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ABSTRACT

Temperature measurements in harsh environments, such as those present in gas turbines, are
of great importance but very hard to obtain. Sometimes, on-line measurements are not
possible, and instead, the temperatures during operation are recorded using so-called
thermal history sensors and read offline. Although thermal paints have been used for many
years as thermal history sensors, they present some disadvantages. Recently, a new method
based on irreversible changes in the emission properties of phosphor materials when they are
exposed to high temperatures has been proposed. It has been demonstrated that the process
of oxidation from Eu’* to Ew’" is temperature sensitive up to 1400°C. In this paper, we
describe the manufacture of BaMgAl10017:Eu (BAM:Eu) using a sol-gel process, and report
optical properties interrogated after heat treatments in air and argon atmospheres, which
confirm that after treatment in argon, the oxidation process can be reversed. This suggests a
promising reusability of the phosphor as a thermal history sensor. A temperature dependent
measurand based on the change of optical properties with temperature has been defined with
a dynamic range from 700°C to 1100°C. The effect of exposure time to a certain temperature

on this measurand has also been addressed.



Introduction

Temperature is a physical property which needs to be accurately measured in many
engineering processes, and in particular in gas turbines, where temperatures above 1200°C
may exceed material limits and degrade physical properties. An alternative to on-line
measurements such as the ones made using thermocouples, are thermal history sensors.

Thermal history sensors can record the temperatures to which they are exposed during
operation, such that these temperatures can be determined off-line. One example of this type
of sensor are temperature indicating paints —or thermal paints- which are widely used in gas
turbine development [1-5]. Although they have been used for many years, these paints
present some drawbacks and reliable results are difficult to obtain. Main problems with the
use of these paints are related to subtle colour changes with temperature that lead to poor
resolution and great dependence on local conditions such as ambient illumination.
Furthermore, many thermal paints contain components hazardous to health, such as
chromium, lead and nickel cobalt.

Recently, Feist et al. [6] proposed an alternative technique based on irreversible
changes in the luminescent properties of phosphors. Phosphors consist of a ceramic host
material doped with rare-earth or transition metal ions which act as luminescent centres.
When these materials are illuminated with UV light they exhibit phosphorescence that
changes with temperature. When these changes are not permanent the phosphor returns to its
initial state once the exposure to high temperatures ceases. These reversible changes to the
luminescent properties of phosphors have been used to measure surface temperatures for
many years [7-9], and also to evaluate the condition of the coatings in which they are
embedded [10-12]. Recently, micrometre sized phosphor particles have also been used as
tracers for planar fluid flow and temperature measurements [13, 14]. However, irreversible

changes to the luminescent properties can also happen but have been often reported in



relation to conditions in which the phosphor output is compromised and efforts focused on
minimizing this degradation. One of the first studies to consider the use of irreversible
changes in phosphors to measure history temperatures was reported in [15]. Here, the
permanent amorphous-to-crystalline transformation in the phosphor structure proved the
concept, but exhibited an important drawback: it required a customized manufacturing
process since commercial manufacturers do not sell amorphous phosphors. A different
physical process for thermal history sensing using commercially available phosphors was
reported in [16]. In that work, degradation of three phosphors —BaMgAliO17:Eu®*
(BAM:Eu), BaMgAl,0017:Eu** Mn?" (BBG) and SrAl;4025:Eu** (SAE)- due to oxidation of
divalent Eu to the trivalent state was proved for the first time to be suitable for temperature
sensing up to 1400°C. Their sensing abilities were related to the change in optical emission
properties with the temperature to which they were exposed. According to these changes, an
intensity ratio based on two different emission lines of the phosphors was defined and
calibration curves over a certain temperature range were provided.

