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ABSTRACT

Engine components exposed to har sh combustion conditions ar e often not accessible for on-line
temper ature monitoring. The temperature of the surface of these components can be measured
off-line, by sensors that record their thermal history. Thermal paints are an example of this
type of sensor, but have many disadvantages. Alternatively, phosphor coatings can be used as
thermal history sensors. These undergo permanent changes when exposed to elevated temper-
atures, which affect their emission characteristics. The coatings can be interrogated after the
exposure and reveal their thermal history. In this paper, an experimental investigation of the
phase change of Y>,0,S : Eu isreported and used as a phosphorescent thermal history sen-
sor. The phosphor powder was annealed at different temperatures, and characterised using
photo-luminescence spectr oscopy.

NOMENCLATURE

PMT photomultiplier tube

CCD charge coupled device

XRD X-ray diffraction

REACH Registration, Evaluation, Authorisation and Restritctd Chemical substances
CRT cathode ray tube

CTS charge transfer state

UV ultra-violet

RGB Red-Green-Blue

HSV Hue-Saturation-Value
FWHM full width at half maximum

INTRODUCTION

Many engineering components must operate in a high temperativironment. This is particu-
larly true in gas turbines, where components are exposedttgds streams whose temperature may
exceed the material limits. The excessive temperaturedegnade the mechanical properties of these
components. As part of the design process, it is necessargdict the thermal history of the surface
of these components. Measuring thermal history in a notrasve fashion is not trivial. The harsh
environment of combustion also requires robust instruatemt. On-line in-situ measurements are
not always possible due to limited access to the surfacesmafern. Under these circumstances, it is
highly desirable to have a robust, non-intrusive sensdrdaa be placed in or on the relevant com-
ponents and record the temperatures to which they are expossuch a way that it can be read-out
later off-line. Such sensors are sometimes referred theamal history sensomue to their ability to
remembethe temperature to which they have been exposed.

Thermal paint
Probably the best known type of thermal history sensor aarthl paints, that are widely used
in gas turbine development [Watson and Hodgkinson, 2002{ivA ingredients are metallic compo-
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nents, which are suspended in a binder or resin. The metaliigpponents cause the paint to change
colour depending on the temperature and duration of thesexpo The thermally activated chemical
reactions of these metallic components alter their chdrbmads with molecules such as water, car-
bon dioxide or ammonia [Neely and Tjong, 2008]. This resual{germanent changes in the reflection
spectra of the metallic components [Cowling et al., 1953, heraur et al., 2008]. Different metallic
components will have different colour changes, and thusrdint thermal responses. The paints are
usually applied as a thin layex(25 um). The engine is then run for a defined period (generally 5 to
10 min), stopped and disassembled in order to analyse tmgekan colour.

Thermal paints have been a valuable tool of engine deveddpemany years, but the existing
paints present a number of challenges if reliable resuéidabe obtained. Calibrated colour charts
must be used by an experienced, trained and certified opeoatterpret the colour changes and to
draw isothermal lines directly onto the components. Thewothanges are often subtle; the operator
can only detect a few discrete temperature values, where sbéour changes occur. At these tem-
peratures, the resolution is around°IDat best. Most paints however have large temperature ranges
over which the colour changes cannot be discriminated, w@sults in poor resolution [Bird et al.,
1998]. The gathered temperature data is somewhat sulgjecttvdependent on local conditions, such
as ambient lighting, which must be carefully controlled.

Efforts have been made to automate interpretation of theucalhanges, using colour models,
such as RGB (Red-Green-Blue) or HSV (Hue-Saturation-Valuejrereur et al., 2008, Smith,
2002]. The HSV is a geometrical representation of colouasithbased on intensity, lightness and po-
sition within the reflectance spectrum. Colours are thusasitarised by multiple parameters, which
complicates interpretation and calibration of colour aes Lighting conditions and observation dis-
tances and angles are critical for reproducible and aceunaasurements [Lempereur et al., 2008].

Automation efforts conducted so far have not been compisigtcessful in removing ambiguity
and offering a substitute for the human operator. They alspease the cost and complexity of the
technique. The difficulty of performing temperature readsan-situ and the consequent requirement
to strip down the engine and examine components under lavgreonditions is another problem.
Even where optical access is available, by use of a boroseepding out colour changes is not
yet possible, with a particular difficulty being the achiment of homogeneous illumination of the
surface inside an engine [Bird et al., 1998].

