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ABSTRACT

Temperature measurements are of great importance for the operation and maintenance of
combustion engines in automotive, aviation and power generation sectors. The development of
efficient engines in these sectors will have a decisive impact in the fight against climate change
over the coming decades. Conversion technologies, such as gas turbines, can help to reduce CO»
emissions, while transitioning from fossil fuels to renewable energy sources. In this context, the
validation of temperatures in new engine designs is critical, in particular for turbomachinery
components exposed to the harsh conditions of the combustion environment. Current techniques
show critical limitations measuring temperatures on the surface of complex-shaped components,
such as rotating turbine blades. The use of off-line temperature measurement techniques can
overcome some of these limitations, delivering the maximum temperature seen on the surface of

rotating turbomachinery components in harsh combustion environments.

This investigation focuses on the development of a novel off-line surface temperature technique,
Thermal History Paint (THP). This technique consists of a luminescent pigment and a liquid
binder, functional to temperatures up to 900 °C on metallic substrates. The behaviour of THP
based on potassium silicate binder was studied in this work, revealing the main limitations to high
temperature functionality. The obtained results revealed interaction between the pigment and the
binder and interaction between the THP layer and the metallic substrates. As improvement points,
the pigment and the binder were modified, and several interlayers were evaluated between the
THP and stainless-steel substrates. While interlayers did not improve the behaviour of the THP,
substituting the binder showed some enhanced behaviour at high temperatures. One binder,
Ludox® SM30, showed good attachment to metallic substrates, and good behaviour as a carrier

of thermographic phosphors.

The combination of the new binder, Ludox® SM30, and the previous potassium silicate binder
was tested in order to obtain a high temperature version of thermal history paint. A new THP
formulation containing Ludox® SM30 (47.5 % wt.), potassium silicate (47.5 % wt.) and
Y,SiOs: Eu* (5 % wt.) showed a temperature upper limit extended to 950 °C, and low interaction
between the pigment and the binder. This formulation delivered reliable temperature
measurements, with uncertainties of +/- 8 °C, for 95 % confidence levels. These results
demonstrate the utility of thermal history paints as a durable technique for monitoring temperature

engine components, with an uncertainty in the same range of thermocouple readings.




Daniel Castillo-Gutiérrez

PUBLICATIONS

S. Araguas-Rodriguez, D. Peral, D. Castillo-Gutiérrez, S. Karagiannopoulos, J. P. Feist,
C. C. Pilgrim, J. Scheibel, ‘Feasibility of Thermal History Paints for Long Term Exposure
in Low Temperature Life Critical Components’, GT2022-80848 in ASME Turbo Expo
2022, Controls, Diagnostics & Instrumentation, Rotterdam, The Netherlands, 2022.

S. Karagiannopoulos, D. Castillo-Gutiérrez, D. Peral, S. Araguas-Rodriguez, J. P. Feist,
M. Rode, ‘Advanced Thermal Profiling of Turbocharger Compressor Wheels Using
Phosphorescence Thermal History Coatings’, GT2022-80820 in ASME Turbo Expo 2022,
Turbomachinery General Interest, Rotterdam, The Netherlands, 2022.

C. Pilgrim, D. Castillo-Gutiérrez, S. Araguas-Rodriguez, S. Karagiannopoulos, J. Feist,
A. Redwood, Y. Zhang, C. Copeland, J. Scobie, C. Sangan, ‘Thermal Profiling of Cooled
Radial Turbine Wheel’, GT2020-14932 in Proceedings of the ASME Turbo Expo 2020:
Turbomachinery Technical Conference and Exposition. Volume 5: Controls, Diagnostics,
and Instrumentation,; Cycle Innovations; Cycle Innovations: Energy Storage. Virtual.
September 21-25, 2020. VOO5ST05A014. https://doi.org/10.1115/GT2020-14932

R. Krewinkel, A. Such, A. Oyarbide de la Torre, A. Wiedermann, D. Castillo-Gutiérrez,
S. Araguas-Rodriguez, J.H. Schleifenbaum, M. Blaswich, ‘Design and Characterization of
Additively Manufactured NGVs Operated in a Small Industrial Gas Turbine’, Available
via: https://www.researchgate.net/publication/338555779, presented at the International
Gas Turbine Congress, Tokyo, Japan, 2019.

D. Peral, D. Castillo-Gutiérrez, S. Araguas-Rodriguez, A. Yadnez -Gonzalez, C. C.
Pilgrim, S. Karagiannopoulos, J. P. Feist, S. Skinner., ‘Reliable Temperature Measurement
with Thermal History Paints: An Uncertainty Model’ Proceedings of the ASME Turbo
Expo 2019: Turbomachinery Technical Conference and Exposition. Volume 6. Ceramics,
Controls, Diagnostics, and Instrumentation, Education;, Manufacturing Materials and
Metallurgy. Phoenix, Arizona, USA. June 17-21, 2019. VO006T24A022.
ASME. https://doi.org/10.1115/GT2019-92087

Poster Presentations

e Validation of a Thermal History Paint on a Turbine Blade in a hot gas rig facility,

Castillo-Gutiérrez D, Peral-Jiménez D, Araguas-Rodriguez S, Dehe V, Rabs M,
Karagiannopoulos S, et al. In: GT2020-16014, Poster Session, ASME Turbo Expo.
London, England, UK; 2020.

e Luminescent Thermal Memory Paints, D. Castillo-Gutiérrez, S. Araguas-Rodriguez, A.

Leibinger, S. Karagiannopoulos C. Pilgrim, J. Feist, S. Skinner, C. Cavallo, M. Genschmar,
D. Peral, ASME Turbo Expo 2018, Lillestroem, Oslo, Norway, June 2018

5


https://doi.org/10.1115/GT2020-14932
https://www.researchgate.net/publication/338555779
https://doi.org/10.1115/GT2019-92087

Daniel Castillo-Gutiérrez

Awards

Warren M. Rohsenow Prize at the ASME Turbo-Expo 2020 Conference and Exhibition

The heat-transfer division of the American Society of Mechanical Engineers (ASME)
awarded the poster presentation: Validation of a Thermal History Paint on a Turbine Blade
Hot Gas Test Rig Facility, as the best presentation at a session on heat transfer in gas
turbine systems. Video presentation available through the YouTube channel of the Centre
of Doctoral Training on Advanced Characterisation of Materials (CDT-ACM):
https://youtu.be/XavD5JSPHOA

Other presentations and conference participation

e Second International Phosphor Thermometry Conference, Otto von Guericke University,
Magdeburg, Germany, July 2020

e 10" International Charles Parsons Turbine Conference, Cranfield University, UK,
September 2019

e Inaugural International Conference on Phosphor Thermometry, University of Strathclyde,
Glasgow, Scotland, UK, July 2018

e FEuropean Coatings Conference, Future Dialogue, Vincentz Network, Berlin, Germany,
November 2017



https://youtu.be/XavD5JSPH0A

Daniel Castillo-Gutiérrez

ACKNOWLEDGEMENTS

In order of appearance...

Many thanks to Prof. Stephen J. Skinner and Dr Jorg P. Feist for interviewing me remotely when it was not
that common, back in 2017, and giving me the opportunity to do this PhD thesis. I hope their guidance and

patience is properly reflected in these pages.

[ will always be grateful to Dr Christopher C. Pilgrim and Dr Silvia Araguas-Rodriguez, technical directors
at SCS Ltd., who carefully reviewed endless amounts of results. This work contains the discussions over

many meetings during the year 2019.

Special thanks to MAN Energy Solutions, in particular to Dr Robert Krewinkel, Christoph Benninghoven
and Dr Ulrich Orth, for their support and collaboration over the years.

A big thank you to the incredible team at SCS Ltd., in particular Dr Solon Karagiannopoulos, Dr David
Peral-Jiménez, Inken-Katharina Semmler, Sarah Turner, Dr Marta Ferran-Marques, Elijah Boumhah,
Kieron Rai, Abraham Kolawole, Harsh Patel, Mahmood and Ahmed Zaid, Dr James Hickey, Sophie
Everett, Joseph Counte (Dr to be), Clem Seyers, Goran Krsic, Mike Connolly, Fleur Conway, Tamanna
Begum, Etienne Wiemann, Mike Genschmar, Hannah Puntschuh, Dr Salvador Pacheco-Gutiérrez, Sadiye
Isisal, Dr Alexander Leibinger, Claudio Cavallo, ...and the army of interns who walked through the lab

during these four and a half years of shared equipment experiences.

Many thanks to all the staff at London East UK, who keep the facilities alive, and those at Imperial College
London whose technical expertise were a great help during this thesis, particularly Dr Richard Sweeny and
Dr Victoria Bemmer for all their good advice in X-Ray Diffraction, and Dr Mahmoud Ardakani and

Dr Ecaterina Ware for their guidance at the electron microscopy suite.

To the ones who were already there...

Deepest thanks to Dr Miguel Cacho-Soblechero and Dr Alvaro Yafiez-Gonzalez, who are guilty of making
me move to London and to live surrounded by the rest of the Spanish gang, Julia Gonzalez, Alberto
Martinez de Aragon, Cristina Berlanga, Dr Alba Rodriguez-Meira, Ana Pliego, and other beings populating
this incredible city.

Finally, this work would not have been possible without the constant support of my family: my parents,
Antonio and Maria, my sister Lucia, my grandma Carmen, my aunt Amelia, my uncle Francisco (on my
mother side), my uncle Francisco (on my father side) and other relatives and friends. Thank you all for your

positive energy and constant check-ups.

And at the very end...a few words about love and distance...
When all this started, distance was the most painful thing to bear. Luckily, that is solved now and tested to
the extreme of living a global pandemic together. Thank you for keeping me afloat, Simone Krings (Dr to

be) and good luck to us both in the future.




Daniel Castillo-Gutiérrez

TABLE of CONTENTS

THESIS RESTRICTED ...cuuuiiiiiiiiniiiiniiisniicsniisssiessssncssssecssssesssssssssssessssssssssssssssssssssssssssssssss 3
DECLARATION OF ORIGINALITY .uuutiirsricnseicssnnicssanscssssssssssesssssssssssssssssssssssssssssssssssssssssses 3
COPYRIGHT DECLARATION ..uuuuiiiiiiiiniiiinnicsnnicssnnscsssncsssssessssesssssssssssssssssssssssssssssssssssasssses 3
ABSTRACT .uuooeiitiininsiicsniinninnecsssecsnsssssssseesssesssssssssssssssssessssssssssssassssassssssssssssassssasssssssassssassss 4
PUBLICATIONS ucitiiitiiiiniecsneecsnnecssnessssscsssssessssnessssssssssessssssssssssssssssssssssssssssssssssssssssssssasssss 5
Poster Presentations 5
Awards 6
Other presentations and conference participation 6
ACKNOWLEDGEMENTS ....uciiiitiinitiininnicnssnicsssiessssicssssssssssssssssesssssssssssssssssssssssssssssssssssssssssssss 7
TABLE OF CONTENTS ....cccovtiinnutinnnnninssnncssssssssssnssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 8
LIST OF FIGURES ....cooiiiiiiiiniicsnninsnniisnncsssncssssnessssesssssssssssssssssssssssssssssssssssssssssssssssssssssses 11
LIST OF TABLES ..uuootiiiiitiintinniintinseinsesssesssisssessssessssssssssssssssssssssssssssssssssssssssssssssssssssssss 20
1 INTRODUCTION.ucciiiiiiessnresssncsssncssssncssssscssssscssssssssssssssssesssssesssssssssssssssssssssssssssssssssssssssss 22
1.1 Need for temperature measurements 22

1.1.1  Gas turbines and tUrbOMACRHINETY .......ccouiiiiiiiiiiie ettt sttt ettt e e seeeneas 23

1.1.2  Automotive sector and other industrial apPlICALIONS .......c.eevuieiieierieriieiiee e 24
1.2 Temperature measurement techniques 25

1.2.1  On-line temperature MEASUICITIENLS .........ccveeververrereereesseesseeseessesseesseesseessessesssesssesssesseessesssesssesssesseessens 25

1.2.2  Off-line temperature MEASUTCINIENLS ........cc.eerveeverrereerreesseesseeseessesseesseesseessessesssesssesssesseessesssesssesssesseessens 28

1.2.3  Summary of temperature MEASUTCINIENLS. ........cccververeereerreerreereetesseesseesseessessesssesssesseesseessesssesssesssesseessens 32
1.3 Objectives 33
14 Thesis outline 34
2  FUNDAMENTALS OF LUMINESCENCE......cccovvtiniricssnncsssncsssncssssnsssssssssssssssssssssssess 35
2.1 Energy levels and luminescence theory 35

2.1.1 Dynamics of excited states and electronic tranSitions ..........cccceercveereueeriieeniieeniieeeiteesreeereesreeeseesveesseens 38

2.1.2 Luminescent MatErials ........ccoeiriiiiiiiiiieiieieeeete ettt et st sttt ettt st sbe e b enreas 41
2.2 Temporal Luminescence 43
2.3 Summary of Luminescent Concepts 44




Daniel Castillo-Gutiérrez

3 REVIEW OF PHOSPHORESCENT THERMAL HISTORY SENSORS.........cccecceeeeee 45

3.1 Definition criteria for thermal history sensor 46
3.2 History sensing mechanisms 47
3.2.1 Thermal damaging MECHANISIN.........ccceeieriieitieiieieeiertertt et eteetesetesseeseeseessessaesseesseenseessessseessesseensesnses 47
3.2.2  Thermally driven diffUSION ........c.cccuiiiirierieiieeieete ettt ettt ettt saeseaesreesseeseesseesseessessaenseensens 48
3.2.3  Amorphous to crystalline MeEChANISIN ........cocuiiiiiiiiieiiee et ettt 49
3.2.4  Summary of hiStory sensing MeChANISIMS. .......ccueiiiiiirieriieit ettt sttt eeesaee b enneas 51
33 Concepts for thermal history paint 52
331 LUmin@SCENt PIZIMEGILE ..eevietietieieeiieetieeteete et eetesteesteesbeete e et eateeueeeseenteenbeamteemeesseesseesaeenbeenseenseeneesseenseensean 52
3.3.2  Deposition methods and binder €NCIOSUTIE ..........ceuiiiiiiirieieeie e 60
3.4 Conclusions on thermal history sensors 66
4 MATERIALS AND METHODS ......coinniiiinnnnnicnnnsnniicssssasicssssssssssssssssssssssssssssssssssssssssssssss 67
4.1 Thermal History Paint 67
4.1.1 Production of Iuminescent PIZMENL ..........cceeririiiieeiietieetierie ettt sttt ettt e ee b et et eeeeneesaeesne 67
4.1.2  Production of thermal hiStOry Paint ..........cccoeriiiiiiiiiieieieee ettt e eee 68
4.1.3  Deposition of thermal hiStOry Paint ..........ccccerieiiiiiieeee ettt s eeee 69
4.2 Heat treatment 70
4.2.1 Isothermal Reat trEAtMENL ..........ccueriiiiiieieiieie ettt ettt ettt et st e et et e et e eatees e s s e e be e beeneeeneesaeesne 70
4.2.2  Furnace CaliDIAION ........ccueuirieieuiniiteiirict ettt ettt ettt ettt ettt st be et sbe et e be et ene 70
4.2.3  SampPle REat trEALMENL .......ccuveriieiieeieeieiieseerte et ete et e eteesteeseesseessesssesssesseesseesseasseassesssesssassaesseensesssesseesses 71
4.2.4  Bar heat treatmMenl.........coeiruiieiniiieintet ettt ettt ettt ettt et b et b et ae bbbt be et ene 71
4.3 Luminescence measurements 73
43,1 SPECIAL TESPOMISE ..c.uveeeueieeuiieeieeeieeeieeeteeeteesateeesteesateessseessteeanseesnseessseessseesnseesasaesnseesnseesnseesnsesnssessnseennseens 74
4.3.2  TOMPOTA]l TESPOMSE. . ..eeeeeietieiienieeiteeitestteste e et et eate et e sseestee st enseemseeaeesseesseesseenseenseenseeneeeseanseenseenseannesneennes 75
4.4 Material characterization methods 79
4.4.1 X-Ray Diffraction (XRD)......cceerieiiiieiie ittt ettt ettt st sse e sttt enteente e st e s e e se e seenseennesneeene 79
4.4.2  Fourier Transform Infra-Red (FTTR) .....c..ccciiiiiiiiiieciiccee ettt ettt e et e e e s beeeaveesabaaeanee s 81
443  Thermal ANALYSIS (TA) ..o ettt ettt et et s e s et e s te e et et e eneeeseeeseaseenseenseennesneenne 82
4.4.1 Scanning Electron MicroSCOPY (SEM) .....ciuiiiiiiiiiiiiieieieteee ettt ettt et 83

5 RESULTS: TESTING OF HIGH TEMPERATURE MATERIALS FOR THERMAL

HISTORY SENSING ...cciictinuiiinnssnreccssssnsacsssssssosssssssessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 85
5.1 Behaviour of thermal history paint at high temperatures 85
5.1.1  Pigment and binder INTEIACTION ....ccvieiiieeiieiiieeiteeeiteeteeeiteesteesteeeteesbeeeaeesteesseesnsaeasseesnseeaseesnseessseesnns 85
5.1.2  Thermal analysis of thermal hiStOTy PaAINt .........c.ccecuiiriiiiiiiieeiie ettt eee et eee e eseeeaeesbaeesaeeenes 92
5.1.3 Interaction between thermal history paint and SUDSLIAE........c..ccceeeriieiiiieeiie et 93
5.1.4  Efflorescence of thermal hiStOry PaiNt..........ceeecuiiiiieriiieiiieeiie sttt et e s ereesreesreesbeesseesnseeenseens 105
5.1.5  Strategy to reach reliable measurements at high temperatures ..........ccocceeevveevcieeeiieeiiieeeieecieeeee e 108
5.2 Modification of existing binder 115
5.2.1  PotasSium @ddItION.......cceeruieriieiiieieeiesiestese et ettt et et et e e enteeseeseeesseesseenseenseenseesaeeneeseenseenseensesnnennes 115
RN B 11 0§ L e 1510 4 SRR 118
53 Substitution of existing binder 120
5.3.1 High temperature binder Candidates ...........ccceevuiriieierierieieeee ettt ae e e 121
5.3.2  Summary of high temperature binder testing and SElECTION...........cccueerciiiriiieriiieeiie et 137
54 Pigment modification 140
54.1  Dopant MOGITICATION ....ccuvieriieiiieeiiecieeeie et e st steesteesteesaeesebeessaeessbaessseessseessseesnseessseesssessseesseenssenns 140
5.4.2 Pigment synthesis MOITICAION ......ccuiiiiiiiiiiti ettt 142




Daniel Castillo-Gutiérrez

5.5 Interlayer 153
5.5.1  SealMet S INLETIAYET .. ..ccuvieeiieiiieeieeiieeeie ettt et e et e e ste e st eesteessaeesebeessseessbeessseesnseeasseessseesnseesnseenssenas 154
5.5.2  Durazane® 1800 as INtEIIAYET ........ccuiiiiiiiiieii ettt ettt ettt e seee 155
553  LudoX® SM30 a8 INEETIAYET ...ecuuieuiiiiiiitieitiete ettt ettt ettt ettt et et e et e bt e be e beeteeneesaeesee 157
5.5.4 Summary of results on THP deposited on interlayers. .........ccccvevuereierierierienieieere e 159

6 DEVELOPMENT OF A HIGH-TEMPERATURE THERMAL HISTORY PAINT.161

6.1 Optimisation route for THP: Combination of Solutions 161
6.1.1 Characterisation of colloidal silica, LudoX® SM30 ........ouvviiiiiiiiiiiiieeeeeeeeeeeee e e e 162
6.1.2  Combination of solutions: Calcined pigment mixed into potassium silicate and Ludox® SM30 colloidal
STHCA DINACTS. ..enitiiicetcit ettt ettt ettt b b ettt e b s bt e bt et eae e st et saeebeeaeennene 164
6.1.3  Binder combination applied on stainless-steel and development of a high-temperature thermal history
021 169

7  CONCLUSIONS AND OUTLOOK .....uuuiiiiiiisniiisnncssnncssssncssssncssssssssssssssssssssssssssssssssses 175

7.1 Conclusions 175

7.2 Future work 176

8  REFERENCES . ...iiiiiretticnnnnniicnsssnsicsssssssecsssssssesssssssssssssssssssssssssssssssasssssssasssssssssssssssssasss 177

O APPENDIX .uuiiiiiiinniicnisnniecssssssiccsssssssosssssssessssssssssssssssssssssssssssssssssssssssasssssssssssssssssssssssssasss 203

9.1 Supplementary results 203
9.1.1  Thermal conductivity of thermal hiStOry Paint ..........ccccueriiriirieiiee e 203
9.1.2  FTIR spectra of Y,SiOs: Eu’* pigment modified with citric acid addition from 700 °C to 1,300 °C...... 204
9.1.3 XRD of Y,SiOs: Eu*" pigment modified with citric acid addition and heated to 900 °C. ....................... 205
9.1.4 Luminescent spectra of Y,SiOs:Eu** pigment modified with citric acid............cocoeeiveiveieeeriieeeeeeen. 206
9.1.5 Luminescent spectra of combination of Ludox ® SM30 and potassium silicate paints ..............c.ceeueeene 207

9.2 Poster presentation, awarded with the Warren M. Rohsenow Prize at the ASME Turbo-Expo 2020

.............................................................................................................................. 209

9.3 Material certificate of stainless steel 316 210
9.4 Permissions for third party copyright 212
9.4.1 Permission for Figure 1.1, from the Institute of Materials, Minerals and Mining (IOM3)...................... 213
9.4.2  Permission for Figure 1.3, from the Institute of Physics, (IOP) .......cccccoeiiriiiiiiieeeeee e 214
9.4.3  Permission for Figure 2.2, from EISEVIer lICENSE........cccueiiiiiirieiieii ettt 215
9.4.4 Permission for Figure 2.7, from EISeVIer lICENSE........cccueiiiiiirieiieii e 216
9.4.5 Permission for Figure 3.2, from Taylor & Francis roup ........ccceeceerveerieenieeiieenieesveeseeesieeseveesve e 217
9.4.6  Permission for Figure 3.3, from Cambridge UniVerSity PIeSS ......cceervvierrerrveerieerireerreeneeesveensreesveennnes 217
9.4.7 Permission for Figure 4.12, from AVANTES........cccviirieeiiieiieeiie e et ereeeive e enereesveessaeeseneensseesssesnsnes 218
9.4.8 Permission for Figure 4.13, from ACS publiCations..........ccueeriiirieeriierieeie e e esne e sve s 219
9.4.9 Permission for Figure 5.7, from John Wiley and SONS..........ccccuierieeriienieeiiienreenrceere e 219
9.4.10 Permission for Figure 5.32, from ACS publications ..........ccccueerveeriienieeiieerie e e eseeeseeeesene e 220
9.4.11 Permission for Figure 5.40, from ACS publiCations ..........ccccevereririenienieninineeeeeetenie e 221

10



Daniel Castillo-Gutiérrez

LIST OF FIGURES

FIGURE 1.1 FIRING TEMPERATURES AND EFFICIENCIES IN TURBOMACHINERY, OVER THE LAST DECADES. PLOT
EXTRACTED WITH PERMISSION FROM [15]. SOURCES CONSULTED [ 16—25]. CONFIDENCE OF THE FIT INDICATED AS
SHADED AREAS AROUND THE LINES AND DATA POINTS. ....uteuteuieiertiatesteeteestenteeeseessesaeeseeseeneessensansesseesesseeseeneenes 23

FIGURE 1.2 SCHEMATIC DIAGRAM OF A BI-METAL THERMOCOUPLE, CONSISTING OF TWO DISSIMILAR METAL WIRES
JOINED IN ONE EXTREME, WHERE THE TEMPERATURE IS MEASURED, AND CONNECTED THROUGH A REFERENCE
JUNCTION TO A READER ... ..eotiittiitetieteetenitenite st et enteeatesatesueeteeateeateeasesesesueesbeeaeemttensteasesanesbeenbeenseeaneeanesaeenuee 25

FIGURE 1.3 THERMAL PAINT TEST APPLIED ON: (A) BUTTERFLY TEST PIECE HEATED BY JOULE EFFECT AND (B) SET OF
SAMPLES HEATED IN 10 °C STEPS, BOTH PAINTED WITH ROLLS-ROYCE TP96 THERMAL PAINT. REPRODUCED WITH
PERMISSION FROM REFERENCE [89]......uiiiiiiiiiiiiiie ettt sttt ettt ettt e e ettt e e ettt eeeatbeeeeabaeaesstseaesnssaeaennsseeesnsseaaans 29

FIGURE 2.1 (LEFT) EXCITATION, EMISSION, AND HEAT RELEASE OF A LUMINESCENT ION, A, IN ITS HOST LATTICE.
(RIGHT) EXCITATION AND RELAXATION TRANSITIONS IN AN ENERGY DIAGRAM. .....ccutouiieieiienieieieseeeieeneeneeneeneas 35

FIGURE 2.2 DIAGRAM OF ENERGY LEVEL SPLITTING OF EU*" (4F®), FROM INTERELECTRONIC CONFIGURATION TERMS,
THROUGH SPIN-ORBIT COUPLING LEVELS, TO CRYSTAL-FIELD SUBLEVELS. EXTRACTED WITH PERMISSION FROM
L L e ettt et b e bbbt h ettt bt ekt b e bt e et et e e e b e bt e bt eh e ea e en b et e nh e benbeeb e e it ententen 37

FIGURE 2.3 LUMINESCENCE PROCESS SHOWN FOR EXAMPLE ENERGY LEVELS, INCLUDING EMISSION SPECTRUM,
EXTRACTED FROM [115] WITH PERMISSION VIA CC-BY-NC-ND 3.0. ..ccceeioiiiiiniiniiiiiiiieneeneeeee e 38

FIGURE 2.4 ABSORPTION SPECTRA OF EU?" IN Y,SIOs5 AT AMBIENT TEMPERATURE, AFTER 30 MIN HEAT TREATMENT AT
900 °C. OBSERVATION WINDOWS KEPT AT 614 NM AND 620 NM, SHOWN WITH AN OFFSET FOR VISUALISATION.
SPECTRA PROVIDED BY PHOSPHOR TECHNOLOGY LTD. [119] FROM SAMPLES PRODUCED BY SENSOR COATING
SYSTEMS LTD. [105]. ceeeeeiiiieeeiie ettt ee ettt e ettt e e ettt e e s bt e e asstaeeeessseeessssaeeasnsseeeanssseesansseesanssaeeassaeenanseens 39

FIGURE 2.5 SCHEMATIC REPRESENTATION OF STARK SPLITTING AND BROADENING EFFECT OF OPTICAL EMISSION
SPECTRUM. AN IDEALISED CRYSTAL WITH IDENTICAL SITES IS SHOWN ON THE LEFT (A), WHILE DIFFERENT
RANDOMISED STARK LEVELS ARE SHOWN ON THE RIGHT (B). REPRODUCED FROM [115] WITH PERMISSION VIA CC-
BY -NCND 3L0. ettt etttk e h e bt s et e b e s e e e bt e bt eb e es e ea e em b e et e ke ebeeb e e st eat e st et e besbeebeeneeneenee 40

FIGURE 2.6 LUMINESCENT PROCESS INCLUDING ENERGY TRANSFER FOR LUMINESCENT IONS A AND D WITHIN A HOST
STRUCTURE. ...teeeuttteeitteeeetteeeeaeseeesseseeeasssseeaasseeeasssasesansseesassssessassssessssseesanssssssassssesssssessasssssesnsssseesssssesesssseesannes 41

FIGURE 2.7 DIEKE DIAGRAM FOR SOME RARE EARTH IONS. THE BLUE SHADED AREA REPRESENTS THE ENERGY GAP
BETWEEN THE PRINCIPAL RADIATIVE ENERGY LEVEL AND THE HIGHEST ENERGY GROUND STATE. EXTRACTED
WITH PERMISSION FROM [ 1357 uiiiiiiieiieeiie ettt ettt ettt e sit e et e e s ateesaae e s atesetteesnsaensseesnbaenaseesnsaesnseesnseensseens 42

FIGURE 3.1 SCHEMATIC OF AMORPHOUS TO CRYSTALLINE TRANSITION. LUMINESCENT IONS DISPLAYED ALONG THE
STRUCTURE AS YELLOW DOTS, WITH EXCITATION INCIDENT LIGHT (BLUE ARROW) AND EMISSION LIGHT (RED
ARROW). LIFETIME DECAY VALUES INDICATED AS T ARE GIVEN AS EXAMPLES FOR THE TWO STATES IN THE
AMORPHOUS TO CRYSTALLINE TRANSITION. ....ectttiitteattteriteentteeniteeniteesieeeniteessseesseeessseessseessseesuseesseesseesseessneens 50

FIGURE 3.2 PARTIAL UNIT CELL OF Y»(SI104)O. REPRODUCED WITH PERMISSION FROM [228], BASED ON [227].......... 55

FIGURE 3.3 EXCITATION AND RELAXATION TRANSITIONS FOR THE ENERGY LEVELS OF EU*". DATA OBTAINED FROM
REFERENCE [122], ORIGINALLY PUBLISHED BY THE SAME AUTHOR IN [245]. .c..eoiiiiiiiiiiieieeeeneeeee e 57

FIGURE 3.4 EMISSION SPECTRUM OF Y3SIOs: EU?Y, AFTER HEAT TREATMENT AT 1,000 °C FOR 30 MINUTES................ 58

FIGURE 3.5 TEMPERATURE DIAGRAM SHOWING THE RANGE OF USE FOR CURRENT THERMAL HISTORY TECHNOLOGIES

ACCORDING TO THE DEPOSITION TECHNIQUE EMPLOYED. THERMAL HISTORY PAINT (THP) ARE APPLIED BY

11



Daniel Castillo-Gutiérrez

CONVENTIONAL AIR SPRAYING, WHILE THERMAL HISTORY COATINGS (THC) ARE APPLIED BY ATMOSPHERIC
PLASMA SPRAY (APS). oottt ettt ettt et e et e st e e tt e e tte e tbeessbaeasseessbeeasseesssaeasseesssaessseesssaessseesnseessseens 62
FIGURE 3.6 PHASE DIAGRAM OF THE S10; AND K,O, EXTRACTED WITH PERMISSION FROM [323]. COMPOSITION OF THE
POTASSIUM SILICATE BINDER USED IN THIS INVESTIGATION INDICATED WITH A RED DOTTED LINE. .................... 65
FIGURE 4.1 SCHEMATIC OF A FUNCTIONING AIR SPRAY GUN, WHERE INDEPENDENT CIRCUITS OF FLUID AND PRESSURIZED
AIR ARE MARKED IN RED AND BLUE, RESPECTIVELY .....cceiittteeeittiieesireeeeitreeeesrseeesesesessssseessssesesssssssesssssssssssesaans 69
FIGURE 4.2 TUBE FURNACE CALIBRATION OF ACHIEVED TEMPERATURE ON A SAMPLE, AS FUNCTION OF THE
TEMPERATURE SET IN THE FURNACE, BETWEEN 250 °C AND 1,150 °C, IN AN ELITE THS12 (LEFT), AND BETWEEN
600 °C AND 1,250 °C IN AN ELITE THS15 (RIGHT). LINEAR FITS AND EQUATIONS INCLUDED.........ccc0eevveenveene 71

FIGURE 4.3 TECHNICAL DRAWING OF 316 STAINLESS STEEL BARS FOR STANDARD CALIBRATION TEST. ALL DIMENSIONS

FIGURE 4.4 (A) PICTURE OF A STAINLESS-STEEL BAR DURING HEAT TREATMENT ON TUBE FURNACE. K-TYPE
THERMOCOUPLES INSERTED ALONG THE SIDE OF THE BAR. (B) TEMPERATURE GRADIENT ALONG LENGTH OF THE
BAR FOLLOWING A SIGMOIDAL DISTRIBUTION, FITTED WITH A CONTINUOUS LINE AROUND TEMPERATURE DATA
POINTS. (C) SCHEMATIC OF BAR INTRODUCED IN THE TUBE FURNACE FROM THE COLD END AT THE EXTREME OF
THE TUBE UP TO THE ISOTHERMAL REGION IN THE CENTRE. ......cccuiiiiiiiiiiiiiiiiiii e 73

FIGURE 4.5 SCHEMATIC OF SCS INSTRUMENTATION SET-UP TO MEASURE SPECTRAL FEATURES OF PHOSPHOR EMISSIONS

FIGURE 4.6 SCHEMATIC OF AN AVANTES AVASPEC-ULS OPTICAL BENCH DESIGN, INCLUDING A SYMMETRICAL
CZERNY-TURNER SPECTROMETER, EXTRACTED WITH PERMISSION FROM AVANTES CATALOG X [298]. ......... 75

FIGURE 4.7 SCHEMATIC OF SCS INSTRUMENTATION DEVICE TO MEASURE LONG LIFETIME DECAY PHOSPHOR EMISSIONS.

FIGURE 4.8 EXAMPLE OF SINGLE EXPONENTIAL DECAY OF THERMAL HISTORY PAINT MEASURED WITH SCS LTD.
INSTRUMENTATION DEVICE. THE INTENSITY (I) DECREASES FROM THE INITIAL INTENSITY (I0)...cccovveeevieriiennnnne 77
FIGURE 4.9 SCHEMATIC OF INSTRUMENTATION SET-UP TO MEASURE SHORT LIFETIME DECAYS PHOSPHOR EMISSIONS,
EXTRACTED FROM [115] WITH PERMISSION VIA CC-BY-NC-ND 3.0, ...utiiiiiiieeeiie et 77
FIGURE 4.10 EXAMPLE OF SINGLE EXPONENTIAL OF YSO: EU MEASURED WITH INSTRUMENTATION SET-UP FOR SHORT
LIFETIME DECAYS. THE FIT GENERATED ON THE EXPERIMENTAL DATA FROM THE ALGORITHM “EXPDECAY1”
FROM ORIGINPROZ020......cccuttetieeitieerite ettt eriteesieeetteeteeestteesteessseesseessseensseessseensseesssesssseesssesssseesssessnseesnseenseens 78
FIGURE 4.11 BRAGG DIFFRACTION ON A CRYSTALLINE LATTICE, WHERE X-RAY RADIATION FINDS THE ATOMS IN THE
LATTICE, SCATTERING RADIATION IN A PARTICULAR ANGLE, ACCORDING TO BRAGG S LAW........ovvveverieenireennn. 79
FIGURE 4.12 BLOCK DIAGRAM OF THE COMPONENTS OF AN FT-IR SPECTROMETER. REPRINTED WITH PERMISSION FROM
REFERENCE [305]. 1oeieeitteiiteitte ettt ettt ettt ettt ettt ettt ettt ettt e bt e s bt e e bt e e s bt e e bt e e s bt e e sateesabeesabeesabeesabeesabeesabeesabeesaseess 81

FIGURE 4.13 SCHEMATIC OF DIFFERENTIAL SCANNING CALORIMETRY SETUP, ADAPTED FROM [307], OBTAINED FROM

B0 . ettt ettt ettt h e bt h e ea e ea e et et e eh e ekt eh e Rt e a e et ea b e eh ekt ehe bt enten b e beehe bt eaeebeeneeneenten 82
FIGURE 4.14 SCHEMATIC OF EMITTED SIGNALS FROM A SAMPLE INTERROGATED WITH AN ELECTRON BEAM. ADAPTED
FROM [309]. ceeeeiieeiieetie ettt ettt ettt e ettt et e ettt etteeteeessba e sseesssaessse e ssaensseeassaesseessseeasseesssaensseesnseennseesnseensseens 83

FIGURE 5.1 LUMINESCENCE SPECTRA OF Y»S10s: EU?* PIGMENT AND THERMAL HISTORY PAINT PELLET (Y,SI10s: EU3*
PIGMENT IN POTASSIUM SILICATE BINDER), OBTAINED AT ROOM TEMPERATURE AFTER EXCITATION WITH 532 NM
VISIBLE LIGHT. BOTH SAMPLES WERE HEAT-TREATED AT 1,100 °C FOR 30 MINUTES. .....cccevevieeererireennreeesereeenns 86

FIGURE 5.2 DIFFRACTION PATTERN OF YTTRIUM ORTHOSILICATE, DOPED WITH EU>* IONS, AFTER HEAT TREATMENT AT

1,100 °C FOR 30 MINUTES. X1-Y SO REFERENCE PATTERN INDICATED WITH RED SQUARES..........ccceeeeevenrnnnnn... 86

12



Daniel Castillo-Gutiérrez

FIGURE 5.3 DIFFRACTION PATTERN OF THERMAL HISTORY PAINT PELLET, AFTER HEAT TREATMENT TO 1,100 °C FOR 30
MINUTES. MATCHING CANDIDATES INDICATED WITH MARKERS........ccvteiiitieitieitienteeteereereessesseesseeseesseesnessnesns 87
FIGURE 5.4 LUMINESCENT SPECTRA OF Y,SIOs:EU*" PIGMENT HEAT TREATED AT TEMPERATURES FROM 400 °C TO
1,300 OC ..ttt ettt ettt ettt e e s bt e te e ae e be b e e aeeete e be e be e b e eabearaeeraeate e beebeenbeeaseets e te e teebeenteenseereeares 90
FIGURE 5.5 LUMINESCENT SPECTRA OF THP PELLETS HEAT TREATED AT TEMPERATURES FROM 600 °C 1O 1,300 °C. 91
FIGURE 5.6 THERMAL ANALYSIS OF THERMAL-HISTORY PAINT, INCLUDING THERMO-GRAVIMETRIC ANALYSIS (TGA)
AND DIFFERENTIAL SCANNING CALORIMETRY (DSC).....oiviieiiiiieiieieeieete ettt ens 92
FIGURE 5.7 LIFETIME DECAY EVOLUTION OVER TEMPERATURE FOR THREE THERMAL HISTORY SAMPLES: (A) THP
APPLIED ON SAPPHIRE DISCS, 12.5MM IN DIAMETER, HEAT TREATED TO THE INDICATED TEMPERATURE. (B)
PIGMENT POWDER, HEAT TREATED TO THE INDICATED TEMPERATURE AND ATTACHED ONTO A GLASS SLIDE. (C)
THP APPLIED ON STAINLESS STEEL 316L TILES, 20X10 MM, HEAT TREATED TO THE INDICATED TEMPERATURE.
94
FIGURE 5.8 (A) LUMINESCENT EMISSION SPECTRA OF A HEATED METALLIC SUBSTRATE COATED WITH [TOP] THP AND
[BOTTOM] BINDER ONLY, AFTER EXCITATION WITH 532 NM LIGHT. (B) NATURAL LOGARITHM OF THE RATIO OF
CR*" AND EU*" INTENSITY PLOTTED AS A FUNCTION OF RECIPROCAL EXPOSURE TEMPERATURE. EXTRACTED FROM
[106] WITH PERMISSION VIA CC-BY-NC-ND 4.0 ....ccuiiitiiiiiiieiieieeteeete ettt ettt eve et eveeveeveeaesteesveeaean 95
FIGURE 5.9 (A) PHOTOGRAPH OF METALLIC SUBSTRATES, COATED WITH THP AND HEAT TREATED FOR THE INDICATED
DURATION. LUMINESCENT EMISSION SPECTRA OF THP ON METALLIC SUBSTRATE, HEATED AT 700 °C (B), AT 900
°C (C) AND AT 1,000 °C (D) FOR THE INDICATED DURATION. ......0ceeitieerieeteeeteeeteeesteeesseeesseeesseeessesassessnssessseennns 96
FIGURE 5.10 LIFETIME DECAY MEASURED ON THP DEPOSITED ON NICKEL COUPONS AND HEAT TREATED AT THREE
TEMPERATURES (700 °C, 900 °C AND 1,000 °C) OVER DIFFERENT EXPOSURE TIMES. LINES LINKING POINTS
INCLUDED FOR VISUALIZATION. ERROR BARS CORRESPOND TO THE STANDARD DEVIATION OF FIVE
MEASUREMENTS TAKEN ON THE PAINTED SURFACE OF THE SAMPLE. EXCITATION WAS PERFORMED AT 532 NM AND
THE EMISSION WAS RECORDED AT 620 /=260 NM. .....eeeitiieiiiieiiiiesreeeiieesteesteesveessseesveessseessseesssessseessesssesssenns 97
FIGURE 5.11 LIFETIME DECAY EVOLUTION OVER TEMPERATURE FOR THP APPLIED ON INCONEL 738 DISCS AND
STAINLESS-STEEL 316L SUBSTRATES (LEFT). PHOTOGRAPHS OF METALLIC SUBSTRATES, COATED WITH THP, AND
HEAT TREATED TO 800 °C, 900 °C AND 1,000 °C FOR 30 MINUTES (RIGHT). ..cuveeevierereenireesreenreesreesreesereeseveens 99
FIGURE 5.12 (LEFT) LUMINESCENT EMISSION SPECTRA OF THP DEPOSITED ON INCONEL 738 DISCS, HEATED AT
INDICATED TEMPERATURE. (RIGHT) LUMINESCENT EMISSION SPECTRA OF THP DEPOSITED ON STAINLESS STEEL
316L SUBSTRATES, HEATED AT INDICATED TEMPERATURE. .......ccciuiiiiiiiiiieeiiiieeeeireeeeeireeeesetneeeeareeeeeenseeeeareeeans 100
FIGURE 5.13 PHOTOGRAPH OF 16 STAINLESS-STEEL SAMPLES, OF DIMENSIONS 20 X 10 X 3 MM, PAINTED WITH THP,
HEATED TO 200 °C, 400 °C, 600 °C AND 800 °C AND STORED IN FOUR DIFFERENT STORING CONDITIONS. ....... 105

FIGURE 5.14 HUMIDITY MEASUREMENTS FOR THE FOUR STORAGE CONDITIONS CONSIDERED TO STUDY EFFLORESCENCE

FIGURE 5.15 EVOLUTION OF LUMINESCENT LIFETIME DECAY OF THP DEPOSITED ON STAINLESS STEEL SAMPLES, HEAT
TREATED AT 200 °C, 400 °C, 600 °C AND 800 °C AND THEN STORED FOR 42 DAYS IN DIFFERENT CONDITIONS:
STANDARD STORAGE (IN A SEALED PLASTIC BAG), REFRIGERATION STORAGE (SEALED BAG STORED IN A FRIDGE
AT AROUND 5 °C), DESICCANT STORAGE (SAMPLES STORED IN SILICA GEL) AND VACUUM STORAGE (SAMPLES
STORED IN VACUUM BAGS).....ceuteutetentintenienieeatetetestestestesteesteseessensensessesuesutensensensensessesseeseessensensensessessesseeseensens 107

FIGURE 5.16 LIFETIME DECAY AS A FUNCTION OF TEMPERATURE FOR POTASSIUM SILICATE BINDER MIXED IN WITH
Y>S10s: EU?* PIGMENTS, PREVIOUSLY CALCINED AT 250 °C, 400 °C AND 600 °C. MAXIMUM SENSING

TEMPERATURES INDICATED FOR CLARITY . ...ceeiiuuttttieeeeeiiitreeeeeeeeeeiitreeeeeeeeeeiissaeeeeeeeessissssseseseeseessssesssessesssssseseens 109

13



Daniel Castillo-Gutiérrez

FIGURE 5.17 FTIR SPECTRA OF Y,S10s: EU*" PIGMENT SAMPLES HEAT-TREATED FOR 30 MINUTES TO THE INDICATED
TEMPERATURE. SILICATE AND NITRATE PEAKS IDENTIFIED. EXTRACTED FROM [106] WITH PERMISSION VIA CC-
BY -INC-ND 4.0, oottt ettt et et e et e st esteebeebeeabeeaseesseetsebeesseesseessesssesssesseesseenseesseessessseasseseenseas 111
FIGURE 5.18  (A) LIFETIME DECAY EVOLUTION OVER TEMPERATURE FOR THP — P600 APPLIED ON SAPPHIRE DISCS.
LINES LIKING POINTS ADDED FOR VISUALIZATION (B) LUMINESCENT SPECTRA OF THP — P600 DEPOSITED ON
SAPPHIRE DISCS AND HEAT TREATED AT TEMPERATURES FROM 600 °C TO 1,300 °C. THE Y>SIOs:EU>* PIGMENT OF
THE THP — P600 WAS CALCINED TO 600 °C PRIOR TO PAINT PRODUCTION. (C) PAINTED SAPPHIRE SUBSTRATES,
HEAT TREATED TO THE INDICATED TEMPERATURE. .......ccovieiietierieetteeteesteeseeseesseessesseesseesseensesssesssesssesssessessses 112
FIGURE 5.19 PHOTOGRAPH OF THP DEPOSITED ON A 40 CM LONG STAINLESS-STEEL BAR, AND HEAT-TREATED BETWEEN
200 °C AND 1,100 °C. THE DARKENING OF THE THP, ASSOCIATED WITH THE LTD DROP, APPEARS AT
TEMPERATURES ABOVE 900 °C, WHERE THE COLOUR TURNS GREEN. ESTIMATED TEMPERATURE LOCATIONS HAVE
BEEN INCLUDED FOR CLARITY . ...ueeetttetteetteeieesteesieesteeesssesseeenssesnseessssesnsessnsessnsesesssesnssessssesnsssesssesnsseessesnsees 113
FIGURE 5.20 REFERENCE THP DEPOSITED ON A STAINLESS-STEEL BAR, HEAT TREATED AND WHERE LTD WAS
MEASURED EVERY 5 MM. THE MONOTONIC INCREASE OF LIFETIME DECAY (TOP) AND THE SENSITIVITY ANALYSIS
OF THE MONOTONIC INCREASE (BOTTOM) ARE SHOWN OVER INCREASING TEMPERATURE, BETWEEN 150 °C TO 900
°C FOR THP-P400 (A) AND THP—P600 (B) OVER A TEMPERATURE RANGE, BETWEEN 250 °C AND 1,000 °C.... 114
FIGURE 5.21 (A) STAINLESS STEEL BAR PAINTED WITH BINDER MODIFIED BY POTASSIUM ADDITION. (B) PHOTOGRAPH
OF THE FIRST SECONDS OF HEAT TREATMENT OF A STAINLESS-STEEL BAR PAINTED WITH MODIFIED BINDER, WITH
POTASSIUM ADDITION, IN A TUBE FURNACE HEATED UP TO 1,100°C. BUBBLE FORMATION IS VISIBLE AT HOT
TEMPERATURES. (C) PHOTOGRAPH AFTER SOME MINUTES OF THE SAME BAR HEAT TREATMENT, WHERE PAINT
BLISTERS ARE VISIBLE ALL OVER THE PAINTED SURFACE, FROM HOT TO COLD END OF THE PAINTED BAR......... 116
FIGURE 5.22 (A) LIFETIME DECAY PLOTTED OVER TEMPERATURE FOR LUMINESCENT HISTORY PAINT, MODIFIED BY
POTASSIUM ADDITION AND DEPOSITED ON A 40 X 20 X 3 MM STAINLESS-STEEL 316L BAR. DURING HEAT
TREATMENT A TEMPERATURE GRADIENT, BETWEEN 150 °C TO 1,100 °C WAS GENERATED ALONG THE BAR,
ALLOWING FOR LIFETIME DECAY TO BE MEASURED AFTER HEAT TREATMENT. (B) MONOTONIC INCREASE OF
LIFETIME DECAY OVER TEMPERATURE FOR MODIFIED HISTORY PAINT, BY POTASSIUM ADDITION (TOP) AND
SENSITIVITY ANALYSIS OF THE MONOTONIC INCREASE (BOTTOM).....cccvteetieiireenireesreesreesreeeseesseessessseessenns 117
FIGURE 5.23 (A) PHOTOGRAPH OF POLYMERIZED POTASSIUM SILICATE BINDER MODIFIED BY LITHIUM ADDITION,
INTRODUCING ONE EQUIVALENT OF LITHIUM PER SILICA EQUIVALENT, AS RECEIVED BY THE AUTHOR. (B)
PHOTOGRAPH OF LITHIUM ENRICHED POTASSIUM SILICATE BINDER, AFTER WATER AND PIGMENT ADDITION. AN
OVERHEAD STIRRER WAS USED, AS WELL AS ZIRCONIA BEADS TO FACILITATE THE MIXING. .....c..ccveeveereeereennenn 118
FIGURE 5.24 (A) LIFETIME DECAY PLOTTED OVER TEMPERATURE FOR TWO MIXES OF LUMINESCENT HISTORY PAINT,
MODIFIED BY LITHIUM ADDITION, AND DEPOSITED ON 400 X 20 X 3 MM STAINLESS-STEEL BARS. (B) MONOTONIC
INCREASE OF LIFETIME DECAY OVER TEMPERATURE FOR MODIFIED THP, BY LITHIUM ADDITION (TOP) AND
SENSITIVITY ANALYSIS OF THE MONOTONIC INCREASE (BOTTOM). (C) PHOTOGRAPH OF THE BARS PAINTED WITH
MODIFIED BINDER, BY LITHIUM ADDITION. COLD END (~200 °C) AND HOT END (~1,100 °C) INDICATED........... 119
FIGURE 5.25 PHOTOGRAPH OF THE STAINLESS-STEEL PAINTED BAR PAINTED WITH SEALMET® BINDER, LOADED WITH
10 % WT. OF PIGMENT, SHOWN AFTER HEAT-TREATMENT. COLD END (~200 °C) AND HOT END (~1,100 °C)
INDICATED. ..euvteitiettetteteeteestesstesstasseanseenseenseassesssesseesseenseenseanseesseessanseenseanseenseensesnsesseenseenseenseanseansesssesseenseensenn 122
FIGURE 5.26 LIFETIME DECAY PLOTTED OVER TEMPERATURE, MEASURED ON THP, AND DEPOSITED ON A STAINLESS-
STEEL BAR FOR SEALMET® LOADED WITH 5 % WT. PIGMENT (A) AND SEALMET® LOADED WITH 10 % WT. PIGMENT

(B). THE MONOTONIC INCREASE OF LIFETIME DECAY OVER TEMPERATURE FOR THESE THP’S (TOP) AND

14



Daniel Castillo-Gutiérrez
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1 Introduction

Climate change has raised concerns worldwide over the last decades. Reduction of CO» and greenhouse
gas emissions are among the main objectives of current regulations in the automotive and power generation
sectors, where new propulsion systems, complying with these new regulations, will undergo major
transformations. The global trend in the energy sector is moving towards cleaner and more efficient
turbomachines, combining renewable and non-renewable sources for power generation. In this context, gas
turbines can provide a transitory alternative to renewables, as a flexible and cost competitive conversion
technology [1]. Gas turbines are experiencing constant development and the increase of efficiency in these
turbo-engines can have major implications in the global energy supply. In fact, it is estimated that an
increase of 1 % in the efficiency of combustion engines worldwide, will be equivalent to saving 7 billion

US-dollars in fuel use or, in other words, avoiding the CO, emissions of 2 million cars [2].

