It is known from the 

Rayleigh scattering principle, that the optimum scattering source would have a radius equal 

to a quarter of the wavelength. The wavelength emitted by Y20 3:Eu is 61 lnm and therefore 

the optimum radius of a scattering source would be 1527.5A. Each individual peak-to-valley 

in the films surface can be viewed as an individual scattering source and therefore its Rmax 

value is representative of the Rayleigh Scattering Principle. Relating this to the roughness 

measurements, it is noted that optimum scattering is achieved between Rmax values of 1200A 

for 15 minutes annealed sample and 2000A for the 30 minutes annealed sample. For the
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thick film, Rmax is 5 times the optimum radius of a scattering source, therefore losing its 

scattering properties.

The roughness measurements have once again proved advantageous for thin films. As well 

as the smoother surface finish, and so less detrimental to aero-dynamics of the engine; the 

increase in roughness through the annealing process has improved the films scattering 

properties, hence leads to a stronger signal being detected by the probe at an angle of 40 to 

60 degrees.

7.7 Summary

This section of the investigation has proved that thin film phosphor thermography is the 

probable method of the future for the temperature sensing of remote components within a 

turbine engine. It has been shown that thin films are advantageous over thick films for 

several reasons.

Firstly, it has been shown that thin films of Y20 3:Eu can be grown via RF magnetron 

sputtering, producing films of even thickness and emission intensity across the complete 

sample surface. This differs from thick films, whose intensity varies from sample to sample 

and can lead to an increased error in the measurement of temperature when high levels of 

blackbody radiation is detected at the extreme temperatures. Secondly, intensity comparison 

of thermally annealed thin films initially showed the emission intensity to be equal to the 

levels achieved of the thick films. Post annealing experimentation has indicated the 

required thickness of a thin film to achieve maximum emission permissible is a tenth less 

than the minimum thickness achievable for thick films. Thick films required a thickness of 

25-35pm to achieve equal intensity obtained by a thin film of 0.7pm. The reduction in the 

necessary thickness of coating required for maximum emission assists in the minimisation 

of the thermal gradient between the top surface of the coating and the surface of the turbine
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blade; therefore a reduction in the error between measured temperature and actual 

temperature of the turbine blades.

Further investigation into the angular distribution of the fluorescent emission has provided 

thin films with another advantage over thick films. Due to the positioning of the probe 

being both problematic and limited within an enclosed spacing of the turbine engine, the 

angular excitation and collection limits the probe’s field of view. The information provided 

by Rolls-Royce Pic, indicated the probe’s angular position in relation to the surface of the 

turbine blade to be within the range 30 to 60 degrees. Angular measurements have shown 

the intensity to be between 12.5 and 45 % stronger for thin films than for thick films.

Finally, and most importantly, lifetime experiments have shown thin films survive for upto 

ten hours at 1200°C compared with thick films whose intensity degraded immediately. The 

degradation of intensity is due to the loss of material from the coating. Although, the 

surface of the thin film coatings roughens, the strong adhesion properties maintains the 

coating’s survivability.

It can be concluded from this investigation that the phosphor required for the successful 

temperature measurement of turbine blades through use of phosphor thermography is a thin 

film coating of Y20 3:Eu. The next stage of the investigation is to apply the thin film coating 

to the turbine blades and during a turbine engine test-run, monitor the temperature of the 

turbine blades. This work will be carried out during the next stage of the development of 

phosphor thermography with a continuation of the collaboration of Rolls-Royce Pic.
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8. Conclusions and Future Work

8.1 Introduction

The aim of this research was to investigate the temperature dependent characteristics of 

phosphors, specifically for the measurement of the surface temperature of turbine blades 

within a gas turbine engine. Accurate temperature sensing of vital components within an 

engine will lead to an increase in engine efficiency and design. The use of a sensor must be 

non-detrimental to the aerodynamics and hence the efficiency of the engine. With a 

phosphor thermography based measurement system, this effect is minimised by coating the 

turbine blades with a thin layer of a thermographic phosphor. The collection and analysis of 

the photoluminescent emission after pulsed excitation leads to the determination of the 

surface temperature of the blade.