Some thermal paints contain components that are hazarsiects,as chromium, lead and nickel
cobalt [Watson and Hodgkinson, 2003]. The European Comamsstroduced REACH (Registra-
tion, Evaluation, Authorisation and Restriction of Chemisabstances) legislation in 2007 that re-
quires companies to seek for alternatives to hazardousriadatfRegulation EC, 12.2006]. Other
thermal paints contain expensive noble metals such as gy, bismuth and platinum, adding
significantly to the cost of their use [Rolls-Royce, 1988].

The review above indicates the value of thermal history@eresnd the utility of existing thermal
paints, but also suggests how existing paints and readystéras could be improved. Specifically, an
ideal thermal history sensor would be low cost, non-toxaveha wide dynamic range and continuous
variation in the measurement, a good temperature resplatid would permit automated reading via
electronic imaging with the possibility of doing so in-sitdeally using a boroscope.

Alternative Thermal History Sensors

Fair et al. [2008] have proposed a thermal history sensadas a glass-ceramic array which
crystallises due to thermal exposure. The glass-ceramigde of alkali or transition metal alumino-
silicates, are melted and quenched on substrates. Whenegkfmhigh temperatures, they undergo
nucleation and crystallite growth. The transmittance efrtiaterial, which decreases with increasing
exposed temperature and time, is used as indicator of tne&héistory. However, an elaborate cal-



ibration database is required, illumination and obseovatingles must be controlled, and resolution
is poor (~ 50°C). The transmittance can be the same for different exposgimes, and mechanical
strain on the sensor can have a similar effect on the tratesmé - both introduce ambiguity.

Nikolaenko et al. [1976] have designed at the Kurchatovitlitst a measuring device, called
IMTK, based on the dependency of the lattice parameter ohdie or silicon carbide, irradiated by
neutrons, on the annealing temperature and time. Neutradiation causes point defects, vacancies
and interstitials in the crystal lattice. The point defezdsises the crystal lattice to swell. The anneal-
ing process annihilates the interstitials and vacanciéscanses a decrease of the lattice swelling.
Using X-ray diffraction (XRD) and knowing the annealing tintee annealing temperature can be
obtained. The temperature range offered extends from 158G0°C, with an average measurement
error of 15°C. The crystals are encapsulated in a metal container, whiatihered to the surface of
the object of interest Volinsky et al. [2005]. The adhereaed the subsequent intrusive character of
the sensor is a disadvantage for use on the inner surface @ tuthine. This sensor only allows
for point measurements, and requires an exact knowleddeeddrinealing path, as time has a ma-
jor influence on the results. The readout is done using XRD¢lvban only be done in laboratory
conditions, so that in situ measurements are not feasible.

Feist et al. [2007] have proposed a thermal history sens@dian phosphors that undergo perma-
nent changes in their light emission properties when exptséigh temperatures. Non-permanent
changes in thermographic phosphors have been used for manytp measure surface temperatures
or heat fluxes under conditions relevant to gas turbinesgadl and Gillies, 1997, Brubach et al.,
2008, Feist et al., 1999, Heyes et al., 2008, Steenbakkdr, &089]. The emission properties of
these phosphors are reversible, so that on-line measutewembe made. However, there are tem-
perature driven processes associated with other phosgitadrgead to irreversible changes in their
emission characteristics. These processes are repottiegl literature on optimising output from the
phosphors or on conditions under which they will cease tsphoresce. As far as the current authors
are aware, there has been no previous attempt to utilise ff@snanent changes for the purpose of
temperature measurements.

The proposed phosphorescent thermal history sensor,npeelsi this work, has the advantage
over thermal paints of undergoing irreversible changegkwhre reflected in the emission properties.
These are easily and unambiguously measurable with s@usgactroscopic instrumentation. The
spectra have sharp and clearly defined emission lines, sotthages in the emission can be quanti-
tatively measured by analysis of the spectrum. This withalfor relatively easy automation of the
readout and, thus, to more objective read-outs. In additmaitu interrogation of the sensor should
be possible.

The present paper is structured as follows. An introdudiiahe relevant theory of luminescence
is presented. The concept of phosphor based thermal paititem discussed. Different physical
processes causing irreversible changes in phosphoresaendescribed and categorized. The paper
then describes an experimental demonstration, based e ghanges in,0,S : Fu. Calibration
curves of this phosphor are presented and discussed.

