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Abstract
In this research, a 3D heat transfer model incorporating cavity radiation was developed in
ABAQUS version 2017 to approximate the thermal field within the build environment in an
Electron Beam Powder Bed Fusion (EB-PBF) Additive Manufacturing (AM) Process. The build
environment, also referred to as the "pseudo build environment, was fabricated in an Electron
Beam Button Furnace (EB-BF) using an ARCAM Q20Plus heat shield (with the top section
removed). The “build plate” was fabricated from a commercially pure titanium disk, which was
surrounded by a stainless-steel plate. A circular beam pattern with a diameter of 50 mm was used
to heat the titanium disk in the absence of powder. The experimental set-up was instrumented with
type-K thermocouples to record the evolution in temperature on the heat shield walls, within the
titanium disk and stainless-steel plate during the experiment. To record and store the temperature,
an autonomous data acquisition system was developed for in-situ instrumentation within a vacuum
environment. The model was validated with respect to the temperature data extracted from the
EB-BF.
Overall, the results of the heating experiment and the numerical model suggest that the
radiative heat exchange between various surfaces within the build environment is complex. The
model results indicate that the portion of heat transferred via cavity radiation and absorbed by the
heat shield walls was found to be a strong function of the titanium disk temperature. Additionally,
four simple numerical case studies were developed to evaluate the effect of heating pattern, initial
preheat, the heat absorption by the powder deposition sequence and post powder deposition
preheat on the thermal behaviour in the pseudo build environment. The results of the numerical
cases provide guidance into future model development, which can potentially aid in better
understanding the heat transfer within the build environment leading to better AM process control.
iii

Lay Summary
Electron Beam Powder Bed Fusion (EB-PBF) additive manufacturing systems utilize a stream of
high-energy electrons to melt-sinter a source material into a near-net-shape part in a layer-by-layer
fashion. It is argued that developing and validating numerical models can aid to understand the
heat transfer within the build environment during the process and potentially identify a suitable set
of process parameters. This research work focuses on developing and validating a numerical model
aimed at predicting the evolution of the thermal field within a simplified build environment during
a heating experiment. Additionally, an in-situ temperature measurement system capable of
working in a vacuum environment was developed to record the evolution of temperature from the
experimental set-up to provide temperature data for model validation. Overall, the results showed
that the model predictions help identify the key elements in the transport of heat during a simple
heating experiment. Furthermore, the developed data acquisition system has the potential to be
implemented in a high-vacuum environment for in-situ measurements.
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Preface
The present M.A.Sc. thesis is an original work by the author, Farhad Rahimi, which is presented
in the form of two manuscripts. The first manuscript (Chapter 4) presents a simplified approach to
modelling the thermal balance of a pseudo build environment in electron beam additive
manufacturing. The second manuscript (Chapter 5) presents the design and development of an
autonomous data acquisition system for in-situ temperature measurement within a high-vacuum
environment.
In Chapter 4 (manuscript 1), I designed an experimental set-up that represents a simplified
build environment of an Electron Beam Additive Manufacturing (EB-AM) machine. The set-up,
referred to as the "pseudo build environment", was constructed within a lab-scale Electron Beam
Button Furnace (EB-BF) by incorporating a simplified GE-ARCAM Q20plus heat shield (i.e., the
heat shield without the top plate). The EB-BF system was chosen as it provides good access to the
vacuum chamber for instrumentation and a basic gun control system for prescribing a simple beam
trajectory (pattern) in comparison to a commercial EB-AM system. The pseudo build environment
was instrumented with thermocouples to record the evolution of temperature during heating and
cooling of a commercially pure titanium disk in the absence of powder. In addition, I developed a
3D heat transfer model in ABAQUS to predict the evolution of the macro thermal field within the
experimental set-up. The model is validated against temperature measurements obtained from the
pseudo build environment during heating and cooling.
In Chapter 5 (manuscript 2), I developed an autonomous in-situ temperature measurement
system that can be implemented in a high-vacuum environment for in-situ instrumentation. For
this purpose, a preliminary temperature measurement system based on the Arduino Uno
development board was developed and evaluated, as discussed in great detail in Appendix A.
v

Identifying the limitations of the initial prototype aided in developing a modular and autonomous
in-situ temperature measurement and logging system. Furthermore, a hermetic enclosure was
designed to protect the electronic elements of the system from the high-vacuum environment. This
is mainly related to issues with heat dissipation from the electronics in a vacuum environment and
the air pressure range required by the battery to operate safely. Appendix B presents the design
procedure of the hermetic enclosure in greater detail. Finally, I designed a series of experiments to
evaluate the system's performance and functionality.
Throughout the course of this program, Professor Steve Cockcroft and Dr. Farzaneh
Farhang Mehr, my supervisors, provided support in the form of advice and comments on all
aspects of my M.A.Sc. program, including but not limited to the design and execution of
experiments, data analysis, model development and the writing of publications and this
dissertation. Dr. Jun Ou supported the program by providing training on the lab-scale electron
beam button furnace and the experimental facility and recommendations on the temperature
measurement with thermocouples.
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Chapter 1: Introduction
Wohlers Associates annual report, published in 2021, showed that the Additive Manufacturing
(AM) industry grew by 7.5 percent to approximately $12.8 billion in 2020 despite the pandemic
[1]. However, this growth rate is substantially lower than the average annual growth of 25.2 percent
in the previous three years and 27.4 percent over the past decade [1,2]. This likely reflects a
combination of factors, including the economic downturn and supply chain issues related to the
Covid-19 pandemic and the transition in AM capital investment from government and universities
to the private sector. This transition, sometimes referred to as the “technological death-valley”, is
illustrated schematically in Figure 1.1 and is often problematic for new technologies as they move
into commercialization.

Figure 1.1. Schematic illustration of the technological death-valley for a new-developed technology [3].

While AM technologies offer several advantages over traditional manufacturing
technologies, there remain a number of challenges that must be overcome for broader commercial
1

adoption to occur. Table 1.1 presents some of the key advantages and challenges of AM
technologies, as summarized by Ford et al. [4]. It should be noted that the two key challenges for
AM commercial adoption are cost and productivity since AM processes are slow and the
fabrication costs per part are high [5].
Table 1.1. Key advantages and challenges of additive manufacturing processes [4]
Advantages
• Small batches of customized products are economically
attractive relative to traditional mass-production methods
• Direct production from 3D-CAD models means that no
tools and moulds are required
• Designs in the form of digital files can be easily shared,
facilitating the modification and customization of
components and products
• Novel or complex structures (e.g., free-form, enclosed
structures and channels, and lattices) are achievable
• low residual porosities in the final part (in electron beam
AM processes)

1.1

Challenges
•
•
•
•

Production cost and speed
Development and standardization of new materials
Development of multi-material systems
Automation of AM systems and process planning to
improve manufacturing efficiency
• Post-processing is often required
• Support structure materials cannot be recycled, so they
need to be minimized
• Machine-to-machine variability of process parameters

Additive Manufacturing Definition

Additive manufacturing includes several manufacturing processes that fabricate components
incrementally using a layer-by-layer method [6–8]. The original idea of building parts in a
layer-by-layer method was introduced by Kojima [9], and the term "additive manufacturing" has
been adopted for these incremental, or layer-wise, manufacturing techniques [6]. This technology
allows the manufacturing of complex parts (see Figure 1.2) without the need for extensive
moulding and tooling, which facilitates rapid prototyping and more efficient design optimisation
[10,11]. It is important to point out that there is typically some post-fabrication machining involved
associated with removing the support structure if present. Depending on the end-use application,
additional post-processing and finishing operations may also be required – e.g., such as hole
drilling, surface finishing, heat treatment, etc. The need for support structure also results in a
reduction in material utilization efficiency.
2

Figure 1.2. A fabricated part and a 3D model, showing complex internal cooling channels in the design [11].

1.2

Additive Manufacturing Applications

Figure 1.3 shows examples of AM industrial applications and commonly used metallic materials.
Using AM technology in the industries shown in this figure hinges on economics. Examples of
feasible applications are: i) unique component design elements that are difficult to manufacture
with conventional methods, ii) the ability to produce prototypes, iii) limited-run parts, iv) the
ability to produce replacement parts that are no longer available, and v) medical implants
customized to a patient’s unique anatomy [10]. The proper guidelines and recommendations for
using AM processes are extensively presented in ASTM 52910 [12].

Figure 1.3. Additive manufacturing applications and commonly used metals [10,11].

3

1.3

Classification of Additive Manufacturing

Technological advancements (e.g., high-performance electronics, cost-effective lasers and
electron beam guns, and economical powder materials) have helped to improve performance and
reduce the cost of metal AM processes and systems [10]. As shown in Figure 1.4, the key metal
AM technologies can be categorized into three groups [12]: i) binder jet printing, ii) directed
energy deposition, and iii) powder bed fusion.

Figure 1.4. Schematics of additive manufacturing classification; (a) binder jet printing, (b) directed energy
deposition, and (c) powder bed fusion.

In the direct energy deposition and powder bed fusion technologies, a high-energy-density
heat source is used to melt feedstock materials to from near-net-shape parts [11]. The most
commonly used heat sources are laser, plasma arc, and electron beam. Note: other heat sources
such as ultrasonic vibration and infrared radiation can be used to melt wire, powder, or even sheet
materials and fabricate a component; however, they appear inefficient in industrial applications
[10,13].
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Among metal AM technologies, laser and electron beam-based AM systems dominate
commercially [11]. The Electron Beam Additive Manufacturing (EB-AM) systems use an electron
beam as the heat source to melt-sinter feed material into a near-net-shape part under a high-vacuum
environment [10]. To introduce this technology, Chapter 2 will start with a brief history on the
birth of electron beam melting and present an overview of the EB-AM process. Some of the defects
in the fabricated parts by this technology will also be explored. Additionally, this chapter will
briefly discuss several process parameters and their influence on defect formation in a product.
Since the transport of heat in this process is complex, developing numerical models will
aid to better understand the heat transfer at both the meso and macro length scales – i.e., at the
scale of the melt pool and build environment, and identify the key transport processes affecting
build quality. It is suggested that temperature measurements during the build process can be used
to validate these numerical models. Chapter 2 will also review several studies attempting in-situ
temperature measurement during the EB-AM process.
Toward this goal, Chapter 4 will present the development and validation of a numerical
thermal model aimed at predicting the evolution of the macro thermal field within a simplified
build environment (i.e., the environment within the heat shield and build platform) constructed
within a lab-scale Electron Beam Button Furnace (EB-BF) during a heating experiment. During
the experiment, the evolution of temperature is measured from multiple locations within the
simplified build environment, and the model is validated with respect to these measurements.
Additionally, Chapter 5 will present the development of an autonomous in-situ temperature
measurement system used for in-situ temperature measurement within the EB-BF.
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Chapter 2: Literature Review
As briefly mentioned in the introduction, this chapter will present a brief history on electron beam
melting, an overview of the electron beam additive manufacturing, defects in the fabricated part,
process parameters and research contributions toward temperature measurement and model
development.
2.1

The Birth of Electron Beam Melting

The first industrial application of Electron Beams (EB) was found by Marcello Pirani [14] in 1907
during a melting experiment with a refractory metal powder. In 1948, Steigerwald [15] developed
the basis of Electron Beam Welding (EBW) by melting a sample while adjusting the settings of an
electron microscope. His observation led to the birth of keyhole welding technology after ten years.
Since then, EBW machines have been used in various industries, such as aviation and
aerospace, automotive, medical, marine, and nuclear [16–18]. Despite the high costs of this
process, the development of flexible high-power energy sources, the benefit of minimal oxidation
and entrapped gas porosity during welding, and advances in process automation have helped EBW
grow as a joining technology for exotic materials and high-value parts [16].
More recent applications of electron beams as a heat source has led to the development of
the ARCAM and Sciaky Electron Beam Additive Manufacturing (EB-AM) machines [19,20]. The
ARCAM system utilizes a powder bed as the source material, whereas the Sciaky system uses wire
fed into the melt pool [21,22].
2.2

Electron Beam Additive Manufacturing

Electron Beam Additive Manufacturing (EB-AM) systems utilize an electron beam to melt
feedstock material into a near-net-shape part in a layer-by-layer fashion under a high vacuum
environment [10]. An electron beam is able to melt the material by focusing a stream of
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high-energy electrons onto a target area. In brief, the electrons are emitted from a cathode and
accelerated by applying a high-voltage difference – e.g., 1 kV to 150 kV [23] – between a cathode
and anode. A series of electro-magnetic lenses are used to focus or defocus the high-energy
electrons to a beam [16]. Additionally, other electro-magnets, referred to as the "scanning coils",
are used to move the beam to the desired location on the target surface.
Once the electrons strike the target metal, they rapidly decelerate, converting their kinetic
energy to heat. Figure 2.1 shows schematically the interaction between an EB and the surface of a
target material. Heat is typically released in the target metal within a few microns of the surface,
depending on the speed of the electrons (accelerating voltage). Additionally, the bombardment of
the electrons onto the target area and the interactions with the material’s free electrons cause
emissions of: i) Auger electrons, ii) secondary electrons; iii) backscattered electrons, and iv) Xrays [16].

Figure 2.1. Schematic illustration of the interaction between the electron beam and the surface of a solid workpiece
[16].
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2.3

Software and Hardware Workflow in Electron Beam Additive Manufacturing

To begin, a 3D CAD design of a part is loaded into a software package where several process
parameters are defined. For instance, these parameters would include part location within the build
tank, part build orientation, the design of support structures, and heating themes. This step is
represents a key element in manufacturing high-quality parts [24]. Finally, the build project file is
transferred to the EB-PBF machine’s controller/computer to begin the fabrication process.
As schematically shown in Figure 2.2, a commercial EB-PBF machine consists of five
main elements: i) electron beam unit, ii) vacuum chamber, iii) vacuum system, iv) control system,
and v) camera system.

