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a b s t r a c t
This paper deals with the problem of thermal history analysis of high temperature components for
applications such as furnaces, nuclear reactors and jet engines. It focuses on fluorescent thermal history
sensors, which exhibit permanent changes in their luminescence properties when exposed to high temperature. These changes can then be quantitatively evaluated to determine the temperature of exposure
from a previous thermal event. The main objective of this paper is to investigate the thermal sensitivity
and the thermal resolution of a yttria-stabilized zirconia (YSZ) Er3+ -doped phosphor produced by a solgel route and combined with a thermal history insensitive YSZ:Eu3+ reference, which was selected for
its high sensitivity to thermal history above 1173 K. In particular, the interest of this YSZ:Er3+ /YSZ:Eu3+
sensor is discussed in the view of the physical properties of sol-gel deposited YSZ coatings, the selection
of an appropriate excitation wavelength and the practical measurement of coatings fluorescence properties. The sensitivity and the resolution of two thermal history measurement fluorescence methods,
based on intensity ratios and lifetime analysis, were determined and compared. A comparison is also
made with standard non-contact temperature measurement methods such as infrared thermography
and thermochromic paints.
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1. Introduction
For many industrial processes in energy [1], aeronautical [2],
automobile engineering [3] or in microelectronics [4], temperature is a key parameter for their design, for their control and for
the durability of their associated components. However, temperature measurement under high heat-flux conditions and in confined
environments such as furnaces, nuclear reactors and aircraft jet
engines remains challenging. In particular, the use of standard
on-line measurement methods (thermocouples [4], IR thermography methods [5–7], etc.) is sometimes not appropriate in harsh
environments involving limited optical access and fast- moving
components such as jet turbine engines [8]. Such environments
require robust, reliable and non-intrusive sensors that can be used
with the relevant component surface. Some type of sensors, called
thermal history sensors, have the ability to record the temperature
to which they are exposed during a thermal event so that annealing temperatures can be extracted from a later off-line analysis at
room temperature.
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The most widely-used thermal history sensors are thermochromic paints [9], which exhibit permanent changes of colour
with temperature and duration of exposure. These paints are for
instance used for off-line temperature determination on coated
parts after running a test engine in a predefined cycle [10–12]. However, the thermal resolution of such temperature-sensitive paints,
which relies on the number of their discrete colour changes, varies
between 10 K and more than 100 K [9]. Furthermore, some substances present in the pigments are now restricted by European
Union REACH regulations.
This context has led to the development of a new alternative class of thermal history sensors, based on temperature-driven
changes in the emission properties of fluorescent markers embedded within a coating [13,14]. These markers, or phosphors, are
made up of an inorganic matrix containing luminescent centres,
typically trivalent lanthanide ions, which have the ability to emit
photons when excited at an appropriate wavelength, as a result
of radiative electronic transitions. For short-time exposure to high
temperature, the temperature-induced physicochemical changes
occurring within a phosphor at the atomic scale can permanently
modify the electronic structure of the activator ions and the radiative electronic transition probabilities, hence causing permanent
changes in the spectral (wavelength and intensity) and temporal
(decay time) fluorescence emission properties. The off-line analy-

sis at room temperature of its fluorescent properties can thus reveal
the peak temperature undergone by the fluorescent sensor under
stationary annealing conditions. Changes in the fluorescence characteristics have an advantage over colour changes, in that they are
continuous and readily measurable quantitatively using standard
spectroscopic equipment, making it possible to measure a continuous spectrum of temperature rather than temperature thresholds.
Currently, crystal phase transition process [15], enhancement of
crystallinity [13,14,16,17], oxidation of activator ions [18,19] and
diffusion of activator or sensitizer/quencher species [14,20] are the
four main thermoactivated mechanisms identified in fluorescent
thermal history sensors which can cause a temperature sensitivity
appropriate for thermal history sensing. Phase transitions between
allotropic forms of Mn2+ doped Zn3 (PO4 )2 , synthesized by Salek
et al. [15] caused strong changes in its fluorescence emission chromaticity in the range 873 K–1273 K, making it suitable for recording
thermal history. Gonzàlez et al. [18,19,21] observed that the process
of oxidation from Eu2+ to Eu3+ in a BaMgAl10 O17 is temperaturesensitive up to 1673 K. The emission ratio built from the 445 nm and
611 nm emission lines of Eu2+ and Eu3+ ions after a 20 min-long
isothermal heat treatment exhibited a threefold order of magnitude increase from 973 K to 1373 K, with repeatability of the ratio
better than 10 K. On the same principle, Rabhiou et al. [18], from
the same team, observed that the phosphor SrAl14 O25 :Eu2+/3+ could
provide a dynamic range extending from 873 to 1573 K. The same
authors also demonstrated that an amorphous-to-crystalline transition in sol-gel synthesized Y2 SiO5 :Tb3+ after 20 min-long heat
treatments causes a monotonic increase in fluorescence intensity and decay time over a temperature range from 773 K up to
1073 K, which also makes this phosphor suitable for thermal history
sensing [14,16,18]. The accuracy of these phosphors, when put in
suspension in a commercial binder and painted on a disk submitted
to the flame of a burner for 40 min was estimated to be better than
50 K [16]. A water-based paint containing an amorphous Eu doped
matrix developed by the same team also showed monotonic variation in its decay time within the temperature range 373–1073 K,
with excellent repeatability. Finally, other thermal history sensor
coatings for high temperature based on the enhancement of crystallinity were also reported by Pilgrim et al. [22] (Eu3+ and Dy3+
doped YAG, 573 K–1073 K) and Stenders et al. [23] (Eu3+ /Tb3+ doped
Y2 O3 , 973 K–1273 K).
Over the last few years, the Institut Clément Ader has been
developing YSZ phosphors and coatings prepared by a sol-gel route
for high temperature sensing in thermal barrier coatings, such as
YSZ:Eu3+ and YSZ:Er3+ [24–26]. In particular, the latter was found
to be a suitable candidate for thermal history sensing [27]: the
continuous enhancement of crystallinity of YSZ:Er3+ powders produced by a sol-gel route with temperature for 15 min long heat
treatments between 1173 K and 1423 K induced substantial and
consistent increases of their green emission intensity and fluorescence decay time in the ranges 1223 K–1423 K and 1173 K–1373 K
respectively [27]. As shown in Fig. 1, the intensity of the main emission lines at 540 nm and 560 nm were indeed observed to increase
with crystallinity by a factor of almost 50 after 15 min at 1423 K.
These strong temperature dependencies could allow off-line temperature sensing with an estimated theoretical resolution for those
temperatures ranging between 0.3 and 1 K and between 6 and 2 K
for intensity and decay time respectively, surpassing the resolution
of actual thermochromic paints in that temperature range. Preliminary investigations confirmed the potential of an intensity ratio
approach, using a red emitting, temperature insensitive YSZ:Eu3+
reference (Fig. 1), as a robust method regarding small variations
in experimental measurement conditions for future applications
in off-line temperature mapping. Furthermore, the stability of the
thermal exposure temperature sensing capability for relatively long
time heat treatments below 973 K that was observed is expected