INTRODUCTION TO LUMINESCENCE OF PHOSPHORS

Phosphorsare synthetic ceramic materials with a high melting pointtero exceeding 200€C.
They comprise a host, doped with small quantities of rartheartransition metal ions as the optically
active component. Phosphors absorb UV-light, which premaiectrons to excited levels, and the
electrons eventually fall back to their ground levels tlglowadiative and non-radiative transitions.
Radiative transitions are referred to as luminescence. fddiative transitions involve the emission
of phonons, which are vibrations releasing the excitedtelaenergy through heat.

The rate of depopulation of an excited leweto the ground levey is described by following
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equation:

dN,

dt
whereP,_,, is the transition probability of radiative and non-radiatdecays/\V. is the density of
excited centres andis the time. The solution to equation (1), assuming the eonisstensity to be
directly proportional to the excited electron populatigives the intensity of the emitted liglitat
timet:

= _Ne'Pe%gJ (1)

I(t) = 1(0) - e, 2)
The emission lifetime decay s the inverse of the sum of the radiatif and non-radiative®,,.
decay transition probabilities:

r=(P,+P,)! 3)

Commonly used dopants are europiufj [Rabhiou et al., 2009], terbiun¥p) [Chambers and
Clarke, 2007], dysprosiumify) [Heyes et al., 2008] and manganedé() [Brubach et al., 2008].
They are optically active, and favour radiative transisialirectly back to the ground state, so they are
efficient bright emitters. Rare-earth ions in their trivdalealence state (e.gzu*") have very narrow
emission lines because the electrons associated with tiesiemtransitions are shielded from the
influences of the host.

Figure 1 shows the energy level diagramif*+ and the different luminescence processes taking
place. The energy transitions were calculated from the &gikgram [Dieke et al., 1968]. Laser
illumination promotes electrons to excited energy levéisroom temperature, the radiative transi-
tions from excited energy levetds, > D, and’® D, are usually quenched, in favourab,. From this
excited level, several radiative transitions bring the®tns back to their ground states. This decays
results in narrow, bright emission lines.

The emission is not immune from the effects of temperatuseyelver, it is rather that changing
temperature affects the emission spectrum in very distvags that are easy to assess in an automated
fashion. This is making phosphors an ideal material for @bje temperature measurements.

PHOSPHORESCENT THERMAL HISTORY SENSOR’S CONCEPT

The concept of a phosphorescent thermal history sensosellan phosphors that undergo irre-
versible changes that are reflected in their emission ptiegerhen exposed to high temperatures.
These changes may be manifest in the lifetime decay, thesemistensity or a shift in the emission
lines of the spectrum. All these parameters can be obsenddddually and can reveal the ther-
mal history of the exposure of the phosphor. In other word#) mroper calibration, the maximum
operating temperatures canteenemberedby the phosphor.

Thanks to the intense and sharp emission lines in the spafgtzosphors, a sensitive photomul-
tiplier tube (PMT) can be focused on a peak wavelength amatddmoth intensity and lifetime decay.
The emission spectra of phosphors are brighter than thetafiee spectra from coloured surfaces,
which results in a better signal-to-noise ratio under aati@amachine reading conditions. The in-
fluence of lighting condition, angle of observation and deposition on the surface on the emission
intensity can be removed, by incorporating into the pair@farence phosphor that is fully stable and
does not change its emission properties during annealsgra@osed by Feist et al. [2007]. The
ratio of the emission from both components will cancel theffects, leaving only the influence of
temperature. The lifetime decay on the other hand is autoatigtindependent of these factors, and
offers another robust measurement variable.
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Figure 1:Energy diagram and main luminescence processes of Fu3+

Longer exposures at lower temperatures could result inaircihanges, so control over the expo-
sure time must be maintained or additional calibrationiedrout. This feature of a phosphorescent
thermal sensor is shared with classical thermal paints flexeur et al., 2008]. However, the thermal
exposure period for thermal paints is often very short (50eonln) - to achieve good results. Longer
engine tests do not guarantee high resolution of thermakp@Bird et al., 1998]. Phosphorescent
thermal history paints will be less costly and hazardous tharmal paints, as the phosphor based
paints do not contain expensive metals nor toxic elements.

A requirement for a candidate phosphor is a continuous aamigs luminescent properties over
the desired dynamic temperature range (e.g. between 600300t C). After the exposure to high
temperatures, the luminescence must be observable andmaelas Another requirement is chemical
stability; the phosphor must not react with the environmenlike some existing thermal paints which
are affected by gas composition [Bird et al., 1998].