Figure 2.2. A High-level schematic diagram of the key elements of a commercial EB-PBF machine.

The electron beam unit consists of an upper and a lower section. In the upper section, the
cathode emits electrons through thermionic emission. In this configuration, the electron emission
relies on heating the cathode either by applying a current [25] or a laser beam [26]. In the lower
section, a series of electro-magnetic lenses are used to correct and control the electron beam’s
shape and the spot size, and position the beam on the target area [27,28].
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Prior to the fabrication process, the powder is transferred to the powder hoppers, the build
platform is aligned to the powder raking system, and the removable heat shield is installed. Then,
the vacuum chamber is closed and is pumped to a high-vacuum pressure range (typically 10-3 to
10-7 mbar) [28].
Once the desired vacuum pressure is achieved, the process begins by first scanning the
surface of the build platform using a defocused beam to raise the temperature to a specified range;
this process is known as "initial preheating". Then, the powder is spread evenly on the build
platform by the powder raking system. Next, the gun is re-energized, and the powder bed is
scanned to pre-heat the powder to a target temperature. Once the preheating cycle is finished, the
electron beam is translated on the powder surface using a more focused spot in the pattern of the
part slice being processed. The powder under the focused spot is melted/sintered to form a solid
using an appropriate theme (combination of power input, spot focus, beam speed and beam
pattern). Afterwards, a second heat input, referred to as "post-heat", may also be used to input
more energy into the powder bed prior to adding the next powder layer, depending on the overall
process heat balance at that time. The build process continues by repeating the four cycles shown
in Figure 2.3 until the components are built [27].

Figure 2.3. Schematic diagram of fabrication process cycle in EB-PBF process [27].
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The initial preheating cycle facilitates the outgassing of the build platform or the heat shield
and increases the starter plate temperature to within a specified range. The subsequent preheating
cycles (i.e., post powder deposition preheating cycles) help slightly sinter the powder particles to
enhance the electrical conductivity and create mechanical coherency [28]. Partial (or weak)
sintering of the powder during preheating helps prevent a process instability (known as "powder
smoking") during the melting process. Studies have correlated this phenomenon to the poor
electrical conductivity of loose powder, which leads to powder becoming charged and electric
repulsion of powder particles during the melting stages [21,29].
Once the fabrication process is completed, the accumulated heat in the build chamber
requires an extended cooling time. Once it is cooled down to a specific temperature range, it can
be opened. Then, the build is moved to the Powder Recovery System (PRS), where the partially
sintered powders are removed from the build envelope and recovered for future use. Further details
on the process principles are thoroughly presented by Gong et al. [30].
The EB-PBF process is carried out under a high-vacuum environment, ensuring low
oxygen and nitrogen pickup [34] and a reduced pore size distribution [30]. Additionally, the
high-temperature build environment results in a lower temperature gradient across the build
volume compared to other metal AM processes [31]. Despite many advantages in the EB-PBF
process, it faces some challenges, which are highlighted in the following section.
2.4

Defects in the EB-PBF Process

The interaction between the beam and feedstock material is complex, as is the transport of heat
within the build chamber. A poor choice of process parameters can lead to powder smoking [29]
or various defects in the product – e.g., lack of fusion [32], alloying element evaporation [10,33],
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dimensional inaccuracy (distortion) [34], gas porosity [35,36], and layer delamination [27]. Some
of these defects are dependent on the theme; however, some are also a function of the thermal
environment within the build chamber. Hence, thermal management within the build envelope is
also necessary to ensure a consistent part quality.
Of these defects, part distortion and layer delamination, if severe, can lead to the process
being suspended [27,34]. Several studies [31,37–39] have focused on understanding the source of
these defects – i.e, part distortion and layer delamination. It has been found that, in most cases,
large temperature gradients within the component lead to these defects [31,38,39]. EB-PBF parts
typically experience a lower temperature gradient across the build volume during the process
compared to laser-based processes [31] owing to the ability to apply pre-heat and post-heat, and
the absence of convective heat transport from the PB surface, which facilitates maintaining a
high-temperature within the build environment [21]. This high-temperature environment may also
act as a post-process heat treatment (e.g., stress-relief annealing) [40], which results in a lower
residual stress accumulation in the fabricated part [6,21].
The high-temperature and high-vacuum build environment may facilitate selective
evaporation of low vapour pressure elements [21]. The element loss during the build process can
locally change the chemical composition, which influences corrosion resistance [10], as-built
microstructure [33,41], and mechanical properties [10,33] of the product.
The following section introduces a few key process parameters in the EB-PBF process, and
their effects on the formation of defects are briefly explored.
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2.5

Process Parameters in EB-PBF

Studies [42–47] have shown that changing process parameters can influence the quality of final
parts and the formation of several defects, as presented in Table 2.1. In the EB-PBF process, the
key process parameters can be classified into four categories [44]: i) electron beam parameters
(e.g., accelerating voltage, beam current and beam focus), ii) scan strategy and speed, iii)
powder-dependent parameters (e.g., particle shape, size, distribution, and layer thickness), and iv)
preheating and post-heating temperatures.
Table 2.1. Recommendations and guidelines to minimize defects and improve part’s quality fabricated by EB-PBF
Defect/flaw to minimize

Recommended solution
Increasing
Line energy [42]

Porosity and lack of fusion

Reducing
Scan speed [42,43]
Focus offset [42,43]
Line offset [48]

Surface roughness

Scan speed [42,43]

Beam current [43]

Particle size [46]

Layer thickness [44]

Focus offset [42,43]

Line energy [42]
Line offset [48]

Delamination

Energy density [47]

Focus offset [42,43]

It is suggested that a few flaws/defects, such as surface roughness [49] and enclosed smaller
porosity [35,36], can be repaired by post-processing operations, as opposed to defects mentioned
in Section 2.4.
2.6

Temperature Measurements in EB-PBF

As discussed, process parameters could significantly influence the localised thermal energy input
during the EB-PBF process, leading to a larger temperature gradient across the build-volume [8].
Therefore, careful thermal management within the build chamber is necessary to ensure a
consistent part quality; otherwise, various defects may appear in the product [8,31,40].
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Several studies suggested that recording temperature data during the EB-PBF process could
be used for process monitoring [50–54]. For example, Cordero et al. [50] examined the feasibility
of implementing a pyrometer and an infrared (IR) camera to measure temperature. They suggested
that surface temperature measurements from the build area could be used for developing process
parameters and as feedback for a closed-loop control system to adjust the energy deposition during
melting. Buga and Dsouza [51] developed a temperature monitoring solution using an IR camera
and image processing. They demonstrated that the temperature fluctuations over the build surface
could be mapped in real-time for successive layers during the build process. In addition, Boone et
al. [52] developed a high-speed and high-resolution thermal imaging instrument for recording
layer surface temperatures and monitoring the melt pool during the build process within the
ARCAM A2 EB-PBF machine. They reported that the thermal images could be used to detect
defects during the build process. Furthermore, Fisher et al. [53] used thermal imaging as an indirect
means of monitoring solidification conditions in the ARCAM A2 EB-PBF system. They proposed
that the temperature from the build surface could be used as feedback to control the microstructure
evolution during the fabrication process – in terms of the localised heat input to the PB during the
build process.
Other studies suggested that temperature measurements could be used to study the thermal
characteristics of the EB-PBF processes [54–58]. For instance, Price et al. [54,56] measured melt
pool sizes and the surface temperature with a near-infrared camera for various sets of a process
parameter. They reported that changing a process parameter referred to as "speed function index",
which controls the beam current and the beam speed during a build, showed a noticeable influence
on the melt pool sizes, surface roughness and morphology of the fabricated parts. Rodriguez et al.
[55] measured the surface temperature of the powder bed with an IR camera and a feedback signal
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from an EB-PBF machine. The integrated instrument captured thermal images from the powder
layer’s surface at three stages – i.e., preheating, melting and powder deposition. They suggested
that thermal imaging could be used to identify non-uniformity in the temperature distribution on
the build area during the EB-PBF process. In another study, Lee et al. [57] investigated the role of
a new scan strategy, referred to as the "ghost beam scan strategy", on the temperature gradient and
local microstructural evolution for IN718 alloy. They observed that the new scan strategy had
positively influenced the solidification conditions and the temperature gradient compared to the
conventional spot melting and raster scan strategy.
For in-situ temperature measurements, thermocouples are the simplest and most
cost-effective tools that can provide accurate temperature data at discrete points [55,58,59].
Generally, multiple thermocouples are needed to accurately measure a temperature since each
thermocouple can measure temperature from a single location. For instance, Rodriguez et al. [55]
recorded the in-situ temperature evolution on the heat shield of the ARCAM A2 EB-PBF machine
with thermocouples, as shown in Figure 2.4. The temperature measurements were used to validate
a numerical model that described the view factor associated with the radiative heat transfer within
the machine’s heat shield enclosure.

Figure 2.4. A 3D schematic of the ARCAM A2 heat shield instrumented with thermocouple [55].

14

In a recent study, Landau et al. [58] instrumented the build environment of a
GE-ARCAM Q20plus EB-PBF machine with thermocouples and recorded the evolution of
temperatures from multiple locations, as shown in Figure 2.5. The temperature measurements were
used to validate a heat transfer model that characterises the heat transport within the build chamber.
Despite the advantages of using thermocouples for acquiring in-process temperatures,
Gouge et al. [59] reported that measurement anomalies might occur due to the electromagnetic
interference from the electron beam magnetic field. In addition, using thermocouples requires the
installation of a thermocouple feedthrough on the EB-PBF machine [58].

Figure 2.5. In-situ temperature measurement set-up implemented in the GE-ARCAM Q20Plus EB-PBF system;
showing (a) the heat shield and (b) the build platform are instrumented with type-K thermocouples [58].
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Some researchers [55,56,60–64] focused on using infrared or near-infrared cameras and
pyrometers to record temperature in-situ, as shown in Figures 2.6 (a) and (b). The intensity of the
emitted radiation and the emissivity of the radiating surface can be used to calculate the surface
temperature [65]. Despite the advantages of using pyrometers, Cordero et al. [50] reported that
temperature measurements with pyrometers are limited to a single spot, as shown in Figure 2.6 (c).

Figure 2.6. Experimental set-up for in-situ temperature measurement using (a) IR camera [66] and (b) pyrometer and
IR camera [67], and (c) schematic illustration of temperature measurement set-up with a pyrometer– green spot
shows the area where pyrometer records data [50].
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Additionally, metallisation on the viewport optics due to the prolonged exposure to metal
vapours during the EB-PBF process influences the accuracy of temperature measurements, see
Figures 2.7 (a) and (b) [50,51,63]. Hence, Boone et al. [52] and Croset et al. [60] designed a
complex Kapton film-feed apparatus to minimise the effect of metallisation on the accuracy of
measurements, as shown in Figures 2.7 (c) and (d). However, this required modification to the
EB-PBF machine’s vacuum chamber. Furthermore, Gouge et al. [59] stated that the measurement
equipment must be frequently calibrated to record accurate temperature data.

Figure 2.7. Metallisation on (a) a sacrificial glass [63] and (b) a viewport optic [51] after in-situ thermal imaging.
Complex Kapton film-feed system for in-situ thermal imaging implemented to (c) ARCAM S12 [64] and (d)
ARCAM A1 EB-PBF systems [68].
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While the vast amount of work on the EB-PBF process has been experimental in nature
and focused on process characterisation, several studies have been published on the numerical
modelling of heat transfer in the EB-PBF process [54,58,69–71]. For example, Price et al. [54]
developed a thermal model to predict the melt pool shape and size as a function of a
system-specific parameter, referred to as the "speed function index". They reported that the speed
function could noticeably influence the melt pool size and shape and the temperature distribution
along the melt track. In another study, Alderson [69] developed a 3D heat transfer model to predict
the temperature distribution for a moving heat source with respect to the scan path. It is suggested
that the model results could be used to evaluate the accumulation of residual stresses with respect
to the temperature gradient within the part. In a recent study, Landau et al. [58] developed a 3D
heat transfer model to characterise the thermal behaviour of the build chamber during the
preheating sequence. They used thermocouples to measure the temperature from multiple locations
on the heat shield and within the build platform (see Figure 2.5), and they validated the model with
respect to these measurements. They showed that the radiative heat transfer within the build
chamber is more dominant than the heat conduction to the build platform. The energy balance over
the build platform in this study showed that approximately 80% of the input energy from the EB
is absorbed by the heat shield via radiation, while 20% was absorbed by the build platform at the
steady-state condition.
According to the literature review, there is a good argument that can be made for
developing validated numerical models that focus on heat transfer at both the meso and macro
length scales – i.e., at the scale of the melt pool and build chamber – to characterise the thermal
field within the build chamber and develop a better understanding of the key transport processes
affecting build quality. This research presents the development and validation of a numerical
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thermal model to predict the evolution of the macro thermal field within a simplified build
environment. The model is developed in stages, with the first stage predictions validated against
temperature measurements obtained from a simplified build environment constructed in an
Electron Beam Button Furnace (EB-BF) during heating and cooling of a titanium disk in the
absence of powder. Following model validation, several different simplified cases were simulated,
examining the effect of the heating pattern size, preheating, and powder deposition sequence on
the development of the thermal field within the build environment.
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Chapter 3: Scope and Objectives
As discussed in Chapter 2, the selection of process parameters can influence the formation of
various defects in products fabricated by the EB-PBF process, and it is impractical to adjust them
by the trial and-error methodology. Therefore, developing and validating numerical models that
focus on heat transfer within the build environment will aid to understand the key transport
processes affecting the temperature gradients within the build environment. These models can also
be used to identify the appropriate set of process parameters.
Toward this goal, the present thesis is presented in the form of two manuscripts. The first
manuscript (Chapter 4) presents the development of a numerical heat transfer model describing
the transport of heat within a simplified build environment with respect to an experiment
conducted in a lab-scale Electron Beam Button Furnace (EB-BF). The experiment included
constructing a simplified build environment within the EB-BF, generating a circular beam
trajectory pattern, and heating a titanium disk in the absence of powder. The model predictions
were validated against temperature measurements obtained from the simplified build environment
during the heating and cooling of the titanium disk. An autonomous data acquisition system was
developed and used for in-situ instrumentation inside the EB-BF to record the evolution of
temperature during the experiment. The second manuscript (Chapter 5) presents the design
framework for this system.
Following model validation, several numerical cases were simulated, examining the effect
of preheating cycles, various heating pattern sizes and powder deposition on the evolution of the
thermal field within the simplified build environment.
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Chapter 4: A simplified approach to modelling the thermal balance of the build
environment in electron beam additive manufacturing
While the vast amount of work on the EB-PBF process has been experimental and focused on
process characterization, several studies have been published on the numerical modelling of heat
transfer in the EB PBF process, as mentioned in Chapter 2. The process is so complex that it would
be beneficial to develop and validate numerical models that focus on heat transfer at both the meso
and macro length scales – i.e., at the scale of the melt pool and build environment (the environment
between the heat shield and the build platform). These numerical models will help to better
understand the key transport processes affecting build quality.
This chapter presents the development and validation of a numerical thermal model aimed
at predicting the evolution of the macro thermal field within a simplified build environment
constructed in the EB-BF. The model is developed in stages, with the first stage predictions
validated against temperature measurements obtained from an experimental setup fabricated in the
EB-BF during both heating and cooling of a titanium plate in the absence of powder. Following
model validation, several simplified numerical cases are simulated, examining the effect of the
heating pattern size, preheating, and powder deposition sequence on the development of the
temperature and the energy balance within the simplified build environment.
4.1

