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Abstract
Accurate surface temperature measurement within powder bed fusion (PBF) systems
during fabrication remains elusive for many reasons, despite the importance of knowing
temperature for improving part quality, process control, repeatability and reproducibility,
simulation capabilities, and more. Multi-wavelength (MW) pyrometry has been used previously
to measure off-axis temperatures of a small region (~2.6mm in diameter) within an electron beam
PBF (EBPBF) system. While this small region measurement makes it difficult to get a full field
temperature map of the powder bed, it also allows for inline (on-axis) with laser temperature
measurements for laser PBF (LPBF) systems.

The MW pyrometry technique determines

temperature, which allows the calculation of emissivities at various sensor wavelengths (ranging
from ~1080nm to ~1650nm) using measured intensities. The emissivity of a surface is affected
by different parameters such as- temperature, surface morphology, surface chemistry, instrument
wavelengths. In PBF processes, the powder bed undergoes different temperatures (preheating,
melting, cooling), and surface morphology (surface with metal powder, surface with molten metal,
solidified printed surface). By calculating spectral emissivities over a range of temperatures for a
material, emissivity maps can be obtained. These emissivity maps can work as a quantitative tool
for understanding the change in surface characteristics because of the affecting parameters.
Besides, the emissivity values of different materials are also required as an input for emissivity
dependent monitoring devices such as infrared (IR) cameras.
In PBF, different surface morphologies can be found during a printing process, including
high-temperature printed surface to preheated powder samples. In this work, a method has been
developed, including an experimental setup, for determining emissivity maps as a function of three
different surface morphologies of metal (pure metals and alloys) printed samples, polished
vii

samples, and powders. These emissivity maps will be discussed based on changing temperature
and sensor wavelength. The development of the experimental setup includes; designing sample
holders for accommodating different types of samples; resistive coil heaters; calibrating the
pyrometer with the same optical setup with a blackbody at 1000°C; AC and DC power supply with
data logging system; validating the setup with view-factor analysis, and thermal modeling of the
radiated intensity of different surfaces at high temperatures. Part of the project was to understand
the working principle of the MW pyrometer and to perform a successful demonstration of
temperature measurements from raw data files of the pyrometer using an in-house developed
MATLAB script with ±1.5°C accuracy over 550°C and a variation of 0.27% with the pyrometer’s
reported temperature.
The emissivity maps at different temperatures and sensor’s wavelength have been studied
for Copper and Inconel 718 samples. The experimental results are discussed with surface images
of the printed and polished samples before and after the experiment. The transition temperature
where the surface starts acting like a greybody has been addressed for all the morphologies, and
the intensity pattern from low to high temperature is also discussed. For both copper and Inconel
718 samples, the highest emissivity values were found for powder samples, and the lowest
emissivity values were from the printed samples. This difference in emissivity values is supported
by previous literature, where the higher porosity and surface roughness resulted in higher
emissivity values. From the results of the polished copper samples, an emissivity value of 0.033 at
552°C was found, which increased to 0.052 at 700°C. For printed copper samples, the emissivity
values increased with increasing temperature, from 0.08 at 523°C to 0.106 at 664°C. For copper
powder, an emissivity value of 0.307 was found at 490°C. For both solid samples of Inconel 718as printed and polished, the emissivity values had an increasing trend with increasing temperature
viii

up to 700°C. The emissivity values of powder samples showed a decreasing pattern with increasing
temperature. Both the solid samples showed a transition from greybody to non-greybody behavior
at higher temperatures compared to the powder samples. The transition from greybody to nongreybody behavior occurred at 797.1±25.23°C for polished samples, and 798.51±17.63°C for
printed samples, and 588.29±5.69°C for powder samples. For both the polished and printed
samples, surface oxidation became apparent, as observed in a distinctive bluish color from the
surface of the specimen above 700°C. However, finding reasoning behind the level of oxidation
on surface chemistry and how it affects the emissivity behavior needs further investigation and
remains as an opportunity for future work.
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Chapter 1: Introduction
1.1 BACKGROUND AND MOTIVATION
Additive manufacturing first emerged through the stereolithography technique in 1987 [1].
Since then, AM technologies have gone through substantial research and development, creating
seven different process categories within itself [2]. For meeting the demands of the different
industries, AM has also employed different materials, including UV curable resin, recycled plastic
materials, metal alloys, composite materials, and many more [3]. Despite these significant
advancements, AM technologies still lag in many aspects when compared to traditional
manufacturing, such as- quality assurance [4], slow production efficiency [5], manual postprocessing [6]. Nonetheless, when it comes to design adaptations and process constraints, AM has
a significant advantage over traditional manufacturing. While traditional manufacturing is driven
by conventional processes such as forging, casting, machining, AM can provide advantages that
these conventional processes do not offer including increased complexity, flexibility in design,
part consolidation for multiple part assemblies with the same functionality, and so on. For example,
the assembly for a jet engine cowl latch originally consisting of five components can be redesigned
and consolidated to a single component when fabricated by traditional manufacturing [7]. In this
work, it is demonstrated that AM not only reduced the lead time for production but also introduced
simplicity in design. Although there are several examples like this where AM can provide more
accessible solutions compared to its traditional counterpart, there are still some challenges and
hurdles associated with AM which need to be addressed.
In recent times, AM technologies have faced the most significant hurdle from a quality
assurance perspective. In applications where component failure and discrepancies in manufactured
parts are intolerable, manufacturers opt to remain with conventional manufacturing techniques
1

rather than adopting AM technologies. In subtractive manufacturing processes, in-process
monitoring capabilities are widely used, which allows them to assure quality [8], enhance
component properties [9], repeatability, and reproducibility of the parts [10]. It is evident from
recent research that through process control and monitoring during the printing process in AM,
successful part production with repeatable, consistent, and reliable parts with higher dimensional
accuracy can be achieved [11]. As a result, process control and monitoring of different AM
technologies [12–14] have become an area of interest for the researchers. The importance of
process control and monitoring is crucial for every AM technology, especially in metal AM where
slight variation in parameters and printing conditions might result in part failure. Monitoring,
coupled with feedback control, can provide the ability to make decisions on the process based on
the in-process variables being monitored. Different process monitoring and control techniques for
AM include- monitoring temperature using pyrometers[15–17], in-situ infrared (IR) camera
monitoring [18–20], and high-speed camera monitoring [21–23]. For temperature measurements,
these technologies can be broadly classified into two categories- (i) on-axis and (ii) off-axis. For
IR monitoring devices, temperature measurement is dependent on the emissivity values of the
surface because of the underlying theory. Unfortunately, these technologies lack the
instrumentation for providing accurate surface temperature due to lack of knowledge of the
accurate emissivity values for changing temperature, wavelengths, and surface characteristics and
a feedback control system that can operate autonomously for correcting defects during the printing
process. A detailed discussion of these technologies is included in the following chapter.
Measuring surface temperature during printing in powder bed fusion (PBF) AM processes
is essential from the quality assurance perspective, as discussed above. Surface temperature
measurement can also facilitate the process control and monitoring techniques with an automatic
2

feedback control system. However, for metal AM, there are several challenges associated with
measuring accurate surface temperature. It is already known that metals (pure metals and alloys)
in general exhibit changing emissivity behavior with temperature, wavelengths, surface
morphology, viewing angle, surrounding atmosphere. [24]. This varying emissivity behavior of
metals makes it difficult for single wavelength (one color) pyrometers to be used in temperature
measurements of metals, which require an initial input of emissivity values for measuring accurate
temperatures. Two-color and four-color pyrometers do not require emissivity values as an input
for measuring temperature. However, the operating wavelengths might not be able to detect the
non-greybody behavior of the metal due to a broader band gap between the wavelengths, which in
turn might result in erroneous temperature measurements. One approach to address the challenges
identified in the previous discussion can be solved by multi-wavelength pyrometry (MW). MW
pyrometry has several advantages over other pyrometric techniques for temperature measurement.
For example, it does not require a prior known emissivity value as an input, and it can also look
over a wide range of wavelengths for measuring temperature.
The need for complete process control of prints during fabrication, identification of print
defects, or unwanted temperature gradient motivated the author to develop an experimental setup
to understand the thermal signatures within metal AM using a multi-wavelength pyrometer. This
approach can later be employed in available metal AM printing machines and develop emissivity
maps that depend on multiple parameters. Factors that might affect emissivity can be classified
into three categories- (i) AM Process related – raking, enclosure in the machine, type of powder,
printing environment, and (ii) Intrinsic material properties- oxidation, chemistry, particle size
distribution, the morphology of powders (iii) External Factors- temperature, the wavelength of
interest, viewing angle, surface roughness. This study will be focusing on the effects of
3

temperature, sensor’s wavelength, and surface morphology and how it affects the emissivity values
of different materials because of the importance of these three parameters in different AM
processes. During processing, the emissivity maps will correlate with the surface morphology of
parts, providing information that will enhance or increase the accuracy of measurements when
using emissivity dependent monitoring devices such as IR. Finally, these emissivity values will
also be helpful for the closed-loop autonomous feedback control system and work as a guiding
tool for quality assurance during the printing process.
1.2 THESIS OBJECTIVE
To develop a setup that can map the emissivity values of metal powders along with
different solid surfaces encountered in metal AM printing conditions was the primary goal of this
research. It became evident to the author that for implementing multi-wavelength pyrometry to
measure surface temperature and for mapping emissivity accurately, it is also of high importance
to understand the working principle of the pyrometer itself. For this reason, efforts were made to
understand the patent and algorithm of the MW pyrometer in this study. The main objectives of
this study can be listed as follows:
1. Development of an experimental setup with the same environment as in LPBF systems to
map emissivity of metal powders, printed samples, and polished samples.
2. Study the change of emissivity as a function of temperature, wavelengths of the MW
pyrometer, and different surface morphology.
3. Develop and demonstrate an algorithm elucidating the temperature and emissivity
measurement methods of the MW pyrometer used in this study.
4. Design and fabricate a resistive coil heater with electrical connections for heating samples
and holding it at different temperatures.
4

1.3 PROJECT OVERVIEW
An experimental setup incorporating a multi-wavelength (MW) pyrometer for emissivity
mapping was developed replicating the laser powder bed fusion (LPBF) environment. A DC
electrical setup with a temperature controller and data acquisition system was developed
employing LabVIEW (National Instruments, Austin, TX, USA) program to store and monitor
electrical power, current and voltage input. A MATLAB (The MathWorks, Natick, MA, USA)
script was also employed to develop in-house decoding the working algorithm of the MW
pyrometer used in this study. View factor analysis and sidewall radiation calculations were carried
out to minimize the reflected radiation hence obtaining better certainty on the measurements. A
resistive coil was made in-house with nichrome wire for heating and holding the powders and
samples at high temperatures. Custom sample holders were designed and fabricated precisely to
accommodate powder and solid samples (polished and printed samples). These sample holders
were able to reach as high as 800°C with necessary hold stages desired in the experiment. The MW
pyrometer was calibrated with the optical setup used in this study using a blackbody at 1000°C,
where a temperature difference of 10°C was found before and after the calibration due to the optical
setup. Three different types of samples were studied, including powders, printed surfaces, and
polished surfaces of printed samples. The polished surfaces were used to compare versus reference
values found in the literature. Powder characteristics, thought to influence the emissivity
measurements, were measured. These included the average particle diameter, particle size
distribution, standard deviation.
1.4 OUTLINE OF THE CHAPTERS
This thesis is comprised of six chapters. Chapter 1 has already presented the rationale for
the research, and it also presented an overview of the activities/methodologies that will be detailed
5

in subsequent chapters. Chapter 2 consists of literature reviews of current and past works that are
focused on additive manufacturing, powder bed fusion, different temperature measurement
methods for AM processes, and later focuses on published works on emissivity measurement
techniques. Due to the scope of the research, a detailed discussion on the fundamental theories of
pyrometry from its early period till now is addressed in Chapter 3. This chapter also includes the
classification of pyrometers: manually operated and automatic pyrometers; the mathematical
background of both the classifications are discussed. This chapter also includes the details of
different emissivity measurement methods for four different conditions and surfaces, such as- near
ambient temperature, oxidized metals, molten metals at high temperatures and ceramics. Chapter
4 details the experimental setup developed, and the methodology employed to perform pyrometric
measurements using the MW pyrometer as the core or base of the setup. This methodology
includes how samples were prepared, manufactured, description of different resistive heater coils
used with custom fabricated coils, details of the design and fabrication of the sample holders,
incorporation of the data acquisition system, and a brief description of the materials under study
with specifications. The chapter ends with a discussion about the working principle of the MW
pyrometer elucidating the in-house developed MATLAB script to calculate temperatures measured
by the pyrometer from the raw intensity data. The results of the experiments performed with a
central analysis of the emissivity values obtained and certainty in measurements are included in
Chapter 5. These values are contrasted with those reported in the literature, and the discussion
details the applicability of these measurements to enhance monitoring and overall understanding
of PBF AM. The summary and concluding remarks of the research presented in this thesis is
addressed in Chapter 6. The chapter also details the next steps and potential future work that are
identified for the continuity of research in this subject.
6

Chapter 2: Literature Review
2.1 ADDITIVE MANUFACTURING
Popularly known as rapid prototyping or 3D printing, additive manufacturing (AM) is a
layer by layer manufacturing process where computer-aided design (CAD) is used for producing
three-dimensional objects [25]. While traditional subtractive manufacturing deals with cutting,
drilling, and grinding away excess material, AM possesses part-specific superiority, flexibility in
design, and adaptation. Some of the design-specific capabilities are orthopedic implants for
specific patients, equipment, and devices for the International Space Station, custom lightings,
athletic shoes [26]. Significant research and development have led to creating seven main process
categories within additive manufacturing which are- (i) binder jetting (ii) directed energy
deposition (iii) material extrusion (iv) material jetting (v) powder bed fusion (vi) sheet lamination,
and (vii) vat photopolymerization [27]. Furthermore, these additive manufacturing process
categories go through eight generic steps, which are shown in Figure 2.1. The first step of all the

Figure 2.1: Eight stages of generic AM processes
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AM, part building process, starts with the creation of a 3D CAD model in software. Some new
technologies are being introduced where 3D scanning is done via laser or optical scanning, and the
data generated is converted into a 3D model for printing. The second and third steps in generic
AM processes include conversion of the 3D model to an STL (Standard Tessellation Language)
file format, which is commonly used by nearly all the AM machines. Then, the STL file is
transferred to a pre-processing software in which the correct orientation and location of the model
are manipulated. This step also includes operations such as repair of the STL file, creation of
duplicates, generation of supporting structures. Afterward, this pre-processed file is transferred to
the machine. Consequent steps include setting up the machine with material-specific constraints,
requirements, energy sources, and the build process. One of the most complicated steps of the
whole procedure is the build process, where in-depth monitoring can ensure quality, repeatability,
reproducibility, and desired properties of the printed part. Researchers are still making progress in
achieving complete process control via monitoring. After the fabrication process has culminated,
post-processing is carried out on the finished part, which includes support structure removal, heat
treatment (for metal parts), and additional cleaning.
To facilitate the quality and repeatability of AM processed parts, researchers have focused
on monitoring capabilities within the available AM technologies. Temperature measurement
during printing in AM machines is also studied by different researchers to understand complex
solidification, phase transformation procedures, especially for metal AM. The following section
will address several of these research studies, along with its importance.
2.2 MONITORING IN METAL-BASED ADDITIVE MANUFACTURING
Although metal-based additive manufacturing processes offer the potential for many
applications such as- topology optimization, part consolidation, on-site part repairment, they still
8