The oxidation concept proved to be promising in its use for thermal history sensing,
and particularly for BAM:Eu. This phosphor is commonly used in plasma display panels
(PDP) due to its high luminance efficiency in the blue region, and its degradation process has
been extensively studied related to this application [17-23]. However, the conclusions derived
from these studies need to be carefully considered, since those studies concentrated their
attention in thermal degradation during manufacture and degradation in service under
exposure to vacuum UV (VUV) irradiation. This implies that the duration of the phosphor
exposure to high temperatures in previous investigations, which was 1h or above, was longer
than might be needed as a thermal history sensor. In addition, in most of the referred work
excitation of the phosphor was achieved using VUV wavelength, typically the 147 nm of a

Xenon lamp, which is shorter than the excitation that would be used in a thermal history



phosphor application. This makes it difficult to compare photoluminescence results, since the
emission spectra is dependent on the excitation used. Finally, the reported research shows a
lack of agreement as to what is the exact degradation mechanism of the phosphor, although it
seems to be related to the oxidation of Eu** to Eu** when the bath gas contains oxygen.

In order to use BAM:Eu as a thermal history sensor, more work is needed so that its
degradation can be understood and characterised in terms of optical properties that can be
used to obtain reliable and repeatable measurements. Similarly, it is important to investigate
the manufacture of a phosphor coating. This will involve the careful choice of a binder since
these may affect the luminescent emission and/or consideration of techniques for
manufacturing coatings without any binder if it is shown that the binder hinders the optical
emission of the phosphor material.

Current sensors are effectively single use since once they have been exposed and
physical changes have occurred they cannot be reset. A desirable feature of thermal history
sensors would be the possibility of reuse. Once the component has been exposed to high
temperatures in operation and the temperature measured oft-line, it would then be possible to
reset the sensor to its initial condition so that new temperature measurements could be
performed. For this to be effective, on each consecutive measurement the results should be
repeatable and consistent.

In the present work, BAM:Eu phosphor powder was manufactured using a sol-gel
process, with a view to creating a coating without any binder by the sol-gel dip coating
method [24, 25]. The concept of thermal history phosphor resetting was explored, and the
manufactured BAM:Eu was degraded in air and then heat treated in an argon atmosphere.
Investigation of optical properties before and after this heat treatment permitted identification
of the oxidation state of the phosphor to confirm the possibility or otherwise of the resetting

process. Optical properties of the phosphor have also been investigated with regards to



temperature sensing. A suitable measurand for temperature sensing similar to the intensity
ratio employed in previous studies [16] has been defined. The intensity ratio, based on the
relative intensities of two emission lines of the phosphor, has been calibrated for a
temperature range from 700°C to 1100°C, with repeatability better than 10°C. The evolution
of the intensity ratio, and therefore the degradation of the phosphor, has also been studied

with regards to the exposure time at a constant temperature.

Experimental procedures

Sol-gel manufacturing process

Europium doped barium magnesium aluminate (BAM:Eu) powder was prepared
using the sol-gel process and following a similar method to that reported in previous research
[26, 27]. A scheme of the procedure employed is shown in Figure 9. Aluminium nitrate
nonahydrate (Alfa Aesar; No. 12360, 98%), barium nitrate (Alfa Aesar; No. 30481, 99.95%),
magnesium nitrate hydrate (Alfa Aesar, No. 10799, 99.999%) and europium(IIl) nitrate
hydrate (Alfa Aesar, No. 11296, 99.99%) were used as precursors. They were first dissolved
in deionized water and then, a mass of citric acid equal to the weight of all metal precursors
was added. Citric acid acted as the chelating agent. After stirring for 90 minutes, Sml of
ethylene glycol (Alfa Aesar, No. 44529) was added to the solution as the polymerizing agent.
After that, the solution was heated on a hot plate at 100°C and stirred for 3h. The obtained
product was a dried gel which was then heated in a furnace at 300°C for 90 minutes. The
brown product obtained was then ground thoroughly and the resulting powder heated in air at
1200°C for 4h. The sample acquired a white colour and its structure was analysed using X-
ray diffraction (XRD). Its optical properties were also investigated at this point. After that, a
heat treatment in an argon atmosphere at 1400°C for 4h was performed. The optical

properties of the sample were again interrogated after this step.