Experimental Procedure

Figure 4.1 (a) shows the lab-scale EB-BF that was used in this study. This system was chosen as
it provides good access to the vacuum chamber for instrumentation and a basic gun control system
for prescribing simple beam trajectory patterns in comparison to a commercial EB-PBF system –
e.g., GE-ARCAM Q20Plus available at the University of British Columbia.
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The EB-BF was equipped with two independent, two-stage vacuum pumps (one for the EB
gun column and one for the furnace chamber), a water-cooled copper mould, a Von Ardenne EB
gun with a nominal power rating of 30 kW at 20 kV, and an analogue, in-house developed, beam
deflection system for controlling the beam position.
The experimental set-up that represents a simplified build environment, also referred to as
the "pseudo build environment", consisted of a base platform and a GE-ARCAM Q20plus heat
shield, as shown in Figure 4.1 (b) and Figure 4.2. The heat shield is made from 304L stainless
steel, and it was simplified by removing the top of the heat shield. This was to avoid blocking the
beam as the gun on the EB-BF is located at an angle to the pseudo build environment base – i.e.,
not normal as is the case in the GE-ARCAM system.
The base platform consisted of a circular disk (96 mm in diameter × 13 mm in height) of
commercial purity titanium (CP-Ti) placed within a hole in the centre of a plate fabricated from
304L Stainless Steel (SS). The CP-Ti disk and SS-plate were placed on a 12.5 mm thick alumina
fibre blanket to provide thermal isolation from the water-cooled copper mould within the EB-BF.
It should be noted that the experimental set-up shown in Figure 4.1 (b), represents a
simplified build environment within an EB-based system. Due to the simplicity of the constructed
set-up, it is acknowledged that the presence of powder hoppers, the top plate of the heat shield, the
secondary heat shield, and other parts within the build chamber of a commercial EB-PBF system
are not included in the experimental set-up. Additionally, the dimensions and the material selected
for the build platform are different from a commercial EB-PBF system. The vacuum chamber of
the EB-BF is also water-cooled. Therefore, the heat transfer within the proposed experimental
set-up would be different compared to an actual EB-PBF process. These factors highlight the

22

limitations in allowing the results from the experiments to be directly compared to commercial
EBPBF system.

Figure 4.1. (a) The 30 kW lab-scale EB-BF, and (b) a 3D rendering cutaway view of the furnace chamber showing
the experimental set-up.
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The pseudo build environment was instrumented with type-K thermocouples to record the
temperature evolution during the experiment. Figure 4.2 shows the thermocouple locations. TC2,
TC4, and TC5 were used to record the temperature evolution close to the interfaces between the
various components – i.e., the SS-plate and heat shield Face A and Face B. Similarly, TC6 and
TC7 were used to measure the temperature evolution at the interface between the CP-Ti disk and
the SS-plate. Since these interfaces could influence the heat transfer between each component, the
temperature measurements close to these interfaces were used to adjust the interfacial heat transfer
coefficient in the numerical model. TC8 was used to monitor the CP-Ti disk near-surface
temperature (~2 mm beneath the top surface) for the region close to the beam trajectory pattern
using an ungrounded type-K thermocouple.
Note: TCs 1 to 6 were unshielded type-K thermocouples and were spot-welded to the
locations shown in Figure 4.2. On the other hand, TC7 and TC8 were shielded type-K
thermocouples since the beam trajectory was positioned on the CP-Ti disk. In addition, the
experimental set-up is placed on top of a layer of alumina fibre blanket, which thermally and
electrically isolates the pseudo build environment from the EB-BF, as shown in Figure 4.1 (b).
Therefore, all components in the experimental set-up were grounded by a Copper wire to prevent
the accumulation of electrical charges during the electron beam heating experiment.
The thermocouples on the heat shield, the CP-Ti disk and the SS-plate were connected to
two in-house developed in-situ data logger units that provided synchronised data logging
throughout the experiments at 10 Hz per channel. Chapter 5 and Appendix A will present these
in-situ data logger systems in greater detail.
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Figure 4.2. Thermocouple locations on the heat shield, the SS-plate, and the CP-Ti disk.

Once the furnace chamber reached the desired vacuum level (typically 10-5 to 10-6 mbar),
the EB gun was switched on, and the power was ramped up and maintained for 50 mins, as shown
in Figure 4.3 (a). The beam trajectory pattern was a circle with a radius of ~25 mm, concentric
with the centre of the CP-Ti disk at a scan frequency of 20 Hz, as shown in Figure 4.3 (b). After
the heating cycle, the electron beam gun was turned off, and the experimental set-up was allowed
to cool down while maintaining the high-vacuum environment.
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Figure 4.3. (a) The EB gun power logged from the EB-BF during the heating cycle, and (b) the beam trajectory
pattern prescribed for the experiment.

4.2

Numerical Simulation

The 3D heat transfer model of the pseudo build environment within the EB-BF was developed in
the commercial Finite Element (FE) package ABAQUS1 version 2017.
4.2.1

Model Domain and Mesh

The geometries of the CP-Ti disk, the SS-plate and the heat shield were created in Inventor Pro.2
version 2018 and imported to ABAQUS CAE. Given the symmetrical configuration of the
experimental set-up, the domain size was reduced to a quarter of the pseudo build environment, as
shown in Figure 4.4, to improve computational efficiency. The mesh consisted of 8-node linear
heat transfer brick (DC3D8) elements. The number of elements within each component is provided
in Figure 4.4.

1
2

ABAQUS is the trademark for Dassault Systèmes.
Inventor professional is the trademark for Autodesk Inc.
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Figure 4.4. Model domain meshing details.

4.2.2

Initial Conditions

The initial temperatures of the CP-Ti disk, the SS-plate and the heat shield were set to 293 K,
based on the temperature measurements done at multiple locations within the pseudo build
environment at the beginning of the experiment.
4.2.3

Material Properties

Figure 4.5 presents the thermophysical properties of CP-Ti and 340L SS that were implemented
into the model. These materials were assumed to be isotropic and homogenous. The emissivity
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values for CP-Ti and 304L SS were set to 0.6 and 0.2, respectively [72,73]. In addition, the latent
heat of the α-β phase transformation was set to 87,000 J kg-1 at a temperature range from 1155 K
to 1158 K [73]. The densities of CP-Ti and 304L SS were 4540 and 8020 kg m-3, respectively, and
were assumed invariant with temperature.

Figure 4.5. Thermophysical properties of CP-Ti and 304L Stainless Steel [72,73].

28

4.2.4
4.2.4.1

Thermal Boundary Conditions
Electron Beam Heating

The interaction between the EB and the surface of a material generates heat by converting the
kinetic energy of electrons to thermal energy. In the numerical simulation, this heat source is
defined as a surface heat flux applied to the top surface of the CP-Ti disk. A study done by Meng
[74] showed that time-averaged energy input could be used for a circular beam trajectory when the
scan frequency is above 10 Hz. Since the scan frequency of the beam trajectory during the
experiment is 20 Hz, a time-averaged Gaussian surface heat flux can be adopted. The
time-averaged Gaussian surface heat flux (presented mathematically in Eq. (4.1) and schematically
shown in Figure 4.6) was implemented into the model using the DFLUX subroutine.
𝑞̅𝐸𝐵 (𝑅) =

𝜂𝑃𝐸𝐵
(2𝜋𝑅)(𝜎𝐸𝐵 √2𝜋)

𝑒

(𝑅−𝑅0 )2
2𝜎2
𝐸𝐵

−

(4.1)

In Eq. (4.1), 𝑞̅𝐸𝐵 (W m-2) is the time-averaged Gaussian surface heat flux, 𝑃𝐸𝐵 (W) is the
EB power, R (m) is the distance from the centre of the CP-Ti disk, R0 (m) is the radius of the beam
trajectory pattern, 𝜂 is the EB absorption factor, and 𝜎𝐸𝐵 (m) is the standard deviation of the
Gaussian function. The implemented values for parameters in Eq. (4.1) are summarised in Table
4.1.

Figure 4.6. Schematic diagram of the time-averaged Gaussian heat flux distribution over the beam trajectory pattern.
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Table 4.1. Beam parameters implemented in the FE model

4.2.4.2

Parameter

Unit

Value

𝑃𝐸𝐵

W

Figure 4.3 (a)

𝜂

-

0.65

𝜎𝐸𝐵

m

0.0025

R0

m

0.025

Heat Losses

Figure 4.7 shows the location of the various boundary conditions defined to describe the heat
transport within the build environment. These include cavity radiation (within the pseudo build
environment), conduction within the base platform (i.e., CP-Ti disk and SS-plate), radiative
transport from the outer heat shield walls to the furnace vacuum chamber and surface-to-surface
contact heat transfer between the various components making up the heat shield walls and base
platform. In addition, several boundaries were also assumed to behave adiabatically, as shown in
Figure 4.7.

Figure 4.7. Boundary conditions of the heat transfer model along (a) XY plane and (b) ZY plane.
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The surface radiation interaction assumed for the outward-facing surfaces of the heat shield
walls and SS-plate, are described by Eq. (4.2):
4
𝑞𝑟𝑎𝑑 = 𝜀𝜎(𝑇 4 − 𝑇𝑎𝑚𝑏
)

(4.2)

where 𝑞𝑟𝑎𝑑 (W m-2) is the radiative heat flux, 𝜀 is the emissivity, 𝜎 (W m-2 K-4) is the
Stefan-Boltzmann constant, T (K) is the surface temperature of the radiating object, and Tamb (K)
is the ambient temperature of the vacuum chamber walls which range from 293 to 313 K.
The temperatures measured at TC2, TC4, TC5, TC6 and TC7 (see locations in Figure 4.2)
are shown in Figure 4.8 (a) and (b). The data indicated a substantial resistance to heat flow at the
CP-Ti disk/SS-plate interface (see TCs 6 and 7) and similar behaviour, but to a reduced degree, at
the SS-plate and the heat shield (see TCs 2, 4 and 5). The resistance to heat flow across these
interfaces may be quantified using a contact Interfacial Heat Transfer Coefficient (IHTC) [75].
The mathematical relationship that describes this boundary condition is shown in Eq. (4.3):
𝑞𝑐𝑜𝑛𝑡𝑎𝑐𝑡 = ℎ𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 (𝑇𝐴 − 𝑇𝐵 )

(4.3)

where qcontact (W m-2) is the heat flux across the interface, hinterface (W m-2 K-1) is the IHTC, and
TA (K) and TB (K) are the surface temperatures at the two sides of the interface. Figure 4.8 (c)
shows the temperature-dependent IHTCs applied to the SS-plate/heat shield and the CP-Ti
disk/SS-plate interfaces. A trial-and-error approach was used to determine the relationship
between IHTC and temperature.
Since the Alumina Fibre Blanket has a low thermal conductivity (~0.16 W m-1 K-1), the
bottom surfaces of the CP-Ti disk and the SS-plate were assumed to be adiabatic.
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Figure 4.8. The temperature evolution in proximity to (a) the CP-Ti disk/SS-plate interface, (b) the
SS-plate/heat shield interfaces, and (c) the variation of IHTC with temperature applied to the interfaces in the
numerical model.

