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Abstract: Emissivity is defined as the ratio of a material’s thermal radiation emission, compared to
a perfect emitter or black body (e=1), at the same temperature and wavelength all under the same
viewing conditions. However, emissivity can change depending on the processes to which the
material has been subjected to. Thermographic phosphors (TP) are ceramic based phosphorescent
materials that have a temperature dependent emission. The focus of this work is to study and
measure the thermal radiation emissivity of Dysprosium doped Yttrium Aluminum-Garnate
(YAG:Dy) and Manganese doped Magnesium Fluoro-Germanate (MgFGeO:Mn). Tests were
conducted on both an Aerosol Deposited or AD (room temperature coating method that plastically
deforms and bonds the particles onto the surface) and a “painted-on” (powder mixed with alcohol
and brushed on the substrate) stainless steel sample. A Sandia LED driver, witha UV LED (365nm),
was used as the light source to illuminate the samples inside a Watlow heater. These samples were
submitted to a temperature range of 50-550°C at approximately 50°C steps; the data was collected
utilizing a FLIR A655 camera. The YAG:Dy temperature vs. emissivity curve is fairly stable. On
the other hand, for the MgFGeO:Mn, the emissivity decreases with temperature. For both AD
samples, compared to the “painted-on” samples, a decrease in emissivity is shown. This could be as
a result of the difference in thickness between the two coatings or the plastic deformation the
particles undergo during the AD.
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1. Introduction

Temperature is one of the most important parameters used to monitor and/or model an experiment.
Thermometry, or the process of measuring temperature, can be divided into three main groups:
intrusive, non-intrusive and semi-intrusive. Depending on the type of application any one or a
combination of these can be used. For the case of high temperature and high voltage environments
(such as combustion), the reliability of intrusive methods, like thermocouples (TC), becomes
questionable. During testing, the TCs can detach from the test unit, act as a heat sink or suffer from
Seebeck effects. Remote thermometry, such as phosphor or IR thermometry, can be used as an
alternative to monitor temperature. But, just as with the use of thermocouples, there are sources of
error when using remote thermometry as well as during modeling thermal radiation effects. One
of the largest sources of errors in both circumstances is a material’s changing emissivity.
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Infrared (IR) Thermometry:
All forms of matter emit radiation [1]. The amount of thermal radiation emitted by an opaque
surface was first determined experimentally by Stefan in 1879 to be:

E = eoT* (D
Where E is the emissive power, € is the emissivity (equal to one if it is a perfect black body), o is
the Stefan-Boltzmann constant (5.6697x10® W/m?*K*), and T is the absolute temperature [1].
The subsequent transport of this emitted radiation does not require the presence of any matter and
it’s believed to travel as either a collection of photons or electromagnetic waves [1]. Thermal
radiation energy is typically emitted in the infrared range; therefore, IR cameras are used to capture
these emissions and correlate them to the object’s temperature.
No Infrared camera reads temperature directly. They read IR energy coming from the target which
includes emitted, reflected and sometimes transmitted IR energy [2]. In formulating an energy
balance on the surface, the following equation must be considered:

l=ag+p+T (2)

Where o is absorbed energy, p is the reflected energy, and 7 is the transmitted energy. Today’s
cameras correct for emissivity only for opaque targets whose transmittivity is zero [2]; which is
the typical case in most engineering applications [2]. In these cases, equation (2) becomes:

l=p+a (3)
If Kirchhoff’s Law of Thermal Radiation is also assumed [3], then the absorptivity is equal to the
emissivity and a relation between reflectivity and emissivity can be determined:

l=p+e¢ (4)
Emissivity can be defined as a ratio between a material’s thermal radiation emission and that of a
perfect black body (e=1), at the same temperature and wavelength. It ranges from 0 to 1 and can
vary depending on the material, surface finish, geometry, view angle and temperature. IR cameras
have these equations incorporated to their system, but if the emissivity is not known, the
temperature reading is not correct.