The gas turbine market, prior to the COVID-19 pandemic, predicted an increasing demand of turbo-engines
in the aviation and electricity generation sectors, since gas turbines offer high efficiencies, and flexibility
while in operation. The use of bio-fuels and electric/hybrid propulsion systems have been progressively
incorporated as well, showcasing reduced emission solutions [2,3]. These offer distinct advantages in
electricity generation, and their use will progressively substitute fossil energy sources. The introduction of
renewable sources, such as wind and solar, will lead to a progressively decarbonized energy supply as well.
However, gas turbines will remain a critical conversion technology during the transition to renewables [1].
In the aerospace sector, the fuel use is a key consideration not only in terms of emissions, but also in terms
of cost to the end consumer. In commercial aviation, 50 % of the cost of a flight ticket goes to the cost of
the fuel [4]. At the same time, the number of aircraft has been growing steadily worldwide in the last
decades, and the global forecast is of strong growth over the next 20 years, according to the pre-pandemic
market projections by the main commercial aerospace manufacturers [5,6]. This provides a favourable
environment for the incorporation of new designs and new materials in energy, acrospace and other sectors

exploiting turbomachinery and combustion engines.

1.1 Need for temperature measurements

Temperature measurements are vital not only in the validation of new designs and new materials, but also
for the maintenance of gas turbines and other engines. The need of these temperature measurements is
critical in the high temperature combustion environments of automotive, aerospace and power generation
sectors. In terms of efficiency, it has been estimated than an increase of 100 °F in the inlet temperature of
gas turbines can provide an increase in efficiency between 2 and 4 % [7]. However, the limiting factor for
gas turbine manufacturers, is measuring this inlet temperature. While measuring the exhaust gas
temperature with thermocouples is relatively straightforward, the inlet temperatures are difficult to measure
using intrusive methods. Any loose broken piece of equipment upstream, such as a broken thermocouple,
can cause severe damage passing through the turbine blades. In addition, the first stage turbine blades are

exposed to the most severe conditions of temperature, corrosion, and stress, and the material design remains
22




Daniel Castillo-Gutiérrez

quite challenging. The trend in the industry is moving towards the progressive increase of the inlet
temperature, while maintaining an acceptable temperature in the metallic components [7]. These high
operating temperatures provide a challenge for the lifing and durability of turbomachinery components in
combustion environments. In the extreme conditions supported by blade air-foils, creep will halve the life

of turbine blades every 10 - 15 °C increase in the component temperature [8,9].

Therefore, temperature sensing tools are essential for the industry, and their market value in 2020 was USD
6.3 billion. This has been projected to grow to USD 8.8 billion by 2027 [10]. The demand of surface
temperature measurements, from the major gas turbines OEMs, has also grown over the last decades,
especially for complex-shaped turbomachinery components, often in movement. The obtention of reliable
surface temperature measurements is critical for both operation and maintenance stops, where the maximum
temperature seen by the component is difficult to be determined. As stated by the Propulsion
Instrumentation Working Group (PIWG), temperature measurements over 80 % of the blade air-foil surface

of all blades in a gas turbine are necessary for appropriate life monitoring [11].

1.1.1 Gas turbines and turbomachinery

The applications of gas turbines range from power generation to vehicle propulsion. The design criteria
may be different, but turbo-engines displaying safe and high efficiencies are always preferred. The social
awareness on climate change is affecting the viability of fossil fuels for power generation. While coal and
fuel fired plants will be progressively abandoned in the coming decades, gas fired plants are in the energy
supply roadmap in the United Kingdom [12] and in the European Union [13,14], and new plants are planned
to be installed in the next decades. Simple cycle gas turbine efficiencies have increased from 15 % in the
first half of the 20™ century, to more than 40 % nowadays [7]. This increasing trend in efficiency is shown

in Figure 1.1 over the last decades, next to the increasing firing temperatures in new gas turbine designs.
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Figure 1.1 Firing temperatures and efficiencies in turbomachinery, over the last decades. Plot extracted with
permission from [15]. Sources consulted [16—25]. Confidence of the fit indicated as shaded areas around the
lines and data points.
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The working principle of a gas turbine consists of the generation of power through fuel burning in
compressed air conditions. A simple gas turbine is comprised of three main sections: a compressor, a
combustor chamber, and a turbine. After combustion, the expanding air flow is used to drive a turbine and
generate work, following a Brayton cycle. The first stage of a gas turbine, after combustion, is the most
critical one, determining the inlet temperature and therefore the efficiency of the turbine [7]. Many design
improvements have contributed to the increase of the inlet temperature and therefore the increasing
efficiency in gas turbines for the last decades, from protective coatings, such as Thermal Barrier Coatings
(TBC’s) [26-29], to sophisticated internal cooling systems [30—32]. This increased turbine efficiency can
be increased by two means, gas compression and temperature increase. The approximation of thermal

efficiency of a turbine is expressed in Equation 1.1.

1_TExh
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Where 7, is the turbine efficiency, Tgy is the exhaust temperature (in °R), 777 is the Turbine Inlet
Temperature (in °R), R. is the inverse of R,, which is the ratio between the turbine inlet pressure and the
turbine exhaust pressure. In other words, R. is the ratio between the turbine exhaust pressure and the turbine
inlet pressure. o is a parameter corresponding to o=(k-1)/k, where £ is the ratio of specific heats, c,/c,. The
use of R. instead of R,, allows the approximation of the turbine efficiency using intermediate turbine

temperatures, instead of turbine inlet temperatures, which are difficult to measure on a long term basis [33].

The extreme conditions in the gas turbine combustion environment make temperature measurements very
challenging, but accurate surface temperature measurements on rotating components are vital in the design,
material selection and life prediction of turbine blades. Operating temperatures often surpass the melting
temperature of frequently used nickel based superalloys [34], so that surface temperature measurements,
usually feeding numerical simulations, could validate new designs in turbomachinery [35]. In terms of
durability verification, surface temperatures are necessary to prevent creep and other failure mechanisms

[36,37].

1.1.2 Automotive sector and other industrial applications

The need to validate new designs can be extended to the automotive industry. New designs in automotive
components, exposed to the harsh conditions of the combustion, can be assessed with surface temperature
measurements. This is the case of pistons and new cooling systems, specifically on turbocharger
components [38,39]. The automotive industry is also driven by the new emission regulations in Europe
(Euro6d) and China (China6b), which have the aim to reduce specifically CO, emissions. Other common
polluting practices such as fuel enrichment or over-fuelling are widely expected to be banned, according to
new Real Driving Emissions legislation, as these are highly contaminant methods to lower combustion
temperatures [40]. Validation of those new designs and the need for a rapid market entry will require new

temperature measurement technologies to provide accurate data across an entire component.
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However, elimination of over-fuelling will result in higher thermal loads for components such as exhaust
valves, turbochargers, and manifolds. In order to meet durability criteria for these components, several
options are considered: firstly, more advanced, and costly materials such as Ni-based super alloys regularly
used in the gas turbine industry for regimes up to 1,050 °C, secondly, the reduction of exhaust temperatures
to 980 °C by additional cooling technologies, and, thirdly, the introduction of internally cooled components.

The latter concept is common practice in the gas turbine industry as well, as seen before.

1.2 Temperature measurement techniques

In this section, a brief review on the temperature measurement techniques employed in combustion
environments are outlined. These methods, can be found in the literature classified as contact, optical,
intrusive and non-intrusive [41]. Furthermore, for turbomachinery components, these can be divided into
on-line and off-line techniques. On-line methods obtain temperature information during operation, while
off-line techniques record the thermal history, mainly maximum temperatures, which can be obtained after
operation. Off-line readings are exploited in maintenance monitoring, durability verification, and in

dedicated tests to feed and verify numerical simulations [35,42].

1.2.1 On-line temperature measurements

1.2.1.1 Thermocouple thermometry

Thermocouples are considered the benchmark in the industrial temperature sensing field. Among their main
advantages are their simplicity, robustness, and low cost. They cover a wide range of temperatures, and
their working principle is based on the Seebeck effect. This describes the voltage generated between two
conductive metals, such as nickel, chromium, or aluminium, both exposed to the same reference
temperature. As shown in Figure 1.2 below, T, represents the temperature to be measured, where the ends
of both wires are joined in a junction. The reference temperature is held at a different point in the wire, and
the electromagnetic force generated between the wires will be proportional to this temperature difference.
Therefore, thermocouples are self-powered and accurate, depending on the type considered (K, N or S, for
example) and the manufacturer [43—47]. Properly designed thermocouples can demonstrate accuracies of

+/- 1 °C, measuring temperatures from -270°C to 2,300 °C, such as chromel/alumel systems [7].

Measuring Reference Temperature
Junction Junction Reading

Metal 1 ° °
T, /

.< T, || e

Metal 2
AN @ @

Figure 1.2 Schematic diagram of a bi-metal thermocouple, consisting of two dissimilar metal wires joined in
one extreme, where the temperature is measured, and connected through a reference junction to a reader.
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Thermocouples are considered an intrusive technique, since they have to be either in contact or embedded
in the medium whose temperature is under measurement. In gas turbines, thin film thermocouples can be
employed for temperature measurements within the super-alloy metal of the blades [48—50]. Theses can be
used at temperatures higher than 1,000 °C. However, one of the main limitations of thermocouples is the
voltage drift at high temperatures [51-53]. Numerical methods are used to study this deviation, which is
often considered a systematic error [54,55]. Additionally, temperature measurements near the surface of
the metal are quite challenging, since the hot gas path is normally protected by Thermal Barrier Coatings
(TBC’s), which are quite fragile. Placing thermocouples within these protective layers is quite demanding
and costly. Even if standard thermocouples are installed on the surface of a component in the hot gas path
of a turbine, the measuring tip can protrude from the TBC layer, disturbing the gas flow. The recorded

temperature would suffer an increased associated error as well.

While widely used in industry, alternative techniques to thermocouples are desired in rotating components,
such as turbine blades, where Non-Destructive Testing (NDT) methods are highly valued as well [56-58].
Thermocouples provide point measurements, so that in order to monitor a large area, a large number of
sensors are required to be installed. Connecting more than a single thermocouple on a relatively small area
remains notably challenging, particularly on rotating components. Remote, off-line, and non-contact
temperature measuring methods are considered not only in these cases, but also in nuclear reactors, where
even thermocouples face increasing challenges such as transmutation by neutron irradiation and subsequent

drift and de-calibration, due to material degradation [59-61].

1.2.1.2 Pyrometry

Pyrometry is also known as infrared thermometry. This non-contact temperature measurement technique
relies on the observation of thermal radiation released from the surfaces of hot components. The infrared
radiation is captured by a detector, not affecting the environment where the temperature measurement is
performed. Nevertheless, the detection requires optical access, so that the power of the radiation emission
could be assigned to the temperature of the hot body. This is described in Equation 1.2, where the spectral

radiance is dependent from wavelength and temperature according to Planck’s law:

EQ,T) = e, T) 28—

kBT _ 4

(1.2)

e

Where E is the spectral radiance (in W-m?), € the spectral emissivity, 4 the Planck constant (J's), ¢ the

speed of light (m-s?), kp the Boltzmann constant (J-K''), A the wavelength (m) and T the absolute

temperature (K).

Pyrometers have been used in gas turbines for decades, both in engine development and health monitoring
[62]. The main limitation of this technique is the emissivity dependence from hot surfaces, and the emission
being in an adequate wavelength range of interest. The temperature is determined by comparing signals,

from a hot source and a “cold” (or background) surrounding object. The uncertainty of this method is
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relatively low [63,64], however it is challenging in a combustion environment where temperatures are
overall uniformly high. Radiation can be reflected from other elements in the turbo-engine, such as the
nozzle guide vanes. Additionally, the radiation can be absorbed by combustion gases, and the presence of

soot, particles and/or flames can distort the optical signal arriving to the detector.

Measurement of complex shapes remains particularly difficult, especially on ceramic-based coatings, which
are normally transparent at high temperatures. Emissivity of coatings may change during operation due to
the thermal transition undergone by the surfaces, in addition to contamination within the coating layers,
which could result in new radiation sources at high temperatures, and therefore a source of significant errors
[65,66]. Among the mitigation measures for these challenges, two-colour pyrometers could be used to
partially overcome the effect of the unknown emissivity, introducing an intensity ratio [67,68]. These
assume constant emissivity at all wavelengths, which is not the behaviour of most materials at high
temperatures. Other alternatives are single-wavelength pyrometers [69] and multi-colour pyrometers, using
three or more signals at different wavelengths to calculate both temperature and emissivity by means of

numerical fitting algorithms [70].

1.2.1.3 Thermographic phosphors

Phosphor thermometry is based on the luminescent properties of certain materials, such as rare earths
embedded in a ceramic host. These phosphors act as temperature sensors, which can be excited with
external light, emitting light as a response. This emitted light is slightly different to the excitation one, both
in intensity and wavelength range, but once detected, the emission can be corresponded to the temperature
surrounding the phosphor. Several phosphorescent properties are temperature dependent, for instance,
emission intensity and decay time, allowing thermographic phosphors to provide real time temperature
information in an operating system. The temperature range recorded through this technique goes from
cryogenic conditions [71,72] to a maximum around 1,700 °C [73], exploiting the luminescent changes in

thermally stable phosphors. A review on these can be found in references [74—77].

This technique has been traditionally exploited by doping Thermal Barrier Coating materials, such as
Yttrium Aluminium Garnet (YAG) or Yttria Stabilized Zirconia (YSZ) [78]. Rare earth optically active
ions are introduced within the coating layers, acting as temperature sensors. These doped layers can reveal
temperature profiles through the depth of the TBC [79], as well as detecting erosion and degradation of the
coating [80,81]. Ceramic phosphors are strong candidates to be used in turbomachinery, given their high
melting point [73,82], and the flexibility in deposition methods; from binding the ceramic in a paint [83] to
Electron Beam Physical Vapour Deposition (EB-PVD) [84]. However, the major disadvantage of this
technique is the need for optical access to the material during operation. If the thermographic phosphor is
deposited on an engine component, this will involve an aperture through the casing of the turbomachine,

which is not often feasible or desirable.
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1.2.1.4 Resistive thermal detectors

Resistive Thermal Detectors (RTD) are based on the temperature dependence of the electrical resistivity of
materials. These consist of wired metal, generally platinum, under a constant electric current. The change
of the internal resistance, due to temperature variation, can be inferred by a voltage drop, showing higher
accuracies than thermocouples. However, RTD’s are intrusive and their maximum detection capabilities
are limited to 1,000 °C. Platinum is an expensive material, and their response time is slower than
thermocouples. This added to heat dissipation challenges in hot environments, make RTD’s not really

common in turbomachinery temperature measurements [7].

1.2.2 Off-line temperature measurements

1.2.2.1 Thermal paints / Thermo-chromic paints

Thermo-chromic paints or thermal paints are temperature sensor layers formed by a variety of reactive
metallic compounds, comprised mainly of cobalt, chromium, iron, lead and magnesium, which are mixed
in a liquid binder or solvent to form a paint [85]. When exposed to increasing temperatures these compounds
change colour permanently depending on the maximum temperature achieved. Heat initiates specific
reactions within the paint layer, which results in a colour change, for instance, the oxidation of iron. These
permanent changes can be observed after heat exposure [86,87], as the heat activates chemical reactions
between the metal compounds and the water molecules or carbon dioxide in the environment [88]. For this

reason, these paints are also known as colour-changing-paints.

Thermal paints are sensitive to environment exposure, in particular Red-Ox reactions, which changes the
colour of the paint after heat exposure to particular temperatures. The kinetics of the chemical reactions are
affected by the presence of oxygen and other reducing elements in the environment, which makes the
calibration quite challenging. Painted bowtie or butterfly samples are normally used to generate temperature
gradients passing electric current through the painted piece. These and other type of substrates, such as the
rectangular ones shown in Figure 1.3 below, can be heat treated at different target temperatures to obtain
a complete calibration colour chart. However, the extraction of reliable temperature information from
thermal paints remains quite challenging. Temperature reading involves complete calibrated colour charts
to be used by trained and experienced operators. Isothermal lines are often drawn on the component painted
surface, in a labour intensive and time-consuming process. The accuracy of the temperature measurement
depends on the type of paint used and the database available. Surface colour measurements normally consist
of three numbers, mimicking the trichromatic human vision, where one of these values usually estimates
the lightness of the surface. This is particularly difficult to determine in glossy surfaces, such as ceramic
paints exposed to high temperatures. In the best case scenario, a resolution of 10 °C can be obtained, while

in other cases only temperature ranges of 100 °C will be available [89].
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Figure 1.3 Thermal Paint test applied on: (a) butterfly test piece heated by Joule effect and (b) set of samples
heated in 10 °C steps, both painted with Rolls-Royce TP96 thermal paint. Reproduced with permission from
reference [89].

The exposure time to the target temperature must be carefully controlled, normally under dedicated tests
since the durability of thermal paints is quite limited above 5-10 minutes. Longer exposures, even at
relatively low temperatures, may lead to undesired colour changes that can limit the dynamic range of the
paint. These colour changes are often subtle, so that the interpretation can only be based on large
temperature changes, resulting in poor temperature measurement resolution. Efforts have been made to
automate the interpretation, using colour models such as Red-Green-Blue (RGB), but external parameters
such as ambient lightning can complicate the interpretation of colour changes in complex-shape

components [87].

Additionally, thermal paints contain hazardous elements, such as chromium, lead, nickel and cobalt, that in
contact with the human body may lead to heavy metals intoxication [86]. Current European Union
legislation on chemical substances, Registration, Evaluation, Authorisation and Restriction of CHemical
substances (REACH) [90], restricts the use of such chemicals. This legislation has been set to continue in
the United Kingdom, under the instruction of the Health and Safety Executive (HSE) from the 1* of January

2021 [91]. Therefore, companies employing thermal paints are required to seek alternatives [92].

1.2.2.2 Metallurgical temperature sensors and glass-ceramic sensors

Thermally induced structural changes in a series of metal alloys can be exploited for temperature sensing
purposes. For instance, steel alloys display precipitation of certain phases after annealing, and these
alterations can be detected via magnetic methods for temperatures up to 900 °C. Monitoring the growth of
the Thermally Grown Oxide (TGO) layers is also a widely used method in industry, especially for complex

shape metallic components, such as gears. The thickness of this oxide layer is used for temperature
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determination, after metal samples are sectioned and observed under a microscope. The exposure
temperature can be inferred by mathematical models after assessing the degradation of the metal surface.
Among the drawbacks of this method are the destructive nature of this technique and the fact that

temperatures are only provided for small sections of the sample, basically point measurements.

Other off-line temperature sensors are:

e Tem-plugs, which are composed of steel alloy and shaped as small, screwed plugs. After exposure
to increasing temperatures, the steel hardness changes irreversibly, and it can be compared to
previous calibrated measurements. Typical exposures times are over 1 hour, with longer times
recommended for a full change in hardness. This technique is destructive both for the surface of
the component containing the screw hole and for the plug itself, and the accuracy is at best 3%,

being the temperature range of use between 60 °C and 850 °C [93].

e Ferro-plugs are made of duplex stainless steel, which undergoes permanent phase transformations
at high temperatures. The steel changes from an Iron phase to a Chromium rich phase, displaying
lower ferromagnetic behaviour. This can be determined with a magnetic susceptometer or a
ferritoscope. The sensitive temperature range is in a narrow interval between 400 °C and 600 °C
and the accuracies around 3 % for long exposure times, of several thousand hours [94]. Sigma-
plugs follow a similar concept, detecting changes in magnetism of intermetallic phases between
600 °C and 900 °C. In the case of stainless steel, the Curie Temperature is measured after heat
exposure, to reveal the thermal history. This method requires liquid nitrogen, and it is not normally

done in situ.

e Glass-ceramic arrays are a type of sensor based on phase transformations as well. Glass ceramics
are alkali, alkaline-earth, and transition metal alumina-silicates, obtained by quenching molten
components to room temperature. The resultant glass can crystallise sequentially upon heating,
changing in the process its optical properties. The transmittance of the glass, displayed as an array
of sensors, can detect different exposure temperatures and times. Experimental set-ups were able

to detect temperatures up to 900 °C with a resolution of 50 °C [95].

1.2.2.3 Uniform crystal temperature sensors (UCTS)

Crystal temperature sensors are based on diamond or silicon carbide cubic samples, which are exposed to
neutron radiation. This generates point defects in the internal structure of the cube, either vacancies or
interstitials. The crystals are then heat treated, causing the structure to anneal and recrystallise, so that the
lattice is swollen according to the maximum temperature seen by the crystal. This change in the lattice
parameter, dependent on time and exposure temperature, can be determined accurately using X-Ray
Diffraction [96]. Maximum past exposure temperatures measured with UCTS display an error in the range

of 8 °C, for a temperature range between 150 °C and 1,400 °C [97-99].
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These crystals are typically introduced into previously drilled holes in the surface of turbomachinery
components. The cubic samples are normally cemented into the hole, so that the crystals provide a single
point measurement near the surface of the component [100-102]. Given the hole requirement, this
technique is considered intrusive and destructive. Moreover, a large number of holes and crystals are
necessary to provide a temperature profile over the surface of a component, which may limit the application

of UCTS to dedicated engine tests.

1.2.2.4 Thermal history phosphors

Phosphorescent thermal history sensors were first suggested by Feist ez al. [103]. This technique is partly
based on the luminescence principles behind on-line thermographic phosphors, where changes in
luminescent properties are used to determine the temperature of the phosphor. In thermal history sensors,
these luminescent changes are non-reversible, so that the maximum exposure temperature is stored within
the material structure [104]. This facilitates the interrogation of the sensor after heat exposure, at room

temperatures. Therefore, the optical access to observe the phosphor during operation is no longer necessary.

These sensing phosphors can be applied on the surface of turbomachinery components in the form of a
paint, Thermal History Paint (THP), or as a coating, Thermal History Coating (THC). These two
embodiments, while based on similar principles, can be selected depending on temperature range,
durability, cost, and specific application. This technique provides several advantages over existing
alternatives. It offers a continuous temperature coverage over the surface of normally complex-shaped and
rotating components. The method does not require the destruction of the component where it is used on.
Additionally, paints and coatings show good durability, and both are REACH compliant, in other words,

non-toxic (unlike the thermal paints seen before).

Unlike thermal paints, THP’s and THC’s use phosphorescent temporal measurements. A laser source is
used to excite the coated surface, and the resulting phosphorescent emission can be detected and fitted to a
single exponential decay. The Life-Time Decay (LTD) of the decay curve is the temperature sensing
parameter, which allows the correlation to the maximum past temperature seen in a specific location. The
fundamentals of this technique are outlined in the following sections, since LTD offers several advantages
compared to colour changing paints. The LTD is a single scalar value, which can be correlated to a
temperature value, while colour changes in thermal paints require a more challenging calibration. The
temporal nature of the measurement allows certain degree of independence with respect non-uniform
excitation sources. In addition, decay curves can normally be measured with low intensity emissions, which
can happen due to the contamination of the optics of the instrument and/or the contamination of the surface
under measurement. Soot and other carbon deposits are usually present in combustion environments and

can be cleaned from the surface of turbomachinery components once these are at room temperature.
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1.2.3 Summary of temperature measurements

A summary of the main on-line and off-line temperature measurement methods is outlined in Table 1.1.

Table 1.1 Summary of on-line and off-line temperature measurement techniques

TEMPERATURE
RANGE

BENEFITS

LIMITATIONS

On-Line

Temperature Measurement Techniques

- Transient temperature

- Intrusive
- Point measurements.
- Access and extensive wiring required.

measurements R ’
Thermocouples | -270 to 2,300 °C - Costly wiring installation
- Fast on-line measurement ) B(_)fr;-dlnlg to .cerarﬁlc surfac.es
recordings. - Difficult to install on rotating
components.
- Calibration required.
- Transient temperature - Optical access required.
measurement - Sensitive to other sources of radiation
Pyrometry Below 3.000 °C - Remote temperature - Difﬁcul.ties i_n measurements due to
’ measurement change in emissivity, translucency and
- High speed measurements thickness of ceramic coatings and
- Wide temperature range cleanness of optics
- Independent of emissivity - Decreasing signals with increasing
temperature.
Thermographic - Surface measurements - Bonding and attachment of phosphors
phosphors - 160 to 1,700 °C possible with good resolution to required surface.

- Robust against strong light

- Semi-intrusive
- Requires optical access to component,
- Not-fully developed.

Off-line Temperature Measurement

Techniques

- Limited durability of paint
- Toxic constituents
- Time consuming interpretation and

Thermal Paints Up to 1,200 °C - Surface temperature profile calibration
- Subjective and complex
measurements
- Poor resolution
- Intrusive
Crystal - Small dimensions - Point measurements.
Temperature 150 to 1,450 °C - Wide temperature range - Difficult calibration, dependent of
Sensors - Good accuracy precise data acquisition
- Laboratory equipment required
- Non-destructive
. - Surface temperature profile - Semi intrusive technique
Thermal history 200 to 900 °C - Non-toxic cgnstituenlt)s !
phosphors

- Materials to be used as a
paint or as a coating.

- Under development

32




Daniel Castillo-Gutiérrez

1.3 Objectives

Temperature measurement techniques are important in turbomachinery. From the available methods
mentioned in the previous sections, thermocouples are the benchmark in the field, given their relatively low
cost. Other techniques such as thermographic phosphors, used for on-line surface temperature
measurements, have been an active research field for the past 20 years. However, these methods are difficult
to implement, and off-line techniques are often used alternatively. Recent methods such as off-line
thermographic phosphors, or thermal history sensors, were first proposed by Feist ez al. in 2007 [103] as a
potential temperature sensing alternative to be used as a coating or as a paint. Both embodiments have been

investigated since then.

This investigation focusses on Thermal History Paints (THPs) as an easy-application surface temperature
measurement technique, with a lower cost than the alternative Thermal History Coatings (THC’s) [105].
Recent work on THPs include the investigation by Araguas-Rodriguez [106], as well as, the proof of
concept by Rabhiou [104]. Both authors focused on the temperature range 200 °C to 900 °C, showcasing
the benefits of THP’s as a more accurate alternative to thermal paints. However, as the efficiency trend in
turbomachinery is extending to higher temperatures, the development of a new version of THP for reliable
off-line measurements at temperature higher than 900 °C will result beneficial both for the industry and for
the reduction of global emissions in automotive and power generation. This thesis will focus on the
development of THP examining the formulation suggested by Araguas-Rodriguez [106], selecting the
appropriate phosphorescent element, as well as selecting a high temperature liquid binder to embody a new
paint formulation able to reach high temperature regimes, above 900 °C. Several binders will be tested as
carriers of this phosphorescent element, and sprayed on metallic surfaces, such as stainless-steel and nickel

alloys as a first approximation to an industrial application.
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1.4 Thesis outline

The structure of this thesis reflects the objectives outlined in the previous section.

Chapter 2 includes an introduction of the theoretical principles in luminescent materials, and how these are

used in temperature measurements.

Chapter 3 provides a review of phosphorescent materials used as thermal history sensors, as well as the
main concepts behind thermal history mechanisms. Once a thermal history sensing mechanism has been
selected, the adequate material selection of pigment and binder is considered for the development of

Thermal History Paints (THPs).

Chapter 4 focuses on the materials and methods used during this work. These include a description of the
pigment and thermal history paint manufacturing, the instrumentation used for luminescent measurements,

as well as the material characterisation techniques employed.

In Chapter 5 the results obtained during the selection and testing of high temperature materials, including
the current version of thermal history paint are presented and discussed. Several binders, to embody the
THP were evaluated, as well as modifications of the pigment, and several interlayers between the THP and
stainless-steel substrates. In Chapter 6, the main outcomes of Chapter 5 are applied to generate a new

formulation for a high-temperature thermal history paint.

Lastly, Chapter 7 provides a summary of the main conclusions reached during this thesis, which are used

to outline the suggested recommendations for future work.
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2 Fundamentals of luminescence

Photoluminescence is a physical process consisting of the absorption of light in a material, after which light
is re-emitted from within the material at a different wavelength. These luminescent materials, responsible
for the photoluminescent process, are efficiently excited by low-wavelength light, in the Ultra-Violet (UV)
and visible ranges. Once the material is excited, radiative emissions from within the material can be
immediate or extended in time. Luminescence lasting less than 10 seconds is usually referred to as
fluorescence, while longer decays are classified under phosphorescent processes [107]. Since the
investigated luminescent materials in this work show lifetime decays in the range 10~ to 10 seconds, the

name phosphor is considered throughout the text referring to the luminescent materials employed here.

This chapter contains a brief introduction on the physics governing the luminescent processes, followed by
the dependence of optical luminescent properties and temperature, which is considered the basis for
phosphor thermometry. Finally, the main methods used to perform temperature measurements with

phosphors are outlined as well, i.e., temporal luminescence (lifetime decay) and spectral methods.

2.1 Energy levels and luminescence theory

Phosphorescent materials contain small quantities of transition metals or rare-earth ions. These are the
elements responsible for the photoluminescence process. The excitation of these luminescent materials, is
achieved by low-wavelength (high energy) light, where the absorption is more efficient [107]. In Figure 2.1
below, the excitation and emission of a luminescent ion (A) within a material is shown for light in the
visible range. In this example, green light is used for the excitation, while the ion re-emits red light, which
is at a higher wavelength. The energy diagram, also in Figure 2.1, shows the process for the electrons in
the dopant luminescent ion. The excitation light promotes the electrons to a higher energy state, A*. When
the excitation ceases, the electrons return to the ground energy states via two competitive processes, either
radiative or non-radiative. If the optical properties associated with the emission are temperature dependent,

the luminescent material is considered a thermographic phosphor.

1 Non-Radiati )
\ ?{2|a:atli1,l1ve — A* (Excited States)

Excitation
Emission

1

Radiative Relaxation
Or Emission

Energy (a.u.)

A (Ground State)

Figure 2.1 (Left) Excitation, emission, and heat release of a luminescent ion, A, in its host lattice.
(Right) Excitation and relaxation transitions in an energy diagram.
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The luminescent process occurs in the electronic shell of the luminescent ions. Three variables describe, in

quantum mechanics, the movement of electrons around the nucleus [108]:

e The Hamiltonian operator (H) describes the kinetic and potential energies in the system, through

the time and coordinates of the electrons and nucleus.

e The wavefunction (#;), describes the movement of the particles in coordinates and time. The square
modulus of the wavefunctions (I¥; I?) expresses the probability distribution of an electron within a

determined space region. This is called an orbital.

e The quantified energy (E;), associated with a specific wavefunction and independent of the

coordinates.

These quantities are related by the Schrodinger equation below, with which the energy states of the

electronic shell of an atom can be determined:

H W =E ¥, 2.2)

Here H corresponds to the Hamiltonian, £; the energy eigenvalues and ¥; the wavefunction of the electrons.

The solutions of the Schrodinger equation are pairs of wavefunctions (¥;) and energy values (E;). The
wavefunctions describe the atomic orbitals. Each orbital can be defined by a discrete energy, £;. The
quantum mechanics of these energy levels and the interactions in the electronic shell are described

extensively in reference [109].

The Hamiltonian operator (H) describes the kinetic and Coulombic interactions between the outer electrons
and the nucleus, as well as the spin-orbit coupling. Energy splitting caused by Coulomb interactions is in
the order of 8,000 cm™!, while spin-orbit coupling represents a finer splitting in the order of 1,000 cm™!
[110]. The order of magnitude of this splitting is represented in Figure 2.2, for the Eu*" ion. The
Hamiltonian also takes into consideration the ion within a crystal structure. This is the crystal field
Hamiltonian, where the ligand ions in the crystal are considered point charges. However it is generally
considered than lattice vibrations will not affect the central atom, since electronic motion is faster than the

ionic motion (Born-Oppenheimer or adiabatic approximation) [109].

The three quantum numbers describing the energy levels are the principal quantum number, 7, the shape of
the electron orbital, /, and the orientation of the electron orbital, m. The principal quantum number (7) refers
to the overall energy of the electron, describing it with integer values. / represents the orbital angular
momentum and takes values /=0,1,2, ... (n-1). m; is the z-component of the angular momentum with values
in the range [-/, -(/-1), -({-2), ..., ([-2), (I-1), []. m,s represents the z-component of the spin angular
momentum, s, and takes half integers to describe the orientation of the spin. These are expressed as + or -
Y. Alternatively, the representation of the orbitals considers the total angular momentum j=/+s. This and
its z-component are characterized by the quantum numbers j and m;, respectively. The number j takes values

[+ % or /- . On the other hand, m; values are in the range [-j, -(f-1), -(j-2), ..., (j-2), (j-1), ] [109].
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In atoms containing several electrons, multi-electron states can be defined by a set of total quantum
numbers: L, S, M; and Ms; or alternatively L, S, J and M;: Pauli’s Exclusion Principle applies to electrons

within the same atom, as two electrons cannot occupy identical states or have identical quantum numbers.

e [ is the total orbital angular momentum quantum number and takes values L=0,1,2...or S, P, D, F.

e M, distinguishes the orientations of L and takes the values in the range [-L, -(L-1), -(L-2), ..., (L-
2), (L-1), L]. Ms and M; follow similar rules as M;.

e Sis the total spin quantum number and takes half integer values.

e Jis the total angular momentum quantum number that represents the spin orbit coupling, and it is

represented by a non-negative integer or half integer value.
J=L+S8L+S-1,...,IL-S (2.6)

The value 25+1 is termed multiplicity, and it accounts for the electron pairing with the same orbital, relative
to the orientation of their spins. For example, two electrons with paired spins cancel each other, and the net
spin is zero. This case is called a singlet. If the two spins momenta add together, the net spin is not zero,
and this case is called #riplet. The energy levels of the outer electrons in a free atom can be classified by
the term symbols including these numbers. The symbols adopt the form 25*1Ly, where L, S and J are the
total quantum numbers described before. These symbols are used in optical spectroscopy for identification
of electronic transitions in the absorption or emission of photons. In the case of europium, the electrons are
arranged following the configuration of xenon, then filling the 6s* orbital, where the two electrons contained
are a singlet, and in the 4f’ orbital, where the spin of the seven electrons add their momenta in a triplet.
More details on quantum mechanical selection rules can be found under references [108,109].
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Figure 2.2 Diagram of energy level splitting of Eu®* (4f%), from interelectronic configuration terms, through
spin-orbit coupling levels, to crystal-field sublevels. Extracted with permission from [111].
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As seen before, absorption and emission processes occur in luminescent ions within solid structures.
Luminescence processes take place, energetically speaking, within the band structure of a material,
normally in the band gap between the conduction and the valence bands (depending on the electronic
configuration of the luminescent element). Dorenbos and other authors have explored the band structure of
luminescent ions in several publications [112—-114], studying the effect of the host surrounding the

luminescent element, as well as the exposure to temperature of the luminescent material.

Electronic transitions can be characterized not only in energy diagrams, but also in the luminescent
absorption and emission spectra of luminescent materials. As shown in Figure 2.3 below, the electronic
transitions from ground states (A, D, E) to excited states (B, C) and vice versa, can be attributed to specific
wavelengths in the optical spectrum (A1, A2). Effects such as the appearance of excitation bands or the
broadening of emissions peaks, observed in the luminescence spectra, can be attributed to changes in the

electronic splitting, and therefore to changes in the solid structure of the material.
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Figure 2.3 Luminescence process shown for example energy levels, including emission spectrum, extracted
from [115] with permission via CC-BY-NC-ND 3.0.

2.1.1 Dynamics of excited states and electronic transitions

When an energy pulse, such as excitation via laser, interacts with an electron in the structure of a
luminescent material, this can be promoted to an excited energy state. Subsequently, after excitation, the
electron returns to the ground energy state through a combination of radiative and non-radiative relaxations.
These involve the emission of photons and phonons, respectively. Both relaxations constitute a competitive
energy process, whose probabilities depend on the electronic characteristic of the luminescent elements,
such as the energy gap between valence and conduction band, as mentioned before. Generally, light
emissions from radiative relaxations have their origin in elements with significantly separated energy levels
between excited and ground states. Luminescent elements with a large energy gap have a high probability

of radiative decay occurring, while the probability of a non-radiative decay is low [116].
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2.1.1.1 Selection Rules

Electronic transitions are governed by a set of quantum mechanical selection rules. These determine
whether a transition is allowed or forbidden, according to the conservation of the total angular momentum.
When a radiative transition occurs, a photon of spin 1 is absorbed or emitted, forcing the electron to an
energetic transition compensating for the change in angular momentum [117]. The probability of radiative
transitions between electronic states are determined by the quantum mechanics selection rules. In practice,
these rules are less strict, given the influence of the crystal field and spin-orbit coupling. It can be considered
that a forbidden transition has a low probability, while an allowed transition has a high probability of
occurring [108—110]. Further exploration of the selection rules can be found in text books such as

Henderson and Imbusch [109].

For example, Charge-Transfer (CT) transitions are allowed by the selection rules in most of the luminescent
elements [107]. The process results in a broad absorption band at lower wavelengths, around 300 nm, as
shown in Figure 2.4 below for the Eu®* ion in Y,SiOs. The absorption spectra shown below corresponds to
the change in spectral intensity plotted over the excitation wavelength, while keeping the observation
window fixed. This can be achieved with two monochromators, as explained in reference [109]. However,
this CT provides additional non-radiative routes that could quench the luminescent emission. Excitation at
high energies could affect the luminescent transitions at higher wavelengths, normally forbidden by the
selection rules. This quenching mechanism was first suggested by Fonger and Struck [118], as an additional
electronic state could be found in the 5d orbitals of rare-earth ions, after the promotion of an 4f electron
into a 5d orbital. In this thesis, all excitation and detection were performed in the visible range to avoid

undesired quenching, as well as to keep laser light visible and safe.

—4&— Obs. 614 nm (Offset)
—e— Obs. 620 nm

Offset Normalised Intensity (a.u.)

T T T T T 1
300 350 400 450 500 550

Wavelength (nm)
Figure 2.4 Absorption Spectra of Eu' in Y2SiOs at ambient temperature, after 30 min heat treatment at 900 °C.