Sample preparation

To study the optical properties of BAM:Eu related to degradation in air at different
temperatures, a commercial BAM:Eu powder from Phosphor Technology was used. This
powder sample shows the same photoluminescence properties as the BAM:Eu manufactured
using the sol-gel process, as shown later in this paper.

Powder samples were heat treated in air at different constant temperatures and various
times in order to investigate the effect of these two factors on the degradation of the
phosphor. Firstly, a series of samples were heat treated at temperatures ranging from 700°C
to 1100°C with constant treatment duration of 20 minutes. Secondly, another series of
samples were treated in air at a constant temperature of 1000°C with treatment durations

from 5 minutes to 60 minutes. Optical properties of these samples were then interrogated.

Characterization

The sample manufactured by the sol-gel process was analysed using XRD. The
analysis was performed using Cu Ka radiation (Bruker D2, Phaser) with the angle increasing
in steps of 0.0322° increments every 0.4 s.

The photoluminescence properties of the phosphor powder were examined at room
temperature for the sol-gel manufactured BAM and for each sample of the commercial BAM
after annealing in air. Excitation of the phosphor was performed by the fourth harmonic (266
nm) of a pulsed Nd:YAG laser (Quanta-Ray LAB-150, Spectra Physics). Repetition rate was
10 Hz, pulse width 5-7 ns and the maximum energy used was 5 mJ. The beam was unfocused
to avoid heating of the sample or other non-linear effects. The emission spectra were
recorded using a 300 mm focal length Czerny-Turner type spectrometer (Acton SP-2300i,
Princeton Instruments) with a grating groove of 300 g/mm. A 50 mm Nikon lens focused the
emitted light onto the 10 pm entrance slit of the spectrometer. At the exit slit, a CCD array

camera measured the emission lines of the spectra with an exposure time of 0.1 ms. Each of



the recorded spectra consisted on an average of 75 single shot images. The CCD was
independently wavelength calibrated in the spectral ranges centred at 450 nm and 610 nm
using the emission lines of a mercury lamp. The wavelength resolution was less than 0.2 nm.

The CCD was previously intensity calibrated using a Tungsten lamp as constant light source.

Results and discussion

BAM:Eu manufactured via sol-gel process

The powder obtained after annealing in air was first investigated using XRD analysis
to confirm the presence of BAM:Eu as the main phase. Photoluminescence properties were

investigated for the powder after the two heat treatments in different atmospheres.

X-Ray diffraction results

The X-ray diffraction pattern of the powder annealed in air at 1200°C for 4 h is shown
in Figure 10. Since the temperature of annealing is only 1200°C, two different phases of the
material are present, BaAl,O4 (BAL) and BaMgAl0017 (BAM), which is in accordance with
previous investigations [11]. The patterns agree with the standard patterns from the Joint
Committee on Powder Diffraction Standard for BAM (ICDD Card No. 026-0163) and BAL
(ICDD Card No. 017-0306), whose peaks are also shown in Figure 10 for comparison with

the sample powder.

Photoluminescence properties

The sol-gel obtained phosphor powder was examined at room temperature after each
heat treatment process to determine the oxidation state of Eu within the phosphor. Eu in the
divalent state emits light in a broad band centred at around 445 nm corresponding to the

4£°5d->41" transitions of Eu?". When in the trivalent state, Eu emits light in several spectral



features between 550 nm and 750 nm due to transitions from the °Do to 'F; (J=0,1,2,3,4)
levels, the brightest peak being the one at 611 nm from the Do->’F; transition.

After annealing in air at 1200°C, there was no observable emission at 450 nm,
corresponding to Eu?". However, emission at 611 nm confirmed the presence of Eu in the
trivalent state. After the powder was annealed in an argon atmosphere at 1400°C, this
emission at 611 nm almost completely disappeared while a broad band emission at 445 nm
was now observable, as shown in Error! Reference source not found.. This confirmed that
most of the Eu present in the trivalent form was reduced to the divalent state by means of a
heat treatment under argon.