lack the quality and repeatability when compared to traditional or subtractive manufacturing [28].
To overcome these challenges, researchers are focusing more on process monitoring and control.
Before the discussion of different monitoring methods used in a metal-based AM system,
a better understanding of what makes it extremely challenging to achieve a high level of quality
control with repeatable part features and properties is also necessary. Factors that are affecting this
task are phase transformation of metals taking place during part production, highly complex
physical phenomena, lack of statistical and mathematical models to control the build process,
among others. For the monitoring methods to work appropriately to ensure part quality, some
critical process variables are also required to be directly correlated with the properties of the
manufactured parts. Some of the process variables are density, surface temperature, porosity,
surface finish, dimensional accuracy [29–32]. In short, the state-of-the-art monitoring system will
have some standard set values for these process variables. Whenever these set values do not meet
the acceptable criteria during the printing process, an automatic feedback system will notify the
operator, or an autonomous control system will be activated to stop the process. After that, it will
change the parameters accordingly so that the process variables return to acceptable levels [33].
The different monitoring techniques and sensors can be classified into two sections- (i)
Contact based, and (ii) Non-contact based. The basic working principle of these monitoring
techniques will be discussed first, followed by the state-of-the-art monitoring and control
techniques that have been developed through research. For the scope of this research, the author
will limit the discussion to the monitoring of temperatures used only in the PBF process in the later
section.
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2.2.1 Contact based
2.2.1.1 Thermocouples
One of the widely used contact-based temperature measuring instruments is
thermocouples. These types of devices are two dissimilar metal wires usually welded together in
one end and have a voltage measuring device on the other free end [34]. The thermocouple circuit
consists of two metals joined together in order to form a junction which is kept at different
temperatures. A voltage is generated due to the temperature difference in the junction, which can
be measured and correlated to the temperature difference. This effect is called the Seebeck effect,
based on which the thermocouple devices are made [35]. Certain disadvantages prevent the use of
thermocouples for active monitoring of the powder bed in PBF processes. One of the fastest
reported thermocouple’s response time is ten nanoseconds which developed by Heichal et al.[36].
However, this thermocouple is only capable of reading a temperature change of 200°C for its
response time. Besides, the risk in obstructing the layer formation and hence the AM process
makes it challenging to employ thermocouples for direct measurements of surface temperatures in
PBF AM.
2.2.2 Non-contact based
Both powder bed fusion (PBF) and directed energy deposition (DED) use focused thermal
energy to fuse metal powders. As such, it makes sense to use thermal monitoring systems that
enable the acquisition of temperature and other thermal signatures from these processes. During a
build process, a consistent temperature distribution for a given build setup is particularly desired
because it results in better part quality and also provides confidence in process control [37]. In this
case, pyrometry- a non-contact based temperature measurement method comes into play. A typical
pyrometer works in a radiation wavelength range from 400 nm to 20 µm. A pyrometer correlates
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the intensity of radiation of a greybody (one that is not a perfect emitter as a blackbody) to that of
a blackbody. It then quantifies the temperatures based on the Planck’s law. A detailed theory of
different pyrometers is discussed in the next chapter. There are two specific types of pyrometers
used by the AM industry- (i) Photodiodes (ii) Digital Cameras.
2.2.1.1 Photodiodes
These instruments are also known as photodetectors or photoelectric pyrometers.
Photodiodes consist of a semiconductor PN junction where a potential difference is generated
when the junction is exposed to radiation. This potential difference is proportional to the
temperature of the radiating object. Based on the incident radiation, a flow of electrical current is
generated without requiring any external source. This current can also be amplified using a current
amplifier. Indium Gallium Arsenide (InGaAs) and Germanium (Ge) photodiode detectors are the
most commonly used photodiodes for temperature measurements [38]. The main difference
between these two is in shunt resistance and die capacitance. Massive shunt resistance is desired
for low thermal noise as it is inversely related to the thermal fluctuations of the object. InGaAs
have more substantial shunt resistance in the order of 10 MΩ, whereas Ge has a shunt resistance
in the order of kΩ. Most of the photodiodes have an operating wavelength of 400 nm to 1700 nm
[39–41].
2.2.1.2 Digital cameras
This type of sensor works with an extensive array of photodiodes called pixels and detects
light, which later is converted into an electrical signal. Post-processing and analysis of these
electrical signals result in an image with temperature values. Depending on the working
wavelength, these cameras can be divided into two sub-categories- regular cameras (work with
visible light with wavelengths from 400 nm to 700 nm) and thermal infrared cameras (work with
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infrared radiation with a wavelength range from 700 nm to 1 mm). Two types of technologies for
digital cameras are found in the literature review. The first type, named “Charge-coupled device
(CCD),” works with a single circuit to process all the signals from the chip. The second type is
named “Complementary metal-oxide-semiconductor (CMOS)” and has its processing circuit for
every pixel. These digital cameras need a high frame rate to monitor the melt pool with laser or
electron beam interaction. Cameras with 2000 frames per second frame rate have been used for
this reason [42]. Also, image processing software has been developed to extract useful information
from these images [43–46].
2.2.3 Monitoring in laser PBF processes
Some early works on monitoring in the laser powder bed fusion system were by Melvin III
et al. [47]. This experimental setup used video microscopy for improving quality, the sintering
process, and the powder flow behavior in selective laser sintering processes. However, this system
lacked quantification capability based on microscopic observation. An infrared (IR) sensor was
used for measuring melt pool temperature by Benda and Parasco [48–50] for selective laser
sintering. Light beams from the laser and camera are combined by the dichroic mirror used in this
study. In order to stabilize the temperature distribution in the melt pool, several works by Kruth et
al. [51–53] used a CMOS camera with a photodiode to monitor the melt pool area. This setup was
positioned coaxially to the laser beam and used in the monitoring of a fabrication experiment
involving complex overhangs and scanning patterns. Berumen et al. [54] used a digital camera and
monitored the powder re-coating step to address non-optimal powder feed in selective laser
melting (SLM). Kleszczynski et al. [55] used a high-resolution CCD camera to address errors
during print processes such as inadequate support, insufficient powders, coater damage. This study
is one of the earliest off-axis monitoring systems with image processing capabilities.
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Several studies have also reported on the use of co-axial camera setup in-line (on-axis) with
the laser for SLM processes. Rombouts et al. [56] monitored the fabrication of iron-based parts
using a co-axial CMOS camera resulting in successful identification of irregular porosity and
surface quality. Bayle and Doubenskaia [57] developed a monitoring system with a CCD camera
and a custom-built pyrometer for the laser affected zone. The temperature deviation from a preestablished optimal value to express quality control was also used for this setup. Lott et al. [58]
also used an additional illumination source to measure temperature during the SLM process. This
setup was able to capture images following the laser path. Chivel and Smurov [59–61] developed
a setup consisting of a CCD camera and a two-channel pyrometer. The camera was used to measure
temperature distribution within the sintering zone, and the pyrometer was used to measure the
maximum temperature of the irradiation spot from the laser.
2.2.4 Monitoring in electron beam PBF processes
Several monitoring systems have been developed for electron beam PBF processes. Price
et al. [62,63] studied temperature around the electron beam scanning area using a near-infrared
thermal camera. This experimental setup was able to capture different stages of the printing
process, including preheating, contour melting, and hatch melting, with a spatial resolution of 12
µm. The results from this research showed a decreased cooling rate for the first layer while melting
over a solid substrate compared to the powder substrate. Dinwiddie et al. [64] described a solution
for continuous imaging with a translating Kapton film that stops metallization of the viewing
window for the chamber of the electron beam melting process with two shutter-less systems. The
results from this research showed improved mechanical properties with the reliability of the
process. Schwerdtfeger et al. [65] investigated flaw detection in Ti-6Al-4V parts printed by
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electron beam melting. The IR camera images from this experiment were able to detect material
flaws and matched the results from the metallographic results of the samples.
While monitoring devices with high frame rates are crucial for continuous inspection of
powder bed fusion processes, these devices are limited to qualitative inspection. In order to get
quantitative information such as temperature measurement from the captured radiated intensity by
these devices, a better understanding of the emissivity behavior of metals and how it affects
pyrometric temperature measurements is also necessary.
2.3 TEMPERATURE MEASUREMENT METHODS FOR PBF PROCESSES
Powder Bed Fusion systems (PBF) uses two different methods for printing parts. One is
the laser powder bed fusion (LPBF) method and the other is electron beam powder bed fusion
(EBPBF) method for printing parts. The difference between these two types is the energy source.
Most of the commercial machines for the LPBF method use fiber lasers with power ratings ranging
between 100W to 2000W. In contrast, EBPBF machines use an electron beam with a power rating
ranging between 3 to 3.5kW for melting and sintering powders [66]. Due to the interaction with
laser and electron beam, dynamic complexities arise for both LPBF and EBPBF technologies and
thus require monitoring capabilities to oversee the build process. Lee and Zhang [67] modeled and
simulated the heat transfer, fluid flow, and solidification microstructure of nickel-based
superalloys for the LPBF process. The high-temperature gradient of 1.84 × 107 K/m and
solidification rate of 0.05 m/s for Inconel 718 (IN718), a Ni-base superalloy, from the simulation
were reported from the results of this study. Khairallah et al. [68] studied the physics of complex
melt flow and the formation mechanism of pores, spatters in laser powder bed fusion. The results
from this research concluded that evaporative cooling is more efficient in controlling the peak
surface temperature in LPBF processes. This study also demonstrated how recoil pressure and
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Marangoni convection affect in shaping the melt pool flow and spattering effects. This complex
flow also dictates the transition zones, cooling rates, and solidification rates. As a result, knowing
the actual temperature during the build process is critical for assessing and quantifying different
parameters like solidification rates, phase transitions.
For this reason, researchers have focused on Contact and noncontact-based temperature
measurement techniques to better understand the thermal environment of the printing process. The
incorporation of IR cameras, high-speed cameras, and other sensors to actively monitor the build
process, in particular, the heat source-material interaction zone, is some of the pioneering works
in this respect. [69–71].
Temperature measurement is very significant for additive manufacturing processes.
Knowing the correct temperature in metal AM helps to understand and control the phase
transformation, solidification rates, microstructural development of the melted powder, and thus
improving part quality. Repeatability, reproducibility, and improvement of predictions from
simulation models can also become possible if the accurate surface temperature during fabrication
can be measured.
Kirka et al. [72] studied solid-solid phase transformation for Ti-6Al-4V and Inconel 718
powders and detailed the high complexities of these materials as indicated by the thermal gyration,
and the steep cooling rates observed during processing. The results of this experiment concluded
by urging the development of a thermal and kinetics model to understand the phase transformation
and thermal cycling. Farshidianfar et al. [73] studied in real-time the cooling rate effect on
microstructural development of stainless steel (SS) 316L powder using Jenoptik IR-TCM 384
camera module (Figure 2.2). Huang et al. [74] correlated process parameters with temperature,
cooling rate, and the solidification parameters for stainless steel 316L (SS 316L) and Inconel 625
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Figure 2.2: Automated Laser Fabrication method by Farshidianfar et al. [73]
powders. Andani et al. [75] developed the relationship between process parameters on phase
transformation temperature for Nitinol manufactured by the LPBF process. This research
concluded that the evaporation temperature rise during fabrication is due to the evaporation of
nickel and formation of Ni-rich phases.
Rodriguez et al. [18] studied the electron beam melting (EBM) system for Ti–6Al–4V
approximating the absolute surface temperature measurement by in-situ infrared thermography.
Upon validation with a thermocouple used in the fabrication, a temperature difference of ~366°C
between corrected and uncorrected IR temperature data was observed. According to the authors of
this research, this significant error was due to the assumption of constant emissivity values of the
powder during fabrication. Several researchers focused on the thermal energy and temperature
profiles of the PBF system. Islam et al. [76] researched the balling phenomenon by studying the
temperature profiles for energy input for a proprietary material EOS PH1 (EOS GmbH, Krailling,
Germany), a precipitation hardening stainless steel. This research concluded that the optimum
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energy input area for the setup was between 1400 to 1700 J/mm3. Bi et al. [11] investigated the
influential factors for controlling and process monitoring in directed energy deposition (DED)
process. The temperature in this experiment was measured by integrating a single-color pyrometer
to the powder-feeding nozzle and showed how the geometry of the parts affected the melt pool
temperature due to low heat dissipation. Dunbar et al. [77] studied the thermal cycling effects on
the residual stress and strain for Inconel 718 builds. This experimental setup involved attaching a
Type-K thermocouple with the substrate to measure the distortion. The results from this research
showed an increased distortion with temperature for the specified setup. Temperature gradients in
PBF processes also allow us to report the mechanical behavior as studied by Kreitcberg et al. [78],
defect generation as studied by Gong et al. [79] and thermo-physical properties as studied by
Bidare et al. [80].
It is evident from these researches discussed above that knowing accurate surface
temperature in different metal AM processes is preeminent as it enables better understanding and
control over phase transformation of metals during the printing process, cooling rates, hot spots in
powder beds, distortion, microstructure development. Nonetheless, accurate measurements using
techniques such as IR thermography, and other emissivity-dependent methods, require the
correction using the spectrally varying values for emissivity across the various steps during
processing in PBF AM. The emissivity for the powders can vary according to a multitude of
variables [18], particularly in a fast thermal environment and non-equilibrium solidification
occurring for PBF.
2.4 EMISSIVITY MEASUREMENT
The ratio of energy radiated by a surface to the energy radiated by a blackbody at the same
temperature is defined as emissivity. The emissivity of an object can range from 0 to 1 and can be
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influenced by many variables. For example, the surface condition for a target can influence its
emissivity; for shiny surfaces of any metal, the emissivity is very low (close to 0) compared to a
dull surface that is sandblasted or strongly oxidized show higher emissivity values (close to 1). For
blackbody, the emissivity value is one as it radiates the highest energy at any temperature and
wavelengths [81]. Descriptions of blackbody, greybody, and non-greybody are included in the
following chapter. From the previous description, different factors that might affect the emissivity
values of a metal surface in AM processes are oxidation, surface chemistry, morphology, enclosure
of the machine, type of powder, raking are already identified from the published work of
Touloukian and DeWitt [24]. From the Figure 2.3, it is evident that the normal total emittance of
Inconel samples can change up to 433% from an average of 0.15 at 600°K to 0.85 at the same
temperature from oxidized in air to heavy oxidation respectively. It is also evident from this Figure

Figure 2.3: Normal total emittance of Inconel at different temperatures by Touloukian and
DeWitt [24]
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2.3 that the surface finish (sandblasted surface, polished surface), oxidation level, sample’s
chemistry is also important factor that affects the emissivity values. For AM processes, the powder
bed undergoes different temperature profiles such as- preheating temperatures (150°C to 1000°C)
[82], melting temperatures (higher than 2000°C) [83]. Besides, different surface morphologies are
also found in the powder bed fusion system during printing, such as- surface with powders, surface
with molten metal in the liquid phase, surface in the as printed condition after the melt pool
solidifies [84]. The wavelength of interest for measuring the emissivity is also essential as this
wavelength must be carefully chosen to reduce the interferences from flames, plasma, laser energy,
or other atmospheric absorptions [85]. In this case, wavelengths in the range of 1100 nm to 1700
nm that have also been previously used by many researchers are chosen. These wavelengths can
measure broad temperature band from as low as 300°C to 2000°C with low atmospheric absorption
and interferences [86]. As such, it is of high importance to obtain the emissivity maps of different
materials that are of interest of the AM community with these changing parameters (temperatures,
wavelengths of interest, surface morphology) and understand different emissivity measurement
techniques and comprehend the best method that might be suitable for AM processes.
Some early works on the development of the theory of emissivity include Price [87] and
Li et al. [88]. Price studied the general theory of reflectivity and emissivity of materials in a
conveniently tractable form. Li et al. addressed the limitation of emissivity measurement while
assuming the surfaces being in isothermal condition, which does not resemble the real-life
temperature distribution of non-isothermal surfaces. The theoretical model presented in this
research introduced apparent emissivity increment considering directional, spectral, and geometric
dependence of emissivity. G. A. Domoto et al. [89] demonstrated the importance of anomalous
skin effect theory (ASE) concerning the Drude’s single (or free) electron theory (DSE). This theory
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predicted the radiation properties of the metal at cryogenic temperatures. Also, the predicted total
emissivity values from the theory were compared with experimentally obtained values. Pigeat et
al. [90] showed a direct method without using Kirchhoff’s second law for measuring emissivity of
a substrate and thin film system. The results from this research were able to address the
interferential phenomenon in emissivity and study the radiative power of mesoscale structures such
as composite materials, and granular films. Researcher have also worked very attentively in
making experimental setups or devices for measuring emissivity of different materials under
different conditions in order to get temperature data of any surfaces. Zhang et al. [91] proposed a
method to quantitatively measure ambient radiation falling on a target with a modified infrared
(IR) thermometer. The theoretical result obtained from this study matched the experimental
temperature with a mean-squares error of less than ±5°C. Furukawa and Iuchi [92] developed an
experimental setup for radiometric emissivity measurement. This setup included a heater for the
samples used along with an atmosphere-controlled chamber. The results showed an increasing
emissivity with the corresponding increase in temperature. Both oxidation and reduction process

Figure 2.4: IR sensor detecting the emitted energy [81]

of this study showed an impact on the emissivity values measured. While the oxidation process
increased the perpendicularly polarized emissivity values with increasing time, the reduction
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process decreased the emissivity values with increasing time as the oxide film deoxidized and
returned to its metallic form.
Especel and Matteï [93] showed direct and indirect emissivity measurement methods
without the requirement of reference for low temperature. The results from this research showed
high accuracy in room temperature for reflective materials. Bock et al. [94] developed an
instrument for measuring the emissivity of a reflective surface where the wavelengths were close
to the millimeter range. This instrument demonstrated an accuracy of 5×10-4 as it was used to
measure the emissivity of- metal films evaporated on glass, gold evaporated on glass, carbon fiber
reinforced composite surfaces and others at 77°K liquid Nitrogen cooled sample. However, this
research does not address emissivity measurement procedure for high temperature applications or
samples. Echaniz [95] established a HAIRL (High Accuracy Infrared Radiometer, Leioa)

Figure 2.5: Schematic of the System for Emissivity Measurement system by Furukawa and
Iuchi [91]
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Figure 2.6: Schematic diagram of High Accuracy Infrared Radiometer by Echaniz [95]
radiometer for emissivity measurements which contained four main parts – a blackbody, a
detection system, an optical entrance and a sample chamber. The setup has a pyroelectric detector
with operating wavelength range from 1.43 to 25 μm.
The emissivity of metal powder changes as a function of wavelength and temperature [95–
97] as studied by different researchers. This change happens because of the radiated intensity
changing with the change of temperature. The main reason behind the change in emissivity with
changing wavelengths is because of the atmospheric absorption at different wavelengths. Phase
transition in metals at high temperatures also causes a change in emissivity values, as studied by
Michels and Wilford [96]. As the composition of material changes with phase transition, the
intensity radiated by the material at a specific temperature also changes, which results in the change
in emissivity values. The results from this research reported the total emissivity of titanium wire
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changing from 0.31 at 300°K to 0.44 at 1400°K, where the phase change started to occur. As the
emissivity is a function of temperature, wavelengths, and phase, as discussed above, the emissivity
dependent IR cameras could not produce accurate temperature maps during this experimentation.
Hopkins [97] used four-color pyrometry to study the emissivity behavior of aluminum and copper
across the 3 - 3.5 μm wavelength range reporting emissivity values that decreased from 0.3 to 0.1
when the temperature was maintained at 500°C.
It is evident from the studies discussed above that emissivity measurement will not only
help to measure accurate surface temperatures using IR cameras but also produce a thermal
signature of the powder bed surface during laser or electron beam interaction with the powder as
the emissivity values are changing with the phase transition of metals, temperatures, surface
morphologies, the wavelength of interest. It is required to develop an emissivity map as a function
of these factors. For the scope of this research, the primary affecting factors on emissivity have
been identified as the temperature, wavelengths of the sensor, and surface morphology for three
different materials that are widely used in the AM industry. However, the other factors which are
also mentioned in the literature review section also remain as opportunities for future research.
Upon producing successful emissivity maps for varying wavelength, temperature and
morphologies, the IR cameras can be programmed with changing emissivity values as a function
of different factors while it is looking at the preheating, melting and solidification process of PBF
printing.
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Chapter 3: Pyrometry and Methods for Emissivity Measurement
The following chapter will be focused on discussing the underlying theory related to
pyrometry, including Planck's radiation law, blackbody, greybody, non-greybody. Also, the
history, types, and application of different pyrometers will be addressed. The benefits of specific
pyrometric techniques over the others based on powder bed fusion (PBF) additive manufacturing
(AM) technology will be addressed. Some importance of emissivity measurement for AM is
already identified based on the previous literature review. However, emissivity measurement is
also significant because of the differences in surface characteristics observed during printing
processes by using different AM techniques. As specific phase transition of metal and surface
morphology exhibits unique emissivity values as discussed in the previous chapter, having an
emissivity map will allow researchers to have a guiding tool for emissivity dependent measuring
devices such as infrared (IR) cameras for the full-field thermographic image as well as
understanding and controlling the print quality during a printing process. Within the context of
AM, measurement of emissivity values cannot only work as a quantitative tool for quality
assurance, but it can also help in measuring accurate surface temperature by addressing the
greybody and non-greybody behavior of solid metal surfaces, and molten metals through infrared
camera (IR) images.
3.1 PLANCK'S LAW, BLACKBODY, GREYBODY, NON-GREYBODY
For an understanding of how pyrometers work, the underlying theory of the pyrometers
needs to be addressed first, which must include an understanding of Planck's law, blackbody,
greybody, and non-greybody. Max Planck, a German physicist, first derived the law explaining
the spectral density of electromagnetic radiation emitted by a blackbody. A physical object that
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absorbs all incident electromagnetic radiation and emits radiation at any given temperature and
wavelengths regardless of the angle of incidence is defined as a blackbody [98].

𝐸𝜆,𝑏 =

2𝜋ℎ𝑐 2
ℎ𝑐

𝜆5 (𝑒 𝜆𝐾𝐵 𝑇 − 1)

(3.1)

Here, 𝐸𝜆,𝑏 is the spectral radiation intensity of the blackbody, h is the Planck's constant (h=6.6×1034

Js), c represents the speed of light (c≅3×108 m/s), λ is the wavelength of the radiation being

considered, KB is the Boltzmann's constant (KB = 1.38×10-23 J/K), and T represents the absolute
temperature of the blackbody (K). By integrating the Planck's law for a specific wavelength range,

Figure 3.1: Spectral radiance of a blackbody at 5000 °K temperature. [99]
Wien's law could be obtained which is later discussed from Equation 3.2 of this chapter. The blackbody
spectral emittance curve based on Equation 3.1 is shown in Figure 3.1 [99].
As discussed previously, a blackbody emits the highest amount of radiation at any given
temperature and wavelength. However, most of the real surfaces or objects do not exhibit the same
behavior as a blackbody. The concept of emissivity can explain this behavior. Emissivity is a
coefficient that is commonly indicated by the symbol ε. For real objects that are not blackbody,
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emissivity is the ratio of the spectral radiance emitted by that object at any specific temperature and
wavelength to that of a blackbody at the same temperature and wavelength.

𝜀𝜆 =

𝐸𝜆
𝐸𝜆,𝑏

(3.2)

If the emissivity of an object does not change with the changing wavelength, then the object is called
a greybody, whereas, if the emissivity of the object is also changing with the changing wavelength, it
is referred to as a non-greybody. Figure 3.2 shows the comparison of the different spectral radiant
emittance for a blackbody, greybody, and non-greybody curve at 1500°K. Figure 3.2 shows that the
greybody curve is identical to that of the blackbody, only it is scaled down by the factor 𝜀𝜆 . On the

other hand, the spectral emittance of non-greybody or the real surface shows wavelength
dependence.

Figure 3.2: Spectral radiance of a blackbody, greybody and non-greybody (real surface) at
1500°K temperature by Meola et al. [98]
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3.2 INTRODUCTION TO PYROMETRY
The word pyrometer is originated from the Greek word- Pyros, which stands for "Fire" and
Meter, which stands for "to measure." The first reported pyrometer was invented by the British
potter Josiah Wedgwood to measure the temperature in his kiln [100]. The commercial pyrometers

Figure 3.3: Classification of pyrometers based on wavelength and operating method
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that are available today have been progressively developed by different researchers pursuing to
answer different radiometric or pyrometric techniques.
Pyrometers are radiation thermometers that work on the principle of non-contact
temperature measurement and allowing to measure how hot an object is compared to others.
Depending on the spectral response and the method of operation, pyrometers can be broadly
classified into two groups, which are- (1) Manually operated or hand-operated pyrometers and (2)

Figure 3.4: Electromagnetic radiation spectra based on wavelengths and frequency [102]
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Automatic pyrometers [101]. Details of these two types are discussed next. Figure 3.3 shows the
classification of different types of pyrometers based on spectral responses.
The visible and infrared radiation spectrum is essential to understand, given that this is the
wavelength range in which the pyrometers work. Figure 3.4 shows the total electromagnetic
spectrum showing the frequency and wavelength of the electromagnetic radiation [102]. In
pyrometry, the relevant radiation spectra are situated from 0.4 µm to 20 µm, which falls in the
region visible and infrared (IR) radiation bands.
3.3 MANUALLY OPERATED PYROMETERS
As the name suggests, these types of pyrometers are human-operated and susceptible to
error depending on the operator's eye. These pyrometers consist of a reference target and the
observable surface or object. In the methodology employed with manual pyrometers, the reference
target is utilized to compare or contrast the observations. The operator makes comparisons between
the radiations from the target to the radiation from the reference unit; based upon the equal
luminance, the operator activates the read-out instrument. Figure 3.3 shows a schematic of the
manually operated pyrometer. There are two other types of pyrometer which fall in the section of
manually operated pyrometers, and those are described next.