Three different processes have been identified which casedhermally driven permanent emis-
sion changes as a result of high temperature exposure gteakt 2007]. These different categories
are discussed in detail below, and examples from the liegadre given. Their potential as thermal
history sensors is also discussed.



Amorphous-to-Crystalline Process

Phosphors in an amorphous state usually do not emit or hayewsak and broadband emission.
The excitation spectrum is much broader than in fully cljis& phosphors [Zhou et al., 2002]. In
the amorphous state, the vicinity of each dopant ion isifieand thus has a different excitation and
emission energy. The observed emission is the sum of theidudil emissions of a large number of
ions and hence amorphous materials tend to have broadtitlesir emission and excitation spectra.

The emission intensity and the lifetime decay often inee@sen a phosphor changes from amor-
phous to crystalline. This process takes place at elevatiethation temperatures, where impurities
such as)H~, H,O, NO; andCH, , present in the amorphous phosphor, evaporate. Theseitimpur
ties are very efficient quenchers of luminescence. As tlgicentration decreases, the non-radiative
transition probability decreases and thus the lifetimeagidncreases. With increasing calcination
temperatures, the host crystallises and the dopants agratéd into the crystal structure of the
phosphor. This so-called activation of the dopant ionsltesu increased emission and sharpened
emission lines.

Examples of amorphous-to-crystalline changes in phosghdhe literature are abundant. Zhang
et al. [2002] have calcined amorphoug)s; : Fu particles and observed an increase of the emission
intensity from 600 to 1300C. Zhou and Lin [2005] have crystallisadV O, : Eu particles and
reported an increase of the emission intensity from 500 @9 1C.

Phase-Change Process

Some phosphors undergo post-crystallisation change®ingmission properties when exposed
to high temperature. This can be due to phase changes andhtbgian spectra can change radi-
cally, as is the case for oxysulfides [Poston et al., 200&tfeeid Heyes, 2000, 2001]. The thermal
decomposition of such materials is a well-known and impuntaetallurgical and chemical reaction.
Sulphur evaporates at high temperature, and a sulphur fresepappears in the material. The ions
within this sulphur-free phase are bound to the crystakdsffitly and this influences the emission
spectrum.

Diffusion of Dopants, Quenchersor Sensitizersinto Host

The diffusion of dopants in an undoped host is time and teaipex dependent and both the
lifetime and emission decay are dependent on the level cdrtogpncentration. Also, a phosphor’s
emission efficiency can be improved by adding small amouhtsdicular rare earth or transition
metal ions to it. In the literature, this secondary doparmiited a sensitiser [Blasse and Grabmaier,
1994]. Some phosphors have long decay times, and extra tioparare added to reduce the lifetime
decay to suit a particular application. In this case thetamdil ion is called a quencher. Sometimes
the quenching is undesired, in which case the responsibseae termed impurities or Killers.

These processes are all very similar. The diffusion of the within the phosphor either activates
luminescence, facilitates non-radiative transitionsgrgoroves energy transitions between the energy
receiver and the emitting ions. These processes can beardbe purpose of thermal history sensing,
since the process of diffusion of ions in a host is time andpenature dependent.

DEMONSTRATION OF PHASE CHANGE PROCESS
In this paper, an experimental demonstration of the phhaege process is given. For this pur-
pose we use the phosphdyO,.S : Eu, which is an important red-emitting phosphor for cathoag-r
tubes (CRTs) and lighting. It has a very high luminous efficieand its emission is thus very bright.
Figure 2 shows the excitation and emission spectr&ok.S : Fu. The excitation spectrum is
very broadband. A first band, around 260 nm, characterigesxtitation of the host. The host then
passes the energy to the dopants. The second band, arounth3dbaracterises the excitation of the
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Figure 2:Excitation [Phosphor Technology Ltd] and emission spectra of Y>,0,S : Fu

charge transfer states (CTS). The emission spectrum in fiyst@ws narrow emission lines between
580 and 710 nm. All these emission lines are a result of dptiéarbidden4f — 4 f transitions.
Emission lines from higher excited stafds;,> D, and®D; are quenched in favour of transition for
the® D, excited state. The weak emission line at 583 nm correspanttiet D, — ) transition of
Eu?* ions. The emission peaks at 616 and 626 nm are strong andatedgrom transition D, —
"F,. The emission peak at 705 nm is due to tiig — 7 F, transition [Fonger and Struck, 1970].