Cavity radiation interaction was applied to the top surface of the CP-Ti disk, the SS-plate,
and the inner surfaces of the heat shield to describe the radiative heat exchange within the pseudo
build environment. The governing equation for the cavity radiation is given in Eq. (4.4).
𝑞𝑖 = 𝜎𝜀𝑖 ∑𝑗 𝜀𝑗 ∑𝑘 𝐹𝑖𝑘 [𝛿𝑘𝑗 −

(1−𝜀𝑘 )
𝐴𝑘

𝐹𝑘𝑗 ]−1 (𝑇𝑗 4 − 𝑇𝑖 4 )

(4.4)

where qi (W m-2) is the radiation flux into the facet i in a cavity, εi and εj are the emissivities of
facets i and j, σ (W m-2 K-4) is the Stefan-Boltzmann constant, Fij (m4 m-4) is the view factor, Ti (K)
and Tj (K) are the temperatures of facets i and j, and 𝛿𝑘𝑗 is the Kronecker delta. The mathematical
relation that describes the view factor between two facets i and j is presented in Eq. (4.5), where
Ai (m2) and Aj (m2) are the areas of facets i and j, and rij (m) is the distance between facets i and j.
𝐹𝑖𝑗 =

1
𝐴𝑖

∫𝐴 ∫𝐴
𝑖

𝑗

𝑐𝑜𝑠𝜃𝑖 𝑐𝑜𝑠𝜃𝑗
2
𝜋𝑟𝑖𝑗

𝑑𝐴𝑗 𝑑𝐴𝑖

(4.5)

Note: an ambient temperature is defined in the case of open cavity radiation interaction.
Since the model domain in this study represents an open cavity, as the top plate of the heat shield
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is not included in the experimental set-up, and the model domain, an average ambient temperature
of 30 °C was defined with respect to the experiment.
4.3
4.3.1

Results and Discussion
Experimental Results

Figure 4.9 (a) shows the heat shield temperature evolution on Face A (TCs 1 and 2) and Face B
(TCs 3 and 4) (refer to Figure 4.2 for locations of TCs 1 through 4). As shown in Figure 4.9 (a),
the temperature in the centre of Face A (TC1) reaches a peak temperature of ~100 °C at 50 minutes,
whereas the temperature at the centre of Face B (TC3) reaches a peak temperature of ~95 °C.
Similarly, the temperature is slightly higher at TC2 on Face A (80 °C) than TC4 (~76 °C) on Face
B. This temperature difference exists because the angle between Face A and the Y-axis is 6° greater
than that of Face B in the heat shield. The larger angle influences the view factor (see Eq. (4.5)),
resulting in a slightly higher radiation transfer to Face A than Face B.
Figure 4.9 (b) shows the temperature evolution on the SS-plate (TCs 5 and 6) and CP-Ti
disk (TCs 7 and 8). The peak temperature on the SS-plate in proximity to the CP-Ti disk/SS-plate
interface (TC6) is ~117 °C, whereas the temperature close to the SS-plate/heat shield interface
(TC5) reaches a peak temperature of ~32 °C. The results show that the CP-Ti disk reaches a
steady-state temperature of ~662 °C (TC7) and ~725 °C (TC8) when the heat shield is included in
the experiments.
Note: the pseudo build environment does not reach a steady-state condition since the
temperature on the heat shield walls and within the SS-plate change during the experiment.
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Figure 4.9. The temperature evolution on (a) the heat shield and (b) the CP-Ti disk and the SS-plate during the
heating experiment.

Figure 4.10 shows the temperature evolution at TC8 in two separate experiments, one with
and the other without the heat shield. The peak temperature reached in the experiment with the
heat shield was ~725 °C and ~670 °C without the heat shield. Additionally, the results show that
the CP-Ti disk approaches a steady-state temperature when the heat shield is included in the
experiments. However, when the heat shield was absent, the CP-Ti disk’s temperature continued
to change over the 50-minute timeframe of the experiment.
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Figure 4.10. The temperature evolution on the CP-Ti disk (TC8) in two heating experiments with and without the
heat shield.

4.3.2

Validation of the Heat Transfer Model

Figure 4.11 compares the experimental temperature measurements to the model predictions during
the heating and cooling stages of the experiment. Overall, a satisfactory agreement between the
experimental and model predictions is achieved during both heating and cooling. The difference
between the temperature predictions and the experimental measurements were evaluated and
generally fell within ±10 %.
A sensitivity analysis was conducted using the model to identify the key factors affecting
the model results, as presented in further detail in Appendix G. One of the key parameters was the
IHTC at the CP-Ti disk/SS-plate interface. Additionally, the ambient temperature within the
furnace chamber was also found to significantly influence the prediction of the heat shield wall
temperatures, as would be expected.
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Figure 4.11. Comparison between the temperature evolution predicted by the numerical model and the experimental
measurements on (a) the heat shield Face A, (b) the heat shield Face B, (c) the SS-plate, and (d) the CP-Ti disk.
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4.3.3

Temperature Distribution in the Pseudo Build Environment

Having validated the model, the focus is shifted to the overall temperature distribution in the
pseudo build environment. Figure 4.12 (a) shows the temperature distribution in the heat shield at
the end of the heating cycle. The peak temperature is observed approximately 1/3 of the way up
the heat shield walls in the centre of each face. Further, the temperature predicted on Face A is
slightly higher than on Face B, for the reason discussed previously. To assess the magnitude of
this difference quantitatively, two temperature profiles were evaluated along lines A-A' and B-B',
as shown in Figure 4.12 (b). The minimum and maximum temperature differences on Faces A and
B were ~3 °C and ~9 °C, respectively.
Figure 4.12 (c) shows the temperature contour plot of the CP-Ti disk at the end of the
heating cycle. The temperature contour shows the peak temperature to be 755 °C in a circular band
on the top surface of the CP-Ti disk, consistent with the beam trajectory. The outer circumference
of the disk, where heat is lost to the SS-plate, is predicted to be significantly cooler at
approximately 640 °C.
To determine the radial temperature distribution in the CP-Ti disk at the end of the heating
cycle, two temperature profiles were evaluated along lines C-C' (on the top surface) and D-D' (on
the bottom surface), as shown in Figure 4.12 (d). As can be seen, at the centre of the beam trajectory
pattern, the maximum difference between the top surface and bottom surface is ~50 °C, indicating
the conduction of heat out of the CP-Ti disk to the SS-plate.
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Figure 4.12. (a) The temperature contour of the heat shield, (b) the temperature profiles along lines A-A' and B-B' on
the heat shield, (c) the temperature contour of the CP-Ti disk, and (d) the temperature profiles along lines C-C' and
D-D' on the CP-Ti disk.
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4.3.4

Power and Energy Balances

The area-integrated heat flux over the CP-Ti disk top surface was calculated in ABAQUS to
understand the flow of heat in the set-up used in this study. To this end, Figure 4.13 shows the
distribution between the power input to the pseudo build environment from the electron beam and
the heat transferred to the combination of the CP-Ti disk, SS-plate and heat shield as a function of
time. In this figure, the solid red line represents the input power, the blue line represents the power
absorbed by the CP-Ti disk and the SS-plate, and the green line represents the power absorbed by
the heat shield. The hatch lines are the areas under the curves that show energy.
It is observed that at the beginning of the experiment, virtually 100 % of the input power
is absorbed by the CP-Ti disk and SS-plate. With increasing time, as the CP-Ti disk and SS-plate
heat up and start to radiate, the amount of heat transferred to the heat shield increases. At the
steady-state condition, approximately 30 % of the input power is transferred to the CP-Ti disk and
SS-plate, and ~70 % to the heat shield. This is an interesting observation and points to the fact that
a significant amount of energy input to the system, which is intended to heat the CP-Ti disk, is lost
to the heat shield. It is important to point out that this occurs at a maximum CP-Ti disk temperature
of ~755 °C. In addition, the energy balance at the end of the simulation shows that 43 % of the
total input energy is absorbed by the CP-Ti disk and SS-plate, and 57 % by the heat shield.
Note: the change in the slope of the Input Power curve is due to the change in the gun
power, as shown in Figure 4.3 (a).
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Figure 4.13. The evolution of the partitioning of power and energy between the CP-Ti disk + SS-plate and the heat
shield during heating.

4.3.5

Numerical Case Studies

Four heat transfer case studies were conducted to further explore the heat balance in the EB-BF
using the numerical model. The case studies were designed to assess the evolution of temperature
within the pseudo build environment by adding complexities to the model, such as including heat
input associated with a preheat at the beginning of the process, heat input associated with changing
heating pattern size, heat loss associated with powder deposition and a short preheat after each
powder deposition sequence. The results of these cases are intended to provide guidance for future
model development. Figure 4.14 and Table 4.2 show the details for each case study.
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A uniform surface heat flux was applied for each preheating sequence, consistent with the
beam being rapidly rastered across the surface of the CP-Ti disk. PH0 indicates the initial
preheating sequence for Cases 2, 3, and 4, which was 120 s in duration. Additional preheating
sequences are indicated as PH1 to PH6 for Cases 3 and 4, each 10 s in duration. The value for the
uniform heat flux for each preheating sequence is calculated using Eq. (4.6):
𝑞𝑃𝐻𝑖 =

𝜂𝑃𝐸𝐵

(4.6)

𝐴𝑑𝑖𝑠𝑘

where 𝑞𝑃𝐻𝑖 (W m-2) is the uniform surface heat flux of preheating sequence i, 𝑃𝐸𝐵 (W) is the EB
power, 𝜂 is the EB absorption factor, and 𝐴𝑑𝑖𝑠𝑘 (m2) is the surface area for the CP-Ti disk.
The time-averaged Gaussian surface heat flux (refer to Eq. (4.1)) was used as the heat
source for each heating pattern (P1 to P6). The surface energy density for each heating pattern was
considered constant while the pattern radius decreased from R1 to R6. The mathematical
relationship that describes the surface energy density for each heating pattern is presented in
Eq. (4.7):
𝐸𝑃𝑖 =

𝜂𝑃𝐸𝐵 𝑡𝑃𝑖
𝐴𝑃𝑖

(4.7)

where 𝐸𝑃𝑖 (J m-2) is the surface energy density for pattern 𝑃𝑖 , 𝑡𝑃𝑖 (s) is the beam irradiation time
for pattern 𝑃𝑖 , and 𝐴𝑃𝑖 (m2) is the surface area for pattern 𝑃𝑖 . For a constant surface energy density,
the irradiation time for the heating pattern 𝑃𝑖+1 is calculated when the heating pattern radius
changes from 𝑅𝑖 to 𝑅𝑖+1 with respect to the ratio between the surface area of these two patterns and
the duration of the previous heating pattern (𝑃𝑖 ), as shown in Eq. (4.8):
𝑡𝑃𝑖+1 = 𝑡𝑃𝑖

𝐴𝑃𝑖+1
𝐴𝑃𝑖

(4.8)
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Figure 4.14. Schematic diagram of the case studies.
Table 4.2. Simulation parameters used in the case studies
Simulation Parameter Description

Pre-Heating

Pattern Heating

Powder Deposition

Parameter

Unit

Value

Cycle

Time [s]

Cycle

Time [s]

Cycle

Time [s]

R1

mm

37.5

PH0

120

P1

60

PD1

5

R2

mm

32.5

PH1

10

P2

52

PD2

5

R3

mm

27.5

PH2

10

P3

44

PD3

5

R4

mm

22.5

PH3

10

P4

36

PD4

5

R5

mm

17.5

PH4

10

P5

28

PD5

5

R6

mm

12.5

PH5

10

P6

20

PD6

5

𝐴𝑃1

mm2

3534

PH6

10

𝐴𝑃2

mm

2

3063

𝐴𝑃3

mm2

2592

𝐴𝑃4

mm

2

2121

𝐴𝑃5

mm2

1649

𝐴𝑃6

mm

2

1178

𝑃𝐸𝐵

W

1500

𝜂

-

0.65

𝜎𝐸𝐵

mm

2.5

𝑇𝑎𝑚𝑏

K

293 to 313

𝑇𝑃𝐿

K

298
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A uniform negative surface heat flux was defined on the top surface of the CP-Ti disk to
implement the thermal energy absorption by the powder layer in Case 4, as presented in Eq. (4.9):
𝑞𝑃𝐷 =

𝐻𝑃𝐷
𝑡𝑃𝐷 𝐴𝑑𝑖𝑠𝑘

(4.9)

In this equation, 𝑞𝑃𝐷 (W m-2) is the surface heat flux associated with each powder deposition
sequence, 𝑡𝑃𝐷 (s) is the duration of the powder deposition sequence, and 𝐴𝑑𝑖𝑠𝑘 (m2) is the surface
area for the CP-Ti disk. The heat loss associated with the powder deposition sequence (PD1 to
PD6 in Case 4) was calculated assuming that each 100 µm thick powder layer of Ti6Al4V was
heated up to the average surface temperature of the CP-Ti disk and is estimated using Eq. (4.10):
𝐻𝑃𝐷 = 𝜙𝜌𝑠 ℎ𝜋𝑅𝑑2 𝑐𝑝 (𝑇̅𝑑𝑖𝑠𝑘 − 𝑇𝑝𝑜𝑤𝑑𝑒𝑟 )

(4.10)

where HPD (J) is the enthalpy associated with powder deposition for each layer, 𝜙 is the powder
packing factor, 𝜌𝑠 (kg m-3) is the density of solid Ti6Al4V, h (m) is the powder layer thickness,
Rd (m) is the CP-Ti disk radius, cp (J kg-1 K-1) is the specific heat of solid Ti6Al4V, 𝑇̅𝑑𝑖𝑠𝑘 (K) is
the CP-Ti disk average surface temperature, and 𝑇𝑝𝑜𝑤𝑑𝑒𝑟 (K) is the powder layer temperature. The
powder layer temperature was set to 293 K, and the powder packing factor and specific heat values
for Ti6Al4V were taken from previous studies – i.e., 𝜙= 0.583 and cp= 546 J kg-1 K-1 [73,76].
Note: since the powder layer temperature was assumed to be 293 K, the density and the specific
heat values for Ti6Al4V were defined as temperature invariant. Figure 4.15 shows the heat
absorption by the powder layer with respect to the temperature difference between the CP-Ti disk
and the powder layer for six deposition cycles in Case 4.
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Figure 4.15. The absorbed thermal energy as a function of ΔT(𝑇̅𝑑𝑖𝑠𝑘 − 𝑇𝑃𝑜𝑤𝑑𝑒𝑟 ) for each powder deposition
sequence in Case 4.