Figure 3.5: Schematic diagram of manually operated pyrometer
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3.3.1 Disappearing Filament Pyrometers
The disappearing filament pyrometer is a spectral type that works on the principle of
brightness adjustment. The brightness of the lamp filament is continuously changed by changing
the lamp current via a resistor until the filament disappears to the background of the target. The
eye of the operator itself works as a detector in this type of pyrometer. The temperature is read by
the current rating of the ammeter, which is calibrated in temperature units. These types of
pyrometers are limited to observation to the lower limit of 700℃ with additional limitation from
the human eye, which can only observe up to the wavelength of 0.65 µm. This type of pyrometer
is calibrated for black bodies whose spectral radiant intensity at temperature Tt follow Wein's law:
−𝑐2

𝑊0,𝜆 = 𝑐1 𝜆−5𝑒 𝜆𝑇𝑡

(3.3)

The Equation for spectral radiance is:
−𝑐2

(3.4)

𝐿0,𝜆 = 𝐶𝑐1 𝜆−5 𝑒 𝜆𝑇𝑡

Where C is a conversion factor. Considering the spectral transmissivity of a red filter τλ, the relative
spectral sensitivity Vλ of a standard human eye, the brightness of the target will be observed by
the operator as:
′

𝐿 0,𝜆 = 𝐶𝑐1 𝑉𝜆 𝜏𝜆

−𝑐2
−5 𝜆𝑇𝑡
𝜆 𝑒

(3.5)

If the spectral emissivity of the filament is εfλ and Tf defines the filament temperature, then the
Equation (3.5) becomes:
−𝑐2

𝐿′′ 0,𝜆 = 𝐶𝑐1 𝜀𝑓𝜆 𝑉𝜆 𝜏𝜆 𝜆−5 𝑒 𝜆𝑇𝑓

(3.6)

When the filament disappears, the radiance of the filament and the target are equal, which yields,
𝐿′ 0,𝜆 = 𝐿′′ 0,𝜆
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(3.7)

For λ=λe, which is the instrument wavelength, the following Equation is obtained,
−𝑐2
𝜆
𝑒 𝑒 𝑇𝑡

= 𝜀𝑓𝜆 𝑒

−𝑐2
𝜆𝑒 𝑇𝑓

(3.8)

−𝑐2
−𝑐2
=
+ ln(𝜀𝑓𝜆𝑒 )
𝜆𝑒 𝑇𝑡 𝜆𝑒 𝑇𝑓

(3.9)

1
1 𝜆𝑒
= + ln(𝜀𝑓𝜆𝑒 )
𝑇𝑓 𝑇𝑡 𝑐2

(3.10)

For calibration of the ammeter of the pyrometer to the target temperature, the following Equation
will be followed:
𝐼 = 𝑓(𝑇𝑡 )

(3.11)

Equations (3.10), when combined with Equation (3.11), are the basis of temperature measurement
for disappearing filament pyrometers.
For non-blackbodies, the emissivity of the surface (𝜀𝜆𝑒 ) is considered in Equation (3.10), which
then transform into:

𝑇𝑡 =

1
1
𝜆𝑒
𝑇𝑖 + 𝑐2 ln(𝜀𝜆𝑒 )

(3.12)

Here, Ti represents the indicated temperature of the pyrometer.
Although the tungsten filament pyrometer has an upper limit of temperature reading of
1400℃, the use of a grey filter between the pyrometer lamp and lens will increase the range to
2000℃. However, according to the context of this experiment, the discussion on manually
operated pyrometers is not extended as the precision of these type of pyrometers are susceptible to
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human errors and interruption. The fast-transient response of the metal additive manufacturing
(AM) processes, and limited access to the chamber make the temperature measurements through
manually operated challenging. The next section will cover improved and updated pyrometry
techniques, which are more suitable for the fast and instantaneous temperature change in LPBF
AM processes.
3.3.2 Two-Color Pyrometers
The manually operated two-color pyrometer works with two different wavelengths. The two-color
in the name stands for two different wavelengths in the visible range of the radiation spectrum. It
calculates the ratio of spectral radiance that is emitted by the object at those wavelengths to
measure temperature. Manually operated two-color pyrometer is limited to the visible spectrum
(i.e., a red filter with 0.65 μm wavelength and a green filter with 0.55 μm wavelength), given its
reliance on the human eye. The mathematical equations employed to calculate the temperature
from intensity data obtained by the two-color pyrometers are discussed next.
Wien's law for spectral radiant intensity Wλ1 emitted at a selected wavelength λ1 and the
temperature Tt by a body with an emissivity of ελ1 is given by
−𝑐2

𝑊𝜆1 = 𝑐1 𝜀𝜆1 𝜆1−5 𝑒 𝜆1 𝑇𝑡

(3.13)

From the expression, the same radiant intensity formula for another wavelength λ2 can be derived:
−𝑐2

𝜆 𝑇
𝑊𝜆2 = 𝑐1 𝜀𝜆2 𝜆−5
2 𝑒 2 𝑡

(3.14)

The ratio of the two spectral intensities will be:
𝑊𝜆1 𝜀𝜆1 𝜆2 5
𝑐2 1
1
=
( ) 𝑒𝑥𝑝 [ ( − )]
𝑊𝜆2 𝜀𝜆2 𝜆1
𝑇𝑡 𝜆2 𝜆1
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(3.15)

A two-color pyrometer, using the ratio formula, will give correct readings for the bodies which
behave like a greybody, which means the emissivity is independent of wavelength (𝜀𝜆 =
𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡). In that case, the Equation (3.15) can be re-written as:
𝑊𝜆1
𝜆2 5
𝑐2 1
1
= ( ) 𝑒𝑥𝑝 [ ( − )]
𝑊𝜆2
𝜆1
𝑇𝑡 𝜆2 𝜆1

(3.16)

The Equation (3.16) can be further reduced if the wavelengths 𝜆1 , 𝜆2 are constant,
𝐵
𝑊𝜆1
= 𝐴𝑒 𝑇𝑡
𝑊𝜆2

(3.17)

In Equation 3.17, A and B are constants having the values as following
𝜆2 5
1
1
𝐴 = ( ) ; 𝐵 = 𝑐2 ( − )
𝜆1
𝜆2 𝜆1

(3.18)

In most of the two-color pyrometers, the two wavelengths that are chosen are one with the red
filter (effective wavelength 𝜆1 = 0.65𝜇𝑚) and one with a green filter (effective wavelength 𝜆2 =
0.55𝜇𝑚). For measuring the temperature of non-greybodies (𝜀𝜆1 ≠ 𝜀𝜆2 ) the Wien's law of
approximation
−𝑐2

𝜀𝜆1 𝑒 𝜆1 𝑇𝑡
−𝑐2

𝜀𝜆2 𝑒 𝜆2 𝑇𝑡

−𝑐2

=

𝑒 𝜆1 𝑇𝑐
−𝑐2

(3.19)

𝑒 𝜆2 𝑇𝑐

Taking the natural logarithm of Equation (3.19) to solve for Tc,

𝜀𝜆
𝑙𝑛 (𝜀 1 )
1
1
𝜆2
− =
𝑇𝑡 𝑇𝑐 𝑐 ( 1 − 1 )
2 𝜆
𝜆2
1
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(3.20)

𝜀𝜆
𝑙𝑛 (𝜀 1 )

−1

1
𝜆2
𝑇𝑐 = { −
}
𝑇𝑡 𝑐 ( 1 − 1 )
2 𝜆
𝜆2
1

(3.21)

Where Tc is the indicated temperature of the surface being observed, and it differs from the
actual value Tt (exact temperature from the reference unit), and the difference can be calculated
from ∆𝑇 = 𝑇𝑐 − 𝑇𝑡 .
3.4 AUTOMATIC PYROMETERS

Figure 3.6: Schematic diagram of automatic pyrometer
Automatic pyrometers can achieve high precision of the temperature measurement. Also,
these pyrometers are used in stationary or portable applications. Instead of using a human operator,
an automatic pyrometer uses either a thermal radiation detector or a photoelectric detector. The
radiation emitted by the body is also contracted by lenses, lens-guides, or mirrors, which
subsequently reduce the viewing angle and the diameter for measuring spot. The four subcategories of automatic pyrometers are discussed briefly.
3.4.1 Total Radiation Pyrometer
Total radiation pyrometer works over an extensive range of wavelengths (from 0.3 μm to
2 mm) in the thermal radiation spectra. The radiation from the heated object is guided by a lightguide, consisting of a lens or mirror, and then concentrated onto a thermal radiation detector. The
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thermal detector produces an output signal which is proportional to the heating of the detector. As
a result, the radiation is transduced and can be measured in units of temperature. The optical system
in this type of pyrometer may have either fixed or adjustable focal length. Detailed discussion on
optical systems for automatic pyrometers are included in the later section of this chapter.
3.4.2 Photoelectric Pyrometers
Photoelectric pyrometers can operate in 1 or 2 μs time constant, which is significantly less
than total radiation pyrometers (1 ms to 15 ms). Commonly used photoelements are- PbS, InSb,
InAs etc. The operating wavelength band of a photoelectric pyrometer depends on the spectral
sensitivity of the photoelement. If the photoelement used has a very narrow operating wavelength,
it is called monochromatic, whereas if it works with wide operating wavelength, then it is called
band pyrometers. Atmospheric absorption is the main deciding factor for selecting the wavelength
band in which the photoelectric pyrometer must operate.
3.4.3 Two-wavelength Pyrometers
Two-wavelength pyrometers also known as ratio pyrometers, work on the same principle
as the manually operated two-color pyrometer by replacing the human observer with a
photoelectric detector. As the wavelength bands used in this detector are very narrow, it is regarded
as two-wavelength pyrometers.
The first two-color automatic pyrometer was developed by Russell et al. [103]. This
pyrometer consisted of an inclined semi-transparent gold mirror, green and red glass filter, a
photocell, and vacuum type Cs-O-Ag cells. This pyrometer required adjustments every half an
hour due to the instability in the electrical circuit. Later, Themelis et al. [104] designed and
developed a two-wavelength pyrometer capable of measuring temperature in both infrared and
visible ranges. This device employed a monochromatic filter in a metal disk rotating at speed up
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to 8000 rpm. A cathode-ray oscilloscope measured the resulting voltage from the photoelectric
cell where the beams from the radiation target are focused. The instrument had the capability of
measuring temperature in the range from 500 to 1100°C. Beckwith et al. [105] demonstrated a
two-wavelength pyrometer with high sensitivity, fast response and large dynamic range. This
instrument had the capability of measuring temperature in the range from 600 to 3000°K with a
response time as low as 100 ms and a spatial resolution of 1 mm. This instrument was mainly
developed to capture the rapid heating of metals by continuous-wave (CW) laser or electron beams.
Recent types of two-wavelength pyrometers consist of either a charge-couple-device
(CCD) [106,107], or InGaAs photodetectors (PDs) [108]. These devices have limitations in the
temperature range, with the effective limits being 1573°C and 650°C for CCD and InGaAs,
respectively. Although two-wavelength pyrometers do not rely on the assumption of emissivity
values by its underlying theory, the operating wavelength is limited to only two spectral bands and
the assumption that the emissivity values over these bands are constant. While this assumption
holds correct for most black or greybodies, where the emissivity cancels out, this is not the case
for most metals, especially during a phase transition. Echániz et al. [109] reported an increase in
emissivity value from 0.095 to 0.105 at 330°C, where the MgZn & Mg alloy transitioned to

Figure 3.7: Scheme of a two-color pyrometer device by Monier et al. [107]
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Mg7Zn3 & Mg. While this experiment was conducted in steady-state temperature with enough time
for the phase transition to occur, mapping emissivity becomes more complicated during metal
phase transition in AM, given the non-equilibrium solidification and the fast-transient nature of
the process. Susceptibility to the noise of these instruments also makes it unsuitable for laser
additive manufacturing technology [110]. The cooling rate of the selective laser melting process
is in the order of 106 K/s [111], which also demands a high response rate that can measure
temperature variation in the microseconds level (μs) for the pyrometer operation. These are the
main reasons why two-wavelength pyrometry might not be the best solution to provide the accurate
temperature measurement required in the AM technologies.
3.4.4 Multi-wavelength Pyrometer
Multi-wavelength (MW) pyrometers, as the name suggests, use a wide spectral range with
a very narrow wavelength band. An effective wavelength for each band is considered for the
temperature measurement by this type of pyrometer. By using a wide spectral range, this type of
pyrometer minimizes the uncertainty of emissivity change and can achieve high precision in
temperature measurements [112]. For example, the pyrometer developed by Cezairliyan et al.
[112] had an accuracy of 0.5°C to 0.6°C up to 2200°C with a data logging rate of 6 ms. While this
pyrometer demonstrated data acquisition rate at the milliseconds level, as mentioned in the
previous section, metal AM requires pyrometric techniques that can work in the microseconds
level. Coates [113] demonstrated multi-wavelength pyrometry in its early stage of development
and studied the uncertainty of the accurate solution as researchers lacked the information about
wavelength dependence of the spectral emissivities. Gathers [114] theoretically analyzed the errors
associated with temperature and emissivity measurement with six-wavelength pyrometers. This
theory was experimentally validated with the emissivity measurement of tungsten in the
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temperature range of 2000 to 5000°K. This research contributed to the further development of low
noise to signal ratio and high-temperature multi-wavelength pyrometers by different researchers.
A practical MW pyrometer was developed by Felice [115], achieving an accuracy of 0.10%
and addressing the issues associated with pyrometric measurement, including the continually
changing, unknown emissivity of the surfaces, and environmental absorption of radiation. The
environmental absorption, although reported by the pyrometer, is addressed and corrected in the
temperature calculation by generating a mathematical polynomial fit that represents the ideal
thermal spectrum at that temperature [116]. The results from the experiment using this MW
pyrometer also showed the emissivity dependence on surface composition as two molybdenum
targets with different surface conditions showed different emissivity over the spectral ranges [117].
For the current study, the SpectroPyrometer FMPI (FAR Associates, OH, USA) was used
as the MW pyrometer. This instrument can use over 250 different wavelengths in the range of 850
to 1650 nm. It is also capable of measuring temperature over the range of 300 to 2000°C with an

Figure 3.8: Multi-wavelength Pyrometer by Felice [115]
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accuracy of ± 0.15% on grey targets and ± 0.25-0.75% on non-grey targets. The wavelength
resolution for this device is 1.6 nm, with 10 μs minimum data acquisition time. From the literature
review, it is already addressed that a pyrometer capable of detecting and measuring temperature
variation in the microseconds rate is necessary for metal additive manufacturing processes due to
its fast cooling rate. Details of this instrument can be found in the following chapter, and a
schematic diagram of this pyrometer is present in Figure 3.8.
3.5 OPTICAL SYSTEMS OF AUTOMATIC PYROMETERS
Each automatic pyrometer consists of an optical system that enables it to guide the radiation
from the hot object to the detector. These optical systems include- lenses, light-guides, or mirrors.
This optical system helps the pyrometer in reducing its viewing angle and minimum object
diameter required for measuring temperature. A short description of each of the optical system is
included in this section.
3.5.1 Lenses
Material characteristics that are desirable for choosing lenses for automatic pyrometers
include- high transmission factor over a wide wavelength range, high mechanical strength, ability
to work on high temperature. It is also necessary that these lenses have high resistance to- abrasion,
temperature variation, chemical, and atmospheric influences. Typical lens materials include- pyrex
glasses, quartz (SiO2), synthetic sapphire (Al2O3), fluorite (CaF2). The spectral transmittance (τλ )
of these lenses are presented in Figure 3.9.
3.5.1 Light guides
If the temperature of the object is too high, it could endanger the pyrometer itself or if the
object is too small and inaccessible, then light guides are used. Light guides are fiberoptic cables
that work with the pyrometer and might replace the lenses in some cases. One end of the fiberoptic
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cable is placed near the object whose temperature is to be measured. The radiation reaches the
detector of the pyrometer after multiple internal reflections inside the fiberoptic cable. However,
due to the absorption in the fiberoptic cable wall, some of the transmitted radiation is lost and must
be accounted for in the pyrometer's temperature calculation. Typically, artificial sapphire (Al2O3)
or quartz (SiO2) is used for making the fiberoptic cables.
3.5.1 Mirrors
At low temperature, the emitted radiation energy from a surface is comparatively lower
than that of high temperature. Lenses cannot be used for this type of low-temperature
measurements because of the highly absorbent properties in the emitted infrared radiation. Mirrors
can be used instead of lenses in this case. Mirrors are highly reflective at longer wavelengths (1-2

Figure 3.9: Spectral transmission (τλ ) for pyrometer lenses with different plate thickness
[85]
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μm) and low temperature. Mirrors are typically made of polished gold, silver, or aluminum, which
possess a very high reflectivity of 95% and above for 1 to 15 micros [118].
3.6 METHODS FOR EMISSIVITY MEASUREMENT
The emissivity of any surface is defined by the ratio of emitted energy by that surface to
the energy emitted by a blackbody when both are at the same temperature. Emissivity is very
important for radiation thermometry as it enables accurate surface temperature measurement for
various high-temperature applications. Equation 3.22 derived from Planck's law is the basis of
radiation thermometry [119].
𝑐2
𝐿𝜆,𝑏 (𝜆, 𝑇) = 𝑐1 𝜆−5 [exp( ) − 1]
𝜆𝑇

(3.22)

Here, 𝐿𝜆,𝑏 (𝜆, 𝑇) is the spectral radiance, 𝑐1 = 2ℎ𝑐0 2 and 𝑐2 = ℎ𝑐0 /𝑘𝐵 represents the first and
second radiation constants. 𝜆, 𝑐0 , 𝑘𝐵 represents wavelength, speed of light, and Boltzmann
constant, respectively. For non-blackbodies, the above Equation is multiplied by the emissivity of
that surface,
𝑐2
𝐻(𝜆, 𝑇) = 𝜀 × 𝐿𝜆,𝑏 (𝜆, 𝑇) = 𝜀 × 𝑐1 𝜆−5 [𝑒𝑥𝑝( ) − 1]
𝜆𝑇

(3.23)

Where, 𝐻𝜆,𝑟 (𝜆, 𝑇) represents the spectral radiance of real objects or non-blackbodies. Taking the
ratio of the spectral radiance of two real objects from Equation 3.23, for which the emissivity is
not changing over the wavelength of interest, the following modified Planck's Equation can be
obtained:

𝑇=

1
1
𝐶 ′ (𝜆 − 𝜆 )
1
2

(3.24)

𝜆

𝑙𝑛𝑅 − 5𝑙𝑛 (𝜆2 )
1

Where, T is the absolute temperature to be measured, λi is the specific wavelength chosen, R is the
ℎ𝑐

ratio of radiation intensity at λ1 to that at λ2. 𝐶 ′ is the second radiation constant = 𝑘 .
𝐵
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For determining the emissivity of opaque surfaces, there are two general methods: (i)
Radiation intensity comparison, (ii) Spectral reflectance measurement [119]. The first method
simply works based on comparing the radiation intensities from a sample to the radiation
intensities of a blackbody by a spectrometer or a radiation thermometer. The second method works
based on Kirchhoff's formula and by measuring spectral reflectance𝜌(𝜆, 𝑇). The formula states
that, for an arbitrary body emitting and absorbing thermal radiation in thermodynamic equilibrium,
the emissivity is equal to absorptivity. Once the reflectance of any opaque material is measured
accurately, the emissivity can be obtained by the following Equation:
𝜀(𝜆, 𝑇) = 1 − 𝜌(𝜆, 𝑇)

(3.25)

Several research efforts to measure emissivity, both theoretical and experimental, have
been undertaken. Some of the most common emissivity measurement techniques for different
conditions of materials are- (i) For objects near ambient temperature (ii) For oxidized metals (iii)
For molten metals at high temperature (iv) For ceramics [119]. These techniques are discussed
briefly in the following section.
3.6.1 Emissivity Measurement Technique for Objects near Ambient Temperature
Figure 3.10 shows the emissivity-measuring system for near ambient temperature covering
the spectral range of 5-12𝜇𝑚. This setup works on the principle of the radiation intensity
comparison method and has a sample unit, reference black bodies, and a Fourier transform
spectrometer (FTS). The beam splitter and the infrared detector limit the spectral range of
measurements. Highly sensitive photovoltaic (PV) mercury cadmium telluride detector and KBr
beam splitter are used in this device [120]. This experimental setup measured the normal spectral
emissivity of alumina ceramic samples with uncertainties of less than 1% at 100°C. As shown in
Figure 3.10, a fraction of radiation from the blackbody or the surface of interest is first collected
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by the rotating off-axis mirror. A stepper motor controller is used to rotate the mirror. Finally, the
radiation collected is led to the interferometer, and the modulated signal is guided onto the detector.
The focal length of the mirror is 240 mm, and the field of view for the sample surface is 5 mm in
diameter. The detector is cooled by liquid nitrogen. While this device is one of the most common
technology for measuring the emissivity of different materials, the robust design of this setup with
reflecting rotating mirrors made it inconvenient for incorporating this device into the current
research. Also, accommodating this device with the scanning mirror and lenses in the available
metal additive manufacturing machines will be difficult and will require redesigning the whole
setup.