Observation windows kept at 614 nm and 620 nm, shown with an offset for visualisation. Spectra provided by
Phosphor Technology Ltd. [119] from samples produced by Sensor Coating Systems Ltd. [105].
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2.1.1.2  Crystal Field Effect

Luminescent ions under external influences, such as the particles of the surrounding host structure, will
create splitting and shifting in the luminescent emission spectrum. This is known as the Stark effect [109].
The magnitude of this splitting has been determined in the order of 200 - 600 cm™! for ceramic oxides doped
with lanthanide rare earths [110,117,120,121]. The crystal structure has an effect on the Stark splitting, but
elements within a similar symmetry class will experience identical splitting. For example, transitions for
all monoclinic groups will be the same, but selections rules may vary in different point groups depending
on the number of allowed transitions. Generally, a low symmetry leads to a more relaxed set of selection
rules, and therefore an increased number of allowed transitions. In other words, a specific point group with

very low symmetry can result in allowed transitions by the selection rules [122].

The Stark level and sublevel splitting has effects on the optical emission spectrum, as shown in Figure 2.5
below. Identical Stark splitting, as in an idealised perfect crystal, Figure 2.5 (a), will produce well defined
spectral lines and narrower spectral peaks. On the other hand, different ground state levels, such as the ones
shown in Figure 2.5 (b), will result in slightly different relaxation transitions, which will generate broad
spectral bands. This differentiated broadening due to Stark splitting is commonly observed when comparing

crystalline and amorphous host materials.
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Figure 2.5 Schematic representation of Stark splitting and broadening effect of optical emission spectrum. An
idealised crystal with identical sites is shown on the left (a), while different randomised Stark levels are shown
on the right (b). Reproduced from [115] with permission via CC-BY-NC-ND 3.0.

2.1.1.3  Energy Transfer

Phosphors contain small amounts of optically active elements. The host lattice can be considered a passive
layer surrounding the luminescent centres, but nevertheless defining the location of the luminescent ions,
and having an influence on the emission observed. The luminescence process in a phosphor can then be

unfolded in the following steps, graphically represented in Figure 2.6:

1) Excitation
2) Absorption
3) Energy transfer

4) Emission
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Figure 2.6 Luminescent process including energy transfer for luminescent ions A and D within a host structure.

Luminescent ions in a phosphor are surrounded by other luminescent ions, either identical or not. The
probability of energy transfer between an excited centre, or donor, and a secondary centre, or acceptor, will
depend on the proximity of both ions. As a response to incident light, the centre D, absorbs the excitation
energy, reaching an excited state. This centre D* could relax to its ground state, transferring its excitation
to the secondary centre A, which will reach its excited state or A*. This second centre can relax to its ground

state either radiatively, as shown in Figure 2.6, or non-radiatively, by emitting a phonon.

Energy transfer between optically active centres is strongly dependant on the separation distance between
two centres since this mechanism can only take place if some interaction between donor and acceptor
centres exists. A high concentration of luminescent ions within the host will result in an enhanced light
absorption and emission, as the absorption efficiency increases [116]. However, at a particular
concentration, the optical centres are at a critical proximity to each other, and the luminescent emission will
decrease. This concentration is known as quenching concentration and becomes effective if the centres are
in a nanometric distance range, when the average distance between the luminescent centres favours the

energy transfer.

The host material defines the optical path-length the excitation light travels. The excitation energy can
migrate to a large number of centres, until the transfer finds a defect or impurity, which acts as a acceptor,
relaxing the excitation to ground state by multi-phonon emission or cross-over relaxation [116]. Lattice
phonons can also assist this process, particularly if these contain the appropriate energy. Then, the process

is termed phonon-assisted energy transfer [116,123].

2.1.2 Luminescent Materials

The energy levels and emission characteristics of a luminescent material depend on the selection of the
luminescent element. Transition metals and rare-earth ions are the most common luminescent ions in
phosphor design. The metals consisting of the 4™ period in the periodic table, from scandium to manganese,
are used as phosphorescent elements, predominantly manganese [124] and chromium [125,126]. However,
lanthanide rare-earth ions included in the 6 period of the periodic table are predominantly used [107],
given their stable luminescent properties, independent from the surrounding environment, compared to

transition metals [127].
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2.1.2.1 Transition Metals

Transition metal ions from the 4" period of the periodic table incorporate unfilled 3d electronic shells,
whose electrons are responsible for radiative transitions. This outer shell has a strong crystal field
interaction, and therefore the energy levels involved in radiative transitions depends on the electronic
configuration of the ion, 3d", and the strength of the crystal field. This dependence between the energy
levels and the crystal field strength is represented in the Tanabe-Sugano diagrams [107,109], where the
different ions, 3d" (n=2...8) are represented for an octahedral crystal field. These diagrams permit the
analysis of the emission spectra of a transition metal ion in different host materials, where the visible range
spectrum is limited to the 3d® and 3d° configurations. As a consequence, the transition metals used in
commercial phosphors are Cr*" and Mn*', with a 3d*> outer shell, and Fe*', which includes the 3d°

configuration [107].

2.1.2.2 Rare-Earth Ions

The rare-carth ions used in luminescent materials are mainly lanthanide elements found in the 6™ period of
the periodic table. Their electronic configuration shares the structure [Xe] (6s?) 4" (5d'), where n ranges
from 1, in the case of cerium, to 14 for lutetium [122,127]. This characteristic electronic structure ensures
an isolation of the 4f orbitals, shielded by the 5s and 5p shells, lowering the influence of the surrounding
crystalline field. These lanthanide elements keep a similar energy level diagram either in a compound or as
a free ion. The main energy gap of these lanthanides can be represented in Dieke diagrams such as the one
shown in Figure 2.7, where energy gaps prone to radiative relaxations are marked with inverted triangles
and blue shadowing. Further elements can be consulted in an expanded version of this diagram in the
thermometry publication by Chambers and Clarke [128], as well as the original publications by Dieke
[129,130] and further modifications by Carnall et al. [131-134].
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Figure 2.7 Dieke diagram for some rare earth ions. The blue shaded area represents the energy gap between
the principal radiative energy level and the highest energy ground state. Extracted with permission from [135].
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Light emission from trivalent rare earth ions occurs between 4f energy levels with large energy gaps
between valence and conduction bands. This gap is rarely bridged by phonon emissions, for example the
Do = 'F; transition of Eu**. Additionally, electronic transitions leading to luminescence are mainly electric
or magnetic dipole interactions. While magnetic dipole transitions are parity allowed and generally not
affected by the surrounding environment [122], electric dipole transitions in the 4f energy levels are
forbidden for free ions. These transitions only become partially allowed by mixing orbitals in a randomized
host crystal field. Therefore, the emission intensity from these transitions depends on the site symmetry of

the host lattice and the selection rules applicable to a particular transition considered.

2.2 Temporal Luminescence

The luminescent response of a phosphor in terms of time, or time-resolved luminescence, represents an
interesting sensing parameter for the thermal history of a material. As previously introduced, the relaxation
from the excited state to the ground state happens either via radiative decay or non-radiative decay. This
two-level system can be described mathematically in terms of time, for a population of N excited ions over

a time ¢, given a probability of depopulation of the excited state, P [107]:

ON(t) _
at

P-N(t) (2.7)

Solving this differential equation and splitting the probability of depopulation into radiative and non-
radiative, the following exponential expression is obtained, where N, corresponds to the number of excited

ions at =0.

N(t) = Ny-e Pt = N, - e"(PrRTPNR)T (2.8)

Therefore, these probabilities of depopulation can be expressed in temporal terms as the inverse of the
luminescent decay time. The parameter z can be found in the literature comprising both depopulation

processes as Life-Time Decay (LTD), also expressed as 7.

1
= — (2.9)

1
T = - =
P PRr+PpNR

The number of excited electrons in N(?) can be linked proportionally to the number of emitted photons and
therefore the intensity measured with an adequate instrument. The decay can be rewritten as it is shown in
the following expression, where 7 corresponds to the time elapsed between /=Iy and I=I/e, this is 36.8%

of the initial intensity.
1(t) =1, e~ (/D (2.10)

The Life-Time Decay (LTD) is frequently used to describe phosphorescent behaviour and it is routinely
measured for a variety of applications [122,136]. This life-time of the excited state is a key property of the
phosphorescent emission, and while for allowed emission transitions this time is short (107 to 10® s), for

forbidden transitions in solids this life-time is much longer (in the order of 107 s) [107].
43




Daniel Castillo-Gutiérrez

The equations above show single exponential behaviour. However, luminescent emission is a complex
phenomenon, usually exhibiting multi-exponential decays. Single exponentials can be easily identified as
straight lines on logarithmic scale plots, while multiple lines indicate a multiexponential behaviour which
are transformed into scalar lifetimes [106]. One of the reasons behind the multi-exponential behaviour are
the discontinuities in the crystal lattice of the ceramic host, where the luminescent element is contained.
These defects and impurities increase the probability of a non-radiative relaxations, which could affect the
exponential behaviour of the decay curve [109,123]. For example, residual precursors from the ceramic
synthesis, such as water molecules, have also high phonon energies, which could transfer the excitation of
the rare-earth and release it through a nearby O-H bond, quenching the luminescent emission of the

phosphor [137].

2.3 Summary of Luminescent Concepts

e Luminescent properties for temperature measurements are included under the category of
phosphorescent processes, which are slower than fluorescent transitions. Temperature
measurement techniques using phosphors are known as Thermographic phosphors or Phosphor

Thermometry Techniques.

e The processes of excitation and emission are covered both from an energetic point of view and
from the observations in the luminescent spectra of phosphorescent materials. Effects on the

luminescent processes such as the crystal field splitting, and energy transfer are described as well.

e Phosphors used for thermographic measurements are mainly based on rare-earth ions in a solid host
structure. Energy diagrams were introduced to understand the luminescent properties of
luminescent materials. The energy level splitting, in particular of the 4f levels of rare-earth ions,
were discussed, describing the forces acting on the electrons, both from within the atom and the

crystal lattice.

e Temporal luminescence was described as the result of radiative and non-radiative relaxation
processes, after excitation. The probabilities of these two processes, based on the electron-phonon
interactions, are temperature dependent. Non-radiative transitions are the basis of thermographic

measurements since temperature affects probability of phonon relaxation.

Lifetime decay measurements and to certain extent emission spectra are the parameters used for
temperature determination during this thesis. These correspond to the emitted light as a function of time
and wavelength, respectively. Temporal luminescence in particular, was proven as a powerful tool to

determine the thermal history of luminescent materials after heat exposure.

44



Daniel Castillo-Gutiérrez

3 Review of phosphorescent thermal history sensors

Feist, Nichols and Heyes were the first promoters of the concept of phosphorescent thermal history sensor
as it is known today [103]. A thermal history sensor reveals the maximum temperature it has been exposed
to, by measuring its luminescence properties after heat exposure, at ambient temperature. Thermal history
sensing is based on the permanent physical or chemical changes, happening within the sensor material with
increasing temperature. These changes can be measured objectively and quantitatively with luminescent
methods, either spectroscopic or temporal. An initial classification of phosphors can be done considering

ceramic hosts and luminescent ions. Some reported in the literature are shown in Table 3.1 below.

Table 3.1 Thermal history sensors, classified by host and luminescent ion as reported in literature.

Luminescent ion Host structure

B Al O3 [138], ZrO, [139], YAG [140], Y2053 [141,142], YVO4 [143],
CaY1Siz012 [144], BAM[117,145]

Er* Si0; [146], ZrO, [147], GdAIO; [148], Gd,Ti,O7 [149], YSZ [150,151]

Tb** Y203[138,141], Y2SiOs [152-155]

Pr’* PbO-Sb,03-B203 [156]

Ce** YAG [157]

Dy** YAG [115]

Other examples of materials that could be used for thermal history purposes are displayed in the original
patent by Feist, Nichols and Heyes [103]. Investigations on Thermal Barrier Coatings (TBC’s) have also
led to the discovery of thermal history sensors. This was the case of YSZ: Sm**[158,159], explored by Pin
et al. in collaboration with Southside Thermal Sciences, STS Ltd. [159], the precursor company of Sensor

Coating Systems, SCS Ltd. [105].

This chapter aims to give an overview on materials and mechanisms used in thermal history sensing. The
first section contains a list of criteria for the development of a high-temperature thermal history paint,
followed by a summary of the pigment sensing mechanisms and a review of high temperature commercial
binders and deposition methods. These will proof the robustness and versatility of phosphorescent materials
and methods as superficial thermal history sensors. For example, some of the sensors reported in Table 3.1
show an increase of the emission intensity with increasing temperature. This can be considered a thermal
history sensing parameter since the emission intensity has its origin within the material structure. The
amorphous, or semi-crystalline, structure present in a material at low temperatures, normally delivers a low
intensity signal. An increase in the degree of crystallinity, after heat exposure, will significantly increase
this intensity of the emission signal. In parallel, emission spectra from the luminescent ions will show
sharpening of the emission peaks, and lifetime decay readings will also increase after heat exposure. In
summary, sensing parameters based on luminescence offer a great deal of detail on the thermal history of a

material.
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3.1 Definition criteria for thermal history sensor

In this section, criteria for successful thermal history sensors are introduced with a view to develop Thermal
History Paints, THP’s. These are composed of a phosphorescent pigment mixed into a liquid binder or
carrier. The pigment presents quantitative measuring features, while the binder provides a medium for the
pigment to be applied. Paints are usually sprayed, which implies a liquid structure being atomized into

small droplets to be deposited on the surface of interest.

Thermal history sensors can be defined by the final use, such as operational conditions and temperature
range covered. The sensing capability of the luminescent thermal history pigments, which are used not fully
crystallised, would be a critical parameter, since a high temperature working range is preferred (above
900 °C), to cover the current trends in the industry. Other selection criteria for high temperature paints are

summarized below:

o The new version of THP should have non-reversible, gradual temperature sensing capabilities
above 900 °C, which should reflect on the luminescence properties of the history sensor. Therefore,

easily made luminescence measurements should be observable before and after heat-treatment.

e The pigment should be chemically inert and preferably, remain unresponsive to the surrounding
environment, except for temperature sensing purposes. The substrate and the THP share a large
surface of contact, compared to the volume of the paint. The interphase between the two materials
is where reactions will have a bigger impact. In the case of the pigments embedded in the paint,

interactions with the surrounding binder can also be detrimental to thermal sensing purposes.

e All materials conforming the sensor must be safe to handle and REACH compliant [160], unlike
alternative colour-changing thermochromic paints. Reference legislative guidelines are available
through European Union REACH legislation and through the United Kingdom Health and Safety
Executive [161], where chemicals can be evaluated in terms of toxicity, hazards to the environment

and safe handling.

e  While heat exposure will influence the crystallization of ceramic phosphor materials, the required
sensor should have a high sensitivity to the maximum temperature reached, and a low sensitivity
to the duration of the heat exposure. Both effects should preferably be easily deconvoluted by an
appropriate calibration. A material system consisting of irreversible and gradually changing
crystallographic phases, having an influence in the luminescent properties, is envisioned as an ideal

sensor for a wide temperature range.

e The sensor, when applied as a paint, should permit an easy deposition over complex shapes. This
would enable the representation of temperature information over 3D plots. Thickness should be
kept to a target 30 um, for dry films, in order to minimize thermal gradients through the thickness

of the paint, while guaranteeing good emission intensity through a wide temperature range.
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e Thermal history sensors in the form of paint should remain attached to the required substrate at
temperatures above 900 °C for at least 30 minutes. No clear degradation of the paint should be
visible. This includes paint turning to dark colour that may undermine luminescence measurements,

such as, bubbling, dispatchment from the surface and/or melting.

e Preferably, luminescent excitation and emission should be in the visible range in reason of safety

requirements when taking luminescent measurements.

3.2 History sensing mechanisms

Different thermally driven processes have been identified as cause of permanent changes in a
phosphorescent material. Feist, Nichols and Heyes introduced some of these mechanisms [103], which have

been further exploited with the view to develop robust thermal history sensors.

3.2.1 Thermal damaging mechanism

The term thermal damaging embodies different luminescence sensitive processes occurring in the structure
of materials with increasing temperature. Luminescent properties are sensitive to gradual structural changes
before full crystallization in metals and ceramics, but irreversible changes are not normally exploited for
temperature sensing purposes. However, luminescent properties can be tailored to exploit changes beyond
crystallization. This is the case of phosphor oxidation, which depends on the valence of the luminescent

ion. Table 3.2 below lists common luminescent elements and their valence states.

Table 3.2 Stable valence states of common rare earth ions and transition metals

TRANSITION METALS

Luminescent element | Mn Cu | Zn

Highest Valence State | 4+ 2+ | 2+

LANTHANIDES / RARE EARTH IONS
Luminescent element | Ce Pr |[Nd| Sm | Eu | Gd | Tb | Dy Er | Tm Yb

Highest Valence State | 4+ 4+ | 3+ | 3+ | 3+ 3+ 4+ 3+ 3+ 3+ 3+

A common practice to retain certain colour emissions at higher temperatures consists in heat-treating
phosphorescent materials in reducing or inert environments. This enables the luminescent ion to adopt a
particular valence state and the host structure to remain at a particular phase. This is the case of
BaMgAl;0O17 doped with Eu**, or BAM: Eu?" for short, which exhibits different emissions depending on
its oxidation state. This phosphor has been widely used in the lighting industry [162,163], and only recently
employed as thermal history sensor [117,145]. BAM: Eu?" undergoes a degradation process for

temperatures above 500 °C, which offer sensor capabilities. Its crystallographic structure consists of spinel
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blocks in which the diffusion of cations is favoured [164]. The europium ion oxidizes from Eu** to Eu**
with increasing temperature [162,165—167] and it has been speculated that the Eu, while more stable as a
trivalent ion, might migrate outside the host structure [168]. This degradation involves the reduction of the
luminous efficiency of the phosphor and a colour shift from the emission band of Eu®" to a less intense
emission from Eu** [152]. The lifetime decay also varies when measured from different ions. Reported Eu**
decays are around 1ps [169], while Eu®* lifetime decays in the same host for higher temperatures are several

orders of magnitude faster.

High temperature changes in crystallised phosphors can correspond to phase changes as well. Exposure to
high temperatures after synthesis might initiate phase transition in the host and consequently change the
luminescent properties. This has been used to the identify crystalline structure of the host [170]. Phosphors
such as CaSOs: Dy, are also subjected to thermal damage due to phase change [171]. This limits its
application in plasma displays to temperatures below 750 °C. Neodymium-doped crystals also suffer
irreversible changes when heated above 750 °C [172]. From the luminescence perspective, this
crystallographic variation is important since the symmetry of the host structure around the luminescent
dopant ion determines whether a forbidden transition might take place. The distance between the dopant
and the host molecule determines the energy of the charge transfer. For oxy-sulphates containing rare-earth
ions, the thermal decomposition at high temperatures displaces the sulphur outside the host structure,
creating a sulphur-free phosphor [173]. Another thermal history sensor studied by Rabhiou was Y»0,S:Eu
[104,152]. This phosphor contains sulphur, which is mixed with yttria in a reducing atmosphere. When heat
treated in an oxidizing environment the sulphur leaves the host to form sulphur oxide, SO;. This oxidation

changes progressively the host structure and the luminescent properties of the europium.

3.2.2 Thermally driven diffusion

Another mechanism for thermal history sensing consists of gradual, permanent changes in the phosphor
through diffusion of elements affecting the luminescence properties. These species diffuse mainly from the
substrate to the luminescent layer applied on the surface, in a time and temperature dependent process. The
most significant parameter is the incorporation of dopants, or other optically active elements into the host
matrix. The concentration of the luminescent element has a direct influence on the luminescent properties.
Metallic substrates incorporate transition metals, or even rare-earth ions, which can have a substantial effect
on the luminescent properties. These ions, once introduced in the sensing layer, may enhance, or decrease
the emission intensity or the lifetime decay values, as sensitizers or quenchers [107], respectively.
Quenching is normally induced by transition metal ions, such as Fe*", Ni?* or Co*", and can alter the
emission by energy transfer [116]. Other effect might be the absorption of the excitation light, which might
not reach the dopant ion with enough energy. The concentration of these quenchers determines the influence

on the luminescent layer.
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The impurities introduced in the thermal history layer might have different origins, emerging either from
the substrate or from an interlayer, between the substrate and the sensing layer. At high temperatures, Bond-
Coats (BC) and/or Thermal Barrier Coatings (TBC’s) are expected on the surface of components exposed
to harsh combustion conditions. Thermal history layers should be applied on top of these, as the outer layer
in contact with the hot atmosphere. Another possibility is the intentional addition of an impurity as a
compound in the sensor layer. These would diffuse at a certain activation temperature, which is the prime
factor in the diffusion process. There are several examples in the literature of this co-doping, where
impurities affect previously doped matrices [174—-176]. However, this mechanism makes the sensor highly
sensitive to diffusion of undesired elements from the substrate and/or the conforming materials of the

thermal history paint, usually ceramic host, and binder.

Some other examples on thermally driven mechanism can be found in the literature. Gu et al. [177] linked
the calcining temperature and the concentration of dopants to the emission intensity of the phosphor. At an
optimum concentration maximum emission intensity was produced, while lower or higher concentrations
quench the luminescence to lower intensities. Han et al. [178] doped the same host structure of
Lag 33(Si06)402 with Eu**, Tb** and Ce**. Varying the concentration of the three dopants, analysing emission
intensity and lifetime decays, the authors identified optimum emission points. Bhatti et al. [179] prepared
ZnS: Mn, co-doped with Cobalt, Iron and Nickle. While on its own the phosphor is an efficient green
emitter, small amounts of impurities decreased lifetime decays due to energy transfer from the host to the
impurities. These changes in lifetime decay were proportional to the concentration of the impurities. Liu et
al. [180] co-doped SrSi»O.N,:Eu** with sensitizers Ce**, Dy*" and Mn?*. This co-doping showed some

enhancement of the emission intensity, from the energy transfer between the Eu?* and the sensitizers.

3.2.3 Amorphous to crystalline mechanism

Lanthanide activators emit light from the transitions of their 4f orbitals in their electronic structure. These
are normally isolated by the 5s° and 5p° shells, limiting perturbations from outer elements [127]. In the
amorphous state, the electronic band structure is not well defined, and the crystal field is not uniform. There
is a great diversity of local symmetry, which affects the energy level distribution. This is the reason behind
the broadening of the spectral peaks and the multi-exponential character of the lifetime decays. In addition,
defects and impurities in the crystallographic structure could generate non-radiative relaxation voids. These
contribute quenching the intensity of the signal, reducing the lifetime decays. Thus, emission properties are
dependent on the crystallinity of the material. The crystallization process harmonizes this environment
surrounding luminescent ions, which can be integrated in crystalline blocks. The structural defects
disappear steadily over the crystallization with increasing temperature, increasing the signal intensity,
sharpening and differentiating emission peaks and increasing lifetime decay values [152,181]. A schematic

exemplifying this process is shown in Figure 3.1.
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Figure 3.1 Schematic of amorphous to crystalline transition. Luminescent ions displayed along the structure as
yellow dots, with excitation incident light (blue arrow) and emission light (red arrow). Lifetime decay values
indicated as T are given as examples for the two states in the amorphous to crystalline transition.

Repeated local environment in an ordered lattice can help to homogenize the energy splitting and the energy
levels of the luminescent ions. These rearrange into energetically favourable positions with increasing
temperature, where luminescent ions are in equivalent sites. This crystallization process represents a
substantial change in the local environment of the dopant ions, which consequently has an influence in the
luminescent properties as well. The reduction of the concentration of defects, normally associated with
grain growth inside the phosphor particles, narrows the emission lines and increases the lifetime decay. The
radiative and non-radiative competitive process, which determines the lifetime decay, skews towards the
radiative, as the probability of non-radiative emission is lower in a crystalline material compared to an

amorphous one.

Phosphors are routinely produced in an amorphous state [116], and then heat-treated to high temperatures
to increase their efficiency and emission intensity. Residual impurities from the production, often organic
or solvent species such as H.O, (NO;)", CO; or OH™ can quench the luminescent emission. These species
have high phonon energies, between 2,000 and 3,500 cm™', which can absorb part of the excitation radiation
and therefore reduce the energy transfer to the luminescent ion. The emission is severely quenched in

presence of these impurities.

As part of the heat-treatment, most of these impurities are not incorporated into the host matrix, abandoning
the phosphor at temperatures between 200 and 600 °C depending on the phosphor and the impurity. This
allows the phosphor to emit more effectively, making the amorphous to crystalline transition a promising
mechanism for thermal history sensing. Some of the phosphors reported in the literature under this
mechanism are reported in Table 3.3. Europium is the luminescent ion explored more extensively, with a
large temperature range exploited in different hosts. Yttrium orthosilicate (Y,SiOs) is the most common

host, employed for many luminescent ions.
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Table 3.3 Phosphors under the amorphous to crystalline mechanism for thermal history sensing, classified by
host, dopant ion and temperature range explored in the literature.

Luminescent Host structure Temperature
dopant ion range (°C)
Ce** LaPO4 [182], Y2Si05[183-185], YAG [157] 900-1,300
Sm** Gd,03 [186], YVO4 [187], Y2SiOs [188] 400-1,300

ALO; [138], ZrO, [139], Y205 [142], YVO, [143], StALO, [189],
LaPOs [182], Lu:0s [190], Gd>03 [191]. YAG [140], Ca>Y5Si04)s0»
Eu’* 500-1,400
[192], Li(MoO4); [193], ZnO [194], Las13(SiOe):0: [178], Y2SiOs

[195-203], YSZ [84,204]

Tb* Y,05[138,141],Y2SiOs [152-155] , LaPOs [182], YAL(BO3)s [205] 800-1,400
Dy** Gd,0; [186], YVO4[187], YAG [115] 400-900
Er' YVO.[187], YSZ [115,150,151] 400-800

3.2.4 Summary of history sensing mechanisms

Some of the structural changes associated to luminescence properties and used to record the thermal history

are summarized in the following list:

o Transition to a crystalline phase with temperature [170]
e Oxidation of dopant ions and thermal damaging [117,145,206]
o Diffusion of activator ions or inhibitor/sensitizers [153,174,178,179]

e Increase of degree of crystallinity [152,181,207-209]

These are considered the main mechanisms affecting the luminescence emission permanently. Crystalline
phase transitions and oxidation of dopants are part of the thermal damaging mechanism since these are one-
off transformations in the material. thermal history sensing capabilities are considered after these permanent
changes. However, thermal damaging shows some disadvantages such as the low emission intensities
obtained after thermal degradation, and the nature of structural change limiting the dynamic range in
temperature and wavelength of the phosphor. Therefore, thermal damaging has been avoided in this
investigation, focusing on the investigation of trivalent luminescent ions, not susceptible to oxidation, and

host structures with a high temperature endurance.

Thermally driven diffusion is a mechanism highly dependent on time and, particularly, temperature. The
nature of the process makes it highly susceptible to diffusion of deleterious impurities, even in the case of
co-doping. In the presence of undesired impurities, the luminescence emission might be quenched,
degrading the intensity of the signal and, consequently, result in low-quality temperature measurements.

Given these disadvantages, thermally driven diffusion was not the main focus of this investigation.

The amorphous to crystalline mechanism has shown a high potential, considering the great number of
phosphors described in the literature, see Table 3.3. Heat treatments have an effect on the luminescence

properties of the phosphor, which can be rapidly analysed by intensity ratio or lifetime decay methods. The
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increase of the degree of crystallinity is of particular interest for ceramic hosts produced via sol-gel
methods, which are inexpensive and relatively simple. Phosphors obtained by sol-gel are routinely exposed
to temperature in order to reduce the gel to a ceramic powder, allowing for a customized starting point in
temperature sensing. This is regularly reported in the literature as annealing, calcining, baking or simply

heat-treating.

Considering all the above, the amorphous to crystalline mechanism has been the preferred for this
investigation. The amorphous or semi-crystalline structures obtained from the jellification are good starting
points for temperature detection since sol-gel manufacturing involves low manufacturing temperatures,
typically lower than 600 °C. This mechanism will be used in the selection of an adequate pigment for a

high temperature thermal history paint, as explored in the following sections.

3.3 Concepts for thermal history paint

Once a thermal history sensing mechanism has been selected, the development of Thermal History Paints
requires an adequate material selection of pigment and binder. The pigment will be selected among
phosphors undergoing the amorphous to crystalline mechanism, thus phosphors with varying luminescent
properties with temperature are discussed as potential pigments. Several binders are also reviewed in this

section.
3.3.1 Luminescent pigment

Several phosphors have been explored in the literature with different luminescent properties at various
temperatures. A summary on the considered phosphors is outlined in the following sections including an

expansion on the selected pigment.

3.3.1.1 Selection of luminescent pigment

A pigment for a high temperature thermal history paint should be a phosphor among the amorphous to
crystalline category described before. A summary of the phosphors among this sensing mechanism were
introduced in Table 3.3 and some examples are described in the following paragraphs. The effects of heat
treatment on the luminescence properties of these phosphors are evaluated according to the criteria for a

high temperature history pigment and associated thermal history paint.

Lu,0s: Eu was produced in film form by Guo et al. [190]. The films were generated in a sol-gel and dip
coating process, and then heated at different temperatures from 400 to 900 °C. The heat treatments were 1
hour long, allowing the structure to crystallize. The samples were then characterized by x-ray diffraction,
where the patterns revealed a small degree of crystallinity for lower heat treatment temperatures, while
sharp and crystalline peaks were observed for the high temperature samples. The authors also accounted
for particle size growth with increasing temperature and fewer quenching elements. Lu.O; could be
included as a history sensor under thermal damaging mechanism as well, since this phosphor may be

subjected to phase transformations between 700 and 1,000 °C, depending on the particle packing density.

52



Daniel Castillo-Gutiérrez

For temperatures above 700 °C the history sensing detected with temporal response was quite limited and
the phase transformation degraded in general the luminescent emission from the europium. This phosphor

did not satisfy the high temperature condition set in the criteria.

AEu(Mo0s), phosphors, where A is a monovalent ion such as Li*, Na*, K" or Ag", were also reported in
the literature by Guo et al. [193]. The phosphors were produced through the sol-gel method, dried at 500 °C
for 5 hours and subsequently heat treated to a final temperature between 500 and 900 °C for another 5
hours. X-ray diffraction revealed an increase in crystallinity with increasing temperature, linking this to
significant variations in the luminescent properties. The emission intensity improved with temperature for
all samples, except KEu (Mo0QOs), which underwent a phase change at 800 °C, displaying a decrease in
intensity at higher temperatures. This group of phosphors displayed good structural and luminescent
evolution with temperature, in particular LiEu (M0Os),. However, the authors outlined absorption in the
ultraviolet range, which would have changed the visible range requirements of the phosphor. This phosphor

was therefore, not selected.

Gd,0;: Eu** was produced by spray pyrolysis by Kang et al. [191] in a hot-wall reactor for temperatures
between 500 and 1,600 °C. The luminescence intensity improved with increasing temperature up to
1,400 °C. At higher temperatures, a phase transition was observed, with poor crystallinity at 1,600 °C and
associated luminescent decrease. Giving the demanding production method, investigations with this

phosphor were not initiated.

ZrO,: Eu*" was also a considered as a phosphor candidate, as produced via spray drying by Quan et al.
[139]. After preparation, samples were annealed between 400 and 900 °C for 2 hours. Crystallization was
observed at 500 °C and luminescence properties were not noticeable for temperatures lower than 600 °C.
The authors assumed that the luminescent ion was not well integrated in the host structure. In addition,
below 600 °C, impurities remained present, which could act as quenchers of the luminescence. A similar
evaluation can be made for europium in Yttria Stabilized Zirconia (YSZ). This host has been recently
investigated for temperature detection via intensity ratio [204], and lifetime decay analysis [151]. In both
cases, temperature detection was restricted to temperatures higher than 800 °C. The production of YSZ was
reported by the authors as an involved and exclusive process, both for europium and erbium doped YSZ
[115,150,151]. Since the luminescent ion should remain in the host structure at lower temperatures, these

phosphors were not selected for the development of thermal history paints.

Y>0;: Eu** was produced through sol-gel by Zhang et al. [142]. The phosphor samples were heat treated
between 500 and 1,250 °C for 3 hours. At 600 °C and higher temperatures, the phosphor displayed
crystallinity, and improved luminescence was observed. Similar results were obtained for the same host
with different luminescent ions by Pilgrim, who experimented with Y,Os: Er**/ Yb** [115]. Thermal history
sensing capabilities in all cases were achieved by the change in crystallite size, which was limited to a
temperature range between 600 and 900 °C. This was considered too narrow, and therefore, this phosphor

was not selected.
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Y3Als012 (YAGQG) is a popular host for luminescent ions. It is vastly used in laser equipment, due to its stable
optical properties. This may result in a challenge for thermal sensing, however YAG has been used as a
thermographic phosphor in TBC systems [84] and tested extensively with different dopant ions [104,115].
Zhou et al. [140] manufactured YAG: Eu through citric-gel. Phosphor samples were heat treated to
temperatures between 700 and 1,200 °C. After full characterization, the authors outlined that crystallinity
and luminescent intensity improved with increasing temperatures. The emission from the phosphor showed
different patterns for low and high temperatures, which hindered a continuous temperature sensing. The
lifetime decay method was employed at higher temperatures, with a poor temperature resolution between
700 and 1,200 °C, but in all cases with consistent monotonic increase. Pilgrim [115] and Rabhiou [104]
have reported other monotonic ranges, for temperatures between 700 and 875 °C. This has been attributed
to formation of YAP phase at intermediate temperatures and therefore Y AG was not considered for a high

temperature thermal history paint.

YAI(BOs)s: Tb was considered due to its high luminescence efficiency. Yoo et al. [205] prepared this
phosphor via solid state reaction. The temperature was varied from 900 °C to 1,250 °C, and the crystallinity
and luminescence intensity investigated. Unfortunately, above 1,235 °C, the phosphor suffered phase
decomposition. This last candidate and YVO4[143,187] hosts displayed interesting temperature sensing
capabilities. However elements such as Boron or Vanadium raise toxicity concerns [160], and therefore

were discarded for a thermal history Paint investigation.

Al>;O3 doped with europium was studied by Stenders et al. [138], as a sol-gel deposited thermographic
phosphor. This phosphor was sprayed on silicon wafers, heat treated and interrogated via X-Ray Diffraction
(XRD), spectral and temporal luminescent methods. Several phases of the alumina were revealed through
the XRD patterns. At 800 °C the alumina remained amorphous, while a mix of alumina phases was detected
between 900 °C and 1,400 °C. This crystallisation of the host materials was associated with a change in
behaviour of the lifetime decay. When the phosphor was annealed for the first time, the lifetime decay
increased with increasing temperature up to 800 °C, point where the lifetime decreased with increasing
temperature. This would lead to ambiguous results if this phosphor were employed as a thermal history
sensor. Additionally, the authors considered a second annealing for this phosphor, at 900 °C, after which
the lifetime decay was obtained at higher temperatures. The lifetime decay showed a monotonic decrease
with increasing temperatures, but no thermal evaluation could be made at temperatures lower than 900°C.

This phosphor was therefore discarded for further investigation.

Yttrium Orthosilicate (Y2SiOs) has been studied in detail by several authors. Rabhiou ef al
[104,145,152,181] considered Y,SiOs: Tb a promising host candidate, since it exhibited a wide temperature
range between 400 and 1,250 °C both in powder and paint forms. The crystallization of Y»SiOs: Eu also
displays gradual and monotonic changes in lifetime decay with increasing temperature and has been studied
as a thermal history phosphor in Paints [106,210] and Coatings [208,209] for particular industrial
applications. Yttrium silicates were therefore selected for this investigation and Y»SiOs is reviewed in the

following section as pigment for a high temperature thermal history paint.
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3.3.1.2  Yttrium orthosilicate in thermal history paint

Y>SiOs shows potential as thermal history pigment due its progressive changes in lifetime decay with
increasing temperature. It can be manufactured by sol-gel means in an inexpensive synthesis process, while
offering several doping options. Yttrium orthosilicate based phosphors have been studied extensively as
temperature sensors, but not explored at the high temperature ranges aimed in the selection criteria. An
overview of the temperature sensing capabilities of yttrium silicate is outlined in the following paragraphs,

as well as the selection of the optimum doping element for the considered host structure, Y»SiOs.

Yttrium silicates, Y-Si-O oxides, are considered in the Yttrium Oxide (Y.03) — Silicon Oxide (SiO») binary
system, such as the one shown in reference [222], based in [223,224]. This system englobes two yttrium
mono-silicate phases, X1 and X2, six polymorphs of yttrium di-silicate (a, B, v, 6, y and z) as well as an
Apatite phase, Y467(S104)30, shown in the diagram as YAS. These Y-Si-O ceramics present a high melting
point, above 1,775 °C, and a low thermal conductivity, below 3 W/me* K [211,212] at temperatures higher
than 500 K. These properties have gathered interest in several industrial sectors, particularly as high
temperature multifunctional coatings. Yttrium silicates have been employed as Thermal Barrier Coatings

(TBC’s) [213], Environmental Barrier Coatings (EBC’s) [214-220] and oxidation resistant coatings [221].

Yttrium Mono-silicate, Y»SiOs, can crystallize into two possible monoclinic phases, either X1 phase in the
P2i/c space group, or X2 phase, in the B2/b space group [225,226]. Yttrium silicates are considered rare-
earth silicates, since yttrium can be substituted in the silicate structure by a rare-earth element, mainly
Lanthanides. The stability of these structures depends on the substitution of yttrium by a lanthanide ion
and, most importantly, on the temperature the silicate has been exposed to [222,227]. The X1 phase has
been reported to change to X2 phase only at high temperatures, above 1,200 °C [106,225]. This offers a
wide temperature range for thermal sensing purposes, from production to the X1-X2 phase change. A model

of a partial unit cell of Y2SiOs is shown in Figure 3.2 below.

Figure 3.2 Partial unit cell of Y2(SiO4)O. Reproduced with permission from [228], based on [227].
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To mention a few cases, Y>SiOs doped with Ce** provides an intense blue emission [184], and it is used as
a phosphor in solid state lighting and lasers [229]. Tb*" doped Y,SiOs displays efficient green emission
under electron beam and UV excitation [155], while Y,SiOs: Eu** emits in the red region and it is used for
display devices and Light Emitting Diodes, LED’s [230]. The X2 phase of Y,SiOs has been reported to
provide more intense emissions for all lanthanide dopants [226,231,232]. However, the appearance of this
phase at temperatures higher than 1,200 °C, makes it inconvenient for thermal sensing purposes. On the
other hand, the X1 phase can be synthesised from the amorphous state via sol-gel route, which is quite
convenient for a phosphor under the amorphous to crystalline sensing mechanism. While literature on the
X2 phase of Y»SiOs is more abundant [155,229,233], the focus of this investigation is on the X1 phase. A

summary of the luminescent ions found in the literature in the X1 phase of Y»SiOs is displayed in Table 3.4.

Table 3.4 X1-Y:SiOs phosphors doped with different luminescent ions under the amorphous to crystalline
mechanism, classified by dopant ion and maximum temperature explored.

Dopant ion References Maximum temperature
Tb** [152-155] 1,400 °C
Eu®* [195-203] 1,300 °C
Sm** [188] 1,300 °C
Ce** [183-185,229] 1,400 °C
) Ce / Tb [234],
Co-doping 150 °C
Ce/ Tb/ Eu [233]

Co-doping luminescent ions within Y2SiOs were discarded due to the low temperature range supported by
host and dopant system. Among the explored luminescent ions, Tb** is excited via electron beam or UV
light, which falls outside the excitation requirements under selection criteria. Similar difficulties on the
excitation wavelengths for Sm*" and Ce’* are observed, since light sources outside the visible range are
needed. Giving these practical excitation and detection requirements, europium was selected as the
luminescent ion. It has been extensively explored in the literature, can be excited in the visible range and
its luminescent parameters, spectrum and lifetime decay, can be exploited in Y,SiOs under amorphous to

crystalline sensing mechanism [111,235-243].

The energy level structure of the europium trivalent ion, Eu** is shown in Figure 3.3. Excitation from the
ground state levels is possible from a light source in the visible range, 532 nm green light in this case.
europium can also be excited with light in the UV range [196,198,199,201,244], which might result in
excitation to a higher energy level, such as °Ds. In that case, non-radiatively relaxation to the 3Dy is expected
[122]. A similar transition from °Ds to °Dy is shown in Figure 3.3. At this point, the europium energy gap
between valence and conduction band allows for a relaxation involving a radiative emission. This light

emission occurs from the excited estate *Dy to the J levels of the ground term, ’F,, where J goes from 0 to 6.
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Figure 3.3 Excitation and relaxation transitions for the energy levels of Eu®". Data obtained from reference
[122], originally published by the same author in [245].

These forbidden transitions from the excited states to the ground states give a fair amount of information
on the surrounding environment since the symmetry of the rare-earth ion within the host structure reflects
into the emission spectra. The case of the 'Fy ground state and the main excited state Dy is particularly
interesting since these states are non-degenerate and largely unaffected by the crystal-field splitting [106].
Another advantage of europium is the uncommon overlap between the separated 'F, levels during emission.
This characteristic allows to analyse structural transitions, such as crystallization with increasing

temperature.

The absorption spectrum of Y>SiOs: Eu’" has been reported in the literature as a broad band between 200
and 350 nm followed by sharp lines between 350 and 550 nm [196,200]. The broad features correspond to
allowed charge transfer transitions, arising from the interactions of the Eu** and O* ions. The sharp peaks
correspond to the forbidden f-f transitions within the Eu®". These transitions, displayed in the Eu** emission
spectrum, have already been introduced in Figure 3.3 and are further explored in Table 3.5 and Figure 3.4.
The transition Dy = ’F, is defined in the literature as hypersensitive since the emission of the europium is

more influenced by the local symmetry of the ion and the nature of the ligands [122].
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Table 3.5 Transitions observed in the emission spectra of Y2SiOs: Eu**, identification according to [122].

Wavelength
Transition Dipole Character Notes
range
Dy =2 "Fo Electric Dipole 570 — 585 nm
Dy 2 Fy Magnetic Dipole 585—-600nm | Independent of surrounding environment
o Hypersensitive transition, very
Do 2> 'F, Electric Dipole 610 — 630 nm _ _
dependent on surrounding environment
Dy 2 'F; Electric Dipole 640 — 660 nm
o Dependent of surrounding environment,
Do > 'F4 Electric Dipole 680 — 710 nm N
but not hypersensitive
SDg =2 Fs Electric Dipole 740 — 770 nm
Do =2 "Fe Electric Dipole 810-810nm | Very weak intensity

While the intensity in the emission spectra of Y>SiOs: Eu** may vary between samples and equipment used

in the literature, common trends can be identified. The transition Dy = "F, shows the most intense

emission, and given its hypersensitive nature, it marks a promising wavelength range to obtain parameters

such as lifetime decay. This and other transitions are indicated in Figure 3.4, where the emission of Y»SiOs:

Eu®" (at room temperature) are shown after excitation with a 532 nm solid state laser. The phosphor powder

sample was previously heat treated at 1,000 °C for 30 minutes. The transitions Dy = "Fo and Dy =2 'F;

show very low intensities, which can be expected for low-energy excitations in the visible range. Dy =

'Fiand °Dy > "Fj4 transitions display medium intensities, since one is a magnetic dipole transition and the

other depends on the environment, but it is not hypersensitive. A more in depth explanation on the physical

phenomena behind the emission spectra of Eu** can be found in the review paper by Binnemans [122].

Normalised Intensity (a.u.)

7F2
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Figure 3.4 Emission spectrum of Y2SiOs: Eu®’, after heat treatment at 1,000 °C for 30 minutes.
Main transitions marked according to Table 3.5. All transitions originated at Do level.
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Synthesis of Y2SiOs

Y,SiOs can be synthesized through a wide variety of methods. The choice of a synthesis route over another
can have an important influence on the structural properties of these glassy-silicate structures, in particular
Yttrium silicates. The phase diagram of the Yttrium Oxide (Y203) — Silicon Oxide (SiO-) binary system,
shown in reference [222], displays metastable phases as single vertical lines at a given composition. This
is the case of Y4.67(S104)30, apatite, which is extremely dependant on the stoichiometry of yttrium and
silicon. Phase mixtures should be carefully considered, especially for rare-earth doping of yttrium silicates.
Parameters such as Y»SiOs powder particle morphology and/or particle size, can have a great influence on
the luminescent properties of the phosphor, and therefore, their temperature sensing capabilities [222]. The
main synthesis routes of yttrium silicates are solid state, Czochralkski method, hydrothermal synthesis, and

sol-gel.

Solid state reaction involves the mixing of yttrium oxide and silica via ball milling, followed by heat
treatment at high temperatures, between 1,400 and 2,200 °C, for hundreds of hours [246—249]. The resulting
sintered particles are then crushed into the desired smaller powder particle sizes. This method remains
challenging for the manufacturing of specific compositions, such as Y467(Si04)3:0 [248,250]. Some
drawbacks are the non-reaction of constituents in the ball mill, the high temperatures required, the high cost
and energy use. Uniform grains and crystallinities are difficult to obtain, and several grinding and heating
cycles are required to achieve a complete reaction. The mechanical process can damage the particle surface
as well, which ultimately leads to poor luminescence emission. Giving the characteristics of this production

method, solid state reaction was not considered for phosphor manufacturing within this thesis.