Fig. 1. Evolution of the relative intensity increase of the fluorescence emission of a
sol-gel synthesized YSZ:Er3+ powder with the temperature of exposure after 15 min
long heat treatments [27]. The position of the main emission peaks of YSZ:Eu3+ ,
which could be used as a reference because of its little sensitivity to temperature of
exposure when fully crystallized, is also indicated.

to allow to directly co-deposit these two YSZ:Eu3+ and YSZ:Er3+
phosphors as a thermal history sensing coating using sol-gel deposition methods such as air-spraying followed by a low temperature
consolidation heat treatment (<973 K).
This paper aims to provide a more in-depth analysis of this fluorescent YSZ:Er3+ thermal history sensor, in regards with its practical
application in the form of a coating deposited by a sol-gel process
in combination with a thermal history insensitive YSZ:Eu3+ reference. In particular, the interest of this YSZ:Er3+ /YSZ:Eu3+ coating is
discussed in the view of the physical properties of sol-gel deposited
YSZ coatings, the selection of an appropriate excitation wavelength
and the practical measurement of coatings fluorescence properties.
The sensitivity and the resolution of a hybrid YSZ:Er3+ /YSZ:Eu3+
phosphor for both an intensity ratio and lifetime analysis based
approaches, determined from temperature calibration curves from
earlier work [27], are investigated and compared with standard
methods for measuring temperature.
2. Experimentation
2.1. Preparation of YSZ: Eu and YSZ: Er phosphor and coatings
YSZ:Er3+ powder of composition (YO1.5 )0.083 (ErO1.5 )0.015
(ZrO2 )0.902 and YSZ :Eu3+ powder of composition (YO1.5 )0.078
(EuO1.5 )0.02 (ZrO2 )0.902 were synthesized by a sol-gel route using
the protocol described in reference [27]. Samples of the YSZ:Er3+
powder, in a partially crystalline state after calcination at 973 K
for two hours, were further annealed for 15 min under isothermal
conditions at various temperature between 1173 K and 1423 K
with 50 K steps. During these heat treatments, the samples were
introduced in the furnace already set at the intended temperature
and were removed after 15 min and let for cooling in open air,
in order to recreate conditions of thermal history sensing close
to that of real applications of thermochromic paints (3–5 min)
[10–12].
The YSZ:Eu3+ powder, also in a partially crystalline state after
calcination at 973 K for two hours, was simply annealed for 2 h
at 1373 K to ensure full crystallization [27], as this phosphor was
selected to play the role of a reference with little sensitivity of its
fluorescence emission properties to thermal history when further
calcined for 15 min between 1173 K and 1423 K.