Figure 3.10: Fourier transform spectrometer (FTS) system [120]
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3.6.2 Emissivity Measurement Technique for Oxidized Metals
This technique can be used to measure normal emittance (𝜀𝑁 ) by using Kirchoff's law and
by measuring normal hemispherical reflectance (𝜌𝑁𝐻 ). Figure 3.11 shows the setup developed by
Makino and Wakabyashi [121]. In this experimental setup, metals are heated in ambient conditions
from room temperature to very high temperature (up to 1000°K). It then measures the time

Figure 3.11: Broad spectral range high speed spectrophotometer system by Makino and
Wakabyashi [121]
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evolutions of desired parameters such as- emission energy, reflection energy, and correlate these
measurements to surface temperature. This surface temperature is determined without the previous
knowledge of surface emissivity. Figure 3.11 shows the system which measures hemispherical
normal reflectance factor RHN which holds the following relation:

RHN=𝜌

(3.26)

This setup is equipped with two parabolic mirrors, four interlocking sets of Czerny-Turnertype spectrometers, a cam mechanism using a computer-controlled stepping motor, and an array
comprising 32-Indium antimonide (InSb) photovoltaic detector. Then an optically smooth nickel
surface is used for measuring RHN and 𝜌𝑠𝑝𝑒𝑐 . Furthermore, a small blackbody cavity is used to
measure 𝜀.
3.6.3 Emissivity Measurement Technique for Molten Metals at High Temperature:
The Casting industry and crystal growth are the two most common high-temperature processes
where radiation thermometry is used. As such, the emissivity 𝜀(𝜆, 𝑇) of molten metal is of high
interest to the researchers in these fields. The theory developed by Ziman [122] explained the
difference in measured electrical resistivity between the solid and liquid state. Therefore, a
measurement of spectral emissivity in these two phases of metal at the melting point could play a
governing role in developing a theoretical model of radiation properties of liquid metals. The
bandgap of Si is 1.12 eV at room temperature. Silicon also behaves like a semiconductor when it
is in solid-state and as a metallic with low electrical resistivity when in the liquid state. This
discontinuous behavior is of importance to characterize by measuring emissivity. While the
spectral emissivity for elements decreases on melting, others show no change at all, which can be
found in studies with noble metals (Cu and Au) [123–125].
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In conventional emissivity measurement techniques, thermal radiation is emitted by- the
sample, furnace heater, sample containing crucible. Thus, stray radiation, from the furnace heater
and the outer wall of the crucible containing the metal sample, also contributes to higher emissivity
values. Besides, heterogeneous nucleation occurring in the crucible makes it challenging to
distinguish solid and liquid emissivity separately. In order to avoid these errors, samples are heated
up by self-heating or electromagnetic levitation techniques where there is no requirement for
crucible or any type of container, which is called the containerless technique.
3.6.3.1 Electromagnetic Levitation Techniques
In the electromagnetic levitation method, electrically conductive samples are levitated in
space using a high-frequency electromagnetic field created by an induction coil. Resultant molten
samples were spherical and stirred by eddy currents. This stimulating effect made uniform
temperature distribution possible within the molten sample. The position and temperature of the
sample are controlled by changing the flow rate or type of inert gas. Krishnan et al. [126] have
determined the normal spectral emissivity of eleven molten metals in the visible region of
wavelength spectra using a high-speed spectroscopic ellipsometer using this technique (Figure
3.12). As shown in Figure 3.12, there exists a light source for reducing the signal-to-noise ratio as
molten metal emits high-intensity thermal radiation. An automatic optical pyrometer was used to
monitor the temperature of the sample. It was also necessary to minimize the intensity oscillation
from the sample surface as it went through rotation, shape oscillation, and translation in the coil.
These perturbations were minimized by signal averaging from the ellipsometer. From eleven
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different materials studied by Krishnan et al., only Niobium and Aluminum exhibit temperature
dependency for emissivity values measured in the liquid state.
3.6.3.2 Cold Crucible Technique
In this technique, an electrically conductive sample is placed in the crucible, which consists
of water-cooled copper segments. Skull melting is used in this method, which creates a solid skull
of the sample itself by protecting the molten sample, isolating it from touching the bottom copper

Figure 3.12: Emissivity measurement by electromagnetic levitator by Krishnan et al.
[126]
segment. It is a modified method for electromagnetic levitation and can produce more significant
amounts of molten metal with easy control of the temperature. Watanabe et al. [127] used this
technique to measure normal spectral emissivities of Cu, Ag, Au, Fe, Co, Ni, and Si-based on the
Blackbody comparison method (Figure . 3.13). Although these materials are of high interest to the
AM industry, the emissivity maps of these materials are not extensively studied, which could
facilitate the emissivity dependent monitoring devices. Skull melting technique is also unsuitable
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for current research as in AM technologies, the melt pool of metal is created during fabrication,
and its emissivity values are required.
3.6.3.3 Electrostatic Levitation Technique
In the electrostatic levitation technique, an electrically charged sample is levitated between

Figure 3.13: Emissivity measurement system based on cold crucible (Watanabe et al.) [127]
a pair of parallel disc electrodes, which are controlled by the feedback system to keep the sample
in a specific position. The sample is irradiated homogeneously by high-power multi-laser beams
under ultra-high vacuum atmosphere for melting. Ishikawa et al. [128] measured hemispherical
emissivity of molten zirconium over a wavelength range of 700-6000 nm (Figure . 3.14)
3.6.3.4 Surface Heating by Laser Technique
This process involves the melting of a partial area of the sample by irradiating with a highpower laser. It also follows the skull melting process, where the term "skull" refers to the outer
layers of molten metal forming a shell enclosing the molten volume. Both conducting and
insulating materials can be melted using this technique. Hiernaut et al. [129] used a pulsed multibeam laser heating system with a microsecond resolution six wavelength pyrometer. For the
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experiments in this research, it was assumed that the natural logarithm of spectral emissivity is a
linear function of wavelength.
3.6.4 Emissivity Measurement Technique for Ceramics
Due to the heat resistive properties and chemical stability, ceramic materials are highly

Figure 3.14: Emissivity measurement system by electrostatic levitator by Ishikawa et al.
[128]
desirable for many high-temperature applications. As ceramic materials are usually used for
insulating furnaces or accommodating molten metals at high temperatures, it is necessary to
understand the radiative properties of different ceramics. Alumina based oxide ceramics have
dominant emission peaks based on the natural frequency of the lattice in the wavelength range of
7-10 μm. Spectral emissivity is close to unity for these samples meaning the samples are almost
entirely opaque. However, these oxides act as semi-transparent materials in visible light (0.34-0.70
μm) and on the near-infrared (0.7 to 5 μm) region. This phenomenon happens because of the
valence electrons that are bound to atoms via ionic and covalent bonds. As a result, the spectral
emissivity becomes dependent on bulk parameters like - thickness, purity, grain size, and
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crystalline structure. Kumano et al. [130] measured the normal spectral emittance in the
wavelength range of 1 to 5 μm of various polycrystalline aluminum-based oxides at temperatures
above 1000 °C. Figure 3.15 shows the measuring technique by the Blackbody comparison method.
ZrB2–SiC ceramics were studied by Wang et al. [131] for infrared emissivity. The shape of SiC

Figure 3.15: Schematic diagram of emissivity measurement system by Kumano et al. [130]
particles was correlated with the emissivity values of the ceramic. With the increment in surface
area of the SiC particles, a decrease in the emissivity values was found. Also, the oxide layer on
the sample surface decreased the rate of emissivity increment. Neuer and Jaroma-Weiland [132]
reported a decrease in emissivity values for different ceramic materials (SiC, graphite,
Al2O3/Cr2O3) at temperatures between 1000°K to 1600°K due to the formation of oxidation. The
results from this research were influenced by external factors such as material preparation, thermal
treatment and chemical reaction on the sample surfaces.
The emissivity measurement techniques summarized in this chapter helped the author to
understand different experimental methods that could be adapted for the emissivity mapping of
metals and alloys. In the first section, the described FTS system is more suitable for objects near
ambient temperature, which does not fit for the high-temperature printing conditions in AM.
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However, inspired by this setup, the calibration of the pyrometer using a blackbody was adapted
to the experimental setup used in the current study. Although emissivity mapping of molten metals
is of high interest as it can also be found in the melt pool during PBF printing, the different
techniques described in this section does not meet the conditions found in metal-AM technologies
(melting of powders using laser or electron beam). Also, the devices used in these studies do not
match the high frequency (microseconds level) found in PBF printing conditions. From available
pyrometer technologies, it was found that the SpectroPyrometer from FAR Associates was capable
of high frequency (in the order of micro-seconds) emissivity measurement matching the timefrequency required by AM technologies. However, mapping emissivity of the melt pool of
different metals remains as a challenge for limitations in the calibration of the current setup in the
AM machines. For this reason, the current study is only limited to the emissivity mapping of
samples in the as printed and as polished condition. The emissivity mapping of the melt pool of
different metals also remains as an opportunity for future research.
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Chapter 4: Experimental Setup and Methodology
The Multi-wavelength (MW) pyrometer used in this study was made by FAR Associates
(Newport Dr, Macedonia, OH, US). As described in the previous chapter, this instrument is
capable of measuring temperature and emissivity values in microseconds level. This pyrometer
also has the following components- lens, optical fiber cable, SpectroPyrometer console, computer.
The pyrometer lens has a focal length of 30 inches with a measuring spot size of 2.6 mm in
diameter at the focal distance. Any sample for which the temperature and emissivity are to be
measured, must be kept in 30 inches distance from the pyrometer lens. The thermal radiation
emitted by the samples is transmitted through the pyrometer lens, optical fiber cable, and then to
the pyrometer console, where a spectrograph disperses the light into its spectral components. The
spectrograph is also coupled with a grating system and a linear diode array, which converts the

Figure 4.1: Initial experimental setup developed by Uddin [133]
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thermal radiation into an electrical signal. This electrical signal is then converted to generate an
analytical function that quantifies the thermal radiation in 1024 discrete wavelengths.
In order to use the pyrometer to map the emissivity of different samples as a function of
temperature, sensor's wavelength, and surface morphology, the development of experimental setup
is required. This setup should be able to sustain the same environment as found in the powder bed
fusion (PBF) printing machines such as- excess pressure control, argon environment, low oxygen
ppm (parts per million). Also, this setup should be capable of raising the temperature of the samples
to different desired hold stage temperatures. However, the experimental setup used in this study
went through multiple iterations for modifications and troubleshooting. The initial setup was
developed in previous research by Uddin [133]. In this initial setup, a Whipmix Pro 200 dental
furnace (Whip Mix Corp., Louisville, KY, USA) was modified to incorporate a highly transmissive
(higher than 92%) quartz viewport on the top lid of the furnace for the pyrometer's lens to capture
the radiation coming from the sample inside the furnace chamber. A thermocouple port was
machined from the top lid through the chamber to accommodate a type-K thermocouple. In order
to heat powder samples with a purge of argon gas, a single scale pressure gauge (4003K71,
McMaster-Carr, USA) along with precision control air regulator (1888K1, McMaster-Carr, USA)
were used. Figure 4.1 represents the schematic diagram of the experimental setup. Several tests
were performed using this setup, and it was found that the air trapped inside the insulation of the
chamber oxidized the powder samples when exposed to high temperatures. Besides, the furnace
chamber acted as a quasi-blackbody with a small quartz viewport and isothermally heated
cylindrical chamber. The radiation from the heater coil got reflected in the sample's surface, where
the pyrometer was focused on measuring temperature and emissivity values. As a result, the
pyrometer reported an erroneous emissivity value close to unity at high temperatures over 600°C
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for different samples. This emissivity value of close to unity is due to the combination of radiation
from the heated samples and reflected coil radiation to the pyrometer lens. An emissivity value of
unity represents a blackbody at any specific temperature and wavelength, which undermines one
of the goals of this research- to map the accurate emissivity values of different metal powders and
samples with changing temperature without the effect of any sidewall or coil radiation. This flaw
in the design led to the modification of this setup to account for the sidewall radiation and oxidation
problem of the samples. These modified setups are described as different setup iterations in the
following section.
4.1 DIFFERENT SETUP ITERATIONS
The solution to the oxidation problem encountered with the initial setup was to carry out
the experiments after placing the entire dental furnace set up inside a completely inert environment.
For this reason, a glovebox system was used (Model- LC-150, LC Technology Salisbury, MA
01952), and the experimental setup was moved inside this glovebox. The details of the glovebox
will be described in the following section. In order to address the quasi blackbody radiation
problem, the setup went through three more iterations. For better understanding, these setup
iterations will be referred to as iteration 1, iteration 2, and iteration 3, with the last one being the
final setup with the sample holder used for heating.
For setup iteration 1 (Figure 4.2), the initial setup was modified to include a silicon carbide
(SiC) tube with the same dental furnace used previously. The bottom opening of the furnace
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Figure 4.2: Schematic diagram of the experimental setup iteration 1 with Silicon Carbide tube
and dental furnace inside the glovebox.

chamber was used to let the SiC tube slide down to the sample surface kept inside the furnace
chamber. The furnace was rotated upside down for this setup, and the electrical connections for
the heater coil were wired from below. This large opening ensured there was enough clearance to
allow the SiC tube to slide down to the base of the chamber where the samples were kept. This
SiC tube also worked as a radiation absorbing material. Also, it stopped the sidewall radiation from
the coil of the furnace getting reflected from the sample's surface to the pyrometer lens. However,
the tube itself heated up within less than a minute and started to radiate. This radiation again gets
reflected at the sample's surface to the pyrometer lens, resulting in an erroneous emissivity
measurement. A radiation diagram is included in Figure 4.3 for the initial setup iteration and setup
iteration 1. This radiation diagram shows the radiation coming from either the coil attached to the
sidewall (for initial setup), or the radiation coming from the silicon carbide tube gets reflected from
the sample's surface. The sample itself also radiates after being heated up. This total radiation then
reaches the pyrometer lens, which gives erroneous emissivity measurements. The results from
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(a)

(b)

Figure 4.3: Radiation diagram (a) Initial Setup (b) Experimental Setup Iteration 1
experimental setup iteration 1 is included in the following chapter in section 5.3. In order to find a
better solution, the dental furnace was replaced by a setup consisting of a simple resistive heater
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coil to heat the samples from below. As from the radiation diagram in Figure 4.3, it is evident that
any radiation from the above, or sidewall of the sample will get reflected on the sample surface
and result in erroneous measurements. In the second iteration, a coil heater from McMaster-Carr
(Item# 3540K31, McMaster-Carr, Elmhurst, IL) was used. This type of heater coil can be bent into
the desired shape and holds its position into that shape. Covering the coil with ceramic fiber
insulation and only allowing the samples to be heated up eliminated the possibility of any sidewall
radiation or reflection from other heated surfaces. However, this experimental setup was unable to
reach temperatures higher than 700°C for printed samples, as evident from the results in the next
chapter in section 5.4. Figures 4.2 and 4.4 show the schematic diagram of the setup iteration 1 and
an image of the actual setup, respectively. Figure 4.5 represents setup iteration 2 with the heater
coil, ceramic fiber insulation, and power supply with the data acquisition system.
In the final iteration (iteration 3), a smaller resistive heater coil was used that was
accommodated inside a holder made of machinable alumina bisque ceramic (Item# 8484K76,

Figure 4.4: Experimental setup iteration 1 with Silicon Carbide tube and dental furnace inside
the glovebox.
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McMaster-Carr, Elmhurst, IL). By using a small resistive coil heater, it was possible to localize
the heat conduction from the coil to the sample as this coil was accommodated inside a ceramic
block for insulation. Different coils were tested to reach the high temperature out of which the one
consisting of a heating element EVH1040W from Kert J Lesker (Jefferson Hills, PA, USA) and
Nickel Chromium Alloy wire from McMaster-Carr (part# 8880K71, Elmhurst, IL, USA) was
capable of reaching 800°C. The Nickel-Chromium alloy wire was found more reliable for our
setup because of its easy to bend capability and availability in bulk amount. The wire itself can
reach 1800°C as specified by the manufacturer; however, with the current setup, it could reach
only 800°C. The heat convection from the sample surfaces, ceramic plates, and walls due to the
argon gas inside the chamber could be the reason behind this low temperature compared to the
manufacturer's specification. A low thermal expansion alumina-silicate ceramic block
(4"×4"×1.5") was fabricated to accommodate the alumina bisque ceramic with the heater coil
inside it. Two separate Copper sample holders were made to accommodate the solid samples and

Figure 4.5: Experimental setup with schematic diagram for iteration 2 with bend and stay coil
heater, power supply and data acquisition system.
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(a)

(b)

Figure 4.6: Cross-section view of the sample holder (a) For Solid (b) For Powders

powders, respectively. These sample holders fit tightly in the assembly, eliminated heat escape
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Figure 4.7 Nickel Chromium heater coil assembly with alumina silicate ceramic block and
alumina bisque ceramic for iteration 3.
through convection from the outer periphery, and allowed for perfect positioning inside the
alumina bisque ceramic. A schematic of the cross-section of the sample holder fitted within the
ceramic block and alumina-bisque ceramic is presented in Figure 4.6. Also, Figure 4.7 shows the
actual image of the Nickel Chromium heater coil assembly. The inside diameter of the sample
holder is 0.73 inches, and the outside diameter is 1 inch. The alumina bisque ceramic has an outer
diameter of 2 inches with a wall thickness of 0.20 inches and a height of 1.25 inches. The spiral
heater coil used in this setup had a coil diameter of 0.040 inch with an end to end length of 5
inches. The thermal modeling results of the setup with a silicon carbide tube are included in section
5.2 of the result and discussion chapter. Also, the maximum temperature reached by each setup
iteration is listed in the result presented in section 5.3 to 5.4 of the same chapter.
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4.2 GLOVEBOX SYSTEM
A glovebox system LC-150 from LC Technology (Salisbury, MA 01952) was sourced and
employed for experimentations in this study. The glovebox helped to minimize oxidation
encountered during high-temperature heating of the samples. The cabin also allowed to store the
powder samples to be tested to prevent humidity and other atmospheric effects on the powders.
This system can achieve and maintain less than 0.1 PPM O2 in an inert gas environment (Argon,
in this case) using its gas purification system. The glovebox system consists of gloves, lightings,
antechamber, quick release window. A single scale pressure gauge (4003K71, McMaster-Carr,

Figure 4.8: Glovebox system with argon gas supply tank
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USA) was used where the regulated pressure was maintained at 60 bar as per the operator manual
for the glovebox. Ultra-high-purity (UHP) grade argon in T-type tanks (SYOXSA, El Paso, TX,
USA) was used for purging and maintaining excess pressure inside the glovebox. Figure 4.8 shows
the glovebox used in this experiment.
4.3 POWER SUPPLY AND DATA ACQUISITION SYSTEM
Two types of power supplies were used to power the heating coil element: alternating
current circuit (AC) and direct current circuit (DC), as shown in Figure 4.9. For AC connection,
the electrical setup consisted of- a temperature controller unit, voltage transformer, a K-type
thermocouple (Connecticut Ave, Norwalk, CT, USA) from OMEGA Engineering, and a solidstate relay. A LabVIEW (National Instruments, Austin, TX, USA) program to store the voltage
and current supplied to the coil was used, from which power calculations could be obtained. The
SignalExpress module (National Instruments, Austin, TX, USA) was used for temperature logging
from the thermocouple. For convenience and precise power supply control, the modified electrical

(b)

(a)

Figure 4.9: Power supply system- (a) AC power supply (b) DC power supply
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setup was replaced with a programmable DC power supply unit (Model# 9115, B&K Precision
Corporation, Savi Ranch Parkway, Yorba Linda, CA, USA).
4.4 MATERIALS UNDER STUDY
For emissivity mapping across the operating wavelengths of the pyrometer, four different
powders were studied, which are- Copper, Inconel 718, AlSi10Mg, and Ti6Al4V. Table 4.1 shows
the characteristics of the powders, along with the measured mean diameter and standard deviation.
Table 4.1: Specification of the metal powder used in the study
Powder
(Sources)
Copper
(Sandvik)

Morphology

Fabrication
Method

Spherical with
satellites

Gas
atomization

Inconel 718
Spherical with
(EOS
Gas atomization
satellites
GmbH)

AlSi10Mg
(LPW)

Irregular with
satellites

Gas
atomization

Ti6Al4V
(Arcam)

Spherical with
satellites

Gas
atomization
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Size Distribution
Mean
(μm)
77.0

28.88

35.8

71.7

Std. Dev
(μm)
23.6

12.10

10.9

19

Diameter
Q3 (%)

x (µm)

D10

50.2

D50

72.9

D90

111.5

D10

15.5

D50

26.4

D90

46.4

D10

24.2

D50

33.6

D90

51.2

D10

49

D50

69.2

D90

96.6

Figure 4.10 shows the SEM images of the powders under study. Figure 4.10 (a) is for

(a)

(b)

(c)

(d)

Figure 4.10: SEM images of powders (a) Copper (b) Inconel 718 (c) AlSi10Mg
(d) Ti6Al4V
64

Copper powders, the left-hand side image with x100 zoom, and the right-hand side image is with
x700 zoom. Figure 4.10 (b), (c), and (d) are for Inconel 718, AlSi10Mg, and Ti6Al4V powders,
respectively. The images on the left-hand side for Figure s 4.10 (b), (c), and (d) are with x150
zoom, and the images on the right-hand side are with x1000 zoom.