Phosphor Thermometry:

Laser diagnostics technique used for surface temperature measurements. It is often used to measure
temperature in combustion environments due to its insensitivity to scattered light, e.g.
chemiluminescence from combustion soot [4-11]. Exploits the temperature-dependent
luminescence of thermographic phosphors or TP (ceramic based powders doped with different
elements, typically rare earth metals). After the TP is excited with a light source, i.e. Laser or LED,
the emission at the temperature dependent wavelength is collected and either the time or intensity
dependence is analyzed [10]. For the intensity ratio method, each thermographic phosphor has a
peak at a certain wavelength, which increases with temperature, and a constant intensity at another
wavelength [10]. Taking data simultaneously at both wavelengths, a ratio (which increases with
temperature) between the two signals can be used to determine the temperature. The lifetime decay
method computes the luminescence duration of the phosphor after excitation, which exponentially
shortens as temperature rises.

Due to the high sintering temperature of ceramics, which typically requires a plasma spray or
chemical/vapor deposition. These types of bonding techniques may put stress or added heat on the
samples, which aren’t desired on certain temperature sensitive applications. A room temperature
bonding technique that retains the temperature dependent properties of the TP is the Aerosol
Deposition (AD) [12].
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Aerosol Deposition:

Aerosol Deposition was initially intended as an alternative way to create ceramic-coated materials
without the need of high sintering temperatures. This would broaden the range of applications,
allowing ceramics to be bonded with materials that have lower melting points. Some of the
applications and components on which Aerosol Deposition has been successfully tested include:
aluminum, piezoelectric materials, titanium dioxide, biocomponents, magnetic materials, fuel
cells, sensing materials, and batteries [13-16].

Aerosol Deposition is a new, room temperature coating technique which requires no input thermal
energy, no binders, and only uses the kinetic energy (supersonic velocities) of the particles to
produce highly dense coatings. The Aerosol Deposition process uses nano-to-micron-sized
feedstock particles, which are accelerated to supersonic velocities to create metallic, ceramic, and
carbide coatings [16, 17]. The carrier gas usually consists of N> or He and transports dry particles
of the desired material to a nozzle, where they are accelerated into a vacuum chamber. The
supersonic particles impinge on the surface of the substrate and plastically deform (ceramics
included), resulting in a strong mechanical bond between the substrate and coating material [16-
19]. Each subsequent collision tamps the surface to produce a highly dense, void-free, adherent
coating, capable of large thickness (up to 10s of microns). The shock involved during collisions
results in fragmentation of the particles and produces grain sizes on the order of 10s of nanometers
(ideal for inexpensive polycrystalline laser materials). A schematic of the Aerosol Deposition
facility used in this study and a diagram of the spray process are given in Figure 2. For this study,
testing with micron particles of YAG:Dy and MgFGeO:Mn was performed. Previous results to
compare the temperature dependent properties of a baseline sample and Aerosol Deposited
YAG:Dy are shown in the graph in Figure 1 [12].
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Figure 1. YAG:Dy Calibration curves (4lden paper, Aerosol Deposition stainless steel and
copper sample and “painted-on” sample) [12].
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Figure 2. Sample schematic of Aerosol deposition coating process [12].

2. Methods / Experimental

For this study two different thermographic phosphors, Yttrium Aluminum-Garnate doped with
Dysprosium (YAG:Dy) and Manganese doped Magnesium Fluoro-Germanate (MgFGeO:Mn),
and coating methods are used and compared. One sample of each was made with each coating
technique (Aerosol Deposition and “painted-on™) for a total of four samples. Five tests were
conducted with each sample, heating them from 50°C to 550°C in 50°C intervals; data sets of 100
images were taken at each temperature. Small ROIs (10x10 pixels) in various parts of the sample
were analyzed during the post processing to obtain temperature versus emissivity plots.