The measurement systems for the characterisation of thermographic phosphors have been 

calibrated and optimised to allow for maximum signal-to-noise ratio. These systems are 

automated through use of LabVIEW software creating virtual instruments; providing a user 

friendly graphical system. Work has concentrated on the thermographic characterisation of 

Y203:Eu and YAGaG:Tb phosphors for a full range of dopancy levels. This includes the 

emission spectra of the phosphors at various temperatures; decay constant characterisation 

with respect to temperature and excitation wavelength; and the optimisation of emission 

intensity levels for the maximisation of the detected signal.

Two new concepts have been demonstrated during the course of this study, for which patent 

applications have been completed (see List of Publications section). Firstly, the discovery 

of the novel rise constant characteristic has extended the temperature sensing range of 

Y20 3:Eu. This enables a single phosphor to be utilised for the temperature range of 25°C to 

+1100°C. Previously a combination of phosphors would have been required, each with a 

specific temperature sensing range. And secondly, the fabrication of thin films of Y20 3:Eu
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by RF Magnetron Sputtering have produced robust thermographic coatings which have the 

capability of surviving hostile environments. These thin films have shown emission 

intensity levels equal to those obtained with thermographic paints, but have the advantage 

of surviving in an environment at 1200°C for a period of ten hours. A thermographic paint 

survived less than one hour in identical conditions.

To conclude this thesis, there follows a discussion of the achievements of this study, and 

the possible future of phosphor thermography within the field of temperature sensing of 

turbine blades.

8.2 Achievements

The achievements of this research programme can be summarised as below:-

1) Development of an automated analysis system for the characterisation of 

thermographic phosphors.

2) Thermographic characterisation of Y20 3:Eu.

3) Identification of a novel low temperature dependent characteristic.

4) Thermographic characterisation of YAGaG:Tb.

5) Comparison of Y20 3:Eu and YAGaG:Tb thermographic phosphors.

6) Evaluation of the lifetime of Y20 3:Eu and YAGaG:Tb thermographic paints.

7) Thin film phosphor thermography.

1) Development of an analysis system for the characterisation of thermographic phosphors.

This can be split into the emission spectrum analysis equipment and the decay constant 

characterisation system. For both systems, an increase in the capability to detect weak
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emission levels has been achieved through the use of a quartz rod. This optimisation has 

provided a signal of sufficient strength to allow characterisation of the temperature 

dependent properties up to +1100°C. The limiting factor within this system has been the 

maximum temperature attainable within the furnace. The strength of the detected signal was 

further increased by the removal of the spectrometer from the decay constant 

characterisation system. The spectrometer was replaced with two filters which were 

specific to the wavelength being detected, thus positioning the detector closer to the quartz 

rod and so reducing the loss of signal. An investigation into the sensing capabilities of the 

detector concluded that a gating system was inappropriate due to its slow response time, 

and hence, interference with the photoluminescent characteristics. Finally, the development 

of virtual instruments using LabVIEW software has enabled both systems to become fully 

automated.

2) Thermographic characterisation of Y?0^:Eu.

Y20 3:Eu has been characterised for a range of dopancy levels - 0.5a/o to 75a/o. This 

involved the optimisation of the main emission peak (611nm) intensity level through the 

variation of the dopancy levels and the excitation wavelengths available with a Nd:YAG 

pulse laser (355nm and 266nm). The decay constant temperature dependency has been 

characterised by using a single exponential curve fitting routine. Results show 355nm 

excitation provides a quenching temperature of 550°C with a quenching rate of lS ^m C 1. 

These characteristics remained consistent up to a dopancy of 25a/o. Improvement was 

gained through utilisation of the excitation wavelength 266nm. This resulted in an intensity 

increase of the 611nm spectral line by an order of magnitude and induced an optimum 

dopancy shift to a lower concentration of lOa/o, without effecting the decay constant 

characteristics.
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3) Identification of a novel low temperature dependent characteristic.

A delayed rise in photoluminescent emission led to the discovery of new temperature 

dependent characteristic within Y20 3:Eu. This has been modelled by consideration of the 

possible internal transitions occurring between the neighbouring sites of symmetry - C3j and 

C2 within the host lattice. The rise constant characteristic of Y20 3:Eu has a temperature 

dependency range of 25°C to 700°C with a quenching rate which is dependent on the 

dopancy. Identification of this new characteristic has been demonstrated to successfully 

extend the temperature sensing capabilities of Y20 3:Eu. Hence, by utilising both the decay 

and rise characteristics of Y20 3:Eu, a full temperature range from 25°C to +1100°C can be 

monitored.