(a)

(b)
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(c)

(d)

Figure 4.11: Particle size analyzer for powders (a) Copper (b) Inconel 718 (c) AlSi10Mg (d)
Ti6Al4V

The size distribution of the powders was
66analyzed using a Camsizer X2- particle size &

shape analyzer (Keystone Drive, Montgomeryville PA, US). The size distribution for the powders
used is shown in Figure 4.11.
4.5 SPECIMEN PREPARATION AND SPECIFICATIONS
Several specimens of interest were prepared and used for experimentation. The specimens
consisted of (i) metal powder samples (ii) solid parts in the as-fabricated condition (solid printed
cubes, small cylinders, that were printed using available PBF AM processes.), and (iii) solid parts
with the surface of interest in the polished condition. Both polished and printed specimens were
first printed using manufacturer-provided printing parameters. Copper samples were printed using
electron beam powder bed fusion (EBPBF) machines. Inconel 718, AlSi10Mg, and Ti6Al4V
samples were printed using laser powder bed fusion (LPBF) machines in the lab. After that, the
specimens were cut using a precision cutter machine (Brillant 250, QATM GmbH, Mammelzen
57636. Germany) to precise dimensions, as listed in Table 4.2.
After this step, the printed specimens were taken inside the inert environment in glovebox
directly for experimentation and for avoiding oxidation on the surface. However, the preparation
of the polished specimens involved further steps that are similar in process to that used for
preparing metallographic specimens as detailed in the works from Uddin [134] and Terrazas et al.
[135]. The process started with grounding the specimens followed by precision cutting of the
specimens in the precision cutter machine and progressed up until polishing. For grounding
specimens, sanding paper of grits from 220 to 1200 was used. After grinding, these specimens
were polished to a mirror finish surface using a colloidal alumina solution and a 3μm diamond
suspended solution. Figure 4.12 to 4.15 shows the printed and polished samples for different
materials used in this study.
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Table 4.2: Dimension of the specimen

Material

Copper
(Cu)
Inconel
718
AlSi10Mg
Ti6Al4V

Surface
morphology

Shape

Length
(L)/Diameter
(D)
(inches)

Printed
Polished
Printed
Polished
Printed
Polished
Printed
Polished

Cuboid
Cube
Cylindrical
Cylindrical
Cylindrical
Cylindrical
Cylindrical
Cylindrical

1.75
0.79
0.73
0.73
0.73
0.73
0.73
0.73

Width
(W)
Height
/Height
(H)
(HC)
(inches)
(inches)
1.75
0.5
0.79
0.79
0.4
0.4
0.4
0.4
0.4
0.4
-

Printing
Technology
EBPBF
EBPBF
LPBF
LPBF
LPBF
LPBF
LPBF
LPBF

(a)

(b)

Figure 4.12: Pure Copper (Cu) Samples (a) Polished Samples (b) Printed Samples
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(a)

(b)

Figure 4.13: Inconel 718 Samples (a) Polished Samples (b) Printed Samples

(a)

(b)

Figure 4.14: AlSi10Mg Samples (a) Polished Samples (b) Printed Samples
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(a)

(b)

Figure 4.15: Ti6Al4V Samples (a) Polished Samples (b) Printed Samples
4.6 MULTI-WAVELENGTH PYROMETER
The multi-wavelength (MW) pyrometer used in this study was invented by R. A. Felice
[136]. It is manufactured by FAR Associates (Newport Dr, Macedonia, OH, US). According to
the manufacturer, this pyrometer can measure accurate surface temperature without the prior need
of an emissivity value. The device also reports the tolerance of the temperature calculation, which
is the standard deviation of the temperature matrix constructed from the wavelength-intensity
pairs. Along with temperature and tolerance of the temperature, corresponding emissivity values
across wavelength range (1080 nm to 1650 nm) are also reported. The detailed theoretical
background of this instrument was described in Chapter 3. According to the instrument's
specification, the MW pyrometer is called spectro-pyrometer, as it accounts for the thermal
radiation of the heated surface it is focused on. The operating wavelength is from 850 nm to 1650
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nm with 2 nm resolution. The minimum data acquisition time is 10µs (10-5 s) with an accuracy of
0.15% for greybodies.
The operating principle of the MW pyrometer is outlined in Figure 4.16 as a flowchart with
five primary steps, and finally, a decision making step [137].
•

Step 1: Acquiring data.

•

Step 2: Mathematical construction of matrix.

•

Step 3: Calculating the average temperature of the matrix.

•

Step 4: Calculating standard deviation and reporting as tolerance.

•

Step 5: Calculating emissivity and reporting as signal strength.

•

Step 6: The step involves a decision algorithm embedded into the MW pyrometer.

Figure 4.16: Flowchart showing the working principle of the MW Pyrometer.
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The decision-making algorithm of the pyrometer looks at the emissivity variation across
the wavelength (i.e., acting as a greybody or non-greybody with variation in emissivity across the
sensor's wavelengths). The algorithm also checks if the emissivity variation is localized across the
wavelengths. If this is the case, it eliminates the region of disagreement and goes back to step three
to recalculate the temperature tolerance. If the variation is non-localized, the pyrometer is
programmed to report non-greybody behavior of the surface. If no changes in emissivity are found
(i.e., greybody surface), then the pyrometer reports previously calculated temperature, tolerance,
and emissivity (at 1500nm as per manufacturer's specification). The details of the in-house
developed MATLAB script to carry out the similar steps as described in this section from the raw
intensity data generated and stored by the pyrometer is described in the following section.
4.7 DESCRIPTION OF THE IN-HOUSE DEVELOPED MATLAB SCRIPT
In order to understand the temperature, tolerance, and emissivity calculation procedure
from the raw intensity data stored by the multi-wavelength pyrometer, the author studied the two
patents filed for this instrument [136,137]. A MATLAB script that can compute the temperature
values reported by the pyrometer from the corrected intensity data file stored by the device during
regular measurements was developed in-house. The script is also capable of creating a variablesize matrix to understand the effect of wavelength spacing (interval) on the accuracy of
temperature computation. The script consists of a 76-line MATLAB code that uses polynomial
curve fitting for the intensity data, and computation of a consensus temperature, as described in
the patent [137].
The raw intensity data file stored by the pyrometer consists of five columns. The first
column is for the wavelengths; the second column represents the raw intensity; the third column
is for the background; the fourth column represents the corrected intensity data. Finally, the fifth
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column represents the emissivity for each wavelength. The developed MATLAB script works with
the corrected intensity data from this file. The intensity correction is done based on the background
intensity, which is the second column of Table 4.3. An example of stored data from the wavelength
range from 1080 to 1084.69 nm, directly extracted from the raw file showing the five columns as
described, is shown in Table 4.3.
Table 4.3: A sample of the Intensity data file from the pyrometer
Wavelength

Raw Intensity

Background

Corrected
Intensity

Emissivity

1080

5600.76

5376.29

114.393

0.184791

1081.56

3763.7

3375.08

182.192

0.28841

1083.13

2260.07

1739.65

229.914

0.356679

1084.69

1890.67

1348.85

233.183

0.354543

In the actual script, lines 1 to 6 clears all the variables in the workspace and sets a timer for
calculating total run time. Then, new variables are declared, including the output file name, and a
3rd-degree polynomial is set as a parameter to be used for fitting of the corrected intensity data.
Lines 7-14 start a loop for each raw data file that will be analyzed. The code then imports the first
data file in the directory as the loop starts. After that, the script eliminates any negative corrected
intensity data and stores wavelengths and corresponding positive intensity data in an input array
specified as a vector. Line 15 to 19 of the script performs a polynomial fit of the raw intensity data
using the polynomial degree previously defined. Later, the script stores the fitted intensity data to
a new input array specified as a vector with corresponding wavelengths. Figure 4.17 shows the
actual intensity data plotted across the wavelengths with the 3rd degree fitted intensity data from a
single raw data file and for a single temperature computation. As described in the patent [137] of
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Figure 4.17: Corrected intensity data from data file and fitted intensity data from MATLAB
script.
this instrument, the polynomial curve fitting is done as non-Planckian mathematical expression
(here polynomial curve of 3rd degree) can represent the thermal radiation of the Planck's curve.
Besides, if there is any absorption in the spectra, this curve fitting can assist in eliminating that
spectra during temperature computation for better accuracy.
At 1380 nm, there is a slight variation where the corrected intensity data from the pyrometer
is lower than the fitted intensity data from the MATLAB script. This low-intensity value might be
the result of atmospheric absorption from H2O molecules (water vapor) present in the glovebox.
The atmospheric transmittance for various gases in different wavelengths is shown in Figure 4.18.
Specifically, for the results here discussed, at a wavelength of 1.3 µm, a very low transmittance
due to water vapor as it absorbs the IR radiation can be seen [98]. Lines 20 to 40 takes user input
for the wavelength interval to form a matrix. For example, a 50 nm wavelength interval will create
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Figure 4.18: Atmospheric transmittance of infrared (IR) radiation and the gases that affects it
by Meola et al. [98]
the first matrix from 1100 nm to 1150 nm, and the second matrix from 1150 nm to 1200 nm and
the increment is followed accordingly. It also creates temperature matrices based on the modified
Planck's law for ratio pyrometry. For each temperature value in the matrix, it requires a pair of
wavelength and intensity data. Figure 4.19 shows a matrix created with a 25 nm wavelength
interval. The first row and column represent the wavelength and the second row, and the second
column represents the intensity data.
In lines 41 to 71 of the script, if there is more than one matrix created, the average and
standard deviation of each matrix are calculated. After calculation, the values are stored and sorted
in an ascending order based on the lowest standard deviation. The matrix with the lowest standard
deviation will get reported with its average as the temperature and standard deviation as the
tolerance of the temperature. If there is only one matrix, the script will not require to sort the
matrices based on the lowest standard deviation. It will only report the average and standard
deviation of all the values in the matrix as corresponding temperature and tolerance. The
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temperature and tolerance values are stored in a Microsoft Excel ® sheet in the line from 72 to 76.
A comparative analysis of how the matrix sizes affect the temperature computation is reported in
the result and discussion chapter.

Figure 4.19: Temperature matrix created from MATLAB script with 25 nm wavelength
interval.
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Chapter 5: Results and Discussions
This chapter includes the result and discussion section for this study. The first section of
this chapter will include the effect of matrix sizes on temperature calculation from the in-house
developed MATLAB script. This analysis helps to understand how to reduce computation time
without compromising the accuracy of the computation. The second section will cover the results
from thermal modeling with view factor analysis done on the experimental setup iteration 1. The
results from this analysis initiated the modification of the setup for this iteration, which resulted in
the final setup that was prepared and employed for the experiments carried out. The analysis also
helps to understand and explain the emissivity measurements in this work. The results from
experiments to measure the temperature and its tolerance, as well as the spectral emissivity,
computed as a function of the temperature, sensor’s wavelengths and sample’s surface morphology
is included in the final section of this chapter. Results from different surface morphologies for
Copper and Inconel 718 will be presented here. Both of these materials are profoundly affected by
the overall build temperature of the powder bed. Hence, it is of high interest to understand the
emissivity behavior of these materials as a processing parameter and for quality control [138,139].
5.1 TEMPERATURE MATRIX ANALYSIS
From the MATLAB script developed in-house, a sensitivity analysis was performed to see
the effect that the matrix size has on the consensus temperature, and the tolerance computed. In
Table 5.1, the selection of different wavelength intervals is listed along with the matrices created
with different sizes (number of rows and columns). As a result, the number of data points inside
each matrix was also different. For ratio temperature calculation, based on Equation 3.24, it takes
two wavelengths and corresponding intensity pairs to calculate one temperature value. As such, in
each of the matrix, if the number of wavelength-intensity pairs is increased, the number of
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temperature values also increased. With the increment of the number of data points, the complexity
and computation time also increased. In this case, an optimum matrix size is desired for accurate
temperature calculation with reduced computation time.
Table 5.1: Summary of wavelength intervals with temperature matrix properties

Wavelength
Interval

Maximum data
point in a matrix

25
50
75
100
125
150
175
200
225
250
275
300
325
350
375
400
425
450
475
500
525
550

120
496
1128
2016
3160
4560
6216
8128
10296
12720
15400
18226
21528
24976
28680
32640
36856
41328
46056
51040
56280
59685
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No of
matrices
created
22
11
8
6
5
4
4
3
3
3
2
2
2
2
2
2
2
2
2
2
2
1

Matrix Size
15×15
31×31
47×47
63×63
79×79
95×95
111×111
127×127
143×143
159×159
175×175
190×190
207×207
223×223
239×239
255×255
271×271
287×287
303×303
319×319
335×335
345×345

Table 5.2: Computed temperature values from different matrices created by the MATLAB script

Wavelength
Interval

No of
matrices
created

Temperature
computation with
lowest standard
deviation
°C

25

22

481.2434006

0.217960403

50

11

423.9897938

0.738328204

75

8

424.9053097

1.105934757

100

6

422.1017239

1.549920392

125

5

423.0418415

1.909650241

150

4

427.7556084

2.335723468

175

4

423.0214497

2.705392368

200

3

420.4824651

2.281189784

225

3

418.4741828

1.543983467

250

3

416.3352348

0.726086809

275

2

425.3625789

4.217681044

300

2

424.3470831

3.760137325

325

2

423.3697304

3.358098412

350

2

422.4100658

2.988563976

375

2

421.4518528

2.634000564

400

2

420.4824651

2.281189784

425

2

419.492289

1.920268294

450

2

418.4741828

1.543983467

475

2

417.423008

1.147126116

500

2

416.3352348

0.726086809

525

2

415.2086134

0.278400722

550

1

443.1239843

15.73640761

Standard Deviation
(tolerance)
°C

Temperature
reported by the
SpectroPyrometer
°C

426.7 (±3.79)

For each of these matrices, the temperature computation is done and sorted out based on
the lowest standard deviation to the highest. Only the temperature with the lowest standard
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deviation is reported when the number of matrices created is more than one. A sample temperature
measurement from the FAR pyrometer for one of the experiments reported a temperature value of
426.7°C ± 3.79°C. The values for Table 5.1 and Table 5.2 were obtained by analyzing the raw data
files using the MATLAB script for the same experiment and the same temperature calculation.
In table 5.2, only the temperature computation with the lowest standard deviation for each
wavelength interval is reported. While the low wavelength interval (25 nm to 175 nm) does show
low tolerance values for the temperature computed, it only accounts for a narrow band of
wavelength, and the number of temperature values computed from the ratio pyrometry equation is
also deficient. For 25 nm and 175 nm wavelength interval, the total number of temperatures
computed is 2565 and 18693, respectively. Whereas, for 550 nm wavelength, the number of
temperatures computed is 59685. With a much low number of temperatures computed with a low
wavelength interval, it lacks the temperature data points when compared to the high wavelength
interval range and thus lacks the reliability. For wavelength intervals between 200 nm, 225 nm,
and 250 nm, the temperature computed is 420.48°C, 418.47°C, 416.33°C, respectively, which has
an accuracy of 1.45%, 1.93%, and 2.43% accuracy respectively. However, these temperature
computations are far off (-6.22°C, -8.23°C, and -10.37°C respectively) from the reported
temperature value of 426.7°C. Thus, the temperature values reported in this wavelength range (200
nm to 250 nm) by the MATLAB script matrices also lacks the accuracy when compared to the
reported temperature by the pyrometer. Again, for a higher wavelength interval region (400 nm to
550 nm), the number of temperatures computed is as high as 59685. However, the computed
temperature has a very high tolerance (±6°C to ±17°C) when compared to the reported temperature
by the pyrometer.
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With the increment of the wavelength interval, the computation time also increases. This
increment happens since the number of data points in each matrix created also increases with the
increment of the wavelength interval. Thus, the script requires more time to compute and compare
the data points for temperature matrix with the lowest standard deviation. For the wavelength
interval of 25 nm, the computation time is 0.2495s initially. When the wavelength interval is
increased to 450 nm, the computation time rises to 0.4508s, which is 1.8 times the value of initial
computation time. Finally, the wavelength interval that holds the best agreement with the
pyrometer’s reported temperature falls in the region from 275 nm to 375 nm. The MATLAB script,

Figure 5.1: Temperature computation time vs wavelength interval of matrix.

in this wavelength region, computes over fifteen thousand temperature values while having much
less computation time (0.34s to 0.38s) compared to higher wavelength intervals. Figure 5.1 shows
the computation time vs. wavelength interval bar chart. With increasing wavelength interval, the
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computation time also increases. Any of the wavelength intervals (275 nm to 375 nm) selected
from this range will result in temperature computation that holds an agreement to the temperature
reported by the pyrometer. Figure 5.2 shows a comparison between the temperature values
reported by the SpectroPyrometer along with the temperature computed by the MATLAB script.
For the temperature calculated by the MATLAB script shown in Figure 5.2, an interval of 275 nm
was used. This temperature calculated agrees within ±1.5°C, which is 0.27% over a temperature
range of 550°C to the values reported by the FAR pyrometer.

Figure 5.2: Temperature computed from the MATLAB script with the SpectroPyrometer’s
reported temperature.
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5.2 SENSITIVITY ANALYSIS
As described in the previous chapter, the initial experimental setup developed in this work
(consisting of a modified dental furnace) replicated a quasi-blackbody at high temperature with a
narrow viewport (~1inch diameter) and isothermally heated cylindrical walls. A silicon carbide
(SiC) tube was introduced in the setup to accommodate this problem. This tube worked as a
radiation absorber and blocked the side wall radiation while using the larger bottom opening of
the dental furnace. The use of the SiC tube permitted capturing emissivity values that contrasted
with the value of unity created by the blackbody condition. However, during initial experiments,
the SiC tube also got heated up within few seconds and started to radiate to the specimen’s surface,
which again resulted in erroneous emissivity values due to the reflections from the SiC tube. Using
Planck’s law, thermal modeling and view factor analysis were done to understand the effect of
radiation from the heated surface on the temperature measured by the FAR pyrometer. The view
factors were calculated from the literature review [140]. Reflectivity and emissivity values of

Figure 5.3: Schematic diagram of Silicon Carbide (SiC) tube with copper plate and pyrometer
lens with surface number.
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Copper and SiC were taken from published data [141–143]. The calculation and the formula are
listed in Table 5.3. The radiation diagram of the setup is already shown in Figure 4.3 in the previous
chapter.
Table 5.3: View factor calculation with symbols and formula for different surfaces
Item

View Factors

Reflectivity
Emissivity

Intensity

Description

Symbol

From SiC to Copper plate
Specimen
From Copper plate Specimen
to Pyrometer’s lens
Reflectivity of Copper
specimen [121]
Emissivity of Copper
specimen [121]
Emissivity of SiC tube [123]
Intensity radiated from SiC
tube
Intensity radiated from Cu
specimen

F21
F13

Value/Formula

0.175
0.12

ρCu

0.90

εCu
εSiC

0.10

ISiC
ICu

0.90
Ib,T × F21 × F13 × ρCu ×

εSiC

Ib,T × F13 × εCu

Ib, T in the table represents the ideal blackbody intensity at a particular temperature based
on Plank’s radiation law. The equation for this ideal blackbody intensity calculation is listed in
equation 5.1 and can be found from the literature review [144]. The intensity curves in Figure 5.4
are obtained by using the formulas listed in Table 5.3.