Finally, 20–40 !m thick YSZ:Eu3+ coatings were deposited on
Ni-base super alloy coupons using a sol-gel method involving air
spraying at room temperature. The coatings were then consolidated
at a temperature below 973 K, before undergoing a heat treatment
at 1273 K to ensure complete crystallization. Complete details of
the preparation of these coatings cannot be disclosed for the sake
of confidentiality.
2.2. Characterisation of fluorescence properties
2.2.1. Fluorescence excitation spectra
The excitation spectra of YSZ:Eu3+ coatings and YSZ:Er3+ sintered disks in the spectral range between Ultra-Violet (200 nm) and
near infrared wavelengths (1000 nm) were collected with a spectral scanning multimode reader (Varioskan, Thermo Fisher) [28,29].
The excitation wavelength was selected using a xenon flash lamp
as a light source, combined to two adjustable monochromators
connected serially for scanning the excitation range. The bandwidth selection was determined by the monochromator slit width.
The intensity of the emission signal at a fixed wavelength, corresponding to an emission line of the phosphor, is collected for each
excitation wavelength by a photomultiplier tube equipped with
two other monochromators connected serially. The resolution of
such a device is about 1 nm.
The bandwidth of the excitation window and the gain of the
experimental set-up were adjusted at 5 nm and using the autoscale function of the Varioskan (after an initial 10 ms flash used
to select the correct photo-multiplier tube gain) respectively, in
order to optimize the signal-to-noise ratio RS/N of excitation peaks
without significant detrimental effect on quality and resolution of
spectra. The bandwidth of the detection integration window was
set to 10 nm to remain consistent with the 10 nm integrating window corresponding to the bandwidth of the optical filters used for
the collection of emission spectre later on. Only the excitation peaks
with RS/N values above 3 were considered as appropriate excitation
wavelengths [30].
2.2.2. Fluorescence emission spectra
Fluorescence emission spectra of phosphors were measured
under the excitation of a frequency-doubled, continuous wave
diode-pumped Nd:YAG laser irradiating at 532 nm with maximum power of 1.1 W and a beam diameter of 1.2 mm (CNI
laser) redirected to the samples using a mirror. Emission intensity spectra in the 400–700 nm range were collected with a USB
2000 + spectrometer (Ocean Optics, spectral resolution of 0.15 nm)
equipped with an optical fibre which collecting lens was located
20 cm above the sample surface. A high-pass filter with a cut-off
wavelength of 535 nm was also used to protect the spectrometer
from contributions of the laser beam. The signal sensitivity to the
detection angle was investigated by modifying the detection angle
of the optical fibre head, defined by the angle between the viewing
direction of the fibre and the normal to the sample surface.
Fluorescence emission intensity maps were measured on
YSZ:Eu3+ coating specimen (26 mm × 20 mm) in order to check
thickness homogeneity. The experiments were performed with the
spectral scanning multimode reader Varioskan configured with an
excitation wavelength of 535 nm while measuring the intensity of
the emission peak of Eu3+ ions at 611 nm. The spot size for the
construction of the map was around 1 mm.
2.2.3. Fluorescence decay time
Finally, fluorescence decay-time measurements were carried
out on the annealed YSZ: Er3+ powder using an experimental setup
dedicated to lifetime analysis, illustrated in Fig. 2. An acousto-optic
modulator operating in digital mode (1250C model, Isomet), combined with a diaphragm, was used to generate short laser pulses

with the 1st order of the diffracted beam of the continuous 532 nm
laser used previously for collecting emission spectra. A pulse generator was used to control pulse duration (from 20 !s to 1 ms) and
frequency (10 Hz). For all measurements, the pulse duration was
finally set at 200 !s, in order to avoid phosphor saturation, and so
as to obtain the maximum fluorescence signal and a stable lifetime
with the pulse length. The fluorescence intensity decay after each
pulse was collected with a Si photomultiplier (SensL) equipped
with a narrow bandpass filter (FWHM ∼10 nm) centred on the main
emission line of the phosphors investigated (560 nm for Er3+ ions).
The signal was then digitized and averaged over 64 consecutive
pulses with a semi-digital oscilloscope (Fluke), and post-processed
using the commercial software Matlab.
Electron relaxation from an excited energy level is the result
of a combination of radiative and non-radiative processes. In most
cases the number of excited electrons over time can be expressed
by an exponential decay. If it is assumed that the emission intensity is proportional to the electron population, with a lifetime that
depends on the temperature viewed by the sample during a past
thermal event, then the phosphor intensity decay can often be
described by an exponential decay sum which is expressed by the
following equation:
I(t) =
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where Ai is the amplitude of the exponential i, t is the time and !i is
the time constant of the exponential i for the studied phosphor. The
number of the exponential which parameters have to be estimated
depends on the fluorescent site in the phosphor under consideration: in the case of two closely electronic states in the forbidden
band, two non-radiative relaxation pathways can be considered,
which induce two different decay rates [31]. In another way, two
close emission lines could also generate two additional decay exponential signals. Lifetime values were therefore estimated from
the fit of the experimental data using a Nonlinear Least-Square
approach (NLS) [32–34] and Laplace-Padé approximation [35–37]
with a theoretical mono-exponential model (Eq. (1)). Both methods
gave nearly equivalent results for the parameter estimations, more
particularly for a noisy signal. These algorithms appear to be robust
in the case of a poor quality signal with a signal-to-noise ratio equal
to 5. Therefore the two methods are reliable with close accuracy.
However, the Laplace-Padé approximation appears to be faster than
the least-square method, and is independent of the signal quality.
Other algorithms such as the Prony method [38], modulating functions [39], method of the moments [40] or the Tittlebach-Helmrich
method [41] were also studied, but they were not sufficiently robust
for our signal analysis.
3. Results
3.1. Determination of thermal history sensing using a
fluorescence intensity approach
As it can be seen in Fig. 1, using an intensity-based approach
would allow to take advantage of the strong sensitivity to thermal history of the fluorescence intensity of the YSZ:Er3+ marker.
Thermal history sensing in application domains such as energy
and aerospace engineering requires the capacity to perform precise temperature measurements on large or complex shaped parts,
for which intensity ratio methods using CCD cameras are common,
efficient and robust strategies. They rely on the monitoring of the
ratio of the intensity of a peak sensitive to the temperature with,
for instance, the intensity of a peak that is not or only slightly sensitive to temperature, and which is used as a reference to determine
temperature [18,42].

Fig. 2. Experimental setup used for fluorescence lifetime analysis.