41 Thermographic characterisation of YAGaG:Tb.

The thermographic characteristics of YAGaG:Tb have been measured, with dopancy 

dependency being investigated over the range of la/o to 50a/o. Intensity is maximised at 

lOa/o for 266nm excitation, which has been shown to produce higher intensity levels of the 

544nm spectral line compared with the excitation wavelength of 355nm. Results presented 

indicate the photoluminescence decay of YAGaG:Tb has a double exponential 

characteristic. This has been modelled by considering the effect of the two possibles 

neighbouring cations to the terbium atom - aluminium or gallium. This results in the 

determination of two decay constants. The dominant constant has a quenching temperature 

of 600°C with a quenching rate of ^.OmC'1 at the optimum excitation wavelength of 

266nm. At the same excitation wavelength, the minor constant has a quenching temperature 

of 750°C with a quenching rate of 13.9mC_1. This provides YAGaG:Tb with the same decay 

constant temperature sensing range of Y20 3:Eu, but with a lower quenching rate. Hence, is 

less sensitive to temperature fluctuations. YAGaG:Tb also exhibits a rise characteristic
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which occurs only at an excitation wavelength of 266nm. It has a temperature sensing range 

of 400°C to 700°C.

5) Comparison of Y^O^Eu and YAGaG:Tb thermographic phosphors.

Results presented have shown Y20 3:Eu to be a more efficient phosphor than YAGaG:Tb, 

thus producing higher intensity emission levels at both excitation wavelengths. The stronger 

emission intensity of Y20 3 :Eu is therefore easier to detect, even with the existence of high 

levels of blackbody radiation emitted within a high temperature environment. Also, decay 

constant characterisation has shown instability for YAGaG:Tb due to the double 

exponential characteristic; compared to Y20 3:Eu, whose characteristics are consistent and 

cover a wider temperature sensing range. Finally, the accuracy achievable with Y203:Eu is 

±0.65°C, compared with ±4.2°C of YAGaG:Tb.

6) Evaluation of the lifetime of Y^O^Eu and YAGaG:Tb thermographic paints.

Thermographic paints of both phosphors were produced and coated onto test coupons. 

Intensity variation due to thickness showed optimum thickness was unachievable due to the 

paint failing to adhere to the coupons at thicknesses of 35pm. Prior to high temperature 

tests, the maximum intensity achievable was with a coating thickness of approximately 25- 

30pm. Lifetime experimentation carried out at temperatures of 1200°C for periods of up to 

ten hours, immediately showed a decrease in peak intensity emission due to the loss of film. 

These poor lifetime measurements, resulted in the investigation into the growth of thin 

films.

7) Thin film phosphor thermography.

Thin films of Y20 3:Eu 35a/o have been grown via RF Magnetron Sputtering at various 

thicknesses. Thermal annealing experimentation shows optimum conditions to be 1200°C 

for a period of 15 minutes. Maximum intensity is achieved with a thickness of 0.7pm and is
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equal to the intensity levels obtained with a thermographic paint of 25pm thickness. Thin 

film thermographic phosphors have thus demonstrated for the first time to be advantageous 

over thermographic paints due to a longer survivability rate within hostile environments, a 

better angular distribution of the photoluminescent emission, and the minimisation of the 

error induced by the existence of a thermal gradient.

8.3 Recommendations

To meet the requirements for turbine engine diagnostic equipment and with reference to the 

phosphor specification as given in Chapter 3, the recommendation is :

To use a thin film coating with a thickness of 0.7pm, of Y203:Eu at a dopancy level of 7a/o 

and to utilise the excitation wavelength of 266nm available from the Nd:YAG pulse laser.

This allows use of both the rise and decay constant characteristics in the determination of 

the temperature of components. By using a dopancy level which is slightly below the 

optimum for 266nm excitation, a wider temperature range can be detected for a minimal 

loss of intensity. Also, this enables the use of a single phosphor throughout the turbine 

engine, allowing for the diagnostic equipment to detect within the lower temperature 

regions as well as the high. These characteristics meet the rotational speed limitations of the 

turbine blades. Finally, it has been proved that thin films can survive the high temperatures 

reached for periods of up to ten hours and produce better angular distributions of the 

photoluminescent emissions, which is very important the positioning of the probe within a 

confined space.