𝐼𝑏,𝑇 =

1025
( 5 )
𝜆
14380000
(𝑒 𝜆𝑇 )
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(5.1)

−1

(a)

(b)
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(c)

(d)

Figure 5.4: Sensitivity analysis with view factor for Copper plate and SiC tube at different
temperatures. (a) SiC tube at 250°C (b) SiC tube at 300°C (c) SiC tube at 350°C (d) SiC tube
at 400°C
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Figure 5.4 represents the sensitivity analysis for two different temperatures. It shows the
intensity curves along with the ratio of these intensities as a function of temperature and
wavelength for surfaces based on Equation 5.1. In the plots shown in Figure 5.4, the pink line
corresponds to a substrate temperature for the copper plate of 500°C. The blue curves represent
radiated intensity, ISiC from the SiC tube when held at several steady temperatures (i.e., 250°C,
300°C). This intensity is calculated by multiplying the ideal blackbody intensity at different
temperatures, with various other multiplicative factors that include: emissivity of SiC, the
reflectivity of the copper plate surface, and the radiation view factors from the SiC tube to the
copper plate surface and from the copper plate’s surface to the pyrometer lens. The theory behind
this calculation is, the radiation will first hit the copper plate from SiC tube, which is accounted
for by the view factor, F21. After that, the copper plate will reflect this extra intensity to the
pyrometer lens, which is accounted for by the reflectivity of the copper plate and the view factor
from the copper plate to the pyrometer’s lens, F13. The green lines in the plots of Figure 5.4
represent the intensity ratio across the wavelengths of the radiating surfaces at different
temperatures. This ratio is obtained by taking the ratio of two intensity values calculated using two
different temperatures and a specific wavelength from the formula described in Equation 5.1. In
Figure 5.4 (b), when the SiC tube is at 300°C, the ratio of the intensity is higher than 2% after 1450
nm wavelengths. This ratio only increases with the increment of the temperature of the SiC tube
from Figure 5.4 (c) and (d). This thermal modeling concludes that, as soon as the SiC tube reaches
near 300°C and above, the temperature and emissivity calculations for the Cu plate will be affected
by more than 2% by the radiation from the SiC tube walls. It was found from the literature review
[145] that the higher the temperature of the surrounding surface, the greater the interference effect
in the measurements. This interference effect demonstrates that employing the setup for iteration
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1 (dental furnace with SiC) will contribute to erroneous temperature measurement (2.5% increase
in computed temperature) once heating of the SiC tube reaches this threshold of ~300°C. This
modeling also helped to understand how higher surface temperature other than the specimen itself
affects the temperature, and in turn, the emissivity calculation in ratio pyrometry. Experimental
results using copper powder from setup iteration 1 also validates the thermal modeling described
in the previous chapter. From the result of this experiment, a 69.4% increase in emissivity values
is observed as soon as the temperature of the SiC tube increases inside the dental furnace.
5.3 RESULTS FROM EXPERIMENTAL SETUP ITERATION 1
As discussed in Chapter 4, the first iteration of the experimental setup consisted of a SiC
tube that worked as a radiation absorber and eliminated the radiation from the furnace coil. For
experiments with the SiC tube, three thermocouples were attached to the lower end of the SiC tube
(10 mm, 30 mm, and 60 mm above the bottom surface of the SiC tube), which was slid down
inside the dental furnace. Temperatures from the thermocouple, which was attached 10 mm above
the bottom surface of the SiC tube, are reported in Figure 5.5 by the square grey boxes. Copper
powder specimens were placed on top of a copper plate that was located at the center of the dental
furnace. The centering laser of the pyrometer was used to make sure the pyrometer was looking at
the powder with its measuring spot focused on the center of the powder sample. The direct current
(DC) power supply system, as described in chapter 4, was used to control the power supplied to
the dental furnace. The temperature controller was set to a hold stage of 500°C. Figure 5.5 is
sectioned into five different regions, each denoted by R1, R2, R3, R4, and R5. These regions are
also contoured with different colors, which are- blue, green, ash, orange, and cyan, respectively.
In the first region R1, the pyrometer starts to read the temperature around 550°C with an emissivity
value of 0.58. This initial increase of temperature over the hold stage temperature of 500°C was
88

due to the high current flow by the temperature controller for ramping of current. This type of
temperature controller is a type of proportional integral derivative (PID) device that provides
electrical signal output based on the setpoint values [146].
In region R1, the SiC tube was not yet introduced in the dental furnace. As soon as the SiC
tube was dropped down to the dental furnace’s base, the emissivity sharply dropped down to 0.307,
which can be seen in region R2. The temperature reported by the pyrometer also dropped down by
70°C. This temperature drop is due to the SiC tube acting as a radiation absorber and stops the heat
radiated by the dental furnace sidewall coils getting reflected by the measuring spot on the powder
(the radiation diagram in Chapter 4 makes it clear). After its insertion, the temperature of the SiC
tube also started to rise after 10 seconds and onwards. The emissivity values between 10s to 50s
are stable at 0.31, showing no change, and the temperature in this region (R2) also shows a
decreasing trend. In region R3 of Figure 5.5, an increase in emissivity is seen after 40 seconds as
soon as the SiC tube’s temperature reaches 300°C. This incident demonstrates the theory and
thermal modeling conclusion addressed in the previous section that high-temperature surfaces (~
over 300°C) radiating to the measuring spot of the pyrometer will affect the temperature and
emissivity measurement. At this point, the pyrometer is getting radiation from both the heated
powder sample and the reflected radiation from the SiC tube. The effects of radiation from the SiC
tube to the copper powder are also evident in region R4 where the tube’s temperature reaches
400°C and the temperature reported by the pyrometer jumps to 473°C from 450°C with a 5.11%
increment. The emissivity values also drop to 0.31 instead of rising slowly. This high temperature
refers to the pyrometer receiving higher radiation from the SiC tube reflected by the copper powder
along with the copper powder’s radiation. Finally, in region R5, the temperature of the tube
exceeds 400°C, which results in another jump in the temperature measured by the pyrometer to
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570°C with an increased emissivity value of 0.52. These experimental results provide a better
understanding of how the temperature and emissivity measurements are adversely affected by
surrounding radiating walls at temperatures over 300°C in the region R3 in Figure 5.5. While
introducing the SiC tube might give steady-state and accurate results of emissivity measurements
for a short time frame (less than 50 seconds in this case), for an experiment that needs to run for a
longer period, this setup will not work.

Figure 5.5: Temperature and emissivity values from Copper powder experiments on setup
iteration 1 with SiC tube’s temperature.

5.4 RESULTS FROM EXPERIMENTAL SETUP ITERATION 2
For solving the issues identified in setup iteration 1, a new setup was fabricated with a coil
heater assembly that permitted heating samples through conduction heat transfer. This
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modification eliminated any sidewall radiation as experienced in the previous setup and the need
for any SiC tube. However, due to convection from the top surface of the samples and heat escape
from the coil to the surrounding, the coil heater was unable to raise the temperature of Inconel 718
solid samples beyond 650°C. Each of the temperature hold stages in the experiments conducted
with this setup lasted for 15 minutes to allow pyrometer to reach steady-state and report stable
intensity signals with accurate emissivity values. The copper samples were prepared in similar
manners, as described in Chapter 4, regarding printed and polished conditions. These samples were
used in this experimental setup iteration 2. Inconel 718 samples with as printed and polished
conditions were also prepared in a similar procedure described in Chapter 4. Three samples with
the same printing conditions and surface finish (for as polished condition) were prepared for
Inconel 718 to compare the accuracy of measurements from three different experiments. These
samples are referred to as S1, S2, and S3 in the plots presented in this section. The results of these
experiments ran with setup iteration 2 are discussed next. The variation of the temperature
measurement was calculated in percentage from taking the ratio of tolerance over the hold stage
temperature.
5.4.1 Copper- Polished Samples
Polished samples of copper were studied for normal spectral emissivity at different hold
stage temperatures. The pyrometer lens was kept at the perpendicular direction to the radiating
surface of the samples, which measured the normal emissivity at 1500 nm. The horizontal error
bars presented in Figure 5.6 (a) represent the temperature fluctuations at those hold stages, and the
vertical error bar represents the emissivity fluctuations. Similarly, in Figure 5.6 (b), the error bar
represents the fluctuations in the tolerance of the temperature during the hold stages. From Figure
5.6 (a), the polished copper samples exhibit an emissivity value of 0.033 at 552°C. The emissivity
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value increases to 0.052 as the temperature rises to 700°C and then starts to decrease. Similar
results for polished copper were reported by Touloukian et al. [24] with a nominal composition of
99.90% Copper, and 0.04% Oxygen. The pyrometer reports a higher fluctuation of temperature
ranging from 773°C to 827°C. This fluctuation is seen in the error bars in the plot. This fluctuation
might be due to the changing intensity values across the sensor’s wavelength at a high temperature,
which affects the temperature calculation. The average tolerance of the temperature is ~ ±3.9°C at
550°C and~ ±1.5°C at 650°C. As the heat escape from the heater coil employed in this setup made
it difficult to hold the temperature at a steady state. In the maximum tolerance reported by the
pyrometer, the variation of the temperature measurement is ±0.81% at 550°C. The intensity curve
from Figure 5.7 (a) helps us to understand the intensity measurement at different wavelengths and
temperatures. As the temperature increases, the intensity curve also shifts upward up to 700°C,
which results in higher emissivity values. At 774°C, the curvature of the intensity curve changes,

(a)

(b)

Figure 5.6: Results from Polished and Printed Copper samples at variable hold stage
temperatures (a) Spectral Normal Emissivity at wavelength= 1500 nm. (b) Tolerance of
Temperature;
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(a)
(b)
Figure 5.7: Results from Polished Copper samples at variable wavelengths (a) Intensity Lλ (b)
Spectral Normal Emissivity ε
shifting downward from the intensity curve at 700°C for 1400 to 1650 nm wavelengths. Therefore,
lower emissivity values are reported at a temperature higher than 700°C.
5.4.2 Copper- Printed Samples
From Figure 5.6 (a), copper samples in the as printed condition have higher emissivity
values compared to the polished copper samples. This high emissivity might be due to the higher
surface roughness of the as printed samples, which acts as micro-cavities and results in higher
emissivity values. Higher surface roughness (surface with peaks and valleys) and its similar effect
on emissivity are also reported by previous studies [147,148]. A schematic diagram of such
radiation with microcavities and powder surfaces is shown in Figure 5.8. The emissivity values
increase with increasing temperature, from 0.08 at 523°C to 0.106 at 664°C. After that, the
emissivity drops rapidly to 0.06 at 693°C. However, this behavior of emissivity needs further
investigation to address whether this change was due to the sensor’s algorithm or material
chemistry change. In Figure 5.6 (b), the average tolerance of the temperature calculation is
presented. The highest average tolerance of temperature is ±4.27°C at 693°C, with a variation of
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(a)

(b)

Figure 5.8: Schematic diagram of radiation (a) From microcavities (b) From powder samples
0.61%. The intensity curve in Figure 5.9 (a) explains the reasoning behind the 43% decrease in
emissivity value at 693°C, where the intensity rises very sharply compared to 681°C. This
decreasing phenomenon also provides evidence that higher intensity might not always result in
higher emissivity value. The curvature of the intensity curve also plays a role in the emissivity
values. In Figure 5.9 (b), the emissivity values at 693°C shows the lowest steady values (~0.06)
when compared to the rest of the temperatures. The emissivity fluctuation at 1380 nm corresponds

(a)

(b)

Figure 5.9: Results from Printed Copper samples at variable wavelengths (a) Intensity Lλ (b)
Spectral Normal Emissivity ε
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with the fluctuation in the intensity curve at that same wavelength. This fluctuation happens due
to the atmospheric absorption by water vapor at that wavelength, as was discussed in the previous
chapter.

5.4.3 Inconel 718- Printed Samples
Figure 5.10 (a) represents the normal spectral emissivity for printed Inconel 718 samples.
The emissivity is 0.35 for both samples 1 and 2 at 445°C, but sample 3 shows a higher emissivity
value of 0.45. This high emissivity is due to the sample 3 being tilted at an angle of 30°
approximately, due to uneven bottom surface, which did not allow proper alignment of the sample.
The angular variation that affects the emissivity measurement was previously studied by Sobrino
et al. [149]. This emissivity variation also provides the reasoning behind how the surface alignment
of the samples (perpendicular or at an angle to the pyrometer’s lens) also affects the emissivity
measurements and needs further investigation using the multiwavelength pyrometer. The lowest
emissivity value of 0.33 is at 550°C for sample 2. The highest temperature this setup was able to

(a)
(b)
Figure 5.10: Results from Printed Inconel 718 samples at variable temperature (a) Spectral
Normal Emissivity at wavelength= 1500 nm. (b) Tolerance of Temperature;
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reach was 670°C, with an emissivity value of 0.34 for sample 2. Figure 5.10 (b) shows the average
tolerance of temperature for the three different samples. The average tolerance increases with the
increasing hold stage temperature and is highest for sample 1, which is ±4.28°C at 662.97°C hold
stage temperature with an accuracy of 0.65%.
Figure 5.11 (a) shows the intensity curves at different temperatures for printed Inconel 718
sample 1. The intensity curves shift to higher values with an increase in temperature, especially in
the region of 1100 to 1400 nm. However, the emissivity values show a decreasing trend across the
wavelengths in Figure 5.11 (b). This decrease in emissivity values also refers to the material acting
as a non-greybody in this experiment.

(a)
(b)
Figure 5.11: Results from Printed Inconel 718 samples at variable wavelengths (a) Intensity
(b) Spectral Normal Emissivity
5.5 RESULTS FROM EXPERIMENTAL SETUP ITERATION 3
It is evident from the experimental setup iteration 2 that a modification in the design was
necessary to reach higher hold stage temperature values. Also, a sample holder that could hold the
samples perpendicular to the pyrometer lens for repetitive experiments is required. To solve these
problems, experimental setup iteration 3 was made. This setup included a sample holder made of
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copper, which also resulted in high hold stage temperatures up to 830°C. Inconel 718 samples in
as printed and as polished conditions were studied in this setup. Powder Inconel 718 samples were
also investigated for the emissivity values at different hold stage temperatures. Three different
samples (as a polished and a printed condition) were prepared in a similar procedure that is
described in Chapter 4. These samples are listed as S1, S2, and S3 in the discussion. Results of
these experiments in terms of normal spectral emissivity, average tolerance of the temperature for
different hold stage temperatures are described.
5.5.1 Inconel 718- Polished Samples
Figure 5.12 (a) represents the normal spectral emissivity (ε) vs. different hold stage
temperatures (TH) of the experiment for three different polished Inconel 718 samples. There are
two error bars, one for the horizontal axis and another for the vertical axis showing the standard
deviations. The horizontal axis error bar refers to the standard deviation of the temperature values
recorded during the hold stages, and the vertical axis error bar shows the standard deviation of the
emissivity values at those hold stage temperatures. S1, S2, S3 in the image refer to the sample 1, 2,

(b)

(a)

Figure 5.12: Results from Polished Inconel 718 samples at different temperature. (a)
Spectral Normal Emissivity at wavelength= 1500 nm. (b) Tolerance of Temperature;
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and 3 used in the experiment, respectively. The variation of the emissivity at 500°C when
comparing the three polished specimens ranges from 0.21 to 0.29 when compared to those
measured at higher temperatures (i.e., over 600°C). In sample 3, temperature tolerance (ΔT) at low
temperature is very high in contrast to the reported temperature tolerance of the other two samples.
At 600°C, the emissivity values across the three samples range from 0.28 to 0.30 between these
experiments. At 700°C, the reported emissivity values are ranging in between 0. 29 to 0.30. The
error bars both at horizontal and vertical axis are hardly visible for all the other points except those
occurring at temperatures of 790°C, 792.7°C, and 807°C for sample 1, sample 2, and sample 3,
respectively.
In Figure 5.13 (b), the sudden fluctuation of emissivity values around 1380 nm is due to
the atmospheric absorption of IR radiation by water (H2O) vapor in these wavelength regions
[150]. The emissivity values at lower wavelengths (around 1100 nm) and lower temperatures,
varies much more compared to higher wavelengths (1400 nm and above) because of weak signal
strength (intensity) coming through the optical instrument of the pyrometer. The overall emissivity
across wavelength rises with the increasing temperature up to 700°C and drops 15% (from 0.26 to
0.22) at ~800°C for all the samples. The temperature values captured also exhibit this fluctuating
behavior. The tolerance of the temperatures at these hold stages is as high as ±26.72°C, which is
3.31% of the reported temperature of 807.9°C. This fluctuation could be due to the transition of
the surface from greybody to non-greybody behavior, which affects the temperature measurements
in the pyrometer. Figure 5.12 (b) shows the tolerance of temperature, ΔT reported by the pyrometer
at each temperature measurements with the highest value of 3.66°C ± 0.19°C for sample 3 at
500°C. The discoloration of the samples starts to occur at 650°C and is more evident as the
temperature rises higher. This discoloration is due to the oxidation happening at high temperatures
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on the surface evident in the before and after images of Inconel 718 samples used in this study and
presented in Figure 5.14 (a) and (b). The reported emissivity values for Inconel 718 is 0.20 for
polished samples at 550°K [151]. Keller et al. [152] reported the same behavior as the results of
the experiment presented here, but while testing in the temperature range from 600–1250°K.
Observations made by Keller et al. for the oxidized samples at high temperatures indicated a

(b)
(a)
Figure 5.13: Results from Polished Inconel 718 sample #1 at variable wavelengths and
temperatures. (a) Intensity Lλ (b) Spectral Normal Emissivity ε

(b)

(a)

Figure 5.14: Polished Inconel 718 sample #1 (a) Before experiment (b) After experiment
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decrease in emissivity. However, the research did not carry on their study to explain this
phenomenon.
5.5.2 Inconel 718- Printed Samples
Figure 5.15 (a) shows the result from three Inconel 718 samples in as printed condition,
and each of them used in separate experiments. In the wavelength region from 1500 nm to 1650
nm, there is an initial increment of spectral intensity as the temperature increases from 500°C to
600°C. After that, intensity values start decreasing while temperature further increases from 600°C
to 827°C. Also, as the temperature keeps increasing, the behavior followed by the intensity values
captured results in a straight line, compared with the curvature it showed before. Figure 5.15 (b)
shows the average tolerance of the hold stage temperatures. The tolerance values increased by 13%
from ±0.38°C at 500°C to ±0.42°C at 600°C. After that, tolerance starts to decrease. A 28.5%
fluctuation of tolerance (1.4°C ± 0.36°C) is observed at 800°C. At this temperature, the sample
starts to act as a non-greybody, as evident from the plot in Figure 5.16 (b).

(b)

(a)

Figure 5.15: Results from Printed Inconel 718 samples at different temperature. (a) Spectral
Normal Emissivity at wavelength= 1500 nm. (b) Tolerance of Temperature;
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Figure 5.15 (a) shows the emissivity of printed Inconel 718 samples, which increases
18.4% from 500°C to 750°C. For sample 2, at a low temperature of 500°C, the emissivity ranges
between 0.385±0.003 to 0.409±0.001. The emissivity keeps increasing for sample 2 and sample 3
up to 750°C, where it is 0.445 for both samples, whereas, for sample 1, the emissivity keeps
decreasing from 0.394 at 500°C to 0.251 at 842°C. The emissivity drops sharply for sample 2 and
3 for temperature values of 786°C±9.16°C and 800°C±18.46°C respectively. At this temperature
(786°C to 800°C), the surface starts to exhibit a non-greybody behavior. The tolerance values for
the temperature is also higher for sample 1 for temperature above 650°C, and the emissivity values
at or after that temperature also deviate from the other two samples. Except for sample 1, the
tolerance values for the temperature have a decreasing trend up to 800°C. The maximum tolerance
of temperature is 1.83°C±0.03°C at 550°C, resulting in a variation of 0.33%. Similar emissivity
values were also found in the literature of González-Fernández et al. [153] for the sandblasted
Inconel 718 alloys.

(b)

(a)

Figure 5.16: Results from Printed Inconel 718 sample #2 at variable wavelengths and
temperatures. (a) Intensity Lλ (b) Spectral Normal Emissivity ε
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In Figure 5.16 (a), the intensity from 500°C to 700°C increases across the wavelength
range, especially from 1400nm to 1650nm, as the emissivity reported values in those temperatures
are also increasing. This increment is the evidence as the surface acts as a greybody that is shown
in Figure 5.16 (b). The emissivity after that drops 24.44% from 0.45 at 750°C to 0.34 at 786°C.
The emissivity at 786°C and 800°C is changing across the wavelength, which proves that the
material is exhibiting non-grey body behavior at those temperatures. Also, the higher the
temperature reaches, the intensity vs. wavelength curve forms a straight line with a positive slope
between 1100nm to 1650nm. Figure 5.17 shows the printed Inconel 718 samples before and after
the experiment. The oxidation occurring at the surface is evident from the dark blue surface of the
sample, as shown in Figure 5.17 (b).