In the case of YSZ:Er3+ , a previous work [27] has shown that
YSZ:Eu3+ fluorescence emission could play the role of a chemically
compatible reference in a YSZ:Er3+ /YSZ:Eu3+ phosphor coating.
The emission spectra of YSZ:Er3+ presents two emission peaks at
545 nm and 562 nm that depend on the annealing temperature
(Fig. 1). In contrast, YSZ:Eu3+ has two emission peaks at 590 nm and
606 nm which are weakly dependent of temperature (for 15 min
heat treatments) when already in a fully crystallized state [26]. The
intensity ratio method selected is therefore based on the reference
YSZ:Eu3+ emission peak at 606 nm (better resolved), assumed to
be little dependent of temperature in the range of interest (fully
crystallized), and the temperature-dependent peaks of YSZ:Er3+
at 545 nm or 562 nm. The corresponding intensity ratio R(T) is
expressed as follows (Eq. (2)):
R (T ) =

$

I 3+ (T )(562 nm or 545 nm)
"#1 Er

$

I 3+ (T )(606 nm)
"#2 Eu

(2)

with IEr 3+ (T ) and IEu3+ are the absolute fluorescence intensities
of erbium and europium ions for the selected emission peaks,
and""1 and ""2 are the integration window widths (10 nm for
both peaks). In the envisioned application, YSZ:Er3+ (partially crystallized) and YSZ:Eu3+ (fully crystallised) powders, synthesized
separately, would be intimately mixed in appropriate proportions
before deposition as a coating by a sol-gel process, so that the
intensity ratio R(T) is derived from a direct reading of the absolute
intensities IEr 3+ (T ) and IEu3+ . Such an intensity ratio would allow to
be independent of geometric effects such as angle distribution of
fluorescence signal and coating thickness inhomogeneity, which
were observed to be quite significant on the YSZ:Eu3+ coatings
deposited by a sol-gel process.
3.1.1. YSZ:Eu3+ coatings: effects of thickness homogeneity and
fluorescence angle distribution
The air-spray sol-gel process that was used allowed to obtain
fully crystallized, crack-free YSZ:Eu3+ coatings after consolidation
and calcination at 1273 K, with various thicknesses between 20
and 40 !m. The thickness homogeneity of coatings, which could
affect the quality of fluorescence intensity measurements, was
evaluated with 2D intensity cartography (excitation wavelength of
535 nm). A typical spatial distribution of the fluorescence intensity
of the 606 nm peak for a 26 mm × 20 mm YSZ:Eu3+ coating (30 !m
average) is shown on Fig. 3(a). This map shows the fluorescence
inhomogeneity of the coating and underlines an emission gradient
over the sample length, which illustrates the coating handing. As
the coating is obtained by sol-gel deposition through air-spraying,
a thickness gradient appears on the coating. From the intensities
map, a profile was extracted and plotted in Fig. 3(b), which confirms
the inhomogeneity due to the thickness difference. This gradient

of thickness, of around 20 !m for this 30 !m thick coating, was
confirmed by confocal scanning
The signal sensitivity to the detection angle is also an important issue, in particular for parts with significant curvatures like
turbine blades for instance. Fig. 4 shows the angle distribution of
the europium fluorescence obtained on the same YSZ:Eu3+ coating.
The angle $ is defined by the angle between the viewing direction
of the spectrometer fibre and the normal to the sample surface.
The experimental curve shows that up to a 45◦ angle the signal
is higher than 80% of the normal value. Therefore, it is estimated
that for practical applications the signal quality can be maintained
with a viewing angle between 0 and 30◦ . For a skirting angle higher
than 30◦ , the fluorescent emission falls rapidly. Working with angle
range where the signal is less sensitive to the viewing direction
allows to identify geometry where a measurement correction is
not necessary. Besides, for intensities ratio method, a low sensitive
angle measurement ensures to work with a constant ratio which
only depends to the annealing temperature.
The fluorescent angle distribution can be described by a Lambertian profile which is modelled by the following equation:

% &

% &

I $ = I (0) .cos $

(3)

with I(#) the fluorescent intensity at the viewing angle #. Using
this law, experimental measurements in industrial processes can
be corrected to find the normal intensity value, although using an
intensity ratio approach eliminate the need for such a correction.
The same behaviour has been observed for coating thicknesses in
the range 10–40 !m and for annealing temperatures in the range
1173–1473 K. Considering the material thickness that the fluorescence emission, collected by the detector, passes through as the
optical path, this behaviour can be explained by a thickness effect:
for a volume illuminated by the incident flux remaining constant,
the optical path increases when the viewing angle increases, therefore the viewing vertical depth penetration decreases. Indeed, the
excitation spot can be considered as a point source with 1.2 mm
diameter, which is small compared to the distance to the collection
lens which is about 20 cm. For small viewing angles (observation
direction close to that of the laser incidence direction), the observed
volume is described by the illuminated volume, whereas for high
angles the proportion of the emitted flux in the observation direction is smaller due to the lower viewing depth penetration and the
flux absorption by the material.
In terms of practical applications of YSZ:Er3+ /YSZ:Eu3+ coatings,
it is expected that small thickness effects on the fluorescence intensity caused by coatings inhomogeneity and the variation of the
viewing angle problem would be easily overcome by the use of
an intensity ratio approach from Er3+ and Eu3+ emissions. Optical data (transmission, reflection, absorption, scattering) available

Fig. 3. (a) Intensities map of the fluorescence emission of a 30 !m average thick YSZ:Eu3+ coating annealed at 1273 K, considering the emission line at 606 nm (excitation
wavelength at 535 nm), and (b) intensity profile extracted from the same intensity map in (a).