8.4 Future Work.

The research undertaken during this doctoral study is part of the ongoing process into the 

development of phosphor thermography at The Nottingham Trent University, with the 

specific aim of utilisation within turbine engine diagnostic equipment. As stated in the
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previous section, this stage of the process has recommend the use of thin films of Y2C>3:Eu. 

The future work required for such a research programme is :-

a) the development of the growth process of Y203 :Eu thin films to optimise the 

europium concentration and the probable Y20 3 composition of the matrix.

b) the investigation of the post-growth process of annealing / laser annealing of the 

above films.

c) the conduction of field tests of thin film coated turbine blades during an engine 

test-run.

Firstly, the films grown via RF magnetron sputtering process have currently involved the 

use of Y20 3:Eu 35 a/o. Work presented has shown that the recommended dopancy is 7a/o. It 

is further recommended that samples of thin films are grown via RE cluster magnetron 

sputtering. This involves the use of two sputtering targets - an undoped Y20 3 target and a 

heavily doped Y20 3:Eu target. By applying different power to each target, the dopant 

concentration of the grown thin film can be controlled1881. This will allow a variety of 

concentrations to be grown to establish the optimum dopancy. Also, past investigation on 

the growth of ZnS:Mn films for display technology, have shown the existence of sulphur 

deficiency which reduces the photoluminescent efficiency of the films. Subsequently, films 

were grown in an Ar:H2S environment, reduced the density of sulphur vacancies and hence 

improved the photoluminescent efficiency of the films1951. Hence, growth of Y20 3:Eu within 

an Ar:02 environment could reduce the number of oxygen vacancies, possibly leading to a 

higher efficiency in photoluminescent intensity.

Secondly, the development of the post-growth annealing process requires investigating. 

Current results have shown thermal annealing requires a temperature of 1200°C for a period 

of 15 minutes. Phosphor suppliers and the literature state that during the manufacturing 

process of powder phosphors, temperatures of above 1400°C are utilised during the firing
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stage of the process. Eventually, thin film coatings will be fabricated onto the turbine blades 

which cannot survive this high thermal annealing temperature. Therefore, the alternative 

method of laser annealing requires investigating.

The process of laser annealing is currently under investigation for the improvement of 

emission intensity of ZnS:Mn for thin film electroluminescent displays196,971. It involves 

irradiating the thin film with photons of energy which are greater than the band gap of the 

host lattice. The absorption of the energy induces a rise in temperature within the host 

lattice, and is sufficient enough to allow for the re-formation of the crystalline structure. 

Recent tests carried out on thin films of Y20 3:Tb have induced an improvement in 

photoluminescent emission levels when laser annealed using a KrF laser at 249nm 

(~4.98eV). Tropf1981 states that information obtained from a variety of sources give the band 

gap of Y20 3 at values between 5.5 to 6.0 eV. The energy provided by the KrF laser is 

insufficient to be absorbed into the host lattice, so an alternative mechanism for the transfer 

of the energy must be occurring to result in the improvement of emission levels.

The origin of this mechanism is currently unknown. It is possible, the laser energy is 

absorbed by the lattice defects. Within a poly-crystalline structure, lattice defects result in 

states existing sub-band gap, and are not limited to the valence and conduction bands of the 

host. It is proposed these states which exist sub-band gap are those which absorb the energy 

of the KrF laser, resulting in the annealing process of the thin films.

A second explanation involves the absorption by the oxygen. Figure 8-1, shows the 

absorption spectrum of Y20 3:Eu[991. It shows two broad band absorption regions which are 

associated with the host lattice, HL, and the charge-transfer transition, CT, and are present 

for most phosphor absorption spectra. The host lattice absorption region peaks at 197nm 

(~6.0eV), the energy gap of Y20 3. The charge-transfer region exists due to absorption by 

the oxygen, whose excited state is then transferred to the europium. This region is centred
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at 250nm, and therefore, it is suggested that the laser energy of the KrF is absorbed by the 

oxygen, and hence allows the annealing of the localised area.