4.3.5.1

Energy Balances for Different Cases

As previously discussed, one of the surprising findings of the initial look at the model results is
that the net energy to the CP-Ti disk and SS-plate decreases within increasing time as they heat up
and begin to radiate heat to the heat shield. To further explore this, Figure 4.16 (a) shows the total
net heat input (heat input – radiation losses) on the CP-Ti disk’s top surface as a function of
normalized time for Cases 1 through 4. The highest net input over the duration of the simulation
occurs in Case 1, as it receives the least amount of energy resulting in the lowest temperature
increase and radiation losses. Adding the initial and subsequent preheating cycles to the base model
led to an increase in the overall CP-Ti disk temperature, which increases the radiation heat loss to
the heat shield and subsequently decreases the fraction of heat absorption by the CP-Ti disk in
Cases 2 to 4. Note: the initial preheat sequence is 120 s in duration, whereas each subsequent
preheat sequence is 10 s in duration.
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The heat loss associated with the powder deposition in Case 4 (due to both “switching” the
beam off and the negative flux associated with heating the powder layer) is illustrated by the large,
sudden decrease in the net heat flux during each deposition sequence. Once the negative flux is
removed, the net heat input rapidly recovers as a preheating sequence begins.
To further assess the energy balance for each case, the fraction of total heat input absorbed
by the CP-Ti disk/SS-plate, the heat shield and the powder was calculated and reported as a
percentage of the energy input, as shown in Figure 4.16 (b). It can be seen that the amount of heat
absorbed by the CP-Ti disk/SS-plate decreases from 87.7 % (Case 1) to 72.4 % (Case 4), while the
heat absorbed by the heat shield increases from 12.3 % (Case 1) to 26.5 % (Case 4). The amount
of heat absorbed by the powder layer is relatively small and constitutes 1.1 % of the total energy
input in Case 4.

Figure 4.16. (a) The evolution of the area-integrated net heat flux on the CP-Ti disk top surface for the simulation
case studies, and (b) the fraction of energy removed by the CP-Ti disk, the cavity radiation and the powder
deposition cycles.
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4.3.5.2

Temperature Evolution within the Build Environment

Figure 4.17 (a) shows a series of temperature contour plots on a vertical section through the CP-Ti
disk at the end of the simulation for Cases 1 to 4. Figure 4.17 (b) shows a series of temperature
profiles along with line C-C' at the end of the simulations. As can be seen, and as mentioned
previously, implementing the preheating cycles has increased the overall CP-Ti disk temperature
(Cases 2 and 3) whereas, adding the cooling effect of powder deposition in Case 4 has reduced the
disk temperature in comparison to Case 3.

Figure 4.17. (a) The temperature contours of the CP-Ti disk at the end of simulation for Cases 1 to 4, (b) the
temperature variation on the CP-Ti disk top surface along line C-C'

Figures 4.18 (a) and (b) show the temperature profiles along lines A-A' and B-B' on the
heat shield at the end of the simulation for each case study – see Figure 4.12 (a) for locations of
lines A-A' and B-B'. It can be observed that by implementing the preheating cycles, the overall
heat shield temperature increases as a result of the higher absorption of radiation from the CP-Ti
disc and the SS-Plate. On the other hand, in Case 4, the absorption of heat by the powder during
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deposition has not significantly influenced the temperature evolution on the heat shield, as the
difference in the temperature distribution in Cases 4 and 3 along lines A-A' and B-B' is less than
4 °C.

Figure 4.18. (a) The temperature variation on the heat shield along line A-A', and (b) along line B-B'.

4.4

Summary and Conclusions

In this chapter, an experimental set-up was designed and constructed inside a lab-scale EB-BF to
represent a pseudo build environment during a simplified electron beam heating experiment. The
set-up consisted of the walls of a GE-ARCAM Q20plus heat shield, a CP-Ti disk and SS-plate. A
circular beam trajectory pattern was prescribed to heat the CP-Ti disk, while temperature data were
obtained from a series of thermocouples located in the CP-Ti disk, the SS-plate, and the heat shield
walls during both heating and cooling. A 3D heat transfer model based on the experimental set-up
was developed in ABAQUS and was formulated to describe cavity radiation within the pseudo
build environment. The model was validated with respect to the temperature data obtained from
the EB-BF.
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A comparison between the model predictions and the experimentally derived data indicated
the model accuracy to be generally within ±10 %. The results of the heating experiment suggest
that the radiative heat exchange between various surfaces within the pseudo build environment is
complex, as is evident from the model energy balance predictions.
Following the model validation, four numerical case studies were developed to analyse the
effect of variable heating pattern sizes, initial preheating, subsequent preheating, and hypothetical
powder deposition sequence on the energy balance and the temperature evolution within the
pseudo build environment. The case studies results provide a preliminary understanding of the
transport of heat within the pseudo build environment, which can be used for future model
development.
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Chapter 5: Development of autonomous in-situ temperature measurement and
logging system
This chapter presents the framework for the design and development of a modular, self-contained,
Autonomous In-situ Temperature Measurement and Logging (AITML) system, which is
potentially suitable for in-situ instrumentation within a high-vacuum environment. This system is
developed in stages, where the system's functionality is evaluated through a series of
experimentations under atmospheric conditions and a high-vacuum environment. Throughout the
evaluation process, potential drawbacks to the design are identified and considered accordingly.
The final design of the AITML system is placed inside the lab-scale EB-BF vacuum chamber for
in-situ instrumentation to measure the temperature from the pseudo build environment during the
experiment discussed in Chapter 4.
5.1
5.1.1

Experimental Procedure
Instrument Design and Development

The AITML system consists of three main elements: i) electronics, ii) a power source, and iii) a
hermetic enclosure and mechanical parts. Figure 5.1 shows a high-level schematic diagram of this
instrument.

Figure 5.1. A high-level schematic diagram of the AITML system.
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The AITML system is equipped with a DI-4718B data acquisition and logger unit from
DATAQ INSTRUMENTS, which is an eight-channel instrument designed for data logging
applications, where signal conditioning modules are required. Model DI-4718B features a 12 to
16-bit analogue-to-digital resolution as a function of sample rate – i.e., lower sampling rate results
in higher resolution readings. This unit can operate in two modes:
i)

Standard mode where the data is transferred to a computer via USB cable; and

ii)

Stand-alone mode where the data is stored on a USB flash storage.

The maximum analogue sampling rate of this unit is 160 kHz, which depends on the mode
of operation and the USB flash storage. Furthermore, it has a remote-control feature allowing a
user to stop/start, record, and mark events during data acquisition. Further details about this unit
can be found in the user manual published by DATAQ INSTRUMENTS [77].
Four DI-8B47K thermocouple modules from DATAQ INSTRUMENTS were chosen as
the signal conditioning modules. These thermocouple modules amplify, isolate, and linearise the
input from a type-K thermocouple. In addition, these units have low-pass noise filtration with
automatic corner frequency selection and provide analogue voltage output of 0 V to +5 V for
further signal processing. Each module has a built-in Cold Junction Compensation (CJC) to correct
for the thermoelectric voltage formed at the thermocouple wire and screw terminals on the
mounting panel. The signal conditioning module has electrically isolated the data acquisition unit
from the thermocouple wires through optical coupling. This isolation barrier protects the data
acquisition unit from electrical surges that may occur while operating the EB gun. Further details
about the signal conditioning modules can be found in a datasheet published by DATAQ
INSTRUMENTS [78].
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Note: a preliminary temperature measurement system was developed prior to the AITML
system, as presented in Appendix A. The limitations with the preliminary system led to including
the signal conditioning modules and purchasing the model DI-4718B data acquisition unit with
four DI-8B47K thermocouple modules from DATAQ INSTRUMENTS.
As shown in Figure 5.1, a programmable control board was designed to operate and control
the AITML system functionalities. The Printed Circuit Board (PCB) for the control board was
designed in KiCad. The PCB was fabricated off-campus, and all the electronic components of this
board were hand soldered. The control board is based on the ATMEGA 2560 microcontroller (i.e.,
Arduino Mega), as schematically shown in Figure 5.2 (a). Figure 5.2 (b) shows the PCBs fabricated
for the control board and the detachable remote control during testing. It is programmed through
the open-source Arduino Integrated Development Environment (IDE) to perform six key tasks:
i)

Connecting the internal electronics to the peripheral port for system configuration;

ii)

Data retrieval;

iii)

Checking the battery charge level;

iv)

Starting data acquisition at a predefined time;

v)

Recording and marking events during data acquisition;

vi)

Stopping and switching off the data acquisition unit after a predefined duration; and

vii)

Monitoring the AITML system’s internal temperature and pressure during the
operation.

The control board measures the internal temperature and pressure from the MPL115A1
sensor on the board (see Figure 5.2). If the temperature or pressure exceeds a defined criterion, the
control board marks the event and performs an emergency shut down to protect the internal
electronics.
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Figure 5.2. (a) A high-level schematic diagram of the control board in the AITML system, and (b) the fabricated
PCBs for the control board and the detachable remote.

Since the LiPO battery and some electronic components in the AITML system can operate
in an environment with specific minimum air pressure, and the issues with heat dissipation from
the electronics operating in a vacuum environment, a low-profile and square-shaped hermetic
enclosure was designed to protect these elements from the high-vacuum environment presents in
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an EB-based machine, as shown in Figure 5.3. The enclosure was fabricated from the AA6061-T6
billet. Two ports were designed on the enclosure to connect the thermocouple feedthrough and the
peripheral port to the interior electronics. The sealing mechanism in this design is based on
compressing a Fluorocarbon (FKM) O-ring between the sealing interfaces. In addition, two
overpressure rings were added to the assembly to improve the sealing performance at each port.
The overpressure ring limits the expansion of the O-ring when the internal pressure is greater than
the external or the contact pressure, leading to improved sealing at ports A and B interfaces.
Finally, a 12.5 mm thick alumina fibre blanket can be fitted inside the enclosure to thermally
isolate the electronics and the battery pack from the enclosure if the system is placed inside a
high-temperature environment. Note: Appendix B presents a step-by-step approach to designing
the hermetic enclosure in greater detail.

Figure 5.3. 3D CAD rendering of the square-shaped enclosure designed for the AITML system.

Figure 5.4 shows a 3D CAD rendering of the AITML system. This system can operate in
a high-vacuum environment and record temperature from four type-K thermocouples in a
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stand-alone mode. The recorded temperature data is stored on a USB flash memory and can be
retrieved by connecting a computer to the peripheral port once the instrument is removed from the
vacuum chamber of an EB-based machine.

Figure 5.4. 3D CAD rendering of the AITML system’s components.
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5.1.2

Overpressure and Vacuum Experiments

The AITML system is designed to operate inside a vacuum chamber; therefore, the instrument’s
enclosure must protect the internal electronics against this environment. To evaluate the hermetic
enclosure’s sealing performance, the enclosure’s internal pressure was tested in the three
conditions presented in Table 5.1.
First, an overpressure experiment was designed to evaluate the sealing of the hermetic
enclosure in atmospheric conditions, as shown in Figure 5.5 (a). In this test, the assembled
enclosure (without the electronics) was filled with Argon gas with a pressure of approximately
1 bar above the atmosphere, and the change in the internal pressure was measured over 72 h.
In addition to the overpressurised condition, the enclosure’s internal pressure was
measured under two vacuum conditions described in Table 5.1. First, an MPL115A1 sensor (see
Figure 5.2) was placed inside the enclosure and was connected to the D-subminiature feedthrough.
Then the assembled enclosure was placed inside the EB-BF vacuum chamber. A wire harness from
a feedthrough installed on the EB-BF was connected to the D-subminiature feedthrough on the
enclosure to connect the control board outside the EB-BF to the MPL115A1 sensor within the
hermetic enclosure. Finally, the vacuum chamber was pumped down to the desired vacuum range
and maintained in the specified vacuum pressure range during each experiment, and the
MPL115A1 sensor measured the enclosure's internal pressure with respect to time. A Python script
was used to record and visualise the real-time pressure change during these experiments, as
presented in Appendix E.
Note: the battery and other electronics (i.e., the data acquisition unit, signal conditioning
modules and the programmable control board) were not included in the assembly during the
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vacuum experiments. The reason was to protect these components against potential damage if the
internal pressure was dropped significantly during the experiments.
Table 5.1. Details of the overpressure and vacuum experiments
Experiment Description
1. Overpressure test:
Initial absolute pressure in the enclosure: 2013.1 mbar
Initial absolute pressure in the enclosure: 2023.7 mbar
2. Medium-vacuum test:
Initial absolute pressure in the enclosure: 1013.2 mbar
Vacuum chamber target pressure: ~ 10-1 to 1 mbar
3. High-vacuum test:
Initial absolute pressure in the enclosure: 1013.2 mbar
Vacuum chamber target pressure: ~ 10-6 to 10-5 mbar

Test Duration

Code Name

72 h

EXP-OP1

72 h

EXP-OP2

35 h

EXP-MV1

4.5 h

EXP-HV1

12.5 h

EXP-HV2

Figure 5.5. The experimental set-up for measuring pressure change during (a) the overpressure experiments and
(c) the vacuum experiment. A 3D CAD rendering of (b) the exploded view of the overpressure set-up and (d) the
vacuum experiments.

56

5.1.3

Electron Beam Heating Experiment

The functionality of the AITML system was examined through a simple heating experiment within
the EB-BF, as shown in Figure 5.6 (a). The heating experiment involved generating a circular
beam trajectory pattern, and heating a commercially pure titanium (CP-Ti) disk, with dimensions
of 96 mm × 13 mm (∅ × 𝐻), as shown in Figure 5.7. The alumina fibre blanket was removed from
the enclosure to evaluate the influence of environment on the temperature inside the AITML
system during this experiment. However, a small rectangular protective plate was placed between
the instrument’s enclosure and the experimental set-up (i.e., the CP-Ti disk and the SS-plate) to
protect the AiTML system from direct exposure to thermal radiation.