The manufactured BAM:Eu?" optical properties were compared with those of
commercial BAM. Results are shown in Error! Reference source not found., where the
spectrum of BAM:Eu manufactured by the sol-gel process after treatment in argon is
compared with those of original commercial BAM and commercial BAM after annealing and
resetting in an argon atmosphere. A small but noticeable blue-shift of about 3nm can be
observed in the commercial and sol-gel produced BAM samples after treatment in Argon
with respect to the commercial, untreated BAM. This blue shift has been reported before
when BAM is treated under reducing atmospheres (N2 or H2/N2) [22], and it is thought to be
related to the positions occupied by Eu atoms in the crystal structure. The effect of this 3 nm
shift of the Eu?" emission peak on temperature measurements is studied later on this paper.

Results shown in Error! Reference source not found. confirm that luminescent
properties of the phosphor manufactured by the sol-gel process are similar to commercial
BAM, and therefore following this result commercial BAM was subsequently used to study

the sensing capabilities of BAM:Eu as a thermal history phosphor.



Study of sensing capabilities on commercial BAM

The ability of BAM:Eu to perform as a thermal history sensor depends on identifying
a measurand that changes continuously and monotonically over the temperatures range of
interest (the dynamic range). An intensity ratio based on the photoluminescence spectral

features of BAM:Eu has been proposed as the measurand and is discussed below.

Definition of the intensity ratio

Samples annealed in air at different temperatures have been examined at room
temperature and the change of their emission spectra with annealing temperature has been
recorded. As shown in Error! Reference source not found., both the broadband emission of
Eu®" at 445 nm due to 4f°5d->4f7 transitions and the emission of Eu*" around 611 nm due to
SDo->"F; transitions are observable after heat treatment above 700°C. It is noticeable that the
intensity of the peak corresponding to the Eu®" emission decreases continuously with
increasing annealing temperature whereas the intensity due to Eu** emission increases. The
evolution of the intensity of each emission peak integrated over 10 nm under the curve is
shown in Error! Reference source not found., where the intensity of Eu®" is multiplied by a
factor of 10 for visualization.

Now a ratio based on the change of the intensities of both emission lines can be
defined, in a manner similar to that used for on-line phosphor temperature measurements.
Here, a ratio was defined between the emission at 611 nm integrated over a 10 nm range
centred at the peak and the emission at 445 nm also integrated over 10 nm and centred at the
peak. This ratio represents a measurement similar to that which could be obtained with two
optical spectral bandpass filters at the selected wavelengths and a FWHM of 10 nm, as this is

ultimately how it is envisaged that surface temperature history mapping could be performed.
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Evolution of intensity ratio with temperature and time

The ratio, as defined previously, has been calculated for the spectra of the samples
treated at different temperatures for 20 min and it is shown in Error! Reference source not
found. (left). The variation of the ratio with temperature follows an almost exponential
behaviour, and increases from approximately 10~ for a treatment temperature of 700°C to
approximately 10° for a temperature of 1100°C. This means a continuous change of the ratio
over three orders of magnitude, offering a dynamic range from 700°C to 1100°C. In the left
graph of Error! Reference source not found., in logarithmic scale, it can be observed an
increase in the slope of the ratio at approximately 900°C, which is thought to be related to the
appearance of a second phase [20]. Therefore, the sensitivity of the sensor will be greater
between 900°C and 1100°C.

As stated before, there is a shift in the peak of the Eu? emission after the resetting
treatment under argon. In order to analyse how this shift can affect the measured ratio and the
sensed temperature, new calculations have been performed for all the samples. A shift of 3
nm in the integration range under the spectra was applied for the Eu®" emission. The error
induced in the temperature value measured by this shift is in all cases less than 1°C.