.HL
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( a u )
CT

200 300 400 500 600
Wavelength ( n m )

Figure 8-1 Absorption Spectrum Of Y20 3:Eu

In terms of laser annealing of thin thermographic phosphors, the advantage lies in the effect 

of only raising the temperature of the surface-under-examination. This is because the laser 

pulse will penetrate to a depth which is dependent upon the wavelength utilised. As a result, 

the annealing process remains localised and damage to the turbine blades would be 

minimised. An investigation into the process of laser annealing of thermographic thin film 

phosphors is therefore required.

Finally, field test studies on turbine blades coated with the optimum thermographic thin 

film would be undertaken to test the complete temperature sensing diagnostic equipment. 

Experimentation would involve the capturing of photoluminescent characteristics and 

subsequent determination of the temperature of rotating blades during a turbine engine test- 

run. The results obtained would provide vital information to assist in the design and 

improvement in efficiency of the turbine engines.
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Lab VIEW Emission Spectrum Programme

Hierarchy Window
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Emission Spectrum Main VI 

Connector Icon
pLX|
SPECTRIM I____I

CW Spectrum using DVM.vi

This programme has been written to measure the emission spectra of phosphors. The main VI 
controls the temperature setting of the eurotherm. the wavelength setting of the compudrive. and 
measures a value of intensity from a Keithley digital voltmeter. The operator enters the spectrum’s 
variables and filenames via a user interface panel. A check procedure is in-built to ensure the serial 
port is connected to the correct equipment.

The front panel allows the user to either set the temperature or collect the spectrum by clicking on 
the appropriate button. The stop button will terminate the programme.
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Front Panel

Sensors

STOP

Block Diagram

ChecK
con n ­
ector
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[Falsi

List of SubVIs Used

Check Connectors vi
Set Temperature of Eurotherm 815.vi
Get Spectral Parameters.vi
Write Characters To File .vi
CW Spectrum Collected via DVM.vi
Normalise Spectrum.vi
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Check Connector SubVI

Connector Icon
CheCK
conn­
ector

Check Connectors.vi

This subVI is a simple True-False Statement allowing the operator to check the serial port 
connector before proceeding.

Front Panel

      —  --
■ ■ ■ ■ ■ ■ I

Block Diagram
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Eurotherm SubVI

Connector Panel

Setpoint
Euro t hr SIS Present T emp

ST O P ...................

Set Temperature of Eurotherm 815.vi

This VI is creates a user interface to control the temperature set by the Eurotherm. The driver Vis 
used include : Init, Read, Write and Status. The process variables are read from the Eurotherm 
controller and are updated over the sampling period. If the Setpoint temperature is changed at any 
time, the new value is sent to the controller during the next sampling period.

Front Panel

Setpoint Present T emp

0 0

Block Diagram

True

U pdate se tpoin t

Init

baud rate

Sample Period (s)

□  HoopT

change in SP; 
send anything

Update setpoint

List of SubVls Used

Eurotherm 815 Init.vi 
Eurotherm 815 Read.vi 
Eurotherm 815 Write.vi
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Get Spectral Parameters SubVI

Connector Panel
Name Answer 
Device Answer 
Start answer 
Time Answer 
increment answer

Stop answer 
Date Answer 
dwell answer 

Get Spectral Parameters.vi

A simple user interface panel to obtain parameters required for the measurement and saving of 
spectral data.

Front Panel

Name: 

D evice Code:

Date: [

Time: |

Start W avelength * 4000 

Stop W avelength ^6500

No Data Points ^

Measurement Time *{5~

QIC |

Block Diagram

increment answ eil

i>ait W avelength! Slat answerl

levice Answer]

'a>e: |

ime:|

Idwel answerl
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Read DVM SubVI

Connector Panel
Stop Wavelength 

Time 
Operator 

No. Data Points 
GPIB address 

Start Wavelength - 
measurement time 

Code 
Date 

error in

Summed Data 
Spectrum data 
error out

CW Spectrum Collected via DVM.vi

From the spectral parameters provided by the operator, this vi calculates the required wavelength 
for the next intensity reading. The calculated value is sent to the SPEX driver vi, which intum. 
sends the setting to the compudrive. Over the measurement time set, the value of intensity is 
obtained through the Keithley driver vi.