Figure 5.6. The experimental set-up for the heating experiment showing (a) the front view and (b) a 3D CAD
rendering of the set-up.

The overall performance of the AITML system was evaluated in this experiment while
operating the EB gun for 30 min. Figure 5.7 shows the circular beam trajectory pattern during
heating. The beam scan frequency was set to 20 Hz and the power was ramped up to a maximum
of 850±25 W over 25 minutes and was ramped down over 5 minutes. It should be noted that the
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AITML system’s control board was configured to record the enclosure’s internal temperature and
pressure during this experiment.

Figure 5.7. The circular beam trajectory pattern during the heating experiment.

5.2
5.2.1

Results and Discussion
The Overpressure Experiments

Figure 5.8 shows the hermetic enclosure’s internal pressure during the overpressure experiments.
The results show that the internal pressure decreased ~11 % and ~12 % during the EXP-OP1 and
the EXP-OP2 experiments, respectively. The overpressure results show that the hermetic enclosure
could withstand the pressurised condition with a maximum pressure change of ~ 122±1 mbar over
72 h.
Note: the decrease in the internal pressure is due to the total gas leak from both the
hermetic enclosure and the tubing connections in the experimental set-up, as shown in Figure
5.5 (a). Furthermore, the reported measurement error of the pressure gauge shown in Figure
5.5 (a) is within ±10 % of the full-scale pressure range (~1.0 mbar).
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Figure 5.8. The evolution of internal pressure during the overpressure experiments.

5.2.2

Vacuum Experiments

Figure 5.9 shows the enclosure’s internal pressure change during the medium-vacuum experiment
(refer to Table 5.1). The control board was configured to operate for 35 h and record the internal
pressure at 1 h intervals. According to this figure, the internal pressure was changed by ~39 mbar
throughout the experiment. A linear extrapolation shows that the internal pressure can change up
to ~80 mbar if the enclosure is held in a medium-vacuum environment for 72 h.
Note: the extrapolated pressure change in this experiment is ~40 mbar lower than the
maximum pressure change evaluated in the overpressure experiment after 72 h. This is due to the
total gas leak from the experimental set-up in the overpressure experiments, as discussed
previously.
The result of this experiment shows that the internal pressure was above the battery’s air
pressure limit – i.e., air pressure above 116 mbar as specified by the manufacturer. It should be
noted that the MPL115A sensor measures the absolute pressure within ~±10 mbar accuracy (for a
pressure range between 500 mbar to 1150 mbar).
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Figure 5.9. The evolution of enclosure’s internal pressure during the medium-vacuum experiment.

Figure 5.10 (a) and (b) show the evolution of internal pressure during the high-vacuum
experiments. It is observed that the internal pressure was changed by ~8 mbar and ~21.5 mbar
throughout the EXP-HV1 and the EXP-HV2 experiments, respectively. Both results indicate that
the internal pressure was above the battery’s air pressure limit – i.e., ~116 mbar.

Figure 5.10. The evolution of the internal pressure during the high-vacuum experiments for (a) 4.5 h, and (b) 12.5 h
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5.2.3

Heating Experiment

Figure 5.11 shows the evolution of the enclosure’s internal pressure and temperature during three
events in the heating experiment: i) pumping the furnace vacuum chamber (Zone I), ii) the electron
beam heating (Zone II), and iii) cooling (Zone III).
In Zone I, the AITML system’s internal pressure decreased ~4 mbar. Note: The difference
between the measured pressure falls within the accuracy of measurement by the MPL115A1 sensor
– i.e., ~±10 mbar for a pressure range between 500 mbar to 1150 mbar. Since the furnace vacuum
chamber is water-cooled, the radiative heat transfer between the vacuum chamber’s internal
surfaces and the enclosure resulted in a ~0.75 °C decrease in the enclosure’s internal temperature
over ~150 minutes. Note: This sensor can output temperature data from -40 °C to 105 °C.
However, the accuracy of the measurement is not provided by the manufacturer.
In Zone II, the EB gun is switched on for 30 minutes to heat the CP-Ti disk using the simple
beam trajectory pattern shown in Figure 5.7. At this time, the control board started the data
acquisition unit to operate for 30 minutes. As a result, the internal temperature increased by
~0.6 °C as captured by the sensor, which is related to the heat generated by the signal conditioning
modules and other electronics. The increase in the internal temperature led to a slight increase in
the internal pressure.
In Zone III, the EB gun is switched off, and the control board turned off the data acquisition
unit. Therefore, heat generated by the internal electronics was absorbed and dissipated by the
enclosure, which resulted in a decrease in the internal temperature. Since the furnace vacuum
chamber was under vacuum during cooling, a further decrease in the internal pressure of the
enclosure was observed, as expected. Note: Both internal pressure and temperature of the
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enclosure fall within the safe range for the battery and electronics to function – e.g.,
pressure > 116 mbar, temperature < 50 °C.

Figure 5.11. The evolution of the AITML system’s internal pressure and temperature during the heating experiment
in the EB-BF.

A separate experiment was performed on the AITML system to assess the evolution of
internal temperature while the system operated for 30 minutes under atmospheric conditions. For
this experiment, the alumina fibre blanket was included in the enclosure to thermally isolate the
enclosure and capture heat generated by the electronics. Figure 5.12 shows the evolution of
temperature during this experiment. Since the assessment was conducted under atmospheric
conditions, the internal pressure remained constant at ~1013±10 mbar. The internal temperature
(initially at ~20 °C) increased by ~4 °C over 30 minutes. At the end of the experiment, it was
observed that the signal conditioning modules were relatively warmer than other electronic
elements within the enclosure. Note: The data acquisition unit can operate up to a temperature of
50 °C, while the maximum temperature for the signal conditioning module is 85 °C.
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Figure 5.12. The evolution of the AITML system’s internal pressure and temperature under atmospheric conditions
while including the alumina fibre blanket in the enclosure.

5.3

Summary and Conclusions

In this chapter, an autonomous data acquisition system was designed and developed for in-situ
instrumentation to record the in-process temperature. The design is modular, self-contained and
electrically and thermally isolated, and can withstand a high-vacuum environment with a limited
change in the internal pressure over time. The AITML system was evaluated functionally through
a series of experiments conducted under atmospheric conditions and a vacuum environment within
the EB-BF. Overall, the AITML system can operate in a stand-alone mode and has the potential
to be implemented in a vacuum chamber of an EB-based machine for in-situ instrumentation.
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Chapter 6: Summary, conclusions, limitations and for future work
6.1

Summary and conclusions

In this research, a 3D heat transfer model, incorporating cavity radiation, was developed in
ABAQUS to characterise the thermal field within a pseudo build environment during heating and
cooling of a titanium disk in the absence of powder. To validate the numerical model, an
experimental set-up was constructed in a lab-scale EB-BF using a GE-ARCAM Q20Plus heat
shield without the top plate, a stainless-steel plate and a titanium disk to present the pseudo build
environment. The experimental set-up was instrumented with multiple type-K thermocouples to
record the evolution of temperature during the experiment. In addition, a modular, self-contained,
in-situ temperature measurement system was designed and developed for in-situ instrumentation
within the vacuum chamber of the EB-BF. Finally, four numerical case studies were developed to
evaluate the influence of changing heating pattern size, including initial and subsequent preheating
cycles and heat absorption by the powder deposition sequence on the evolution of temperature
within the pseudo build environment. According to work described above, it was concluded that:
1. A comparison between the model predictions and the experimentally derived data indicated
the model accuracy to be generally within ±10 %.
2. The results of the heating experiment suggest that the radiative heat exchange between
various surfaces within the pseudo build environment is complex, as is evident from the
model energy balance predictions. The numerical model results revealed that at the end of
the simulation, the total thermal energy absorbed by the CP-Ti disk + SS plate was 43% of
the total energy input, whereas the heat absorbed by the heat shield constituted 57%. At a
steady-state (with a peak CP-Ti disk temperature of ~755 ℃), ~30 % of the input power
was transferred to the CP-Ti disk and SS-plate, and ~70 % to the heat shield.
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3. The numerical case studies indicate that including model complexities, such as changing
the heating pattern size, including preheating cycles and considering powder deposition
sequence, can influence the energy balance (input energy – heat losses) and evolution of
temperature within the pseudo build environment. These case studies provide preliminary
insight into future model development that can potentially characterise the thermal field
within the build environment during an actual EB-PBF process.
4. The overall performance of the AITML system showed that the system could operate in a
stand-alone mode under a high-vacuum environment (with a reasonable change in the
internal pressure of the hermetic enclosure) and acquire temperature data. The enclosure's
internal temperature and pressure are within a safe range specified for the battery and
electronics – i.e., internal pressure > 116 mbar and 0 °C < T < 50 °C.
5. The modular, compact design and pressure-proof enclosure make the AITML system
potentially suitable for in-situ instrumentation within a high-vacuum environment of an
EB-based machine.
6.2

Limitations

It is recognised that the present research has limitations in terms of both experimental work and
numerical modelling. The experimental set-up constructed in the lab-scale EB-BF presents a
simplified build environment of a commercial EB-PBF system. This means that the presence of
the powder hoppers, the top plate of the heat shield, the secondary heat shield, and other parts
within the build chamber of a commercial EB-PBF system are not included in the experimental
set-up proposed in this study, as mentioned in Chapter 4. In addition, the dimensions and the
material for the build platform are different from an actual EB-PBF system. Furthermore, the
vacuum chamber of the EB-BF is water-cooled, which influences the heat dissipation from the
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experimental set-up. Therefore, it is anticipated that the transport of heat within this experimental
set-up is different from the build environment of an EB-PBF system.
Although the numerical model predictions are in good agreement with the experimental
work, similar limitations associated with the experimental set-up can be considered for the
numerical model. It is expected that the energy balance (input heat to the system – heat losses)
predicted by this model would be different compared to a model based on the build environment
of an EB-PBF system. In addition, the numerical case studies are based on conditions that are
different from an actual EB-PBF process; for instance, the heat absorption by the powder layer (in
Case 4) was considered based on the enthalpy associated with the powder deposition sequence.
However, these numerical cases were intended to provide preliminary insight into future model
development that can potentially characterise the thermal field within the build environment during
an actual EB-PBF process.
6.3

Future work

In the present research, the evolution of the macro thermal field within a pseudo build environment
was evaluated using a simple beam trajectory pattern and in the absence of powder. There are
limitations with the present work, as discussed in the previous section. Therefore, further work is
recommended in the following areas:
1. Developing an experimental set-up considering the complexities that are missing from the
current set-up.
2. Prescribing complex beam trajectory patterns during the heating experiment and evaluating
the evolution of temperature within the build environment.
3. Including the powder deposition sequence in the experiment and evaluating its effect on
the evolution of temperature within the build environment.
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4. In support of further model development, a model based on the actual build environment
of an EB-PBF system can be developed, and a powder bed with the thermophysical
properties of Ti6Al4V powder should be included in the model domain. This would help
characterise the thermal field and evolution of temperature within the build environment
during the operation of a commercial EB-PBF system.
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Appendix A: Preliminary Temperature Measurement System
The data acquisition/logging unit in the AITML system was developed in a step-by-step approach,
starting with a Preliminary Temperature Measurement System (PTMS) and gradually considering
design complexities and working condition requirements. Identifying system limitations
associated with the electronics in PTMS was a crucial step since the outcome helped develop a
fully isolated temperature measurement instrument suitable to implement within an EB-based
machine.
A.1

Design and Development

The PTMS was designed based on the Arduino Uno development board. The Arduino Uno is a
low-cost and power-efficient microcontroller board that can run a user-supplied program for a
specific task. It is based on the ATmega328P microchip and offers a wide selection of expansion
modules (also known as shields). The board has multiple digital and analogue input/output pins,
and it can be programmed through an open-source user-interface software referred to as "Arduino
Integrated Development Environment" (IDE). Figure A.1. schematically shows the Arduino Uno
board pins layout.
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Figure A.1. Schematic illustration of the Arduino Uno board and pins layout.

Since thermocouples produce a low-level signal, an amplifier is needed to boost the signal
level to a range that Arduino Uno can record. The first solution was to use MAX6675/MAX31855
amplifier, which connects to the Arduino Uno board and amplifies the analogue signal reading
from the thermocouple, as shown in Figure A.2. The library to run this signal amplifier breakout
board is presented in Appendix C.

Figure A.2. Schematic of temperature measurement with MAX6675/31855 thermocouple signal amplifier.
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This simple configuration allows recording the evolution of temperature from one
thermocouple. Thus, it is an inefficient approach in the case of reading temperature from multiple
thermocouples at the same time. A solution to this problem is to use a thermocouple expansion
module, where the Arduino Uno board can read and record temperature from multiple
thermocouples.

For

this

purpose,

the

CN0391-ARDZ

thermocouple

module

from

ANALOG DEVICES was chosen, as shown in Figure A.3.

Figure A.3. EVAL-CN0391-ARDZ thermocouple shield from ANALOG DEVICES

This module is an integrated solution for multi-channel thermocouple temperature
measurement with cold junction compensation. The CN0391 uses an 8-channel, low noise, low
bower, 24-Bit, Sigma-Delta Analogue-to-Digital Converter (ADC). Each module can read the
temperature from 4 thermocouples – any combination of type-B, E, J, K, N, R, S, T thermocouples.
As shown in Figure A.3., each channel uses a type-U Omega style connector for the
thermocouple connection. There is a Resistance Temperature Detector (RTD) beneath the copper
tabs for each connector (R1 to R4) to measure the temperature at the cold junction. This module
utilizes voltage to temperature solution to calculate a linearized temperature. The temperature
measurement formulation is discussed in greater detail in Appendix F. Note that: three modules
can be stacked on one Arduino Uno board to expand the number of channels from 4 to 12, as
shown schematically in Figure A.4.
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Figure A.4. A high-level schematic diagram of three CN0391-ARDZ modules stacked on one Arduino Uno board.