The molten salt flux method, also known as Czochralski, is widely employed for the obtention of single
crystals. Powder constituents, in this case of Y203 and SiO,, are mixed and melted in a crucible. The seed
of a single crystal is pulled slowly from the melt, while the system rotates. Single crystal samples of 40 -
140 mm in diameter and up to 150 mm in length have been manufactured from Yttrium silicates and
reported in the literature [251-255]. Some of the drawbacks of this method are the high costs involved and
high purity of material required. A high temperature is also required to keep the materials melted, and this
might reduce the temperature dynamic range of the sensor. The Czochralkski method was not selected for

this investigation.

The hydrothermal synthesis of yttrium silicate involves suspending the Yttrium precursor, mainly Yttrium
Nitrate (Y(NOs)3), in a clay or layered silicate. The system is then heated in a hydrothermal tank for an
extended time, in the order of 100 days [256-259]. The long preparation time, and the addition of impurities

from the natural clay makes this method impractical for the manufacturing of thermal history sensors.

Finally, sol-gel is an inexpensive wet chemical synthesis route, which satisfies the low temperature
production requirement of thermal history sensors. The precursors used for the pigment, in nitrate or
chlorate forms, are dissolved in water and other organic solvents. The hydrolysis of these precursors results
in the suspension or solution of the reactants in a liquid. To condensate the solution into a solid material, a

gelation agent can be added until a closed network ge/ is formed. The excess of water is dried in subsequent
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heat treatments, which results in a dense ceramic powder [260]. Some of the advantages of the sol-gel
method over other production techniques are the obtention of a homogeneous material, where the particle
size can be controlled. The risk of contamination during manufacturing is reduced, and the post-operations
such as heat treatments and grinding can be done in a standard chemical laboratory. Sol-gel has been widely
used in the production of yttrium silicates. The silicon is added as jellification agent, mainly as Tetra-Ethyl
Ortho-Silicate (TEOS), Si (OC:Hs)4[222]. The Yttrium precursor most often used is Y(NOs3)3 in aqueous
solution, which can be easily matched with an equivalent dopant nitrate, such as Ce(NOs3)3; or Eu(NOs)3
[261]. Once the precursors have been mixed into a transparent sol, the gel can be dried at temperatures

below 600 °C in several progressive steps if necessary.

From the phosphor synthesis methods suggested above, sol-gel has been reported previously in the literature
as a successful route to obtain thermal history sensors [104,106,115]. The selected sensing mechanism,
amorphous-to-crystalline, aligns well with the sol-gel production method. The low temperatures achieved
in manufacturing allow for gradual structural changes at higher temperatures. These structural changes can
be interrogated with several characterization techniques, including luminescent methods, for temperature

sensing purposes.

3.3.2 Deposition methods and binder enclosure

The deposition of a ceramic phosphor on a substrate can represent a challenge giving the relatively low
adhesive forces of ceramic powders at high temperatures. The attachment and application of these type of
materials has been studied in ceramic applications, such as water-based refractories. However, the low
temperature requirements of thermal history sensors result in a quite limited amount of deposition
techniques suitable for these type of material systems. A brief recap of the considered deposition methods
is displayed in the paragraphs bellow, followed by a review on high temperature binders for the

development of a new version of thermal history paint.

3.3.2.1 Deposition considerations

Phosphor embodiments and deposition methods are linked to particular applications. For instance, Yttrium
silicates have been used as oxidation and erosion protection layers on Ceramic Matrix Composites (CMCs),
both carbon [262,263] and silicon based [264]. The deposition techniques explored in the literature focus
on maximising the performance of the yttrium silicate layer optimising the deposition technique
[221,249,265-268], since a good quality coating can increase the efficiency of gas turbine components
[269]. Low conductivity, low density ceramic coatings are desired for components exposed to high
temperatures, since the thrust-to-weight-ratio increases in turbine operation [270]. The durability of
protective coatings and turbine components are important factors to consider, but thermal history sensors
require a different design approach. Yttrium silicate coatings, exploiting amorphous-to-crystalline
mechanism, should be applied onto the component surface in an amorphous state, allowing for progressive

transition to crystallinity.
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Among the low-cost, low-temperature deposition methods, Y-Si-O coatings can be applied via dip-coating
introducing the component into an organic slurry. This is an efficient and relatively simple method, well
suited to large size components, where high volumes of slurry are required [221,271,272]. The slurry
contains a mixture of silicon and yttrium oxides, in addition to different proportions of synthesised yttrium
mono and di-silicate. An optimum slurry fluidity is required to cover the surface of a component. This must
be dipped, dried, and exposed to high temperatures to allow the slurry particles to coalesce through

sintering. Because of this last step in the process, slurry coatings are not ideal for thermal history sensors.

Another considered deposition technique is Atmospheric Plasma Spraying (APS), which allows
homogeneous coatings to be formed in the surface of components [249]. Semi-molten ceramic powder
particles are sprayed onto the components prior heating in the plasma gun. This usually contains a heating
chamber, where the powder particles are fed to. The chamber is at a sufficient high temperature to melt the
powder particles, which are accelerated and directed to the surface of the component. The molten particles
land on the substrate as splats or lamellar units, which superimpose forming the coating. This deposition
route poses a clear disadvantage to the amorphous-to-crystalline mechanism since the application depends
on the melting of the deposited material. However, this method has been considered both for YAG and
yttrium silicate hosts doped with several luminescent ions [104,115], with temperature sensing resolution
above 600 °C. Investigations on APS deposition have been recently resumed for YAG [273] and yttrium
silicate. For example, a parallel research program on APS yttrium silicate coatings, used as thermal history
sensors, is under development at the time of the writing of this thesis, with two recent publications already

released [208,209].

Chemical Vapour Deposition (CVD) was considered as well. This technique requires a hot substrate where
the coating can “grow” as it contacts a vapour flow carrying the precursors. For the deposition of yttrium
silicate coatings, silicon substrates have been used in the past [274]. Laser CVD has been found in the
literature as well, where TEOS and yttrium dipivaloyl-methane are used as precursors [275]. This method
provides a good control over the thickness and the final microstructure of the coating; however, it is a costly
technique, and the hot substrate may represent a challenge for the thermal history sensor. CVD was not

considered further.

Other deposition techniques reportedly used for yttrium silicates coatings are electrophoretic deposition
[276-279], RF magnetron sputtering [280], microwave sintering [281] and pulsed laser deposition [282].
Yttria-Stabilized-Zirconia (YSZ) coatings have also been applied via EB-PVD [283] but this route was
discarded for similar reasons to the CVD case. All techniques previously mentioned require expensive
equipment and complex deposition processes, which are unsuitable not only under the scope of this thesis
but also for quick application of thermal history sensors on large turbomachinery components. The
deposition technique has a great impact on the sensing temperature range, which ideally should go from
room temperature to the highest temperature possible. After careful considerations on the possible
deposition techniques and their influence on the phosphor itself; the application was narrowed to the

dispersion of the semi-amorphous ceramic phosphor in a liquid solution. This paint could be easily spread

61



Daniel Castillo-Gutiérrez

and attached to the surface of a turbomachinery component, allowing for low-cost mixing of the phosphor
into the paint, rapid in-house deposition, and a large temperature sensing range. The proof of concept of
this thermal history paints was developed by Rabhiou [104] and further explored by Araguas -
Rodriguez [106]. Yttrium silicate phosphors were selected as the pigment of the paint and dispersed into a
liquid carrier or binder. This allowed to temperature sensing from 150 °C to 900 °C. The temperature range
overlap of this technique with other deposition techniques is shown in Figure 3.5, where Thermal History

Paints (THP) and Thermal History Coatings (THC) are displayed over a temperature diagram.

100°C 300°C 500°C 700°C 900°C 1100°C 1300°C 1500°C

| | | | | e

THP Thermal History Paint, Air Spraying Deposition

THC Thermal History Coating, APS Deposition
e HHHHHHIT

Figure 3.5 Temperature diagram showing the range of use for current thermal history technologies according
to the deposition technique employed. Thermal History Paint (THP) are applied by conventional air spraying,
while Thermal History Coatings (THC) are applied by Atmospheric Plasma Spray (APS).

Several deposition techniques were considered for the application of thermal history paints, prior dispersion
of the phosphorescent pigment into a liquid binder. Among the methods examined, spraying/gunning of the
liquid solution, pouring and drying on a surface, as well as the use of caulking guns were down selected.
Moulding, paint brushing, paint rolling and other Do-It-Yourself (DIY) solutions, such as the use of trowel
and spatula on cement type materials were discarded due to the high viscosity needed in the final product,
which could also require a relatively high application thickness. Thin phosphorescent paint layers are
critical to control the amount of phosphor deposited on a given surface, as well as to avoid thermal
gradients. Therefore, the paint thickness should be controlled during application of the paint, as well as,
before and after operation of the component in turbomachinery conditions. Some of the methods suggested
for the control of the thickness are interferometry or eddy-current gauges, which will be further considered

in the following chapter.

The complex shape of turbomachinery components remains a challenge even for professional painters,
especially if a low-thickness layer is required all-over the surface of the component. To maximise the
control over the deposited layer, air-gun-spraying was the chosen technique for the deposition of thermal
history paints. Conventional air spray guns allow control over the amount of paint projected to the
component, as well as over the air flow used to atomize the paint. These characteristics make spraying the

ideal method to obtain thin luminescent layers, while minimising errors from the operator.
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3.3.2.2 Review of high temperature binders

Once air spraying was selected as the most promising deposition technique, a liquid solution must be
identified to contain the luminescent pigment, spreading the paint over the surface of interest, while
withstanding high operation temperatures. The ideal binder should have good adhesion on a substrate, while
remaining inert. Chemical interaction between the pigment and the binder, or between the binder and the
substrate, are not desired since it can affect the temperature sensing capabilities of the phosphor embedded

within.

The first use of binders for the embodiment of a ceramic phosphor was described by Allison et al. [284].
YAG: Eu was mixed into several high temperature binders and tested on aeronautical grade nickel alloy
substrates. The evaluated binders were commercial products provided by Zyp Coatings Inc. [285], VHT
[286] and Sauereisen [287]. Some of the produced paints peeled off the substrate and turned chalky after
thermal exposure at 800 °C. Only one of the tests provided acceptable adhesion, a mix of Zyp Coating
products, containing 50 % Magnesium-aluminium silicate (HPC) and 50 % Lithium-potassium-silicon
oxide (LK). The evaluated binders were exposed to temperature and cooled down slowly to avoid thermal

shocks, which is not always the case in turbomachinery components.

Goedeke et al. [288] experimented with Zyp Coating mixes and Cotronics Corp. [289] products as well.
These showed good survivability for temperatures up to 1,500 °C, under similar thermal cycles to the ones
applied by Allison et al. [284]. The authors also reported a reduction on the luminescence intensity under
increasing cycling temperatures. Similar remarks have been described by Bergeron et al. [290], whose
investigation focused on Cotronics Corp. products. Unfortunately, no explanation was provided for the

intensity degradation observed.

The attenuation of luminescence intensity has been related to the irreversible changes experienced by the
paint in each thermal cycle [104]. The exposure to high temperatures affects the paint through changes
happening in the operating atmosphere and the substrate. For instance, glassy binders are mainly
transparent, and could reflect the oxidation of the metallic substrate underneath. If the binder becomes less
transparent, the emission by the phosphor contained within is expected to lower as well. Degradation of the
metal surface at high temperatures, i.e., high temperature corrosion, is also a contributing factor to the

darkening of the metal surface, which can affect the emission of a phosphor applied on top.

If the produced paints are subjected to thermal shocks, the attachment of the paint layer to the substrate is
greatly affected. High temperature binders are based in glass-ceramic materials with a low expansion
coefficients, in the order of 107 (°C)’!, while typical metal alloys acting as a substrate have slightly higher
values, in the order of 107 (°C)! for steel, copper or nickel alloys [291]. This mismatch between the
expansion coefficients can lead to poor adhesion of the paint to metallic substrates at high temperatures.
This situation can be aggravated by the oxidation of the metal. Thermal expansions and tensions created
during the growth of the oxide layer, can affect the paint layer applied on top, particularly if the metallic

component has a complex shape.
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Paints based on Zyp Coatings products have been reported to have 40 to 60 % open porosity [117], which
might influence the interaction between the pigment and the binder, particularly at high temperatures. Feist
[110] experimented brushing mixtures of Zyp Coatings Inc. binders, reporting poor adhesion and poor high
temperature resistance, particularly to thermal cycling. The requirements on high temperature binders
focused on products able to withstand thermal shocks, as thermal history paints might face in real
applications. In this regard, Rabhiou suggested several luminescent paints [104], which could be sprayed
with a conventional air gun. In his investigation, the phosphor Y>SiOs: Tb*" was mixed in products by Zyp
Coatings Inc. and Cotronics Corp. binders. The produced paints displayed very weak emission at all
wavelengths and the obtained measurements did not show regular intensities, which could be exploited for
thermal sensing purposes. The commercial names of the tested binders and other details found in the

literature, are displayed in Table 3.6 below.

Table 3.6 Review of binders evaluated for use in thermal history paints.

Max. working
Provider
Commercial Name Composition temperature References
Company
°C)
Saureisen Thinning Liquid # 14 Sodium silicate 1,200 [284,287]
Magnesium-
HPC o - 1,500
aluminium silicate [104,285]
LRC Aluminium oxide 1,900
Lithium-potassium-
) LK . . 1,100
Zyp Coatings Inc. silicon oxide
[284]
Glassy carbon /
BNSL 1,600
Aluminium silicate
Phosphor and
ZAP 1,800 [292]
aluminium oxide
Resbond 791 Silicate glass 1,650
Cotronics Corp, Resbond 792 Silicate glass 1,650 [284,288,290]
Resbond 793 Silicate oxide 1,760
Indestructible
1P66 Potassium silicate 900 [106,117]
Paint Ltd.

Indestructible Paint Ltd. [293] supplies the branded product IP66, a potassium silicate solution, based on
the Kasil 66 solution offered by PQ Corporation [294]. This product has been tested extensively in the
thesis by Araguas-Rodriguez [106], and it is used regularly in commercial thermal history paints produced
by Sensor Coating Systems Ltd. [105]. The phase diagram of the system K>O-SiO; is shown in Figure 3.6,
where the composition of the binder was identified by Araguas-Rodriguez as 0.55 +/- 0.03 SiO, molar
fraction, which falls between the phases K»Si,0s and K»Si409 in the diagram, both exhibiting partial melting
above 741 °C.
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Figure 3.6 Phase diagram of the SiO: and K:O, extracted with permission from [323]. Composition of the
potassium silicate binder used in this investigation indicated with a red dotted line.

The luminescent measurements obtained from multiple phosphors embedded within this potassium silicate

binder showed good emission intensities up to 900 °C and linear, monotonic trends for lifetime decay

readings at different temperatures. The adhesion of the produced paints with this binder also resulted

satisfactory, according to the internal results obtained at Sensor Coating Systems Ltd. [105]. Therefore, this

binder was suggested as starting point and reference in this thesis, and it will be retaken under Chapter 5,

Results.
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3.4 Conclusions on thermal history sensors

e Among the thermal history mechanisms described in the literature amorphous-to-crystalline shows
greater potential as it has been tested extensively in the literature. Synthesis and deposition methods
for particular phosphors are discussed, since the methods employed may limit the temperature sensing
range. Sol-gel was concluded to be the ideal manufacturing technique for this kind of mechanism, as

well as being low cost and customizable to the process temperature and phosphor employed.

e The low temperature phase of Yttrium Orthosilicate, Y2SOs, could be exploited for thermal sensing
purposes, as it is a host structure susceptible for doping with multiple luminescent ions. The X1 phase
of Y»SOs, present at temperatures below 1,250 °C, allows for amorphous-to-crystalline transition so

that the thermal history can be obtained through luminescent methods, typically spectral or temporal.

e Europium was identified as the most promising dopant, as excitation and emissions of this element
are normally in the visible range. Eu™® has been extensively studied in the literature, showing distinct
luminescent peaks for a wide temperature range. Other parameters, such as lifetime decay, can be

exploited within Y>SiOs for an amorphous to crystalline thermal sensing mechanism.

e The embodiment of the phosphor into a paint was considered the preferred route for the manufacturing
of a low temperature sensor. The ceramic phosphor can be dispersed in a liquid solution while still in
an amorphous state, so that the phosphor could crystallize in a gradual manner once deposited on a
surface. Air spraying was identified as the most promising deposition method, since it allows for
application of thermal history paints at room temperature, controlling the deposited thickness, which

is an advantage when compared to other deposition techniques.

e Among the liquid carriers or binders reviewed in the literature, potassium silicate has been tested and

employed in the past and will be among the high temperature products tested under this investigation.
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4 Materials and methods

In this chapter, methods, materials, and instrumentation relevant to the development of this work are
discussed. Firstly, the manufacturing of Thermal History Paint (THP) is explored, followed by the
description of the heat treatment methods, and employed equipment. Then, luminescence-based
characterisation methods are briefly introduced, as well as other materials characterization techniques used

during this investigation.

4.1 Thermal History Paint

As seen in previous chapters, Thermal History Paints (THP’s) were developed to obtain thermal profiles
on surfaces of interest, applying phosphorescent temperature sensors embedded in a paint layer. These
temperature sensors must withstand the exposure temperatures, with a reliable bonding to the substrate,

while enabling the phosphor particles to receive and emit light.

4.1.1 Production of luminescent pigment

Phosphorescent compounds that could be used as a pigment have been reviewed in Chapter 3. The
compound (EuxY14)2SiOs was selected as the best available thermal history pigment, as seen in previous
investigations of thermal history sensors [104,106]. This orthosilicate can be produced in a number of ways.
Given the potential use of this pigment in industrial applications, low cost and repeatable manufacturing
processes were preferred. The synthesis route chosen to produce this phosphor was sol-gel, as several sol-
gel procedures at room temperature were reported in literature [197,295,296]. The steps adopted to produce

50 g of (Euo.16Y0.84)2S105 are shown in Table 4.1 below.

Table 4.1 Summary of constituents, quantities, and time of mixing for the synthesis of 50g of (Euo.16Y0.54)2SiO5

Time mixing with

Compound Mass (g) Volume (ml) previous
compounds

Yttrium nitrate

2 Water HO 2.78 - 50 10 minutes
Europium nitrate

3 Eu(NO)), * 6H 0 0.07 343 =

4 Water H20 2.78 - 50 10 minutes

5 Ethanol CHO 4.79 - 281.6 20 minutes

6 TEOS Si(OCH), 0.24 - 54.6
Europium doped yttrium

FINAL  orthosilicate ) 50 48 hours

(Eu, Y, 50,510,
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Yttrium nitrate hexahydrate, Y(NO3); « 6H,O, (Alpha Aesar, 99.9% purity) and europium nitrate
Hexahydrate, Eu (NO3); * 6H,O, (VWR International Ltd. 99.9% purity) were used as precursors. Tetra-
ethyl-ortho-silicate, (TEOS), Si (OC,Hs)s (Merck), was used as silicon source, while ethanol, C,HgO,
(VWR International Ltd., 99.8% absolute) was used as solvent. Yttrium and europium nitrates were
dissolved in 50 ml of de-ionized water (VWR International Ltd.) and stirred at room temperature for 10
minutes each, in consecutive steps. Ethanol was added to the solution and mixed for further 20 minutes.
Lastly, the TEOS was added in small amounts every 20 seconds. The resulting clear solution was mixed
with a magnetic stirrer in air at room temperature until a clear gel was formed. This gelation process lasted
around 48 hours for the quantities reported in Table 4.1, without using catalysts or increasing the
temperature of the reaction. The gel was dried in a decomposition oven (Elite BAF6/18, Elite Thermal
Systems Ltd.) at 250 °C for 12 hours, given the volatilization of the species from the Ethanol and the other
precursors. Depending on the application, subsequent heat treatments were carried out in the same

decomposition furnace, typically up to 400 °C and/or 600 °C, or in tube furnaces for higher temperatures.

4.1.2 Production of thermal history paint

The production of the thermal history paints involved the mixing of phosphor particles in a liquid binder or
carrier. Traditionally, chemical binders have been explored, given their adhesive properties, their ability to
bind particles and remain attached to surfaces. However, THP’s have more demanding thermal
requirements, and chemical binders with high melting temperatures were preferably considered. Products
such as water-based silicates, inorganic colloidal suspensions, and water -mix refractories were examined

for this investigation.

Thermal history paints examined in this investigation were mixed using an overhead stirrer (IKA, Eurostar)
equipped with a metallic propeller. 2.5 g of pigment powder were prepared by manual grounding with
pestle and mortar and subsequently mixing with 6 g of deionized water with 60 g of mixing media. This
method ensured the adequate mixing and grinding of the pigment particles, creating a uniform pigment
suspension in the liquid carrier. The selected mixing media were 2 mm diameter zirconia beads. The
pigment, the beads and water were stirred for 10 minutes at 250 rpm. In a separate beaker, 47 g of binder
were measured. The metallic propeller stirred the solution at a low speed, 100 rpm, while the water and
pigment mixture were slowly incorporated into the binder beaker. The final ratio of pigment to binder was
5% of the total weight of the paint batch, not considering the zirconia beads or the water as active
compounds of the paint. Once the total amount of pigment and water was completely incorporated into the
binder, the propeller speed was increased to 450 rpm. The mixture was stirred for 45 minutes, followed by
180 seconds of ultrasonication, in order to break any remaining agglomerates. This procedure yielded a
low-viscosity white dispersion of phosphorescent pigment, suitable for application as a conventional paint.

The zirconia beads remain embedded in the solution, only to be filtered out before paint spraying.
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4.1.3 Deposition of thermal history paint

4.1.3.1 Surface preparation and adherence

As a standard metallic substrate, stainless-steel 316L was employed for the deposition of THP, either on
test bars, 400 x 20 x 3 mm, and tiles, 20 x 10 x 3 mm (both issued from SOG Ltd., material certificate
included in the Appendix). Other substrates such as nickel super-alloys, alumina tiles, or sapphire discs
(12.5 mm diameter, 0.6 mm thickness, SAPPH-WIND-0139, Pi-Kem) were employed for experiments at

temperatures above 900 °C, discussed in Chapter 5.

All surfaces were prepared prior to paint application, by sandblasting to remove all scales, oil, and dirt, and
to obtain a uniform surface roughness, between 2 and 2.5 um Ra. A Euro blast 6SF Grit Blaster Yr. 2016
(Ser No. 508976, Gyson International Ltd.), was used for the surface preparation. Saftgrit white blasting
media was employed, with a grit size ranging from 120 to 220 um. A nozzle of 1 cm inner diameter was
employed, with a projection pressure of 40 psi (2.75 bars). Finally, a cloth with acetone (VWR International

Ltd, Ref No. 20065.293) was used to clean the grit-blasted surfaces removing any residual contamination.

4.1.3.2 Atomization and spraying

THP paint layers were applied with a High Volume Low Pressure (HVLP) air spray gun (Sri Pro gravity
fed, DeVilbiss, Carlisle Fluid Technologies [297]). Compressed air was used for the atomization of the
paint, which was fed to the gun through a gravity cup. Paint and pressurized air were introduced into the
gun via independent circuits. These merge at the front-end of the gun, where the paint was atomised and

projected forward. A schematic of this is shown in Figure 4.1 below.

Air+Fluid <Gu=n

Fluid ‘
-;lir

Figure 4.1 Schematic of a functioning air spray gun, where independent circuits of fluid and pressurized air
are marked in red and blue, respectively.
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4.1.3.3 Dry film thickness determination

During the painting process, the thickness of the paint was monitored using an eddy current gauge
(Elcometer 456 FNFSS Coating Thickness Gauge, Elcometer Ltd.). This gauge included a coil probe, which
created a magnetic field and therefore eddy currents in the metallic substrate. These eddy currents created
magnetic fields as well, which in turn changed the electrical impedance of the coil. This allowed to

determine the paint thickness once the probe was calibrated on a bare metallic surface.

The paint was sprayed for several layers, allowing drying between steps. The wet thickness, measured
immediately after painting, was recorded up to a target thickness of at least 40.0 pm, according to the
accuracy of the instrument. After drying in air for at least one hour, the painted substrates were subjected
to a heat treatment of 150 °C for one hour in a conventional electric oven (Elite GPO 300/240, Elite Thermal
Systems Ltd.). The oven was pre-heat treated to the target temperature, and subsequently the samples were
introduced for the desired heat-treatment time. This curing process removed trapped water between the
paint layers and allowed the structure of the paint to rearrange. The target dry thickness at this stage was
30.0 pm, measured after extraction and cooling in ambient conditions. Other thickness measurement

techniques considered by other authors [117], such as interferometry, were not tested in this thesis.

4.2 Heat treatment

4.2.1 Isothermal heat treatment

The luminescent thermal history of painted samples with THP was investigated after heat treatment in air.
Pigment and paint samples were isothermally heat treated to determine the evolution of the luminescent
properties at different temperature. To this end, two tube furnace types were used, an Elite THS12 for

temperatures up to 1,200 °C and an Elite TSH15 for temperatures up to 1,500 °C.

4.2.2 Furnace calibration

The tube furnaces used during this thesis displayed differences between the temperature set in the controller
of the furnace and the temperature finally obtained during the heat treatment. Therefore, a calibration of
the tube furnaces was performed. N-type thermocouples (TC Direct, Product number 405-231) in the centre
of the working tube were placed in the centre of the tube. The temperature of the furnace was set to different
values between 250 °C and 1,150 °C for the THS12 and between 600 °C and 1,250 °C for the THS15. The
temperature was allowed to settle at every step for more than half an hour, and eventually, recorded. The
temperature was considered stable when the recorded temperature oscillated +/- 1 °C of the target
temperature. The calibrations for both furnaces are shown in Figure 4.2. The relationship between the target
temperature and the temperature set in both furnaces show a clear linear trend. This relationship was used

to control the furnace and ensure accurate target temperatures.
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Figure 4.2 Tube furnace calibration of achieved temperature on a sample, as function of the temperature set
in the furnace, between 250 °C and 1,150 °C, in an Elite THS12 (Left), and between 600 °C and 1,250 °C in an
Elite THS1S (Right). Linear fits and equations included.

4.2.3 Sample heat treatment

Both powder samples and painted metallic substrates were heat treated in one of the two types of tube
furnaces described before. The procedure involved introducing the sample though one of the extremes of
the tube either on a ceramic or a metallic boat. The tube furnaces were set to the desired temperature and
allowed to reach a steady state. After stabilization, the samples were fed into the tube furnace, where an N-
type thermocouple was placed in the tube alongside the sample, monitoring the temperature of the sample
in-situ. The thermocouple was in contact with the sample. Once the sample was located in the middle,
isothermal, section of the working tube, the heat treatment was considered started after the sample reached
98 % of the target temperature. The standard heat treatment time was 30 minutes. Once the time at the

desired temperature was completed, the sample was removed from the furnace and allowed to cool outside

the furnace.

4.2.4 Bar heat treatment

Bar calibration tests were used to evaluate paints over a surface for a broad temperature range in a single
experiment. Bars of stainless-steel 316L, certified by Shanxi Taiyan Stainless Steel Co. Ltd., in 2018, and
Marcegaglia Specialties, in 2019, were manufactured to dimensions 400 x 20 x 3mm, and inserted in the

tube furnace Elite THS12. A technical drawing of the bar is shown in Figure 4.3.
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Figure 4.3 Technical drawing of 316 stainless steel bars for standard calibration test. All dimensions in mm.

Eight holes were drilled every 50 mm to allow for K-type thermocouples (TC direct) to be inserted. These
allowed the monitoring of eight independent temperatures for the standard heat treatment duration of 30
minutes. The rest of the temperatures along the bar were consequently interpolated with Equation 4.1,

which corresponds to a sigmoidal distribution.

T=A2 + —21722 (4.1
1+exp (5 )

where T indicates the Temperature, and x the position along the length of the bar. The parameters A1, A2,
x0 and dx can be obtained from the sigmoidal fit from the eight original temperature data. An example can
be seen in Figure 4.4, where the temperature and location of the thermocouple are plotted. The line denotes

the fit, which provides the numerical values of the parameters in Equation 4.1.
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Figure 4.4 (a) Picture of a stainless-steel bar during heat treatment on tube furnace. K-type thermocouples
inserted along the side of the bar. (b) Temperature gradient along length of the bar following a sigmoidal
distribution, fitted with a continuous line around temperature data points. (¢) Schematic of bar introduced in
the tube furnace from the cold end at the extreme of the tube up to the isothermal region in the centre.

Any given location of the bar can then be correlated to the maximum temperature previously exposed to.
The heat treatment of the bar was considered started once the bar was inserted into the furnace, and the
thermocouple in the hottest extreme, centre of the furnace, reached 98 % of the expected maximum

temperature. Then the timer for the heat treatment was started, for a standard time of 30 minutes.

4.3 Luminescence measurements

A typical set-up to measure luminescent properties of powder, coating or paint samples comprises of an
excitation source, optics to direct the light to the phosphor material and a second set of optics to guide the
emitted luminescence to an optical detector, which is normally connected to a data acquisition card and this
to a computer. Two variations of this overall configuration were used to capture luminescence as temporal
and spectral responses, always considering point measurements over the surface of phosphorescent

materials.
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4.3.1 Spectral response

An alternative measurement technique records the emission spectrum rather than the decay time of the
phosphorescent sample. A schematic setup is shown in Figure 4.5. The SCS instrumentation device and

the optical fibre bundle were used to lead the excitation light to the sample as in the long lifetime decay

case.

SPECTROMETER Optical fibre

Instrumentation device

Sample

Figure 4.5 Schematic of SCS instrumentation set-up to measure spectral features of phosphor emissions

The difference between this set up and that for the lifetime decay is the collection of the phosphorescent
emission. The optical fibre bundle was connected to an AVANTES Spectrometer (AVASPEC-
ULS4096CL-EVO-RS). The emitted spectra were digitised and sent to a computer which also controlled
the laser in the SCS instrumentation device. The obtained wavelength range was between 200 and
1,100 nm. The phosphorescent emission has a different wavelength to the excitation light; however, the
wavelength collection was cut-off for 550 nm of lower emissions to block the laser wavelength (532 nm)

entering the spectrometer.

This AvaSpec spectrometer included an optical bench developed in a symmetrical Czerny-Turner design.
The light entered the optical bench through a standard SMA-904 connector, and it was collimated by a
spherical mirror. A plain grating diffracted the collimated light and second spherical mirror focused the
resulting diffracted light, projecting it onto a 1-dimensional linear detector array [298]. A schematic of the

functioning of a Czerny-Turner spectrometer is shown in Figure 4.6.
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1.  Detector 7. Focusing mirror
2. SMA Connector 8. CPClight traps
3. Grating 9. CPClight traps
4. Slit, mode stripper 10. DCL-UV/VIS

5. 2nd mode stripper 1. OSC-filter

6. Collimating mirror

Figure 4.6 Schematic of an AVANTES Avaspec-ULS optical bench design, including a symmetrical Czerny-
Turner spectrometer, extracted with permission from AVANTES Catalog X [298].

The entrance slit, 10um, was selected for a high resolution in combination with the grating of 600 lines/mm
and the CMOS detector with 4,096 pixels. The final resolution in the obtained spectra was less than 1 nm,
which is lower than expected in the crystal field of the host material. The exposure time of the CMOS array
was programmable and set depending on the sample under investigation, which guaranteed the repeatability
of the spectral measurements obtained for the same maximum intensity detected. In all cases background
subtraction was performed in post-processing, in order to remove extraneous light from the obtained
spectra. All luminescent spectra shown in this thesis are the average of three intensity values per emission
wavelength, which were checked within the sample itself, or with similar samples, i.e., samples heat treated

at the same temperature.

4.3.2 Temporal response

As seen in the Chapter 2, the phosphorescent emission decay time can give information on past
temperatures of a luminescent material. Furthermore, it has the advantage of being less sensitive to low
intensity emissions [299]. In this thesis, the decaying emission intensity with time was reduced to a mono-
exponential function. This is a simplification since luminescent ions such as europium can often emit multi-
exponential decays. The original decay curves, for potential post-processing, were obtained for all
measurements taken and examined further if considered necessary. This simplification depends on the
acquisition conditions and receives some research attention in the field of phosphor thermometry [76,300].
Two set-ups were used during in this thesis, one for long lifetime decay emissions and one for short lifetime

decays.
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4.3.2.1 Set-up for long lifetime decays

A schematic of the instrumentation to obtain long lifetime decays is shown in Figure 4.7 and it is briefly

described below.

Instrumentation device

Photodetector &

I Optics &
Data acquisition card

Bandpass Filter

Optical fibre

Sample

Figure 4.7 Schematic of SCS instrumentation device to measure long lifetime decay phosphor emissions.

The measurement device included a light source, a Diode-Pumped Solid State (DPSS) laser emitting at
532 nm in a pulsed mode. The maximum operation output was 250mW. The laser light was directed towards
the sample surface with a probe at the end of an optical fibre bundle. The light illuminated the surface of
the sample, exciting the phosphor, which resulted in luminescence emission. The emitted light was
collected by the optical fibre, which was custom designed to deliver the laser light to the sample and collect
the emitted light back to the device. Once the light travelled from the sample, through the optic fibre bundle,
back to the device, it passed several optical filters before reaching the detector, a silicon photomultiplier.

Complete details on the instrumentation used in this work cannot be disclosed for the sake of confidentiality.

The first bandpass filter selected the light-wavelength range for investigation. This depended on the
material under study. The standard filter used for investigation of standard thermal history paint was centred
at 620 nm, with the bandpass collecting 52 nm of the optical spectrum around the centre. The filtered light
then went through a series of optics, in order to modulate the intensity of the light. When the light finally
reached the silicon photomultiplier, it was converted to an electric signal and amplified. This signal was
then digitised and sent to a PC via a data acquisition card. This allowed the manipulation of the data with
the adequate software. The obtained decay curves comprised more than 7,000 intensity points each,
recorded at a sample rate of 400 kHz. The window span considered for the fitting was fixed at 16,000 us,
which was estimated to be between 6 and 16 times the length of the decay parameter, 1. This optimal size

of the window was explored with Montecarlo simulations by Dowell and Gilles [301].

Lifetime decay (t) is defined as the time taken from the emission intensity (I) to decrease 1/e of the initial
intensity (Ip). The discrete data recorded during the decay of the phosphor emission is normally fitted to a
single exponential by using the non-linear least squares Levenberg-Marquardt algorithm [302], as
exemplified in Figure 4.8. Theoretically, t is independent of the initial intensity (Io), as it constitutes a
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relative decrease in intensity. However, due to instrumentation signal distortions such as the non-linearity
of the detector, this independence is not guaranteed in the instrumentation set-up used in this investigation.
Other effects, such as the number of repeats, have been explored in publications associated with this

research [210] and will be discussed further when considering specific results.
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Figure 4.8 Example of single exponential decay of thermal history paint measured with SCS Ltd.
instrumentation device. The intensity (I) decreases from the initial intensity (Io).

4.3.2.2 Set-up for short lifetime decays

A schematic of a more complex set-up for short lifetime decay measurements is shown in Figure 4.9 below.
This same system was employed by Pilgrim [115], including the Optical Energy Transfer System (OPETS),
which allows for a certain angle and distance flexibility when the emitted light from the sample reached the
first optics. This system also ensured a uniform observation volume, collecting light and coupling it into an
optical fibre bundle. This was a non-imaging probe, with an opening of 23 mm, including a high pass filter

with a cut-off wavelength of 405 nm to block UV light.

Beam splitter ~ Aperture
Nd:YAG Laser : A\

Diffractive
variable Power meter
attenuator

Sample

UV filter.
Phosphorescence

filter
\

Oscilloscope _|

Amplifier Gated PMT Neutral density

Optical fibre filter
bundle

Computer for data

acquistion and processing

Figure 4.9 Schematic of instrumentation set-up to measure short lifetime decays phosphor emissions, extracted
from [115] with permission via CC-BY-NC-ND 3.0.

Optical probe (OPETS) \
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The laser used was a YAG: Nd Quantel Brilliant B, from Quantel Laser. The laser light passed through a
Diffractive Variable Attenuator (DVA, CLWS300IAE, Micron Co.), a beam splitter and an aperture. The
laser was operated in a pulse mode with a flashlamp / Q-switch delay setting at or below 330 ps. The output
laser wavelength was 532 nm, as in the previous lifetime decay set-up. The DVA was used to manually set
the final intensity impinging on the sample. Once the emission from the sample was detected, the DVA
allowed a fine control of the signal intensity, between 98 % and 100 % of the dynamic range of the

oscilloscope, right from the excitation source.

Then, the light was directed towards the sample using wavelength selective mirrors. The phosphorescence
was delivered through the optical fibre bundle to a Photo-Multiplier Tube (PMT). This had a gate function
to switch it on and off (H10304, Hamamatsu Photonics), for the duration of the laser pulse, avoiding laser
light reflection artefacts. The output voltage of the PMT was kept below 45 mV, using a set of Neutral
density filters to attenuate between 0.01 % and 93 % of the light transmission. This PMT converted the
phosphorescence light into an electrical signal, which was amplified and passed to an oscilloscope
(MDO3034 Tektronix) where it was digitised. All lifetime decay data were recorded using the same
digitisation settings, showing differences of less than 1 % between identical decay measurements. The
resultant data was analysed in a commercial data processing software (OriginPro2020, Origin Lab). An
example of the data analysis performed on the decay curves obtained from the PMT is shown in

Figure 4.10.

50
m  Data measured with PMT
Exponential Decay Fit
40 A
Model ExpDecay1
s Equation y =y0 + A1*exp(-(x-x0)/t1)
§, 30 4 Plot E
= yO 2.10438 + 0.11692
c x0 3.16434 + --
2 Al 41.73963 £ —
— 204 t1 138.1922 £ 3.37562
= Reduced Chi-Sqr 0.50693
o R-Square (COD) 0.9934
10 4 Adj. R-Square 0.99297
0 T T T T T T T 1
0 500 1000 1500 2000
Time (us)

Figure 4.10 Example of single exponential of YSO: Eu measured with instrumentation set-up for short lifetime
decays. The fit generated on the experimental data from the algorithm “ExpDecayl” from OriginPro2020
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4.4 Material characterization methods

4.4.1 X-Ray Diffraction (XRD)

X-Ray Diffraction or XRD is a widely used characterization technique employed for the structural
investigation of materials, phase identification and crystallographic analysis [303]. This technique is based
on the elastic scattering of X-ray radiation directed to a sample of interest. Bragg’s law, describes this

scattering process, as shown in Equation 4.2 below:

2dsin@=n2 (4.2)

Incident radiation is scattered by the atoms in the crystal lattice planes, which are separated by a regular
distance d. The scattered radiation waves will interfere constructively the path between two waves
(2 d sinB), where 0 is the scattering angle. This will enhance the intensity of the scattered radiation, detected
at particular integer numbers (n) of the wavelength (A). This scattering process is schematically represented

in Figure 4.11 below.
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Figure 4.11 Bragg diffraction on a crystalline lattice, where X-ray radiation finds the atoms in the lattice,
scattering radiation in a particular angle, according to Bragg’s law.

When these scattered waves interact constructively, a strong intensity peak is obtained at a particular angle
in the diffraction pattern, traditionally represented as an independent variable. This pattern can be related
to the atomic and molecular structure of a crystal, allowing the sample identification. While crystalline
materials show sharp peaks in the pattern, amorphous materials show broad “humps” due to the irregularity
of the d spacing. The crystalline state can be understood as long-range order in the lattice structure, which
can be detected via X-ray diffraction, while amorphous state will show short range order at particular points
in an overall disordered lattice. This will lead to poor resolution peaks in the pattern, with broad features

due to the randomized local order. The transition from broad peaks to sharp features offers the possibility
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to study the change from amorphous to crystalline using XRD diffraction patterns, in particular in thermal
history sensors, which crystallize in a non-reversible process. Thermal processes will change the structure

of the material, and the maximum past temperature unveiled with XRD and luminescence methods.

X-Ray diffractometers generally consists of an X-ray source, a sample holder, and a detector, which collects
the scattered X-rays. Source and detector rotate around the sample, collecting intensity at a series of 26
scanning angles. For this investigation, XRD patterns were collected from powder samples of pigment and
dried paint pellets, previously crushed with a mortar. The random orientation of the powder grains
guarantees a good coverage of the crystallographic planes. A PANalytical X’Pert diffractometer (MRD
with Cual,2-radiation) was used for the pattern collection. The generator settings were 40 mA and 40 kV,
and the angular range was between 6 ° and 90 °. The step size in 20 was 0.042 ° and the scan step time

112.000 s. The software employed for the pattern fitting was X’Pert High Score Plus, PANalytical B.B.
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4.4.2 Fourier Transform Infra-Red (FTIR)

FTIR is a standard characterisation technique, which uses Infra-Red (IR) light and interferometry for
identification of materials [304]. The IR beam of light reveals the vibrational frequencies of bonding
between atoms, as it passes through a compound. Some of the IR radiation are absorbed, and some are
transmitted. The resulting spectrum enables the identification of the chemical structure of the sample.
Moreover, the vibrational energies detected by FTIR correspond to the available high phonon energies

within the sample.

For this thesis, a NicoletS10 spectrometer, Thermo Fisher, was used to measure the transmittance spectra
between 400 and 4,000 (x 10°) cm™. The number of scans taken per sample was 32, with a spectral
resolution better than 0.4 wavenumber, according to equipment supplier, Thermo Fisher Scientific. A high
refractive index crystal was in contact with the sample and reflected the infra-red light in an Attenuated
Total Reflectance (ATR) mode. The internal reflectance of the crystal guarantees that an evanescent field
enters a few microns into the sample. Therefore, a few milligrams of powder samples were sufficient to

cover the high refractive crystal. A schematic of an interferometer for FTIR is shown in Figure 4.12.

FIXED POSITION MIRROR

MOVABLE
MIRROR
—
4 n m 7
/- [ ! |
O - 4BEAMSPLITTER B ::I i‘: : :I
SINGLE FREQUENCY 55 ' u u U
SOURCE (X) A 3
c-f-psaMpLe 80 3'3 8=x 873
-t-JPosiTon | ! !
DETECTOR <7 ! ! l i
I ! : :
| | | I
—
B(v) 1(8)
0 A A LI
SPECTRUM 2 2
INTERFEROGRAM

Figure 4.12 Block Diagram of the components of an FT-IR spectrometer. Reprinted with permission from
reference [305].

In FTIR, a broad band light is used, which eventually generates the disruption in the evanescent field. The
light is split in two paths, one with fixed length and another of adjustable length. After the light finds the
sample, it is recombined including constructive and destructive interference. This builds the interferogram,
where information on all infrared frequencies is recorded [306]. Using the Fourier Transform, the frequency
information can be translated into wavenumbers. Therefore, phonon information from the material was
recorded for a range of wavenumbers, between 400 and 4,000 (x 10%) cm™, i.e., between 25 and 2.5 nm. A
background signal was recorded as well to account for the instrumental absorption. The ratio of the sample

signal to the background signal gave the percentage of transmittance with respect to the wavenumber, which

was the output of the measurement.
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4.4.3 Thermal Analysis (TA)

Thermal Analysis methods are a series of techniques used to reveal the behaviour of materials with
temperature. For this thesis, two techniques were simultaneously used, Differential Scanning Calorimetry
(DSC) and Thermo-Gravimetric Analysis (TGA). For both techniques, a pair of crucibles are used. One is
left empty as reference, while the material sample under investigation is placed in the other. A heating
element is located beneath each crucible, heating both simultaneously, which allows control of the
temperature and the heat flow supplied to each of them. DSC measures heat flow variations with
temperature, while TGA measures mass changes with temperature. Both methods were recorded with a

Netzsch STA 449 F1 Jupiter, Netzsch GmbH. A schematic of a DSC setup is shown in Figure 4.13.
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Figure 4.13 Schematic of Differential Scanning Calorimetry setup, adapted from [307], obtained from [308].

Qualitative and quantitative data are obtained from the exothermic and endothermic processes that the
sample undergoes with increasing temperature. For instance, DSC measures the amount of energy released
or absorbed when the sample is heated. This provides critical information on the properties of the material,
such as, melting temperature, heat of reaction, glass transitions or crystalline phase transitions among others
[304]. Heat treatments are performed under controlled atmospheres at constant pressures, so that the heat
flow can be linked to the enthalpy variation from the sample to the reference. This can be negative or
positive depending on the nature of the process. For endothermic processes, the sample will absorb heat

with respect to the reference, while the opposite will happen in an exothermic process.