In the plot on the right hand side of Error! Reference source not found., the
evolution of the intensity ratio with heat treatment time is represented for a constant
temperature of 1000°C. The intensity ratio increases monotonically and almost linearly with
time, which can be observed more clearly in Error! Reference source not found.. The ratio
increases from approximately 5-107 for a heat treatment duration of 5 minutes to nearly 10°
for a duration of 60 minutes, over one order of magnitude. The intensity ratio is clearly very
sensitive to the duration of the heat treatment, and therefore careful calibrations of the ratio

need to be performed with the same exposure time as intended in the actual measurement.
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Both results, from temperature dependent and time dependent ratio are consistent. In
particular, there are two samples treated under the same conditions (i.e. 20 min and 1000°C,
see horizontal dashed line in Figure 7) that show ratio values of 0.2388 and 0.2511,
respectively. These two values correspond to a difference in the measured temperature of less

than 2°C, which reinforces the capability of this phosphor to perform as an accurate sensor.

Conclusions

The concept of thermal history sensor has been further investigated for the phosphor
BAM:Eu with a sensitivity up to 1100°C. Advantages relative to conventional thermal paints
make this new sensor a potential candidate for use in gas turbines and therefore its
manufacturing and sensing features are explored.

Sol-gel dip coating is considered to represent a feasible process to create phosphor
coatings which can perform thermal history measurements without the use of any binder that
could affect the optical properties of the phosphor. A BAM:Eu powder sample was
manufactured using the sol-gel process. XRD analysis performed on the powder confirmed
that the material obtained was formed of BAM.

Optical properties were investigated after heat treatments in air and argon
atmospheres. After treatment at 1200°C in air all the Eu present in the sample was oxidised to
the trivalent state. After that, the Eu was successfully reset to the divalent state via a heat
treatment in an argon atmosphere. The spectral emission of the sol-gel manufactured powder
was compared with that of commercial BAM, and the results confirmed that the optical
properties of both materials were similar.

An intensity ratio dependent on heat treatment temperature and time was defined
based on photoluminescence properties of BAM:Eu. This ratio exhibited sensitivity to

temperature treatment and changed over 3 orders of magnitude from 700°C to 1100°C, with
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repeatability of the ratio better than 10°C. The ratio showed also sensitivity to the duration of
the exposure to high temperatures, increasing over 1 order of magnitude when the treatment
time increased from 5 min to 1 hour, underlining the suitability of the phosphor for this type
of measurement.

Further work is being carried on with respect to the understanding of the resetting

process and calibration of the sensor after successive implementations.
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Nomenclature

BAM Barium magnesium aluminate
PDP Plasma display panel

A\"A00% Vacuum ultra violet

XRD X-ray diffraction

Nd:YAG Neodymium-doped yttrium aluminium garnet

CCD Charged-coupled device
ICDD International Centre for Diffraction Data
FWHM Full width at half maximum
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List of Figure Captions

Figure 1 Experimental method to prepare BAM:Eu phosphor via sol-gel process.

Figure 2 XRD patterns for the powder sample after annealing in air at 1200°C for 4h. Main

peaks of BAM and BAL are also shown for comparison.

Figure 3 Emission spectra of BAM:Eu manufactured by the sol-gel process after annealing in

argon atmosphere at 1400°C for 4h. Excitation at 266 nm.

Figure 4 Normalised Eu?" emission spectra from BAM:Eu manufactured using the sol-gel

process, commercial BAM and commercial BAM after resetting.

Figure 5 Spectra of BAM:Eu samples treated at different temperatures for 20 min. Spectra
corresponding to the Eu®* emission is multiplied by a factor of 10 for better visualization.

Curves at: 700°C, 800°C, 900°C, 950°C, 1000°C, 1050°C and 1100°C.

Figure 6 Intensity variation of Eu?" and Eu** emission peaks at 445 nm and 611 nm
respectively, with treatment temperature. Emission of Eu* is multiplied by a factor of 10 for

better visualization.

Figure 7 Intensity ratio variation with heat treatment temperature for a treatment time of 20
min. In the right insert, the variation of the intensity ratio with treatment time at 1000°C is

shown.