Fig. 4. Angular distribution of fluorescence emission of an average 30 !m thick YSZ:Eu3+ coating annealed at 1273 K, considering the emission line at 606 nm (excitation
wavelength at 535 nm).

in the literature for air-plasma sprayed and EB-PVD YSZ coatings
[43–46], and from an earlier work for sol-gel deposited YSZ coatings
[26] shows that the relative difference in absorption at the wavelength of Er3+ green emissions (545 nm) and of Eu3+ red emissions
(606 nm) should be comprised between 5% and 20%. Therefore, the
intensity ratio R(T) built from the green thermal history sensitive
emission of Er3+ ions and the red thermally insensitive emission of
Eu3+ ions (Eq. (2)) should not be significantly impacted by thickness
inhomogeneities and for variations of the viewing angle involving
small variations of the probed volume (15–20 !m). However, this
might not be the case if the thermal treatment involves the formation of any contaminant surface layers that might generate more
significant differential attenuation at the Er3+ and Eu3+ emission
wavelengths, such as combustion by-products in an engine test.
The selected viewing angle for our measurements is about 0◦ .
3.1.2. Excitation wavelength selection
Excitation spectra of YSZ:Er3+ and YSZ:Eu3+ sintered disks are
shown on Fig. 5. The excitation spectrum of YSZ:Er3+ exhibits
three main excitation peaks at 380 nm, 488 nm and 515 nm, while
YSZ:Eu3+ main excitation peaks are at 398 nm, 467 nm and 535 nm.
In the case of a coating or a powder with several dopants, multiple
excitation sources can be useful, but a common excitation source
for both activators can be also defined here. Indeed, the product
of the two different excitation spectra, normalized by their higher

respective peaks, leads to a general excitation spectrum, which
helps to define an overall excitation source. Using the product of
the normalized spectra of europium and erbium, the best excitation wavelength common to both dopants was identified at 535 nm
(cf. Fig. 5), a little higher than the wavelength of the frequencydoubled Nd:YAG laser (532 nm) selected for fluorescence intensity
measurements. This figure illustrates that the selected wavelength
is close to optimal for exciting both Er3+ and Eu3+ .
3.1.3. Thermal sensitivity of the intensity ratio R(T)
The calculation of the ratio absolute sensitivity, which is the
derivative of the calibration law relating R(T) (Eq. (2)) to temperature, requires to establish the calibration curves. These calibration
curves for YSZ:Er3+ and YSZ:Eu3+ powders in proportions 1:1
(molar) are plotted in Fig. 6, for annealing temperatures ranging from 1223 K to 1423 K. Over this range of temperature, the
ratio built with the Er3+ 545 nm emission and the Er3+ 562 nm
emission increases by a factor of 11 and 10 respectively. These calibration curves show again that the intensity ratio method is an
efficient method to determine temperature with good resolution,
as discussed in reference [27]. This method uses a relative intensity measurement rather than an absolute intensity measurement
for temperature determination, thus avoiding significant sources
of errors, such as geometric errors. However, the method would
remain sensitive to any selective attenuation at the wavelength of

Fig. 5. Normalized excitation spectra of YSZ:Eu3+ (phosphor coating) and YSZ:Er3+ (sintered disk) samples annealed at 1273 K, considering the emission wavelengths of
610 nm (Eu3+ ) and 562 nm (Er3+ ). The product of the two normalized spectra is plotted as a black solid line.

Fig. 6. Intensity ratios as a function of the annealing temperature for YSZ:Er3+ sample (phosphor powder), considering two emission lines at 562 nm and 545 nm (excitation
wavelength at 532 nm). YSZ:Eu3+ powder is used as a reference for calculating the ratios.

Eu3+ and/or Er3+ emissions by contaminant surface layers that could
potentially form during heat treatments involving a combustion
environment.
The curves which express the intensity ratio as a function of
the annealing temperature can be modelled with a simple monoexponential function between 1223 and 1423 K. It should be noted
that beyond 1423 K, the intensity ratio calibration curve cannot be
extrapolated due to an asymptotic behaviour toward the intensity ratio obtained with YSZ:Er3+ in its assumed final state (fully
crystallized). The derivative of the function gives the absolute sensitivity of the sensor material regarding thermal history, which
evolution with temperature is plotted around each experimental data point in Fig. 7. These sensitivity curves show that the
phosphor YSZ:Er3+ /YSZ:Eu3+ offers a growing sensitivity with the
increase of temperature. The ratios built with the 545 nm and
562 nm wavelengths exhibit close sensitivities in spite of an amplitude difference. The sensitivity obtained with the Er3+ emission
line at 545 nm increases from 0.001 K−1 to 0.015 K−1 whereas
with the emission line at 562 nm it increases from 0.0004 K−1 to

0.009 K−1 . Since the sensitivity increases over the temperature
range 1223 K–1423 K, it appears that this YSZ:Er3+ /YSZ:Eu3+ sensor would be especially appropriated for measuring temperatures
higher than 1273 K, which are representative of the targeted industrial process operating temperatures (eg. gas turbines).
3.1.4. Resolution of the method (noise equivalent temperature
difference)
In order to discuss the thermal resolution of this
YSZ:Er3+ /YSZ:Eu3+ phosphor, and to compare its performance
with other temperature measurement methods, the determination of the Noise Equivalent Temperature Difference is introduced.
Noise Equivalent Temperature Difference (NETD) is a classic indicator of the temperature resolution of a thermal radiation detector,
and is often used in infrared thermography [5]. Commonly, the
NETD is determined with a 303 K blackbody, from temperature
absolute sensitivity and signal to noise ratio, to express infrared
camera thermal resolution. In our case, the NETD calculation is
extended to a higher temperature range, based on the fact that in

Fig. 7. Absolute sensitivity of the intensity ratio method as a function of the annealing temperature for YSZ:Er3+ samples (phosphor powder), considering two emission lines
at 562 nm and 545 nm (excitation wavelength at 532 nm). YSZ:Eu3+ powder is used as a reference for calculating the ratios (Eq. (2)).