On the other hand, TGA can give information on the weight variation with increasing temperature. This
reveals physical phenomena, such as phase changes (vaporization, sublimation) or chemical phenomena
(dehydration, decomposition, or oxidation). The instrument heats the sample while continuously measuring
the weight of the sample. As the sample increases temperature, mass gain or loss are expected. In

conjunction with DSC, the main processes occurring within the material can be quantified and identified.
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4.4.1 Scanning Electron Microscopy (SEM)

SEM is a microscopy technique that uses an electron beam at high voltage, under vacuum conditions, to
construct images of the surface of samples down to a nanometric resolution. SEM can reveal images to
higher resolution than optical microscopes since the reading is not limited by the photon wavelengths in
the visible range. The electron beam directs a constant flux of electrons towards the surface of the sample.
After hitting the sample, the electrons bounce back in the vacuum chamber, where the electrons are
detected. Depending on the angle, energy and origin, electrons undergo several transformations generating

different signals. A schematic of the emitted signals is shown on Figure 4.14.
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Scattered Scattered
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Transmitted
electrons

Figure 4.14 Schematic of emitted signals from a sample interrogated with an electron beam. Adapted from
[309].

Secondary electrons are generated from inelastic scattering. The intensity is related to the atomic number
of the elements in the sample, which provides information about the sample composition. Back-Scattered
electrons result from elastic scattering. Their intensity is dependent on the angle of scattering and therefore,
the topography of the sample. Characteristic X-rays arise from radiative transitions in the shell of excited
atoms in the sample, after interaction with electrons in the beam. These X-rays are characteristic of each
element and identify and quantify the composition of the sample under analysis. The study of these X-rays
within SEM is called Energy Dispersive X-Ray Spectroscopy (EDX or EDS). A more detailed explanation
on EDX and SEM in general can be found in references [309-313].
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The SEM used for this investigation was the JEOL JSM 6010 LA, both for topological imaging and
elemental analysis. Oxford Instruments INCA software was used for the EDX analysis. Vacuum pressure
was below 107 Torr in all cases, with electron beam voltages between 5 and 20k V. The quality of the SEM
images and the EDS analysis depends on the correct preparation of the samples. Cross-sections of painted
metallic substrates were prepared for SEM investigation following this procedure. A cold setting resin was
used to embody the samples. The substrates were introduced in 25mm ID SamplKups cups (20-9177,
Buehler). The remaining volume of the cup was filled with a mix of Epoxy-Cure 2 Resin (20-3430-064,
Buehler) and Epoxy-Cure 2 Hardener (20-3432-016, Buehler) in a proportion 4 to 1. Typical quantities
used were 20ml and 5ml, respectively. Setting time at ambient temperature for this type of resins was
approximately 6 hours. Mould-Release spray was also used on the empty cups prior to use (20-3050-008,
Buehler).

Grinding and polishing followed the mounting of the samples in resin. The procedure was similar to the
one employed for TBC coatings on metal samples [314]. Firstly, the mounted samples were moved
manually over SiC abrasive papers of grades 320, 600, 800 and 1200, with water as lubricant. Secondly,
3um and 1um diamond solutions were used over synthetic cloths. Finally, a submicron colloidal silica
water solution was used over a dense cloth. Deionized water was used to clean the surface between steps.
Acetone and ethanol were used as a last step to rinse the polished surface and remove all attached dirt. Prior
to introduction to the SEM vacuum chamber, a gold layer of tenths of nanometres was sputtered onto the
surface of the sample, allowing the characterization of the non-conductive components of the sample. On
the other hand, powder samples were prepared by deposition on adhesive carbon fibre. A gold layer was

also sputtered on these samples to avoid over charging of the particles.
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5 Results: Testing of high temperature materials for thermal
history sensing

As successfully demonstrated by Rabhiou [104], Yafiez-Gonzalez [117] and Araguas-Rodriguez [106],
phosphorescent ceramic sensor materials can be employed mixed into high temperature binders as Thermal
History Paints (THPs). Following the selection criteria in Chapter 3, Yttrium Ortho-Silicate (X1-Y2SiOs)
was selected as a pigment for the testing of high temperature materials and the expansion of THP to higher
temperature regimes. This silicate host was doped with europium (Eu®"), and excited in the visible spectrum

with a 532 nm light source, as explained in Chapter 4.

The first section of this chapter (5.1) describes the behaviour of the current version of THP at high
temperature regimes, above 900 °C, providing a development route to extend the use of THP to higher
temperatures. The second section of this chapter (5.2) covers some of the modifications applied to the
current binder, potassium silicate. In section 5.3 some binder substitution alternatives are outlined and
tested, while in section 5.4 the pigment is subjected to modifications. In section 5.5, interlayers between
the metallic substrate and the THP layer are also tested. The results in these sections will lead to the further

development of THP formulations, presented in Chapter 6.

5.1 Behaviour of thermal history paint at high temperatures

While the selected pigment, Y>SiOs doped with Eu®*, has shown potential temperature sensing over a wide
temperature range (from 250 °C to 1,250 °C, as seen in Chapter 3), once it is introduced into a potassium
silicate binder to form a paint, the working temperature range narrows to temperatures between 250 °C up
to 900 °C. The reason behind this temperature range shrinkage has been hypothesised [106], linking this
behaviour to interactions between the pigment and the binder and interactions between the THP and the
substrate it is applied on. The following sub-sections cover some of the observations for pigment and paint

exposed at high temperatures.

5.1.1 Pigment and binder interaction

As outlined in Chapter 2, emission spectra can provide an insight in the material structure. Luminescent
emission from pigment and paint were taken after heat treatment at 1,100 °C for 30 minutes and are shown
in Figure 5.1. As a reminder, the current version of THP, includes Y,SiOs. Eu** pigment heat treated to
400 °C, and then mixed into potassium silicate binder. A sample of this paint was dried at 150 °C for 1.5

hours, subsequently heat treated to 1,100 °C, for 30 minutes, and then compared to the pigment.
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Figure 5.1 Luminescence spectra of Y2SiOs: Eu®*" pigment and thermal history paint pellet (Y:SiOs: Eu
pigment in potassium silicate binder), obtained at room temperature after excitation with 532 nm visible light.
Both samples were heat-treated at 1,100 °C for 30 minutes.

While the spectrum of the Y,SiOs. Eu®* pigment, in Figure 5.1, showed a multitude of emission lines, the
paint spectrum showed broad emission peaks and a considerably lower number of emission lines. These
differences in the emission spectra from both samples, observed after heat treatment at a relatively high
temperature (1,100 °C) indicated that the emission of Y,SiOs. Eu** differs after dispersion in a liquid silicate
binder, and subsequently heat treatment. This suggested an interaction between pigment and binder.
Emission spectra from both samples have their origin in the Eu*" within the Y,SiOs host, but the
environment from which the europium emits is different. In order to reveal the material surroundings of the
phosphor, both samples were measured using XRD. The obtained diffraction patterns are shown in

Figures 5.2 and 5.3 for pigment and paint, respectively.
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Figure 5.2 Diffraction pattern of yttrium orthosilicate, doped with Eu’* ions, after heat treatment at 1,100 °C
for 30 minutes. X1-YSO reference pattern indicated with red squares.
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The diffraction pattern of the pigment, Y>SiOs: Eu**, showed a good agreement with the X1-Y,SiOs, ICDD
reference pattern 00-041-004 (X Pert High Score Plus, PDF reference database). This indicated that the
europium included in the structure does not alter the crystallization of yttrium orthosilicate, as demonstrated
by Araguas-Rodriguez [106]. On the other hand, the diffraction pattern obtained from the thermal history
paint, shown in Figure 5.3 below, matched two candidates in the PDF reference database. The obtained
pattern, could be identified with the composition of the potassium silicate binder, forming 95 % weight of
the paint composition, and matched with the ICDD reference pattern 00-020-0886 potassium hydrogen
carbonate hydrate, K4H>(CO3)3-1.5 H>O. The presence of water and carbonates can be explained by the
interaction between the paint after heat treatment to atmospheric air. CO, and water present in the
atmosphere could have interacted with the binder after the heat treatment since presence of carbon in the
paint after heat exposure to 1,100 °C resulted unlikely. The pattern also showed yttrium oxide silicate or
apatite phase, Y4.67(Si04)30. The obtained pattern showed a low signal-to-noise ratio, which corresponds

to an amorphous material, in particular the broad “hump” around 28 °.
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Figure 5.3 Diffraction pattern of thermal history paint pellet, after heat treatment to 1,100 °C for 30 minutes.
Matching candidates indicated with markers.

The presence of Y4.67(Si04)30 apatite phase at a temperature of 1,100 °C, without a pattern corresponding
to X1-Y»SiOs could explain the difference in the luminescent emission observed in Figure 5.1. However,
XRD did not reveal the pigment structure in detail, as the examined paint contained 5 % weight of the
pigment. The low signal-to-noise ratio of the obtained pattern also raised uncertainty around the XRD
results. However, the differences in luminescence spectra between pigment and paint, can be explained

through the optical spectra itself, since it contains the same luminescent material, Y>SiOs: Eu®".
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A full spectral analysis is displayed in Table 5.1 below, where the peaks in the Eu®" luminescent spectrum
are identified for both samples. To identify the main transitions (°Do = "Fy.. 4), reference [122] (already
explored in Chapter 3) was followed, while for crystal field splitting and associated peaks, references
[106,195,315] were used. No high temperature X2-Y,SiOs phase was observed in these spectra below
1,300 °C [202,231].

Table 5.1 Analysis of luminescent spectra of pigment and THP samples, heat treated at 1,100 °C for 30 minutes.

7F2

Normalised Intensity (a.u.)
Normalised Intenisity (a.u.)

Wavelength (nm)

T T T T T T T T T T T T T T T T T T T 1
570 585 600 615 630 645 660 675 690 705 720

—— . ; .
570 585 600 615 630 645 660
Wavelength (nm)

675

690

705

—
720

Pigment HT 1,100 °C Paint HT 1,100 °C
Transition SDy>7F, Transition SDy>7F,
Wavelength (nm) Phase Site Wavelength (nm) Phase Site
577 X1 Y2
579 X1 Y1 579 X1 Y1
Transition Dy>"F, Transition SDy>"F;
Wavelength (nm) Phase Site Wavelength (nm) Phase Site
Zg: ii zf 587 X1 Y1
593 X1 Y1 593 X1 Y1
597 X1 Y1 597 X1 Y1
Transition SDy>"F; Transition SDy>"F;
Wavelength (nm) Phase Site Wavelength (nm) Phase Site
o L e 611 X1 Yi
614 X1 Y2 615 X1 Y1
621 Xl Yl 625 X1 Y1
624 X1 Y1
628 X1 Y2
632 X1 Y2
Transition Dy>"F; Transition SDy>"F;
Wavelength (nm) Phase Site Wavelength (nm) Phase Site
643 X1 Y2
650 X1 Y1
655 <1 Y1 655 X1 Y1
659 X1 Y2
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Transition D> "F, Transition D> "F,
Wavelength (nm) Phase Site Wavelength (nm) Phase Site
683 X1 Y2
687 X1 Y1 688 X1 Y1
698 X1 Y1
703 X1 Y1
705 X1 Y1 705 X1 Y1
708 X1 Y2
711 X1 Y2

The Phase and Site categories, displayed in Table 5.1, correspond to the two known crystalline emission
of the Y»SiOs, X1 phase, and the two non-equivalent sites of yttrium (Y1 and Y2). Both sites present low
local symmetry (C;), with a different oxygen Coordination Number (CN). The X1-Y»SiOs phase, site 1
(Y1) is coordinated to three free oxygen ions and four silicon-bonded oxygens: a total coordination number
of 7. Site 2 (Y2) is coordinated to one free oxygen and eight silicon-bonded oxygens, a total CN of 9
[195,231,316-318]. During the silicate formation, the Eu®" ion occupies the Y** sites in the Y>SiOs since
the ionic radius of europium (0.0947 nm) is similar to the yttrium one (0.0900 nm) [319]. X1-Y>SiOs is the
only phase present at 1,100 °C, as expected for the crystallization process of (EuxY1.x)2SiOs, where x=0.16.

This crystallization can also be observed in the luminescent spectra of the pigment after exposure at
different temperatures, shown in Figure 5.4. The main observations were explained by Araguas-Rodriguez

[106] and are summarized in the following bullet-point-list:

For temperatures below 950 °C, the luminescent spectra show broad peaks, corresponding to

amorphous material structure.

e Between 950 °C and 1,000 °C, the phase X1-Y,SiOs, starts forming.

e Between 1,000 °C and 1,100 °C, spectral peaks from the two non-equivalent sites (Y1, 7 folded,

and Y2, 9 folded) are observed, in particular in the *Dy=>"Fj transition.

e At 1,100 °C emissions from Y1 and Y2 have similar intensity.

e Between 1,150 °C and 1,200 °C, the transition from the X1 phase to the X2 phase in the Y»SiOs
can be observed. This generates some disorder in the crystalline structure, which has been attributed

to the presence of apatite phase, or Y4.67(S104)30 [202].

o At 1,250 °C, the sample displays a mixture of phases X1-Y»SiOs, X2-Y>SiOs and Y4.67(S104);0.
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Figure 5.4 Luminescent spectra of Y2SiOs:Eu®" pigment heat treated at temperatures from 400 °C to 1,300 °C.

As described in Chapter 4, the Y,SiOs:Eu®" pigment is mixed in a 5 % weight proportion in a potassium
silicate binder, so it can be easily applied as a paint. The emission spectra of the paint, shown in Figure 5.5,
is different to the pigment emission seen in Figure 5.4. Both sets of spectra originate from the same
phosphor, Y>SiOs:Eu’’, but the differences observed can be attributed to the interaction between pigment
and binder. The X1-Y>Si0s emission peaks identified in Table 5.1, can be used as a guide for both. While
the emission peaks present slight differences in relative intensities, the location of the peaks remained
unchanged for all the samples, in particular for the transition Dy — "F», between 610 and 630 nm. As seen

in Chapter 4, lifetime decay measurements are normally taken at 620 +/- 26 nm.

For the paint samples, shown in Figure 5.5, no variations were observed at temperatures higher than
1,100 °C. Luminescent spectra from samples heat treated at 1,100 °C, 1,200 °C and 1,300 °C are
remarkably similar, in particular for the transition *Dy — "F», between 610 and 630 nm, where the lifetime
decay measurements are taken. Emission peaks are limited to those of the Eu", substituting yttrium almost
exclusively in the Site 1 (Y1) of the X1-Y»SiOs phase. No high temperature X2-Y,SiOs phase was
observed, and more surprisingly, no emission peak could be identified as site 2 (Y2) above 1,000 °C in the
paint samples. The expected crystallization of the Y,SiOs pigment is somehow inhibited once it is
introduced in the binder, according to the luminescent spectra. The paint emission spectra also show broader

and fewer peaks, compared to the sharp and multiple peaks observed for the pigment.
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Figure 5.5 Luminescent spectra of THP pellets heat treated at temperatures from 600 °C to 1,300 °C.

The luminescent spectra of the Y,SiOs: Eu*" within the THP, after high temperature exposure, corresponds
to the emission from an amorphous environment. The main constituent of the paint is the potassium silicate
binder, which is known to maintain an amorphous structure after exposure to high temperatures [106]. The
XRD results from the paint after heat treatment at 1,100 °C, also revealed the presence of apatite phase,
Y4.67(S8104)30, shown in Figure 5.3. This meta-stable phase can be found as a second phase only in
particular environments containing metallic ions [222]. In these circumstances, distortion in the lattice
surrounding the emitting Eu®" ion is expected after exposure at high temperatures [122], forming an
amorphous environment. While the luminescent spectra of the THP showed some evolution in the emission
from Eu®" between 600 °C and 1,100 °C, as observed in the transition "Dy — ’F,, (610 to 630 nm, in
Figure 5.5). The transition *Dy — "Fa, between 680 and 710 nm, while also sensitive to the environment of
the europium, displayed ambiguous results and it was not considered further in this thesis for temperature

determination.

The differences observed in the Dy — 'F, transition were less evident at higher temperatures, where an
improved version of THP should provide other parameters to yield a satisfactory thermal history sensor. As
explained in Chapter 4, all luminescent spectra shown in this thesis are the average of three intensity values

per emission wavelength, and always compared to similar samples exposed to the same temperature.
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5.1.2 Thermal analysis of thermal history paint

XRD and luminescent spectral analysis of pigment and paint revealed different crystallization environments
for the phosphor at high temperatures. Further information on the underlying material processes was sought
via thermal analysis. Differential Scanning Calorimetry (DSC) and Thermo-Gravimetric Analysis (TGA)
were used to analyse the behaviour of a dried paint pellet from room temperature to 1,500 °C. Given the
wide temperature range to analyse, the heating rate used was 10 K/min on a 22 mg sample. Both TGA and

DSC traces are shown in Figure 5.6, and each reading is represented on an independent vertical axis.
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Figure 5.6 Thermal analysis of thermal-history paint, including Thermo-Gravimetric Analysis (TGA) and
Differential Scanning Calorimetry (DSC).

The TGA trace recorded the mass of the sample as it was heat treated. Overall, the mass reduced around
12 %, but this weight variation changed differently over the temperature range considered. From room
temperature to almost 500 °C, most of the mass loss occurred, around 8 %. This is region A in the graph.
From 500 °C to 950 °C, regions B and C, the mass reduction represents around 3% of the total loss. At

higher temperatures, the mass remained stable.

The DSC trace starts at room temperature, showing an increase of energy in the sample with increasing
temperatures. The trace stabilizes around 400 °C, at the end of the region A, where a small endothermic
peak is observed. This corresponds to the removal of structural water, released with the polymerization of
silanol groups (-Si-OH) into siloxane groups (-Si-O-Si) [320-322]. At 500 °C the mass drop slows down,
entering in region B, where the DSC trace stabilizes until 600 °C. Between 600 °C and 730 °C the energy
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increases exponentially, followed by a flattening until the end of the region at 825 °C. This behaviour can
be explained by a phase transition within the potassium silicate binder and simultaneous melting of the

phase K,Si409 of the potassium silicate binder.

Region C in Figure 5.6, between 825 °C and 950 °C, shows increasing energy within the sample with
increasing temperature. This increase occurs in an oscillating or noisy trend, identified with bubbling or
boiling in a fully liquid silicate, as suggested by the technical team at the characterization suite of the

Department of Materials at Imperial College London.

Finally, regions D (between 950 °C and 1,200 °C) and E (from 1,200 °C to 1,440 °C) show a drop and
stabilization of energy, respectively. This has been observed in similar silicates [320,324], and explained
by vitrification and densification of the silicate. This can explain the amorphous structure revealed in the
diffraction pattern in Figure 5.3 for a THP sample heat treated at 1,100 °C, which corresponded to vitrified

silicate with a low order in its internal structure.

5.1.3 Interaction between thermal history paint and substrate

Thermal history paints have been used in several industrial applications, mostly in gas turbine and
automotive components [32,39,325]. The temperature sensing parameter used in these cases is the Life-
Time Decay (LTD) of the phosphor after excitation, as explained in Chapter 4. This LTD shows a variation
with increasing temperature exposure, which allows calibrations to be performed for the working
temperature range of the THP, between 150 °C and 900 °C, with an estimated uncertainty of 6.3 °C and
13 °C for 67 % or 95 % confidence levels, respectively. This uncertainty range was calculated comparing
the temperature obtained from thermal history paint measurements, adequately calibrated, and
thermocouple readings, and their respective uncertainties, following the uncertainty determination model

in the publication by Peral ef al. [210].

THP is deposited, namely, on metallic substrates, which are the main material constituents of
turbomachinery components. The metal underneath the THP layer may have an influence on the
luminescent measurements, especially when the system THP-substrate is exposed at high temperatures. The
lifetime decay of THP on two different substrates, stainless-steel and sapphire, was explored after heat
exposure for 30 minutes at the indicated temperatures. The results are plotted in Figure 5.7 below. Lifetime

decay of the pigment, deposited on glass slides after temperature exposure, is shown for comparison.
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Figure 5.7 Lifetime decay evolution over temperature for three thermal history samples:
(a) THP applied on sapphire discs, 12.5mm in diameter, heat treated to the indicated temperature.
(b) Pigment powder, heat treated to the indicated temperature and attached onto a glass slide.
(c) THP applied on Stainless Steel 316L tiles, 20x10 mm, heat treated to the indicated temperature.

The lifetime decay results of the three types of samples considered in Figure 5.7 show a monotonic increase
with increasing temperature up to 900 °C. As expected by the composition of the THP, at 800 °C the paint
started melting. This can be observed on the painted sapphire discs, where some bubbling and change in
transparency is visible on the painted discs heat-treated from 800 °C to 1,050 °C. Above this temperature,
the THP is completely molten and transparent. The letters written underneath the sapphire discs can be
easily seen after heat exposure at 1,300 °C, while for temperatures below 1,100 °C both disc and paint are

not completely transparent.

The glass formed after the melting of the potassium silicate binder is not the whole cause of the lifetime
decay change above 900 °C. While the lifetime decay of the THP on sapphire continues increasing to
temperatures up to 1,150 °C, the THP applied on stainless-steel showed some structural changes from
800 °C, mainly darkening in the colour of the paint, as well as some bubbling, shown in Figure 5.7. While
no interaction between the THP layer and sapphire substrates was detected, the stainless-steel had a clear
effect on the THP. The lifetime decay shows a maximum at 900 °C, after which it drops. The darkening of
the THP applied on metal can also hinder luminescent measurements, as the emitted signal from dark
samples show low intensity. An interaction between the THP and the metallic substrate was hypothesised

by Araguas-Rodriguez [106] and it is developed in the following sections.

For the pigment, the maximum LTD was found at 1,000 °C, decreasing after exposure at higher
temperatures. This is in agreement with the crystallization process explained in previous sections. The LTD
stops increasing monotonically with increasing temperature as soon as the X1-Y,SiOs starts forming, and
the europium emits from both non-equivalent sites of the X1 phase (Y1 and Y2). In addition, the appearance

of the pigment does not change with increasing temperatures, as similarly observed for the THP on sapphire.
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5.1.3.1 THP on metallic substrates

Life-Time Decay (LTD) is an appropriate temperature sensing parameter for THP on any substrate, for
temperatures between 150 °C and 900 °C. In order to expand this temperature sensing range of the THP,
the drop in the monotonic increase of LTD with temperature must be explained. Several hypotheses have
been developed in the past, in particular for THP on metallic substrates. Araguas-Rodriguez observed the
luminescent spectra on THP and on binder layers applied on stainless-steel after high temperature
exposure [106]. While most of the spectral lines could be attributed to the europium, lines at 694 nm on
THP and binder were detected as well. These were attributed to emission from chromium ions, Cr** [326],
potentially coming from the metal substrate where the paint layer was deposited on. In Figure 5.8, the
spectral measurements from both THP and binder are shown. Emission lines from both europium and

chromium are indicated, for samples exposed at different temperatures.
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Figure 5.8 (a) Luminescent emission spectra of a heated metallic substrate coated with [top] THP and [bottom]
binder only, after excitation with 532 nm light. (b) Natural logarithm of the ratio of Cr’*" and Eu’' intensity
plotted as a function of reciprocal exposure temperature. Extracted from [106] with permission via CC-BY-
NC-ND 4.0

Chromium is a common constituent of steel and nickel alloys. Araguas-Rodriguez hypothesized that the
detection of chromium in the luminescent emission of THP and binder might indicate migration of
chromium species into the paint layer, following the oxidation of the metallic substrate at high
temperatures [106]. This process might be facilitated by the progressive melting of the paint at temperatures
higher than 741 °C. The natural logarithm of the Cr*" over the Eu®" intensity, plotted as a function of the
reciprocal temperature in Figure 5.8, suggested that it is a thermally induced process, and therefore

described by the Arrhenius equation.
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This diffusion mechanism of chromium into the paint is mainly driven by temperature, but exposure time
to temperature has also an influence. A short experiment was performed to study the effect of exposure
time on THP deposited on coupons of a nickel alloy containing chromium. 21 of these coupons were
exposed to three temperatures (700 °C, 900 °C and 1,000 °C) for seven different exposure times (3, 4, 5, 6,
10, 30 and 60 minutes). Photographs of the coupons and luminescent spectra recorded on the painted

surfaces are shown in Figure 5.9 below.
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Figure 5.9 (a) Photograph of metallic substrates, coated with THP and heat treated for the indicated duration.
Luminescent emission spectra of THP on metallic substrate, heated at 700 °C (b), at 900 °C (c) and at
1,000 °C (d) for the indicated duration.

Overall, the spectral behaviour of THP remained unaltered for each given temperature, in particular
observing the transition *Dy — "F», between 610 and 630 nm, in all samples. Chromium emission was only
detected on coupons heat treated to 1,000 °C for exposure times between 10 and 60 minutes. In these cases,

a relatively broad peak was recorded at 694 nm, while for the rest of the samples this emission was not
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detected. This delayed chromium emission was identified in the luminescent spectra but could not be the
main factor associated to LTD decrease at high temperatures. LTD measurements on these painted nickel

coupons are shown in Figure 5.10.
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Figure 5.10 Lifetime Decay measured on THP deposited on nickel coupons and heat treated at three
temperatures (700 °C, 900 °C and 1,000 °C) over different exposure times. Lines linking points included for
visualization. Error bars correspond to the standard deviation of five measurements taken on the painted
surface of the sample. Excitation was performed at 532 nm and the emission was recorded at 620 +/- 26 nm.

The lifetime decay values obtained on samples heat treated at 700 °C increased with longer exposure times.
Two sensitivity regimes were observed, a high sensitivity region, up to 6 minutes of exposure time, and a
low sensitivity region for longer exposure times. The LTD changed at a range of 14.1 us/min and
6.1 pus/min, respectively. These could lead to temperature measurement variations of 6.2 °C/min and
2.7 °C/min, respectively. Samples heat treated at 900 °C showed the high sensitivity regime for exposure
times below 10 minutes, where the sensitivity was estimated 6.1 ps/min and 2.7 °C/min for LTD and
temperature variations, respectively. The maximum LTD recording at 900 °C was after 30 minutes of heat
exposure. For longer exposure times at 900 °C, the LTD decreased. The effect of the exposure time can be
considered a secondary factor with respect to temperature in this case, while no chromium emissions were
detected. However, this limits the maximum time of exposure of the THP to 30 minutes at 900 °C, and

longer exposure times considered ambiguous.

For the samples heated to 1,000 °C, the lifetime decay increase was not sustained. While LTD
measurements on samples heated for 3 and 4 minutes showed values higher than the ones measured on
samples heated at 900 °C, the LTD decreased for longer exposure times. The standard deviation of
measurements taken on the surface of these samples also increased for longer exposure times, pointing to

the degradation of the paint layer, as observed in the photograph of the coupons in Figure 5.9 (a). The paint
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turned to a dark green colour, possibly influenced by the oxidation of the metal underneath, and bubbles
were visible for all the exposure times considered. While LTD measurements from paint exposed at
1,000 °C could be potentially used, calibrating a decreasing trend of LTD over increasing temperature,
extending the monotonic increase of LTD was the preferred strategy in this thesis, avoiding the ambiguity

of having a maximum point in a calibration curve.

5.1.3.2  Electron Microscopy observation of the THP-substrate interface

To study the interaction between the THP and the metal substrate underneath, three samples of two common
metal alloys were painted and heat treated to 800 °C, 900 °C and 1,000 °C. Rectangular stainless-steel 316L
samples of dimensions 20 x 10 x 3 mm were used, as well as cylindrical samples of Inconel 738, 40 mm in
diameter and 3 mm thickness. The composition of the stainless steel 316L and Inconel 738, used for this

study are shown in Table 5.2 below.

Table 5.2 Composition of Stainless Steel 316L. and Inconel 738, nickel alloy.

(Wt. %) >

Stainless
Steel 316L 0.02 0.40 1.10 - - - - 2.12 16.73 10.20 Rest
Inconel 738 0.15 0.30 0.20 350 3.50 8.50 2.66 1.50 16.00 Rest 0.50

The Inconel 738 cylindrical samples were cut in half before THP deposition to facilitate handling and

further characterisation via electron microscopy. Prior to spraying, a thin strip of masking tape was laid at
approximately the middle of the sample and removed after deposition of the paint layer. This allowed the
metal substrate to be exposed to the hot atmosphere during the heat treatment, while the most part of the
surface of interest remained painted, and therefore a direct comparison between bare metal and painted
metal exposed to temperature could be stablished. One half of the Inconel 738 samples were used for
luminescent measurements, while the other half were embedded in resin and observed under the electron
microscope. In the case of the stainless-steel samples, double the needed number of samples were painted
and heat treated for the same purposes. The samples and luminescent lifetime decay obtained after heat
treatment are shown in Figure 5.11 below. Three measurements were taken on the surface of every sample,
both for luminescent spectra and LTD. While between 800 °C and 900 °C the LTD increased, it decreased
at higher temperatures. Differences observed between the samples, could lead to an explanation on the LTD

drop at high temperatures on these two metallic alloys.
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Figure 5.11 Lifetime decay evolution over temperature for THP applied on Inconel 738 discs and stainless-steel
316L substrates (left). Photographs of metallic substrates, coated with THP, and heat treated to 800 °C, 900 °C
and 1,000 °C for 30 minutes (right).

Luminescent spectra of the samples were also recorded after heat treatment and shown in Figure 5.12 for
the three temperatures and two metals considered. On both substrates, luminescent emission peaks change
according to the temperature exposed to, from broad peaks observed at 800 °C to sharper emission lines at
900 °C and 1,000 °C. While spectra at 800 °C and 900 °C are similar for both metal substrates, subtle
differences can be observed in the transition *Dy — "F», between 610 and 630 nm, at 1,000 °C. The THP
on Inconel showed a single peak at around 614 nm and two less intense peaks at 622 nm and 626 nm. THP
on stainless-steel, after heat exposure at 1,000 °C, showed a doble peak, less intense at 61 1nm and more
intense at 614 nm, corresponding to the sites Y1 and Y2 of the X1-Y,SiOs phase, as seen previously in
Table 5.1. This broad emission peak also showed a shoulder between 620 nm and 630 nm on stainless-

steel, while on Inconel this shoulder plateaued above 615 nm.

These differences can be explained by the degradation of the paint structure. In the photographs of the
samples in Figure 5.11, bubbling of the paint after heat treatment can be observed. This could have exposed
the metal underneath to luminescence interrogation. Spectra from the two samples heat treated at 1,000 °C
show an emission peak at around 694 nm, which could originate either from the metal underneath the THP

layer or from metal incorporation into the paint layer.
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Figure 5.12 (Left) Luminescent emission spectra of THP deposited on Inconel 738 discs, heated at indicated
temperature. (Right) Luminescent emission spectra of THP deposited on Stainless Steel 316L substrates, heated

at indicated temperature.

For the purpose of this study, characterization via electron microscopy was carried out, with a focus on the

contact zone between paint and metal. Cross sections of both type of substrates were explored via Scanning

Electron Microscopy (SEM) after exposure at 800 °C, 900 °C and 1,000 °C. A summary of all six interfaces

considered, and the settings of the SEM are shown in Table 5.3.
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Table 5.3 Cross section of THP applied on steel and nickel metallic substrates observed via Scanning Electron
Microscopy (SEM) after heat treatment at 800 °C, 900 °C and 1,000 °C for two metal alloys: Inconel 738 and
Stainless Steel 316L. Scale and settings used for image acquisition are included in the legend below each image:
Working Distance (WD), beam voltage (EHT), type of signal/detector (in all cases, Secondary Electrons, SE2)
and Magnification (Mag).

Inconel 738 Stainless Steel 316L

100 um EHT = 20.00 kV Signal A= SE2 100 um EHT = 15.00 kY Signal A= SE2
WD=119mm  Mag= 500X E WD=113mm  Mag= 500X

900°C

10pm EHT=20.00kV  Signal A= SE2 100 um EHT=2000kV  SignalA=SE2

- WD = 12.8 mm Mag= 2.00KX ——- WD = 10.5 mm Mag= 500X

20 pim EHT = 20.00 kV Signal A = SE2 100 pm EHT = 20.00 kV Signal A= SE2
H WD= 9.7 mm Mag= 750X — WD=100mm  Mag= 500X

EDX line scans were performed across the paint layer applied on top of the base metal. These are shown in
yellow in the SEM micrographs for Inconel in Table 5.4, and on Stainless Steel in Table 5.5. The tables
include the elements detected from the paint layer (top of every line) to the metal substrate (end of the line)
in every case. The paint contains silicon (Si), potassium (K) and high contents of oxygen (O), while the
metal substrate contains mostly chromium (Cr) and nickel (Ni) in the case of the Inconel 738, and iron (Fe)

and chromium (Cr) in the case of Stainless Steel 316L.
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Table 5.4 EDX lines over SEM micrographs of THP deposited on Inconel 738 samples, after heat treatment at
800 °C, 900 °C and 1,000 °C. Main elemental constituents of THP (Si and K) and of the Inconel metallic
substrate (Ni and Cr) are plotted over the distance along the EDX line.
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Table 5.5 EDX lines over SEM micrographs of THP deposited on Stainless Steel 316L samples, after heat
treatment at 800 °C, 900 °C and 1,000 °C. Main elemental constituents of THP (Si and K) and of the Stainless-
Steel substrate (Fe, Cr and Ni) are plotted over the distance along the EDX line.
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The detected elements in the EDX lines are shown in the right-hand side graphs in Tables 5.4 and 5.5,
where the contact interface between paint and metal is augmented for visualization. The transition from the
paint into metal is shown from the left-hand side to the right-hand side, respectively in every graph, for
increasing length across the EDX lines in all cases, as shown in the graphs on the right-hand side. Therefore,
THP is found at lower distances across the EDX line, and metal at higher distances. The scanning direction
was from top to bottom across the yellow line shown in all micrographs. The length of the lines varied from
60 um to 201 um and the spatial resolution from 0.24 um to 0.44 um. In all six cases, there is a transition
from the THP layer to metal substrate, detected in the 10 to 20 pm of the paint-substrate interface, which
can be observed in the elements in the EDX lines. Metallic species were detected with a sudden increase of
the EDX counts, nickel and iron, within a smaller length than the paint constituents, and well over the noise
level observed in the EDX line of every element. In other words, while silicon and potassium faded
gradually through the interface paint-metal, metallic elements such as, iron or nickel, show up in the

detector counts in shorter lengths, in all cases between 1 um and 4 pm.

To confirm the lifetime decay and spectral features, shown in Figures 5.11 and 5.12, the EDX results
obtained around the paint-metal interface were considered. Chromium was detected, within the paint layer
in some of the cases shown in Tables 5.4 and 5.5, at relatively small distance from the interface, around
2 um away from the transition paint-metal. This is the case of stainless-steel and Inconel 738 heat-treated
at 1,000 °C. The presence of chromium can explain the decrease in LTD seen on both substrates, as well as
the emission at 694 nm seen in the spectra for these samples. In the other extreme case, samples heated at
800 °C, chromium was not detected within the paint layer, and a clear transition was observed from paint
to metal on the EDX lines, in particular for the Inconel 738. However, the most interesting case was found
on stainless-steel heat-treated at 900 °C, where chromium was detected within the paint layer, but could not
be correlated to an effect in luminescence, either in LTD or in spectra. As an additional note, not all the
metals constituting the substrates were detected, nor the other constituent elements of the paint, such as

yttrium or europium.

While the results shown here might not be conclusive due to the detection limits of this technique [312],
the presence of chromium was detected within THP deposited on common metallic substrates exposed to
temperatures of 900 °C and 1,000 °C. The effect of the heat exposure can be observed in the pictures of the
painted samples in Figure 5.11, in the luminescent results shown in Figures 5.11 and 5. 12, and these can
be correlated to presence of chromium within the paint layer, shown in Tables 5.4 and 5.5, e.g., THP on
stainless-steel and Inconel 738 heat-treated at 1,000 °C, where chromium was detected in the EDX scans,
chromium emission was detected in the spectra and a drop in the LTD of at least 400 ps was appreciated

on both substrates with respect samples exposed at 900 °C.

Low levels of chromium impurities within the paint layer can be enough to produce an effect in LTD and
luminescence spectra. Araguas-Rodriguez examined different chromium concentrations in paint batches,
concluding that an effect on the lifetime decay could be observed for concentrations as low as 0.02 % wt.

of chromium oxide (Cr,03) mixed into the THP [106].
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5.1.4 Efflorescence of thermal history paint

Efflorescence refers to the deposition of salts on the surface of a porous material. On silicate-based
materials, certain types of chemical reactions can lead to this phenomenon. The hydroxy groups (-OH) in
the silicate can react with the CO; in the atmosphere to generate a carbonate. This mechanism has been
observed in construction materials [327], wall paintings and monuments [328] and studied in detail for

sodium, potassium and lithium silicates [329]. The main parameters affecting efflorescence are:

e Amount of CO;
e Humidity

e Temperature, at which the chemical reaction occurs.

Efflorescence was proven by Araguas-Rodriguez [106] to have an effect on the shelf life of the THP. The
main constituent of THP is potassium silicate, which is a material reported in the literature to exhibit these
kind of reactions [329]. In this investigation, structural changes could be observed on the surface of painted
samples, in particular after temperature exposure. The appearance of the THP turned white and displayed
a powdery consistence. Depending on the exposure temperature, the paint layer became brittle and, in some
areas, detached from the surface of the substrate. Furthermore, efflorescence was found to influence the
luminescent results obtained from samples heat treated to different temperatures. The first observations
reported by Araguas-Rodriguez [106] showed variations in lifetime decay measured on the same samples
over 34 days. The lifetime decay values decreased in the first 15 days of the study, after which the trend
stabilised.

An experiment was devised to test the effect of efflorescence on THP. 16 stainless-steel samples were
painted, and heated to four different temperatures: 200 °C, 400 °C, 600 °C and 800 °C. After heat treatment,
one sample of each temperature was stored in one of four different storage conditions, in sealed plastic
bags: exposed to ambient conditions (standard storage), inside a fridge (at a temperature around 5 °C), in a
bag with silica-gel desiccant and in a sealed vacuum bag. Since the vacuum bags had to be re-open regularly
to extract the samples, imperfect vacuum was obtained and the results from these samples can be considered
equivalent to standard storage in sealed plastic bags. The heat-treated samples are shown in Figure 5.13

below, after one week of storage.

200°C 400°C 600°C  800°C

Standard Storage
Refrigerated Storage

Desiccant Storage

Vacuum Storage

Figure 5.13 Photograph of 16 stainless-steel samples, of dimensions 20 x 10 x 3 mm, painted with THP, heated
to 200 °C, 400 °C, 600 °C and 800 °C and stored in four different storing conditions.
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Humidity was found to be a critical parameter, as it has an influence on the kinetics of the chemical reaction
associated with efflorescence [330]. The ambient humidity surrounding the samples was measured
regularly with a HMO1 humidity meter, Tack-life tools, which allowed for simultaneous Relative Humidity
(RH) readings and ambient temperature readings. The instrument displayed the % RH dew point wet bulb
readings with an accuracy of 3 %. Humidity and luminescent measurements were recorded every 3.5 days
and plotted in Figures 5.14 and 5.15, respectively. The humidity values shown in Figure 5.14 below
correspond to the first 21 days of the experiment. The total duration of the experiment was 42 days, but as
the humidity recorded in the desiccant storage bag increased overtime, the desiccant was substituted on

day 21. The humidity values obtained for the rest of the days are equivalent to the first 21 days.

Humidity was found to be relatively stable for the samples stored in plastic bags. “Standard” and “vacuum”
can therefore be considered equivalent storage conditions. The recorded humidity values, between 50 and
70 % RH, correspond to the atmospheric conditions in London, United Kingdom. This humidity was higher
for the cold storage storing condition, where the relative humidity was around 70 %. Finally, the samples
stored in a plastic bag with desiccant were exposed to humidity lower than 40 %. The desiccant incorporated
ambient humidity as the bags were opened and the samples extracted for luminescent measurements. This
explains the increasing trend of the relative humidity for the desiccant values in Figure 5.14 below, and

why the silica-gel desiccant was substituted on day 21 of the experiment.

ap %% )
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40-. %
30- {‘ %

% —=a— Standard Storage
% - —e— Refrigerated Storage
20 1 %% —4— Dessicant Storage

1 —v— Vacuum Storage
10 T T T T T T T T T T 1
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Relative Humidity (RH) [ % ]

Storage time (days)

Figure 5.14 Humidity measurements for the four storage conditions considered to study efflorescence on THP.

Life-Time Decay (LTD) recordings on the 16 samples considered, are shown in Figure 5.15 over 42 days.
LTD ranges for the four storage conditions are clearly differentiated according to the heat treatment
temperature the samples were subjected to. Samples heated to 800 °C show LTD values of around 1,800 ps,
while samples heated to 600 °C exhibit values below 1,600 ps. Decreasing temperature and LTD, samples
heated to 400 °C display LTD around 1,200 us and finally samples subjected to heat treatment at 200 °C
have LTD values around 800 ps.
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Clear differences can be observed between samples stored at different conditions as well. While samples
stored in desiccant or in a fridge show relatively stable LTD values for the whole storage duration, samples
stored in standard conditions and in vacuum bags at ambient temperature, show clear decreasing trends of
LTD over the storage time. These effects can be linked to the presence of carbonates, which were found in
the diffraction patterns of THP shown in Figure 5.3, after heat treatment at 1,000 °C. The presence of
carbon residuals in the pigment or the binder is unlikely after heat exposure at those high temperatures,
while chemical reaction on the surface of the paint with the CO, and the humidity in the air are more likely.
In agreement with Araguas-Rodriguez [106], the biggest changes occur in the first 15 days of storage for
the intermediate temperatures, 400 °C and 600 °C.

Type of Storage Temperature (°C)
Dessicant Storage Refrigeration Storage Standard Storage Vacuum Storage —200
. —400
18001 ——y s N : — 600
\._._——-\' —800

1600__.7‘_._‘___H-'_-_. \\d—dﬁ%\\h\—
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1200t .-—._,____'_H____‘_\\\\
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Figure 5.15 Evolution of luminescent lifetime decay of THP deposited on stainless steel samples, heat treated at
200 °C, 400 °C, 600 °C and 800 °C and then stored for 42 days in different conditions: Standard storage (in a
sealed plastic bag), Refrigeration storage (sealed bag stored in a fridge at around 5 °C), Desiccant storage
(samples stored in silica gel) and Vacuum storage (samples stored in vacuum bags).

The lifetime decay results shown in Figure 5.15 led to the identification of cold and dry storage conditions,
in a fridge and in silica-gel desiccant, respectively, as the two conditions that could mitigate the effect of
the efflorescence in the luminescent behaviour of THP. The decrease in LTD in cold and dry conditions is
less steep than for standard and vacuum, in particular in the first 15 days of storage. However, the ideal
storage conditions for deposited THP, under low storage temperature, low humidity, and low CO,
atmospheres, might proof impractical in a real turbomachinery application. Large component would be
difficult to store in desiccant or in cold environments, such as fridge. Hence, a development of the THP

towards minimising the impact of the efflorescence would be immediately advantageous to this technique.

In an industrial application of THP, the efflorescence effect in lifetime decay could be reduced by storing
the painted turbomachinery components and calibration samples for the same duration. However, slight
delays in the heat treatment of the calibration samples with respect to the engine operation could result in

a mismatch in the temperature determination.
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5.1.5 Strategy to reach reliable measurements at high temperatures

After reviewing the behaviour of conventional Thermal History Paint (THP) in the previous sections, and
identifying the main challenges, a strategy was devised to act on the performance of the THP as a
temperature sensor. A summary of the observed THP behaviour and associated actions is displayed in Table
5.6 below. The black dots represent expected improvement effects on every challenge. These actions will

be developed experimentally in the following sections.

The action with the highest expected impact is the binder substitution, which could solve most of the
ambiguity around the THP, from the efflorescence to the pigment-binder interaction. A binder with a high
melting point and with little interaction with the substrate will be surveyed from among commercially
available products. The current binder and pigment will also be modified in order to reach higher
temperature capabilities. Finally, a series of interlayers between the THP and the metallic substrate will be

explored to reduce the interaction between the paint and the metallic substrate.

Table 5.6 Summary of main observations on THP after heat treatment and suggested solutions to reach reliable
temperature measurements at high temperatures.