The phosphor was annealed at different temperatures, bet@@0 and 1400C. Alumina cru-
cibles were filled with around 3 g of the phosphor and placsdlaa box-furnace (Lenton Furnace)
for 20 and 40 min, in air at ambient pressure. The phosphodpogamples were examined at room
temperature after the heat-treatment process. The samptesexcited using a pulsed Nd:YAG laser
(Spectra Physics) emitting at 266 and 355 nm. The laser hgseadition rate of 10 Hz, a pulse width
of 5 to 7 ns and a maximum pulse energy of 110 and 220 mJ, at 268%nm respectively (See
figure 3).

/ crucible with
beamstearing phosphor powder

mirrors

i y“ T optical probe

interference filters

Figure 3:Experimental set-up for phosphorescence calibration



For the emission spectra, the luminescence was captumglai50 mm Nikon lens, which focused
the emission onto the entrance slit (bh) of a crossed Czerny-Turner spectrometer (HoribaJobin
Yvon MicroHR). At the exit, a pre-calibrated CCD linear arrayasered the intensities and spectral
position of emission lines, with an exposure time of 0.4 se Wavelength resolution was smaller
than 0.2 nm. For the lifetime decay measurements, the emisgs captured with a optical probe,
with a high acceptance angle, which collects and coupletightinto a fiber bundle. The latter is
coupled to a PMT via narrowband interference filters at 61080 nm (FWHM = 10 nm). A single
exponential was fitted to the data using a commercial Levenbarquardt least-square algorithm.

Results and Discussion

Photoluminescent Spectra

Figure 4 shows the emission spectrunyef), S : Eu phosphor particles around 611 and 705 nm,
annealed for 40 min, as a function of the annealing tempexalthe phosphor was excited at 266 nm,
which triggers the host absorption. One can see that theatett sample has main emission peaks at
617, 626 and 705 nm. As the annealing temperature increassg, emission lines lose strength, and
new emission lines appear at 611, 631, 709 and 712 nm. This ataa temperature of 95C. The
611 nm emission line quickly becomes the strongest. Thepew®d appearance of an emission line
at 702 nm was observed, but this disappears again at higlalampeemperatures. The reason for this
appearance is currently unclear and being investigated.
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Figure 4: Emission spectra of Y,0,S : Eu samples at different annealing temperatures for 40
min, centered around 610 nm (left) and 705 nm (right). Excited at 266 nm

Figure 5 shows the evolution of the peak emission intenditymajor emission lines versus an-
nealing temperature. The emission lines at 611, 630 and mdBaerease in intensity for exposures of
up to 1000°C. The emission lines at 617 and 626 nm, which are the main Emikses of untreated
Y2055 : FEu, increase initially up to 1000 and 90C, respectively, before dropping to very small
values. The rise in the emission intensity at 611 nm follovgsiasi linear behaviour. This suggests
that this phosphor can be used as phosphorescent therrmal/lgensor from 950 to 130T using
this emission line. Past 130C, there seems to be some ambiguity in the response.

The emission spectra of untreatégD, S : Fu, Y>03 : Fu and annealed at 140C Y>0,S : Fu
are shown in figure 6. The emission spectrum of the heatetesample looks very similar to the
spectrum ofY;05 : Eu. This indicates that th&,0,S : Fu looses sulfur when exposed to high
temperatures, and this has a profound effect on the emispiectrum of the phosphor. It shows that
the heat-treatetl;0,S : Eu becomes>0; : Eu. Commercialt0,.S : Eu is made by sulfurisation
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Figure 5: Emission peak intensity of Y,0,S : Eu samples at various major emission lines, at
different annealing temperatures, for 40 min. Excited at 266 nm

of Y,05 : Eu [Yen etal., 2007]. Itis interesting to notice that the stiation is reversed by exposing
the phosphor to high temperatures in air.

Photoluminescent Lifetime Decays

Figure 7 (eft) shows the lifetime obtained from fitting an exponentialalecurve to the emission
fromY5,0,S : Fu powder particles annealed at different temperatures fan20340 min. The samples
were excited at 266 nm. The lifetime of the annealed sampéesampared to untreat@dO.,.S : Eu.
The errorbars are computed from 30 exposures per samplegraaderage and standard deviation
of the resulting 30 lifetimes is plotted. The lifetime of theosphor samples annealed for 40 min,
at both emission wavelengths, increases up to 2T@Mne can observe that the lifetime at 630 nm
needs higher temperatures to change.