Front Panel

su*w,
;   _

r

S
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Block Diagram
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1000
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data

error

EXT
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List of SubVIs

Spex Positioning CD2A.vi 
Keithley 175 Get Reading.vi
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Normalise Spectrum SubVI

Connector Panel

Start Wavelength 
File Output path 

Operator 
No. Data Points 

channel

Spectrum data —p.
Code 1

Time
Stop Wavelength

Normalised Spectrum

Normalise Spectrum.vi

The spectrum data collected by the Read DVM subVI is analysed as a data array. The maximum 
and minimum values of X  are determined, and all data is then scaled using the quick scale ID vi 
programme. The wavelength values are converted into nanometers. The subsequent data is then 
written to the user interface panel and shown as a normalised spectrum. All data is then written to 
the file as a spreadsheet. This allows the operator to analyse the data at a later time using Microsoft 
Excel
The user has the option of either saving or discarding the data. On terminating the procedure the 
file is saved or discarded and the operator is returned to the main menu.

Front Panel

Save to Fie

6100 6150 6200 6250 6300 6350 6400 6450
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Block Diagram

chant

rngit—i
Time! [Dalej
L>1>< ll \{Jid\

N o D ata P(

■end to fit

m i l y ^ V - j f i l a

so

uta
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File Output pathl

List of SubVIs

Quick Scale lD.vi 
Write Characters to File.vi 
Write to Spreadsheet File.vi 
Saved File Name.vi
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Lab VIEW Decay Time Measurement Programme

Hierarchy Window
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Decay Time Main VI 

Connector Panel

DECRY 
Decay-Time, vi

This programme has been written to allow automated capture and measurement the phosphorescent 
signal. The programme controls the temperature of the sample under test and is able to capture data 
from a Gould digital storage oscilloscope. The operator has the option of setting and monitoring the 
temperature, capturing a decay curve and measuring its decay constant or transferring the detected 
signal to a file.

Front Panel

Set T emperature

Collect Data

Transfer Curve

STOP
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Block Diagram

True rue

1 m l..

1 m l

iFalsel

List of Sub Vis Used

Set Temperature of Eurotherm 815.vi 
Collect Data 4072.vi 
Transfer Data 4072.vi
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Eurotherm SubVI

This Sub VI is the same as used within the Spectrum VI Programme

Collect Data SubVI 

Connector Panel

COLLECT
DftTft

Collect Data 4072.vi

This VI is based on the instrument driver for the Gould 4072 digital storage oscilloscope (DSO). 
The eurotherm 815 is initialised to allow the present temperature to be read during measurement. 
The Gould DSO is initialised and is set to store mode. An operator interface panel then allows the 
filenames to be entered and the files are created. The waveform is then read from the Gould 4072. 
A curve fitting routine is carried out to calculate the decay constant of the curve. This is averaged 
ten times and the mean decay constant is stored. The data is then written to appropriate files and 
saved. The Gould 4072 is then changed back to local mode and the procedure returns to the main 
menu.

Front Panel

O.OOE+O 200E-4 4.00E-4 6.00E-4 aOCE-4 1.0CE-3 1.2CE-3 1.40E-3 1.60E-3 1.80E-3

d e c a y  c o n s ta n t  dOOOE+O
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Block Diagram
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List of Sub Vis Used

Eurotherm 815 Init.vi 
Eurotherm 815 Read.vi 
Initialise Gould 4072.vi 
Decay Operator Info.vi 
Gould 4072 Read a Waveform.vi 
Gould 4072 Error Query.vi 
Linear Fit.vi 
Mean.vi
Standard Deviation.vi 
Write to Spreadsheet File.vi 
Write Characters to File.vi 
Saved File Name.vi
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Decay Operator Information SubVI

Connector Panel

Dale:

Name Answer 
Decay file Answer 
Time Answer

Dale Answer 
code file

Decay Operator Info.vi

This interface panel reads the date and time from the computer, and has the filenames entered by 
the operator.

Front Panel

Name:

Decay Curve File:

Device Code: j

I OK )

Block Diagram

Name Answer)Name:l

ecay file Answer!