THP behaviour at high

temperatures > 1. Interaction
mmm-semee-eee-e-o-—---e--- | Pigment - Binder
Suggested solutions |

3. Interaction with
2. Binder melting metallic substrates /

4. Efflorescence/

Shelf life
THP structural degradation

1. Binder modification

2. Binder substitution

3. Pigment modification . .
4. Interlayer .

5.1.5.1 Pigment calcination

To obtain enhanced THP behaviour at high temperatures, the pigment calcination temperature must be
considered. The THP version, used by Araguas-Rodriguez [106], contains Y,SiOs. Eu®" pigment, produced
via sol-gel, and calcined at 400 °C for 1 hour. The paint produced with this pigment delivers monotonic
measurements between luminescent lifetime decay and temperature for a range between 150 °C and 900 °C.
For the purposes of this thesis, narrower and higher temperature ranges are preferred, and higher calcination

temperatures were investigated.
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Three batches of paint were produced with three pigments calcined at different temperatures: 250 °C,
400 °C and 600 °C. Three stainless-steel bars were painted and exposed to temperature gradients from
150 °C to 1,100 °C in a tube furnace for 30 min, as indicated in Chapter 4. The lifetime decay values

obtained along the bar are plotted in Figure 5.16 below for the maximum temperature seen at every location

along the bar.
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Figure 5.16 Lifetime decay as a function of temperature for potassium silicate binder mixed in with
Y:SiOs: Eu®* pigments, previously calcined at 250 °C, 400 °C and 600 °C. Maximum sensing temperatures
indicated for clarity.

The three curves display a similar general behaviour. For the 250 °C and 400 °C cases the lifetime decay
increases monotonically from 100 °C, until a certain point (indicated with vertical bars). The 600 °C case
is slightly different since the pigment was calcined at a higher temperature. The lifetime decay decreases
between 100 °C and 300°C, experiencing a monotonic increase between 300 °C and 970 °C, indicated as a
vertical line. This can be considered the maximum sensing or working point, after which the lifetime decay
drops with increasing temperature. The luminescent readings at higher temperatures, after the drop in LTD,
are not normally considered in the temperature determination of painted turbomachinery components, as a

single lifetime decay value could represent two temperatures and lead to incorrect temperature sensing.

Overall, the monotonic increasing trend of the lifetime decay over temperature can be explained with the
luminescence fundamentals introduced in Chapter 2. The temporal luminescent behaviour of phosphors

can be summarised with the Equation 5.1, below.

1
T=— 5.1)
PRr+PpNR
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where LTD (or T) is inversely proportional to the probability of radiative decay (Pr) and the probability of

non-radiative (Pnr) decay of an electronic transition from an excited state to a ground state. The probability
of non-radiative decay, Pngr, includes all possible quenching mechanisms that could prevent radiative
emissions. These can be residual species with high phonon energy, such as defects within the structure. In
the case of THP, synthesis residuals (NOs;, OH™ and carbonates among others) will gradually leave the
structure of the paint with increasing temperature. The pigment and paint silicate structures will start
forming, densifying, and reducing the overall defect concentration. The removal of all these quencher

species will reduce the Pngr, which in turn will lead to an increase of LTD values.

As seen in Figure 5.16, the temperature-lifetime decay behaviour of THP’s with pigments calcined at
different temperatures shifts with calcination temperature. A high calcination temperature of the pigment
(600 °C) was found to increase the upper bound of the monotonic increasing range of the calibration curve
up to 970 °C. This behaviour can be explained considering the local environment of the emitting ions of
each paint. The calcination temperature affects the local structure surrounding the Eu’* ions, shifting the
low probability of non-radiative decay to higher temperatures. The Eu** ion, in pigment calcined at a higher
temperature, is more protected from quenching mechanisms once is mixed into the binder. Conversely, at
lower temperatures the paint behaviour for higher calcination temperatures, plateaus proportionally to this
calcination temperature. For the pigment calcined at 600 °C, the temperature sensing resolution starts at

350 °C, while for lower calcination temperatures the THP resolution starts earlier.

Additionally, as shown in Figure 5.16, the paint with the pigment calcined to 250 °C shows higher LTD
values than pigments calcined at higher temperatures. This pigment shows an offset of around 150 ps with
respect to the paint with the pigment calcined at 400 °C, and an offset of around 500 us with respect to the
paint with the pigment calcined at 600 °C. These differences suggest an intrinsic difference in the
luminescent emission of the Eu®* ions, which are in different environments in each paint. Araguas-
Rodriguez [106] hypothesized, from observations of the Dy = ’Fy transition, that a higher calcination
temperature resulted in an easier dispersion of the pigment into the THP. Up to 350 °C the pigment showed
traces of nitrates, which conforms a more regular environment for an emitting Eu*" ion, compared to the
amorphous silica network of the binder. The structure of the Y2SiOs: Eu** pigment was described with the

FTIR spectra shown in Figure 5.17, where silicate species cannot be observed below 400 °C.
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Figure 5.17 FTIR spectra of Y:SiOs: Eu®" pigment samples heat-treated for 30 minutes to the indicated
temperature.Silicate and nitrate peaks identified. Extracted from [106] with permission via CC-BY-NC-ND 4.0.

In the same way that high calcination temperatures (600 °C) expand the monotonic increase of lifetime
decay to temperatures up to 970 °C, low calcination temperatures of the pigment (250 °C) result in a reduced
maximum working temperature of the THP, to 838 °C, as seen in Figure 5.17. The compromise solution
found by Araguas-Rodriguez [106] consisted of pigment calcined at 400 °C, which gave the widest
temperature range with monotonic increase of lifetime decay between 200 °C and 900 °C. For the purposes
of this thesis, the Y>SiOs:Eu’®" pigment calcined to 400 °C and 600 °C were used as references, both mixed
into the standard binder, and tested in alternative binders. Standard THP produced with these binders are

referred in the following sections as THP-P400 and THP-P600, respectively.

Sapphire single crystal discs were painted with the THP-P600 version, to observe its behaviour on a non-
metallic substrate, similar to the THP-P400 version shown in Figure 5.7, in Section 5.1.3. Lifetime decay
and spectral measurements were taken on the painted discs after heat treatment between 800 °C and

1,300 °C. Photographs of the discs after heat treatment, and associated results are shown in Figure 5.18.

Both LTD and spectra results are similar to the ones discussed for THP-P400 in Sections 5.1.1 and 5.1.3.
The monotonic increase of lifetime decay with temperature was maintained up to 1,150 °C. This trend
differed from the behaviour of the pigment on its own, that showed a maximum of lifetime decay at
1,000 °C, indicated with vertical lines in Figure 5.18 (a). The temperature range of the monotonic increase
of the pigment expanded once it was introduced in the binder. The luminescent spectra of the THP-P600
showed the expected emission lines, with small variations above 1,000 °C with respect to the spectra shown

in section 5.1.1 for THP-P400, analysed peak by peak in Table 5.1.
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Figure 5.18 (a) Lifetime decay evolution over temperature for THP — P600 applied on sapphire discs. Lines
liking points added for visualization (b) Luminescent spectra of THP — P600 deposited on sapphire discs and
heat treated at temperatures from 600 °C to 1,300 °C. The Y2SiOs:Eu’* pigment of the THP — P600 was calcined
to 600 °C prior to paint production. (c) Painted sapphire substrates, heat treated to the indicated temperature.

5.1.5.2 THP References

Once the pigment calcination temperature has been taken into consideration, a reference test was devised
to compare THP modifications with existing references. The bar test described in Chapter 4 was considered
the more appropriate testing method, as it allows measurements across a wide temperature range in a single
experiment. Two 400 x 20 x 3 mm stainless-steel bars, issued from SOG Ltd., were cleaned and the surface
of one the long sides, grit blasted and painted with the reference THP’s, consisting of potassium silicate
binder (95 % wt.) and Y,SiOs:Eu*" pigment calcined at 400 °C or 600 °C (5 % wt.). These are THP-P400
and THP-P600, respectively.

The reference binder was ordered from Indestructible Paint Ltd. [293], which markets this potassium
silicate solution under the name /P66. The original manufacturer of the binder is PQ Corporation [294],
which gave the name Kasi/® 6 or K6 to this particular composition of potassium silicate. The solid content,

density and pH of this binder are summarized in Table 5.7 below.

Table 5.7 Solid content, density, and pH measurements on current THP reference, using potassium silicate binder.

Binder Solid Content (%) Density (g/ml) pH
P66 / K6 (PQ Corp) 369 +/-0.2 1.6 +/-0.2 8.6

Once the painted bar was heat treated in a tube furnace, the THP was exposed to a wide temperature range,
from below 200 °C at its cold end up to 1,100 °C at the hot end. The change in colour of the THP, deposited

on stainless-steel, is shown in Figure 5.19. The paint displayed a light grey colour at low temperatures,
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turning white at around 500 °C, where the highest intensity is detected [106]. However, at higher
temperatures the THP becomes progressively darker, showing a dark green colour near the hot end, where

the intensity of the luminescent emission is lower.

200°C 400°C 800°C 1000°C 1100°C

v v v v Ld

Figure 5.19 Photograph of THP deposited on a 40 cm long stainless-steel bar, and heat-treated between 200 °C
and 1,100 °C. The darkening of the THP, associated with the LTD drop, appears at temperatures above 900 °C,
where the colour turns green. Estimated temperature locations have been included for clarity.

Lifetime decay measurements were obtained every 5 mm along the bar and plotted against the maximum
temperature seen at every location. The results are displayed in Figure 5.20 for both THP-P400 and THP-
P600 references. For a better analysis of the monotonic increase of the LTD with temperature, a sensitivity
analysis was performed on the lifetime decay evolution over temperature. Sensitivity has been defined by
Dramicanin [331] as the quotient between the change of a luminescent parameter, lifetime decay in this
case, and the associated change in temperature. This definition was based on the International Vocabulary
of Metrology (VIM) [332], adapted for temporal luminescent thermometry measurements, and described

in Equation 5.2.

__ ot

S=73r

(5.2)

where:

e Tor LTD, Luminescent Lifetime Decay, measurand or indication of the luminescent emission [us],

measurand or indication, luminescent sensing parameter leading to a temperature measurement.
e T, exposure temperature [°C or K]

e S, Sensitivity, quotient of change in the indication, or LTD in this case, over temperature [ps / °C]

The choice of the first derivative of the LTD-Temperature curve, as a sensitivity parameter, was influenced
by metrology standards [332], and has been used to determine the sensitivity of thermographic phosphors
in the past [331]. The temperature values used to plot the LTD values can be used to plot the first derivative
as well, maintaining the same interpolation range. More specifically, Peral et al. [210] used a model based
in the LTD-Temperature curve to determine the uncertainty of the temperature measurement obtained from
THP. The first derivative of the LTD-Temperature curve was used as a sensitivity coefficient in the
uncertainty propagation model. The estimated uncertainty of the THP was +/- 3 - 6 °C, for 67 % confidence
levels, with a maximum uncertainty of +/- 13 °C for 95 % confidence levels. These are in the same order

of magnitude as the uncertainties of thermocouple readings.
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Figure 5.20 Reference THP deposited on a stainless-steel bar, heat treated and where LTD was measured every
5 mm. The monotonic increase of lifetime decay (top) and the sensitivity analysis of the monotonic increase
(bottom) are shown over increasing temperature, between 150 °C to 900 °C for THP-P400 (a) and THP-P600
(b) over a temperature range, between 250 °C and 1,000 °C.

In Figure 5.20 (a) the monotonic increase of the lifetime decay of the reference paint THP-P400 is shown
between 150 °C and 900 °C. The sensitivity analysis is shown in at the bottom of the same figure, with
values above 1 us/°C from 200 °C to 870 °C. The minimum value measured of lifetime decay was 872.0 us
and the maximum 1,945.1 ps. In Figure 5.20 (b) the monotonic increase of the lifetime decay of the
reference paint THP-P600 was analysed from 250 °C to 1,000 °C. The sensitivity is shown at the bottom
of the same figure and can be divided into three regions. For temperatures below 500 °C, the sensitivity
remains below 2 us/°C, while for higher temperatures the sensitivity increases up to 3 us/°C. Above 900 °C,

the lifetime decay shows a noisy monotonic increase up to the maximum around 960 °C.

In terms of luminescent lifetime decay, the minimum value measured was 963.6 ps and the maximum
2,105.3 ps. This wide range of lifetime decay leads to an average sensitivity of 2.1 us/°C between 250 °C
and 960 °C., which is slightly different for the different temperature regions described before. These
parameters, and the monotonic increase temperature range for both P400 and P600 reference paints, are

summarized in Table 5.8 and will be used as a comparison for the subsequent binders tested in this chapter.
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Table 5.8 Summary of lifetime decay evolution over temperature for THP reference.

Min LTD Max LTD | LTD Range Temperature Sensitivity
(ns) (1s) (ns) Range (°C) (ns/°C)
From 200 °C to
872.0 1,945.1 1073.1 1.4+/-1.0
THP Ref. P400 870 °C
THP Ref. P600 963.6 2,105.3 1141.7 From 250 °C to 2.1+4/-1.7
960 °C

5.2 Modification of existing binder

The potassium silicate binder currently used to produce THP presents some limitations at high
temperatures, as shown in section 5.1 of this chapter. Some of the improvement points are the binder
melting temperature and the interaction between the pigment and the binder. The use of this potassium
silicate binder limits the temperature detection range to 900 °C or 970 °C on metallic substrates, depending

on the calcination temperature of the pigment.

In this section, two modifications of the existing binder are tested in order to increase the melting point of
the THP and widen its temperature detection range above 900 °C. Firstly, potassium hydroxide was added
to the current binder, in order to increase the amount of potassium in the binder solution, and therefore
increase the melting temperature of the THP. Secondly, lithium hydroxide was added the standard
potassium silicate expecting less effects of efflorescence, as described by Veinot et al. [329]. These

modifications are part of the first action to reach better measurement reliability with THP.

5.2.1 Potassium addition

The current THP formulation is comprised of a 95 % weight of a potassium silicate binder. Araguas-
Rodriguez [106] found that the silica (SiO;) content of this binder was around 0.55 % mol, which falls
between the compounds K,Si;,0Os and K,SisO9, as shown in the potassium oxide — silicon oxide phase
diagram in Figure 3.6. Considering these extremes of the binder composition the temperature capabilities
of the current silicate binder could be expanded by increasing the melting temperature. The simplest way
to increase the melting temperature, according to the phase diagram, would be to increase the potassium
content, towards the 1,046 °C melting point of K,Si,0s. To this end, potassium hydroxide, KOH, was added
to the binder solution. This task was performed in collaboration with Dr Violaine Mendez and Richard
Banks at Indestructible Paint [293]. The addition of KOH to the binder solution resulted in one extra
equivalent of potassium per silica (SiO») in the silicate network. This new binder formulation was used to

manufacture THP with a standard P400 pigment, as described in Chapter 4.
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A bar test was performed with this modified version of the binder. A 40-cm long stainless-steel bar was
cleaned, grit-blasted and painted with the modified binder, as shown in Figure 5.21 (a) below. While the
paint remained in good state both in liquid solution and applied onto the stainless-steel bar, during heat-
treatment, the paint showed bubbling and detachment from the metallic substrate, as shown in Figure 5.21
(b) and (c) below. This might indicate a lack of chemical stability in the silicate. Potassium silicates are
known to be hygroscopic, and the absorbed moisture could have introduced inhomogeneities in the paint

structure [333].

(@)

Figure 5.21 (a) Stainless steel bar painted with binder modified by potassium addition. (b) Photograph of the
first seconds of heat treatment of a stainless-steel bar painted with modified binder, with potassium addition,
in a tube furnace heated up to 1,100°C. Bubble formation is visible at hot temperatures. (¢) Photograph after
some minutes of the same bar heat treatment, where paint blisters are visible all over the painted surface, from
hot to cold end of the painted bar.

Despite the paint detachment from the surface, luminescent lifetime decay measurements could be obtained
on the surface of the bar after heat-treatment. Measurements were taken every 5 mm from the cold to the
hot end of the bar and plotted against the maximum temperature seen at every location. These results are
displayed in Figure 5.22 (a) below. The monotonic increase of the LTD with temperature is further
examined via a sensitivity analysis of the paint between 200 °C and 900 °C and shown in Figure 5.22 (b).
Overall, the sensitivity values obtained are above 1 us/°C, with a stable increase between 400 and 700 °C.
However, from 800 °C the paint detached severely from the metal and the lifetime decay showed a noisy

trend from 900 °C.
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Figure 5.22 (a) Lifetime Decay plotted over temperature for luminescent history paint, modified by potassium
addition and deposited on a 40 x 20 x 3 mm stainless-steel 316L. bar. During heat treatment a temperature
gradient, between 150 °C to 1,100 °C was generated along the bar, allowing for lifetime decay to be measured
after heat treatment. (b) Monotonic increase of lifetime decay over temperature for modified history paint, by
potassium addition (top) and sensitivity analysis of the monotonic increase (bottom).

In terms of luminescent lifetime decay, the minimum value measured was 853.3 ps and the maximum
1,870.5 us. This wide range of lifetime decay is effectively limited at 800 °C. At this point the detachment
of the paint became noticeable. Measurements at higher temperatures were not considered, despite the
apparent improvement in sensitivity between 800 °C and 900 °C. The drop in LTD at temperatures higher
than 900 °C produces some ambiguity if LTD is the only parameter available for temperature determination.
Further interpretation can be made via analysis of the luminescent spectra and/or through visual inspection.
For example, the oxidation of metallic surfaces is quite evident at these high temperatures compared to
metals exposed at 800 °C, which could be easily differentiated from metals exposed at 1,100 °C. The THP
also changes colour at high temperatures, as shown in Figure 5.19 for the reference paints. All the

sensitivity parameters obtained from the THP enriched with potassium are summarized in Table 5.9 below.

Table 5.9 Summary of lifetime decay evolution over temperature for binder modification by potassium addition.

Min Max LTD Temperature Sensitivity = Attachment to metallic
LTD LTD Range Range (°C) ((THA(®)) substrate
(1s) (ns) (ns)
Lot Bubbli b d duri
i i o ubbling observed during
modification 853.3 1807.5 954.2 From 193 ¢ 111 +/- 0.69 heat treatment. Paint
Potassium 10905 °C (until 800 °C) | flaking off during cooling.
addition
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5.2.2 Lithium addition

Lithium silicates belong to the same group of water-based systems as sodium and potassium silicates:
soluble silicate solutions [334]. Lithium silicate on its own is explored as an alternative binder in section
5.3, however lithium addition to the current potassium silicate binder was suggested by the binder provider,
Indestructible Paint, and performed by Dr Violaine Mendez at their facilities. Lithium hydroxide, LiOH,
was added to the solution in a similar way to the potassium hydroxide. Two new binder formulations were
produced: one containing half lithium equivalent per silica (SiO,) in the solution and a second mix
containing one lithium equivalent per silica. These two mixtures were named 37 and 24 respectively and

tested as binders to manufacture THP. A standard P400 pigment was used.

After production, the binders with Lithium added were found to polymerise. The inside of one of the bottles
received by the author is shown in Figure 5.23 (a) below. Nevertheless, 47g of both formulations were
extracted from the respective bottles and mixed with P400 pigment and water to produce sprayable THP.
After mixing both binders with an overhead stirrer and zirconia beads, as explained in Chapter 4, two
sprayable formulations were produced and tested on two stainless-steel bars. The THP production process

is shown in Figure 5.23 (b) below.

(@) (b)

Figure 5.23 (a) Photograph of polymerized potassium silicate binder modified by lithium addition, introducing
one equivalent of lithium per silica equivalent, as received by the author. (b) Photograph of lithium enriched
potassium silicate binder, after water and pigment addition. An overhead stirrer was used, as well as zirconia
beads to facilitate the mixing.
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Two 40-cm long stainless-steel bars were painted with the modified binder formulations, 24 and 37.
Lifetime decay measurements were taken along the bar, after heat-treatment, from the cold to the hot end
and plotted against the maximum exposure temperature seen at every location. These results are displayed
in Figure 5.24 (a) below. The monotonic increase of both LTD’s over temperature are further examined
with a sensitivity analysis between 150 °C and 750 °C and shown in Figure 5.24 (b). A photograph of the
two tested bars is displayed in Figure 5.24 (¢), where the cold and hot ends are indicated for clarity.

(a) (b)
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Figure 5.24 (a) Lifetime Decay plotted over temperature for two mixes of luminescent history paint, modified
by lithium addition, and deposited on 400 x 20 x 3 mm stainless-steel bars. (b) Monotonic increase of lifetime
decay over temperature for modified THP, by lithium addition (top) and sensitivity analysis of the monotonic
increase (bottom). (c) Photograph of the bars painted with modified binder, by lithium addition. Cold end
(~200 °C) and hot end (~1,100 °C) indicated.

The luminescent lifetime decay of the two binders ranges from a minimum of 830.7 us and 980.0 us for
Mix 24 and Mix 37, respectively, to a maximum of 2,110.2 ps and 1,963.7 ps, respectively. This wide range
in lifetime decay does not correspond to a wide temperature range, since both mixes have their maximum

LTD around 700 °C. This is substantially below the 900 °C upper limit of the standard THP.

In terms of sensitivity, both binders exhibit constant values around 2 ps/°C along the working temperature
range, from 200 °C to 700 °C. Measurements at higher temperatures were not considered. All the sensitivity
parameters analysed are summarized in Table 5.10 and will be compared with the rest of binders tested in

this chapter.
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Table 5.10 Summary of lifetime decay evolution over temperature for binder modification by lithium addition.

Ilj/ITl]I; Ilt/{l‘fl]’; I:Ja TlDe Temperature Sensitivity Additional
(ns) (ns) (115 Range (°C) (us/°C) Comments
. Polymerisation of
Mix 37 y
> 980.0 | 1963.7 983.7 | From162°Cto | 1.70+4/-0.81 | the binder while in
72eq.Li/K 702 °C storage.
Mix 24 From 167 °C to 230 +/-0.44 Polymerisation of
. s 830.7 2110.2 1279.5 112 °C (until 650 °C) the binder and
leq.Li/K THP produced.

Lithium addition to potassium silicate liquid solution did not achieve the extended temperature regime
intended. As a matter of fact, the maximum temperature achieved for a monotonic increase of the lifetime
decay over was found around 700 °C for the two mixtures tested. This temperature limit was almost 200 °C
below the 900 °C upper limit of the potassium silicate on its own. The degradation of this lithium-
potassium-silicate system can be associated with the melting temperature of the material system and the
chemical stability observed before the addition of the pigment. The binder polymerised on its own and only
long stirring times and water addition resulted in a sprayable paint. Despite the advantages expected from
lithium-based binders, addition of lithium was discarded as a promising route to produce a new version of

THP.

5.3 Substitution of existing binder

Following the binder modifications explored previously, the focus of this section is on the binder
substitution altogether. As explained in section 5.1, the current version of THP presents some limitations,
in particular the binder behaviour at high temperatures. Substituting the current binder could improve all
the areas of interest in a new THP formulation. To this end, more than 35 providers of commercially
available paints, and other liquid solutions, were contacted for the development of this section. 10 products

were found to produce viable paints, and therefore tested as THP binders.

The criteria followed for the enquiry of commercially available high temperature binders included the

following points:

e High functional temperature, preferably above 1,200 °C.

e Resistance to thermal exposure, over 30 minutes at a given temperature.

e Low reactivity with ceramic/silicate pigments, and with metallic substrates.
e No organic/plastic constituents.

e Low viscosity, so that spraying with an air-pressure-gun remains possible.

e Long shelf life both as a liquid solution and once applied on a surface.
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Further expectations of a novel high temperature binder included health and safety requirements, as all
tested products were REACH compliant [90,91], as well as good adherence to the substrate these were
applied on (stainless-steel 316L). Good control of the dry film thickness was also preferred, as some

variability is expected as a result of the paint deposition via air-spraying, wet deposition, and subsequent

drying.

5.3.1 High temperature binder candidates

After a thorough market survey, following the criteria outlined previously, six groups of commercially
available products were identified and tested as potential high temperature binders. The behaviour
assessment was evaluated via the bar test, presented in Chapter 4, and via sensitivity analysis as performed
for the binder modifications presented in the previous section. In Table 5.11, the commercial name of the
candidate products, provider company, basic composition, and maximum working temperature (as

indicated in the respective technical datasheets) are summarised.

Table 5.11 Tested binder candidates, commercial providers, and summary of properties.

Maximum
Product ki
ro .uc Provider Company Main constituents working
Commercial Name temperature
(°C)
0 THP Reference Indestructible Paint [293] Potassium silicate water-based 900
| IP66 / Kasil 6 / PQ Corporation  [294] solution
Sealmet® Zyp-Coatings [285] Sodium-potassium-aluminium silicate 1,300
Fi I® Coati : : .
. 1:1;(()W00 oating Unifrax [335]] Alumina and silicate 1,500
Lithium Polysilicate | Grace & Co. [336] Lithium poly-silicate (~4 %w Li,O) -
"| LithiSil®25 PQ Corporation [294] Lithium poly-silicate (~2.5%w Li,O) -
.| Fabutit, FFB® 1210 | Budenheim KG [337] Mono-magnesium phosphate solution 1,210
.| Durazane ® 1800 Merck Group [338]| Poly-silazane polymer 1,800
Ludox® SM 30 Colloidal silica (contains sodium) 1,650
Ludox® HS 40 Colloidal silica (contains sodium) 1,650
) it Grace & Co. [336]
Ludox® AS 30 Colloidal silica (contains ammonium) 1,650
Ludox® AS 40 Colloidal silica (contains ammonium) 1,650
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5.3.1.1 Silicate based solution

As reported in Chapter 3, several silicate binders have been used in the past to embody THP, allowing
phosphor-based paints to be sprayed on the surface of turbomachinery components. Among the products
used in previous investigations, the high temperature coatings provided by Zyp Coatings, Inc. [285] were
surveyed, as these products were used by several authors in the past [110,117,339]. A particular water-
based coating stood out from the Zyp Coatings catalogue, Sealmet®. This product consists of a mix of
ceramic oxides, specially intended for application on metallic substrates, in particular stainless-steel. The
temperature upper limit indicated in the technical datasheet was 1,300 °C, which made Sealmet® an
interesting candidate for high temperature exposure. Solid content, density and pH of this binder candidate

were measured upon reception of the Sealmet® sample. These parameters are summarised in Table 5.12.

Table 5.12 Solid content, density, and pH measurements on Sealmet® silicate binder.

Product . o .
Commercial Name Solid Content (%) Density (g/ml) pH
Sealmet ® - Zyp Coatings 67.7+/-0.8 1.1+/-0.2 9.2

Pigment preheated to 400 °C (P400) was mixed into the Sealmet® following the standard procedure
described in Chapter 4 for paint manufacturing. Two THP batches were generated with different pigment
contents. The first batch comprised 5 % wt. of pigment and the second 10 % wt. For the second case, to
guarantee a good miscibility, 10 g of water was premixed with 5 g of pigment, and then 35 g of Sealmet®
was introduced to complete the single paint batch. This batch was sprayed onto two stainless-steel test bars.
One bar was sprayed through the standard THP procedure, applying several paint layers onto the metal
(between 10 and 15 layers). The second bar was sprayed on a single stroke, opening the paint valve of the
spray gun, to obtain the same desired dry paint thickness, 30 pm. This application procedure was discussed
with Zyp Coatings, as single layer deposition improved considerably the attachment to the metal substrate.
The third stainless-steel bar, painted with a single layer of 10%w pigment mixed in Sealmet® THP, is
shown in Figure 5.25 below, after heat-treatment. One of the concerns using Sealmet® as a binder was the
dark colour displayed after heat treatment. Despite the efforts to lighten the colour of the Sealmet® binder
by introducing more pigment and water in the THP mixed, the painted surface of the bar remained quite

dark, in particular at the hot end of the bar after heat treatment.

’ Sealmet ® Paint, 10%wt Pigment, Single Layer

Figure 5.25 Photograph of the stainless-steel painted bar painted with Sealmet® binder, loaded with 10 % wt.
of pigment, shown after heat-treatment. Cold end (~200 °C) and Hot end (~1,100 °C) indicated.

122




(@)

Daniel Castillo-Gutiérrez

The three stainless-steel bars were heat-treated and measured for luminescent lifetime decay, from cold to
hot end. The obtained LTD was plotted against the maximum exposure temperature seen at every location.
The obtained results are displayed in Figure 5.26 (a) for Sealmet® with 5%wt. pigment and in
Figure 5.26 (b) for Sealmet® with 10 % wt., both applied as several layers and as a single layer. The results
from the three bars were subjected to a sensitivity analysis up to the maximum of the monotonic increase

in LTD and shown in Figures 5.26 (c¢) and (d).

(b)

Lifetime Decay (us)

(©)

]
1400 - " 500°C
[ |
. . 1400 iR,
1300 - . I
. 1300 ° .
12007 - . @ 1200 K e
[ ] - =2 m® o®
1100 - > 1100 me - ® oo
. - 1] © 7 LY ]
[ ] ..I. L] J 8 ue " "
- [ ] [ |
1000 . - S 1000 .o "at ame Wl
. £ 9001 e
900 - " 2 m
] | 800 + He
[ "
800 - 700 4 ny B SEALMET ® + 10 %wt Pigment, Single Layer
-.' = SEALMET ® + 5 %wt Pigment ;'o ® SEALMET ® + 10 %wt Pigment, Several Layers
700 -l 600 -
T T T T T T T T 1
T T T T T T T 1
200 300 400 500 600 700 800 900 1000 100 200 300 400 500 600 700 800 900 1000
Temperature (°C
P (€ Temperature (°C)
_— L]
0 ] . ] 1400
. - 1400 ERE L a0
g 11300 > ] "L e 11200
g []
> . 41200 é ] ot : o |® J 1100
2 . 1o o ] n"e ? 1 1000
?: B . < 1000 £ " : o ® 7900
£ L] ® 7] . - 800
5 " 7900 = les® J 700
:5 h .l. - 800 J"" 4 600
LI —_— 14
700
5T 135 o
L / 130 > F \/ 43
o [ 1.5 3 A /\
- ~
£ s
3+ 115 =
H / \/,\/\ = 1,
2L 110 2 Q
c [
o -0.5 (7]
»n 0
0.0 450

N
o
S

250

300

350

400

450

500

550

600

150

200

250

300

350

400

Temperature (°C) Temperature (°C)

Figure 5.26 Lifetime decay plotted over temperature, measured on THP, and deposited on a stainless-steel bar
for Sealmet® loaded with 5 % wt. pigment (a) and Sealmet® loaded with 10 % wt. pigment (b). The monotonic
increase of lifetime decay over temperature for these THP’s (top) and sensitivity analysis of the monotonic
increase (bottom) are shown for Sealmet® paint loaded with 5 % wt. pigment (c) and for Sealmet® loaded with
10 % wt. pigment (d).

The Sealmet® with 5 % wt. pigment displayed a monotonic increase in lifetime decay up to 568 °C, point
where the LTD dropped for higher temperatures. This is a relatively low temperature limit, while the
standard THP shows functionality up to 900 °C. The luminescent lifetime decay of the two other bars
showed similar behaviour between them, but a low monotonic behaviour range of the lifetime decay up to

462 °C and 485 °C for the for Sealmet® with 10 % wt., applied as a single layer and as several layers,

respectively. All these parameters are summarized in Table 5.13 below.
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The lifetime decay ranged from 600 ps to 1,400 ps for the three cases considered. Unfortunately, this wide
range in lifetime decay does not correspond to a wide temperature range. In terms of sensitivity, both
binders exhibit constant values around 2 ps/°C along the working temperature range, from 130 °C to

600 °C. Given this reduced temperature range Sealmet® was discounted from further evaluation.

Table 5.13 Summary of lifetime decay evolution over temperature for Sealmet® binder.

11\4/[]?]); LTD Temperature Sensitivity
) Range (ns) Range (°C) (ns/°C)
9 o
> % Wt. 689.2 | 1399.1 | 709.9 | Froml158°Cto | 165/ 0.79
Pigment 568 °C
Sealmet®
e 10 % wt.
Silicat o
g Pigment - 643.0 | 14450 |  802.0 Frmﬂéjfcc o | 223+-0.86
Zyp Single layer
Coatings 10 % wt.
Pigment — 609.7 | 1436.6| 827.1 From 138 °Cto | 223 +/-1.43
Several layers 485 °C

Sealmet® as a binder for low temperature sensing

The possibility of obtaining temperature measurements with THPs from ambient temperatures was
observed for the first time when testing binders at relatively low temperatures [38]. Sealmet®, containing
7.5 % wt. of pigment calcined at 350 °C, was tested in a bar heat-treatment where the hot end was at a
maximum of 500 °C. A high linearity in lifetime decay with increasing temperature was observed. The
LTD evolution with increasing temperature, including the sensitivity analysis, is shown in Figure 5.27
below. This indicates the potential of thermal history paints for temperature sensing from ambient

temperature. Sealmet® is therefore a suitable binder candidate for a future low temperature THP.
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Figure 5.27 (Left) LTD plotted over temperature for a potential low temperature THP based on Sealmet® as a
binder, and pigment calcined to 350 °C deposited on a stainless-steel bars and heat treated up to 500 °C. (Right)

Monotonic increase of LTD over temperature (top) and sensitivity analysis of the monotonic lifetime decay
increase (bottom).
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5.3.1.2 Alumina and silicate solution

As a second substitution binder, an alumina-silicate solution was tested as embodiment for the
phosphorescent Y>SiOs:Eu** pigment. Several providers of water-based refractories were contacted and the
company Unifrax Ltd. [335] pointed to the Fixwool® Coatings in their catalogue as potential high
temperature binders. This group of air-drying coatings are used to insulate and protect metallic surfaces as
well as to resist hot gas erosion in furnaces and other hot environments. Among the Fixwool® Coating
range of products offered by Unifrax Ltd., only Fixwool® Coating 130 was selected and tested during this
investigation, given its white colour and temperature limit of 1,300 °C. The solid content, density, and pH

of the binder as received are summarised in Table 5.16 below.

Table 5.14 Solid content, density, and pH measurements on Fixwool® coating 130 alumina-silicate binder.

Product . . i
Commercial Name Solid Content (%) Density (g/ml) pH
Fixwool® Coating 130 42.54/-1.9 1.4 +/-0.1 7.2

~_~
o
~

Normalised Intensity (a.u.)

The introduction of the Y»SiOs:Eu®" pigment into the binder was performed, as explained in Chapter 4,
through a two-step process, mixing first the binder into water and then introducing this mix into the binder.
The generated paint showed low emission intensities around 620 nm, where the most intense Eu®" peak is
normally found. This made impossible analysis via lifetime decay at those wavelengths, and therefore this
binder was immediately discarded. Nevertheless, a luminescent spectral analysis was performed to
investigate the causes of the low emission around 620 nm. The pigment, the Fixwool® Coating 130 on its
own, and the generated paint were interrogated at room temperatures. The resulting luminescent spectra are
shown in Figure 5.28 below.

(b) (©)

. 9 |— Fixwool Coating 130

—— YSiO:Eu pigment ‘— Fixwool Coating 130‘ + YSiO:Eu pigment
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Figure 5.28 Luminescent emission spectra of patterns of (a) Y2SiOs: Eu pigment, (b) Fixwool® Coating 130 on
its own, and (c) Y2SiOs: Eu pigment mixed into Fixwool® Coating 130.

The luminescent spectrum obtained from the pigment, shown in Figure 5.28 (a), corresponds to the broad
spectral features of Eu®", as seen in previous sections. Surprisingly, the spectra of the Fixwool® Coating

displayed an intense emission peak around 694 nm, as shown in Figure 5.28 (b). This emission peak can
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be attributed to emissions from chromium species, specifically from the Cr** ion [326]. Chromium was not
reported by Unifrax Ltd. as a constituent of this aluminosilicate coating [340]. Moreover, chromium has
been hypothesized to have detrimental effects in the Eu*" emission, as discussed in section 5.1. The
luminescent spectra obtained after mixing the europium-based pigment into the Fixwool® Coating is shown
in Figure 5.28 (¢), where the chromium emission intensity remained unaffected, while the europium
intensity decreased considerably. Most of the Eu" spectral peaks were not visible, except for the Dy 2 'F,
transition at around 620 nm. This peak displayed an intensity 90% lower than the one observed in the
pigment. This decrease can be attributed to energy transfer from the Eu®" ions to the Cr*" ions in the same

environment, as previously reported for trivalent lanthanide ions and transition metals [341-343].

Araguas-Rodriguez demonstrated experimentally the detrimental effect of chromium species in contact
with THP, both in a liquid solution as well as applied on a metallic substrate [106]. The chromium displayed
a thermally active luminescent behaviour, where the Cr*" emission lines were more intense after exposure
to higher temperatures, as seen in Figure 5.8. This evidence led to the arrangement of not performing a bar
test with the produced paint. Alternatively, an investigation was carried out to use the Fixwool® Coating

on its own, as a chromium-based luminescent sensor. This is elaborated in the following section.

Fixwool® Coating 130 as an alternative chromium-based temperature sensor

Since the Fixwool® Coating 130 was discarded as a carrier of the Y»SiOs:Eu*" pigment, a bar test was
performed with the coating on its own. Half of a standard 40-cm stainless steel bar was sprayed with
Fixwool ® Coating 130 as a single layer, and a second half sprayed with multiple layers (10 to 15 layers).
Then the bar was heat treated in a tube furnace up to 1,100 °C. A picture of the painted test bar after heat
treatment is shown in Figure 5.29 below, where the thermocouples for temperature monitoring are still
introduced in the side of the bar. The Fixwool® Coating 130 detached from the metallic substrate in the

hot end of the bar, but at lower temperatures the coating remained in a good state.

Figure 5.29 Stainless steel bar painted with Unifrax Fixwool® Coating 130, heat treated from 200 °C (left, cold
extreme) to 1,100 °C (right, hot extreme). Detachment of paint layer was observed for temperatures above
1,000 °C.

The luminescent spectra of the Fixwool® Coating 130 on the heated bar was examined at different exposure
temperatures. The emission spectra recorded between 800 °C and 1,050 °C are displayed in Figure 5.30.
The main Cr*" emission peak at 694 nm was visible at all temperatures, while slight changes were observed
in the emission peaks at higher wavelengths, between 700 and 720 nm. These spectral changes were
considered insufficient to build a temperature sensor based on spectral features, but lifetime decay readings
were taken filtering the emitted light around the 694 nm peak.
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Figure 5.30 Luminescent spectra of Fixwool® Coating heat treated at 800 °C, 900 °C, 1000 °C and 1050 °C.

Lifetime decay readings were recorded along the painted bar with Fixwool® Coating 130 using a 694 nm
optical filter. In Figure 5.31 below, the LTD results are plotted against the corresponding maximum
exposure temperature, both for the single and several layers painted halves. A sensitivity analysis was

performed over the monotonic decrease observed in lifetime decays at higher temperatures.
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Figure 5.31 (Left) Lifetime decay, measured through a 694 nm optical filter, plotted over the heat-treatment
temperature for Fixwool® Coating 130, deposited on 400 x 20 x 3 mm stainless-steel bar as a single layer or by
several layers, and heat treated up to 1,100 °C. (Right) Monotonic decrease of lifetime decay over temperature
for Fixwool® Coating 130 (top) and sensitivity analysis of the monotonic decrease (bottom).
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The lifetime decay trends observed for the Fixwool® Coating 130 in Figure 5.31, applied both as a single
layer and as several layers are remarkably similar. Two regions can be clearly differentiated in both cases:
at temperatures below 800 °C, the LTD readings remain constant around 3,600 ps, while at temperatures
higher than 800 °C the lifetime decay values decrease monotonically to a minimum of 2,000 ps at 1,050 °C.
LTD at higher temperatures are not considered given the detachment of the Fixwool® Coating 130 from
the metallic substrate. The sensitivity of the coating decreased accordingly with increasing temperature,

down to a value of -10 pus/°C at 1,000 °C.

Despite the high temperature sensing range of the Fixwool® Coating 130, and its interesting lifetime decay
evolution between 800 °C and 1,050 °C, no further tests were performed with this product. Among the

reasons to stop testing with Fixwool® Coating 130 the following are the most important:

e Insufficient luminescent spectral features compared to the Y>SiOs:Eu®* pigment.
e Detachment from stainless-steel at high temperatures.

e LTD sensitivity limited to the range 800 °C to 1,050 °C.

Further investigation to ascertain the presence and concentration of chromium within the Fixwool®
Coatings was not carried out during this thesis. Atomic Layer Deposition (ALD) was discussed as a
potential method to create a controlled layer of chromium, but due to lack of time and funding it was not

performed in this work.
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5.3.1.3 Lithium silicate solutions

Lithium silicates are among the most important commercially available soluble silicates, in addition to
sodium and potassium silicates [329,334]. This group of materials was explored during this investigation
given their relatively high melting point at all potential compositions. Liquid phases are not present below

1,024 °C, as shown in the phase diagram in of the system SiO, and Li>O [344].

Commercially available lithium silicates were surveyed among paint and binder manufacturers. Two
similar products were found, and samples ordered from Grace & Co. [336] and PQ Corporation [294],
respectively. The commercial names of these two products were lithium poly-silicate, provided by Grace
& Co., and LithiSil®25, provided by PQ Corporation. Both products consist of a water-based solution of
silica, that amounts around 20 % of the dry solid content, and lithium oxide (Li»O), that amounts to the rest
of the solid content, around 5 % for the lithium poly-silicate and 2.5 % for the LithilSil®25. The solid

content, density and pH of both products are summarized in Table 5.15.

Table 5.15 Solid content, density, and pH measurements on lithium silicate binders.

Product . o .
Commercial Name Solid Content (%) Density (g/ml) pH
Lithium poly-silicate 24.2 +/-0.5 1.3+/-0.1 11.1
LithiSil®25 22.6 +/-1.3 1.4+/-0.2 8.2

Two paint batches were produced by mixing P600 pigment into the two binders considered. Two stainless
steel bars were sprayed with the respective mixes and then heat-treated between 200 °C and 1,100 °C, to
obtain a temperature gradient along the bars. A picture of the two bars after heat exposure is shown in

Figure 5.32 below, where the darker areas indicate the higher exposure temperatures, and the lighter/whiter

areas indicate the low exposure temperatures.

Figure 5.32 Stainless steel bars painted with lithium poly-silicate (top bar), and LithiSil®25 lithium silicate.
Both bars were heat treated from 200 °C (right, cold end) to 1,100 °C (left, hot end).

The luminescent properties of the bars after heat exposure were measured by the standard lifetime decay
readings along the bar, from cold to hot temperatures. The obtained LTD values are plotted against the
exposure temperature in Figure 5.33 (a). A sensitivity analysis was performed for the monotonic increase

of lifetime decay over temperature, between 200 °C and 900 °C, and represented in Figure 5.33 (b).
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Given the pigment pre-heat treated to 600 °C used in these bar tests, low sensitivity was expected below
300 °C. However, between 300 °C and 800 °C, both lithium silicate solutions displayed a monotonic
increase in LTD with increasing exposure temperature, with sensitivities around 2 pus / °C, between 400 °C
and 600 °C, and around 3 ps / °C, between 700 °C and 800 °C. At higher temperatures, the LTD behaviour
of the lithium poly-silicate paint became irregular and was not further considered. The LTD recorded on
the Lithil®25 paint dropped from 850 °C with increasing temperature, in a similar behaviour to the standard
THP based on potassium silicate.
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Figure 5.33 (a) Lifetime Decay plotted over temperature for lithium poly-silicate, and Lithil®25, of luminescent
history paint. Both paints were deposited on 400 x 20 x 3 mm stainless-steel bars and heat treated until 1,100
°C. (b) Monotonic increase of lifetime decay over temperature for lithium silicate paints (top) and sensitivity
analysis of the monotonic increase (bottom).

The lithium silicates tested as high temperature binders did not enhance the LTD-temperature behaviour of
the standard THP with P600 pigment. The luminescent parameters and ranges are summarized in
Table 5.16 below. Both products display similar ranges in lifetime decay, between 930 us and 1,600 ps,
and temperature, from 170 °C to 900 °C. Given the polymerization observed when lithium oxide was added
into the standard potassium silicate binder, discussed in section 5.2.2, as well as the erratic LTD behaviour
observed at high temperatures, these lithium silicate solutions were not selected as high temperature

binders.

Table 5.16 Summary of lifetime decay evolution over temperature for lithium silicate binders.

Min LTD MaxLTD LTD Range Temperature Range  Sensitivity

(ns) (ns) () §9) (us/°C)

Lithium 118 +/.
polysiticate | | 10192 6881 | From170°C0904°C | 077

LithiSil®25 | 9373 17472 8647 | From182°Ctog65°C | '
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5.3.1.4 Metallic phosphate solutions

Metallic phosphates are an interesting group of materials, commercially available as water-based solutions,
and able to withstand high temperatures, given the high melting point of their metallic constituents. Two
phosphate solutions were found among paint and chemical manufacturers, Fabutit FFB® 1210, produced
by Budenheim KG [337], and a metallic phosphate produced expressly for this thesis by Indestructible
Paint [293]. The composition of this second binder was not fully disclosed but among the constituents were
phosphoric acid (10-20 % wt.), molybdenum trioxide (3-5 % wt.), magnesium oxide (3-5 % wt.), silicon
dioxide powder (1-3 % wt.) and potassium permanganate (1 % wt.). On the other hand, Fabutit, FFB®

1210, is a mono-magnesium phosphate solution.