the case of a thermal history sensor the actual measurements are
made at room temperature, although the results are related to a
high temperature experienced beforehand. NETD is therefore calculated for each experimental data point to compare the efficiency
with classical thermography technics. Its expression is given by
the following equation (Eq. (4)):

NETD =

%i
STi

(4)

where %i is the standard deviation of the measured intensity corresponding to the thermal treatment temperature, relating to the
uncertainty of the detector (spectrometer), and STi is the sensor
absolute sensitivity around the thermal treatment temperature Ti ,
given by the following equation (Eq. (5)):

STi =

" dR #
dT

(5)
T =Ti

The evolution of the absolute sensitivity with temperature
is determined using the exponential model previously identified
between 1223 K and 1423 K (Fig. 7). For each temperature, the
uncertainty of the detector was estimated by considering the standard deviation from over the 30 averaged spectra. Since the ratio
is built from the measurements of two different emission lines (for
YSZ:Er3+ and YSZ:Eu3+ respectively), the uncertainty %i considered
takes into account the standard deviation of the measurement for
both phosphors.
Fig. 8 shows the evolution of NETD as a function of the heat
treatment temperature for the two considered intensity ratios
(Er3+ peaks at 545 nm and 562 nm). The NETD are first observed
to decrease from 4.9 K to a minimum value of 1.5 K between
1223 K to and 1323 K, before increasing slightly afterwards until
reaching roughly 2.1 K at 1423 K. Overall, the NETD calculations
between 1223 K and 1423 K give a theoretical temperature resolution between 1.6 K and 5 K. These NETD values will be further
discussed and compared with the performance of other methods
(infrared thermography and thermal indicating paints) in the Discussion section.

3.2. Determination of the thermal history sensing using lifetime
analysis
Previous work [27], dealing with the luminescence lifetime
study of the YSZ:Er3+ system (sol-gel synthesized powder), has
shown that the fluorescence lifetime of the 562 nm emission line
exhibits a linear increase with the annealing temperature between
1173 K and 1373 K as a result of the enhancement of the crystallinity
of the material. The decay time was observed to increase from 28 to
42 !s over this temperature range. Beyond this temperature range,
this linear behaviour cannot be extrapolated since after 15 min at
1423 K the lifetime has already converged to the value obtained
with the assumed fully crystallized final state (44 !s).
Since the model which describes the evolution of the lifetime
with temperature is linear, the absolute sensitivity of the fluorescence lifetime of YSZ:Er3+ with the temperature is a constant value
(0.061 !s/K). As done previously with the theoretical thermal resolution calculated for the intensity ratios (i.e. NETD, Eq. (4)), the
theoretical thermal resolution is estimated considering this linear model. The standard deviation of this calculation considers
the general uncertainty with its enlargement coefficient expressed
through the error bars on Fig. 9. As shown in Fig. 9, the NETD values are comprised between 1.7 K–5.8 K in the temperature range
1173 K and 1373 K. As expected, the graph does not exhibit any
specific NETD tendency with the sample annealing temperature,
and the lowest values are obtained for 1323 K and 1373 K.
4. Discussion
YSZ:Er3+ phosphor produced by a sol-gel route exhibit a strong
sensitivity of its fluorescence emission with temperature for short
duration heat treatments (Fig. 1), which makes it a potential indicator of the temperature experienced during past thermal events.
Results obtained with YSZ:Eu3+ coatings shows that a sol-gel process combined with an air-spray deposition method would be a
suitable solution to deposit this YSZ:Er3+ sensor for practical measurement of thermal history in applications such as jet turbine
engine design and testing.
As for direct measurement of temperature by phosphor thermometry, a typical intensity ratio approach using fully crystallized
YSZ:Eu3+ emission as a reference (Fig. 5) can be used to improve the
robustness of the sensor regarding experimental conditions which

Fig. 8. NETD as a function of the annealing temperature for intensity ratios (YSZ:Er3+ samples phosphor powder), considering two emission lines at 562 nm and 545 nm
(excitation wavelength at 532 nm).

Fig. 9. NETD as a function of the annealing temperature for lifetime analysis (YSZ:Er3+ samples phosphor powder), considering emission line at 562 nm (excitation wavelength
at 532 nm).

directly affect absolute intensity measurements, such as thickness
uniformity and angle of observation (Fig. 3 and Fig. 4). The deposition of the corresponding self-referenced coating would simply
be achieved through the co-deposition of YSZ:Er3+ and YSZ:Eu3+
powders mixed in appropriate proportions (prepared individually
instead of co-doping YSZ, to avoid energy transfer between Eu3+ and
Er3+ ions) by air-spraying. However, results obtained with YSZ:Er3+
and YSZ:Eu3+ coatings were not introduced in this paper for the sake
of confidentiality.
Alternatively, single YSZ:Er3+ coatings could be applied if the
linear increase of fluorescence lifetime of Er3+ ions with heat treatment temperature is to be used as an indicator of thermal history
instead. Although more complex to put in application than an intensity mapping approach, fluorescence lifetime mapping would have
the advantage to make the use of the YSZ:Eu3+ reference unnecessary and to be more robust regarding possible contamination
by optically absorbing contaminant surface layers in combustion
environments.