Dale Answer]

Time Answer!Time:

code fitDevice Code:!
| jbc II------- '

r r
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Transfer Curve SubVI

Connector Panel
E Z
r rams r e f 
CURVE

Transfer Curve 4072.vi

This VI is based on the Collect Data VI. Again, the Eurotherm 815 is initialised and its present 
temperature is read. The Gould 4072 is then initialised and the waveform is captured from the 
screen. Along with the present temperature reading, the data is written to a spreadsheet file. The 
operator is then prompted for a filename and the file is saved. This file can be analysed at a later 
time. Exiting the procedure returns the operator to the main menu.

Front Panel
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Block Diagram
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List of Sub Vis

Eurotherm 815 Init.vi 
Eurotherm 815 Read.vi 
Initialise Gould 4072.vi 
Gould 4072 Read a Waveform.vi 
Write Characters to File.vi 
Write to Spreadsheet File.vi
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Information on all SubVIs Used

Eurotherm 815 Init.vi

port number (1:com2) 
baud rate

EurollS

inir

port error

Initialises the serial port and saves the port number in the Port Number Global, used by the 
communications Vis. Must be used before any other Eurotherm Vis.

Eurotherm 815 Read.vi

Group 8c Unit ■ 
Command (PV) ■ 

Timeout (mS) 
Error Dialog

“aHmnun
----“U

uussl
Received Value 
Error message 
Error

Basic data read VI for Eurotherm 815 temperature controllers. This driver decodes incoming 
messages and returns a numeric value. Uses a serial port for communication. Must be preceded by 
the Eurotherm Tnit’ VI.

Speed benchmark: At 9600 baud on an fx, 34mS per execution (=30Hz).

Eurotherm 815 Write.vi

Timeout (mS) 
Group & Unit" 

Command (SL) 
Value to send 

Error Dialog

Eur rssi 
bis
r-4— Error message 

Error

Basic data write VI for Eurotherm 815 temperature controller. This driver sends the specified 
command and Value to Send to the instrument. Uses serial port for communication and must be 
preceded by the Eurotherm ‘Init’ VI.

Value to Send will be rounded to the nearest 1.0 because the Eurotherm does not like fractional 
settings.

Speed benchmark: At 9600 baud on an fx, 50mS per execution (=50Hz)

Initialise Gould 4072 vi

error query 
GPIB address in 

ID query 
error in1

jOUUDMWiny
nocrfFJCIOC

GPIB address out 
' error out

The Initialise VI sets up the Gould Instrument. This VI must be used before using any other of the 
instrument driver Vis for this instrument. The Gould 40XX driver is an instrument driver which 
will support the Gould 4070 and 4090 series scopes (4074, 4072, 4094, 4092, 4090).
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Gould 4072 Read.vi

GPIB address 
source (trace 1A:0) —r 

trigger

waveform 

error out

This subVI reads the horizontal and vertical settings of the scope, then reads the waveform data. 
The waveform is sent to the computer in binary format and is then scaled accordingly and placed in 
an array. Due to the scope limits in passing back waveform information, this parameter is needed in 
order to properly scale the horizontal axis and identity t(0).

Gould 4072 Error Query.vi

source 
GPIB address 

error in

~ GPIB address out
■ ... messages

error out

This sub VI produces a dialogue box containing the error message.

Spex Positioning CD2A.vi

set position CDZfl
L  J

SPEX CD2A SPECTROMETER COMPUDRIVE

This VI is used for RS-232 control of the CD2A. This programme initialises the compudrive and 
sends the basic commands and parameters to the CD2A. These commands include start, stop 
increment, set position and dwell parameters for the various scanning options available. 
Specifically for the emission spectrum software, the simple set position parameter is used.

The RS-232 parameters are set in the diagram of the CD2A. This VI is set for a baud rate of 1200, 8 
data bits, 1 stop bit, parity off. In addition to the serial port, the following CD2A configurations 
should be setup. RS-232 parameters are set in the CD2A in configuration elements 15,16 and 17. 
Element 21 should be set for 2-way RS-232 communication and datalogger output format ( element 
21 = 1010). The Remote button on the CD2A must be pressed for RS-232 communication. For 
more information on the CD2A configuration elements consult the Spex Operation and 
Maintenance Manual.