When looking at the curves obtained from 20 min thermal exmoand excitation at 266 nm,
we see that the 610 nm emission line follows the trend of tHeréh decay curve at 40 min quite
well. The lifetime changes less rapidly and reaches a daiorlifetime when exposed to higher
temperatures. However, at 630 nm, the change is much weakeérnot monotonic at all. This

Y202S:Eu 1400°C

Y203:Eu

intensity (a.u.)

Y202S:Euuntreated

580 600 620 640 660 680 700
wavelength [nm]

Figure 6:Emission spectra of untreated Y>0,S : Eu, Y205 : Eu and Y>0,S : Eu heat-treated at
1400 °C. Excited at 266 nm
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Figure 7:Lifetime decay of the emission at 610 and 630 nm of Y;0,S : Eu samples at different
annealing temperatures. Sampleswere heat-treated for 20 and 40 min. Excited at 266 nm (left)
and 355 nm (right)

shows that this phosphor has an important time dependenase Msearch needs to be conducted to
establish a potential thermal exposure time, after whieHitatime does not change.

Figure 7 (ight) shows the lifetimes of the same samples, excited at 355 miiei CTS. The
lifetime of the annealed samples are again compared toaiett&0-,S : Fu. The lifetimes of the
phosphor samples annealed for 40 min does not vary much up00 and 1050C, for 610 and
630 nm respectively. At higher temperatures, a strong as@en the lifetime decay is observed at
both emission lines. It is interesting to notice that thenges in lifetime are observed at a higher
temperature than at 266 nm. The changes seem to affect therCl€Sser manner than the host
lattice. The samples exposed for 20 min barely show any ehergetime with increasing annealing
temperature. This indicates that the changes in the CTS neee tinermal exposure to appear,
contrarily to the changes in the host.

Sensitivity analysis
A initial sensitivity analysis was conducted on the phosptaomples. Figure 84 ft) shows a
set of samples covering the temperature range between @60189°C for 610 nm. A monotonic
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Figure 8: Lifetime decay of the emission at 610 nm (left) and 630 nm (right) of Y;0,S : Eu
samples at different annealing temperatures. Samples were heat-treated for 40 min. Excited at
355 nm.
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increase of the lifetime decay for the 610 nm line is observdek resolution over that ranges varies
from 1 to 154sFC and the error on the temperature varies from 1 t€3In Figure 8 {ight), a set

of samples covering the temperature range between 1000303 @ for 630 nm is plotted. A quasi
monotonic increase of the lifetime decay is observed fora®@ nm line. The resolution over that
ranges varies from 0.3 to 4sFC and the error on the temperature varies from 0.5 t6L5These
initial results require further confirmation and work is @ntly in progress.

CONCLUSIONSAND OUTLOOK

The concept for a new type of thermal history sensing pais¢t@n phosphorescent materials has
been introduced and the potential advantages of such a@agniconventional thermal paints have
been discussed. Different processes giving rise to pemt@amaission changes have been presented.
Experimental demonstration of the phase-change concgpg ¥, O, S : Fu was given. The samples
were annealed at different temperatures for 20 and 40 maiteekat two frequencies and observed
at two emission wavelengths.

Major emission lines in the spectrum 8t0,S : Eu disappeared with increasing annealing
temperatures, while others, characteristid1@); : Eu appeared. Some emission lines were found
to increase or decrease in emission intensity in a quasrdifashion. The lifetime measurements
provided robust, intensity independent results. Stroogease in the lifetime decays were observed
for samples heat-treated at temperatures past@00sing both excitation wavelengths, the phosphor
is able to cover a temperature history range from 700 to 2800 he results at 630 nm from samples
annealed for 20 min are poor, compared to those anneale® fmirl An initial error approximation
indicates that the error on the temperature in the dynamige®f the phosphor varies from 1 to 15
°C.

Other thermal exposure times have not been investigatédydme work is ongoing to investigate
in more detail the dependency of the changes with time angdeesture. A more comprehensive cal-
ibration of the phosphor will be presented in due course sphors that undergo permanent changes
due to other processes than the phase-change process wildséigated. It is anticipated that other
phosphors exhibiting a wider temperature dynamic rangg exid further research to identify these
is also underway. In a next step, the phosphor will be ap@istitested as a paint on a metallic or
ceramic substrate. Future issues that need to be addressibe ilomogeneity and uniformity of the
paint and the choice of the binder to which the amorphousgitaswill be added. Also, a stable,
standard phosphor will be added to the phosphor and appli@dsarface, and the intensity ratio will
be calibrated against maximum exposure temperatures.
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