Other commercially available phosphates were considered as potential binders as well. Among others,
Gardobond® AL produced by BASF / Chemetall [345], an aluminium phosphate solution with the chemical
formula Al(H,POs)s. This product was not selected for testing due to Health and Safety concerns, even
though it was reported to be used in industrial processes mixed with another binder considered in section
5.3.1.6, Ludox® SM30. The specific risk assessment conducted for the Indestructible Paint phosphate
binder, raised some doubts on the compliance with the REACH legislation [90,91]. Experimentation with
this product was kept to a minimum, and only a bar test was performed with it. This binder was named
IPXX for internal process at Indestructible Paint [293], respectively. On the other hand, the solid content,
density, and pH of Fabutit FFB® 1210 are reported in Table 5.17 below, as this was the only product

consider safe for laboratory handling.

Table 5.17 Solid content, density, and pH measurements on FFB® 1210 Mg-phosphate binder.

Product . o .
Commercial Name Solid Content (%) Density (g/ml) pH
Fabutit FFB® 1210 42.5+/-1.9 1.4+/-0.1 7.2

Pigment pre-heat-treated to 600°C (P600) was mixed into both binder candidates, generating two paint
batches. The pigment was not easily mixed into the binders, falling to the bottom of the container after
being stirred into the binder, especially for Fabutit FFB® 1210. Nevertheless, the two produced paints were
sprayed onto two stainless steel bars and heat-treated in a tube furnace between 200 °C and 1,100 °C. The

pictures of both bars after heat treatment are shown in Figures 5.34 and 5.35 below.

Figure 5.34 Stainless steel bar painted with FFB® 1210 paint and heat treated from 200 °C (left, cold extreme)
to 1,100 °C (right, hot extreme). Detachment of paint layer was observed for temperatures above 800 °C.
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Figure 5.35 Stainless steel bar painted with IPXX phosphate binder paint and heat treated from 200 °C (left,
cold extreme) to 1,100 °C (right, hot extreme). Detachment of paint layer was observed at high temperatures
above 900 °C.

Both paints considered detached from the metallic substrate at high temperatures, while for temperatures
lower than 800 °C the paint remained in a good state, attached to the stainless-steel bar. Luminescent
interrogation was performed on both bars. Lifetime decay measurements obtained on the surface of the
paint and plotted against the maximum exposure temperature per location and shown in Figure 5.36 (a)
below. A sensitivity analysis on the lifetime decay behaviour over temperature was also performed and

shown in Figure 5.36 (b).
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Figure 5.36 (a) Lifetime Decay plotted over temperature for FFB® 1210 and IPXX phosphate based
luminescent history paint. Both paints were deposited on 400 x 20 x 3 mm stainless-steel bars and heat treated
until 1,100 °C. (b) Monotonic increase of lifetime decay over temperature for both phosphate paints (top) and
sensitivity analysis of the monotonic increase (bottom).

The paint produced from Fabutit FFB® 1210 showed a monotonic behaviour in lifetime decay for
temperatures between 150 °C and 500 °C. From 500 °C up to 1,000 °C the LTD plateaus at a value around
2,000 ps showing no sensing capabilities for temperature changes. The second phosphate binder, [PXX,
showed an irregular trend of lifetime decay with increasing temperatures, with a peculiar increment between
700 °C and 800 °C of more than 3,000 ps. The sensitivity fluctuated between +/- 50 ps / °C, so that neither
the IPXX nor the Fabutit FFB® 1210 were selected for further investigation as high temperature binders.
A summary of the sensitivity analysis, obtained from both tested phosphate solutions, is shown in

Table 5.18.
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Table 5.18 Summary of lifetime decay evolution over temperature for metallic phosphate binders.

. Attachment
Min Max LD Temperature Sensitivity to metallic

LTD Range
5 Range (°C) (ns/°C) substrate

LTD (ps)

Paint layer

Fabutit FFB® | 12203 | 2083.4 863.1 From 150°C to 1.05+/- 5 gf.tl:‘;gg
1210 500°C treatment
Paint layer

IPXX From 400°C to flaked off
Phosphate 862.9 4398.3 35354 863°C 3.31+/-23.5 after heat
Binder treatment

5.3.1.5 Poly-silazane polymer

Durazane® 1800, an organo-poly-silazane polymer, produced by Merck Performance Materials [338] was
considered for testing under this investigation. This product is composed a poly-silazane polymer, and its
main commercial application is as a paint or coating of metallic surfaces in order to create protective barriers
against corrosion or gas diffusion. Given the high temperature limit claimed by the manufacturer, 1,800 °C,
and the deposition method recommended, spraying the Durazane® 1800 with an airgun, a small amount of

this product was ordered and tested as a high temperature binder.

The use of Durazane® 1800 requires several health and safety precautions, since it is a flammable product,
and therefore was kept away from heat sources until after deposition on a stainless-steel bar. A single
stainless-steel bar was sprayed and subsequently cured in a decomposition furnace (with the appropriate
ventilation). Poly-silazane is known to release hydrogen and ammonia when heat-treated. The bar was heat-

treated at 250 °C for five hours, after which it was introduced into a tube furnace for heat-treatment between

200 °C and 1,100 °C. A picture of the bar before and after heat-treatment is shown in Figure 5.37 below.

Figure 5.37 Stainless steel bar painted with Durazane® 1800, polysilazane polymer paint, shown before heat
treatment (top) and after heat treatment (bottom) from 200 °C (left, cold end) to 1,100 °C (right, hot end).

Luminescent lifetime decay was measured on the surface of the painted bar. Half of the bar was painted
applying a single layer of Durazane® 1800 paint, and a second half applying several layers. The obtained
results, plotted against the maximum exposure temperature, are shown in Figure 5.38. No clear trend could
be distinguished from the lifetime decay measurements. While at low temperatures, between 150 °C and
500 °C the values seem to plateau at around 1,000 us, for temperatures higher than 500 °C, the lifetime

decay showed a random scattering between 1,000 and 1,250 pus.

133



Daniel Castillo-Gutiérrez

Durazane® 1800 was not tested further as a high temperature binder, in particular considering the safety
implications of its use. A further application is developed in section 5.5, where the Durazane® 1800 is used

as an interlayer between standard THP and the stainless-steel substrate.
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Figure 5.38 Lifetime decay plotted over temperature for Durazane® 1800 organic poly-silazane polymer used
as binder for luminescent history paint, applied on a 400 x 20 x 3 mm stainless-steel bars as a single layer or as
several layers, and heat treated until 1,100 °C. No sensitivity analysis was performed for this binder.

5.3.1.6 Colloidal silica solutions

Among the products considered as high temperature binders, the focus of the market survey was on
materials with high melting point. Silica (SiO>) is known to have a high melting point, displaying three

transitions with increasing temperature: quartz, tridymite and cristobalite [346].

Colloidal silica solutions are commercially available products, with a high silica content, that could be used
as high temperature binders. Four grades of the Ludox® colloidal silica solutions were found in the
catalogue of the company Grace & Co [336], and samples were requested for testing during this
investigation. The main application of this water-based solution of silica nanoparticles is in catalysis, but

its versatility allows other uses within the temperature limit of 1,650 °C.

The four Ludox® grades provided by Grace are summarized in Table 5.19, with their respective solid
content, density, pH, and particle size. Ludox® SM 30 and Ludox® HS 40 contain Na,O in their liquid
solution while Ludox® AS 30 and Ludox® AS 40 contain ammonia. The particle size is the main difference

between the different grades considered.
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Table 5.19 Solid content, density, pH, and particle size of Ludox® colloidal silica solutions.

Product Particle Size
Solid Content (%) Density (g/ml) pH
. (nm)
Commercial Name
Ludox® SM 30 257 +/-1.4 1.2+/-0.2 9.9 7
Ludox® HS 40 277 +/-2.1 1.2+/-0.1 9.7 12
Ludox® AS 30 33.5+/-0.5 1.4 +/-0.1 9.5 12
Ludox® AS 40 433 +/-0.12 1.6 +/-0.2 9.2 22

Paint batches were manufactured with the four Ludox® grades, using pigment calcined at 600°C (P600).
Two stainless-steel bars were sprayed with the produced paints, half of the bar as a single layer, and the
other half of the bar applying several layers (between 10 and 15) until the desired 30 pm dry film thickness
was obtained. In Figure 5.39 below the two bars painted with Ludox® SM30 (top) and Ludox® HS40
(bottom) are shown for comparison. The appearance of the four bars after heat-treatment was very similar.
The attachment to the metal substrate of the ammonia grades after heat treatment, Ludox® AS30 and
Ludox® AS40, was relatively worse than for the Ludox® containing Na,O. The paint layer could be easily
scratched from the metallic substrate for the higher particle sizes considered Ludox® AS40 and HS40.

WMWWMWWMWWM
el "o o[ o] 4

Figure 5.39 Stainless steel bars painted with Ludox® SM 30 (top) and Ludox® HS 40 (bottom) as binders for
luminescent history paint. Ruler with scale in centi-metres shown for reference. Both bars were painted half as
a single layer, and half applying several layers of paint. Appearance of the paint layer did not show significant
variations before and after heat treatment.

The four bars painted with Ludox® showed similar results on the “single” and “several layers” halves. In
Figure 5.40 below only the halves sprayed with several layers are shown. The sensitivity analysis of the
four paints was performed for the monotonic increase of lifetime decay with temperature, between 400 °C
and 950 °C. In all four cases, a similar behaviour to the standard THP can be observed. The lifetime decay

increased monotonically to temperatures slightly higher than 900 °C, dropping at higher temperatures.
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Figure 5.40 Lifetime decay plotted over temperature for THP, deposited on 400 x 20 x 3 mm stainless-steel bars
and heat treated up to 1,100 °C. The binders used to generate the THP were Ludox® SM30 and Ludox® HS40
(a) and Ludox® AS30 and Ludox® AS40. The monotonic increase of lifetime decay over temperature for (top)
and sensitivity analysis of the monotonic increase (bottom) are shown for the THP’s based in Ludox® SM30
and Ludox® HS40 (c¢) and Ludox® AS30 and Ludox® AS40 (d).

The sensitivities of the sodium grades, shown in Figure 5.40, fluctuate between 1 pus / °C and 2 ps / °C,
with lower values at temperatures below 600 °C, as expected for the P600 pigment employed in these tests.
The sensitivity of the ammonia grades, Ludox® AS30 and AS40, was lower than the sodium grades,
particularly at temperatures higher than 800 °C, from a maximum of 2.5 ps / °C the sensitivity dropped to
1 ps / °C. The lifetime decay measured on one of the ammonia grades plateaued from 800 °C, to finally
drop at temperatures higher than 950 °C. On the other hand, the sodium Ludox® grades, dropped abruptly

at 900 °C, with a rectilinear decrease of lifetime decay at higher temperatures.

The lifetime decay and temperature ranges of the four Ludox® paints were very similar. The luminescent

readings can be grouped according to the composition, where the lifetime decay ranged from 950 ps to
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1,600 ps for Ludox® SM30 and HS40 (containing sodium) and from 940 pus to 1,400 us for Ludox® AM30

and AS40 (containing ammonia). Given the use of P600 pigment, the temperature ranged from a minimum
around 400 °C to over 900 °C in all cases. These parameters, and the average sensitivity obtained from the

paints, are summarised in Table 5.20 below.

Table 5.20 Summary of lifetime decay evolution over temperature for Ludox® colloidal-silica solutions.

LTD . Attachment
A7 E:D. Range Temperature Sensitivity to metallic
LTD (us) (1s) Range (°C) (us/°C) e
Good, for dry
Ludox® SM 30 | 958.8 1633.4 674.6 From400°Cto | 141+/-1.3 | film thickness
900 °C around 30 pm
Paint flaked off
From 400 °C to after heat
Ludox® HS 40 953.6 1651.3 697.7 1.46 +/-1.2 treatment at
947 °C intermediate
temperatures

Paint layer

Ludox® AS30 | 937.9 1457.8 519.9 From400°Cto | 102+/-0.8 | flaked off after
984 °C heat treatment

o Paint layer
Ludox® AS 40 | 9532 1415.9 462.7 From400°Cto | (0 9+4/-08 | flaked off after
922 °C heat treatment

Considering the luminescent and temperature ranges obtained, as well as the sensitivity values, the Ludox®
colloidal-silica solutions showed promising behaviour at high temperatures, keeping a white colour from
ambient temperature up to 1,100 °C. A uniform colour results in an enhanced luminescent signal, and in
more reliable lifetime decay measurements at high temperatures. The Ludox® water-based solutions are a
good environment both for silica nano particles in suspension and for phosphorescent ceramic pigments,

such as Y»SiOs:Eu®*.

5.3.2 Summary of high temperature binder testing and selection

Once all the high temperature binders were used as paint batches, containing Y»SiOs:Eu®" pigment, and
tested in a wide temperature range up to 1,100 °C, the main observations could be summarised in Table 5.21
below. The lifetime decay, temperature and sensitivities are explored individually for every binder, as well

as the attachment to the metallic substrate.
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Table 5.21 Summary of luminescent lifetime decay, temperature, sensitivity, and attachment to metallic
substrates of THP reference, binder modifications and binder substitutions.

LTD Range Maximum Sensitivity Attachme.n ¢
i) Temperature (us/°C) to metallic
w (°cO) substrate
Potassium silicate +
1073.1 870 1.4 Good
P400 pigment )
THP
REFERENCE
Potassium silicate +
1141.7 963 71 Good
P600 pigment )
Potassium Bubbling and
dditi 954.2 905 1.1 flaking off
addition (until 800°C) | observed,
BINDER Lithium addition,
MODIFICATION 983.7 702 1.7 Good
Mix 37,%eq.Li/ K
Lithium addition, 23
1279.5 711 Good
Mix 24,1 eq. Li/ K (until 650°C)
Sealmet ® + 5%wt 709.9 568 1.7
Pigment Good
Sealmet ® + 10%wt 802.0 462 2.2
Pigment - | layer Good
BINDER Sealmet ® + 10%wt 485 22
SUBSTITUTION | Pigment — # layers 827.0 Good
Lithium 688.1 904 1.2 Good
Polysilicate
Paint layer
FFB® 1210 863.1 500 L1 flaked off after
heat treatment
Paint layer
IPXX Phosphate 35354 863 33 flaked off after
Binder
heat treatment
BINDER
SUBSTITUTION LithiSil ® 25 864.67 864 1.4 Good
Ludox® SM 30 674.6 900 1.4 Good
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Paint flaked
Ludox® HS 40 697.7 947 1.5 off after heat

treatment

Paint layer
Ludox® AS 30 519.9 984 11 flaked off after

heat treatment

Paint layer
Ludox® AS 40 462.7 922 0.9 flaked off after

heat treatment

The most critical parameter to consider for the selection of a high temperature binder is the maximum
temperature reached while the sensing parameter, lifetime decay, increases monotonically with
temperature. These maximum temperatures are marked in bold in Table 5.21 above. All the binders
considered displayed maximum temperatures below 1,000 °C, which result in a moderate improvement

with respect to the capability of the standard THP, with a maximum around 900 °C.

Secondly, the attachment to the metallic substrate must be considered, as a bar test in laboratory conditions
represents an environment less aggressive than any engine test. The attachment to the substrate is a good
indication of a promising binder behaviour at high temperatures. A good attachment to the metal was
reported for the lithium modifications of the binder, the lithium silicate alternative binders, LithiSil® 25
and lithium poly-silicate, and only one of the Ludox® colloidal silica grades, Ludox® SM30.

Ludox® SM30 was selected for further investigation given the good attachment to stainless-steel at
high temperatures, the white colour displayed over a wide temperature range (up to 1,100 °C) and
the promising sensitivity values observed for the monotonic increase of lifetime decay over

temperature. Further results are shown in section 5.6.

Four grades of Ludox® have been tested as high temperature binders in this thesis, two liquid solutions
with sodium counter ions and two with ammonia counter ions. While the pH and the density of all the
versions were equivalent, Ludox® SM30 was the tested version containing particles of the lowest size,
7 nm in diameter. This could explain the favourable environment of Ludox® SM30 to contain ceramic
phosphor pigments and to guarantee a good attachment to metallic surfaces. Unfortunately, due to lack of
time and funding, further investigation in the adhesion of Ludox® paints was not performed in this thesis.
To design new versions of Ludox® based THP’s, the mixing of different Ludox® versions was considered,
in combination with further characterisation of the paint-substrate interlayer with advanced techniques,

such as TEM. These last two tasks fell outside the scope of this work.
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5.4 Pigment modification

After testing several high temperature binder candidates, the focus in this section shifts towards the
pigment. Despite the advantages of using Y»SiOs: Eu** as THP pigment, which were presented in
Chapter 3; two modifications of the current pigment are tested in this section: the modification of the dopant
and the modification of the host. These are included among the suggested solutions to improve the THP

behaviour at higher temperatures, seen in Section 5.1.

5.4.1 Dopant modification

The first efforts to modify the current pigment focused on changing the phosphorescent dopant in the
Y,Si0s host. While europium has shown advantages with respect to other dopants, such as the exploitation
as an amorphous-to-crystalline sensor over a wide temperature range, there are some disadvantages that
could be solved by changing phosphorescent element. Among others, the interaction with metallic

substrates reported in Section 5.1 is of key importance.

Keeping Y»SiOs as host structure, erbium was explored as a potential dopant element. Erbium was chosen
among other luminescent elements, since it could be excited in the visible range with the instrumentation
described in Chapter 4. The emission of erbium occurs at lower wavelengths than the one of europium, in
a reduced wavelength range, which could reduce the interaction between the phosphor and the chromium
emission from metallic substrates. The sol-gel process, reported in Chapter 4, was employed to produce
this pigment following a conventional synthesis route. 50 g of pigment were produced, using Erbium

nitrates as a precursor, instead of europium nitrate.

5.4.1.1 Yttrium mono-silicate as erbium carrier

Once the Erbium doped pigment was synthesized and calcined at 400 °C, pigment samples were heat treated
to 600 °C, 800 °C and 1,000 °C for one hour. Luminescent spectra were obtained on the three samples,
after excitation with 532 nm light. These are shown in Figure 5.41. The three patterns obtained show similar

emission lines, with an enhanced intensity with increasing temperature.

The transitions observed could be identified using the Dieke diagram discussed in Chapter 2. The excited
state reached in a free erbium ion, illuminated with a 532 nm wavelength, can be located between the states
2Hy12 and *S35. The relaxation to the ground level, *S3» = “I155, has been estimated to have an emission
peak around 545 nm [115]. This is not observed in the emission spectra obtained for the Y>SiOs doped with
erbium. The following transition, *Fo» = “I155, has a radiative emission estimated around 660 nm, which
was not visible in the obtained spectra. The recorded spectra shown in Figure 5.41 could not be identified,
despite differences in the emission could be observed with increasing temperature. Contamination with an

unidentified luminescent element was hypothesized but not pursued.
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Figure 5.41 Luminescent spectra of Y2SiOs doped with erbium, heat treated to 600 °C, 800 °C and 1,000 °C.

Despite the difficult identification of the emission peaks obtained in the luminescent spectra, lifetime decay
measurements were taken using a 543 nm +/- 22nm optical filter. The decay curves were obtained with the
fast decay set-up described in Chapter 4 to ensure a low interaction of the laser excitation, which uses
pulses of 10 ns. The decay curves obtained are shown in Figure 5.42 below. The decay values (t) were
obtained with a mono-exponential fitting, using a Levenberg-Marquardt algorithm in the software

OriginPro2021.

YSO:Er heat-treated at:

m 600°C ——Fit600°C
e 800°C ——Fit800°C
4 1000°C ——Fit1000°C

» T 600°C+ 8.69 s (+/' 0.05 }.LS)

» T 0o 9.56 us (+/- 0.05 ps)

PMT Voltage (mV)

T oo : 12.71 s (+/-0.06 ps)

0 T T T T T T T T T 1
0 20 40 60 80 100

Time (us)

Figure 5.42 Lifetime decay of Y:SiOs doped with Erbium, heat treated to 600 °C, 800 °C and 1,000 °C, measured
with the fast decay set-up described in Chapter 4, using an optical filter 543 +/- 22nm.
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The obtained life-time decay values, shown in Figure 5.42, increase from low to high temperatures. The
sensitivity obtained was not regular, as less than 1 ps difference was observed between the sample heat
treated at 600 °C and the sample heat treated at 800 °C. The decay is slightly longer for the sample heat
treated at 1,000 °C, but all the decays obtained were relatively fast, tenths of microseconds, compared to
the Y»SiOs doped with europium explored in previous versions of pigment and paints. These usually range

from 500 ps to 2,200 ps.

The fast decays obtained, represent a challenge in terms of instrumentation, since a faster laser excitation
must be employed on these phosphors. The low sensitivity at temperatures below 1,000 °C and the
uncertainty of the transitions observed in the spectra lead to the conclusion to stop using Y>SiOsdoped with

erbium as a potential pigment for THP.

5.4.2 Pigment synthesis modification

The second pigment modification consisted of changing the synthesis route to obtain europium doped
Y>,Si0s. The sol-gel route, explored in Chapter 4, was modified by adding different amounts of citric acid
(0529-500G, VWR International Ltd.) as a last constituent in the solution. Citric acid is used generally as
a chelating agent in the Pechini sol-gel method [347,348], usually employed in the production of yttrium
mono-silicate (Y2SiOs) and yttrium disilicate (Y2Si207) [349]. The Pechini method has some advantages
compared to standard sol-gel processes, such as low cost, easy control of the stoichiometry, and good
homogeneity of the obtained materials, in addition to low synthesis temperature required [349-352]. These
advantages are explored to produce luminescent pigments in this thesis, since the sol-gel route employed is
carried out at room temperature, as described in Chapter 4. Citric acid is also used as fuel during the
combustion of sol-gel formed metal complexes [353-356], as well as a retardant in the crystallization of

oxide phases from organic precursors [357-360].

Three pigment batches were synthesised for this investigation, one of them following the standard sol-gel
process, and two additional batches were generated adding different amounts of citric acid. The batch
without citric acid was named CAQ, a second batch where 10 g of citric acid was added was named CA10
and finally a third batch with 25g of citric acid was named CA25. The summary of added quantities and

pH measured on the three solutions generated are shown in Table 5.22 below.

Table 5.22 Summary of citric acid added to sol-gel pigment production

Citric acid (g) pH
CA0 0 6
CA10 10 5
CA25 25 4
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5.4.2.1 Electron microscopy observation of modified pigment powders

Samples of the three pigment batches, after synthesis and calcination at 400 °C, were observed via Scanning
Electron Microscopy (SEM) and the elemental composition obtained through Energy-Dispersive X-ray
Spectroscopy (EDX or EDS). Seven random locations were selected in each pigment batch. The
micrographs and molar composition of the selected points are summarised in Table 5.23 below. As
expected, the main constituents detected were carbon (C), oxygen (O), silicon (Si) and yttrium (Y). Other
elements, such as gold (Au) are present due to the nanolayer coating covering these non-conductive ceramic

samples.

Table 5.23 EDX analysis of luminescent history pigment produced by addition of citric acid.

EDX Points Element Composition (% mol)
100% 1.85
8.42 9.32 12.03 9.56 10.07
90% 19.08
80%
70%
60%
50%
CAO 40%
30%
20%
10%
0%
1 2 3 4 5 6 7
SEI  20kV  WD1amm  SS45 TR HC mO mSi =Y © Au
100 9.14 g 115 = o
90% 16.29 7.27 13.61
80%
70%
60%
50%
CA10 o
30%
20%
10%
0%
1 2 3 4 5 6 7
SE A Woldmm -S54 Mar 13, 2019 HC mO mSi ©°Y © Au mNi mAl
100% 0.74
oot 1311 12.04 8.91 9.32 7.97 8.13 7.91
80%
70%
60%
500
CA25 0%
300
20%
10%
: L 0%
sl AR 1 2 3 4 5 6 7
SEl  20kv  WD13mm  SS45 50pm Ma”ajzﬁ - ECEOES =Y Au
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The average mole fraction of each powder batch was calculated considering the elemental stoichiometry of
seven points per sample. These are plotted in Figure 5.43 below, where the associated standard deviations
are indicated with an interval bar. As expected, the pigment batch where the largest amount of citric acid
was added, CA25, showed the biggest amount of carbon (31.29 % +/- 3.05 %), followed by the CA10 batch
(28.66 % +/- 4.95 %). These are relatively high values compared to the batch without citric acid, CAO,
where the amount of carbon detected was 20.21 % +/- 1.66 %. Checking the molar content of the elements
in the produced samples was important to guarantee the combustion carbon in subsequent heat treatments
of the samples. This extra energy generated in the environment of the pigment was hypothesised to alter
the crystallization of the oxide phases, and therefore extend the monotonic increase of the lifetime decay to

higher temperature regimes.

100% 1.85
11.67

0.74
9,93

80%

60%

40%

20%

0%

CAQ CA10
EC HO ESi 'Y  Au

Figure 5.43 Average stoichiometry of EDX points measured on pigments produced by adding 10 g and 25 g of
citric acid, compared to the original pigment production.

5.4.2.2 XRD characterization of modified pigment powder

The characterization of the pigment batches with electron microscopy was followed by characterisation via
X-Ray Diffraction (XRD). Samples of the three powder batches were heat treated for one hour at
temperatures from 900 °C to 1,300 °C, in intervals of 100 °C. The diffraction patterns for samples at lower
temperatures showed no crystalline peaks, except an amorphous halo centred around 29 ° two-theta,
expected in amorphous silica-based structures [106]. The samples heat treated at 900 °C displayed broad
peaks, with low intensity, which are identified in the Appendix, section 9.1.3. All the obtained diffraction
patterns are plotted together in Figure 5.44 below, in increasing order of temperature exposure. The peak

identification, and summary of the phases observed, are shown in Tables 5.24 and 5.25.

144



Daniel Castillo-Gutiérrez

o~
o
~

15 20 25 30 35 40 45 50 55 60 65 70
2*Theta (°)

o

e ]
o -

; ]

< ] ——1,300°C
2

g ] ,\ ——1,200°C
[T )

£

-3 —1,100°C
[ R A AAM W, S

S ]

z ——900°C
% T T T T T T T T T T 1

=

1S

~_~
(]
~

_L—JI\JJ.MLMWMM R ,300°C

—1,200°

U “”U\ , AA A —1,100°

1 )\AM ' A ——1,000°
_..._.Jkk___,_.d\____&— 900°C

C

C

C

Offset Normalised Intensity (a.u.) - CA25

2*Theta (°)

(b)

——1,300°C
'MUM-J UU UWJWWW— 1,200°C
4 —— 1,100°C

WM_ 1,000°C

] L‘ M A_——900°C

2*Theta (°)

Offset Normalised Intensity (a.u.) - CA10

Figure 5.44 XRD patterns of Y2SiOs: Eu’" pigments
produced by sol-gel by the synthesis route described in
Chapter 4 (a), compared to the addition of 10 g of citric
acid during synthesis (b) and 25 g of citric acid (c), for
temperatures between 900 °C and 1,300 °C.

The diffraction patterns are identified individually in Table 5.24. As a general comment, the CAO batch

showed consistently a high intensity peak at 29 © two-theta, at all temperatures, compared to the rest of the

peaks in the pattern. This might indicate that a predominant silicate is formed at low temperatures. The

addition of citric acid does not change substantially the phases present in the structure, since all the peaks

in the pattern can be identified. However, the peak at 29 © two-theta, in the CA10 and CA25 batches, have

a similar intensity to the other peaks in the patterns, especially for the CA25 case.
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Table 5.24 Peak identification of XRD spectra of pigments produced by addition of citric acid.

1,300 °C

1,200 °C

B Apatite Y4.67(Si04)3 O, ICDD pattern 00-030-1457
A X1-Y25i05, ICDD reference pattern 00-041-0004 CA25
@ X2 -Y2Si05, ICDD reference pattern 00-021-1458

Offset Normalised Intensity (a.u.)

2*Theta (%)

1,100 °C

B Apatite Y4.67(Si04)3 O, ICDD pattern 00-030-1457,
X1-Y2SiO5, ICDD reference pattern 00-041-0004

Offset Normalised Intensity (a.u.)

2*Theta (°)

1,000 °C

——CA25

B Apatite Y4.67(Si04)3 O, ICDD pattern 00-030-1457
A X1-Y25i05, ICDD reference pattern 00-041-0004 CA25

A —— CA10

Offset Normalised Intensity (a.u.)

2*Theta (°)

B Apatite Y4.67(Si04)3 O, ICDD pattern 00-030-1457

A x1 - Y2SiO5, ICDD reference pattern 00-041-0004 | ————

Offset Normalised Intensity (a.u.)

15 20 25 30 35 40 45
2*Theta (°)
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The three phases detected in all XRD patterns are the following:

e Apatite, Y467(Si04)3 O, ICDD reference pattern 00-030-1457.
e Phase X1 of yttrium mono-silicate, Y>SiOs, ICDD reference pattern 00-041-0004.

e Phase X2 of yttrium mono-silicate, Y>SiOs, ICDD reference pattern 00-021-1458.

One or two of the phases are normally found together at temperatures below 1,200 °C, in particular Apatite
(Y467(S104)3 O) and X1-YSO. Only at 1,300 °C, a mixture of the three phases is detected. The phases

identified in Table 5.24 are summarized in Table 5.25 below including a colour code for visualization.

Table 5.25 Summary of XRD phases identified on pigment modified with citric acid.

Y4.67(Si04) 3 O Apatite Y4.67(Si04) 3 O Apatite Y1.67(SiO4) 3 O Apatite
X1-YSO X1-YSO X1-YSO
X2-YSO X2-YSO X2-YSO
Y4.67(Si04) 3 O Apatite Y4.67(Si04) 3 O Apatite Y4.67(SiO4) 3 O Apatite
1,200 °C
X1-YSO X1-YSO X1-YSO
Y4.67(Si04) 30 Apatite Y4,67(Si04) 310 Apatite
X1-YSO
X1-YSO X1-YSO
Y4.67(SiO4)3 O Apatite Y1.67(Si04) 3 O Apatite
1,000 °C X1-YSO
X1-YSO X1-YSO

In the pigment batches with low amounts of citric acid, CAO and CA10, a mixture of X1 phase of yttrium
mono-silicate (YSO or Y»SiOs) and apatite (Y4.67(Si04)3 O) can be observed after heat treatment at
1,000 °C. The batch including 25 g of citric acid shows only X1 phase at this temperature, delaying the
appearance of apatite up to 1,200 °C, compared to the other pigment batches. However, at 1,300 °C, the
three batches display a mixture of phases: X1 yttrium mono-silicate, X2 yttrium mono-silicate and apatite.
While that the addition of citric acid does not have an influence on the formation of the X2 phase at
1,300 °C, it has an influence in the amount of X1 phase present at lower temperatures. The relative content
of the X1 phase, which is the only one present at all temperatures, was calculated by comparing the area of
the peaks identified as X1 in the diffraction pattern (ICDD reference pattern 00-041-0004) over the area of
all the other peaks. This relative content, in percentage, is shown in Figure 5.45 for temperatures between
1,000 °C and 1,300 °C.
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Figure 5.45 Calculated relative content of X1 yttrium mono-silicate phase, obtained from diffraction patterns
of yttrium mono-silicate samples produced by addition of citric acid, and heat treated at temperatures between
1,000 °C and 1,300 °C.

The relative content of X1-YSO in the CA10 pigment is different to the other two sets, CAO and CA25,
after heat exposure at 1,000 °C. While the X1 content in the CA10 phosphor was 43 %, the other two cases
showed around 85 %, after heat exposure at 1,000 °C. Then the X1 content in the CA10 pigment increased
to almost an 80 % at 1,100 °C, which is in the same range of the CA0Q and the CA25 samples. in In the CAO
case, the content of X1 showed a decreasing trend with increasing temperature, which is not observed when
citric acid is included in the pigment synthesis. In the CA10 and CA25 cases, the X1 content decreased
from 1,100 °C to 1,200 °C, when apatite phase was first detected in the XRD patterns. The X1 content in
the CA10 and CA25 samples then increased between 1,200 °C and 1,300 °C, where the X2 phase was
present. This indicate the more effective conversion of apatite and X1 phase to X2 phase when no citric
acid is added during the synthesis. The different content of X2 phase can be observed in the diffraction
patterns in Table 5.24 and Figure 5.44, for the samples heat treated at 1,300 °C. Following the same
procedure than for the X1, considering the area under the X2 peaks, the content of this phase was almost

20 % in the CAO pigment, 7 % in the CA10 pigment and almost negligible in the CA25 case.

The addition of 10 g of citric acid in the sol-gel synthesis of Y>SiOs doped with Eu** revealed a delay in
the formation of the X1 phase up to 1,100 °C. At temperatures higher than 1,100 °C the presence of X1
phase in the three samples stayed at similar levels, between 60 and 80 %, but with different increasing and
decreasing trends in the X1 phase content, depending in the other phases present: apatite and/or X2 phase.
The effect of low and high amounts of X1 phase in the three pigments studied here can be compared to the

luminescent properties of the same samples, presented in the following sections.
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5.4.2.3 Luminescent characterisation of modified pigment and paints

Luminescent properties, such as emission spectra and lifetime decay, were obtained both from the pigment
on its own, as well as from the paint produced with these pigments. As explained in Chapter 4, Thermal
History Paint (THP) was produced with pigment pre-heat treated to 400 °C in order to imitate the
capabilities of standard THP. 2.5 g of each batch, CA0, CA10 and CA25, were mixed into potassium silicate
binder and sprayed onto stainless-steel bars. The lifetime decay and the spectra of these samples are shown

in the following sections, and in the Appendix.

Lifetime decay of modified pigment

Luminescent lifetime decay was measured on pigment samples heat-treated between 600 °C and 1,300 °C
for more than one hour. These samples were previously explored with X-Ray diffraction. The results are
shown in Figure 5.46 below, where the results of the three batches (CA0, CA10 and CA25) are shown after

exposure to the same temperatures.

Pigment only:
2500 -
—a— CA25
22504 | — CA10
. —=— CAO
w2000 -
=
o 1750
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Q
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o 1500
£
e
& 1250 4
=
1000
750

f T T T T T T T T T T T T T 1
600 700 800 900 1000 1100 1200 1300

Temperature (°C)

Figure 5.46 Lifetime Decay evolution over temperature for pigments produced by adding 10 g and 25 g of citric
acid, compared to the original pigment production.

The first general observation is the offset in lifetime decay between the three batches at temperatures below
800 °C. This is a similar phenomenon to the one observed in the pigment calcination, Section 5.1.5.1. The
luminescent Eu®" ion emits from a different environment, in this case more dispersed in the CA25 pigment
due to the high content of citric acid. The pathlength of the luminescent emission is longer in this case since
the Eu®" ions are at further away from each other than in the other two cases. This increases the lifetime
decay of the CA25 pigment, specially at low temperatures, compared to the CA0 and CA10 cases. Above
800 °C, the lifetime decay values for the CAO and CA 10 batches are relatively similar, showing a maximum
lifetime decay at 1,200 °C, and clearly dropping between 1,200 °C and 1,300°C, where the presence of X2-

Y SO was detected during the XRD characterisation in the previous section.
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The CA25 batch shows a different lifetime decay behaviour to the other two batches with less citric acid.
The sensitivity remained uniform up to 900 °C, increased between 900 °C and 1,000 °C, and dropped
between 1,000 °C and 1,100 °C (interval where the maximum can be found). The sensitivity is negative
above 1,100 °C, or in other words, the lifetime decay decreases with increasing temperature above 1,100 °C.
The CA25 pigment shows a shorter monotonically increasing temperature range and a non-uniform
sensitivity above 900 °C, which corresponds to the lack of apatite at temperatures between 900 °C and
1,100 °C. However, the increase in lifetime decay observed in the CA25 powders, between 1,000 °C and

1,100 °C, does not have an immediate correlation with the observations in the XRD diffraction patterns.

Lifetime decay of THP bar test with modified pigment

Three paint batches were generated with the three pigments modified with citric acid, CAO, CA10 and
CA25. As previously explained, the pigment samples were pre-heat treated to 400 °C in order to compare
with the standard THP. The three paint batches were sprayed onto three stainless-steel bars and heat treated
in a tube furnace up to 1,100 °C, as explained in Chapter 4. Lifetime decay measurements were obtained
over the painted surface and plotted over the maximum exposure temperature along the bar. The results are
shown in Figure 5.47 below, including the sensitivity analysis of the three bars.
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Figure 5.47 (a) Lifetime Decay evolution over temperature for stainless-steel bars painted with THP produced
with pigment modified by adding 10 g and 25 g of citric acid, compared to the original pigment production,
CAQ. (b) Sensitivity analysis of lifetime decay over temperature, for THP produced with modified pigments
CA0, CA10 and CA2S5, applied and heat-treated on stainless-steel bars.
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The lifetime behaviour over increasing temperatures for the three paint batches considered are very similar
at low and medium temperatures. Below 400 °C, CA10 and CA25 paints show a slight offset respect the
paint without citric acid, CAO. However, the three bars display an increasing lifetime decay trend with
increasing temperatures. The sensitivity and absolute lifetime decay values obtained are relatively similar
for the three paints below 600 °C, and in the case of the CAO and CA10 batches the similarity continues
through the whole temperature range, up to around 900 °C, where both bars show their maximum lifetime
decay values. The CA25 paint, differs from the other two batches, with a similar behaviour to the one
observed in the pigment-only, shown in Figure 5.46. The sensitivity increased at temperatures above
500 °C, up to a maximum at 800 °C. At higher temperatures, the lifetime decay dropped consistently with
increasing temperature. The paint batch with the highest amount of citric acid, CA25, displayed the shortest
working temperature range and an irregular sensitivity compared to the other paints generated in this

section.

Comparing the LTD of the pigment on its own, Figure 5.46, and the pigment embedded on the potassium
silicate binder (THP), Figure 5.47, a shift in the temperature where the maximum LTD can be appreciated.
Once the pigment is introduced in the binder the monotonic increase of LTD shrinks around 100 °C for the
three pigments considered. This has also been observed for standard THP, where the interaction between
the pigment and the binder and the interaction with the metallic substrate limit the sensing capability of the

phosphor at high temperatures, i.e., above 900 °C.

Luminescent spectra of THP bar test with modified pigment

Spectra were obtained on the painted bars after heat treatment, for temperatures between 255 °C and
1,100 °C. These luminescent spectra are plotted in Figure 5.48 below, for the three paint batches considered
(CA0, CA10 and CA25) over increasing temperature. The spectral features observed do not differ from the

ones observed in standard THP, analysed in detail in section 5.1. However, some observations can be made:

e The spectra obtained on CA25 paint show chromium emissions, at 694 nm, at temperatures of
1,000 °C and 1,100 °C. This paint batch is more susceptible to interaction with metallic substrates

that the other two batches considered.

e The main differences between paint batches can be observed in the ’F, transition, at wavelengths

between 610 nm and 630 nm.

o CAO paint showed a single broad peak at temperatures below 800 °C, which transformed
at higher temperatures. CA10 and CA25 show a less defined peak following similar

transformations above 800 °C,

o The three paint batches show similar spectral features at 1,100 °C.
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5.4.2.4 Conclusions on pigment synthesis modification

After modifying the pigment synthesis route, adding citric acid as a last step in the sol-gel process, some
differences were observed on the XRD diffraction patterns of the samples after temperature exposure
between 900 °C and 1,300 °C, and compared to samples following the standard synthesis route (CA0). The
addition of 25 g of citric acid delayed the generation of apatite phase in the pigment at temperatures below
1,100 °C, but this did not result in an extended working temperature range either of the pigment on its own
or mixed into potassium silicate binder, as a thermal history paint. Furthermore, the citric acid might
increase the interaction between the paint and the metallic substrate, since chromium luminescent emission
was visible on painted samples treated above 1,000 °C. The modifications of the pigment synthesis via

citric acid addition did not lead to an extension of the temperature range of THP.
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5.5 Interlayer

In section 5.3, a series of high temperature products were surveyed and tested as potential binders to contain
thermal history pigment. Independently, to the results obtained previously, these products were intended to
be used at high temperatures, and therefore considered as potential interlayers. From the strategic point of
view, the utilization of an interlayer will mitigate the interaction of the THP with the metallic substrate,
particularly the chromium migration into the paint layer. The interlayers could be applied directly onto the
metallic substrate with a layer of THP deposited on top. Two schematics are shown in Figure 5.49 below,
one for the standard deposition of THP and a second depicting the interlayer case.

(@) (b)

~30 um

~30 um

Typical thickness
1,000 to 4,000 um

Metal Substrate

Typical thickness
1,000 to 4,000 pm

Metal Substrate

Figure 5.49 (a) Schematic of standard THP deposition on a metallic substrate. Diffusion zones are expected
after high temperature exposure, as well as oxidation and corrosion of the metal. (b) Schematic of THP
deposition on an interlayer, coating a metallic substrate. Diffusion zones are expected after high temperature
exposure, as well as oxidation and corrosion of the metal and the interlayer constituents.

In order to evaluate a suitable interlayer, some of the previously considered high temperature binders in
this thesis were tested. The experiments shown in this section consist of a first approximation to obtain an
Interlayer-THP diffusion zone which does not result detrimental to the behaviour of the THP at high
temperatures. The diffusion of chromium is the main limitation in the use of THP above 900 °C. If the
chromium diffusion could occur within the interlayer, without affecting the THP layer, the temperature
range of the thermal history paint could be extended to higher temperature regimes. The binder candidates
were classified according to the attachment to metallic substrates at high temperatures, as a first selection
criterion. The binders that could be used as interlayers are compiled in Table 5.26 below, with a simple

evaluation on the adhesive properties observed in section 5.3.

Table 5.26 Summary of attachment capabilities of products tested as high temperature binders.

Commercial Name Provider Company AttaChlell)t)tV(Ll;&t)ﬂlcsubs”ate
Sealmet Zyp Coatings, Inc. v
Durazane ® 1800 Merck Group / AZ Products v
Ludox ® SM 30 Grace GmbH & Co v
Fixwool Coatings Unifrax Ltd. X
Fabutit 1210 Budenheim KG X
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The commercially available products that could be used as potential interlayers are Sealmet, Durazane ®

1800 and Ludox ® SM30.

5.5.1 Sealmet as interlayer

As seen in Section 5.3, Sealmet is a water-based silicate solution commercialised by Zyp Coatings, Inc. A
relatively thick layer of this product, over 50 um, was sprayed onto a stainless-steel bar in a single pass, as
recommended by the manufacturer. After drying, conventional THP was sprayed on top of the Sealmet
layer until an additional paint film of 30 um in thickness was deposited, as explained in Chapter 4. Then
this painted bar was heat-treated in a tube furnace between 150 °C and 1,100 °C. A picture of the bar after

heat-treatment is shown in Figure 5.50 below.

Figure 5.50 THP deposited on top of a Sealmet interlayer on a stainless-steel bar and heat-treated between
150 °C and 1,100 °C. Cold end of the bar on the left-hand side, and hot end on the right-hand side.

The THP deposited on top of the Sealmet showed the standard grey-white colour expected after heat-
treatment. At temperatures above 1,000 °C, near the hot end, the painted bar displayed a blue colour. This is
probably a result of the metal oxides present in the Sealmet and exposed to high temperatures, visible through

the THP layer.

Lifetime decay measurements were taken on the heat-treated THP deposited on the Sealmet. The results
were plotted over the thermocouple temperature trace recorded during the heat treatment, to match the
lifetime decay values with their corresponding temperatures, as explained in Chapter 4. The results are

displayed in Figure 5.51 below, next to the sensitivity analysis performed on the obtained results.
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Figure 5.51 (Left) Lifetime Decay plotted over temperature for THP deposited on a Sealmet 1800, both
deposited on a 400 x 20 x 3 mm stainless-steel bar and heat treated up to 1,100 °C. (Right) Monotonic increase
of lifetime decay over temperature for THP deposited on Sealmet interlayer (top) and sensitivity analysis of the
monotonic lifetime decay increase (bottom).
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Overall, the THP shows a stable monotonic increase with increasing temperatures from 150 °C up to 800 °C,
with a stable sensitivity between 300 °C and 700 °C. The maximum lifetime decay recorded was obtained at
around 800 °C, but some changes in the sensitivity are noticeable from 700 °C. At temperatures above
800 °C, the lifetime decay decreases with increasing temperatures, setting the working range of this painted
interlayer between 154 °C and 800 °C. The attachment of the THP to the Sealmet is not perfect, and some
paint detachment can be observed in some areas in Figure 5.50. In conclusion, the obtained results are similar
to the THP directly applied onto the metal substrate, with no clear improvement in attachment or extended

temperature range.