Keithlev 175 Get Reading.vi

GPIB address 

error in
DVM
data measurement 

error out

This VI communicates with the Keithley DVM by GPIB. The range of the DVM is set to Auto­
range. The DVM is set to remote mode and the current voltage is read at a sampling period of 1 
second. Over the full measurement period set, the voltage is averaged
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Linear Fit.vi

—  Best Linear Fit 
slope 
intercept

—  mse
—  error

Finds the line values and the set of linear fit coefficients, slope and intercept, which best 
the input data set. The general form of the output is

F = mX + b
where F is the output sequence Best Linear Fit, X is the input sequence X values, m is the 
b is the intercept. The MSE between the output Best Linear Fit and the input sequence Y 
computed using the MSE VI and returned in the output mse.

MSE = 1/n * sum[f(i)-y(i)]A2

represent

slope and 
Values is

V Values 
X Values

Y

Mean.vi

X
[ > 'y■til

Mean

mean
error

Computes the mean (average) of the values in the input sequence X. The mean is computed using 
the following formula :

mean = sum[X(i)] / n

Standard Deviation.vi

X
<r* standard deviation

mean
error

Computes the mean value and the standard deviation (STD) of the values in the input sequence X. 
The mean and standard deviation are computed using the following formula :

mean = sum[(X(i)] / n STD = sqrt(sum[(X(i)-mean)A2] / n)

Quick Scale lD.vi

-  Y[i]=X[i]/MaxM 
"w maxM
— error

Determines the maximum absolute value o f the input array, X, and then scales X using this value. 
The elements of the output array, Y, are given by

Y[i] = X[i]/max[X]

Write Characters to File.vi

file path (dialog if empty) • 
character string

append to file? (new file:F)
convert eol r ino FI

B-abc...I new file path (Not A Path i.
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Writes a character string to a new byte stream file or appends the string to an existing file. The VI 
opens or creates the file beforehand and closes it afterwards.

file path is the path name of the file. If file path is empty (default value) or is Not A Path, the VI 
displays a File dialogue box from which you can select a file. Error 43 occurs if the user cancels the 
dialogue.

character string is the data the VI writes to the file,

append to file? Set to TRUE if you want to append the data to an existing file; you can also set it 
TRUE to write to a new file. Set to FALSE (default value) if you want to write the data to a new 
file or replace an existing file.

new file path is the path of the file to which the VI wrote data. You can use this output to determine 
the path of the file that you open using dialogue, new file path returns Not A Path if the use selects 
Cancel from the dialogue box.

Write to Spreadsheet File.vi

format
file path (dialog if empty)'—  

2D data 
1D data

append to file? (new file: F) 
transpose? (no:F)

p H
Txtdnl

new file path (Not A Path i..

Converts a 2D or ID array of single-precision numbers to a text string and writes the string to a new 
byte stream file or appends the string to an existing file. You can optionally transpose the data. This 
VI opens or creates the file beforehand and closes it afterwards. You can use this Vi to create a text 
file readable by most spreadsheet applications.

file path is the path name of the file. If file path is empty (default value) or is Not A Path, the VI 
displays a File dialogue box from which you can select a file. Error 43 occurs if the user cancels the 
dialogue.

2D data contains the single-precision numbers the VI writes to the file if ID data is not wired or is 
empty.

ID data contains the single-precision numbers the VI writes to the file if this input is not empty. 
The VI converts the ID array into a 2D array before transposing it and converting it to string and 
writing it to a file. If transpose ? is FALSE, each call to this VI creates a new line or row in the file.

append to file? Set to TRUE if you want to append the data to an existing file; you can also set it 
TRUE to write to a new file. Set to FALSE (default value) if you want to write the data to a new 
file or replace an existing file.

transpose ? Set TRUE to transpose the data before converting it to string. The default value is 
FALSE.

format specifies how to convert the numbers to characters. If the format string is % 3f (default), the 
VI creates a string long enough to contain the number, with three digits to the right of the decimal 
point. If the format is %d, the VI converts the data to integer form using as many characters as 
necessary to contain the entire number. Refer to the discussion of format strings and the Array To 
Spreadsheet String function in Chapter 6, String Functions, of Lab VIEW Function Reference 
Manual.
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new file path is die path of the file to which the VI wrote data. You can use this output to determine 
the path of the file that you open using dialogue, new file path returns Not A Path if the use selects 
Cancel from the dialogue box.

Saved File Name.vi

File Sent To:
File
To:

A dialogue box is displayed showing the path of the file which has just been saved.
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