(b)

(a)

Figure 5.17: Printed Inconel 718 sample #1 (a) Before experiment (b) After experiment
5.5.3 Inconel 718- Powder Samples
The emissivity for Inconel 718 powders was studied from 400°C to 700°C as it represents
the preheating temperatures available in most commercially available powder bed fusion systems.
The results are shown in Figure 5.18. Compared to the previous two polished and printed samples,
in the case of powder samples, the emissivity exhibits different behaviors altogether. However,
due to the heating coil failure when reaching these temperatures, sample 3 had to be studied using
the solid sample holder. The emissivity at 400°C ranges from 0.644±0.001 to 0.677±0.001 for the
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(a)

(b)

Figure 5.18: Results from Powder Inconel 718 samples at different temperatures (a) Spectral
Normal Emissivity at wavelength= 1500 nm. (b) Tolerance of Temperature;
three different samples. The lowest emissivity was found at 600°C, where it dropped down to
0.591 for sample 3 and then increased again. Sample 2 was only able to reach 600°C before the
failure of the heater coil of the experiment. Both samples 1 and 2 exhibits non-greybody behavior
almost at the same temperature of 588°C. The tolerance of the temperature values, as shown in
Figure 5.18 (b) for all the samples, had a maximum of ±1.77°C at 700°C, which accounts for
0.25% accuracy.
Figure 5.19 (a) shows the intensity vs. wavelength for the Inconel 718 powder sample 2.
The intensity of the radiation follows a similar trend with printed and polished solid Inconel 718
samples. At low temperatures such as 450°C and 500°C, the intensity across the wavelength forms
a higher-order curve. The powders start to exhibit a transition between greybody and non-greybody
behavior as the temperature approaches 600°C. The pyrometer reports two different temperature
at this transition region, a fluctuation between 600°C where the emissivity shows a greybody
behavior as shown by the blue square dots in the Figure and also non-greybody behavior where
the temperature drops by 8°C (i.e., to 592°C) and the emissivity is much higher at 0.7 following a
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decreasing trend across the wavelength. The temperature drops further at 580°C down as the
surface shows non-greybody behavior and its emissivity changing across the wavelength shown
in Figure 5.19 (b).

(b)

(a)

Figure 5.19: Results from Powder Inconel 718 sample #2 at different wavelengths. (a)
Intensity Lλ (b) Spectral Normal Emissivity ε
Figure 5.20 (a) and (b) represent the Intensity and Emissivity plots across different
wavelengths for powder Inconel 718 sample 3, respectively. This sample differs only in the sample
holder as the powder was kept in the solid sample holder for this experiment. In contrast, the first
two samples (sample 1 and sample 2) used the modified sample holder for powders. The powder
shows greybody behavior in this case. However, the trend of emissivity change is still the same
for this case, where the emissivity decreases as the temperature increased to 600°C. Then the
emissivity starts to increase again. The intensity curve in Figure 5.20 (a) shows similar behavior
with a higher degree curve for lower temperatures and turning into straight lines for higher
temperatures. At 700°C, the intensity is the highest across the wavelengths, and the emissivity is
also increasing from 650°C.
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From the results presented, it is evident that, out of the three different surface
morphologies, metal powders exhibit the highest emissivity values (~ 0.63) over different
temperature hold stages and wavelength range. This phenomenon is supported by previous studies
[154], where the increased porosity and microcavities in the powder bed resulted in increased
emissivity values. The Inconel 718 samples in the as printed condition had less porosity compared

(a)

(b)

Figure 5.20: Results from Powder Inconel 718 sample #3 at different wavelengths. (a)
Intensity Lλ (b) Spectral Normal Emissivity ε
to the powders, although having rough surface finish. This variation is surface morphology resulted
in relatively lower emissivity values (0.45) compared to the emissivity values obtained for powder
samples. Inconel 718 samples in the as polished condition had mirror-like surface finish. A surface
having very low surface roughness and mirror-like finish, works as a reflector with higher
reflective and low emissive properties [128]. Also, according to Kirchhoff’s law, highly reflective
surfaces will exhibit low emissivity. The experimental results from this study also agree with this
theory as the emissivity values measured were lowest (~0.3) for the Inconel 718 samples with the
as polished condition.
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Chapter 6: Conclusions and Future Recommendations
6.1 CONCLUSIONS
For the work presented in this thesis, several technical contributions have been made: first,
a setup was developed that underwent several design iterations to permit the measurement of
emissivity from solid and powder samples; second, a MATLAB script that replicated the process
of calculating temperatures using the FAR FMPI pyrometer; and third, the use of the glovebox
setup to perform experimental measurements on materials that are of interest in powder bed fusion
(PBF) additive manufacturing (AM).
An experimental setup was designed, developed, and modified in order to study the
emissivity changes of different metal samples with different surface morphologies. From the initial
setup that replicated a quasi-blackbody, the setup went through three iterations inside an argonpurged environment. An analysis of the radiation view factors was done using the configuration in
iteration 2 of the setup to understand the effect of reflections and stray radiation in the
measurements captured by the FMPI pyrometer. The solutions for these issues were
accommodated in the iteration 3 with two dedicated sample holders for solid and powder samples,
in-house fabricated coil heater, and accommodation of the coil heater inside a ceramic block to
contain the heat and for reaching higher temperatures.
A custom MATLAB script was developed in order to compute temperature from the raw
data file generated and stored by the pyrometer during temperature measurement. The influence
of the wavelength spacing on the temperature calculation was analyzed with the in-house
MATLAB script. The analysis from the variable matrix sizes results provided a better
understanding of optimum wavelength spacing of 275 nm to 375 nm with reduced computation
time (from 0.45s to 0.36s) and reduced tolerance with an accuracy of 0.79% for the temperature
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computed. Finally, the script is capable of computing temperature that matches the pyrometer’s
reported temperature value with ±1.5°C accuracy with a wavelength interval of 275 nm.
The third iteration involved the use of a glovebox with a custom-built heater that used a
nichrome wire that enabled the specimens to reach 800°C during the experiments. This heater was
powered using both DC and AC power supply that was passed into the heating wire. For measuring
emissivity of powder, polished samples and printed samples, commercial and in-house built
resistive heater coils were used. This modification enabled the high-temperature experiments
required for this study. View-factor analysis on the setup iteration 2 enabled a better understanding
of the radiative properties of different surfaces and how it affects the temperature and emissivity
measurements.
The setup iteration 1 fabricated in house, eliminated the quasi-blackbody radiation
phenomenon by the previous setup by using a Silicon Carbide (SiC) tube. However, this resulted
in a short amount of time for measuring the emissivity of the samples as the SiC tube got heated
up itself and started to radiate to the samples inside the dental furnace. To address this problem,
the following setup iteration 2 was able to heat the samples from below and could heat the samples
to higher temperatures with extended hold stage time. Unfortunately, the heat escape through
convection from the top surface of the samples, and the coil could not contain the heat to reach
much higher temperatures as desired. Finally, in setup iteration 3, a sample holder with ceramic
insulation and to contain a spiral heater coil was fabricated. This setup was able to reach as high
as 845°C with desired hold stage time, no sidewall radiation, and more precise hold stage
temperature control.
Emissivity measurement of different Inconel 718 samples was carried out in setup iteration
3. From the measurements made, it is evident that metal powders and solid samples undergo a
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transition from greybody to non-greybody behavior. This behavior might be due to the oxidation
occurring at the sample’s surface, which is evident during the post-experiment sample testing.
Whether the change in emissivity is due to the change of surface chemistry from oxidation or
instrument’s sensitivity or both happening at the same time, needs further investigation. While the
setup was successful in reaching a high temperature of 800°C, oxidation on the sample’s surface
and breaking of the coil after a couple of cycles remain an issue that needs to be solved.
Experiments with Inconel 718 demonstrated two distinctive emissivity patterns and
behaviors. For both solid samples- as printed and polished, the emissivity values had an increasing
trend with increasing temperature up to 700°C. Both the solid samples showed a transition from
greybody to non-greybody behavior at higher temperatures compared to the powder samples. The
emissivity values of powder samples showed a decreasing pattern with increasing temperature.
The transition from greybody to non-greybody behavior occurred at 797.1±25.23°C for polished
samples, and 798.51±17.63°C for printed samples, respectively. Powder samples in this study
experienced grey to non-greybody transition at 588.29±5.69°C. For both the polished and printed
samples, surface oxidation became apparent, as observed in a distinctive bluish color from the
surface of the specimen above 700°C. This oxidation might be the reason triggering the transition
from greybody to non-greybody behavior, which was also found in the study by Gilblas et al. [155]
for Iron oxide samples. Other than the transition temperature, all the samples with different
morphologies showed greybody behavior across the instrument’s wavelength range. The intensity
curves with higher temperatures tended to flatten to a straight line for different samples. Finding
reasoning behind the level of oxidation on surface chemistry and how it affects the emissivity
behavior need further investigation and remain an opportunity for future work.
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6.2 FUTURE RECOMMENDATIONS
The development of an experimental setup that enabled mapping of emissivity with
changing temperature for samples of interest in PBF AM, including solid as-printed parts, as
polished parts, and as well as powder specimens, was one of the purposes of this study. Although
the experimental setup allowed specimens to be heated up to 800°C, the powder bed fusion process
requires emissivity maps of molten and solidifying phases of metal powders occurring at a much
higher temperature than that. For this, induction coil on a smaller scale with a water-cooling system
or local melting of powder with lasers can be developed to reach as high as 2000°C or above.
Incorporating all of these inside the glovebox and in a controlled environment remains a
challenging opportunity for future work.
The experiments were carried out under a controlled argon environment with 5 mbar excess
pressure and under 0.1 ppm oxygen. Future studies can be carried out to see how the emissivity
values change with changing chamber excess pressure and oxygen level. Other powder materials
with different morphologies are still unexplored and can be investigated for the emissivity behavior
at high temperatures. Powder bed fusion also works under a vacuum environment for electron
beam melting processes. Further studies should also focus on the characterization of emissivity for
different materials under a vacuum environment.
Several goals were accomplished in this research. First, an understanding was gained of
Multi-wavelength pyrometry along with its advantages over other pyrometric techniques within
the context of AM to permit the accurate measurement of temperatures during PBF AM. Second,
the development of setup, which included the FAR pyrometer and a custom developed glovebox
that enables the characterization of emissivity as a function of temperature for various samples of
interest in the PBF AM community. While the experiments and literature review fulfilled these
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goals as described, a future goal involves incorporating the in-situ measurements of emissivity to
dynamically correct observations made with infrared (IR) thermography. Future work will also be
required to characterize emissivity beyond the temperatures tested and reported in this work,
ideally reaching the melting point for the materials of interest. Also, this will require a calibration
procedure to ensure the spectral range used to obtain emissivity values measured by the FMPI
pyrometer matches the spectral range of the IR camera.
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Appendix A MATLAB Code for Temperature Measurement
File name: temp_calc.m

clear all; clc; tic

%

clearing all previous variables, command window and
starting clock time count
dataFiles = dir('*.dat');

%

loading all DAT files in the directory
numfiles11 = length(dataFiles);

%

finding number of dat files in directory
outputfilename1='Temp_Tol_Int_';

%

Output Excel Sheet File Name
outputfileextension='.xlsx';

%

Output Excel Sheet File Extension
degreefit=3;

% the

degree of curve fitting
for ij=1:1:numfiles11

% loop

for each DAT file analysis
jk=ij;

%

storing iteration no in separate variable
start_wl=1100; end_wl=1637; interval = 325;

% start

wavelength, end wavelength, interval for calculation
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filename=num2str(num2str(sprintf('Temp%03d.DAT',ij)));
% storing DAT file name in each iteration
Datfiledata=importdata(filename);

%

Importing DAT file data
WEData = Datfiledata(Datfiledata(:,4) >= 0, [1 4]); %
keeps intensity values >than0, and store Column 1 & 4
from DAT file
WEDataPrime = WEData(WEData(:,1) >= start_wl, [1 2]);
% keeps intensity from starting Wavelength range
wavlen=WEDataPrime(:,1); inten=WEDataPrime(:,2);
% Stores wavelength and intensity for polyfit
[p,S]=polyfit(wavlen,inten,degreefit);

% Fits

intensity data with polynomial curve
inten1 = polyval(p,wavlen);

%

Stores polyfitted intensity data
T = table(wavlen,inten,inten1,inteninten1,'VariableNames',{'Wavelength','Intensity','Fitte
d','FitError'});

% Comares actual data with fitted

data
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WEDataPrime(:,1)=wavlen;

%

Stores wavelength
WEDataPrime(:,2)=inten1;

%

Stores polyfitted intensity
ncount=0;

%

counter starting from 0 for later use
interval1=num2str(interval);

%

converting interval number to string for excel file
name use
for i=start_wl:interval:end_wl

%

wavelength intensity matrix loop starts
s_start=i;

%

storing iteration number in each step
s_interval=i+interval;
j=(1/interval)*(i-start_wl)+1;
D = [WEDataPrime(WEDataPrime(:,1) >= s_start &
WEDataPrime(:,1)<=s_interval, :)]; % dividing WL In
data within interval range
rowforrow=length(D)-1;

% WL In

Matrix row number
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rowforcol=length(D);
rowtot=length(D)+1;
coltot=length(D)+1;
WLCol1=[D(1:rowforrow,[1])];

%

Wavelengths that will be placed in column 1
WLRow2=[D(2:rowforcol,[1])];

%

Wavelengths that will be placed in row 1
IntenCol1=[D(1:rowforrow,[2])];

%

Intensity that will be placed in column 1
InteRow1=[D(2:rowforcol,[2])];

%

Intensity that will be placed in row 1
WLIntenMat = cell(rowtot,coltot);

% WL

Inten Matrix
WLIntenMat(3:end,1) = num2cell(WLCol1);

%

Placing WL in WLInten Matrix in Col 1
WLIntenMat(3:end,2)=num2cell(IntenCol1);

%

Placing Inten in WLInten Matrix in Col 1
WLIntenMat(1,3:end)=num2cell(WLRow2);
Placing WL in WLInten Matrix in Row 1
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%

WLIntenMat(2,3:end)=num2cell(InteRow1);

%

Placing Inten in WLInten Matrix in Row 1
endstep=length(WLIntenMat);

%

finding length of matrix
for nrow=3:1:endstep
for ncol=3:1:endstep
if ncol>=nrow
TfromMat=plancks_law(WLIntenMat{nrow,1},WLIntenMat{1,nc
ol},WLIntenMat{nrow,2},WLIntenMat{2,ncol}); %
Temperature calulation from matrix Inten WL pair in
Plank's law
WLIntenMat(nrow,ncol)=
num2cell((plancks_law(WLIntenMat{nrow,1},WLIntenMat{1,n
col},WLIntenMat{nrow,2},WLIntenMat{2,ncol}))-273); %
Placing Temp value in Matrix in corresponding cell
ncount=ncount+1;
end
T_degC(ncount,j)=(TfromMat-273);
Temperature unit conversion
[weR,weC]=size(WLIntenMat);
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%

end
end
ncount=0;
end
[r,c] = size(T_degC);

% row

and col numb of T_dgC
for pq=1:1:c
TdegC_Prime = T_degC(T_degC(:,pq)> 300 & T_degC(:,pq)<
2000,pq); % saving temperature between 300 to 2000 degC
(instrument's range)
lengthofTdegC_Prime=length(TdegC_Prime);
of TdegC_Prime
for ot=1:1:lengthofTdegC_Prime
ips(ot,pq)= TdegC_Prime(ot,1);

end
end
[r1,c1]=size(ips);
for jjj=1:1:c1
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% length

b(jjj,1)=sum(nonzeros(ips(:,jjj)))/length(nonzeros(ips(
:,jjj))); % average of the temperature in matrix
b(jjj,2)=std(nonzeros(ips(:,jjj)));
% std dev of the temperature in matrix
b(jjj,3)=weR;
end
bsort=sortrows(b,2);

% sorting based on

lowest std deviation of the temperature calculation
from each matrix from low to high value
temp_final(jk,1)=(bsort(1,1));

% storing the

sorted temperature
temp_final(jk,2)=bsort(1,2);

% storing the

sorted std deviation
lenC=length(WEDataPrime);
fprintf('Completed Iteration #%d\n', ij);
end
interval1=num2str(interval);
date_time=datestr(now,'_yyyy_mm_dd_HH_MM_SS_FFF_AM');
% exact time when the code is being run
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filename1
=strcat(outputfilename1,interval1,date_time,outputfilee
xtension); % file name with time stamp of the code
running
%xlswrite(filename1,temp_final);

% storing the data

in excel file
toc

% ending the clock

counter

%%

mrk=8;
sz=32;
thickness=1;
diff=9;

marker{1,1} = convertStringsToChars("o");
marker{2,1} = convertStringsToChars("^");
marker{3,1} = convertStringsToChars("s");
marker{4,1} = convertStringsToChars("d");
marker{5,1} = convertStringsToChars("h");
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color{1,1} = convertStringsToChars("r");
color{2,1} = convertStringsToChars("g");
color{3,1} = convertStringsToChars("b");
color{4,1} = convertStringsToChars("m");
color{5,1} = convertStringsToChars("k");

plt1=plot(wavlen(1:diff:end),inten(1:diff:end),'s','LineWidth',2);
hold on
plt2=plot(wavlen(1:diff:end),inten1(1:diff:end),'','LineWidth',3);

grid on;
box on
ax = gca;
ax.GridColor = [0 0 0];
ax.GridLineStyle = '--';
139

ax.GridAlpha = 0.5;
ax.Layer = 'top';
legend1='Corrected Intensity from Pyrometer data file';
legend2='Fitted Intensity Data from MATLAB script';
loc1='northeast';loc2='northwest';loc3='southeast';loc4
='southwest';loc5='northeastoutside';loc6='northwestout
side';loc7='southeastoutside';loc8='southwestoutside';
ori1='vertical';ori2='horizontal';
lg1=legend({legend1,legend2},'Location',loc2,'Orientati
on',ori1);
lg1.FontSize = 8;

xlabel('Wavelength, \lambda
(nm)','FontSize',12,'FontWeight','bold')
ylabel('Intensity, L_{\lambda} (W.sr^{-1}.m^{-2}.nm^{1})','FontSize',12,'FontWeight','bold')
hold off;
print(gcf,'FittedCurveandcorrectedintensity','-dpng','r1800');
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File Name: planks_law.m

function T = plancks_law(y1,y2,i1,i2)

c2 = 1.438e7; %second constant

a = 1/y1; %reciprocal of the second wavelength
b = 1/y2; %reciprocal of the first wavelength

ir = i1/i2;
wr = b/a;

numerator = c2*(b-a);
denominator1 = log(ir);
denominator2 = 5*log(1/wr);

denominator = denominator1 - denominator2;

T = (numerator)/(denominator); % Temperature in Degree
celcius
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Appendix B Codes for Data Analysis and Image Processing
File Name- TempEmissTol_Errorbar_Avg.m

%%

clear; close all; clc
xlRange1='A14:C29';
xlRange2='F14:H29';
xlRange3='K14:M29';
Var1

=

xlsread('Printed_Inc718_vac_Samples_TTE_SP.xlsx',xlRang
e1 );
Var2

=

xlsread('Printed_Inc718_vac_Samples_TTE_SP.xlsx',xlRang
e2);
Var3

=

xlsread('Printed_Inc718_vac_Samples_TTE_SP.xlsx',xlRang
e3);
count1=1;
for ii=1:2:16
temp(count1,1)= Var1(ii,1);
temp(count1,2)= Var2(ii,1);
temp(count1,3)= Var3(ii,1);
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avgTol(count1,1)=Var1(ii,2);
avgTol(count1,2)=Var2(ii,2);
avgTol(count1,3)=Var3(ii,2);
avgEmiss(count1,1)=Var1(ii,3);
avgEmiss(count1,2)=Var2(ii,3);
avgEmiss(count1,3)=Var3(ii,3);
count1=count1+1;
end
count2=1;
for ij=2:2:16
tempSTDV(count2,1)= Var1(ij,1);
tempSTDV(count2,2)= Var2(ij,1);
tempSTDV(count2,3)= Var3(ij,1);
avgTolSTDV(count2,1)=Var1(ij,2);
avgTolSTDV(count2,2)=Var2(ij,2);
avgTolSTDV(count2,3)=Var3(ij,2);
avgEmissSTDV(count2,1)=Var1(ij,3);
avgEmissSTDV(count2,2)=Var2(ij,3);
avgEmissSTDV(count2,3)=Var3(ij,3);
count2=count2+1;
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end