A.2

Hardware Configuration

The chip-select header, JP1 in Figure A.3, is used to select the chip-select pin when stacking
multiple Arduino modules together. It should be noted that any change in the chip-select pin should
be reflected in the code; otherwise, this would result in miscommunication between different
modules connected to the Arduino Uno board. The thermocouples type should be defined in the
main code, and the JP1 jumper pins should be placed across Pin 1 and 2 so that the module can
communicate with the Arduino board. Then, the CN0391-ARDZ module is mounted on the
Arduino Uno board, and the code is compiled through the Arduino IDE. Figure A.5. shows the
configured Arduino-based PTMS.
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(Top View)

(Side View)

Figure A.5. Thermocouple module mounted on Arduino Uno board.

A Python script was prepared to monitor temperature evolution in real-time and log the
temperature measurements in a CSV-format file. This Python script is provided in Appendix D:
D. Furthermore, a data logger expansion module was used to remotely save the data on a micro
SD1 memory card, as shown in Figure A.6. The data logger has a real-time clock (RTC) on the
board, which is used to timestamp activities with the current time and keeps time even when the
module is unplugged. The SD card interface works with FAT16 or FAT32 formatted cards.

1

Secure digital memory card
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Figure A.6. A 3D CAD rendering of the Arduino data logger expansion module.

A.3

Challenges and System Limitations

The PTMS hardware configuration is relatively simple and can be easily modified. The system
limitations of this design can be classified into four main categories: i) common chip-select pin
between different expansion modules; ii) no built-in high-gain amplifier for boosting the
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thermocouple signals for further analysis; iii) no electrical protection against electrical surges; and
iv) no isolation barrier between different components – e.g., data logger, thermocouple module,
Arduino Uno board, and batteries.
Sharing a common chip-select pin raises communication problems between the Arduino
Uno board and other expansion modules. As a result, the microcontroller communicates randomly
with each module. However, this issue can be solved by either rerouting the chip-select pin and
adjusting the commands in the code for each module; or using two Arduino Uno with parallel I2C
communication (i.e., one Arduino Uno board per expansion module). Note that: each solution has
limitations, such as low data acquisition rate, low data logging rate, and higher power
consumption.
Considering the high-voltage electron beam of an EB-based machine, lack of electrical
protection and isolation barrier between the electronic elements and acquiring noisy thermocouple
signals are the key system limitations with the PTMS design. Therefore, another instrument was
designed as a solution to these challenges with in-situ instrumentation.
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Appendix B: Design of a Hermetic Enclosure
A metallic hermetic enclosure was designed to protect the electronic elements of the AITML
system from the vacuum environment present within an EB-based machine. The enclosure was
designed and developed step-by-step, starting with a Tee-junction chamber, and gradually
considering design limitations. This approach helped design a low profile square-shaped hermetic
enclosure that can withstand the high-vacuum environment of an EB-based machine. The
following sections present the design procedure in greater detail.
B.1

Tee-Junction Hermetic Enclosure

The primary design was based on a Tee-junction vacuum chamber with a ConFlat flange design.
Figure B.1 shows the exploded view of the assembled AITML system based on the Tee-junction
enclosure. According to this figure, two ports were used to mount the thermocouples and
D-subminiature feedthroughs. The thermocouple feedthrough connects four type-K thermocouples
from the vacuum side to the signal conditioning modules inside the chamber. Once the
measurement is finished, the AITML system can be connected to a computer via the multi-pin
D-subminiature feedthrough to retrieve the recorded temperature data. Note: the D-subminiature
feedthrough is also used to configure the AITML system and retrieve data, as mentioned in Chapter
5.
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Figure B.1. A 3D CAD rendering of the assembled AITML system based on the primary hermetic enclosure prototype.
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The sealing mechanism in the Tee-junction prototype is based on a knife-edge indentation
into a metal gasket, as shown in Figure B.2. A knife-edge feature below the flange face bites into
a metal gasket as the flange pairs are tightened together. The extruded metal fills all the surface
defects and machining marks on both flange faces, providing the sealing mechanism. This sealing
mechanism operates at the nominal temperature range from -196 °C to 450 °C within the pressure
range of 1.01×103 mbar to 1.30×10-13 mbar.

Figure B.2. 3D CAD rendering showing the Sealing mechanism for the ConFlat flange.

Despite the advantages of the Tee-junction design, there are three main challenges that
could hinder further development of the AITML system, and are as follows: i) heavy-weight
chamber in a complete assembly, ii) delicate knife-edge feature which could be damaged during
maintenance, iii) single-time use Copper gaskets, which could result in high maintenance cost, and
iv) inefficient use of space available inside the EB-based machine’s vacuum chamber. These
design limitations helped change the design to a compact square-shaped enclosure, as discussed in
the following section.
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B.2

Square-Shaped Hermetic Enclosure

The square-shaped hermetic enclosure design was the solution to the challenges with the initial
prototype – i.e., the Tee-junction enclosure. Figure B.3 shows the 3D CAD rendering of this
design. The thermocouple and D-subminiature feedthroughs were placed on the side and top of
the enclosure to maintain a low profile and a compact design, which optimizes the space needed
for the unit.

Figure B.3. Square-shaped chamber designed for AITML system to enclose the electronics and power source.

Contrary to the T-junction prototype, the sealing mechanism in this design is based on
compressing a polymer O-ring, normally Fluorocarbon (FKM), between the sealing faces – e.g.,
the chamber/flange or the feedthrough/port interfaces. This sealing mechanism reduces the
maintenance cost and the chance of damaging the sealing faces during maintenance. Under
compression, the O-ring is elastically deformed, causing contact pressure on both sealing faces.
Note: the face seal mechanism functions properly if the contact pressure between the O-ring and
the sealing interfaces is greater than the existing positive/negative pressure within the system.
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The contact pressure depends on the O-ring’s cross-sectional diameter and the O-ring
groove’s design. Additionally, in the case of a non-circular O-ring groove, the inside corner radius
in the O-ring's groove should be carefully designed to avoid extensive stress concentration at the
turning corners. Overstressing the O-ring around the bend area may lead to a leak at the corners.
Figure B.4 shows the design criteria for the non-circular face seal mechanism, used for the
hermetic enclosure, according to the guideline published by Parker corporation [79]. Not: the
operating temperature of the face seal mechanism is limited to the working temperature range of
the O-ring – e.g., the working temperature of the FKM O-rings is from -26 °C to +204 °C,
depending on the O-ring grade [79].

Figure B.4. Non-circular O-ring design in the flat face sealing configuration – ideal design: R ≥ 6 × W but not less
than R ≥ 3 × W.
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A prototype was printed from PLA material by a Raise3D Pro Plus FDM 3D printer, as
shown in Figure B.5. The PLA prototype was used to fit test all electrical and mechanical
components and identify potential design flaws. After the evaluation, a few minor adjustments (in
terms of filet radii and internal dimensions) were identified, and the design was updated
accordingly. Furthermore, two overpressure rings were added to the assembly to minimize the
chance of leakage at ports A and B – as shown in Figure B.3. The overpressure ring limits the
expansion of the O-ring if the internal pressure is greater than the external or contact pressure,
leading to attain the sealability at these ports.

Figure B.5. The PLA prototype of the square-shaped hermetic enclosure.
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As shown in Figure B.6, a 0.5 inches thick alumina fibre blanket1 can be fitted inside the
enclosure to protect the electronic elements if the system is placed inside a high-temperature
environment.

Figure B.6. Insulating the enclosure’s interior space with Alumina fibre blanket, (a) top view of PLA prototype, and
(b) the isometric view of the 3D CAD rendering.

The hermetic enclosure was made out of a 6061-T6 Aluminum alloy. The flange and
chamber were machined out using the LiTZ Hitech LV-800 CNC machine, as shown in Figure B.7.
Once the machining process was finished, the sealing faces were polished with sanding paper
starting from grit 400 up to 1200 to remove the rough machining marks at the sealing interfaces.

1

Chemical composition: Al2O3 (45%), SiO2 (53.5%), Fe2O3 (<1.2%), Na2O+K2O (<0.5%)
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Figure B.7. CNC machining of the flange and chamber out of a bulk Aluminum 6061-T6.
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Appendix C: The library to set-up MAX6675 on Arduino Uno
//MAX6675 Library:
#include <avr/pgmspace.h>
#include <util/delay.h>
#include <stdlib.h>
#include "max6675.h"
MAX6675::MAX6675(int8_t SCLK, int8_t CS, int8_t MISO)
{
sclk = SCLK;
cs = CS;
miso = MISO;
//define pin modes
pinMode(cs, OUTPUT);
pinMode(sclk, OUTPUT);
pinMode(miso, INPUT);
digitalWrite(cs, HIGH);
}
double MAX6675::readCelsius(void)
{
uint16_t v;
digitalWrite(cs, LOW);
_delay_ms(1);
v = spiread();
v <<= 8;
v |= spiread();
digitalWrite(cs, HIGH);
if (v & 0x4) {
//thermocouple attached!
return NAN;
//return -100;
}
v >>= 3;
return v*0.25;
}
double MAX6675::readFahrenheit(void)
{
return readCelsius() * 9.0/5.0 + 32;
}
byte MAX6675::spiread(void)
{
int i;
byte d = 0;
for (i=7; i>=0; i--)
{
digitalWrite(sclk, LOW);
_delay_ms(1);
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if (digitalRead(miso)) {
//set the bit to 0 no matter what
d |= (1 << i);
}
digitalWrite(sclk, HIGH);
_delay_ms(1);
}
return d;
}
//Arduino Uno code to work with MAX6675
#include "max6675.h"
//INCLUDE THE LIBRARY
int thermoDO = 9;
int thermoCS = 8;
int thermoCLK = 13;
MAX6675 thermocouple(thermoCLK, thermoCS, thermoDO);
void setup()
{
Serial.begin(9600);
Serial.println("MAX6675 test");
// wait for MAX chip to stabilize
delay(500);
}
void loop()
{
// basic readout test, just print the current temp
Serial.print("C = ");
Serial.println(thermocouple.readCelsius());
Serial.print("F = ");
Serial.println(thermocouple.readFahrenheit());
delay(1000);
}
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Appendix D: Python Script – Temperature Logging and Real-Time Plotter
import serial
import time, datetime
import matplotlib.pyplot as plt
import csv
import os
import sys
import string
#___________________Define Variables____________________________#
xs = [] #store trials here (n)
ys1 = [] #store relative frequency here
ys2 = [] #store relative frequency here
ys3 = [] #store relative frequency here
ys4 = [] #store relative frequency here
relativeTime = [] # store relative time from start
tempresult = [0]*30
#___________________Time Stamp_________________________________#
def Timestamp():
date_now = time.strftime('%d/%m/%y')
time_now = time.strftime('%H:%M:%S')
return [date_now,time_now]
#First we create a name for the CSV file that is going to be date and time
name=time.strftime("%Y_%m_%d_%H_%M_%S", time.gmtime())
# Ask how long want to log data:
v1 = input("How long would you like to log [in minutes]: ")
v2 = float (v1) * 60
# Define Serial communication:
sert = serial.Serial ('COM4', 9600)
time.sleep(0.1)
countert = 0 #First Counter
#Read and record the data
for i in range (2):
sert.flush()
countert += 1
bt = sert.readline()
string_nt = bt.decode()
cct = string_nt.rstrip()
at = cct.rsplit(" ")
row1t = at
if countert == 1:
row1t = at
timeRefresh = (float (row1t[1]))/1000
#print (timeRefresh) #Printdelay time
sert.close()
va3 = float (v2)/float (timeRefresh)
va3 = int (va3)
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time.sleep(1)
print ("With ",v1," minutes, there will be ",va3," data points!")
# Opening Serial for data logging:
ser = serial.Serial ('COM4', 9600)
time.sleep(0.5)
#___________________Define Variable for reading from Serial___________#
counter = 0
data =[]
# Open csv file:
f = open(name+'.csv','w+');
result = csv.writer(f, delimiter= ',', lineterminator='\n')
result_statement
=
("Relative
time","Channel","init
Temp","CJ
[mv]","TC
[mv]","Temperature","Unit");
result.writerow(result_statement)
f.close()
#__________________Opening Serial and Reading data_________________#
#while True:
for i in range(va3):
counter += 1
ser.flush()
b = ser.readline()
string_n = b.decode()
cc = string_n.rstrip()
print (counter)
a = cc.rsplit(" ") #fixed the problem with \r\n at the end of the string
row1 = a
if counter == 1:
row1 = a
relativeTime = (timeRefresh * i)
tempresult[0] = float (relativeTime)
# Channel 1
tempresult[1] = str (row1[3])
tempresult[2] = float (row1[4])
tempresult[3] = float (row1[5])
tempresult[4] = float (row1[6])
tempresult[5] = float (row1[7])
tempresult[6] = float (row1[8])
tempresult[7] = str (row1[9])
# Channel 2
tempresult[8] = str (row1[13])
tempresult[9] = float (row1[14])
tempresult[10] = float (row1[15])
tempresult[11] = float (row1[16])
tempresult[12] = float (row1[17])
tempresult[13] = float (row1[18])
tempresult[14] = str (row1[19])