Figure 8 Intensity ratio variation with heat treatment time at a constant temperature of

1000°C.
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Figure 9 Experimental method to prepare BAM:Eu phosphor via sol-gel process.
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Figure 10 XRD patterns for the powder sample after annealing in air at 1200°C for 4h. Main

peaks of BAM and BAL are also shown for comparison.
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Figure 11 Emission spectra of BAM:Eu manufactured by the sol-gel process after annealing
in argon atmosphere at 1400°C for 4h. Excitation at 266 nm.
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Figure 12 Normalised Eu?" emission spectra from BAM:Eu manufactured using the sol-gel

process, commercial BAM and commercial BAM after resetting.
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Figure 13 Spectra of BAM:Eu samples treated at different temperatures for 20 min. Spectra

corresponding to the Eu®* emission is multiplied by a factor of 50 for better visualization.

Curves at: 700°C, 800°C, 900°C, 950°C, 1000°C, 1050°C and 1100°C.
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Figure 14 Intensity variation of Eu** and Eu** emission peaks at 445 nm and 611 nm
respectively, with treatment temperature. Emission of Eu** is multiplied by a factor of 10 for

better visualization.
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Figure 15 (Left) Intensity ratio variation with heat treatment temperature for a treatment time

of 20 min. (Right) Variation of the intensity ratio with treatment time at a constant

temperature of 1000°C.

25

10

10

10

10

10

Ratio



0.8 ’,’
g
il 0.6 o
& p”'/
04 ) %
0.2 P
g
o
0 M A 3
0 20 40 60
Time (min)

Figure 16 Intensity ratio variation with heat treatment time at a constant temperature of

1000°C.

26



Alvaro Yafiez Gonzalez is a PhD candidate in Mechanical
Engineering at Imperial College London. He has a Licenciate degree
(BSc+MSc) in Mechanical Engineering (2011) from Polytechnic

University of Madrid, Spain. The study of BAM:Eu as a

thermographic phosphor is the main subject of his thesis and his

research interests lie in combustion sciences and thermometry.

Stephen Skinner joined Imperial College in 1998 and was promoted
to Reader in 2011. His research interests are in materials for new
energy technologies and he is primarily concerned with the
chemical and physical properties of potential solid oxide fuel cell

electrolytes and electrodes and encompasses the electrical and

structural characteristics of materials. His previous experimental
experience includes the use of X-ray diffraction and spectroscopy, Mdssbauer spectroscopy

and materials synthesis.

After his degree in Physics from Oldenburg University in
Germany, Dr Beyrau did his PhD studies in Engineering
Thermodynamics at the University of Erlangen-Nuernberg with
the focus on laser spectroscopy for combustion analysis. After

leading the group "combustion technology" at the same institute

for 3 years he moved to Imperial College in 2008. The main focus of his research activities
lies in the development and application of advanced laser diagnostics for the investigation of

complex, reactive flows. Besides fundamental research in this field he also performs more

27



applied investigations in cooperation with industry for the development of technical

combustors, internal combustion engines and gas turbine processes.

F

‘ Professor Heyes studied Mechanical Engineering at the University

of Manchester. He obtained a BEng degree in 1989 graduating with
first class honours. He then went on the obtain an MSc in 1991 and
PhD in 1994, also from Manchester, for development of the laser
based Doppler Global Velocimetry optical flow diagnostic
technique and the application of optical techniques for 3-D
velocimetry in the vortical flow around a lifting delta wing at supersonic speeds. In 1992 Dr
Heyes joined Rolls Royce plc working in the Applied Science Laboratory on the
development of optical diagnostic techniques for high temperature and reacting flows and on
the gas dynamics of power station circuit breakers. In 1995 Dr Heyes moved to Imperial
College London joining the Department of Mechanical Engineering as a lecturer in
Thermofluids. He left Imperial in July 2013 as Reader in Heat Transfer, Deputy Director of
the Energy Futures Laboratory and Director of the Sustainable Energy Futures masters

programme.

28