5.5.2 Durazane® 1800 as interlayer

A layer of Durazane® 1800 was sprayed onto a stainless-steel 3161 bar and cured in a decomposition furnace
as explained in section 5.3.1.5. On top of this Durazane® 1800 layer, 30 um of THP were sprayed and cured
at 150 °C for more than one hour. This bar was then heat treated in a tube furnace, to generate a temperature
gradient between 200 °C and 1,100 °C. A picture of this bar after heat treatment is shown in Figure 5.52
below. Both the Durazane ® and the THP remained in a light white colour at low temperatures, turning
transparent (with a glossy appearance) at higher temperatures. The metal underneath oxidized with the
temperature exposure, turning into a dark colour, observable below the transparent painted layers near the

hot end.

Figure 5.52 THP deposited on a Durazane® 1800 interlayer on a stainless-steel bar and heat-treated between
200 °C and 1,100 °C. Cold end of the bar on the left-hand side, and hot end on the right-hand side.

Lifetime Decay measurements were taken on top of the painted bar, matching each measurement with the
maximum exposure temperature seen at every point, as explained in Chapter 4. The results are plotted in
Figure 5.53, where both the lifetime decay — temperature plot, and the sensitivity analysis of the interlayer
system are shown. The monotonic increase of the lifetime decay with increasing temperature is remarkably
linear, with a stable sensitivity above 1 pus/ °C from 200 °C to almost 900 °C, where the maximum lifetime
decay value was measured. Above 900 °C, the LTD values drop with increasing temperature, similarly to

conventional THP applied directly on metal.
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Figure 5.53 (Left) Lifetime Decay plotted over temperature for THP deposited on a Durazane® 1800 interlayer,
both deposited on a 400 x 20 x 3 mm stainless-steel bar and heat treated up to 1,100°C. (Right) Monotonic
increase of lifetime decay over temperature for THP deposited on the interlayer (top) and sensitivity analysis

of the monotonic lifetime decay increase (bottom).
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5.5.3 Ludox® SM30 as interlayer

Ludox® SM30 was applied on a stainless-steel 316L bar as explained in Chapter 4. A second layer of
standard THP was applied on top of the Ludox® SM30 layer, while in parallel a second bar without
interlayer was sprayed as well. This enabled the direct comparison of the same THP with and without

interlayer. The as-sprayed bars are shown in Figure 5.54 below.

Figure 5.54 THP applied on stainless-steel bars, on top of a Ludox® SM30 interlayer (top) and THP applied
directly on the metallic substrate, showing a darker colour (bottom).

Both bars were cured in an electric furnace at 150 °C for over one hour. In Figure 5.55, the two painted
bars are shown after curing, with the distinctive white appearance of conventional THP. While the paint
layer deposited directly on stainless-steel was uniform, showing good general appearance, the paint
deposited on Ludox® SM30 displayed some blisters and overall detachments. This effect has been
hypothesised as the thickness limit or Critical Cracking Thickness (CCT) of the Ludox® SM30 and the
THP system, but has not been further investigated in this work [361-363].

Figure 5.55 THP applied on a stainless-steel bar coated with a Ludox® SM30 interlayer (top) and THP applied
directly on a stainless-steel bar (bottom), after heat treatment at 150 °C for one hour.

The two bars were subsequently heat-treated in a tube furnace, generating a temperature gradient up to
1,100°C. The LTD values obtained along the bars are plotted against the corresponding maximum
temperature in Figure 5.56 below, where the sensitivity analysis is also included. The LTD readings of
the THP deposited directly on metal and of the THP deposited on top of the Ludox® interlayer are very
similar. Both bars show a monotonic an increase of lifetime decay with increasing temperature, up to
900 °C, with a relatively stable sensitivity around 2 ps / °C. Above this temperature, the LTD values
dropped at higher temperatures. No significant differences were found in the LTD readings from the THP
applied directly on stainless-steel and on a Ludox® SM30 interlayer.
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Figure 5.56 (Left) Lifetime Decay plotted over temperature for THP deposited on a Ludox® SM30 interlayer,
both deposited on a 400 x 20 x 3 mm stainless-steel bar and heat treated between 150 °C and 1,100 °C. (Right)
Monotonic increase of lifetime decay over temperature for THP deposited on the interlayer (top) and sensitivity

analysis of the monotonic lifetime decay increase (bottom).

Unfortunately, the THP on top of the Ludox ® SM30 did not show a good attachment to the interlayer.

As shown in Figure 5.57 below, the THP was barely attached to the Ludox ® SM30 after heat treatment.

This effect and the lack of improvement with respect conventional THP applied directly on metallic

substrates, stopped further investigation of Ludox ® SM30 as an interlayer for conventional THP.

Figure 5.57 THP detached from stainless-steel bar coated with a LudoxSM30 interlayer, after heat treatment
at temperatures between 150 °C and 1,100 °C. The whiter areas at the cold end of the bar, on the left hand-
side, while the highest temperatures are on the right extreme, hot end.
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5.5.4 Summary of results on THP deposited on interlayers.

The LTD — Temperature curves of the three interlayers tested are plotted together in Figure 5.58 below,
with the corresponding sensitivity analysis. The three bars were painted with the same batch of THP, so the
sensitivities obtained are very similar in the three cases, oscillating around 2 us / °C. The only source of
variability is the THP detachment from the Ludox ® SM30 interlayer, that generates high and low
sensitivity values between 700 °C and 800 °C.
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Figure 5.58 (Left) Lifetime Decay plotted over temperature for THP deposited on interlayers of Sealmet,
Durazane® 1800 and Ludox® SM30 deposited on stainless-steel bars and heat treated up to 1,100 °C. (Right)
Monotonic increase of lifetime decay over temperature for THP deposited on interlayers (top) and sensitivity
analysis of the monotonic lifetime decay increase (bottom).

A summary of the LTD analysis has been gathered in Table 5.27. However, other parameters can be
considered in the evaluation of an interlayer, such as the mitigation in the interaction with metallic

substrates or the improvement in the linearity of the THP.

Table 5.27 Summary of lifetime decay evolution over temperature for THP deposited on interlayers.

Min LTD Max LTD  LTD Range Temperature Sensitivity
(1s) (ns) (ns) Range (°C) (ns/°C)

THP on Sealmet 694.3 1689.6 995.3 From 154°C to 1.14+/-1.0
800°C

THP on 698.9 2129.6 1430.7 From 137°C to 1.8 +/-0.6
Durazane® 1800 903°C

THP on Ludox® 637.2 2149.5 1512.3 From 135°C to 1.6 +-0.9

SM30 934°C (until 700°C)
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The values in Table 5.27 above, are similar to the THP references reported in Table 5.8. The sensitivity of
the three tested interlayers increased compared to the references, and the temperature range expanded in the
low temperature regime, below 200 °C in all cases. The THP references start the temperature working range
around 200 °C (P400) or higher, for the P600 pigment case (See Section 5.1.5.1, Pigment calcination). A
start of the LTD monotonic increase at temperatures below 200 °C can be considered an expansion of the

working temperature range and it is suggested as an area of future investigation in Chapter 7, Future Work.

Qualitatively, the three tested interlayers can be evaluated according to the attachment to the THP and the
improvement in the LTD-temperature sensitivity. These parameters are summarised in Table 5.28 below.
The Durazane® 1800 is the only product offering a good attachment between the THP and the interlayer,
while improving the sensitivity, compared to the THP reference paints presented in section 5.1.5.2, from
1.4 us/ °C to 1.8 us / °C. This constitutes and advantage over some of the binders tested and presented in
Table 5.21. However, given the nature of Durazane® 1800 and the precautions needed for its use (see section

5.3.1.5), the use of this interlayer was discarded to extend the use of THP into higher temperature regimes.

Table 5.28 Summary of attachment and sensitivity improvement for THP applied on top of interlayers.

THP attachment to LTD-Temp. sensitivity
Interlayer improvement
Sealmet v X
Durazane® 1800 v v
Ludox® SM30 X X
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6 Development of a high-temperature thermal history paint

After exploring different strategies to expand the working range of THPs to higher temperatures, a route
combining several successful findings was tested, leading to the development of a new version of thermal

history paint.

6.1 Optimisation route for THP: Combination of Solutions

The first observations made on THP at high temperatures (Section 5.1) led to different testing routes to
explore the mitigation of some of the detrimental effects of high temperature exposure (Sections 5.2 to 5.5).
Some of the selected solutions gave way to a potential development of the THP into higher temperature
regimes, while some other routes do not show a clear improvement above 900 °C. All the development

routes, and the main outcomes after testing, are summarised in Table 6.1 below.

Table 6.1 Summary of observed THP behaviour at high temperatures, development routes considered and
selected solutions for the design of a new version of thermal history paint

THP behaviour

Development route Selected solution

at high temperatures (> 900°C)

L . 1. Bind dificati
1. Interaction Pigment -Binder effect Heer mocHcation x

on luminescent properties

2. Binder substitution Ludox ® SM 30
2. Binder melting

3. Interaction with metallic substrate / 3. Pigment modification Pigment Calcination

THP structural degradation
4. Efflorescence / Shelf Life 4. Interlager x

Modifying the current liquid binder showed clear limitations as these silicate solutions became chemically
unstable after slightly changing the composition. The use of interlayers did not show improvements, neither
expanding the temperature range above 900 °C nor improving the attachment of the THP layer to the
substrate. On the other hand, during the pre-test considerations of the pigment, the calcination of the

pigment at 600 °C expanded the working range of the THP to temperatures above 900 °C.
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From the evaluated binder candidates as a substitute for the potassium silicate, only one displayed potential
enhanced behaviour at high temperatures, Ludox® SM30. This binder retained a white appearance after
exposure to temperatures above 900 °C, improving the emission of the phosphorescent pigment embedded
in the paint. The attachment to the metallic substrate was good, and fewer effects of efflorescence were
observed after measuring the same painted stainless-steel bar, after six months in storage, as shown in
Figure 6.1 below. A minimal effect of efflorescence is extremely beneficial to improve the reliability of
lifetime decay measurements, reducing the uncertainty of the measurement and obtaining reliable

measurements at high temperatures, as seen in section 5.1.4.
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Figure 6.1 Lifetime Decay plotted over temperature of exposure of Ludox® SM30 based THP, deposited on a
stainless-steel bar and heat treated up to 1,100 °C. The Lifetime decay was remeasured at the same locations
after six months of storage to evaluate the effect of efflorescence.

6.1.1 Characterisation of colloidal silica, Ludox® SM30

Ludox® SM30 samples were characterised via X-Ray diffraction (XRD) after being exposed to
temperatures up to 1,200 °C for one hour. Below 800 °C, no crystalline features were observed, and the
main characterisation efforts were focused on the samples heated between 800 °C and 1,200 °C. The
diffraction patterns of these samples are shown in Figure 6.2, where the silica phases are identified and

indicated with markers.

All the samples show a mixture of cristobalite (01-082-1553 and 01-082-1410 PDF ICDD reference
patterns) and tridymite (00-042-1401 and 01-082-1559 PDF ICDD reference patterns), tetragonal and
orthorhombic silica phases, respectively. The main cristobalite peak located at 22 © two-theta, is observed
from 800 °C up to 1,200 °C, while the main tridymite peaks located at 21 ° and 23 ° can only be observed
at 900 °C or higher temperatures.
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Figure 6.2 Diffraction patterns of Ludox ® SM30 samples after heat treatments between 800 °C and 1,200 °C.
Matching silica phases are identified and indicated with markers.

The area of the main peaks of the cristobalite and the tridymite were analysed and plotted as a percentage
over the total area of the peaks, over the exposure temperature. This is shown in Figure 6.3 below. The
obtained mixture of phases has been observed by other authors in silica products contaminated with
metals [364]. In the case of Ludox ® SM30, sodium counter-ions are part of the colloidal silica solution,
and the manufacturing process might result in the presence of cristobalite at relatively low temperatures

[365,366].
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Figure 6.3 Calculated relative content of silica phases, cristobalite and tridymite biphasic mixture, obtained
from diffraction patterns of Ludox®SM30 samples heat treated at temperatures between 800 °C and 1,200 °C.
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6.1.2 Combination of solutions: Calcined pigment mixed into potassium silicate
and Ludox® SM30 colloidal silica binders.

Given the promising results obtained using Ludox ® SM30, this product was identified as a potential high
temperature binder for a new version of thermal history paint. However, Ludox ® SM30 was tested with a
pigment calcined at 600 °C, which once it was mixed into the binder led to a maximum operative
temperature of 900 °C. The same pigment, mixed into potassium silicate, extended this maximum operative
temperature to 960 °C. The combination of both binders could lead to an intermediate improved behaviour,
and therefore the combination of these was tested in this section, for different concentrations of Ludox ®
SM30 and potassium silicate (IP66). The concentration of pigment was kept constant at 5 % wt., as

described in Chapter 4. The produced compositions, summarised in the ternary plot in Figure 6.4, are:

- Run 1: Ludox ® SM30 (95 % wt.) and P600 pigment (5 % wt.)

- Run 2: Ludox ® SM30 (72 % wt.), potassium silicate (23 % wt.) and P600 pigment (5 % wt.)

- Run 3: Ludox ® SM30 (47.5 % wt.), potassium silicate (47.5 % wt.) and P600 pigment (5 % wt.)
- Run 4: Ludox ® SM30 (23 % wt.), potassium silicate (72 % wt.) and P600 pigment (5 % wt.)

- THP-P600 (Reference): potassium silicate (95 % wt.) and P600 pigment (5 % wt.)
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Figure 6.4 Ternary plot of THP pigment (Y2SOs: Eu*"), Ludox® SM30 binder and potassium silicate binder.

Once the paint batches were produced, as explained in Chapter 4, a few drops of every paint were dried in
an oven at 150 °C. The obtained paint pellets were deposited on alumina tiles and then heat-treated to
temperatures between 800 °C and 1,100 °C. The samples were scratched from the alumina tiles when
necessary, and characterised by luminescent lifetime decay and spectra, as well as X-Ray diffraction. The
lifetime decay results of the different runs are plotted against the maximum exposure temperature in

Figure 6.5.
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Figure 6.5 Lifetime decay of paint pellets, heat-treated between 800 °C and 1,100 °C, combining Ludox® SM30
and potassium silicate binders with pigment calcined at 600 °C (P600). Lines joining points added for

visualization.

Three of the six samples considered show a monotonic increase of lifetime decay with increasing
temperature between 800 °C and 1,100 °C:

- The P600 pigment on its own, pre-calcined to 600°C.
- Run 2: Ludox ® SM30 (72 % wt.), potassium silicate (23 % wt.) and P600 pigment (5 % wt.)

- Run 3: Ludox ® SM30 (47.5 % wt.), potassium silicate (47.5 % wt.) and P600 pigment (5 % wt.)

This behaviour indicates that the mixture of Ludox® SM30 and potassium silicate could result in an
improved working temperature range in a new version of THP, when the proportion of Ludox® SM30 is
equal or higher than that of potassium silicate. Unfortunately, the presence of potassium silicate results
necessary to improve the behaviour of the pigment on its own, which it is not observed in Run 1. This was
discussed in section 5.1, where the interaction between the pigment and the potassium silicate binder
extended the operative temperature of the pigment on its own, as seen in Figure 5.8. Some of the
detrimental effects of the potassium silicate, such as the efflorescence, are expected to remain in a version

of THP which includes potassium silicate binder. This has not been investigated further in this section.
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The samples of the runs 1 to 4 were characterised by XRD and the results are summarised in Table 6.2.

Table 6.2 Diffraction patterns of paint pellets, heat-treated between 800 °C and 1,100 °C, combining Ludox ®
SM30 and potassium silicate binders with pigment calcined at 600 °C (P600).

Offset Normalised Intensity (a.u.)

70
2*Theta (°)

1,100°C

1,000°C

——800°C

——800°C

—150°C |

Run 1: 95 % wt. Ludox ® SM30, 5 % wt. Pigment.

As discussed in the characterisation of the Ludox®
SM30 on its own, in the previous section, the
sample showed an amorphous pattern below
800 °C. The diffraction pattern was identified with
Cristobalite (01-082-1553 and 01-082-1410 ICDD
PDF reference patterns) at temperatures above
800 °C. Unlike the Ludox® SM30 on its own, no

transition to tridymite was observed at 1,100 °C.
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Run 4: 23 % wt. Ludox ® SM30, 72 % wt. —
% Potassium silicate and 5 % wt. Pigment.
-.M\ —— 1,100 °C]

Run 4 shows different diffraction patterns to the

1 —— 1,000 °C

_ other runs since the amount of Ludox® SM30 is

e relatively low. The phases identified are more

-NJM\““. b ot rsamns | — 800 C similar to the ones of the glassy Potassium silicate,
J%u ICDD PDF reference 00-017-0512, matching the
—150°C

' ' ' ' ' observations of Araguas-Rodriguez [106] and
2'Theta () Langille [367].

Offset Normalised Intensity (a.u.)

6.1.2.1 Luminescent spectra of the Ludox® SM30 and Potassium silicate combination

The luminescent spectra of all the samples considered in the previous section were obtained and can be
consulted in the Appendix. However, the spectra obtained from all the samples heat-treated to 1,100 °C are
included in this section, to observe the differences in the europium emission after heat exposure at the same
temperature. In particular the transitions Dy = "F» and Dy = ’Fi, marked in Figure 6.6 below, were

compared and analysed through an intensity ratio.
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] /J\\‘ THP (P600)
__J\fA\- M —— Run 4

Run 3

Run 2

__J\/v'v\_ e A—Run1

Offset Normalised Intensity (a.u.)

—— Pigment

T I T I T I T I T I T I T I T I T I T 1
570 585 600 615 630 645 660 675 690 705 720

Wavelength (nm)

Figure 6.6 Luminescent spectra of paint samples, heat-treated at 1,100 °C, combining Ludox® SM30 and
potassium silicate binders with pigment calcined at 600 °C (P600).
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The spectra of the Runs 2 to 4, show similar °Dy = ’F» and Doy = F; emission peaks, in particular the
shoulder between 620 nm and 635 nm, while the pigment on its own and the Run 1 differ slightly from the
other spectra, for emission lines centred at 611 nm and 614 nm. The areas under the curve of the ’F; and
’F, transitions were obtained from all the samples and the intensity ratio plotted in Figure 6.7 below. The
same ratio of the emission from europium embedded in oxide glasses studied by Oomen and van Dongen

[368] was plotted for comparison.
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Figure 6.7 (Left) Ratio between the Do = "F2 and the Do = "F: transitions of Eu®*, studied in the luminescent
spectra of paint pellets, heat-treated at 1,100 °C, combining Ludox® SM30 and potassium silicate binders
(indicated as “KSiO” in the figure) with pigment calcined at 600 °C (P600). (Right) Ratio between the Do -
F2 and the Do = "Fi transitions of Eu®*, embedded in oxide glasses studied by Oomen and van Dongen [368].

The intensity ratios from the europium emission of the two cases are in the same order of magnitude. A
similar decreasing trend was obtained when comparing the Runs 1 to 4, marked in Figure 6.7 (Left) Oomen
and van Dongen [368], studied the europium in glass, surrounded by an increasing amount of potassium
ions, where the same decreasing trend was observed for an increasing amount of potassium. The increase
of number of modifiers, i.e., potassium ions, in the silicate network, surrounding the europium, led to a
decrease in the intensity ratio Do = 'F» over °Do = F;. In this case, increasing the proportion of potassium

surrounding the europium, produced a decrease in the ratio in both cases.

As explained in Chapters 2 and 3, the hypersensitive °Dy = 'F, transition depends on the structural changes
in the vicinity of the emitting Eu®*" ion. Changes in the glass structure, modified by alkali and Eu*" ions will
influence the symmetry of the glass and therefore the emission from the europium. For low alkali
concentrations, the ions are incorporated into the voids of the glass network. These do not normally include
the voids in the vicinity of the Eu** ion, due to the repulsion of the positive charges. For higher alkali
concentrations, however, it is inevitable that voids in the vicinity of the Eu*" are occupied. The glass
network forming units can include two non-bridging oxygens, which can influence the symmetry and

covalency at the Eu®" emission site [368].
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6.1.3 Binder combination applied on stainless-steel and development of a high-
temperature thermal history paint

The combination of Ludox® SM30 and potassium silicate binders showed promising results as stand-alone
samples, heat treated on alumina substrates and then interrogated via luminescent techniques. Therefore,
the formulations explored in the previous section were tested on stainless-steel. A set of three 400 x 20 x
3 mm stainless-steel bars and several 20 x 10 x 3 mm samples were painted with the Runs 1 to 3 of the
paints previously produced. A picture of the painted bars and samples, after curing at 150 °C, is shown in
Figure 6.8 below.
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Figure 6.8 Ludox® SM30 based paints applied on stainless-steel bars and tiles. From top to bottom, Run 3
(consisting of Ludox® SM30 (47.5 % wt.), potassium silicate (47.5 % wt.) and P600 pigment (5 % wt.)), Run 2
(consisting of Ludox® SM30 (72 % wt.), potassium silicate (23 % wt.) and P600 pigment (5 % wt.)), and Run 1
(Ludox® SM30 (95%w) and P600 pigment (5 % wt.)).

The bars were heat-treated following the standard bar test procedure described in Chapter 4, to produce a
profile between 200 °C and 1,100 °C. A picture of the heat-treated bars and the lifetime decay values
obtained after heat exposure are shown in Figure 6.9. The three paints were produced with pigment heat
treated at 600 °C. However, the highest lifetime decay values of the three paints were obtained at three
different temperatures, where the monotonic increase of lifetime decay with increasing temperature
stopped. As indicated in the figure, Run 1 (containing only Ludox® SM30 as a binder) reached 900 °C
before dropping in lifetime decay. The bar painted with the Run 2 paint, showed its maximum at 850 °C,
and Run 3, with an equal 47.5 % wt. of Ludox ® SM30 and potassium silicate, extended the monotonic

increase of the lifetime decay up to 950 °C.
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The same pigment reached different maximum temperatures depending on the binder surrounding it, once
it is deposited on the same metallic substrate. As discussed in Chapter 5, this maximum working
temperature depends on the interaction between pigment and binder, and on the detrimental effect of the
metallic substrate in the luminescent properties of the paint layer, especially metallic substrates containing
chromium (which is the case of stainless-steel and most of the nickel alloys used in turbomachinery
components). Nevertheless, luminescent measurements at temperatures higher than these maximum

working points could be used for temperature determination, using the data of these test bars for calibration.
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—m— Run 1 (95 % wt. Ludox, 5 % wt. P600 pigment)
—&— Run 2 (72 % wt. Ludox, 23 % wt. KSiO, 5 % wt. P600 pigment)
2000 -|—&— Run 3 (47.5 % wt. Ludox, 47.5 % wt. KSiO, 5 % wt. P600 pigment)
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Figure 6.9 (a) Lifetime decay obtained after heat-treatment of Ludox® SM30 based paints applied on stainless-
steel bars, Runs 1, 2 and 3. Maximum temperature of monotonic increase of lifetime decay over temperature
indicated with vertical lines at 850 °C, 900 °C and 950 °C. (b) Photograph of 400 x 20 x 3 mm stainless-steel
bars painted with Ludox® SM30 based paints, after heat exposure from 200 °C, cold side (right) to 1,100 °C,
hot side (left). Potassium silicate indicated as “KSiO” in the legend.
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Three samples, which were painted with the paint runs seen before, were heat treated to four different
temperatures, 600 °C, 700 °C, 800 °C and 900 °C for the same time (30 minutes), and compared to the
results from the test bars, which also lasted 30 minutes at maximum exposure temperature. Pictures of the
20 x 10 x 3 mm stainless-steel bars painted with these Ludox® SM30 based paints are shown in Figure 6.10
below, after heat exposure to the indicated temperatures. The colour displayed on the samples was similar
to the one shown on the bars, indicating consistency between the bar and the samples painting and heat-

treatments, as would happen in a turbo-engine test employing thermal history paints.

Figure 6.10 Photograph of 20 x 10 x 3 stainless-steel tiles painted with Ludox® SM30 based paints, after heat
exposure at 600 °C (a), 700 °C (b), 800 °C (c¢) and 900 °C (d). Runs 1 to 3 from left to right.

Using the bar tests as calibration curves and the samples as a replacement for a turbomachinery component,
the heat treatment temperatures of the samples were calculated by linear interpolation. Both bars and
samples consisted of the same substrate material, and were painted in the same session, by the same
operator. The heat treatments were carried out in the same furnace equipment, and temperature
measurements during the procedure obtained from the same type K thermocouples for both bars and sample
heat treatments. Other sources of uncertainty in the temperature determination with thermal history paints
were considered, following the publication by Peral et al. [210]. These included corrections for the
thermocouple readings, from the wires and datalogger, among others, as well as statistical considerations

from the lifetime decay measurements, both for the calibration and the “component”.

For better visualization, the values obtained from samples and bar tests were plotted together for each paint
run and shown in Figure 6.11 below. For simplification, only three of the temperatures considered for the
samples were included in the uncertainty analysis, 600 °C, 700 °C and 800 °C. The samples heat treated at
900 °C fell outside the monotonic increasing range of lifetime decay with increasing temperature for Runs 1
and 2 and therefore were discarded from the uncertainty analysis. On the other hand, samples and bars

painted with Run 3 displayed a continuous increase of lifetime decay at 900 °C and higher temperatures.
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Figure 6.11 Comparison of lifetime decay readings,
over maximum temperature exposure for stainless-
steel bar and samples painted with, Ludox® SM30
based thermal history paints, for Run 1 (a), Run 2 (b)
and Run 3 (c). Potassium silicate indicated as “KSiO”
in the legend of the figure. Shaded areas indicate the
end of the monotonic increase of lifetime decay with

increasing temperature.

While the differences in lifetime decay between samples and bars can be observed in the graphs in

Figure 6.11, temperature differences between the thermocouple readings during the heat treatment of the

samples and those obtained from the LTD from the samples are more relevant in the development of a high-

temperature version of thermal history paint. The lifetime decay measurements from the “component” were

compared to the calibration curves, or bar test, performing a linear interpolation between known pairs of

lifetime decay and temperatures. This returned temperature differences between 1 °C and 15 °C, in absolute

terms, for all cases except Run 2 at 600 °C, where the resolution of the paint flattens the calibration curve.

In these conditions the effect of the efflorescence can become critical, so components and calibration

samples should be measured at the same time after heat treatment and stored in identical conditions.

However, more importantly than the temperature differences, shown in Figure 6.12 below, are the

uncertainties of these temperature measurements, both for thermocouple and lifetime decay readings.
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Following the uncertainty estimation model developed by Peral et al. [210], the uncertainty of the
thermocouples was calculated for the readings at 600 °C, 700 °C and 800 °C. This uncertainty ranged
between 5 °C and 8 °C, as shown in Figure 6.12 below. For the three cases, the readings obtained from the
thermocouples were considered the obtained value as well. The temperature difference was therefore 0 °C
in the three cases. However, the uncertainty of these thermocouple measurements was not 0 °C, as
represented with the error bands in the figure below. For the temperatures obtained from the luminescent
measurements, the uncertainty ranged between 1 °C and 8 °C, but more importantly, there was an overlap
between the temperature readings obtained from both techniques. This indicates that temperature
measurements from thermal history paints and thermocouple readings are in the same order of magnitude
for a 95 % confidence, with an overlap of the uncertainty bands of all the measurements from both
techniques. These three runs of Ludox® based thermal history paints could be considered the foundation

of a high temperature version of THP, based on the same pigment, P600.
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Figure 6.12 Temperature differences with respect thermocouple readings at 600 °C, 700 °C and 800 °C of
Ludox® SM30 based thermal history paints, Runs 1, 2 and 3.

As a summary of the previously used THP versions, and the new findings in this thesis, a lifetime decay
over temperature graph including the bar tests of the three Ludox® based paints, and the THP references
are plotted in Figure 6.13. The three temperature upper limits observed for the paints using pigment
calcined at 600 °C are indicated as vertical lines at 850 °C, 900 °C and 950 °C. The standard thermal history
paint, THP Ref. P400, shows a maximum working temperature at 900 °C before the lifetime decay drops
with increasing temperature. This paint also shows an offset of lifetime values with respect to the paints

containing P600 pigment, as discussed in section 5.1.
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The main improvement of using pigment calcined at 600 °C was the extended temperature range observed
when mixed in the potassium silicate binder, up to 950 °C once applied on stainless-steel. However, this
improvement was not observed when a new binder was used, Ludox ® SM30, or when a higher proportion
of this binder was used in combination with potassium silicate. These cases are Runs 1 and 2, respectively.
The maximum temperature of monotonic increase of lifetime decay with increasing temperature for Run 1,
Ludox® SM30 (95 % wt.) and P600 pigment (5 % wt.), and Run 2, Ludox® SM30 (72 % wt.), potassium
silicate (23 % wt.) and P600 pigment (5 % wt.), are 900 °C and 850 °C, respectively.

The most promising version of thermal history paint is therefore Run 3, containing Ludox® SM30 (47.5 %
wt.), potassium silicate (47.5 % wt.) and P600 pigment (5 % wt.), since the temperature range extended to
950 °C, as expected for a paint containing P600 pigment. This formulation provides advantages from the
two binders included in the mixture: low interaction between the pigment and the binder and less effect of

metallic substrates.

—&— Run 1 (95 % wt. Ludox, 5 % wt. P600 pigment)

—@— Run 2 (72 % wt. Ludox, 23 % wt. KSiO, 5 % wt. P600 pigment)
2400 - |—*— Run 3 (47.5 % wt. Ludox, 47.5 % wt. KSiO, 5 % wt. P600 pigment)
THP reference P600 (pigment pre-heat treated to 600 °C)

9900 ||—w— THP reference P400 (pigment pre-heat treated to 400 °C)
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Figure 6.13 Lifetime decay readings on potassium-silicate THP reference paints (P400 and P600), and Ludox®
SM30 based paints (Runs 1, 2 and 3) after deposition and heat-treatment up to 1,100 °C on stainless-steel test
bars. Maximum temperature of monotonic increase of lifetime decay over temperature indicated with vertical
lines at 850 °C, 900 °C and 950 °C.
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7 Conclusions and outlook

7.1 Conclusions

This work has improved the understanding of thermal history sensing, and the behaviour at high
temperatures of phosphorescent materials, based on the amorphous-to-crystalline mechanism. The
focus of the investigation was on developing Thermal History Paints (THP’s), an easily applied
surface temperature technique, selecting the appropriate pigment and binders to embody a new

paint formulation functional at temperatures above 900 °C.

The behaviour of THP based on a potassium silicate binder was studied, revealing the main
limitations to high temperature functionality. The obtained results revealed interaction between
the pigment and the binder, interaction between the paint layer and the metallic substrate, and the
melting of the potassium silicate binder, as some of the disadvantages of the THP material system.
As potential solutions, the binder and pigment were modified and/or substituted, and several
interlayers were tested between the THP and stainless-steel substrates. While binder modifications
and interlayers did not show improved behaviour of the THP, calcinating the pigment to 600 °C
and substituting the binder to Ludox® SM30, a colloidal silica solution, showed improved

behaviour to temperatures up to 1,100 °C.

The combination of the calcined pigment, the new binder Ludox® SM30, as well as the previous
potassium silicate binder were characterised in order to produce a reliable version of thermal
history paint. A new THP formulation containing Ludox® SM30 (47.5 % wt.), potassium silicate
(47.5 % wt.) and Y»SiOs: Eu*" pigment calcined at 600 °C (5 % wt.) showed an extended
temperature range to 950 °C, and low interaction between the pigment and the binder. This
formulation delivered reliable temperature measurements, in the same range of thermocouple
readings, with a maximum uncertainty of +/-8 °C, for 95 % confidence levels. The results shown
in this work demonstrate the utility of thermal history paints as validation tools for thermal models
in turbomachinery, as well as a being a durable method to monitor engine components at

temperatures 50 °C higher than previous versions of thermal history paints.
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7.2 Future work

The results offered in this work show the versatility of thermal history paints for surface temperature
measurements. The combination of binders has been experimented for the first time, offering an optimal
route for the development of THP for high and low temperature regimes. Further characterisation of paints
combining Ludox® SM30 and potassium silicate will be required to explain the luminescent behaviour of
the pigment in these environments. In particular, thermal analysis of paints having potassium silicate in

excess, over 50 % wt. Run 4, indicated in Chapter 6, could be a good starting point.

More investigation in the effect of surface roughness and oxidation of metallic substrates [369] on THP
will be required as well. The oxidation processes of typical chromia and alumina former alloys [370] should
be explored, as well as the potential influence on THP temperature readings. The thickness of the THP layer

might also have an influence in the luminescent properties explored in this work, such as the lifetime decay.

Characterisation of THP with advanced techniques, suited for inorganic silicate materials at low
temperatures, could give further details on the crystallisation of the paint layer, in particular those features
not revealed with standard XRD or FTIR, such as the ones shown in the Appendix. For example, Nuclear
Magnetic Resonance (NMR) could give a give a clearer insight in the atomic structure of silicates, and it

has been employed before on Yttrium Silicate compounds [250,371] and other silicates [372].

The design of new THPs, for specific applications, with other luminescent pigments and other binders is
still a fascinating research topic. For high temperatures applications, elements with high melting points,
such as Magnesium and Calcium, should be investigated for the development of new THP versions. For
low temperature applications, which could potentially avoid the pre-heat-treatment of the paint at 150 °C
after deposition, some of the binders tested in this work are good starting points. For example, Sealmet®
and Ludox® are versatile binders which just need a standard air-drying process at room temperature. A first
attempt of a low temperature THP was presented in section 5.3.1.1, for a Sealmet® based THP, with a low
calcination temperature pigment, tested up to 500 °C. Another alternative could be testing more interlayers

between the THP layer and the metallic substrate.

Given the easy application of thermal history paints and the substitution of colour changing paints, with
alternative off-line techniques, THPs are a popular temperature method among turbomachinery and
automotive OEMs around the world. The use of THP, and the results obtained in this work for the
development of superficial temperature sensors, are having an impact in the turbomachines being designed

today, and the ones that will be used in the coming decades.
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9 Appendix

9.1 Supplementary results

9.1.1 Thermal conductivity of thermal history paint

Stainless-steel 316L and Nimonic 75 tiles, of dimensions 20 x 10 x 3 mm, were painted with conventional
P400-THP and sent to the University of Sheffield, through the Henry Royce Institute to obtain the thermal
conductivity of the paint layer. Measurements were taken via Laser Flash Analysis (LFA) within the
temperature range of the paint, between 30 °C and 700 °C. Results are shown in Figure 9.1 below, where
the thermal conductivity shows an increasing trend with increasing temperature, for a film thickness of 30

um. All the values obtained fell between 1 and 3 W/ m'K.
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3.5 1 ® Nimonic 75 (Nickle alloy)
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Figure 9.1 Thermal Conductivity over increasing temperature on THP deposited on stainless-steel 316L. and
nimonic 75, nickel alloy.
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9.1.2 FTIR spectra of Y,SiOs: Eu** pigment modified with citric acid addition from
700 °C to 1,300 °C.
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Figure 9.2 FTIR spectra for Y:SiOs: Eu®** pigments
produced by adding (b) 10 g and (c) 25 g of citric acid,
compared to (a) the original pigment production without
citric acid, for temperatures between 700 °C and 1,300 °C.
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Intensity (a.u.)

9.1.3 XRD of Y,SiOs: Eu*" pigment modified with citric acid addition and heated
to 900 °C.
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9.1.4 Luminescent spectra of Y,SiOs:Eu*" pigment modified with citric acid

The luminescent spectra of the pigments modified with citric acid were obtained at room temperature and
compared to the emission of europium nitrate (Eu (NO3)3) for the four main transitions of europium Dy >
"Fn, where n are the transitions 0 to 4, explained in Chapter 3. The sub-divided peaks are shown in

Figure 9.4 below.
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Figure 9.4 Luminescent emission spectra of pigment samples modified with citric acid, compared to the
emission of europium nitrate. Spectra normalised to the maximum intensity in the whole range, from 578 nm
to 710 nm.

The emission from the Eu (NOs); is consistently different to the other samples, and has been reported
elsewhere [106]. On the other hand, the emission from the yttrium mono-silicate samples modified with
citric acid, CA10 and CA25, are very similar, considering all the emission peaks. The pigment batch without
citric acid (CAO0) shows an intermediate emission between the europium nitrate and the citric acid pigments.

The clearest examples are the transitions “F, and "Fa.

In the 'F, transition, the europium nitrate shows two emission peaks at two differentiated wavelengths, 611
and 617 nm. The CAO batch shows two semi-merged peaks, where the two tips can still be distinguished at
the same wavelengths. Finally, for the CA10 and CA25 samples, the 'F transition is a broad and convoluted

peak, indicating an amorphous environment for the europium emission.
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9.1.5 Luminescent spectra of combination of Ludox ® SM30 and potassium silicate
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Figure 9.5 Luminescent spectra of paint pellets, heat-treated between 800 °C and 1,100 °C, combining Ludox

® SM30 and Potassium silicate (KSiO) binders with pigment:
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©
)
(e)
®

Y:SiOs: Eu pigment calcined at 600 °C (P600).
Run 1: Ludox ® SM30 (95 % wt.) and P600 pigment (5 % wt.)

Run 2: Ludox ® SM30 (72 % wt.), Potassium Silicate (23 % wt.) and P600 pigment (5 % wt.)
Run 3: Ludox ® SM30 (47.5 % wt.), Potassium Silicate (47.5 % wt.) and P600 pigment (5 % wt.)
Run 4: Ludox ® SM30 (23 % wt.), Potassium Silicate (72 % wt.) and P600 pigment (5 % wt.)
THP-P600 (Reference): Potassium Silicate (95 % wt.) and P600 pigment (5 % wt.)
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se0 9.2 Poster presentation, awarded with the Warren M. Rohsenow
Prize at the ASME Turbo-Expo 2020

The poster “Validation of a Thermal History Paint on a Turbine Blade Hot Gas Test Rig Facility” presented
at the ASME (The American Society of Mechanical Engineers) Turbo-Expo 2020 virtual conference, won

W
od
W
(9]

the Warren M. Rohsenow Prize for the best presentation at a session on heat transfer in gas turbine systems.
The poster is shown in Figure 9.6 below. The winner video presentation is available through the YouTube

channel of the Centre of Doctoral Training on Advanced Characterisation of Materials (CDT-ACM):
https://youtu.be/XavDSJSPHOA

6T2020-16014, ASME Turbo Expo 2020, London, UK

VALIDATION OF A THERMAL HISTORY PAINT ON
A TURBINE BLADE IN A HOT GAS RIG FACILITY

Daniel Castillo 3, b), David Peral (a), Sivia Araguas-Rodriguez (3], Viola Dehe (c), Michael Rabs (d), Solon Karagianopoulos (a),
stopher ¢ r—v.lg,..m (a, Inken Katt Semimiler (3), Stephen Skinner (b), Jérg P. Feist (a) 1 f-\
¥ igghen S 0 K B e s Imperial College ()

onaon MAN Energy Solutions

4. CALIBRATION 6. RESULTS

The drive to higher efficient engines and lower emissions is Heat treatments of 18 individual calibration samples from 300°C
achieved by increasing firing temperatures, This is leading to t0 775°C, heat treated for the same time the vane was tested in
sophisticated cooling designs and adv. temperature the rig, 45 minutes. T he calibration data shows an appraximatedy
materials. Validation on critical components require novel linear trend with temperature. Error bars represent the standard
temperature  measurements, where surface [empen-um deviation of measurements, multiplied by a factor of 5 for
measurements canmakeadifference. Acc isualization. AnUncer i ifically
Instrumentation Working Group (1, over 80% of-an sero foil i for calibration of Thermal History Paints.

all turbine blades needs to be measured for test monitoring and
to verify durability. Design engineers require a high resolution
thermal mapping technigue.

H

Mid section:

H

A new thermal mapping technology was tested in realistic
combustion conditions. Thermal History Paints [2] and Coatings
[3.4] are novel temperalure sensing technologies, able to reveal
temperatures along surfaces of turbomachinery components
An internally cooled gas turbine vane, instrumented with 30 .
thermocouples, was tested for 45 minutes in hot gas test rig P 1 = i
The thermocouple data was s t 3 post calibration i 0 y Al
procedure, an valaon agsinst FEM. precictions [5]. Al w] ¥ e e e

thres data sets were in very good alignment, showing, average !

variatians of +/- 4°C 00 400

285

Lifetime Decay (s)
H

g

Appro Coordinate (au] wTIF
P fad ams

500 600 700
Temperature (°C) Hub section:

2. PRINCIPLE set of calibration samples:

Rare earth ions act as atomic level sensors, When irradiated with

light, electrons promate to higher energy states. The relaxation

happens via two competitive processes, radiative and non-ra

it Permanent Changes in i ternl srucme (e 5. HOT GAS BENCH
heat exposure causes crystalisation and fixes temperature in Appror. Coordinale (a.u)
formation. Lifetime Decay can be measured providing sensitive The vane was tested in a hot gas rig facility at Aachen Univer

thermal profiles, sity. FEM analysis was performed from the thermocouple data,

Energy level diagram showing luminescence process: showing similar trends ta Thermal Histary Paints in hot spots ir
il sl 5 the raing ege and cooler areas nthe suction s 7. CONCLUSION

Over 1,000 temperature measurements were acguired on
Thermal History Paints. Results show very good agreement
with thermacouple and FEM analysis, from previous publica-
tions. An accurate temperature profile was recorded. This new
temperature measurement technique was validated

Emission spectrum
Wavelength (nm)

hot gus lon—— /
Bypass flow—— cascade

Suction

Temperature pruﬂ\elmm FEM prediction [5]:
Oparaing === Sehesxponeeid %

[
i= J‘gslp(fﬂ
[

Normalized Temperature (a.u.)

Approx. Coordinate (a.u.)

Lifetima 0 Validated high density thermal profile:
Parameter
dependenton

temperature

\ V l
3. APPLICATION 3
Safe, REACH compliar minescent materials are manufactured, 3 =

applied onto components surfaces. These aperate in hash con
ditions and after operation, laser light excites the lumi nt
ions and allows single paint life-time decay measurements along
surfaces of turbomachinery components, The temperature in
formation can be read-out by automated scanning system, and
printed onto representat

1. Application

4. Digitised temperature map

“Evaluation of Mumerical Methads to Predict Temperature Distributions of an Experimentally nves:
2017, dot 1011 1VGTA017-4205

5860

Figure 9.6 Poster named “Validation of a Thermal History Paint on a Turbine Blade Hot Gas Test Rig Facility”
presented at the virtual ASME Turbo-Expo 2020
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Figure 9.7 Material certificate of the stainless-steel 316L bars issued from SOG Ltd. during 2018.
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Figure 9.8 Material certificate of the stainless-steel 316L bars issued from SOG Ltd. during 2019.
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Email communication

From: Katherine Williams <Katherine. Williams@iom3.org>

Sent: 17 May 2021 11:12

To: Castillo, Daniel <d.castillo17@imperial.ac.uk>

Subject: RE: Permission to use Figure published in Materials World

Dear Daniel,

Of course, you can use that in your thesis. I hope the write up goes well.
Regards,

Katherine

Katherine Williams

Head of Content

Institute of Materials, Minerals & Mining

297 Euston Road, London, NW1 3AD

020 7451 7323 | www.iom3.org

From: Castillo, Daniel <d.castillol7@imperial.ac.uk>

Sent: 17 May 2021 10:45

To: Katherine Williams <Katherine.Williams@iom3.org>
Subject: Permission to use Figure published in Materials World

Hi Katherine,

I am a PhD student at Imperial College, I am writing my thesis at the moment, and I would like to use one
of the figures published in the Materials World magazine. The Figure was published in May 2020 and
submitted the 30" of April 2020 by Jorg Feist and Silvia Araguas-Rodriguez, both ex-Imperial and currently
working at Sensor Coating Systems Ltd.

The title of the feature was Taking the heat / Meeting future emission standards.

It can be found in the IOM3 website under: https:/www.iom3.org/resource/meeting-future-emission-
standards.html

Could you grant the permission for me to use this figure in my thesis?

I can provide a permission request form if necessary.

Thank you very much.
Best Regards

Daniel Castillo
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a CC BY-NC-ND Creative Commons Licence.
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Daniel Castillo
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commercial purposes under the terms of the user licence.

[please edit the text above if you wish to grant more specific permission]
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