Samples:
Four stainless steel substrates were coated with thermographic phosphors. Two were coated using

the Aerosol Deposition method (one with YAG:Dy and the other with MgFGeO:Mn). The other
two samples were prepared by mixing the TP with alcohol and “painted-on” the sample using a
regular paint brush. Thermocouples were also attached to the samples to verify at what temperature
the samples were during the experiment. Figure 3 shows the four stainless steel samples (two
YAG:Dy and two MgFGeO:Mn) used for experimental purposes. The AD samples (top and
bottom left images) have taken a darker color after the bonding process; compared to the typical
white or lighter color of these specific phosphors (samples on the right images).

Figure 3. Stainless steel samples. (Top left) Aerosol Deposited YAG:DY. (Top right) “Painted-
on” YAG:DY. (Bottom left) Aerosol Deposited MgFGeO:Mn. (Bottom right) “Painted-on”
MgFGeO:Mn.
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Experimental Setup and Procedure:

The samples are placed inside a 120V Watlow heater (Figure 4.C) where they are subjected to an
increasing temperature range of 50-550°C in increments of 50°C steps. The heater was controlled
using a FLUKE 725 multifunction process calibrator; which also was used to read the
thermocouple temperature. A Sandia LED Driver [20] with a 365nm UV LED (Figure 4.B) was
used to illuminate the samples during testing. The driver is powered using a BK Precision Power
Supply and controlled with a Stanford Delay Generator. Data collection was done using a FLIR
A655sc camera (Figure 4.A), controlled with the research IR computer program.

Figure 4. Experimental Setup

Calibration and Post Processing:

Infrared cameras are calibrated using a black body or some sort of material that has a known
emissivity. The object is heated in the same manner as the test samples and the data at each
temperature is recorded. Figure 5 shows a typical Temperature versus camera intensity/digital level
calibration curve that can be used in combination with equation (5) to obtain the material’s
emissivity at a certain temperature [2]. A MATLAB code incorporating equation (5) backtracks
the sample’s emissivity.
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Figure 5. Typical IR camera temperature versus intensity calibration curve [2].
3. Results and Discussion

Equation (1) for thermal radiation is in terms of temperature, emissivity and a constant. This means
that if the temperature changes, for the actual thermal radiation to be correct, the other non-constant
term also must change. Figure 6 displays the thermocouple temperature (black solid line) versus
the temperature read by the IR camera (dashed lines, red for the “painted-on” samples and blue for
AD sample) at a constant emissivity. As the temperature increases, the difference between the two
readings also increases. To compensate for this difference in the IR camera’s reading, the
emissivity has to be corrected; which means there is a change in the emissivity of the samples.
After processing the collected data for all four samples, temperature versus emissivity plots are
generated (Figures 7 & 8). Figure 7 is for YAG:Dy and Figure 8 plots the MgFGeO:Mn curves.
Both YAG:Dy samples have fairly stable emissivities; on the other hand, for the MgFGeO:Mn the
emissivity decreases with temperature. In both phosphor cases the AD samples (blue lines) have a
lower emissivity than the “painted-on” samples. This difference is still being looked into, but it is
thought to be due to the difference in thickness or the surface finish.
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Figure 6. Thermocouple versus IR camera temperature. (Left) YAG:Dy. (Right) MgFGeO:Mn.
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Figure 7. Emissivity versus temperature curves for YAG:Dy. (Left) Results per test. (Right)
average results of all tests.
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Figure 8. Emissivity versus temperature curves for MgFGeO:Mn. (Left) Results per test. (Right)
average results of all tests.

4. Conclusions

The veracity and accuracy of thermal radiation modeling and experimental data is highly
dependent on knowing the correct emissivity in varying environments. In the case of
thermographic phosphors within the temperature range studied in this experiment, there is a
similarity between the curves for the two different coating techniques and samples for each
phosphor. Even though more tests are needed, this could mean that thermographic phosphor’s can
be calibrated to be used as a reference point when doing IR thermometry. The Aerosol deposition
process has an effect in the thermographic phosphor’s emissivity that is believed to be due to
thickness or surface finish differences that is still being researched. More tests will be conducted
using different cameras, TP coating thicknesses, a larger temperature range, varying heater ramp
rates, and test the actual applicability of utilizing thermographic phosphors for simultaneous
temperature measurement and IR reference point.
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