%%
c1='r';
c2='b';
c3='g';
x1=temp(:,1); x2=temp(:,2); x3=temp(:,3);
y1=avgEmiss(:,1);y2=avgEmiss(:,2);y3=avgEmiss(:,3);
x1STD=tempSTDV(:,1);x2STD=tempSTDV(:,2);x3STD=tempSTDV(
:,3);
y1STD=avgEmissSTDV(:,1);y2STD=avgEmissSTDV(:,2);y3STD=a
vgEmissSTDV(:,3);

mrk=7;
plot1=errorbar(x1,y1,y1STD,y1STD,x1STD,x1STD,'o','Marke
rSize',mrk,'MarkerEdgeColor',c1,'MarkerFaceColor',c1);
hold on;
plot1.Color = c1;
plot1.LineWidth=1.5;
plot2=errorbar(x2,y2,y2STD,y2STD,x2STD,x2STD,'^','Marke
rSize',mrk,'MarkerEdgeColor',c2,'MarkerFaceColor',c2);
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plot2.Color = c2;
plot2.LineWidth=1.5;
plot3=errorbar(x3,y3,y3STD,y3STD,x3STD,x3STD,'d','Marke
rSize',mrk,'MarkerEdgeColor',c3,'MarkerFaceColor',c3);
plot3.Color = c3;
plot3.LineWidth=1.5;

xlim([450 850]); ylim([0 .65]);
grid on;
box on
legend1='Printed-Inc718-S_{1}';
Inc718-S_{2}';

legend2='Printedlegend3='Printed-Inc718-

S_{3}';%legend4='Sample #4';legend5='Sample #5';
loc1='northeast';loc2='northwest';loc3='southeast';loc4
='southwest';loc5='northeastoutside';loc6='northwestout
side';loc7='southeastoutside';loc8='southwestoutside';
ori1='vertical';ori2='horizontal';

ax = gca;
ax.GridColor = [0 0 0];
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ax.GridLineStyle = '--';
ax.GridAlpha = 0.15;
ax.Layer = 'top';

xlabel('Hold

Stage

Temperatures,

T_{H}

(^{\circ}C)','FontSize',12,'FontWeight','bold')
ylabel('Spectral

Normal

Emissivity,

\epsilon','FontSize',12,'FontWeight','bold')

lg2=legend({legend1,legend2,legend3},'Location',loc1,'O
rientation',ori1);
lg2.FontSize = 8;
hold off;
print(gcf,'Print_Inc718_ErBar_Temp_Vs_Emissivity','dpng','-r1800');
%%
c1='r';
c2='b';
c3='g';

x1=temp(:,1); x2=temp(:,2); x3=temp(:,3);
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y1=avgTol(:,1);y2=avgTol(:,2);y3=avgTol(:,3);
x1STD=tempSTDV(:,1);x2STD=tempSTDV(:,2);x3STD=tempSTDV(
:,3);
y1STD=avgTolSTDV(:,1);y2STD=avgTolSTDV(:,2);y3STD=avgTo
lSTDV(:,3);

plot1=errorbar(x1,y1,y1STD,y1STD,x1STD,x1STD,'o','Marke
rSize',mrk,'MarkerEdgeColor',c1,'MarkerFaceColor',c1);
plot1.Color = c1;
plot1.LineWidth=1.5;
hold on;
plot2=errorbar(x2,y2,y2STD,y2STD,x2STD,x2STD,'^','Marke
rSize',mrk,'MarkerEdgeColor',c2,'MarkerFaceColor',c2);
plot2.Color = c2;
plot2.LineWidth=1.5;
plot3=errorbar(x3,y3,y3STD,y3STD,x3STD,x3STD,'d','Marke
rSize',mrk,'MarkerEdgeColor',c3,'MarkerFaceColor',c3);
plot3.Color = c3;
plot3.LineWidth=1.5;

xlim([450 850]); ylim([0 3]);
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grid on;
box on
legend1='Printed-Inc718-S_{1}';
Inc718-S_{2}';

legend2='Printedlegend3='Printed-Inc718-

S_{3}';%legend4='Sample #4';legend5='Sample #5';
loc1='northeast';loc2='northwest';loc3='southeast';loc4
='southwest';loc5='northeastoutside';loc6='northwestout
side';loc7='southeastoutside';loc8='southwestoutside';
ori1='vertical';ori2='horizontal';

ax = gca;
ax.GridColor = [0 0 0];
ax.GridLineStyle = '--';
ax.GridAlpha = 0.15;
ax.Layer = 'top';

xlabel('Hold

Stage

Temperatures,

T_{H}

(^{\circ}C)','FontSize',12,'FontWeight','bold')
ylabel('Avg.

Tolerance

of

Temp.

\Delta

(^{\circ}C)','FontSize',12,'FontWeight','bold')
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T

lg2=legend({legend1,legend2,legend3},'Location',loc1,'O
rientation',ori1);
lg2.FontSize = 8;
hold off;
print(gcf,'Print_Inc718_ErBar_Temp_Vs_Tolerance','dpng','-r1800');

File Name- Emiss_and_Inten_Vs_WL.m

clear; close all; clc
delimiterIn='\t';

fstruct = dir('*.DAT');
[strcR,strcC]=size(fstruct);
for sval=1:1:strcR
inputfilename=fstruct(sval).name;
sheetname=inputfilename;

% Name of the sheet inside

excel file
sheetnameforlater(sval,1)=convertCharsToStrings(sheetna
me);
149

excelfilename=inputfilename;

% Name of the Excel File

date_time=datestr(now,'yyyy_mmmm_dd_HH_MM_SS_FFF_AM');

A = importdata(inputfilename,delimiterIn);
%B = char(A);
[rowofA,colofA] = size(A);
lengthofA=rowofA-1;
%==== Storing all the variables from log file ========%
EE(:,1)=A(130:lengthofA,1);

%% Wavelength

EE(:,2)=A(130:lengthofA,4);

%% Intensity

EE(:,3)=A(130:lengthofA,5);

%% emissivity

excelfileextention = '.xlsx';
excelfilenamefull
=strcat(excelfilename,excelfileextention);
col_header={'Wavelength','Intensity','Emissivity'};
writecell(col_header,excelfilenamefull,'Sheet',sheetnam
e,'Range','A1')
writematrix(EE,excelfilenamefull,'Sheet',sheetname,'Ran
ge','A2')
end
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%= dir diye open korle file er serial number ulta palta
hoye jay
file1='Temp035.DAT.xlsx';file2='Temp137.DAT.xlsx';file3
='Temp6520.DAT.xlsx';file4='Temp6576.DAT.xlsx';file5='T
emp6633.DAT.xlsx';
Var1 = xlsread(file1);
Var2 = xlsread(file2);
Var3 = xlsread(file3);
Var4 = xlsread(file4);
Var5 = xlsread(file5);

%=== All the details about marker and color=========%
delimiterIn='\t';
marker{1,1} = convertStringsToChars("o");
marker{2,1} = convertStringsToChars("^");
marker{3,1} = convertStringsToChars("s");
marker{4,1} = convertStringsToChars("d");
marker{5,1} = convertStringsToChars("h");
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color{1,1} = convertStringsToChars("r");
color{2,1} = convertStringsToChars("g");
color{3,1} = convertStringsToChars("b");
color{4,1} = convertStringsToChars("m");
color{5,1} = convertStringsToChars("k");

%=== Variable Assignment=========%
Var_WL_1 = Var1(:,1);
Var_WL_2 = Var2(:,1);
Var_WL_3 = Var3(:,1);
Var_WL_4 = Var4(:,1);
Var_WL_5 = Var5(:,1);

Var_In_1 = Var1(:,2);
Var_In_2 = Var2(:,2);
Var_In_3 = Var3(:,2);
Var_In_4 = Var4(:,2);
Var_In_5 = Var5(:,2);

Var_Emiss_1 = Var1(:,3);
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Var_Emiss_2 = Var2(:,3);
Var_Emiss_3 = Var3(:,3);
Var_Emiss_4 = Var4(:,3);
Var_Emiss_5 = Var5(:,3);

sz=32;
thickness=1;
diff=9;

pltscat_WLvsIn_1=scatter(Var_WL_1(1:diff:end),Var_In_1(
1:diff:end),sz,marker{1,1},'filled','MarkerEdgeColor',c
olor{1,1},'MarkerFaceColor',color{1,1},'LineWidth',thic
kness);
hold on;
pltscat_WLvsIn_2=scatter(Var_WL_2(1:diff:end),Var_In_2(
1:diff:end),sz,marker{2,1},'filled','MarkerEdgeColor',c
olor{2,1},'MarkerFaceColor',color{2,1},'LineWidth',thic
kness);
pltscat_WLvsIn_3=scatter(Var_WL_3(1:diff:end),Var_In_3(
1:diff:end),sz,marker{3,1},'filled','MarkerEdgeColor',c
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olor{3,1},'MarkerFaceColor',color{3,1},'LineWidth',thic
kness);
pltscat_WLvsIn_4=scatter(Var_WL_4(1:diff:end),Var_In_4(
1:diff:end),sz,marker{4,1},'filled','MarkerEdgeColor',c
olor{4,1},'MarkerFaceColor',color{4,1},'LineWidth',thic
kness);
pltscat_WLvsIn_5=scatter(Var_WL_5(1:diff:end),Var_In_5(
1:diff:end),sz,marker{5,1},'filled','MarkerEdgeColor',c
olor{5,1},'MarkerFaceColor',color{5,1},'LineWidth',thic
kness);
grid on;
xlim([1100 1650]);
xlabel('Wavelength (nm)') ; ylabel('Intensity');
grid on;
box on
ax = gca;
ax.GridColor = [0 0 0];
ax.GridLineStyle = '--';
ax.GridAlpha = 0.5;
ax.Layer = 'top';
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legend1='Powder-Inc718,

T_{1}=

450^{\circ}C';

legend2='Powder-Inc718,

T_{2}=

500^{\circ}C';

legend3='Powder-Inc718,

T_{3}=

600^{\circ}C';legend4='Powder-Inc718,

T_{4}=

592^{\circ}C';legend5='Powder-Inc718,

T_{5}=

580^{\circ}C';

loc1='northeast';loc2='northwest';loc3='southeast';loc4
='southwest';loc5='northeastoutside';loc6='northwestout
side';loc7='southeastoutside';loc8='southwestoutside';
ori1='vertical';ori2='horizontal';
lg1=legend({legend1,legend2,legend3,legend4,legend5},'L
ocation',loc2,'Orientation',ori1);
lg1.FontSize = 8;
hold off;

ax = gca;
ax.GridColor = [0 0 0];
ax.GridLineStyle = '--';
ax.GridAlpha = 0.15;
155

ax.Layer = 'top';

xlabel('Wavelength,

\lambda

(nm)','FontSize',12,'FontWeight','bold')
ylabel('Intensity,

L_{\lambda}

(W.sr^{-1}.m^{-2}.nm^{-

1})','FontSize',12,'FontWeight','bold')

hold off;
print(gcf,'Powder_S2_WL_VS_Intensity','-dpng','r1800');

%%
sz=32;
thickness=1;
diff=9;

pltscat_WLvsEmis_1=scatter(Var_WL_1(1:diff:end),Var_Emi
ss_1(1:diff:end),sz,marker{1,1},'filled','MarkerEdgeCol
or',color{1,1},'MarkerFaceColor',color{1,1},'LineWidth'
,thickness);
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hold on;
pltscat_WLvsEmis_2=scatter(Var_WL_2(1:diff:end),Var_Emi
ss_2(1:diff:end),sz,marker{2,1},'filled','MarkerEdgeCol
or',color{2,1},'MarkerFaceColor',color{2,1},'LineWidth'
,thickness);
pltscat_WLvsEmis_3=scatter(Var_WL_3(1:diff:end),Var_Emi
ss_3(1:diff:end),sz,marker{3,1},'filled','MarkerEdgeCol
or',color{3,1},'MarkerFaceColor',color{3,1},'LineWidth'
,thickness);
pltscat_WLvsEmis_4=scatter(Var_WL_4(1:diff:end),Var_Emi
ss_4(1:diff:end),sz,marker{4,1},'filled','MarkerEdgeCol
or',color{4,1},'MarkerFaceColor',color{4,1},'LineWidth'
,thickness);
pltscat_WLvsEmis_5=scatter(Var_WL_5(1:diff:end),Var_Emi
ss_5(1:diff:end),sz,marker{5,1},'filled','MarkerEdgeCol
or',color{5,1},'MarkerFaceColor',color{5,1},'LineWidth'
,thickness);
xlim([1100 1650]); ylim([0.3 1]);

xlabel('Wavelength (nm)') ; ylabel('Emissivity');
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box on;
grid on;
ax = gca;
ax.GridColor = [0 0 0];
ax.GridLineStyle = '--';
ax.GridAlpha = 0.5;
ax.Layer = 'top';

legend1='Powder-Inc718,

T_{1}=

450^{\circ}C';

legend2='Powder-Inc718,

T_{2}=

500^{\circ}C';

legend3='Powder-Inc718,

T_{3}=

600^{\circ}C';legend4='Powder-Inc718,

T_{4}=

592^{\circ}C';legend5='Powder-Inc718,

T_{5}=

580^{\circ}C';

loc1='northeast';loc2='northwest';loc3='southeast';loc4
='southwest';loc5='northeastoutside';loc6='northwestout
side';loc7='southeastoutside';loc8='southwestoutside';
ori1='vertical';ori2='horizontal';
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lg2=legend({legend1,legend2,legend3,legend4,legend5},'L
ocation',loc3,'Orientation',ori1);
lg2.FontSize = 8;

ax = gca;
ax.GridColor = [0 0 0];
ax.GridLineStyle = '--';
ax.GridAlpha = 0.15;
ax.Layer = 'top';

xlabel('Wavelength,

\lambda

(nm)','FontSize',12,'FontWeight','bold')
ylabel('Spectral

Normal

Emissivity,

\epsilon','FontSize',12,'FontWeight','bold')

hold off;
print(gcf,'Powder_S2_WL_Vs_Emiss','-dpng','-r1800');
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Appendix C Emissivity, Tolerance of Temperature Data for Inconel 718

Inconel 718 Polished Sample 1
Temperature

Tolerance of Temperature

Emissivity

Avg. Values

499.9

1.68

0.292

Std. Dev

0.376

0.08

0.002

Avg. Values

550

1.94

0.296

Std. Dev

0.645

0.02

6E-17

Avg. Values

600.2

1.79

0.303

Std. Dev

0.253

0.02

4E-16

Avg. Values

650.2

1.65

0.301

Std. Dev

0.427

0.03

1E-04

Avg. Values

700.1

1.52

0.282

Std. Dev

0.237

0.03

4E-04

Avg. Values

750.1

1.4

0.263

Std. Dev

0.328

0.03

5E-04

Avg. Values

790.7

1.36

0.226

Std. Dev

24.2

0.23

0.041

Avg. Values

827.3

1.71

0.164

Std. Dev

0.113

0.05

5E-04
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Inconel 718 Polished Sample 2
Temperature

Tolerance of Temperature Emissivity

Avg. Values

500.4

1.84

0.271

Std. Dev

0.303

0.04

7E-04

Avg. Values

549.9

2.63

0.263

Std. Dev

0.625

0.03

5E-04

Avg. Values

600

2.06

0.292

Std. Dev

0.323

0.03

3E-04

Avg. Values

650

2.08

0.291

Std. Dev

0.602

0.03

4E-04

Avg. Values

700.1

1.56

0.285

Std. Dev

0.169

0.03

5E-04

Avg. Values

750.1

1.26

0.278

Std. Dev

0.466

0.03

2E-04

Avg. Values

792.7

1.26

0.248

Std. Dev

24.77

0.48

0.047

Avg. Values

829.1

1.94

0.184

Std. Dev

0.595

0.04

1E-03
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Inconel 718 Polished Sample 3
Temperature

Tolerance of Temperature

Emissivity

Avg. Values

500.7

3.66

0.211

Std. Dev

0.458

0.19

0.001

Avg. Values

550

2.38

0.255

Std. Dev

0.63

0.08

0.001

Avg. Values

600.1

1.92

0.283

Std. Dev

0.516

0.05

5E-04

Avg. Values

649.9

2.26

0.287

Std. Dev

0.599

0.06

5E-04

Avg. Values

700.1

2.83

0.291

Std. Dev

0.146

0.1

2E-04

Avg. Values

750.1

2.48

0.267

Std. Dev

0.629

0.15

5E-04

Avg. Values

807.9

1.42

0.209

Std. Dev

26.72

0.59

0.049

Avg. Values

829

0.93

0.174

Std. Dev

0.101

0.05

2E-04
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Inconel 718 Printed Sample 1
Temperature

Tolerance of Temperature

Emissivity

Avg. Values

499.8

1.39

0.394

Std. Dev

0.584

0.02

6E-04

Avg. Values

549.9

1.64

0.395

Std. Dev

0.507

0.02

5E-04

Avg. Values

600.1

1.69

0.398

Std. Dev

0.255

0.03

5E-04

Avg. Values

650.1

1.74

0.396

Std. Dev

0.611

0.02

2E-04

Avg. Values

700

1.49

0.385

Std. Dev

0.561

0.03

5E-16

Avg. Values

750

1.15

0.376

Std. Dev

0.514

0.04

9E-05

Avg. Values

809

1.4

0.294

Std. Dev

25.28

0.36

0.065

Avg. Values

842.4

1.74

0.251

Std. Dev

0.198

0.04

2E-04
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Inconel 718 Printed Sample 2
Temperature

Tolerance of Temperature

Emissivity

Avg. Values

500.1

1.44

0.385

Std. Dev

0.486

0.04

0.003

Avg. Values

550.2

1.59

0.393

Std. Dev

1.054

0.02

0.001

Avg. Values

600.2

1.52

0.425

Std. Dev

0.511

0.02

0.004

Avg. Values

650.2

1.41

0.436

Std. Dev

1.631

0.01

8E-04

Avg. Values

700.6

1.23

0.446

Std. Dev

0.321

0.03

0.002

Avg. Values

750.3

0.89

0.445

Std. Dev

0.651

0.02

0

Avg. Values

786.1

0.41

0.338

Std. Dev

9.16

0.12

0.028

Avg. Values

806.3

0.25

0.344

Std. Dev

0.675

0.01

0.002
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Inconel 718 Printed Sample 3
Temperature

Tolerance of Temperature Emissivity

Avg. Values

500.1

1.63

0.409

Std. Dev

0.609

0.02

0.001

Avg. Values

550

1.83

0.421

Std. Dev

0.601

0.03

6E-04

Avg. Values

600.2

1.7

0.442

Std. Dev

0.248

0.02

4E-04

Avg. Values

650.1

1.62

0.445

Std. Dev

0.574

0.03

5E-04

Avg. Values

700

1.42

0.445

Std. Dev

0.176

0.02

5E-04

Avg. Values

750.4

1.08

0.445

Std. Dev

0.083

0.03

5E-04

Avg. Values

800.4

0.85

0.356

Std. Dev

18.46

0.69

0.059

Avg. Values

804.4

0.33

0.339

Std. Dev

0.459

0.01

0.001
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Inconel 718 Powder Sample 1
Temperature

Tolerance of Temperature

Emissivity

Avg. Values

399.9

0.8425

0.677

Std. Dev

0.60553

0.045735

0.001414

Avg. Values

449.9727

1.05

0.649455

Std. Dev

0.462798

0.014832

0.000934

Avg. Values

500.7885

1.351154

0.640654

Std. Dev

0.49098

0.005883

0.000562

Avg. Values

549.7917

1.454167

0.635833

Std. Dev

0.526495

0.00793

0.000577

Avg. Values

588.8495

1.753019

0.792011

Std. Dev

5.691866

0.13448

0.053208

Avg. Values

599.3667

1.457143

0.63681

Std. Dev

0.394124

0.026104

0.000981

Avg. Values

649.8366

1.457073

0.77039

Std. Dev

0.714407

0.010061

0.004387

Avg. Values

699.9497

1.764354

0.648497

Std. Dev

0.814288

0.026407

0.000515
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Inconel 718 Powder Sample 2
Temperature

Tolerance of Temperature

Emissivity

Avg. Values

401.95

1.18

0.655

Std. Dev

6.717514

0.028284

0.004243

Avg. Values

450.3333

1.246667

0.631333

Std. Dev

6.053374

0.020817

0.002517

Avg. Values

499.75

1.43

0.623

Std. Dev

0.353553

0

0

Avg. Values

550.2833

1.423333

0.626333

Std. Dev

0.788458

0.008165

0.000516

Avg. Values

587.7391

1.707826

0.780348

Std. Dev

5.678647

0.117006

0.075817

Avg. Values

599.6778

1.698889

0.808778

Std. Dev

0.836328

0.016159

0.003898
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Inconel 718 Powder Sample 3
Temperature

Tolerance of Temperature

Emissivity

Avg. Values

400.3125

0.795

0.644875

Std. Dev

0.893528

0.042762

0.001126

Avg. Values

450.14

0.942

0.6024

Std. Dev

0.835703

0.007483

0.00102

Avg. Values

500.0333

1.337143

0.598048

Std. Dev

1.017513

0.01347

0.001658

Avg. Values

549.9789

1.643684

0.590842

Std. Dev

0.644273

0.019497

0.000765

Avg. Values

600.2087

1.756087

0.595848

Std. Dev

0.547246

0.017572

0.002011

Avg. Values

650.0103

1.581034

0.614598

Std. Dev

0.244014

0.020632

0.000828

Avg. Values

699.9307

1.397228

0.629376

Std. Dev

0.27046

0.0195

0.000526
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