Analysis of intensity and lifetime-based calibration curves
shows that NETD appears to be a useful tool for comparison
between temperature measurement methods, as a formal indicator of the temperature resolution of the sensor for a given detector
across the whole investigated temperature range. Indeed, sensitivity alone does not take into account the uncertainties brought
by the detector, which can significantly impact the actual resolution at a given temperature. Hence, while the absolute sensitivity
of the intensity ratio built from the 545 nm Er3+ emission line
steadily increase from 0.0013 K−1 to about 0.0143 K−1 over the
1223 K−1423 K range (Fig. 7), the NETD achieve a minimum of 1.5 K
at 1323 K before stabilizing at around 2 K for higher temperatures
(Fig. 8). This difference in behaviour is caused by the increase of
the uncertainty from the detector with increasing level of intensity
collected at some point: in the considered temperature range the
calculated standard deviation %i increases from 0.008 to 0.0205,
which attenuates a bit the potential benefits on the thermal resolution of the exponentially growing sensitivity of YSZ:Er3+ .

Table 1
Sensitivity and NETD of the intensity ratio and the lifetime analysis methods as a function of the temperature ranges between 1173 K and 1423 K for YSZ: Er3+ samples
(phosphor powder).
Temperature (K)
Lifetime Analysis

Intensity Ratio (545 nm)

Intensity Ratio (562 nm)

Sensitivity S (!s K−1 )
Relative sensitivity $ (% K−1 )
NETD (K)
Sensitivity S (K−1 )
Relative sensitivity $ (% K−1 )
NETD (K)
Sensitivity S (K−1 )
Relative sensitivity $ (% K−1 )
NETD (K)

1173 K

1223 K

1273 K

1323 K

1373 K

1423 K

6.10E-2
0.216
5.8
–
–
–
–
–
–

6.10E-2
0. 192
3.5
1.30E-3
1.24
4.7
9.50E-4
1.18
4.9

6.10E-2
0.174
5.7
2.18E-3
1.24
2.5
1.61E-3
1.18
2.7

6.10E-2
0.154
1.7
4.89E-3
1.24
1.5
3.49E-3
1.18
1.7

6.10E-2
0.148
2.3
8.71E-3
1.24
1.7
6.05E-3
1.18
2

–
–
–
1.43E-2
1.24
1.9
9.38E-3
1.18
2.1

Table 1 show the evolution of NETD, absolute sensitivity, and
relative sensitivity of intensity ratios R(T) and the lifetime ! (T )
across the range 1173 K−1423 K. The relative intensity ˛(Ti ) around
a given temperature Ti is defined by Eq. (6):
1
˛Ti =
.
A(Ti )

" dA #
dT

(6)
T =Ti

where A(Ti ) is the output at Ti in %/K (either the intensity ratio R or
the fluorescence lifetime !). It expresses the output increase, as a
percentage of the local output A(Ti ), per increment of temperature.
In the case of the intensity ratio, which follows a simple exponential
model, the relative sensitivity is thus constant with temperature,
while the relative sensitivity of the fluorescence lifetime, which
follows a linear model, decreases with the reciprocal of lifetime.
Comparing relative sensitivity values, the fluorescence lifetime
appears to be much less sensitive to thermal history than the intensity ratios (relative sensitivity between 6 and 8 times lower), yet
both methods have relatively similar NETD over the whole temperature range, which means that both methods would in theory
produce similar temperature- resolved measurements if carried
out in the same conditions than presented in this paper (punctual measurements). The choice of one method over the other will
therefore also greatly depend on the level of complexity tolerable
(for coatings preparation) and the presence of optically absorbing
contaminant surface. However, the NETD results presented here
cannot be extended to temperature mapping, as it will depend
on the performance of the chosen detectors, likely to be different
between intensity mapping and lifetime mapping.
The NETD therefore appear to be a relevant complementary
metric to the sensitivity to illustrate the performance of a thermal
history sensor for a given detector. For thermal history sensing in
critical areas on turbine components, where knowing precisely the
temperature could allow to design systems with better optimized
upper limit operating temperature, NETD might become a better
criteria than sensitivity for selecting the measurement method.
Results have shown that for punctual measurement, YSZ:Er/Eu sensor would be interesting to use in critical areas subjected to the
hottest temperature range in such application (close to 1473 K),
because of its small theoretical resolution when compared to other
methods such as thermochromic paints [11,12,47]. For areas where
less precision on temperature is acceptable (eg. lower temperature
range 900 ◦ C–1000 ◦ C), it might be less relevant though, especially
for thin coatings (potentially stained by contaminants) where low
fluorescence intensity levels can be expected.
Table 2 compares the thermal resolution of fluorescent methods
with those of classical thermography technics, through the NETD
expressions. Classic temperature measurement methods used in
industrial processes are presented, such as infrared technology
and thermochromic paints with their NETD [9,48–50]. In the high
temperature range (above 1223 K), the fluorescent thermal sensors present efficient thermal resolution with an NETD lower than
5 K, but still higher than IR methods. In the temperature range

Table 2
NETD comparative table between different temperature measurement methods for
various temperature ranges.
Method

NETD (K)

Temperature Range (K)

Reference

Lifetime Analysis
Intensity Ratio (540 nm)
Intensity Ratio (560 nm)
IR Camera (8–12 !m)
IR Camera (3–5 !m)
IR Camera (3–5 !m)
Thermochromic Paint
Thermochromic Paint