reading

[mv]","TC
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# Channel 3
tempresult[15] = str (row1[23])
tempresult[16] = float (row1[24])
tempresult[17] = float (row1[25])
tempresult[18] = float (row1[26])
tempresult[19] = float (row1[27])
tempresult[20] = float (row1[28])
tempresult[21] = str (row1[29])
# Channel 4
tempresult[22] = str (row1[34])
tempresult[23] = float (row1[35])
tempresult[24] = float (row1[36])
tempresult[25] = float (row1[37])
tempresult[26] = float (row1[38])
tempresult[27] = float (row1[39])
tempresult[28] = str (row1[40])
#print (relativeTime) # to check the output
print (row1)
print (tempresult)
f = open(name+'.csv','a');
result = csv.writer(f, delimiter= ',', lineterminator='\n')
result.writerow(tempresult)
xss = float (relativeTime)
yss1 = float (row1[8])
yss2 = float (row1[18])
yss3 = float (row1[28])
yss4 = float (row1[39])
xs.append(xss)
ys1.append(yss1)
ys2.append(yss2)
ys3.append(yss3)
ys4.append(yss4)
data.append(row1)
f.close()
ser.close()
#________________________Plot data_______________________________#
print (xs)
print (ys1, ys2, ys3, ys4)
plt.plot(xs, ys1)
plt.plot(xs, ys2)
plt.plot(xs, ys3)
plt.plot(xs, ys4)
plt.xlabel('Time [s]')
plt.ylabel('Temperature [C]')
plt.show()
#_____________________ END of Script_____________________________#
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Appendix E: Python Script – Pressure Logging and Real Time Plotter
#___________________Headers Definition____________________________#
import serial
import matplotlib.pyplot as plt
import numpy as np
import time, datetime
import csv
import os
import sys
import string
plt.ion()
fig=plt.figure()
#___________________Define Variables_____________________________#
t =[]
p =[]
T = []
counter = 0
#___________________Time Stamp________________________________#
tempdata = [0]*3
def Timestamp():
date_now = time.strftime('%d/%m/%y')
time_now = time.strftime('%H:%M:%S')
return [date_now,time_now]
#First we create a name for the CSV file that is going to be date and time
name=time.strftime("%Y_%m_%d_%H_%M_%S", time.gmtime())
f = open(name+'.csv','w+');
result = csv.writer(f, delimiter= ',', lineterminator='\n')
result_statement = ("Relative time","Pressure","Temperature");
result.writerow(result_statement)
f.close()
#_____________Opening Serial to read data from Arduino_______________#
# Opening Serial to read data from Arduino
ser = serial.Serial('COM5',9600)
ser.close()
ser.open()
while True:
counter += 1
ser.flush()
b = ser.readline()
string_n = b.decode()
cc = string_n.rstrip()
print (counter)
a = cc.rsplit(" ") #fixed the problem with \r\n at the end of the string
row1 = a
if counter == 1:
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row1 = a
t = float (row1[0])
p = float (row1[1])
T = float (row1[2])
tempdata[0] = float (row1[0])
tempdata[1] = float (row1[1])
tempdata[2] = float (row1[2])
#print (relativeTime) # to check the output
print (row1)
#data = ser.readline()
#print(data.decode())
#________________________Plot data______________________________#
# Plot Pressure and Temp
plt.figure(1)
plt.scatter(t, p)
plt.xlabel('Time [s]')
plt.ylabel('Pressure [kPa]')
plt.grid(True)
plt.show()
plt.pause(0.0001)
plt.figure(2)
plt.scatter(t, T)
plt.xlabel('Time [s]')
plt.ylabel('Temperature [C]')
plt.grid(True)
plt.show()
plt.pause(0.0001) # Note this correction
# Open csv file:
f = open(name+'.csv','a');
result = csv.writer(f, delimiter= ',', lineterminator='\n')
result.writerow(tempdata)
f.close()
#_____________________ END of Script_____________________________#
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Appendix F: Temperature Measurement Formulation used CN0391-ARDZ Module
The CN0391-ARDZ thermocouple module calculates a linearised temperature using voltage to
temperature solution according to the National Institute of Standards and Technology (NIST). The
linearisation algorithm is based on the cold junction temperature compensation and the voltage
signal generated by the thermocouple. The calculation and linearization process includes the
following steps: i) cold junction temperature measurement and ii) thermocouple measurement.
For the cold junction temperature measurement, the reading from each RTD channel is
used to calculate RTD resistance. The RTD is ideally 1000 Ω at 0 °C. Depending on the calculated
resistance, the linearisation algorithm can be calculated using the Eqs. (F.1) to (F.3):

𝑅𝑅𝑇𝐷 = 𝑅5 ×

(𝑂𝐴𝐷𝐶 −2𝑁−1 )
(𝐺×2𝑁−1 )

(F.1)

{𝑅5 = 1.6 𝑘Ω ; 𝐺 = 1 ; 𝑁 = 24}
i) RTD resistance > 1000 Ω:
𝑅𝑅𝑇𝐷 = 𝑅0 [1 + 𝐴𝑇 + 𝐵𝑇 2 ]

(F.2)

{𝐴 = 3.9083 × 10−3 ; 𝐵 = −5.775 × 10−7 }
ii) RTD resistance ≤ 1000 Ω:
𝑅𝑅𝑇𝐷 = 𝑅0 [1 + 𝐴𝑇 + 𝐵𝑇 2 + 𝐶𝑇 3 (𝑇 − 100)]

(F.3)

{𝐴 = 3.9083 × 10−3 °𝐶 −1 ; 𝐵 = −5.775 × 10−7 °𝐶 −2 ; 𝐶 = −4.183 × 10−12 °𝐶 −4 }

where 𝑂𝐴𝐷𝐶 is the ADC output, 𝑅5 (Ω) is the reference resistor, G is the gain value; 𝑇𝑅𝑇𝐷 is the
cold junction temperature, 𝑅𝑅𝑇𝐷 (Ω) is the RTD resistance at any temperature, 𝑅𝑅𝑇𝐷0 (Ω) is the
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RTD resistance at 0 °C (in this case 1000 Ω), r (Ω) is the RTD resistance when the temperature is
less than 0 °C, and A, B, C are constant parameters.
The standard NIST equations are used for thermocouple temperature linearisation. First,
the cold junction temperature is converted to a cold junction voltage using Eq. (F.4):
𝑉𝐶𝐽 = 𝑎0 + 𝑎1 𝑇 + 𝑎2 𝑇 2 + ⋯ + 𝑎𝑛 𝑇 𝑛

(F.4)

where 𝑉𝐶𝐽 (𝜇𝑉) is the thermoelectric cold junction voltage, 𝑎𝑛 is the thermocouple type-dependent
polynomial coefficient, 𝑇 °C is the cold junction temperature, and 𝑛 is the order of the polynomial
function.
The final thermocouple voltage at each channel is calculated using Eq. (F.5), where
𝑉𝑇𝐶 (𝜇𝑉), 𝑉𝑇𝐶.𝑟𝑒𝑎𝑑 (𝜇𝑉), and 𝑉𝐶𝐽 (𝜇𝑉) are the final voltage value for the thermocouple channel,
voltage value measured at the thermocouple channel and calculated cold junction voltage,
respectively.
𝑉𝑇𝐶 = 𝑉𝑇𝐶.𝑟𝑒𝑎𝑑 + 𝑉𝐶𝐽

(F.5)

The final step in the linearisation is to use the value calculated from Eq. (F.5) and calculate
the temperature 𝑇 (°C), as described in Eq. (F.6):
𝑇 = 𝑎0 + 𝑎1 𝑉𝑇𝐶 + 𝑎2 𝑉𝑇𝐶 2 + 𝑎3 𝑉𝑇𝐶 3 + ⋯ + 𝑎𝑛 𝑉𝑇𝐶 𝑛

(F.6)
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Appendix G: Sensitivity Analysis
A sensitivity analysis was conducted to further evaluate the effect of changing a number of model
parameters on the evolution of temperature within the pseudo build environment. This helps to
identify and delineate the key model parameters – i.e., the parameters that have the largest effect
on the model predictions. The base model values were found to give the best fit to the experimental
measurements, as discussed in Chapter 5.
G.1

Mesh sensitivity

Choosing the mesh size often represents a trade-off between the computational time and the
accuracy of the model predictions. Using fine meshes results in higher accuracy but for a longer
simulation time. The sensitivity cases were run with a series of mesh sizes as presented in Table
G.1. The sensitivity analysis results to the mesh size are presented as temperature contours of the
CP-Ti disk and the heat shield captured at the last step of the heating cycle, as shown in Figure G.1.
Table G.1. Mesh statistics for the sensitivity analysis
Mesh Parameter

Maximum Edge Length [mm]

Number of Nodes

Number of Elements

Part

Coarse

Base Model

Fine

CP- Ti Disk

1.25

1.00

0.75

SS-Plate

12.50

10.00

7.50

Heat Shield

12.50

10.00

7.50

CP- Ti Disk

11,216

22,060

50,700

SS-Plate

4,020

7,278

16,464

Heat Shield

5,740

8,800

15,080

CP- Ti Disk

9,422

19,215

45,660

SS-Plate

2,964

5,680

13,685

Heat Shield

3,978

6,192

10,773

According to Figure G.1 (a), the temperature contours on a vertical section through the
CP-Ti disk at the end of the heating cycle appear to be very similar. However, upon close
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examination, there is a slight variation in the position of the isotherms. In Addition, the temperature
contour plots of the heat shield show a similar trend, as illustrated in Figure G.1 (b). Since the
mesh size did not significantly influence the temperature distribution within the pseudo build
environment, the base model was found to be a reasonable compromise between the simulation
time and the accuracy – considering the moderate resolution for the predicted isotherms.

Figure G.1. Mesh sensitivity analysis results showing the temperature contours on (a) a vertical section through the
CP-Ti disk, and (b) the heat shield captured at the end of the heating cycle.
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G.2

Model Parameters

This section evaluates the effect of changing a few model input parameters on the thermal field
within the pseudo build environment. To conduct the sensitivity analysis, only one parameter was
changed at a time, and the change varied from 75 % to 125 % of the base model values. The
parameters and range of values used in the sensitivity analysis cases are presented in Table G.2
and Figure G.2.
The results of the analysis are presented as precent of relative change in the temperature
with respect to the base model predictions, as mathematically represented in Eq. (G.1), at the last
step of the heating and cooling cycles.
𝑅𝑇 =

𝑇𝑐 −𝑇𝐵𝑀
𝑇𝐵𝑀

× 100

(G.1)

where 𝑅𝑇 (%) is the percent of relative change in the temperature, and 𝑇𝑐 (°C) and 𝑇𝐵𝑀 (°C) are
the temperature data for each sensitivity case study and the base model, respectively. The 𝑅𝑇 was
evaluated along with lines, A-A', B-B', and C-C' – refer to Figure 4.12 in Chapter 4 for the location
of these lines.
Table G.2. Model input parameters used for the sensitivity analysis
Model Input Parameter

Unit

Base Model

EB Absorption Factor (𝜂)

-

0.6500

Standard Deviation of the
Gaussian Function (𝜎𝐸𝐵 )

mm

2.500

Open Cavity Ambient
Temperature (𝑇𝑐𝑎𝑣 )

°C

30.0

Ambient Temperature inside the
EBBF Vacuum Chamber (𝑇𝑎𝑚𝑏 )

°C

Refer to Figure G.1 (a)

W m-2 K-1

Refer to Figure G.2 (b).

Interfacial Heat Transfer
Coefficient (𝐼𝐻𝑇𝐶)

Variations

Code

0.8125

125 𝜂

0.4875

75 𝜂

3.125

125 𝜎𝐸𝐵

1.875

75 𝜎𝐸𝐵

37.5

125 𝑇𝑐𝑎𝑣

22.5

75 𝑇𝑐𝑎𝑣
125 𝑇𝑎𝑚𝑏
75 𝑇𝑎𝑚𝑏
125 𝐼𝐻𝑇𝐶
75 𝐼𝐻𝑇𝐶
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Figure G.2. Model input parameters used for sensitivity analysis; (a) the ambient temperature inside the EB-BF's
vacuum chamber, and (b) the interfacial heat transfer coefficient at the CP-Ti disk/SS-plate interface.

Figures G.3 (a) and (b) show the relative change in the temperature distribution on the top
surface of the CP-Ti disk along with line C-C' at the end of the heating and cooling cycles,
respectively. The sensitivity analysis shows that the EB absorption factor (𝜂) and the IHTC have
the most impact on the temperature distribution on the top surface of CP-Ti disk during heating,
as shown in Figure G.3 (a). In addition, changing the EB spreading – i.e., the standard deviation
of the Gaussian function, changes the width of the beam pattern on the top surface of the CP-Ti
disk resulting in a slight influence on the temperature distribution as expected. On the other hand,
Figure G.3 (b) shows that the model is more sensitive to a change in the open cavity ambient
temperature, the IHTC, and the EB-BF ambient temperature during cooling as the accumulated
heat in the CP-Ti disk is transferred to the SS-plate and the heat shield.
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Figure G.3. The relative change in the temperature distribution on the top surface of the CP-Ti disk and line C-C' at
the end of (a) the heating and (b) the cooling cycle.

Figures G.4 (a) and (b) show the relative change in the temperature distribution on the heat
shield along lines A-A' and B-B', respectively, at the end of the heating cycles. The sensitivity
analysis results show that the EB absorption factor (𝜂), the IHTC, and the ambient temperature
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inside the EB-BF vacuum chamber have the most impact on the temperature distribution on the
heat shield during heating. This is due to thermal energy absorbed by the heat shield and the heat
loss to the EB-BF vacuum chamber inner walls. In addition, changing the EB spreading and the
open cavity ambient temperature resulted in a slight influence on the temperature distribution on
the heat shield.
Note: the parameters that change the temperature distribution on the top surface of the
CP-Ti disk directly influence the thermal radiation within the build environment cavity.
Figures G.4 (c) and (d) show that the model temperature predictions are more sensitive to
a change in the open cavity ambient temperature and the EB-BF ambient temperature during
cooling, as the radiative heat transfer is strongly dependent on the temperature difference.
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Figure G.4. The relative change in the temperature distribution on the heat shield at the end of the heating cycle along
lines (a) A-A', and (b) B-B', and at the end of the cooling cycle along with line (c) A-A' and (d) B-B'.
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