2–5
1.5– 4.8
1.7–5
0.6–0.7
0.03–0.1
0.3
10–20
10–100

1173–1373
1223–1423
1223–1423
1273–1473
253–423
253–1773
423–583
853–1253

–
–
–
–
[48]
[49]
[50]
[9]

between 253 K and 1773 K, infrared cameras (operating between
3 and 5 !m), have typically a NETD value between 0.03 K and 0.3 K.
With infrared camera, if the measurement range is increased to
superior temperature range, the NETD could be higher due to the
decreased sensitivity of the camera. It is the result of the filter insertion and unchanged noise. The IR measurements performed in band
III exhibit an NETD lower than 1 K with a value around 0.6 K. This
value was calculated from over 300 consecutive images acquired
in front of a black body to determine the standard deviation. The
band II takes a higher sensitivity then the band III, however at low
temperatures the signal noise is more present. The IR technology
offers advantages over an online 2D surface temperature measurement. However, this technology is difficult to implement, due to
optical access, in case of inaccessible harsh environment. Besides,
the emissivity value is a main issue for infrared temperature monitoring. Furthermore, infrared measurements are very sensitive to
reflective fluxes more particular in case of metallic surface.
Thermochromic paints give information on the maximum temperature history with an offline analysis, and therefore can readily
be used in areas difficult to access with other methods. However,
theoretical resolution are significantly less good, with “NETD” values exceeding 10 K and in some cases reaching values as high as
100 K, due to the discrete nature of the colour changes used to
determine temperature. In addition, this method requires a skilled
operator to link colour changes with the surface temperature seen
by the part during a past thermal event, which adds to the already
relatively poor theoretical resolution.
Therefore, these fluorescent methods applied to the
YSZ:Er3+ /YSZ:Eu3+ phosphor (lifetime analysis and intensity
ratios), appear to be relevant methods to measure temperature
in areas which are difficult to access, as an alternative to thermochromic paints. The calculated NETD, presented in Table 1, are
the result of the spectral characterization of the YSZ:Er3+ /YSZ:Eu3+
phosphor with punctual detectors, but other phosphors could
also work in different temperature ranges with different NETDs.
It should be also noted that NETD values might be very different
if using 2D detectors such as cameras for temperature mapping.
Thus, fluorescent thermometric methods are alternative candidates for temperature measurements in industrial processes in the
form of coatings.

Table 3
Comparative table between the intensity ratio method and the lifetime analysis method.
Intensity Ratio

Lifetime Analysis

+

! Higher sensitivity of the two methods
! Easy to use

! Independent of experimental conditions
! Absolute measurement
! Less sensitive to surface contamination

−

! Potential dependence on experimental conditions
! Emission line independent of temperature required
! Potential differential attenuation risk for one emission wavelength

! Lower sensitivity
! Knowledge required of multi exponential order in the sum
! Constraint on the signal quality (offset, . . .)
! Constraints on the excitation source modulation

5. Conclusion
5.1. Overview
In this paper, the offline analysis of fluorescent thermal history sensors has been introduced through the example of Eu3+ and
Er3+ doped YSZ. The paper describes both spectral and temporal
methods suitable for complex sample geometry. The comparison between the intensity ratio method and the lifetime analysis
method (Table 3) underlines that the first method is more sensitive
to the thermal history for the studied sample.
In the temperature range 1223 K–1423 K, the YSZ:Er3+ /YSZ:Eu3+
sample, with an efficient sensitivity and a thermal resolution
between 2 and 5 K, appears to be a very good candidate for thermal
history sensing. The lifetime analysis is more independent of experimental conditions and staining by contaminants than the intensity
ratio method, but the low sensitivity of the method is a working
limit, more particularly for temperatures higher than 1273 K where
the intensity ratio method is more efficient.
These two methods offer a better theoretical resolution (estimated with Noise Equivalent Temperature Difference, NETD) than
thermochromic paints, and appear to be easier to use because they
do not need subjective colour comparison. As shown in Table 2,
thermochromic paints still provide a complementary temperature
sensing range from 423 to 1423 K, although with an increasing
NETD with temperature. The NETD appears to be a relevant metric
complementary to sensitivity for comparison of the performance of
different methods, as the integration of the uncertainties brought
by the detector can provide a better insight of the theoretical resolution that can be achieved in the considered temperature range.
Infrared cameras work in various harsh environments where realtime analysis with a fast acquisition frequency is major issue in
surface monitoring. Consequently an optical access to the target is
required. In spite of a higher NETD value, fluorescent methods still
offer a large application field where they could be more suitable
than IR methods, more particular in the offline analysis. In conclusion, the two fluorescent methods are complementary, and their
applications depend on the studied material, the accuracy required
and the measurement environment constraints.
5.2. Future work
The experimental setup introduced in this paper is a multipurpose setup which is intended to perform intensity acquisition and
lifetime analysis. For a better study of the excitation angle dependence, the excitation source can be improved using a fibered laser.
By using the optical fibre, the excitation direction can easily be
directed to the studied sample and allow a wide and easy range
of angle.
The fluorescent thermography method can be also extended to
2D measurements for building an intensity ratio map from measurement at two different wavelengths. Therefore, thermal history
maps could be obtained instead of punctual measurement, allowing
to study large surfaces of interest as required in industrial pro-

cess involving thermal history sensing. Future work will look at
the NETD that could be achieved in temperature mapping with the
developed YSZ:Er3+ /YSZ:Eu3+ coatings. The experimental setup has
already been upgraded to install LED technology, which is used
in many scientific domains [51–53]. LEDs allow a large range of
wavelengths in order to study various phosphors with different
excitation wavelengths. LEDs could offer source stability to obtain
better measurement accuracy and the combination of several different LEDs used with samples doped with various phosphors offers
a useful modularity of the bench. The main issue with LED is the
power limit in the UV range. However in visible range numerous wavelengths are available. The possibility for using the current
diode technology as a pulsed source will be investigated.
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